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Abstract 

The behavior of structures under fire is quite complicated because of the high level ofnonlinearity at 

both element and material levels. With increasing the temperature, the material properties such as 

modules of elasticity decreases which makes the structure unable to support the applied loads. The 

structure members experience a thermal expansion during the fire which leads to significant 

restrained axial loads in these members which might lead to failure of the connection in steel 

structures. Also, steel structure might exhibits substantial creep at elevated temperature. On the other 

hand, the material properties of concrete such as compressive strength and elastic modulus 

deteriorate with high temperature as result, the connectors between the steel beam and the concrete 

slab might get affected. This study presents data and information about steel-concrete composite 

beams at ambient and high temperatures as well as the high temperature material properties of steel 

and concrete. Also, feasible way to protect steel section of composite beams by applying fire 

insulation with different thickness is discussed in this study.  
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1. Introduction 

1.1 Steel-Concrete Composite beam at Ambient Temperature 

In building and bridge structures, steel beams are frequently used to support concrete slabs.  If there 

is an adequate connection to transfer longitudinal shear between the slab and the beam, then the two 

elements act together as a composite beam. The composite system consists of a steel beam, a 

concrete slab of some width and some kind of connector that transfers longitudinal shear between the 

beam and the slab, see Fig.(1). 

 

The key to this added strength and stiffness is the increase moment of inertia of the composite cross 

section. This advantage is only true when the concrete is subject to compressive forces.  Concrete is a 

brittle material whose tensile strength is quite variable and fractures (or cracks) with little or no 

warning.  As a result, concrete is assumed to have no tensile strength and is ignored when it is in 

tension.  On the other hand, concrete is very good in compression.   This means that composite action 

is only of benefit in positive moment regions where concrete is on the compression side of the beam.  

In negative moment regions, where the concrete is on the tension side of beam, the concrete adds 

nothing to the strength or stiffness of the steel beam. Making use of composite behavior can 

significantly reduce the required size of a steel member, thus saving the extra cost associated with 

connecting the slab to the beam 
[1]

. 

 

 

 

Fig. (1): Steel-Concrete Composite beam 
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1.2 Shear Strength of Composite Beam  

The concrete does not contribute to the shear strength of the composite beam. The shear strength of 

composite beam will be determined based upon the properties of the steel section alone. 

 

Vu ≤Ф Vn 

Vn = 6.0FyAwCv 

Where: 

 Ф is reduction factor = 6.0 

 Vu  is the maximum applied shear force. 

 6.0Fy is the shear yield strength of the steel. 

 Aw is the shear area of a web. 

 Cv is a modifier that accounts for buckling behavior of the web 

 

1.3 Moment Strength of Composite Beam 

The nominal moment capacity, Mn, equals the internal couple formed by the tension and compression 

forces acting on the section below and above the plastic neutral axis. 

Mu ≤ Ф Mn 

Mn = (Ts or Cc) x (distance between Ts and Cc) 

bE = min[L/8,(Overhang or (C-C)/2)]left + min[L/8,(Overhang or (C-C)/2)]right 

Where: 

 Ф is reduction factor = 6.0 

 Mu is maximum applied moment. 

 bE  is effective slab width.  

Compute the moment strength of composite depend on the location of plastic neutral axis: 

 The N.A locates in the beam web, see Fig.(2). 

 The N.A locates in the beam flange, see Fig.(3). 

 The N.A locates in the concrete slab, see Fig.(4). 
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Under fire all previous questions and the following cases are valid taking in account the changing in 

neutral axes location and education of steel strength  

    

 
 

                                
 

 

 

1.4 Shear Connector Strength 

 

Shear strength of the studs will depend on the transferred shear force that transferred between the 

beam and slab over a length from the location of maximum moment (where the internal forces are the 

greatest) and point of zero moment 
[1]

, see Fig.(5). 

V' = S Qn 

 

Fig. (2):  Neutral axis is in the beam web  

Fig. (3): Neutral axis is in the beam flange 



 5 

Where: 

V' is the lesser value of the maximum of Ts or Cc. 

S is studs spacing. 

Qn is the capacity of studs to transfer shear force and it is equal to the minimum of 

(6.5 Asc sqrt (f'c Ec), RgRpAscFu). 

