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Abstract: Composite slabs with steel deck combine the load-bearing resistance of the steel deck and
rebar with the compressive resistance of the concrete (components). Unprotected composite slabs
may be exposed to natural fire conditions from below, and steel reduces its load-bearing capacity
during the heating stage. In short fire events, with limited deformations, the composite slabs can
recover the load-bearing capacity during the cooling stage. This research presents the validation of
the numerical model and the development of a parametric study, to evaluate the load-bearing
capacity during the fire event. This method includes a time step procedure, based on the average
temperature calculation for each component, including the reduction coefficients applied to the
design strength of each material. A new proposal is also presented to evaluate the residual load-
bearing capacity. In some circumstances, the residual load-bearing can be reduced by more than 20%.
The results showed that the highest variation in the load-bearing resistance of composite slabs occurs
when the steel temperatures are between 20 and 600 °C, after this temperature, the steel has already
lost most of its mechanical strength. Moreover, it was observed that different heating rates and
different cooling rates influence the rate of the reduction and recovery of the load-bearing capacity. It
was also noticed that the lowest load-bearing capacity of the composite slabs was reached after the
end of the heating phase, showing that the stability of the element during the heating phase does not
guarantee fire safety during the cooling phase.
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1. Introduction

The advantages of using composite slabs in high-rise buildings are mainly associated with the
use of the collaborating steel deck, which also acts as permanent formwork, with elevated bending
moment resistance, and with the possibility to use with large spans. As mentioned by Jiang et al. [1]
the existence of the steel deck reduces the construction time of the composite slabs, as well as
reduces the self-weight of the structural element, in comparison to the traditional concrete slab, for
the same load-bearing resistance. The composite slab typically has welded wire mesh, working for
hogging moments, and usually contains rebars within the ribs, working for sagging moments.

One disadvantage of using composite slabs with unprotected steel deck is related to the
possibility of the steel deck being directly submitted to a fire event. The steel deck reduces its
strength and stiffness when exposed to elevated temperatures [2]. Neves et al. [3] investigated the
residual strength of structural steel cooled after being subjected to high temperatures, finding that for
temperatures above 600 °C, the material properties suffered considerable changes in its residual
strength. Additionally, fire also reduces the strength of concrete, due to the disintegration of
cement’s hydration products and bond breaking in the microstructure of the cement paste, which
reduces the modulus of elasticity from the concrete, and the extent of this reduction depends on
moisture loss, temperature, and type of aggregate [4]. Chang et al. [5S] mention that concrete suffers a
severe loss of strength after reaching temperatures above 400 °C, due to the dehydration effects of
calcium silicate hydrate. Gillie et al. [6] emphasize that one of the main objectives in fire safety
engineering is to prevent structures from catastrophic collapse when subjected to fire. Thus, since the
composite slabs perform a fundamental role in the stability of the structure during a fire, it is
necessary to understand the behavior of the load-bearing capacity (R) of this element under fire.

Li et al. [7] and Filho [8] highlight the importance of evaluating the load-bearing capacity
during the cooling phase, as the temperatures in the reinforcement and the unexposed surface of the
slab continue to increase during this phase, which indicates the possibility of failure of the structure
after the peak temperature of the gas. Seeking to assess the viability of further use of the building
after the fire, Nguyen et al. [9] developed experimental tests on composite slabs with a flat steel deck
and found that the integrity of the composite slab can be maintained even after four hours of the
standard fire, eliminating concrete spalling and minimizing post-fire structural damage. The authors
also reported the debonding of the steel deck in certain regions and the steel degradation. The
embedded vertical webs and top flanges of the flat decking sustained much lower temperatures
compared to that the bottom flanges, helping their contribution to the load-bearing capacity. Molkens
et al. [10] mentioned that further use of the building after fire may be possible, however, since in
most cases the elements do not collapse during fire exposure, but may suffer a permanent loss of
their strength, it is necessary to evaluate the residual load-bearing capacity of the structures after a
fire, to make decisions about continued use and the need for structural reinforcement.

