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1 Introduction

Timber–concrete composite structures are currently used 
especially in reconstructing and constructing prefabricated 
residential houses. In a concrete slab that forms a part of 
a timber–concrete composite floor, a reinforcement is 
designed for the restrain caused by concrete shrinkage, and 
to obtain sufficient resistance to the tensile forces around 
the shear connectors. The slab needs to be at least 60 mm 
in thickness, due to the amount of reinforcement, its loca-
tion usually in the middle of the slab, and also the lap 
splices and the concrete cover of the reinforcement (min. 
20 mm). This seriously increases the dead-load of a com-
posite floor (Holschemacher et al. 2002). Several studies on 
new timber–concrete composite floors have been conducted 
in recent decades, for example, Ceccotti (2002) and Stojić 
and Cvetković (2001). Studies taking into account fire situ-
ations have also been made (e.g., Fontana and Frangi 2000; 
Frangi et  al. 2009). In certain cases, the usual reinforced 
concrete may be replaced by a Steel Fibre Reinforced Con-
crete (SFRC) mixture. This innovative structural mixture 
with specific hardened concrete properties was developed 
to reduce slab thickness, and it offers several advantages. 
For example, experimental and theoretical studies show 
that the presence of steel fibres may increase the ultimate 
strain and improve the ductility of fibre-reinforced concrete 
elements (Lie and Kodur 1996). This was proven by Bednar 
et al. (2012) for Arcelor HE 75/50 steel fibres using 70 kg 
per cubic meter of concrete. In addition, concrete elements 
with dispersed steel fibres have lower creep and shrinkage 
than classical reinforced concrete elements. Quicker, more 
efficient installation without armouring might reduce the 
entry costs of SFRC construction. Experimental studies 
have also shown that the compressive strength at elevated 
temperatures of fibre-reinforced concrete is higher than the 
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compressive strength of plain concrete. Overall, at elevated 
temperatures, fibre-reinforced concrete exhibits mechani-
cal properties that are more beneficial to fire resistance than 
those of plain concrete (Lie and Kodur 1996). Due to the 
ductile post-crack behaviour of SFRC, the remaining ten-
sion strength can be used for design purposes. Steel fibres 
can therefore partly or fully replace conventional reinforce-
ment (Holschemacher et al. 2002).

The behaviour of a heated slab depends on its embed-
ment in the surrounding structure. Recently, fires in build-
ings and full-scale fire tests in the UK have shown that slabs 
supported on four sides have much higher fire resistance 
than slabs supported at two ends. This is due to two-way 
action and tensile membrane action (Lim 2003). At ambi-
ent temperature, the composite timber-SFRC slab transfers 
the loads by bending. During fire conditions, secondary 
timber beams lose strength, leading to large deflections of 
the SFRC slab and the activation of membrane forces (Bai-
ley 2004). This phenomenon results in increased load bear-
ing capacity even with unprotected secondary beams. The 
increased load bearing capacity of slabs supported on four 
sides has attracted a great deal of interest in the steel indus-
try around the world, but the timber industry has not stud-
ied the topic to any great extent, and has not published any 
literature on it.

Within the framework of research performed at the 
Czech Technical University in Prague, numerical and ana-
lytical models are being developed in parallel, aiming to 
simulate the behaviour of the type of structure described 
here, when it is exposed to fire. Various independent meth-
ods and computational software programs have been devel-
oped both for numerical models and for analytical models. 
This helps in analysing various boundary conditions, mate-
rial properties, the behaviour of the structure, etc., to find a 
proper balance between simplifications and exact solutions 
of various effects influencing the behaviour of a slab, whilst 
producing results comparable with those from full-scale 
experiments. This kind of research must always include an 
experimental part.