 

 

 

 

 

 

 

 

 

Fig. (5): Free body diagram of partial beam  
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2. Steel-Concrete Composite Beam at Elevated Temperature 

The design equations that are used for composite beam at room temperature can be used at high 

temperature by considering the reduction factors for tensile strength (Fy) and modulus of elasticity 

(E) for steel and the compressive strength (fc) for concrete at the attending temperature during fire 

conditions.  However, the behavior of composite beams under fire exposure can be more complicated 

than just considering these factors. This is due to complex phenomenon that occurs during fire such 

as axial restraint force that results from the thermal expansion of the steel which might affect the load 

carrying capacity of the composite beams. Also, the degree of the composition (shear studs) might be 

affected by the high temperature as well. The reduction factors for steel and concrete strength will be 

presented in next sections. 

 2.1 State of Art of Composite Beams under Fire Conditions 

Fakury 
[2]

 presented a numerical analysis to verify if the simplified approach of the design of 

composite beams comprising steel beams with no encasement under fire that allowed by Eurocode 4 

would lead to appropriate design. Steel-concrete composite beam were used to find the temperature at 

the different points of the composite, see Fig. (0). The Eurocode 4 simplifications are : 

1. For steel beams with contour encasement fire protection or unprotected, the bottom flange 

temperature can be determined as if it were subjected to fire on all four sides. For the top 

flange, the temperature can be assumed to be acting on three sides. 

2. For steel beams with contour encasement fire protection or unprotected, web temperature can 

be taken as the average between the temperature for the flange in case of sections with height 

equal or lower to 466 mm. For higher height, web temperature can be taken as equal to the 

temperature at the bottom flange. 

3. Concrete slab temperature can be taken as 464 of the upper flange in the calculation of the 

decrease of concrete strength for the design of shear connectors. 

4. The temperature of the shear connectors can be taken as 864 of the temperature at the top 

flange.  

It was found that: 

1. Results for shear connecter temperature match the 864of the temperature at the top of flange 

of the steel beam. 

2. Using of 464 of the temperature at the top flange of the steel beam for concrete slab seems 

underestimate actual value calculation as ranging between 564 and %24. 



 % 

3. Average temperatures at concrete slab were similar to Eurocode 4. 

4. At the bottom flange FEM temperature were 34 to %4 lower than Eurocode 4. 

5. For the web, Eurocode 4 results were up to 214 higher while for the top flange were 444 to 

484 lower 

0. at the slab , temperature at the connectors were higher for Eurocode 4 from 6.44 to 324. 

 

    

 

 

Wong 
[3]

 developed a nonlinear finite element model to investigate the behavior of cellular composite 

beam at elevated temperature. For the concrete slab, a three dimensional eight- nodded solid element 

was used. Four – nodded quadrilateral shell elements were used to represent the cellular beam, see 

Fig.(%). Slip between the concrete slab and steel beam was ignored. Both symmetric and asymmetric 

composite beams were analyzed. The Finite element results were compared with experimental work 

done by Nadjai. The finite element results show good agreement compare with the experimental 

results. All failure modes are accurately predicted by finite element model. 

Fig. (0): Location of thermocouple points 
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Han 
[4]

 carried a number of tests to investigate the fire performance of steel reinforced concrete beam 

to column joints. The beam –column joints were subjected to the ISO-834 standard fire, see Fig. (8). 

The tests were designed to investigate the effect of the load level in the reinforced concrete beam 

which is defined as a ratio of the longitudinal load to the beam bearing capacity at ambient 

temperature. Also, ABAQUS software was used in finite element analysis. Comparison of results 

calculated using the finite element modeling shows generally good agreement with the test result.   

 

 

Fabbrocino 
[5]

 presented an experimental and analytical study on the behavior of composite steel- 

concrete beam subjected to negative bending. Three types of composite beams were used. The beam 

Fig. (8): Concrete beam to column joint  

Fig. (%):  Cellular composite 

beam 
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type A is characterized by 26 shear studs on a single row, uniformly distributed along the beam 

(spacing 106mm). The beam type B is characterized by 26 shear studs, spaced 106mm, but 

concentrated at the ends on two rows while the beam type C has 8 shear studs 515mm spaced, 

uniformly distributed along the beam, see Fig. (0).   

