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Application of Structural Fire Engineering, 19-20 February 2009, Prague, Czech Republic 

FIRE COMPOSITE FLOOR CELLULAR STEEL BEAMS FOR 
BUILDINGS  

    Nathan Goodfellowa, Ali Nadjaia, Kong Fah Teea , Faris Alia, Sengkwan Choia,
a Ulster University, School Built Environment, FireSERT Block 27, Shore Road,  

Jordanstown, Belfast BT37 0QB, United Kingdom 

INTRODUCTION 
Cellular beams (CBs) are currently being widely 
used in multi-storey buildings where, as well as 
reducing the total weight of the steelwork, they help 
decrease the depth of floors by accommodating 
pipes, conduits and ducting.  They are also used in 
commercial and industrial buildings, warehouses 
and portal frames. CBs produced by modern 
automated fabrication processes can be competitive 
for the construction of both floor and roof systems.  

A composite concrete floor-slab has the effect of 
significantly increasing the flexural resistance of a 
steel section; however its effect on shear resistance 
is more complex.  Investigation of the behaviour of 
composite beams with isolated web openings in otherwise solid webs has shown that the slab 
significantly increases the shear-carrying capacity beyond that of the steel beam alone.  This is due 
to the enhanced flexural and shear capacity of the upper part of the beam across an opening, 
although an unsupported web-post is more susceptible to buckling.  In fire, the temperature 
distribution across a composite member is non-uniform, since the web and bottom flange have thin 
cross-sections and a greater exposed perimeter than the top flange.  The deterioration of the material 
properties of the web will therefore become an important effect on the overall performance of the 
member in the event of fire (Figure 1).  The structural behaviour of beams with opening is relatively 
complex and involves the main failure modes which are included in the design model for ULS 
design at ambient temperature and in fire conditions described in the literature review [1-9]  

This paper describes an experimental study at elevated temperatures on the behaviour of full scale 
composite floor cellular steel beams.  A total of four specimens, comprising two different steel 
geometries, applied load ratios and different temperature time curves.  The beams were designed to 
fail by web buckling, which was observed in all the tests.  Failure temperature observed in the fire 
tests indicated that failure by web post buckling of cellular beams in fire cannot simply be estimated 
by applying temperature dependent reduction factors on stiffness, as given in codes.  Simple model 
was developed to calculate the deflections and ultimate loads for cellular beams in fire situations. 
Also, a finite element model using DIANA was then established with both material and geometrical 
non-linearity using shell elements to compare the experimental results and the simple model.  The 
comparison between the finite element prediction, actual tests results and simple model are quite 
good in terms of failure modes, load deflection behaviour and ultimate loads.   

Fig. 1. Use of cellular beams in buildings
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1 EXPERIMENTAL RESULTS TESTS AT ELEVATED TEMPERATURES 
Initially two composite cellular steel beams were tested under the same fire slow curve [7].  This 
fire curve was set up in order to produce lower peak temperatures but of longer duration sufficient 
to permit significant heat conduction, which may produce a large build up of vapour pressure and 
the creation of significant thermal expansion producing a restraint force coming from the concrete 
slab.  Whereas, the last two composite beams were tested under the ISO 834 temperature – time 
curve subjected to 0.3 x failure load obtained from the cold tests given respectively as 108 kN and 
126 kN [7].  The positions of the thermocouples (Figure 2) were located at each web post along its 
depth of the section and also around the openings. 

Fig. 2. Typical Thermocouples locations

The stiffness in beam (Fig 3) is linear elastic up to 13 minutes (Tfur= 717 oC) with a reading deflection of 23 
mm, whereas Figure 4 stayed linear up to 16 minutes (Tfur= 748 oC) with a deflection equal to 26 mm.  At 30 
minutes of time (Tfur=842 oC) both beams A and B failed with a recording different respectively 179 mm and 
235 mm.  The instability of the beams and the rapid loss of stiffness of web post capacity occur faster than 
the beams tested during the slow fire curve [7] and this is due to the severity of the ISO834 temperature time 
curve. 
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2 FINITE ELEMENT MODEL AND COMPARISONS 
The composite cellular steel beams in ambient and fire tests were modelled using the commercial 
finite element software DIANA [10] at the University of Ulster.  Shell elements with the ability to 
handle large strains, large deformations, and plasticity were used to model the cellular steel beam.  
Composite brick elements were used, incorporating a smeared crack approach for the concrete, to 
model the composite slab.  Both the steel deck, as a bottom layer, and the reinforcing mesh as a 
layer within the concrete was included within the composite shell element.  Due to the high density 
of the shear connectors used in the test, full interaction between the beam and supporting composite 
slab was assumed. This assumption is also justified from test observations [7] which confirmed that 
no stud failure occurred before web-post buckling of the beam. 

Imperfections were introduced, based on an Eigen value buckling analysis, with the amplitude of 
the imperfections being governed by the thickness of the steel plate for local bucking and the 
overall length of the section for global buckling [13].  An implicit analysis was conducted in two 
steps, where the load was applied in the first step and the temperature was applied in the second 
step.

Figure 5 shows the output deformed shape of the Diana program compared with the actual failure 
mode of the symmetric test specimen. It is obvious when comparing the two that the same failure 
mode has occurred as the web post buckles under the applied load forming and S shape caused by 
the formation of hinges around the openings. 

