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BENCHMARK FOR NUMERICAL ANALYSIS OF 
STEEL AND COMPOSITE FLOORS EXPOSED TO 

FIRE USING A GENERAL PURPOSE FEM CODE

Increasing number of tests on structures in fire conditions offers valuable information regarding the 

global and local behaviour. The output data of these experiments can be considered to be a good 

opportunity for validation of numerical models. Nevertheless, in some fortuitous cases, inaccurate 

input of numerical models may lead to results matching the experimental ones. The validation and/

or verification of advanced calculation models for the fire design are an important issue not only for 

computer code developers, but also for designers and authorities. The validation of an advanced cal-

culation model is usually linked with the comparison to experimental results, while the verification is 

related to the comparison to analytical solutions or to the results given by other computer codes. The 

paper presents a benchmark for both thermal and structural analysis of a composite floor subjected 

to fire using beam and shell elements. The numerical analysis is performed with a general purpose 

finite-element code. The input and the output of the thermo-mechanical analysis are detailed, with 

respect to a real scale fire test.
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INTRODUCTION 

The purpose of the first fire tests was to dem-
onstrate that the structural elements can fulfil 
the prescriptive demands for fire security, ac-
cording to national regulations. A greater extent 
of experimental data from fire tests on full scale 
structures has been presented in the last two 
decades. The development of the technology 
led to equipment able to record information at 
high temperatures which promoted an enlarged 
output data from the fire tests, allowing a more 
accurate understanding of structural and thermal 
response of structures. 

Since the Eurocodes [08], [07], accepted the 
advanced calculation models for the structural 
design in fire situations, the verification and the 
validation of the computer programs became 
an important topic. In principle, the validation of 
an advanced calculation model is based on the 
comparison with experimental results. It is stated 
in the Eurocodes that the advanced calculation 

models should be validated by comparison with 
relevant test results, and the critical parameters 
shall be checked by means of a sensitivity study. 
On the other hand, there is always the possibil-
ity of verification for a numerical model, through 
the comparison to analytical solutions or to other 
computer codes. 

Generally, the numerical analysis of the struc-
tures subjected to thermal load requires a large 
amount of resources. General purpose software 
[01], [02] are suitable for the structural analysis 
of structures subjected to elevated temperatures, 
but they require the definition of all the param-
eters needed in such analysis; a solution for this 
inconvenience is the use of dedicated software 
for fire design [11], [19].

One of the common definitions states that a 
benchmark is a standard or reference by which 
others can be measured or judged [10]. In order 
to support and reproduce a benchmark, input 
and output data should be presented in detail as 
recommended and performed in Wald et al. [20]. 
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Considering these aspects, the paper presents 
a procedure to be followed within a thermo-me-
chanical numerical analysis of a composite slab, 
using the general purpose software Abaqus 
[01]. The benchmark for verification purpose is 
based on the data from a full scale fire test of 
a composite steel and concrete slab [22], [23]. 
In order to produce an accessible benchmark, 
some features that need to be introduced in the 
numerical model are considered in a simplified 
manner. Complete input data, with all necessary 
parameters to be accounted for a thermo-me-
chanical numerical analysis of a structure in fire 

conditions, are also considered within a supple-
mentary validation analysis. The validation is 
performed considering the outcome of the real 
scale fire test on the composite slab, in order to 
prove that the suggested numerical procedure is 
able to lead to correct results.

REFERENCE STRUCTURE

The input of the benchmark is based on the full 
scale fire test FRACOF [22],[23], made for a steel 
and concrete composite floor of more than 60 
m2. The geometry of the composite floor and the 
structural elements are presented in Figure 1.

Figure 1: Test setup of FRACOF fire test [11] a) steel elements grid, b) composite floor

At each corner of the slab, a HEB260 column of 
0.8 m height was provided. 
S355 steel grade was used for the primary beams, 
S235 for the secondary beams and S500 for the 
reinforcement. The connections between struc-
tural elements were designed as flexible end 
plates for primary beams and double angle web 
cleats for the secondary beams. Headed studs 
were used in order to provide a full interaction 
between the concrete slab and the steel beams. 
The position of studs was chosen according to 
the steel sheet ribs, Cofraplus60-0.75 mm. The 
structural details are also available on the web-
site of the RFCS project - MACS+ [16].
The elevated temperatures during the fire test 
followed the nominal standard fire curve. All 
edge beams were protected, while the two inte-
rior secondary beams were directly subjected to 
gas temperature.