This paper focuses on a proposed FE model for predict-
ing the fire resistance of floor slabs. This FE model is an 
improved version of the FE model described in a prelimi-
nary study (Caldova et  al. 2014a). The earlier model was 
determined on the basis of current knowledge about steel 
concrete composite slabs, and was validated in full-scale 
tests at ambient temperature and also at elevated tempera-
tures. It performed well, and showed satisfactory agreement 
with measurements. For example, it showed the same fail-
ure mechanisms as were observed during full-scale tests. 
In addition, the developments of the calculated displace-
ments during the fire in the positions of the installed deflec-
tometers were comparable with the measured results. The 
domains where the cracking occurs were also comparable, 

and the evolution of the simulated temperature field in 
the structure during the fire showed good agreement with 
measurements. However, the model used in the preliminary 
study (Caldova et al. 2014a) was not capable of predicting 
the fire resistance of a composite slab, due to the limits of 
the SFRC material law that was applied, see Sect.  3.2. A 
new material law has therefore been developed in ANSYS 
simulation software (2017), and is used in the current 
FE  model for an SFRC slab. This new material model 
better describes the behaviour of the SFRC, especially in 
tension, and thus it is able to predict the overall structural 
behaviour, the time of structural failure and the load bear-
ing capacity of the composite slab.

The FE  model with characteristic material proper-
ties following the semi-probabilistic safety concept of the 
Eurocode (EN 1992-1-2 2004; EN 1995-1-2 2004) was 
derived from the validated FE model and was used for an 
assessment of the fire resistance of several variants of a 
composite slab with different dimensions and loads.

2  Experiments

The main part of the experimental program (Caldova et al. 
2014a) was focused on full-scale furnace tests of two floor 
slabs (ELE-1-120/160 and ELE-2-100/160) with a span 
of 3.0 m by 4.5 m. Both composite timber–concrete floors 
were composed of an SFRC slab continuously supported by 
a glulam timber frame and two glulam secondary beams. 
The timber frame was fire protected by 10 mm thick wood 
panels, and the secondary beams were left unprotected in 
both cases. The basic data for both full-scale specimens are 
summarized as follows:

• cross section of the secondary beams:

– 120/160 mm (slab ELE-1-120/160)
– 100/160 mm (slab ELE-2-100/160)

• timber class:

– GL24h (slab ELE-1-120/160)
– GL36c (slab ELE-2-100/160)

• fibre content 70 kg/m3, HE 75/50 Arcelor steel fibres in 
both slabs

• in both cases, TCC 7.3 × 150 mm connectors were used 
with screws inclined 45° to the beam axis in two rows; 
the distance of the screws in one row was 100 mm

• both specimens have an SFRC slab 60 mm in thickness

The bottom surface of the floor was subjected to a standard 
fire. Structural loading was applied to the specimen dur-
ing the test. This loading was induced by the weight of two 
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concrete blocks and represents a uniform load of 1.8  kN/
m2, which is consistent with the loads in a typical office 
building. Both experimental arrangements are described in 
detail in Caldova et al. (2014a).

The thermal and mechanical response of the composite 
slabs during fire was monitored by 27 thermocouples and 
13 deflectometers. Thirteen thermocouples were concreted 
into the composite slab at three separate locations and were 
positioned either 20 or 40 mm from an unexposed surface 
or directly on an unexposed surface. Four thermocou-
ples were located on timber beams and ten thermocouples 
recorded the gas temperature in the furnace below the floor. 
The deflectometers were placed on the unexposed surface 
of the slab. Seven deflectometers measured the vertical 
deflections (see Fig. 1) and six deflectometers measured the 
horizontal displacements.

For the ELE-1-120/160 test, the standard fire curve last-
ing for 150 min was followed. After that, the burners were 
turned off and the furnace was cooled down naturally. In 
this phase, at time 154 min, the floor slab specimen failed. 
The ELE-2-100/160 test followed the standard fire curve 
for 60 min. After that, the burners were turned off and air 
access to the furnace was prevented. The test results were 
recorded during this phase to verify the behaviour of the 
floor slab throughout the fire event.

From the experimental observations, the process lead-
ing to the collapse of the structure (ELE-1-120/160) can 
be briefly described as follows. At the beginning (to about 
10  min), the bottom surface is heated to 400 °C and the 
SFRC slab has the highest thermal gradient. This causes 
high straining in the slab. The secondary timber beams 
are not yet damaged by the fire, and they prevent verti-
cal deflection of the SFRC slab. In the next phase, from 