(a) Diana output (b) Test failure mode 

Fig. 5. Asymmetric section at point of failure

The measured yield and ultimate tensile strength of the steel was used in the simulation. The beam 
geometry was based on measured dimensions. The stress-strain curve at elevated temperatures for 
steel given by EN1994-1-2 [11] was adopted. For the stress-strain of the concrete in compression, at 
elevated temperatures, the relationship given in EN1994-1-2 [11] was adopted. For concrete in 
tension, at both ambient and elevated temperatures, the fracture energy concept [12] is used to 
estimate the ultimate tensile strain of the concrete.  
Thermocouples positioned in the top, middle and bottom of the concrete composite slab recorded 
the relevant values. These were applied to the model directly by defining temperature points 
through the shell thickness.  The temperature variation along the beam section was modelled. In the 
last 10 minutes of the tests a decrease in temperature was recorded due to heat loss through a 
window. 
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Figure 6 shows the time-deflection comparison between the test and FEA at elevated temperatures. 
A very good correlation was obtained between the predictions and test results.  In both cases 
(Figure 7) web post buckling is clearly observed in the modelling corresponding to the failure mode 
witnessed in the tests. 

Fig. 6. Graph for symmetric section – ISO fire Fig. 7. Mesh Deformation 

3 DEFLECTION  
A method to estimate the beam mid-span (maximum) deflection is presented based on the ratio of 
applied moment to moment capacity as well as a new reduction factor for the second moment of 
area. The maximum deflections obtained from the experimental tests and different equations for the 
symmetric and asymmetric cellular composite beams are shown in Figures 8 and 9, respectively. 
The maximum deflections at the centre for simply supported beams at both ends with one centre 
load and two equal loads symmetrically placed are 

                                                         )43(
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Pa                                                               (1) 
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                                                                            (2) 

Where P is the applied load, L the beam length, a the distance between the load and the support, E
the Young’s Modulus and I the second moment of area.  The reduction factor for E at elevated 
temperatures is based on the Eurocode EN1993-1-2 [14].  The maximum thermal bowing deflection 
at the beam centre can be calculated as 

                                                            
d

LT
t 8
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                                                                         (3) 

Where  is the coefficient of thermal expansion, T  the temperature difference between the 
top and bottom of the beam cross-section and d the height of the cross-section. The ratio of 
the applied moment to the moment capacity [8] can be expressed as 
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If this moment ratio is less than 1 (before the web post buckles), the moment capacity is greater 
than the applied moment. Thus the deflections of the beams can be reasonably determined from the 
summation of Eqs. (1) and (3) or Eqs. (2) and (3).  However, when the moment ratio is greater than 
1 (after the web post buckles), the beam deflections can not be accurately determined from the 
above equations. Beyond these points the applied moment is resisted by the concrete slab. 
Therefore, the moment ratio has to be taken into account in the calculation of beam deflections. 

Another important issue in the calculation of beam deflections is the reduction factor for I at 
elevated temperatures.  For simplicity, only one-thirds of I are reduced when the moment ratio is 
greater than 1 (when the temperatures at the bottom flange and bottom web are greater than 550oC).
It is shown that I reduction factor is even larger (approximately three-fifths of I) for the asymmetric 
section as shown in Figure 9. Before comprehensive conclusions can be drawn, further research 
studies regarding the accurate I reduction factor at elevated temperatures will be necessary.  

4 CONCLUSION  
This paper describes an analytical study of the behaviour of composite floor cellular steel beams in 
fire conditions conducted at the FireSERT, University of Ulster. The study suggests the following:  

The beams failed due to web post buckling and the instability resulted in sudden loss of 
stiffness and strength in the beams 
The experimental data has compared well with the results from the Finite Element 
Modelling, giving confidence that it can be used for further parametric studies. 
The numerical model is capable to simulate the mechanical behaviour of composite Cellular 
beam sections in both cold and at elevated temperature conditions with a relatively high 
accuracy. 
The deflection hand calculation approach compared very well with the experimental tests 
but needs to be improved to include the concrete cracking at elevated temperatures and the 
effects of the shear connectors. It is still necessary to validate the proposed approach with 
more numerical and experimental data. 
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EXPERIMENTAL STUDY ON FULL SCALE COMPOSITE FLOOR SLABS 

UNDER FIRE CONDITION 

Na-Si Zhang a, Guo-Qiang Li a, Guo-Biao Lou a, Shou-Chao Jiang a, Kun-Chao Hao b
a College of Civil Engineering, Tongji University, Shanghai, China 

b China Jingye Engineering corporation Limited, Beijing, China 

1 INTRODUCTION

Cardington test and real fire disaster show that, the performance of concrete floor slabs composited 
with unprotected steel decks and beams in fire condition was much better than the prediction 
without considering membrane action. The observation and analyses show that, during a fire, with 
the strength and stiffness decrease of the steel decks, the reinforcement and the concrete, the load 
capacity of the slab offered by traditional bending mechanism will not be enough to bear the applied 
load. Instead of bending mechanism, membrane action will contribute to keep the stability of the 
slab by forming an elliptical tensile reinforcement mesh in the center of the slab and a concrete 
compressive ring at the boundary of the slab. The development of the membrane action is shown in 
Fig.1. [1]

(a) initialization of  
yield line 

(b) forming of  
yield lines 

(c) yield lines  
completed 

(d) appearance of  
membrane action 

(e) development of  
Membrane action 

(f) membrane action 
at the limit state 

Fig.1. The development of membrane action in a floor slab 

In the past decades years, many theoretical and experimental researches were performed to analyze 
membrane action. 
From 1995 to 1996, six localized fire tests were conducted in a full-scale, eight-storey, steel frame 
building at Building Research Establishment Laboratory at Cardington. The test results showed that 
although the temperature of unprotected beam was higher than 1000 , the slabs maintained their 
load bearing capacity during all the tests owing to membrane action. [2-3]

In 1999, to prove the existence of membrane action, Bailey performed a destructive test on a 
9.5m*6.5m composite floor slab at ambient temperature based on the data of Cardington test. [4]