BENCHMARK MODEL

Benchmarks represent simple models that should 
disseminate the guidelines and the results of an 
analysis. Different mathematical formulations 
may be used to create a numerical model in the 
general purpose computer FEM code Abaqus, 
i.e. static or dynamic. In the following are pre-
sented the necessary steps for a static thermo-
mechanical analysis of the considered compos-
ite steel and concrete slab. 

Inputs

Although real materials have temperature de-
pendent material properties, for simplicity of the 
benchmark, only some of the mechanical prop-
erties are considered to alter their characteristics 
function of temperature.

Thermal properties

The values of the thermal properties considered 
for steel and concrete within the benchmark are 
given in Table 1.
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Material
α

[1/0C]

Thermal 

conductiv-

ity

[W/m K]

Specific 

heat

[J/kg K]

Steel 1.4E-5 40 550

Concrete 1.0E-5 0.9 1050

Table 1.  Thermal properties

Mechanical properties

The benchmark will consider the material prop-

erties specified in Table 2 and Table 3.

Table 2.  Mechanical properties of steel

Material

E 

[N/m2] ν

fy  

[N/m2]

S235 2.1E11 0.3 235.0E6

S355 2.1E11 0.3 355.0E6

S500 2.1E11 0.3 500.0E6

Table 3.  Mechanical properties of concrete

Material

E 

[N/m2] ν

fc  

[N/m2]

ft  

[N/m2]

Concrete 3.3E10 0.2 30.0E6 3.0E6

As mentioned above, for simplicity, the proper-

ties were considered to be constant, with the 

values corresponding to ambient temperature of 

20oC.

The mechanical properties presented in the 

above tables serve as the reference nominal val-

ues for ambient temperature. The reduction coef-

ficients of the mechanical properties for elevated 

temperature are considered as specified in EN 

1994-1-2 [07], taking into account different coef-

ficients for the structural steel used for beams 

(S355 for primary beams and S235 for second-

ary beams) and for reinforcing steel (S500).

For the structural analysis in Abaqus, the elas-

tic-perfect plastic model considered for steel is 

defined by the Young’s modulus (considered for 

this benchmark as not dependent of tempera-

ture), and the effective yield strength fy,θ, de-

termined for different temperatures according to 

the EN 1994-1-2 [02]. The elastic-perfect plastic 

model considered for concrete model is defined 

by Young’s modulus (considered for this bench-

mark as not dependent of temperature), the 

compressive strength fc,θ, the tensile strength 

fck,t,(θ), determined for different temperatures 

according to the EN 1992-1-2 [12]. The concrete 

model uses the value 12 for Dilation Angle while 

the other data are chosen by default. The con-

crete damaged plasticity considered in Abaqus 

allows the definition of different behaviour for 

compressive and tensile stresses.

(a)

(b)

(c)

(d)
Figure 2: Simplified mechanical properties a) 

structural steel S355, b) reinforcing steel, c) 

compressive strength of concrete, d) tensile 

strength of concrete
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Figure 2 shows the simplified material properties 
function of temperature.
The numerical analysis also requires the defini-
tion of the steel and the concrete density. The 
values were defined as 7850 kg/m3 and 2400 
kg/m3, respectively.

Thermal load

Temperature field definition in structural elements 
is presented in literature in different manners [8], 
[13]. This benchmark presents the definition of 
temperatures in beams and slab in three modes: 
constant temperature for the unprotected beams, 
gradients through protected beams section and 
imported temperature field for slab. 
For the heat transfer analysis under nominal 
standard fire curve, the temperatures at the sur-
face of the elements are transferred from the hot 
gases by convection and radiation considering 
the convective heat transfer coefficient and the 
emissivity as 25 W/m2K and 0.7, respectively, 
according to EN1991-1-2 [14]. The numerical 
model for heat transfer analysis is presented in 
Section 2.2.1.