 

 

 

 
 

 

 

 

 

 

Korkess 
[0]

 studied the behavior of composite steel- concrete beam subjected to negative bending 

using Ansys software in finite element analysis. Inverted composite beam subjected to concentrated 

load at the mid span were used to represent the negative bending. Elastic-plastic shell elements were 

used to modeling the steel section while solid element used for concrete slab, see Fig. (16). Nonlinear 

Fig. (0): Experimental work cases 
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springs were used to simulate the behavior of the shear connectors. Von Misses yield criteria with 

isotropic hardening rules were used to represent the steel beam. The reliability of the model is 

demonstrated by comparison with available experimental work which shows 04-164 difference. 

 
 

3. Material Properties of Steel at High-Temperature 

3.1 Stress Strain Relationship for Carbon Steel at Elevated Temperatures 

A major problem of steel construction is that steel structural members have low fire resistance due 

high thermal conductivity and low specific heat of steel leading to faster reduction of strength with 

temperature 
[%, 8]

. Also, at high temperature creep can be substantially high. Therefore, steel structural 

members can lose load carrying capacity at a rapid pace under elevated temperature 
[0]

. 

According to Eurocode 3 
[16]

 the following equation in Table (1) could be used to predict the stress 

strain relation for carbon steel at different temperatures. The stress-strain curve is shown in Fig. (11), 

while the reduction of modulus of elasticity is considered as in Table (2). 

Table (1): Eurocode 3 stress-strain relationship of steel at elevated temperatures 

Fig. (16):  Finite element simulation 
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Fig. (11): Stress strain curve for carbon steel 

 

Table (2): Tensile strength and elastic modulus reduction factors for steel at elevated temperature 
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3.2 Thermal Elongation of Carbon Steels 

The following equations could be used to determine the thermal strain of carbon steel at different 

temperatures 
[16]

, also see Fig. (12). 
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4. Material Properties of Concrete at High-Temperature 

4.1 Stress Strain Relationship for Concrete at Elevated Temperatures 

According to Eurocode 2 
[11]

 the following equation in Table (3) can be used to predict the stress 

strain relation for concrete at different temperatures. The stress-strain curve is shown in Fig. (13), 

while the reduction of compressive strength is considered as in Table (4). 

Table (3): Eurocode 2 stress-strain relationship of concrete at elevated temperatures 

 

Fig.(12) Thermal strain of steel   
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Fig. (13): Stress strain curve for concrete 

  

Table (4): Compressive strength reduction factors for concrete at elevated temperature 

 

 

 



 15 

4.2 Thermal Elongation of Carbon Steels 

The following curves in Fig. (14)  can be used to determine the thermal strain of concrete at different 

temperatures 
[11]

.  

 

Fig. (14): Thermal elongation of concrete at elevated temperatures 

 

5. Fire Protection of Composite beams 

In many cases fire in building gets extinguished by firefighter and the structural members exposed to 

fire might retain most its capacity. Results from previous research showed that steel-concrete 

composite girders can retain about %6-864 of its capacity when it’s exposed to maximum temperature 

of 066 °C 
[12]

. This is due to residual strength of steel that regain most of its tensile strength when it 

is heated to temperature of 066°C the cool down to room temperature 
[13]

. On the other hand, similar 

structural members can experience failure when exposed to temperature around 1666 °C 
[14]

. 

Therefore in conditions of intense fire exposure conditions, structural members need to be protected 

from fire. One of the effective to insulate the steel section of the composite beam by applying fire 

insulation material that has less conductivity and higher specific heat. These insulation materials can 

be applied with thickness of 12 mm or 25 mm to provide the 2 or hours fire resistance for these 

members 
[15, 10]

. 
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6. Conclusions 

From the information presented in this study about the steel-concrete composite beam capacity about 

room and elevated temperature, the following conclusion can be made: 

 Fire can have a significant effect on the load carrying capacity of composite beams 

 The capacity of composite beams at elevated temperature depends on the temperature attend 

during fire exposure. 

 The capacity of composite beams at elevated temperature reduces based on the reduction of 

steel and concrete strength. 

 To calculate the capacity of composite beams, equation similar to the room temperature 

capacity can be used taking in count the reduction factor of steel and concrete due to fire 

condition. 

 The tensile strength of steel reduces by 564 and the elastic modulus by %64 at temperature of 

066 °C. 

 The compressive strength of concrete reduces by 554 when high temperature of concrete 

reaches 066 °C. 

 The composite beam can be protected from fire effect by applying different thickness of fire 

insulation on the steel section while the concrete slabs don’t need any protections. 
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