After that, in order to validate the theoretical analysis, he performed some small scaled tests on 15 
reinforced concrete floor slabs. However, all of Bailey�s tests were under ambient temperature, 
which might not be appropriate to verify the validity of membrane theory. [5]
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In 2008, ArcelorMittal and CTICM launched a project FRACOF in which an 8.735m*6.660m 
composite floor slab was tested under ISO standard fire. The test lasted for more than 120 minutes. 
Finally, the slab failed because of the fracture of the reinforcement bar. But, the fracture of the 
reinforcement was due to the failure of welding line at the joint of reinforced bars, which can be 
avoid by construction measures. Therefore, it caused a limitation to analyze the limit state and 
failure of the slab. [3]

In 2008, Guo-Qiang Li and Na-Si Zhang developed a new method to estimate the load capacity of 
composite floor slab under fire condition with considering membrane action. In order to observe the 
development of membrane action, analyze the membrane mechanism and verify the new method, 4 
full-scaled slab tests were performed at Tongji University in China under the sponsoring from 
National Natural Science Foundation of China. [6]

2 GENERAL SITUATION OF THE TESTS 

The test specimens were 4 pieces of 5.232m*3.72m composite floor slabs with steel decks 
unprotected. The specimens were numbered from S-1 to S-4. The slabs were contributed with the 
profiled steel sheet YX76-344-688 which is commonly used in China. The thickness of the deck 
was 1mm, and its strength was larger than 270N/mm2 (270 N/mm2 was considered in the 
calculation [7]). The decks were fixed on the primary beams and secondary beams (if existed) by 
shear connector with a diameter of 16mm and a height of 125mm.Total depth of the slabs was 
146mm and the thickness of the concrete on the top of the decks was 70mm. The reinforcing mesh 
of the slabs was made by smooth reinforcement bar with the gird size of 150mm*150mm. The 
diameter of the reinforcement bar was 8mm, and the steel grade was Q235. The thickness of the 
protective layer of reinforcement was 21mm for S-1 and 30mm for S-2 to S-4. S-1 and S-2 had an 
unprotected secondary beam supporting the slabs in the middle, while S-3 and S-4 did not have. The 
cross section of the secondary beam was I25b, and the steel grade was Q235. The slabs, the primary 
beams and secondary beams were designed in according with the Chinese Code GB50017-2003[8]

and YB 9238-92[9]. The general situations of the specimens were shown in Table 1. The 
arrangement of the specimens and the cross section of the composite slab are shown in the Fig.2
and Fig.3 respectively. The grade of the reinforcement was Q235 and the grade of the concrete was 
C25. The result of material property test for reinforcement and concrete are shown in Table 2 and 
Table 3 respectively (Where fy, fu and  are the yield strength, ultimate strength and the ultimate 
elongation of the reinforcement respectively. fcu is the cubic compressive strength of concrete). 
In Cardington test, it was found that the reinforcement at the boundary of the slabs was fractured. In 
order to simulate this phenomenon, the reinforcement in these tests was not anchored at the 
boundary of the slabs, but exceeded the edge of the slab with a length of 150mm. The anchorage of 
the reinforcement is shown in Fig.4.

Table 1. Constructional information of test slabs [mm] 

No. 
Specim

-ens 
size

Total 
depth  

Thickness 
on the top 
of decks 

Arrangement
of the 

reinforcement

Thickness of the 
protective layer 
of reinforcement

Direction of 
the rib 

Secondary beam 

S-1
5232* 
3720 

146 70 8@150 21
Along the 
long edge 

In the middle of the long 
edge, unprotected 

S-2
5232* 
3720 

146 70 8@150 30
Along the 
long edge 

In the middle of the long 
edge, unprotected 

S-3
5232* 
3720 

146 70 8@150 30
Along the 
short edge 

No secondary beam 

503

PDF vytvořeno zkušební verzí pdfFactory Pro www.fineprint.cz

http://www.fineprint.cz
http://www.fineprint.cz


S-4
5232* 
3720 

146 70 8@150 30
Along the 
long edge 

No secondary beam 

Table 2. Properties of reinforcement bar 
at ambient temperature 

Table 3. Cubic compressive strength 
of concrete 

No. S-1 S-2 S-3 S-4 
fy(N/mm2) 579.06 531.84 557.04 
fu(N/mm2) 632.05 604.85 661.35 
(%) 33.3 36 31.33 

fy/fu 0.92 0.88 0.84 

No. S-1 S-2 S-3 S-4
fcu(N/mm2) 26.1 21.0 22.37 22.87 

(a) specimens S-1 and S-2 (b) specimens S-3 and S-4 
Fig.2. Arrangement of the specimens 

Fig.3. Cross section of the slabs Fig.4. Anchorage of the reinforcement at the 
boundary of the slabs 

The slabs were loaded at 24 points to stimulate uniform load (as shown in Fig.5 and Fig.6) with the 
load ratio of 0.60~0.65 over the load-bearing capacity of the slabs at the room temperature. The 
temperature-time curve of the furnace used for the tests followed ISO834 standard fire. The 
displacement of slabs, the temperature at the surface and bottom of the slabs, the temperature and 
strain of the reinforcements in the slabs, as well as the strain of concrete were measured in the tests. 
The arrangements of the measuring points are shown in Fig.7 to Fig.10.
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Fig.5. The planform of loading system Fig.6. Loading system 

Fig.7. Arrangement of thermal couples Fig.8. Arrangement of displacement meters 

Fig.9. Arrangement of strain gauges for the 
reinforcement 

Fig.10. Arrangement of strain gauges for the 
concrete

3 TEST PHENOMENA 

The tests were performed under ISO834 standard fire with uniform load which was applied on the 
slabs in 10 steps. After all the load was applied at ambient temperature, there was only slight 
deflection found in the middle of the slabs. No crack and other failure phenomena were found on 
the slabs. Tests began until load and deflection were stable at room temperature. The test load and 
duration for the 4 tests were shown in Table 4.
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Table 4. Test load and duration for 4 tests 