Mechanical load

The test was performed by loading the slab with 
sand bags for an equivalent uniform distributed 
load of 3870 N/m2 [09], [10]. In addition to this 
load, the numerical model has to consider the 
self-weight of slab and beams, leading to a to-
tal uniform distributed load on the slab of 7150 
N/m2

Model

Thermal analysis

An important aspect when dealing with a gen-
eral purpose software is the correct setting of 
the physical constants. In Abaqus, for a ther-
mal analysis which considers Celsius degrees, 
the Absolute zero temperature should be set to 
-273.15, and the Stephan-Boltzmann constant 
must be defined at the value of 5.67e-8.

A 2D transient heat transfer analysis is per-
formed in order to obtain the temperature evo-
lution in time. The temperature field distribution 
for the IPE300 beam section was obtained using 
DC2D4 finite elements in a transient heat trans-
fer step of 7200 s and a maximum increment size 
of 5 s. The interactions needed to be defined are 
the surface film coefficient and the surface radia-
tion. For convection, a constant embedded film 

coefficient of 25 is defined with the sink tempera-
ture of 1 and the amplitude defined as a tabu-
lated data corresponding to the fire curve. For 
radiation, a constant emissivity of 0.7 is defined, 
with the ambient temperature of 1 and the ampli-
tude of ambient temperature defined in a similar 
manner as for convection. The interactions are 
defined on the exposed faces of the secondary 
beams sections.

Protected beams involve an increased degree 
of difficulty for thermal analysis since the exact 
thermal properties of insulation material are tem-
perature dependent and vary with the type of in-
sulation. Thermal properties for insulation mate-
rial may be taken from examples presented in 
the work of Kruppa and Zhao [14] and Zaharia et 
al. [21]. In the output of the real test, [22], [23], 
the temperature distribution on the cross section 
varies from 150 0C to 300 0C. This paper will 
consider the temperatures from the test since it 
intends to present the thermal load as a gradient 
through the beam section. 

The temperature gradient is generally defined 
as the temperature increase over the unit of dis-
tance. Abaqus considers a different approach, 
especially for linear elements defined function of 
the reference line of the cross-section. In steel 
and concrete composite structures, the refer-
ence line of a beam element may be translated, 
so that the numerical model corresponds to the 
geometry of the real structure. 

In order to obtain the gradient over the beam 
cross section, the temperature of the reference 
line must be computed first. Considering the pri-
mary beam reference line at the level of the slab 
middle plane (Fig. 3), it results a value of 114.4 
0C by linear interpolation. The thermal gradient 
is given by the following equation:

(1)

where: θref – temperature at reference line level, 

d2 – distance from reference line to a point along 

direction 2; θ2 – temperature at distance d2.

Considering the effective thickness of the slab 

and the relative position of the slab with re-

spect to top surface, the input in Abaqus for the 

IPE400 protected beam should result in the fol-

lowing data: reference magnitude 1, tabulated 

amplitude of 200C at 0 s and 114.4 0C at 7200 

s, gradient along direction 1 of 0 and gradient 

along direction 2 of -3.2757.
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Figure 3: Protected beam temperature distribution

Similar calculations should be done for the 
IPE300 protected beam.

The thermal analysis of the slab is performed in a 
separate numerical model. The temperature field 
resulted from this analysis is used as an input 
file for the structural analysis. The coordinates 
of the elements are important, and should be the 
same in both thermal and structural analysis. A 
common procedure is to create the slab model 
for the thermal analysis and then to save it as a 
different model for the structural analysis. 

The slab is divided into areas delimited by the 
secondary beams, and planar shell elements 
of DS4 type are assigned. The thickness of the 
slab is considered constant, with an effective 
thickness of 0.12 m, according to EN 1994-1-2 
[07]. The cross section of the slab is defined with 
Simpson integration rule having 13 integration 
points. A transient heat transfer step is created 
for a time interval of 7200 s with a maximum in-
crement of 5 s.

