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Behavior of Composite Steel-Concrete Girders in Fire Condition  
 

A. T. Kassem* , A. F. Hassan** , and M. M. Seddeek***  
 
Abstract: Fires have a highly destructive effect on steel structures. Steel-concrete composite 
elements have better fire resistance than bare steel, but the composite behavior differs a lot in 
fire than at normal conditions. This paper studies the flexural behavior of steel-concrete 
composite simply supported girders in fire condition. A three dimensional nonlinear thermal-
structural finite element model has been established using COSMOSM software package to 
evaluate both girder structural and thermal responses in fire condition. Temperature 
distribution, mid-span deflection, and stresses in both steel beam and concrete slab have been 
introduced as functions of time.  Results of the finite element model have been verified 
against experimental work and analytical models found in the available literature. The 
proposed model proved an accepted correlation with the available experimental work. A 
parametric study based on the outputs of this model has been performed to study effects of 
variations in various structural parameters on the behavior of composite girders. Practical 
conclusions about fire endurance, recommended load ratios, and best composite 
configurations have been extracted. 
 
Keywords: steel, concrete, composite, beam, slab, girder, ISO 834 fire curve, material non-
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Introduction 
Structural fire engineering studies mainly the behavior of structures in fire. The main question 
that seeks a reply in that branch of science is “for how long could a structure with a specific 
configuration survive a pre-described fire load considering specific failure criteria?”. Many 
analytical approaches have been presented in the past few decades to model the behavior of 
structures in fire. Rankine [1] approach is of the most famous models, where it basically 
concerns thermal effects leading to deterioration in material properties. It has been built on a 
simple interaction between idealized structural behaviors, strength, and stability criteria. It is 
famous for its simplicity where it considers that temperature distribution is uniform within 
individual members; structural elements are straight, isotropic, and prismatic; members 
buckle in plane of frame only; local and lateral torsional buckling are out of consideration; 
and working loads are concentrated. W.S. Toh [2] presented classical and numerical methods 
for evaluating fire resistance of steel frames considering the plastic theory. This theory could 
predict failure of a frame structure by tracing the development of plastic hinges until a 
mechanism is formed. 
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Famous experimentations on full scale structures have been performed at the fire Engineering 
Laboratory in Cardington – England [3], Technical university of Braunschweig – 
Germany[4], and the Laboratory of steel structures, Helsinki university of technology in 
Espoo [5]; but due to the high cost of such experimental programs, and the lack of essential 
installations and full scale totally equipped fire compartments in most structural research 
laboratories a great need for finite element modeling techniques and structural fire oriented 
software has arisen. Some ready made software packages, as Vulcan [6], STABA-F [6], 
ADAPTIC [6], and FEAST [6] have been developed. This paper presents a non-linear finite 
element model for full shear connected steel-concrete composite girders subjected to pre-
described fire loads. The finite element model has been developed using “COSMOS/M 2.9” 
[7] that contains structural and heat transfer modules and can non-linearly model structures 
with temperature dependent material properties. 
 
 
Finite Element Model 
A three dimensional finite element model has been developed. The model consists of fully 
connected solid elements representing steel beam and concrete slab. Finer meshes have been 
utilized at zones of stress concentration. The simply supported girder has been divided 
longitudinally to 96 elements. Figure (1) shows the problem main geometry, while figure (2) 
shows a cross-section of the model. Elements chosen for modeling could support both thermal 
and structural analyses. Modeling main assumptions could be summarized as follows: 
 

1- Full shear connection has been performed between steel beam and concrete slab. 
2- Steel was considered elasto-plastic, isotropic material [8].  
3- Concrete was considered elasto-plastic, isotropic (subjected to compression, so no 

cracks occur) material. 
4- Steel and concrete material non-linearities due to elevated temperature were 

considered in accordance with Euro code [9], [10], [11], [12]. 
5-  Furnace gas temperature was considered in accordance with the standard fire curve 

(ISO 834) [13]. 
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Figure (1)   Composite Girder Geometry Figure (2)   Finite Element Model  
 
 
Solving Procedure 

Solving the problem was divided into two phases. The first phase concerned the heat 
transfer module, where a convection-radiation [14] thermal load in accordance with the ISO 
834 fire curve was applied to the girder soffit. 
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Transient heat transfer analysis was performed in order to stand on the temperature 
distribution within the composite girder due to the applied thermal load. Table (1) states 
ambient temperature material properties, while figures (3) up to (7) show material 
degradation factors due to increase in temperature.   