No. Ultimate bearing capacity of design value
(kN/m2)

Test load
(kN/m2)

Load ratio 
(%)

Duration
(min) 

S-1 30.64 18.38 60 75
S-2 29.51 17.71 60 90
S-3 14.57 8.75 60 100
S-4 14.57 9.47 65 100

* Terminated without fail. 
In test S-1 and S-2, cracks appeared beside secondary beam firstly due to the negative moment 
which was caused by the decrease of the strength and stiffness of the slabs. Then, significant cracks 
were found along the long edge of the slabs because of negative moment which was induced by the 
large deflection in the center of the slabs. These cracks located at the weakest cross section of the 
slabs (shown in Fig.11). Meanwhile, some cracks occurred along the short edge of the slabs. These 
cracks developed not only on the surface of the slabs, but also extended to the side face of the slabs 
(shown in Fig.12). After the test, significant yield lines were founded at the corner of the slabs. The 
concrete along the yield line was crushed (shown in Fig.13). 
The deflection of the slabs was very large. The deformation of the slabs presented as an elliptic 
parabolic after the tests which validate that during the test membrane action was developed to bear 
the applied load (shown in Fig.14).
Fig.15 shows the distribution of the cracks on S-2 after the test, where cracks caused by the 
membrane action can be found both at the center and at corner of the slabs. Fig.16 shows the 
deflection of S-2. Although the deflection of the unprotected secondary beam was huge, no failure 
was found on the secondary beam. Fig.17 shows the condition at the bottom of S-2. It is found that 
the profiled steel decks did not melt down, which help the decks to keep the stability of the slabs 
after 90 min under standard fire. 
Water vapor sweated seriously during the test. Even after the test was finished, some water vapor 
continued to sweat for a long time. 
The test�s phenomena of test S-3 and S-4 were similar to that of S-1 and S-2. Since there was no 
secondary beam in the center of the slabs, the concrete began to crack at the boundaries of the slabs 
in test S-3 and S-4 instead of beside secondary beam in test S-1 and S-2. The distributions of the 
cracks on S-3 and S-4 were shown in Fig.18 and Fig.19 respectively. The cracks in the center of S-3 
and S-4 were not caused by the negative moment but by membrane action. 
No collapse was found in these 4 tests, which shows that membrane action occurred to carry applied 
load on the slabs and to keep the stability of the floor system. 

Fig.11. Cracks along the long edge Fig.12. Cracks along the short side face 
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Fig.13. The yield line at the corner Fig.14. The deformation of the slab after the test

Fig.15. The cracks on the S-2 after the test Fig.16. The deformation at the bottom of S-2 
after the test 

Fig.17. The steel deck after the test Fig.18. The cracks on S-3 after the test 

Fig.19. The cracks on S-4 after the test 
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4 TEST RESULTS AND ANALYSES 

4.1 Temperature 

Fig.20 is the furnace temperature curve, which shows that the furnace temperature coincided well 
with the ISO834 fire curve. 
Fig.21 is bottom temperature curve in the middle of the slabs. It shows that at the beginning of the 
test, the temperature of the slab at the bottom was low, and then it increased along with time. At the 
time of 75 minutes, the temperature can reach to 700 or 800 . At the time of 90 minutes to 100 
minutes, the bottom of the slab can be heated up to around 800  or 900 .
Fig.22 is surface temperature curve in the middle of the slabs. It shows that during the whole test, 
surface temperature of the slab is very low. At the time of 90 minutes, the temperature was only 
around 100 .
Fig.23 is the average temperature curves of the reinforcement. It can be found that the distance 
between the reinforcement and the bottom of the slab has a great impact to the temperature of the 
reinforcement.  
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slabs

Fig.23. Average temperature of the 
reinforcement of S-1 to S-4 

4.2 The strains of reinforcement and concrete 

Fig.24 and Fig.25 show the strains of the reinforcement along the short edge and long edge 
respectively. Since the effective working temperature of the strain gauges is less than 60 , the data 
when the temperature was higher than 60  are taken out in the figures. According to the yield line 
theory, the reinforcement of these tests was located at the compression zone in the cross section of 
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the slabs, therefore the reinforcement should be under compression. However, the data show that 
the reinforcement was under tension during most of the test except for the beginning. This 
phenomenon proves the occurrence of tensile membrane action in the test. 
Fig.26 is the strains curve of the concrete at the boundary of S-4. It can be found that the concrete in 
the middle of the boundary was under compression. It validates the existence of the concrete 
compressive ring which can provide the anchorage for the reinforcement. 
According to analysis of the data taken by the strain gauges at the corner of the slab (see Fig.10),
compressive strains were found at the corner at the angle between 30° and 60°, which coincides 
with the failure phenomenon shown in Fig.13.
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Fig.25. The strains of the reinforcement along 
long edge in S-1 
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Fig.26. The strains of the concrete at the boundary of S-4 

4.3 Deflection in the middle of the slabs 

Fig.27 and Fig.28 show the deflections in the middle of the slabs. It is found that the deflection can 
arrive at 1/25 of the short edge of the slabs. Therefore, it is reasonable to deduce that the 
load-bearing mechanism of the slabs has been changed from bending mechanism to membrane 
action one under such large deflection in the tests. 
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5 CONCLUSION 

In this paper, full-scale tests were performed on 4 steel-concrete composite floor slabs. In the tests, 
the temperature of the furnace, slabs, and reinforcement, the strains of the reinforcement and 
concrete, and the deflection of the slabs were measured. Important conclusions can be presented as 
follow: 
1. Membrane action will occur to carry the applied load instead of bending mechanism due to 

large deflection, when the composite floor slabs are subjected to fire. This membrane action can 
help to keep the load capacity of the slabs and maintain the stability of the floor system under 
fire condition. 