Heat transfer considers convection and radiation 
on both heated and unheated side of the slab. 
For the heated side, convection is defined as a 
constant surface film coefficient of 25 W/m2K, 
a sink temperature of 1, and sink amplitude ac-
cording to the nominal standard fire curve. Ra-
diation on heated side considers an emissivity 
factor of 0.7 and the same sink temperature and 
amplitude as for convection. The unheated side 
interacts with the environment through a coef-
ficient of heat transfer by convection of 4 W/m2K 
and an emissivity of 0.7. For both cases, the sink 

temperature is 20 0C. A predefined field for initial 
temperature of 20 0C is considered.

In section 4.3, EN1992-1-2 [06] states that the 
temperature profile in a reinforced concrete el-
ement may be assessed omitting the presence 
of the reinforcement, and therefore the thermal 
model does not include the definition of rein-
forcement. The temperatures of the reinforce-
ment needed for the structural analysis are con-
sidered as the temperatures of the concrete, on 
the corresponding position of the reinforcement.

Structural analysis 

The numerical model of a structural analysis in 
Abaqus starts from the geometry defined for the 
slab in the thermal model. In this way, the tem-
perature field can be imported and used as an 
input data for the structural analysis. The struc-
tural model includes the reinforcement mesh 
in the concrete slab. The reinforcement mesh 
Φ7/150 is defined as a smeared layer at level 
0.01 m with respect to the slab middle plane, 
which corresponds to the real position of the re-
inforcement in the cross-section of slab. It has to 
be specified that the previous element type con-
sidered for the slab in the Abaqus thermal analy-
sis, must be modified to an S4 general purpose 
shell element for the structural analysis. 

The steel beams are defined in Abaqus as 3D 
planar Wire to whom B31 type 2-node linear 
beam elements are assigned. This type of ele-
ment requires profile definition for each cross-
section type. The profiles are constructed with 
respect to a defined reference line. The refer-
ence line of both primary and secondary beams 
should consider the real height of slab as shown 
in Figure 3. 

Computation is performed in Abaqus in two 
separate General Static steps, considering the 
nonlinear effects of large deformations. The 
first step is defined for applying the mechanical 
load specified in Section 2.1.4. The second step 
is defined for a 7200 s with a maximum incre-
ment of 5 s, as considered for thermal analysis. 
Within this step, the temperatures are defined. 
For the unprotected beam, a Constant tempera-
ture field with tabular amplitude obtained from 
the thermal analysis of IPE300 as presented in 
Section 2.2.1, was applied. The protected beam 
predefined temperature field is separately de-
fined as gradients through the beam section, 
with the values presented in Section 2.3.1. The 
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temperature field of the slab is imported from the 
output data base of the thermal analysis of slab 
performed according to Section 2.2.1. An initial 
temperature of 20 0C should be also specified in 
a temperature Predefined field.

The pinned columns and the horizontal restrain on 
one of the short edges of the slab [16] represent 
the support conditions of the composite slab.

The beam-to-column conditions are modelled by 
connectors of JOIN type, which constrain only 
the translational degrees of freedom. This im-
plies that all the connections between linear ele-
ments are supposed to be hinged.

It was shown that the analysis considering differ-
ent levels of interaction between slab and beams 
may lead to different results, but the full inter-
action exhibit values closer to real experiment 
[13]. The connectors between beams and slabs 
should be placed according to the real distribu-
tion of the studs, leading to a complex numeri-
cal model, inappropriate for the purpose of this 
benchmark study. Therefore, the slab and the 
beams are considered in full interaction, by de-
fining a TIE type constraint, which includes the 
rotational degrees of freedom.

The numerical model created for the structural 
analysis consisted in a two steps analysis. The 
first step was defined for the mechanical loading 
which was propagated in the second step. The 
temperatures of all elements were introduced in 
the second step as Predefined fields. Both steps 
were considered to be Static, general. 

OUTPUTS

Results

Since the results recorded for the FRACOF test 
are temperatures, displacement in the center of 
the slab and displacements of beams, the dis-
cussion is focused on these quantities. 