10 to about 30  min, the SFRC slab is still supported by 
the secondary beams and by the timber frame, which are 
slowly losing their stiffness and their load bearing capac-
ity due to charring. Although the temperature in the SFRC 
slab is increasing, the thermal strain on the bottom surface 
is limited due to the non-linearity of the thermal expan-
sion behaviour. Even the decreasing residual load bearing 
capacity of the secondary beams is therefore able to pre-
vent further deflection. This can be seen as the plateau in 
the measured deflection curves in Fig.  2. The stiffness of 
the secondary beams is decreasing further due to charring. 
This leads to a change in the structural system to a two-way 
slab supported by a timber frame with relatively high tor-
sional stiffness. Then the first main crack was observed in 
the longitudinal direction on the longer side of the slab, and 
a steep increase in deflection occurred at 30  min. During 
the development of the first main crack in the subsequent 
minutes, the dead loads cannot act on the structure trans-
ferred in a transversal direction. This causes tensile stresses 
on the shorter side of the slab and a second main crack 
started to develop at 45 min. A further increase in thermal 
strain in the middle of the slab, together with thermal dam-
age to the timber and the SFRC, causes deflection of the 
central part of the slab. The two main cracks continue to 
develop, and they lose bending stiffness due to softening 
and thermal degradation. The secondary beams are almost 
completely burned after 60  min. In the last phase, after 
150 min, the central part separated by the main crack starts 
to act as a membrane. The rest of the structure acts as a stiff 
composite ring supporting the membrane. The collapse of 
the slab occurs due to the loss of load bearing capacity in 
the main crack and in the central part of the slab, and the 
composite ring is disjoined completely, see Fig. 3.

In addition to the full-scale furnace tests, standard cube 
compressive tests and four point bending tests of SFRC at 
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composite floors during the fire tests (Caldova et al. 2014a)
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ambient and elevated temperatures were also performed. 
These tests were for calibrating the material properties for 
SFRC material law, see Sect.  3.2. To determine the shear 
bearing capacity and the load-displacement curve of the 
connection between the timber and the SFRC, a series of 
shear push-out tests at ambient temperature were also per-
formed (Caldova et al. 2014b). The material properties of 
model of the connectors were calibrated on the basis of the 
measured data, see Sect. 3.3.

3  Material models

In nonlinear FEM analyses of structures subjected to fire, 
material models are essential for predicting the collapse 
of the structures. Each part of a structure must be repre-
sented by an appropriate material law to handle important 
phenomena such as heat transfer, charring, thermal dam-
age and mechanical damage. The structure presented here 
consists of timber beams and an SFRC slab coupled with 
screws. Great importance is given to the material model of 
SFRC, which is crucial for predicting the collapse of the 
structure. This is because the unprotected secondary tim-
ber beams are already burned before the structure fails, and 
the load bearing capacity depends only on the SFRC slab, 
which act as a membrane supported by the timber frame.

3.1  Timber

Timber beams were modelled as transversally isotropic 
material elements. The elastic material properties of glued 
laminated timber GL24h were adopted from EN 1995-1-1 
(2004). Timber charring was taken into consideration as a 
factor reducing the elastic moduli and the tensile strength 
due to temperature change. Relevant functions were taken 
from EN 1995-1-2 (2004). The coefficient of thermal 

expansion of timber is about 4.0 × 10−6 ◦C−1 valid from 
20 to 300 ◦C (Frangi and Fontana 2003). For temperatures 
above 300 ◦C this coefficient is not meaningful, because the 
timber is completely charred. Due to the fact that SFCR has 
a higher coefficient of thermal expansion (12.0 × 10−6 ◦C−1 
at 20 ◦C, and increases up to 700 ◦C), it is to be expected 
that the thermal expansion of timber does not influence 
the behaviour of the slab during the fire test. The thermal 
expansion of timber was therefore neglected in the material 
model for timber.

3.2  Steel fibre reinforced concrete

As was mentioned above, a new material model for SFRC 
was developed as a user material law in ANSYS simula-
tion software (2017). The material model has the form of 
the hyperbolic Drucker–Prager yield criterion (Jirasek and 
Bazant 2002)

where � is a stress tensor, � is the pressure sensitivity coef-
ficient, I1 is the first invariant of the stress tensor, a is a 
material parameter, J2 is the second invariant of the stress 
deviator tensor, and �y is the uniaxial yield stress. Mate-
rial properties � and �y can be computed from the uniaxial 
compressive strength fc and from the tensile strength ft, as 
follows

The evolution of the plastic strain �̇pl is determined by the 
flow rule, as follows

where parameter �̇� ≥ 0 is the rate of the plastic multiplier 
and q is the plastic potential. The Closest Point Projection 
(CPP) numerical method is used as a return mapping algo-
rithm to the integration of the constitutive relations (Simo 
and Hughes 1998).