 
Table (1)   Ambient Temperature Structural and Thermal Parameters 

 
Parameter Steel Concrete Unit 
Strength 240(16) 35(17) MPa 
Elasticity Modulus 2.1x105(16) 26030(17) MPa 
Poisson's Ratio 0.3(16) 0.2(17) - 
Density 7800(16) 2500(17) Kg/m3 

Coeff. of Thermal Expansion 1.2x10-5(16) 1x10-5 (17) T-1 

Specific Heat 600(13) 900(13) J/kg k 
Thermal Conductivity 54(13) 1.33(13) w/m k 
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Figure (3)   Thermal Expansion at High 
Temperatures [12] 

Figure (4)   Thermal Conductivity [12]  
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Figure (7)   Concrete Degraded Structural Properties [10] 

 
The second phase concerned the solution of the structural problem where own weight and 
superimposed loads had been applied to the model, then thermal loads were applied. The 
structural analysis was performed for each thermal load increment considering temperature 
distribution generated as an output of the first analysis phase in combination with 
superimposed loads. 

 
 
Model Verification 
 

In order to judge the reliability of the proposed model it has been verified against 
experimental and theoretical work found in the available literature [3, 15], where two 
experiments have been performed according to the configuration shown in figure (8), 
subjected to a thermal loads applied to girder's soffit according to the standard ISO 834 fire 
curve as shown in figure (9). Mid-span deflection has been measured experimentally and 
predicted mathematically.  

 

 
 
 

 

 
 
 
 

 

Fire Exposured
Surface

 

Figure (8)   Experimental Test Setup [15] Figure (9)   Tests (15) and (16) Fire 
Loads [15] 

 
Temperature profile was recorded at different time intervals. Figures (10) and (11) show 
experimentally recorded and mathematically predicted temperature profiles based on the 
proposed model across the girders cross-sections from the beginning of thermal load 
application up to failure. It could obviously be seen that temperature of web is higher than 
flanges, and that refers to the higher section factor (A s / V) of the web relative to flanges. It 
could be noticed that temperature of the upper flanges is less than the lower one, this refers 
to section modulus too, where the lower flange is heated from four surfaces while the upper 
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is heated from three surfaces only, as its upper surface is protected due to its contact with 
the concrete slab. It could also be noticed that damping takes place rapidly to temperature 
within the concrete slab due to its low thermal conductivity.  

 

0 100 200 300 400 500 600 700 800

Temperature (oc)

12 min (exp.)

15 min (exp.)

21 min (exp.)

24 min (exp.)

30 min (exp.)

40 min (exp.)

Model

0 100 200 300 400 500 600 700 800

Temperature (oc)

3 min (exp.)
9 min (exp.)
12 min (exp.)
15 min (exp.)
18 min (exp.)
23 min (exp.)
Model

Figure (10)   Test (16) Thermal Verification Figure (11)   Test (15) Thermal Verification 
 

As concrete slab temperatures has not been recorded experimentally in neither test (15) nor 
test (16), verification of the thermal model for concrete slab has been performed by 
modeling a concrete slab of thickness 200 mm subjected to Standard fire (ISO 834) and 
comparing the outputs with figure available in Eurocode [10] as shown in figure (12). 
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Figure (12)   Concrete Slab Thermal Verification [10] 

 
Figures (13) and (14) show a comparison between mid-span deflection measured 
experimentally; and estimated by Zhaohui [3], and the proposed model for tests (15) and 
(16) respectively. It could be obviously noticed that the proposed model could well estimate 
deflection history of test (16) till failure. Meanwhile both the proposed model and that of 
Zhaohui [3] could estimate deflection history till about 70% of failure time for test (15), this 
refers to the presence of a kink in the degradation curve of steel modulus of elasticity at 
700oc; that lower flange in test (15) reached due to its low load ratio, while test (16) failed 
before due to its high load ratio.  
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Figure (13)   Test (15) Mid-span Deflection [3] Figure (14)   Test (16) Mid-span Deflection [3] 
 
 
Thermal-Structural Behavior 
Stresses and strains in both steel beam and concrete slab have been introduced as functions of 
time. Stresses of test (16) have been studied in detail as shown in figure (15), where stress 
history could be divided into four main stages as discussed herein after. 
 

Stage I (Super-imposed Loads) 
In this stage tensile stresses take place at steel surface flange and compressive or tensile 
stresses take place at steel interface flange, according to location of neutral axis. 
 

Stage II (Pre-degradation, Super-imposed Combined with thermal Loads) 
As temperature of steel surface flange is higher than interface flange and concrete slab; 
girder's lower surface expands more than upper surface and sagging takes place, leading to an 
increase in both surface tensile and interface compressive stresses.  
 