2. Based on the data measured in the tests, the reinforcement in the slabs will be under tensile 
force and form an elliptical paraboloid tensile mesh which can bear the load on the slabs. A 
concrete compressive ring will be formed at the boundary of the slabs to provide anchorage for 
the reinforcement. 

3. Due to the membrane action, the existence of secondary beams to support the slab is not 
necessary in fire condition, which can save the fire protection for secondary beams. 
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FIRE RESISTANCE OF BAR-REINFORCED CONCRETE-FILLED 
STEEL TUBE COLUMNS 

Su-Hee Park a  Kyung-Chul Song a  Kyung-Soo  Chung b  Byung-Yeol Minc  Sung-Mo Choi a

a Department of Architectural Engineering, University of Seoul 130-743, Seoul, Korea  
b Research Institute of Industrial Science & Technology Steel Structure Research Laboratory, Kyungkido, Korea  

cKorea Institute of Construction Technology, Kyungkido, Korea 

INTRODUCTION
thanks to the thermal storage effect created inside the steel tube, the CFT structure has better fire 
resistance than that of conventional steel structures. In this regard, In this study, we conducted an 
experimental evaluation and analytical study on the fire resistance of a non-coated square tubular steel 
as well as a circular tubular column (Chung K.S., et al, 2008, Park S.H., et al, 2007), and identified 
that it sufficiently resisted fire for two hours or less under high axial force. We also proposed a simple 
design formula with a range limitation.  
However, in the Ministry of Land, Transport and Maritime Affairs Notice No. 2005-1225, the standard 
of fire resistance structure under the regulation ‘Fire Resistance Accreditation and Management 
Standards’ states that every column used in the construction of high-rise buildings with more than 12 
floors is required to secure a three-hour fire resistance. Accordingly, in order to apply a non-coated 
CFT column to a high-rise building, additional repairs and reinforcement for fire resistance should be 
suggested. To secure fire resistance, a steel-reinforced non-coated steel square CFT column was set.  
In a related foreign research study, Kodur (V.K.R. Kodur 1999) conducted an experiment and 
analytical study on a concrete-filled steel square column or circular column specimens that were 
unreinforced, fiber-reinforced and steel-reinforced. With major parameters such as the presence or not 
of concrete reinforcement, external diameter, working axial force, effective length and concrete 
strength, a parameter analysis was conducted. Through this, a simple design formula with range 
limitation was proposed, which identified that steel-reinforced concrete-filled steel square column 
offers improved fire resistance.    
In this study, we designed specimens of a steel-reinforced non-coated steel square CFT column based 
on existing researches, and projected the fire resistance of each specimen. A fire resistance test under 
load was conducted on the steel-reinforced non-coated square CFT columns. Through this, the study 
attempted to evaluate the effect of steel reinforcement in applying cross-section diameter and axial 
force ratio and high-strength concrete, along with determining the effect of applying steel 
reinforcement.

1     EXPERIMENT DESIGN 

1.1 Specimen Design 
Fig. 1 shows the details of specimens used in the experiment, which are the following: square steel 
tubular column with 280mm and 360mm in cross-section diameter: 2902  of member length, 

sectional members and sizes. The thickness of the steel column was set to be 6  and 9  whereas 
width thickness ratio was set to be 46.6~40, sufficient deformation capacity being expected at room 
temperature. The end-plate of a steel column was set to be 50 . In the case of steel reinforcing 
concrete cover, the concrete cover was set to be 50mm in order to perform full fire resistance. In order 
to emit internal steam of a CFT column heated at the height of 340 , 1311  and 1011  at the 
lower end-plate of an upper column, a paired hole was made (Fig. 1). A SS400-grade steel column was 
used. Table. 1 shows the result of a coupon tensile test in accordance with KS B 0810. The design 
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strength of in-filled concrete used normal strength and high strength of 35Mpa and 55MPa, whereas 
slump was measured at 21.5  and 25 , respectively. The column was filled with concrete by 
inserting a tremie pipe into the top of a steel column. After concrete pouring, the top of the column 
was covered, followed by curing. Fire resistance cover at the steel column was done. Table 2 shows 
the parameters of specimens, which are the following. 

Table 1. Material Characteristics of Steel and Concrete 
Concrete Steel

Age (day) compressive 
strength (MPa)

thickness ( ) grade Yield Strength 
(Mpa) 

Tensile strength

28 36.1 6 SS400 240 422 
28 56.8 9 SS400 237 410 

Table 2. Specimen Parameter 

Name size ( )
Concrete 
strength
fck (Mpa) 

Steel
strength
Fy (Mpa)

Axial force 
ratio
Na/Nc

Effective 
length KL 

(mm) 

Reinforcement 
ratio (%) 

Fire resistance 
time FR (min)

Test time 
APL1 

-360×9 
36.1 240 0.4 

2902 

- 99 
ARL1 36.1 237 0.4 

2% 

171 
BRL1

-280×6 
36.1 237 0.4 158 

BRL2 36.1 237 0.6 80 
BRH1 56.8 237 0.4 146 

D×t ( ) Reinforcement (concrete) fck (MPa) 

A B P R H L 
360×9 280×6 Plain  Bar-reinforced High Low 

D: cross-section diameter, t: steel thickness,  fck: concrete strength, 

Fig. 1.  Section and Size of Column Specimens 

1.2 Experiment Method 
The outline of the experimental equipment is shown in Fig. 2. A loading equipment that can exert 
axial force with a column-used reheating furnace from top to bottom, in other words, a compression 
tester with a loading capacity of 3000kN, was installed. Specimens were vertically installed in the 
center of a reheating furnace. Oriented amounts by heat expansion and shrinkage were measured by 
the linear variable differential transformer (LVDT) attached to a hydraulic cylinder. Items for 
temperature measurement were Fig. 4. The experiment proceeded as follows: 
(1) A CFT square column in the reheating furnace is vertically set up after fitting in the center of a 
hydraulic jack. 
(2) 15 minutes prior to heating, compressive force is introduced in the column center.  
(3) The surface temperature of a steel column before the experiment is set to be approximately 5 ,
whereas the reheating furnace’s temperature is set according to the heating curve of ISO 834 during 
the experiment. 
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(4) If shrinkage reaches L/100 or more of the total shrinkage, or targeted fire resistance time is met, 
the experiment ends.  