The softening function is trilinear, and can be deter-
mined with three uniaxial yield stresses �y,0, �y,1, �y,2 and 
three equivalent plastic strains �pl,eqv,1, �pl,eqv,2, �pl,eqv,3, see 
Fig. 4. Therefore, according to Eq. (3), the corresponding 
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Fig. 3  Collapse of composite floor slab ELE-1-120/160 (Caldova 
et al. 2014a)
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tensile strength values ft,0, ft,1, ft,2 and the compressive 
strength value fc have to be defined.

An advantage of the material model proposed here, in 
comparison with the ANSYS Microplane material model 
(ANSYS simulation software 2017) used in the preliminary 
study (Caldova et al. 2014a), lies in the advanced represen-
tation of the behaviour of SFRC in tension. The ANSYS 
Microplane model describes the behaviour in tension with 
exponential softening and residual strength. When the 
Microplane model approximates the behaviour of SFRC 
using residual strength (Variant A in Fig. 4), it is not possi-
ble to consider a complete failure of SFRC, and it is there-
fore not possible to predict the fire resistance of a structure. 
However, if SFRC is modelled with the Microplane mate-
rial model with no residual strength (Variant B in Fig. 4), it 
is not possible to provide a sufficient representation of the 
ductile behaviour of SFRC in tension.

Material tests were performed to provide the necessary 
data for calibrating the SFRC material model. The mean 
material properties for the Drucker-Prager material model 
were determined on the basis of the results from the four-
point bending tests at ambient temperature (20 ◦C) and at 
elevated temperatures (500 and 600 ◦C). Three four-point 
bending tests were performed at ambient temperature and six 
four-point bending tests were performed at elevated tempera-
tures in 2010. The experimental program was later extended 
by three further tests at ambient temperature in 2012, see 
Table 1. Force-deflection curves were fitted as the average of 
the curves received from the measurements, see Fig. 5. The 

calibrated stress–strain curves for different temperatures with 
the mean strength in tension are shown in Fig. 6.

For the FE model of the structure in Sect. 5, characteris-
tic strength values are also needed. The values were defined 
according to EN 1990 (2002), as follows

where mX is the mean strength value, VX is the coefficient of 
variation, and coefficient kn for the 5% characteristic value 
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Fig. 4  Softening function for the Drucker–Prager material model

Table 1  Overview of the 
number of four-point bending 
tests of SFRC at ambient and 
elevated temperatures

Temperature 
[°C]

Number of four-
point bending 
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2010 2012
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600 3 0

0 5 10 15 20
0

10

20

30

40

Vertical displacement [mm]

V
er
ti
ca

l
fo
rc
e
[k
N
]

measurement 20◦C (2012)
measurement 20◦C (2010)
measurement 20◦C average
calibrated 20◦C

0 5 10 15 20
0

10

20

30

40

Vertical displacement [mm]

V
er
ti
ca

l
fo
rc
e
[k
N
]

measurement 500◦C (2010)
measurement 500◦C average
calibrated 500◦C

0 5 10 15 20
0

5

10

15

20

Vertical displacement [mm]

V
er
ti
ca

l
fo
rc
e
[k
N
]

measurement 600◦C (2010)
measurement 600◦C average
calibrated 600◦C

Fig. 5  Calibrated and measured force–deflection curves resulting 
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is defined according to the number of measurements. The 
variation coefficients and coefficients kn were determined 
following the measurement outputs for ambient tempera-
ture (20 ◦C) and for elevated temperatures (500 and 600 
°C). For tension, the products of coefficients VX and kn were 
linearly interpolated between temperatures of 20 and 600 
°C, while for temperatures greater than 600° C a constant 
value was assumed. For compression, the products of coef-
ficients VX and kn were assumed to have a constant value 
for all temperatures. The relationship between temperature 
and tension strength is shown in Fig. 7, and the relationship 
between temperature and compressive strength is shown in 
Fig. 8.

The thermal expansion for siliceous concrete was 
adopted for SFRC (EN 1992-1-2 2004).