Stage III (Post-degradation, pre-yield) 
As temperature increases, modulus of elasticity decreases; and consequently normal stress for 
the same strain decreases. This leads to a decrease in the rate of increase of normal stress. 
 

Stage IV (Post-degradation, post-yield) 
In this stage material enters the yield plateau where stresses are retained around the yield 
level, this decreases by default as temperature increases; this leads to a decrease in normal 
stresses. 
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Figure (15)   Test (16) Stress History 

 
 
Parametric Studies 
In order to clarify effects of various structural parameters on the behavior of composite 
girders in fire (5) main parametric studies have been performed, to study effects of end 
condition, load ratio, material properties, geometric configuration, and stiffness, in which (12) 
models have been established. Deflection that equals L/30 has been considered a failure 
criterion of [12]. Table (2) summarizes technical data of girders used in the parametric 
Studies. 
 
 

End Condition 
Building's girders are usually designed simply supported (hinge-roller) and constructed with 
longitudinal restraints (hinge-hinge). The presence of longitudinal restraints generates 
additional stresses when the girder is subjected to a thermal load. Model (M2) represents a 
girder longitudinally restrained at the beam soffit, while model (M3) represents restraints near 
the neutral axis. 
 
Figure (16) shows mid-span deflection for models (M1), (M2), and (M3). Model (M2) faced a 
sharp failure a low deflection. It faced a high compressive stress on the whole section, 
compression in the interface flange due to flexural loads and in the surface flange due to 
longitudinal restraint against deformations and thermal expansion. Model (M3) behaved in a 
pattern that resembles model (M1), but higher deflection appeared after 7 and up to 26 
minutes, due to the excessive compression at the restrained interface flange, leading to a 
sagging moment. After awhile difference in temperatures between surface and interface 
flanges decreases, hence slope angle decreases and sagging moment also decreases, this 
decreases the rate of increase in deflection that increases due to degradation of structural 
material properties.  
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Table (2)   Parametric Studies Technical Data 
 

Parametric 
Studies 

Objectives 

M
od

el
s 

Geometric Data (mm) Structural Data (Mpa) 

L
oa

d 
R

at
io

 

Steel Beam 
Concrete 

slab 
Span Steel Beam 

Concrete 
slab Surface 

flange 
Web 

Interface 
flange 

b sf t sf b w t w b if t if bcs tcs L f y Es f cu Ec % 

M1 215 32 535 22 215 32 1500 200 20000 240 210000 35 26031 64 

End 
Condition* 

M2 215 32 535 22 215 32 1500 200 20000 240 210000 35 26031 64 

M3 215 32 535 22 215 32 1500 200 20000 240 210000 35 26031 64 

load ratio M4 215 32 535 22 215 32 1500 200 20000 240 210000 35 26031 32 

Material 
Properties 

M5** 215 32 535 22 215 32 1500 200 20000 240 210000 140 52062 64 

M6 215 32 535 22 215 32 1500 200 20000 360 210000 35 26031 64 

Girder 
Geometric 
Configura-

tion 

M7 430 16 568 18 430 16 1500 200 20000 240 210000 35 26031 64 

M8 108 65 470 30 108 65 1500 200 20000 240 210000 35 26031 64 

M9 215 32 535 22 108 32 1500 200 20000 240 210000 35 26031 64 

M10 215 32 535 22 215 32 12000 100 20000 240 210000 35 26031 64 

stiffness 
M11 215 32 535 22 215 32 1500 200 10000 240 210000 35 26031 64 

M12 215 32 535 22 215 32 1500 200 5000 240 210000 35 26031 64 

 
*     As (M1), but with different end conditions. 
** Concrete characteristic strength had been increased to four folds and consequently  

       modulus of elasticity has been doubled as cuc fE   

 
Load Ratio. 

Load ratio represents to what extent the girder is subjected to stresses, it is the ratio between 
applied and yield stresses, two load ratios were chosen (64% and 32%), represented by 
models (M1) and (M4) respectively. 
 
Figure (17) shows mid-span deflection for models (M1) and (M4). Where a reduction of load 
ratio by 50 % lead to an increase in fire endurance by about 16%. 
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Figure (17)   (M1), and (M4)-Mid-span 
Deflection 
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Materials Strength Characteristics. 
Effects of change of concrete characteristic strength, and hence modulus of elasticity; and 
steel yield stress have been studied using Models (M5) and (M6) respectively. Figure (18) 
shows mid-span deflection versus time for models (M1), (M5), and (M6). It is obvious that 
variations in values of deflection for the same time are minor, it could be noticed that 
increasing concrete characteristic strength and hence modulus of elasticity lead to an 
increase in fire endurance beyond the pre-determined failure criterion of L/30, where 
concrete bears a larger portion of load as steel looses most of its stiffness. 