Fig. 2. The Loading device Fig. 3. Comparison of ISO 
Standard Fire Curve and test Curve 

Fig.4.  Temperature Measurement 
Position

2     EXPERIMENT RESULT OF FIRE RESISTANCE TEST UNDER LOAD  

2.1 Temperature Distribution 
As for temperature distribution by heating, specimens were compared at the surface of the steel 
column, 1/4 of the concrete cross-section center and surface, and internal and external point of steel. In 
looking into the temperature distribution, data regarding the steel surface in Fig. 5-(a) and concrete 
surface in Fig. 5-(b) show that the distribution of average temperature is located at the position lower 
than that of the standard fire curve. However, it shows a pattern similar to the standard fire curve after 
the middle section. This is attributable to having little influence of the initial parameters. The spot, 1/4 
of concrete cross-section in Fig. 5-(c), shows that the temperature distribution of the BRH1 specimen 
drastically increases after 80 minutes of heating due to the spalling effect. The concrete cross-section 
center in Fig. 5-(d) shows that the temperature distribution of a steel-reinforced CFT column is higher 
than that of a non-reinforced CFT column after 40 minutes. Steel has a higher thermal conductivity 
than concrete. This is because steel-reinforced CFT column has smaller concrete-only area than that of 
the non-reinforced one.

                
(a)Temperature Distribution of a Steel Surface                                   (b) Concrete Surface 

                   
(c)1/4 spot of Concrete Cross-section                                    (d) 1/2 spot of Concrete Cross-section 

Fig. 5.  Temperature Distribution of Steel and Concrete
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(a) The Concrete Diagonal Direction Boundary (b) The Concrete Central Direction Boundary 

Fig. 6.  The Temperature Distribution of Internal and External Boundary of Steel 

In Fig. 6-(a) of the concrete diagonal direction boundary, the BRH1 specimen shows a 
reduction in the rate of temperature change in comparison with other specimens. This is 
attributable to a reduction of heat transfer by high-strength concrete, which has high density 
but minimal moisture content. With the ARL1 specimen, it is considered that the 
thermocouple location has changed due to the effect of concrete pouring after the installment 
of the thermocouple. In Fig. 6-(b) of the external concrete central direction boundary, there 
was the same distribution of temperature before 80 minutes, whereas other specimens show a 
higher increase rate of temperature except for ARL1 after 80 minutes. This is because of the 
thermal storage effect of the internal concrete area in which specimens with a smaller cross-
section diameter than the others tend to have a higher temperature distribution. 

2.2 Axial Deformation 
To classify time–axial displacement relations, there are four stages: the section for steel resistance; 
load dislocation section; concrete resistance section; failure section. The section with the largest 
resistance against loading is the concrete resistance section. Fig. 8 shows the concrete resistance 
section collected from the Time–Curve Graph with the rate of each specimen. The 360mm cross-
section steel-reinforced ARL1 specimen had a high resistance of 89%, demonstrating longer resistance 
as compared with the 77% of a non-reinforced APL1 specimen. This is because concrete-coated steel 
has the effect of thermal storage, thereby creating a long resistance to loading, as shown in the 
temperature distribution. Moreover, the BRL1 specimen is 79% resistance, showing a short section in 
comparison with the ARL1 specimen. This is because the steel area decreased by 65%. In the case of 
the BRL2 specimen, the loading rate against the strength of specimens is 0.6, which is the case of 
overloading, showing a significantly low fire resistance. The BRH1 specimen is a steel-reinforced 
CFT column with the application of high-strength concrete. High-strength concrete has low fire 
resistance due to its lower moisture content than that of normal-strength concrete. However, with steel 
reinforcement, fire resistance can be improved, thanks to the confining effect of steel. The BRH1 
specimen has approximately 89% of concrete resistance section. 

Fig. 7. The Axial Displacement by CFT column in fire 
resistance under load

Fig. 8. The Sectional Ratio of Concrete 
Load resistance by each Specimen
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2.3 Failure Mode 
The APL1, ARL1, BRL1 specimens were set to have an axial force rate of 0.4 for fire resistance test 
under load, and 1/3 spot from the upper had local buckling. In the case of BRH1, which had steel-
reinforcement and high-strength concrete, steel column fractured at the 1/3 spot where local buckling 
took place. The BRL2 specimen with an axial force rate of 0.6 had a total buckling of a column. 
Except for BRL2 specimen with 90 minutes or less in terms of fire resistance time, all other four 
specimens had separation on the surface of steel columns. 

(a) A CFT column before the 
Experiment 

(b) BRH1Specimen after 
the Experiment 

(c) BRL2 Specimen after 
the Experiment 

(d) Separation and column 
Fracture of BRH1 Specimen

Fig. 9.  A CFT Column Before and After the Experiment

3     ANALYSIS OF FIRE RESISTANCE INFLUENCING FACTORS 

3.1 The Effect of Steel Reinforcement
Fig. 10 compares a non-reinforced CFT square column (APL1) and steel-reinforced CFT square 
column (ARL1). Both specimens were set to have an axial force rate of 0.4. In the case of the ARL1 
specimen, working axial force increased approximately by 14% due to the 2% increase in steel 
reinforcement. As for the fire resistance, it was identified to have an approximately 70% increase, 
from 99 minutes to 171 minutes. This is because the steel is coated in concrete as in Fig. 6 of the 
Temperature Distribution of Boundary of Steel with up to 160 minutes of thermal storage effect, and 
concrete and steel create a composite effect, securing the target three-hour fire resistance until local 
buckling occurs.  