The unprotected beam exhibits a temperature 
distribution with very small gradients, and thus it 
may be considered to be uniform. Temperatures 
obtained in beam’s web (Figure 4a) are used as 
a predefined field for the entire structural model 
in a tabular form in Abaqus.

For the protected steel beams, the temperature 
evolution for the bottom and top flange is given 
in Figure 4b.

Following the heat transfer analysis of the slab, 
the nodal temperatures NT obtained in Abaqus 
are presented in Figure 5 (13 points were de-

fined on the thickness of the slab for the thermal 
analysis). 

The displacements for the central point of the 
slab, unprotected beams, secondary protected 
beams and primary protected beams are pre-
sented in Figure 6, function of the time and of the 
temperatures of nominal standard fire curve.

Mesh sensitivity study

Different results are obtained as a consequence 
of finite element size definition, while numerical 
formulation or element type may also reveal dif-
ferent results [15].

Several mesh dimensions of the slab were con-
sidered for the sensitivity study, the size of the 
elements in Table 4 being an approximate value. 
The present benchmark, as well as the parame-
ters calculated in Table 4, follows the recommen-
dations given in some examples of sensitivity 
studies [15], [09]. The monitored variable for this 
study is the vertical displacement of the center 
point of the slab (U3). It is to be mentioned that 
mesh sizes larger than the ones provided in Ta-
ble 4 lead to numerical problems which crashed 
the analysis before reaching the final time step.

Figure 4: Temperature field a) unprotected beam b) 

protected beams

(a)

(b)
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(a) (b)

(a) (b)

Figure 5: Temperature field in the slab function of: a) time, b) standard fire

Figure 6: Vertical displacement function of: a) time, b) standard fire

Size     

[m]

Variable:     

U3 [cm]

Grid:    

h
Ftor r ε

Apparent 

order:  

p

Asympt 

solution   

Extra-

polated 

value

Approximate 

relative error

Extrapo-

lated 

relative 

error

GCI12     

[%]

GCI23     

[%]

1 0,3 42.03 0.304 1.262 -0.27

4.160 42.20

42.20 0.0064 0.0039

0.49 0.842 0,4 41.76 0.383 - - - - -

3 0,5 41.05 0.519 1.354 -0.71 42.04 0.0170 0.0067

The representative value h is computed using 

equation (2) for the slab, by dividing the area of the 

slab to the total number of elements function of the 

mesh size N. The other coefficients are computed 

as presented in the above mentioned references.

Table 4: Mesh sensitivity study

(2)

Due to the connection between slab and beams, 

the size of the beam elements follows the values 

of the slab elements. The chosen grids respect 

the conditions of having an approximately con-

stant refinement ratio r. 

The conclusion that can be drawn from Table 4 

is that the numerical uncertainty due to mesh 

size for the 0.3 m mesh is in the range of 0.5 %, 

which is considered to be a good value.

VALIDATION

The numerical model created for validation con-

siders the same mesh, element types, support 

and element connection conditions as the model 

used for the benchmark. The temperature field 

in the elements was also introduced in a similar 

manner.

On the other hand, the numerical model created 

for validation considers the experimentally deter-

mined mechanical properties of the materials for 

the FRACOF test [22], [23], while all the thermal 

and the mechanical properties of the materials 

are temperature dependent. 

For both steels, Young modulus is temperature 

dependent and the stress-strain relationships 
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consider the proportionality limit and the de-
creasing branch according to EN 1994-1-2 [07]. 

The concrete compressive response is defined 
for the two ranges specified in EN 1994-1-2 [07] 
and the decreasing branch has a linear pattern to 
the strain εcE defined in Annex B of EN 1994-1-2 

[07] from which the elastic strains were subtract-

ed. The tensile strength (10% of the compressive 

strength at ambient temperature) of concrete is 

linearly reduced to zero at 6000C. For each tem-

perature, the cracking stress is considered to be 

reached elastically and the decreasing branch is 

defined by two points:  half of the tensile strength 

with a strain of 0.2% and 0 for a strain of 2%. 