 
Section Factor. 

Section factor is a physical quantity of dimensions L-1. It represents the ratio of the exposure 
surface relative to the total volume of the structural element. Models (M1), (M7), and (M8) 
represent section factors of 0.07, 0.10, and 0.05 respectively and (M1) represents an 
intermediate value of 0.079. Figure (19) shows mid-span deflection for models (M1), (M7) 
and (M8). It could be noticed that fire endurance is about to be linearly proportional to the 
section factor and proportionality constant increases by time as temperatures increases and 
stiffness degrades.  

 

-1400

-1200

-1000

-800

-600

-400

-200

0

0 10 20 30 40 50 60
Time (min)

M
id

-s
pa

n 
D

ef
le

ct
io

n 
(m

m
)

L/30

M5

M1

M6

-1200

-1000

-800

-600

-400

-200

0

0 10 20 30 40Time (min)

M
id

-s
pa

n 
D

ef
le

ct
io

n 
(m

m
)

M8

M1

M7

L/30

Figure (18)   (M1), (M5), and (M6) Mid-span 
Deflection 

Figure (19)   (M1), (M7), and (M8) Mid-span 
Deflection 

 
Usage of Small Interface (Upper) Flange. 

Composite girders are usually designed with a smaller interface flange due to the contribution 
of concrete slab in bearing loads so two alternatives were chosen, one with equal compression 
flanges, and other with interface flange width half that of surface one, represented by models 
(M1) and (M9) respectively. 
 
Figure (20) shows mid-span deflection for models (M1) and (M9). It could be noticed that 
using a small interface flange has no significant effect on the behavior of composite girder; 
this is due to the location of the interface flange near the neutral axis, resulting in small strains 
and consequently small stresses or a small portion of load to be sustained by the interface 
flange. 
 

Slab configuration 
Slab configuration is a term that refers to the concrete slab cross-sectional aspect ratio.  Two 
aspect ratios of (7.5) for model (M1) and (120) for model (M10) had been chosen. Figure (21) 
represents mid-span deflection for models (M1) and (M10). It could be concluded that 
concrete aspect ratio has no influence on fire endurance of composite girders. This refers to 
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concrete low thermal conductivity and high specific heat; leading low slab temperature and 
hence consistent structural properties as approximately material degradation does not take 
place.  
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Figure (20)   (M1), and (M9) Mid-span 
Deflection 

Figure (21)   Models (M1) and (M10) Mid-span 
Deflection 

 
Length to section modulus ratio. 

Length to section modulus ratio is an important design parameter, where the initial choice of a 
cross-section is performed based on common values of that parameter. Three values of (L/Z) 
were chosen 2.71x10-3, 1.36x10-3, and 6.78x10-4 represented by models (M1), (M11), and 
(M12) respectively. It was found that sections with low rigidity fail in a ductile pattern, where 
large tensile strain takes place at the steel surface flange, leading to a large deflection. While 
sections with high rigidity fail suddenly before significant strains take place. Figure (22) 
shows deformed shapes at failure for models (M1), (M11), and (M12) respectively. 
 
Figure (23) shows mid-span deflection for models (M1), (M11), and (M12) respectively. It 
could be noticed that models (M11) and (M12) failed even before reaching the failure 
criterion of (l/30). 
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Figure (23)   Models (M1), (M11), and (M12) 
Mid-span Deflection 
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Conclusions 
1- The proposed model could well predict thermal and structural behaviors of the composite 

girders compared to experimental data found in the available literature. 
2- The presence of longitudinal restraints passively affects the behavior of composite girders 

in fire condition. 
3-  Composite girders restrained near the neutral axis behave much better than girders 

restrained at the steel soffit. 
4- The less the load ratio the more the fire endurance 
5- The more the concrete stiffness relative to steel the more the fire endurance even after a 

subjective failure criterion. 
6- Steel grade does not affect structural behavior in fire condition. 
7- Fire endurance is linearly proportional to girder section factor. 
8- Usage of a small interface flange does not passively affect the behavior of composite 

girder in fire. 
9- Concrete slab configuration is an insignificant parameter for a problem of a composite 

girder in fire condition. 
10- Bernoulli beams (low stiffness) behave in a ductile pattern in fire conditions, while deep 

beams behave in a brittle pattern. 
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