Fig. 10.  The Effect of Concrete Reinforcement 

3.2 The Effect by Parameters in Steel Reinforcement 
Fig. 11 summarizes the comparison of a steel-reinforced CFT square column according to each major 
influencing factor, such as cross-section diameter, axial force ratio and concrete strength. As the cross-
section diameter increases from 280  to 360 , the area of a CFT column increased approximately 
by 65%, whereas fire resistance increased approximately by 8%, from 158 minutes to 171 minutes. As 
axial force ratio was set to be 0.6 from 0.4, the working axial force increased by 607kN, whereas fire 
resistance decreased approximately by 50%. Moreover, as concrete strength from 36.09Mpa to 
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56.81Mpa increased from normal strength to high strength, fire resistance decreased by approximately 
6%, from 158 minutes to 147 minutes. The result of the analysis shows that the axial force ratio 
appeared to have the largest portion in determining the fire resistance of specimens. Moreover, as in 
Fig. 9 of failure mode, when the axial force ratio was 0.4 of low axial force, local buckling occurred at 
the end of fire resistance. However, when the axial force ratio was 0.6 of high axial force, total 
buckling on a column occurred.  

(a) Cross-section Diameter Change (b) Axial Force Ratio Change (C) Concrete Strength Change 
Fig. 11.  The Effect of Influencing Factors in Steel Reinforcement 

 4    CONCLUSION 
The study was conducted to evaluate the fire resistance of a steel-reinforced CFT square column under 
a certain degree of axial force. In order to meet the required three-hour fire resistance, non-reinforced 
CFT square column and a steel-reinforced CFT square column were compared. The effects of the 
major influencing factors in steel reinforcement on the fire resistance of the inside column, such as 
cross-section diameter, axial force ratio and concrete strength change, were compared and analyzed. 
The result of the fire resistance comparison between a non-reinforced CFT square column and a steel-
reinforced CFT square column shows that in the case of a CFT column with a 2% steel reinforcement, 
working axial force increased approximately by 14%, whereas fire resistance increased approximately 
by 70%, from 99 minutes to 171 minutes when the axial force ratio was set at 0.4. Accordingly, it was 
determined that the target three-hour fire resistance was achieved.  
Following the comparison of the major influencing factors with a steel-reinforced CFT square column, 
it was found that 8% of fire resistance increased when increasing the area by 65%, and the cross-
section diameter from 280  to 360 . When increasing the axial force ratio from 0.4 to 0.6, fire 
resistance decreased by 50%. Moreover, when increasing concrete strength from 36.09MPa to 
56.81MPa, there was a strength decrease of approximately 6%. Accordingly, in the case of fire 
resistance experiment designed in the study, the effect of cross-section diameter and concrete strength 
appeared to be minimal, whereas the axial force ratio appeared to play a significant role as the major 
parameter.
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CONCRETE AND COMPOSITE SLABS IN FIRE
Discussion of the Load Bearing Characteristics

Martin Mensinger, Martin Stadler
Technische Universität München, Faculty of Civil Engineering and Geodesy, 

Chair of Metal Structures, Munich, Germany

INTRODUCTION
In the last years several research results have been published which discuss the load bearing 
characteristics of composite floor systems in case of fire. Diverse design methods were presented to 
calculate the load bearing capacity using assumptions that the slabs behave like a membrane due to 
large deflections (e. g. [1]-[3]). However, results of fire tests performed on such structures in the 
last years show some discrepancies between the available design methods and the real behaviour (e. 
g. [4]). Therefore, this paper presents some new approaches which may describe the influence 
factors on the load bearing characteristics.

1 STRESSES DUE TO TEMPERATURE CHANGES OVER THE CROSS-SECTION
The temperature distribution in concrete and composite slabs which are exposed to fire at one side 
is highly nonlinear. In addition, the thermal strains of concrete are not straight proportional to the 
temperature of the material. Therefore, also the strains in a concrete slab are distributed nonlinearly. 
Fig. 1 shows such a temperature and strain curve of a 100 mm thick unprotected concrete slab 
which is exposed to the standard fire curve (ISO 834). The temperatures and temperature-strain 
relations can be found in Eurocode 4 [5]. 

Fig. 1. Temperature and resulting strain distribution in a concrete slab

If these curves are used to analyse larger structures, a very high effort of calculation is necessary. A
calculation by hand is virtually impossible. It is more practical to use linear strain distributions but 
not easy to find an appropriate approach. Furthermore, it is necessary to take into account that the 
nonlinear strain distribution leads to additional stresses. Related effects occur in hot-rolled steel 
sections during its production where non-uniform cooling generates self-equilibrating stresses. In 
contrast to steel sections a concrete slab cannot yield in such a way that these stresses can be 
neglected at design.
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2 INTERNAL FORCES AND LOAD TRANSFER
Some of the following thoughts are mentioned in [3] and described in more detail in [6]. Here some
new aspects shall be discussed. The temperature distribution over the depth of a cross-section is 
simplified considered as linear T as constant. This leads to linear 
thermal strains which can be divided into a constant part unif and a linear strain gradient .

2
bottomtop

Tunif

h
bottomtop

T

In a simple beam which is horizontally unrestrained the constant part causes a longitudinal 
extension uunif and the gradient causes a uniform curvature and bowing of the beam.

Lu unifunif

For fast heating like the standard fire curve, large curvatures result and geometrical nonlinear 
approaches are necessary to calculate deformations. Second order theory assumes small 
deformations and is not sufficient. An unrestrained beam with uniform curvature deforms to a 
circular arc. 