The fire resistance may be determined according to three criteria, namely the load-bearing (R),
integrity (E), and insulation (I). According to EN 1363-1 [11], the fire resistance by insulation
criterion (I) is expressed in minutes and refers to the shortest time to reach the average or the
maximum temperature on the unexposed surface of the slab, when it increases 140 °C or 180 °C
above the initial average temperature, respectively. The integrity criterion is usually satisfied due to
the existence of the steel deck, avoiding the passage of flames and hot gases through the slab. The
load-bearing criterion considers the maximum deflection and the rate of deflection, imposing some
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limits. Beyond this, annex D of Eurocode 4 Part 1-2 [12] presents simplified methods that can be
used to find the load-bearing resistance under standard fire. This investigation fills a gap on the fire
resistance of composite slabs under natural fire, using a time step thermal procedure, allowing the
calculation of the sagging moment (load-bearing resistance under natural fire).

It is worth mentioning that most designers rely on the recommendations and parameters of
EN1994-1-2 [12] to evaluate the behaviour of concrete and steel composite structures submitted to
fire. However, the design criteria for composite slabs subjected to fire have not been revised for
decades [13]. For example, Bolina et al. [14] concluded that the simplified methods proposed by
EN1994-1-2 present good convergence for the temperatures in steel deck, but the same was not
observed for the temperatures in concrete and rebar. This highlights the benefits of using calibrated
numerical models and the need to investigate and improve the simplified methods to determine the
temperature distribution in composite slabs since temperatures are fundamental for the analysis of
fire exposure structures [15].

Thus, given that the standard assumes that the fire resistance criterion (R) is satisfied when the
load-bearing function is maintained during the required time of fire exposure, this investigation used
a non-linear thermal analysis (ANSYS and MATLAB) to determine the load-bearing capacity of
composite slabs when subjected to natural fire, including the heating and cooling phases. This
procedure will prevent the collapse of the composite slab, based on the simplified method, only
available to the standard fire by the annex D in Eurocode 4 Part 1-2 [12], and also seek the residual
strength of the structure for possible reuse. A preliminary and simplified approach is also presented
to estimate and evaluate the bending resistance of the composite slabs during and after a natural fire,
shedding light to researchers on possible ways to consider the cooling phase on the simplified
method and to evaluate, in a simplified way, the residual strength of the elements. The numerical
models were validated through experimental results presented by other authors [16,17], and a
parametric study was carried out considering different steel deck profiles, different natural fire
scenarios, and different concrete cover thicknesses.

2. Materials and methods

To determine the load-bearing capacity of the composite slabs, the advanced calculation method
was used following the recommendations of the Eurocode EN1994-1-2 [12]. The advanced method
is based on three-dimensional finite element models. The parametric study included a total of 128
thermal simulations, 64 of which were performed using ANSYS and the remaining 64 simulations
using MATLAB. Moreover, thermal simulations for validation of the numerical models were
performed using experimental data presented by other authors [16,17].

2.1. Load-bearing capacity

The fire rating (R) applied to the composite slabs with steel deck is defined in Europe by the
time to support the test load [18]. The time is set in complete minutes and may change from 15
to 240 min. The experimental test of composite slabs should be developed in horizontal furnaces and
tested under EN 1365-2 [19] and EN1363-1 [11], with fire applied from below only.

The Eurocode EN1994-1-2 [12] also presents an alternative method to define the load-bearing
capacity of the composite slabs with steel deck, using the simplified method. The main focus of the
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design method is on providing equations to determine the temperature of the components. These
equations were derived by Both [20], who made an approximation after several numerical
simulations. Although not mentioned in EN1994-1-2, the average moisture content of the concrete
was considered equal to 4% for Normal Weighted Concrete (NWC) and 5% for Light Weight
Concrete (LWC). It is also assumed that the deck will be perfectly bonded to the concrete, which is
not the case verified in several experimental tests and other numerical models developed by Piloto et
al. [21-24].