3.3  Connectors

In a numerical model of timber fibre concrete com-
posite structures, it is essential to have an appropriate 
model for the timber-SFRC coupling. The connection 
between the SFRC slab and the timber beams (GL24h) 
used for floor slab specimen ELE-1-120/160 is made of 
TCC 7.3 × 150 mm connectors with screws inclined 45◦ to 
the beam axis in two rows. The distance of the screws in 
one row was 100 mm. Push-out shear tests were performed 
to obtain the shear stiffness and the shear limit load of this 
connection. To determine the stiffness and the load bear-
ing capacity in shear of the connection system, six push-out 
specimens at ambient temperature were tested, see Fig. 9.

The shear stiffness and the limit load of the connection 
are primarily determined by the strength of the connec-
tors, the anchoring depths, and the strength of the base 
material. Friction effects between the connected parts 
take place only if their interfaces are compressed. A 
numerical model of the push-out shear tests was devel-
oped for calibrating the shear behaviour. The proposed 
model took into account the shear and tensile strength of 
the screws to be smeared over special bonded contact ele-
ments with a failure limit. The tangential contact stiffness 
and the limit tangential strength of the bonded contact are 
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defined by a bilinear function, which relates the tangen-
tial contact stress to the tangential slip distance (the rela-
tive tangent displacement on the contact surfaces). This 
bonded contact covers the middle part of the connection, 
where the screws are located. The rest of the connecting 
surfaces are covered by standard frictional contact. This 
type of model assumes failure of the screws only due 
to extensive straining of the screws and their rupture at 
contact surfaces between concrete and timber parts. This 
assumption corresponds to the results of the push-out 
shear tests, where this failure mode was observed for all 
specimens. Further details about the push-out shear tests 
and the numerical model can be found in Caldova et  al. 
(2014b).

4  Verification of the FE model

The FE model was verified on the basis of the experimen-
tal results of the full-scale fire test on specimen ELE-1-
120/160. The material properties of SFRC were obtained 
from the experimental compression tests and from four-
point bending tests. The material properties of the con-
nectors were obtained from the push-out shear tests, see 
Sects. 2 and 3.3. The FE  model is therefore valid for the 
type of SFRC mixture, the connector and the timber class 
used here. The analysis was performed with ANSYS  15 
FEM-based software (ANSYS simulation software 2017). 
The geometry was discretized with 3D solid elements, see 
Fig.  10. The model consists of one quarter of the whole 
structure, due to its double symmetry. A material model 
of the timber is described in Sect. 3.1. The screwed SFRC-
timber connection was simulated applying contact elements 
(see Sect.  3.3). The analysis was performed as coupled 
thermo-mechanical with the one-way interaction coupling 
method.

4.1  Thermal analysis

The aim of the thermal analysis was to simulate the tem-
perature field in the structure while it was being exposed 
to a standard fire. It was therefore performed as a nonlin-
ear transient problem. The thermal material properties were 
obtained from EN 1992-1-2 (2004) for SFRC, and from EN 
1995-1-2 (2004) for timber. The conductivity and the spe-
cific heat of SFRC and timber were modified on the basis 
of data from Lie and Kodur (1996), and were validated to 
the measured temperatures. Applied thermal material prop-
erties for SFRC and timber can be found in Caldova et al. 
(2014a). Convection and radiation were applied to the sur-
faces exposed to fire and to the ambient air. The numeri-
cal model was validated with a full-scale furnace experi-
ment. Temperatures were measured in the centre of the slab 
in different positions, namely 40 mm and 20 mm from the 
bottom surface and at the unexposed (top) surface. Other 
measurements of temperatures were performed in the mid-
dle of the cross-section of the secondary timber beams in 
various positions along their length. For a comparison of 
the numerical and experimental output data, see Figs.  11 
and 12.

4.2  Mechanical analysis

To determine the response of the structure during fire expo-
sure and also the time of failure of the structure, an appro-
priate material model with plasticity was used for SFRC, 
see Sect.  3.2. The material properties of the SFRC and 
timber parts that define the strength and stiffness are gen-
erally dependent on temperature. It was assumed that the 
structure was deformed quite considerably before it col-
lapsed (membrane state). The computations were therefore 
performed as being geometrically nonlinear. The structure 
is loaded by four forces, representing the weight of the con-
crete blocks used in the experiment, and further by the ther-
mal strain resulting from the temperature field and the ther-
mal expansion coefficients. The Newton–Raphson method 
(Belytschko et  al. 2014) was chosen as a suitable method 
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for solving a nonlinear problem of this kind. A sufficiently 
small time increment was selected to overcome conver-
gence difficulties.