Thermal expansion has an important influence 

on the structural behaviour, and it was consid-

ered with a constant value within the benchmark. 

For validation, the expansion coefficient was in-

troduced in Abaqus according to the equations 

given in EN1994-1-2 [07] and computed accord-

ing to the method presented in Both et al. [20]. 

Abaqus considers the computation of thermal 

expansion with respect to a reference value, 

which was set to 20 0C.

Figure 7a shows a good correlation with the re-

corded displacements during the fire test, while 

Figure 7b presents the displacements with re-

spect to nominal standard fire curve. A notice-

able difference appears for the protected beams 

in the first part of simulation. This is caused 

by the thermal gradient over the beam section 

which has a constant value over time in numeri-

cal simulation, while in the beginning of the test 

the protected beams are not significantly affect-

ed by the temperature increase. Figure 8 pres-

ents the deformed shape of the numerical model 

after 7200 s. 

(a) (b)

Figure 7: Displacements recorded by test and numerical analysis function of: a) time, b) standard fire tem-

perature

Figure 8: Deformed shape of slab (scale 1:1)

DESIGN VERIFICATION ASPECTS

Fire design of structures requires the following 

criteria to be fulfilled [18]:

Stability: the ability of an element to maintain 1)

the load bearing capacity;

Insulation: the ability to resist excessive heat 

transfer; 

Integrity: the ability to resist the penetration 

of flames and hot gases.

2)

3)
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obtained from relation (3):

where: w – slab deflection; α – coefficient of ther-

mal expansion of concrete; θ2 – temperature of 
the slab bottom surface; θ1 – temperature of the 
slab top surface; l – shorter dimension of the floor 
design zone; h – overall depth of composite slab.

Figure 9b presents the comparison between the 
obtained relative deflection of slab in the central 
part and the limitation of simple design method 
resulted from the temperatures computed nu-
merically.

(2)

(a)

(b)

The second condition of failure, related to the 
plastic strain of the reinforcement, is established 
in the report of The Steel Construction Institute 
[18] at a value of 5%.  Fig. 10 represents the 
maximum strains of the reinforcement at the sup-
port of the slab and in the central part of the slab 
where the program results show small values. In 
reality, the reinforcement strains are concentrat-
ed within the cracked area, and therefore results 
of the advanced models may be imprecise.

Figure 9: Relative deflection a) unprotected beam, b) 

central point of slab

Fig.ure 10: Plastic strains of reinforcement

CONCLUSION

A benchmark for a composite slab in fire condi-
tions was created, by describing a step-by-step 
procedure for a thermo-mechanical analysis 
within the general purpose FEM computer code 
Abaqus. The benchmark, based on a real scale 
fire test, contains simplified input data, in order 
to produce an accessible example. The proce-
dure used in Abaqus was validated with the ex-
perimental results from the fire test, by means of 
the same numerical model, for which a complete 
input data was considered, with all the neces-
sary parameters to be accounted for a thermo-
mechanical numerical analysis of a structure in 
fire conditions. 

Only the first two criteria may be compared in 
an advanced model using the FEM results. The 
stability criterion is estimated from the structural 
analysis of the structure and the insulation crite-
rion may be verified from the thermal analysis re-
sults.Following the full large scale tests, recom-
mendations for design have been offered in the 
report of the European project “Design tools for 
the behaviour of fire exposed multi-storey steel 
framed buildings” [18]. For the numerical analy-
sis, the structural response of the steel-concrete 
composite slabs should be evaluated function of 
the maximum displacements and of the tensile 
plastic strains in the reinforcement.

One condition for failure is that the displacement 
of a floor beam exceeds the span divided by 20 
[18]. This displacement has to be considered 
with respect to the supports, not to the absolute 
value. Fig. 9a depicts the relative displacement 
of beam and the limitation regarding the dis-
cussed failure criterion.

According to the simple design method available 
for composite steel and concrete slabs subjected 
to fire considering the membrane effect [03], the 
maximum slab deflection is limited to the value 
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