2
cos11 Lwm

The arc length is the original length of the beam and the ends must move together (ugrad). In Fig. 2 
these relations are illustrated. 

2
sin2 LLugrad

Fig. 2. Horizontal displacement of an unrestrained beam under uniform extension and curvature

If the beam is horizontally fixed on both ends, constraining forces occur. This can be visualized as 
an unrestrained beam which deforms under thermal loading and afterwards the support is shifted
back to its initial position. Depending on whether the total horizontal extension utot is positive or 
negative the constraining forces are either an almost uniform compressive normal force with a 
positive bending moment in curved shape or a tensile force with a negative bending moment. In the 
special case when both extensions are the same size there will be no constraining forces (see Fig. 3).
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Fig. 3. Resulting constraining forces in a horizontally fixed beam

Slabs which are subjected to the fast heating of the standard fire curve will get a high curvature and 
in relation a small uniform extension. The curvature changes in both directions of the slab but even 
at unrestrained slabs the edges cannot move together. The deformations are restrained due to the 
development of a compression ring around the perimeter of the slab. In this case the thermal loading
leads to a tensile force and a negative bending moment in the slab. The height of these forces 
depends on the bending stiffness of the slab but the tensile force easily reaches the tensile strength 
of the reinforcement. The negative bending moment generates cracks on the top surface of the slab
unless mechanical loads generate contrary moments. On the basis of these facts, it is imaginable 
that working loads can have positive effects on the structural integrity of slabs or even that slabs fail 
without any working load only due to the exposure to thermal loading. The influence of the height 
of the load has not been sufficiently investigated by fire tests until now. If the reinforcement already 
yields under thermal loading, the contribution to the transfer of mechanical loads becomes very 
small. It seems that mechanical loads like the dead load of the slab or working loads are mainly
transferred by reduction of the bending moment. This kind of load transfer can be compared with 
the behaviour of prestressed concrete structures.
If the slab is heated slower like it probably is in real fire conditions, the uniform expansion becomes
more important and the slab will get under compression. In this case the additional loads can be 
transferred by reducing the compression force and after that, generating membrane tensile forces.

3 TENSION STIFFENING
In most engineering models only the reinforcement makes contribution to the load transfer because 
the concrete cracks at tension. Thus, the deflection of the slab only depends on thermal and 
mechanical strains of the reinforcement. But actually the concrete does not completely crack. 
Between the cracks stresses occur in the concrete and in the cracks the strains of the reinforcement 
increase. The slab becomes stiffer and the reinforcement is not stretched constantly. This so-called 
tension stiffening, which is well-known at ambient temperatures, also appears at elevated 
temperatures. For the design of beams and plates in bending, this effect does not influence the load 
bearing capacity but only the deflection. But in the engineering models using membrane action the 
load bearing capacity depends decisively on the deflection. Therefore tension stiffening must be 
included when the slabs are designed. In [7] approaches are published how these effects can be 
handled at ambient temperatures and for high reinforcement ratios cs AA / . Here it is discussed 
what happens at low reinforcement ratios.
Fig. 4 shows the stresses in a rebar related to its strain. Line a) is for a simple rebar without 
concrete. The curve is linear until it reaches the yield stress fy y. Then 
it begins to yield, the stresses only rise slowly until the bar cracks at the ultimate stress fu and strain 

u. It is the well-known simplified stress-strain curve of steel with a linear elastic part and a 
hardening slope.
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Fig. 4. Tension stiffening

If the rebar is embedded in a small concrete section, the reinforcement ratio is high and the stress-
strain curve of the rebar looks like line b) in Fig. 4. In the first part the concrete is not cracked, it 
acts together with the rebar and the beam is very stiff. At the first bend of the curve the tensile 
strength of the concrete is reached and the first cracks appear. The stress in the rebar at this point 
can be calculated as follows:

ct

s
ctcrs E

E
f 1

,

After the second bend the cracking is finished and the curve runs parallel to line a). The yield and 
ultimate stresses are the same as for line a) but the related strains are smaller. The reason is that the 
strains are concentrated in the cracks and in Fig. 4 an average strain over the length of the beam is 
shown.
Line c) shows the behaviour of a slightly reinforced beam. With rising strains the stress in the rebar 
theoretically rises higher than the yield stress. The reason is that the force which is necessary to 
reach the tensile strength of the concrete cross-section is higher than the force which the rebar can 
absorb. If the beam is stretched further, a first crack appears in the concrete and the force falls down 
to the tensile strength of the rebar. After a short hardening the beam fails with a small elongation.
This curve can only be generated in a displacement-controlled test and is rather theoretical. 
More realistic is line d). There the concrete beam is pre-cracked like it is the case at composite slabs
in fire. The stiffness of the beam is higher than the stiffness of a simple rebar but lower than the
stiffness of a reinforced concrete beam without cracks. Like for line c) the total possible 
deformation is much smaller than for a simple rebar. 
Transferred to slabs in fire the tension stiffening effects can explain why some specimen in tests
failed before the estimated deflection was reached. Reaching the yield stress of the reinforcement 
cannot be the only failure criterion. The ductility of the whole slab must also be taken into account.
This ductility is influenced by the reinforcement ratio and the ductility of the reinforcement itself. 
The load bearing capacity of concrete and composite slabs in fire can be increased on the one hand 
by increasing the reinforcement ratio. It not only increases the bearable load of the reinforcement 
but also the tension stiffening effects decrease and the slab becomes softer. On the other hand, 
reinforcement with higher ductility enables larger displacements and hence higher load bearing 
capacities without need of additional reinforcement. Unfortunately most fire tests were not run until 
the slabs failed. The estimated deflections and load bearing capacities are therefore difficult to 
prove.
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