4.3  Predicting fire resistance on the basis 
of a numerical analysis

The time when the structure fails has to be properly deter-
mined by a numerical analysis to define the fire resist-
ance of the structure. From a physical point of view, the 
failure of the structure occurs when static equilibrium is 
not reached. In the simulation, non-convergence occurs if 
the nonlinear algorithms cannot reach static equilibrium. 

However, non-convergence can also be caused by other 
effects, such as large load increments or material instabil-
ity. Additional criteria have to be satisfied to prove that the 
reason for non-convergence is failure of the structure or of 
a part of the structure:

• A failure mode must be clearly seen, i.e. cracks which 
are shown as regions with high equivalent plastic defor-
mation �pl,eqv,3 (see Fig. 4).

• The regions with high Newton-Raphson residuals from 
equilibrium iterations must correspond with the failure 
mode. The Newton–Raphson residuals are unbalanced 
forces in the FE model in the non-converged state. They 
indicate regions where additional strength would be 
necessary to reach equilibrium.

The last converged step of the solution has to be used to 
evaluate the first of these two criteria. The second crite-
rion can be verified in the iterations of the non-converged 
step. It is therefore recommended that very fine time steps 
be used, to come as close as possible to the non-converged 
state.

The criteria are applied partially on the basis of the 
experience and the judgment of analysts, because these 
two criteria cannot exactly quantify whether non-conver-
gence occurs due to failure of the structure. However, if 
the FE model is properly built and verified, and if material 
models with failure are used, the simulation cannot over-
estimate the fire resistance indicated by non-convergence, 
as the static nonlinear analysis cannot find a state of equi-
librium if rigid body motion occurs, indicating failure of 
the structure. However, the fire resistance can be underes-
timated due to non-convergence caused by other numerical 
problems, such as material instability or improper solver 
settings. Another option would be to use criteria based on 
controlling the maximal crack width or on controlling the 
deformations. As these criteria are not based on a compari-
son of stresses and strengths, or on a comparison of loads 
and resistances, they are not capable of predicting the true 
limit state.

A very widely used criterion for proving the failure of 
structures is a large change of the deflection rate (a large 
change in displacements for a small change in time/load). 
This effect is typical for stability problems. In the case of 
a floor slab, this is not observed before non-convergence of 
the simulation. This can be explained by extensive thermal 
damage to the SFRC slab in the membrane state, which 
leads abruptly to complete loss of load bearing capac-
ity in the main crack, and the central part of the slab falls 
down. Such an abrupt change cannot be solved as a static 
problem. A transient nonlinear analysis would be needed 
to simulate this effect, which would be the best proof of 
failure. However, a transient simulation of the full-scale 
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furnace test would involve extensive calculation times, due 
to the very small time steps of the implicit or explicit time 
integration schema. The static nonlinear analysis can there-
fore be switched to a transient analysis at the last converged 
step of the static analysis to include inertia effects of the 
structure, which help to overcome convergence problems 
at time of the failure. This approach would be an impor-
tant improvement to the current model, and will be tested 
in future research.

The results from the FE model and the full-scale fur-
nace test were compared to validate the prediction qual-
ity of the FE model. The time history of the calculated 
vertical displacements was verified with measurements, 
see Figs. 13 and 14. Positions V1 to V3 are determined 
in Fig.  1. Position V2 is in the centre of the slab. The 
vertical displacements from the numerical analysis 

follow a similar trend to the measurements. The two 
results are comparable. Faster growth of the measured 
vertical displacements can be observed after 145  min, 
due to the beginning of structural failure. Non-conver-
gence occurred in the numerical simulation at this time. 
To prove that this non-convergence was caused by fail-
ure of the structure, additional criteria mentioned above 
were verified. To check the failure mode, the equiva-
lent plastic deformation �pl,eqv,3 was evaluated in the 
SFRC slab, see Fig. 15. In the figure, there are two main 
cracks, which are situated along the timber frame. The 
equivalent plastic deformation exceeds a value of 0.2, 
indicating total loss of strength on a significant part of 
the crack. On the basis of these results, it can be stated 
that the collapse occurred due to further loss of load 
bearing capacity of the main crack, and the disjoining 
of the central part of the slab from the composite ring 
supported by the primary beams. The distribution of the 
Newton–Raphson residuals in Fig.  16 corresponds with 
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Fig. 15  Equivalent plastic strain �pl,eqv before collapse

Fig. 16  Newton–Raphson residuals in the last non-converged step



210 Eur. J. Wood Prod.  (2018) 76:201–212

1 3

the failure mode indicated by the first criterion. Both of 
the criteria indicating failure of the structure were there-
fore satisfied in the simulation. The fire resistances pre-
dicted by the experiment and by the numerical simula-
tion are comparable. The vertical displacements at the 
time of the structural failure and the failure modes are 
also equivalent. The agreement of the results from the 
experiment and from the numerical analysis proves that 
the defined criteria are correct, and that the numerical 
model is able to predict failure of the structure and to 
assess the fire resistance of the structure. The verified 
FE model can account for all possible failure modes of 
the SFRC slab. For the development of the FE model, it 
was not necessary to know the failure mode in advance 
and no special measures related to this mode were used. 
This statement is valid under the assumption that the 
failure mode occurs in the SFRC slab supported by the 
timber frame, and that the secondary beams are already 
burned. This is because the material model used for tim-
ber cannot simulate failure of the secondary beams. The 
current FE model is therefore not capable of predicting 
the load bearing capacity at ambient temperatures.

Mesh size dependence may occur due to the use of a 
material model with softening for the SFRC (Sect. 3.2). 
However, the numerical models for calibrating the mate-
rial properties, for verifying the FE model, and also the 
FE  models used for the analysis of several variants in 
Sect. 5 have the same mesh size. Mesh size dependence 
is therefore prevented.

The FE  model validated to the experiments and 
described in this section can be further used for predict-
ing the fire resistance of similar structures, see Sect.  5. 
Structures with different configurations, and structures 
with completely different dimensions or dispositions, 
have to be verified by additional experiments.

5  Fire resistance of timber steel fibre‑reinforced 
concrete floor slabs

To determine the fire resistance, it is necessary to imple-
ment the semi-probabilistic safety concept of the Eurocode 
(EN 1992-1-2 2004) to the validated FE model. The vali-
dated FE model with mean material properties was there-
fore modified to an FE model with characteristic material 
properties, see Sect. 3.2. The FE model with mean material 
properties has shown that the membrane state of the SFRC 
slab is critical for the failure stage (Caldova et al. 2014b). 
Characteristic strengths were therefore applied only to 
SFRC.

A comparison of the vertical displacements in the mid-
dle of the slab from the measurements, the FE model with 
mean material properties and the FE  model with charac-
teristic material properties is shown in Fig.  17. The slab 
dimensions are 4.5 × 3.0 m2. The slab is loaded with four 
forces with magnitude 6  kN, which represents a uniform 
load equal to 1.8 kN/m2, see Table 2 (Design 2).

The FE  models of the slabs with characteristic mate-
rial properties were created in several variants differing in 
length and in load level. The slabs are 4.5, 5.0 and 6.0 m 
in length. They are 3 m in width. The loading of the slabs 
consists of four forces, as in the FE model with mean mate-
rial properties. Their magnitudes are 5, 6 and 7 kN, which 
represent uniform loads, see Table 2. Thus there are a total 
of nine variants. The simulations were rather demanding in 
terms of the required computation time, so only nine vari-
ants were performed for the parametric study. The tempera-
ture loading was kept the same as for the FE model with 
mean material properties.

The aim of the analyses was to determine the fire resist-
ance of the slabs. Fire resistance refers to the time for 
which a slab can withstand the fire without collapsing. The 
time development of the vertical displacements in the mid-
dle of the slab, marked as V2, for all variants, is shown in 

Table 2  Fire resistance of 
the SFRC slab for various 
dimensions and loads

aThe full-scale furnace test was performed for this design

Design Load during fire [kN] Slab dimension 
[m] × [m]

Represented uniform 
load [kN/m2]

Fire 
resistance 
[min]

1 Qk,f = 4 × 5 3 × 4.5 1.5 68
2a Qk,f = 4 × 6 3 × 4.5 1.8 65
3 Qk,f = 4 × 7 3 × 4.5 2.1 64
4 Qk,f = 4 × 5 3 × 5.0 1.3 68
5 Qk,f = 4 × 6 3 × 5.0 1.6 66
6 Qk,f = 4 × 7 3 × 5.0 1.9 65
7 Qk,f = 4 × 5 3 × 6.0 1.1 85
8 Qk,f = 4 × 6 3 × 6.0 1.3 84
9 Qk,f = 4 × 7 3 × 6.0 1.6 82
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Fig. 18. From this figure, the fire resistance for all variants 
was determined as the time of structural failure. The results 
are presented in Table 2.

Observations can be drawn from comparison of the 
results from the FE  model with mean material proper-
ties and the results from the FE model with characteristic 
material properties in Fig. 17. The models vary only in the 

mechanical material properties. However, the difference in 
the behaviour, for example the vertical displacement func-
tions in Fig.  17, can be explained on the basis of under-
standing the behaviour of the slab. The behaviour was ana-
lysed with the FE  model with mean material properties. 
Next, a simple description is provided. At the beginning 
of the fire process, there is a high thermal gradient across 
the SFRC slab. This causes high tension straining in the 
upper side of the SFRC slab. After the tensile strength of 
the SFRC has been reached, micro-cracking occurs. This 
reduces the stiffness of the slab. Micro-cracking occurs in 
an SFRC slab with characteristic material properties ear-
lier than in an SFRC slab with mean material properties. 
This explains the upper hump of the vertical displacement 
function at the beginning of the analysis in the FE model 
with characteristic material properties in comparison with 
the FE model with mean material properties, see Fig. 17. In 
addition, after charring of the secondary beams the deflec-
tion later rises more quickly for the FE model with charac-
teristic material properties, because the stiffness of the slab 
is lower. Finally the FE model with characteristic material 
properties reaches the membrane state, and collapses ear-
lier than the FE model with mean material properties.

6  Conclusion

A finite element model (FE  model) has been prepared 
for analysing SFRC floors with unprotected secondary 
glue laminated timber beams subjected to fire, taking ten-
sile membrane action into account. The FE  model was 
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validated against the results from a full-scale furnace test. 
The FE  model takes into account geometric and material 
nonlinearity, mechanical damage due to thermal load-
ing, and a nonlinear model of the connection between the 
SFRC slab and the timber beams. The new material model 
has been created to improve the simulated behaviour in ten-
sion of SFRC. The semi-probabilistic safety concept of the 
Eurocode was also applied to the FE model. This FE model 
was used for calculating the fire resistance of several vari-
ants of timber steel fibre reinforced concrete floor slabs 
for different span lengths and load levels. This parametric 
study shows that the FE  model validated on a full-scale 
fire test can help to assess structures similar to the tested 
structures. The results from the calculations contribute to 
the safe and efficient use of membrane action for the design 
of composite slab systems subjected to fire. This approach 
will be used for creating a catalogue which will define the 
fire resistance for specific parameters of the structure, for 
example dimensions, loads and materials.

The finite element based approach for analysing and 
assessing composite SFRC-timber floors subjected to fire 
could provide an alternative to analytical models. However, 
no analytical models for structures of these types have yet 
been developed, due to the need to make significantly sim-
plified assumptions. For example, for many analytical mod-
els it is necessary to know the failure mode of the structure. 
However, FE models are easier to develop and can take into 
account physical phenomena related to a thermo-mechan-
ical analysis, such as the transient heat flow in the struc-
ture, geometrical nonlinearity, and thermal and mechani-
cal damage due to fire loading. However, FE models need 
many material tests to obtain the material properties, which 
are often nonlinear and temperature-dependent. Due to the 
complexity of such FE models, full-scale furnace tests are 
needed for validation.

The validated FE  model was able to predict the fail-
ure mode observed in the full-scale test and the same fire 
resistance as in the experiment. This proves that for the 
FE model it is not necessary to know the failure mode in 
advance, because no special measures related to this par-
ticular mode were used. There are still some limits and 
disadvantages. For example, the mesh dependency and the 
criteria indicating failure of the structure need to be further 
analysed and improved. In addition, the FE model should 
be validated with other full-scale tests and verified against 
other models of other types of SFRC-timber floors.
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