The sagging moment may be determined for standard fire only, using trapezoidal and re-entrant
steel deck profiles, dividing the bending resistance into four components affected by the temperature
(lower flange, web, upper flange, rebar) and one component which is not affected by the temperature
(concrete under compression). The affected components will have their design strength reduced by
the temperature effect. The temperature depends on the geometry and thermal properties of the
materials and is determined by empirical coefficients, according to annex D of EN1994-1-2.

Figure 1 represents the cross-section of a trapezoidal composite slab and the stress field used for
the calculation of the sagging moment. After the average temperature calculation in the steel
components responsible for tensile stresses, one can determine the reduction in the yield strength,
according to the temperature level. Once the stresses are obtained, the sum of the tensile forces from
the steel and the compressive forces from the concrete component should be in equilibrium, see Eq 1.
This equation determines the plastic neutral axis (xp1) of the composite slabs.

Stress diagram

—— .

Figure 1. Stress diagram in composite slabs for the calculation of the sagging moment.
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Where agap is a reduction coefficient equal to 0.85 for composite slabs; fy; is the yield stress
associated to the steel component of area Aj, so that it must be considered negative if it is in the
compressed region, and positive if it is in the tensioned region; f ; is the concrete strength at 20 °C
referring to the area A; present above the neutral axis and responsible to resist compression.

In order to guarantee a good prediction of the mechanical model for the composite slabs, it
is required to have a good prediction of the temperature distribution in the composite slabs. Jiang et
al. [25] also warn for the need for a better understanding of the thermal behaviour of composite slabs,
as the thermal profiles depend on the heat transfer boundary conditions, concrete moisture content,
thermal properties of the concrete, and rib geometry.

Considering that the temperature in the compressed region of the concrete is not uniform, and
the problems involved in obtaining a good prediction of the temperature profile in the region, a
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simplification will be adopted by taking kg; as 1 during the evaluation of the load-bearing capacity
under fire, considering that the compressed concrete will not suffer considerable strength reduction.
However, for the residual load-bearing capacity assessment, after the fire event, a different approach
will be adopted and detailed in section 3.3.

After finding the neutral axis position, the sagging moment of the composite slabs may be
determined. The design moment resistant Mg rq (positive) may be determined using Eq 2.

N f f
Mfi,t,Rd = Z Aiziky.e,z ( L > + Asiap Z 4j Z] c0,j < & > (2)
= Y™, fia YM fic

To calculate the load-bearing capacity of the composite slabs during a fire, Eqs 1 and 2 were
used following the recommendations of EN1994-1-2 [12]. For the calculation of the initial bending
resistance (at room temperature), the reduction coefficients ky o ; and k¢ g are both set to 1.

This failure mode is based on the assumption that all the components of the composite slabs are
capable of reaching their plastic stresses.

2.2. Numerical model validation

Two different finite element models are presented. The numerical model developed in
MATLAB uses linear tetrahedral finite elements with 4 nodes for mesh generation, each node having
one degree of freedom (temperature). In ANSYS, three different linear finite elements are used: 3D
finite element SOLID 70 with 8 nodes, being used to represent the concrete, shell finite element
SHELL131, with 4 nodes, being used to represent the air-gap layer and the steel deck, since this
element is ideal to model thin-walled structures; unidimensional finite element LINK33, with 2
nodes is being used to represent the rebars and the steel mesh.

The boundary conditions used to simulate the exposed surface and the unexposed surface are
following the recommendations of the Eurocode EN1991-1-2 [26]. For the thermal analysis, a heat
flux by convection and radiation is considered on the exposed surface of the composite slab.
Therefore, for natural fire events, the coefficients are defined in Figure 2.

o= 9W/mkK e =20°C

Oc= 35Wm’K O =Natural fire

upper

)

web

Figure 2. Boundary conditions for the composite slabs exposed to natural fire.

The thermal properties of the materials follow the recommendation of the Eurocode
EN1993-1-2 [27] for the steel and EN1994-1-2 [12] for the concrete. An air layer is considered
between the steel deck and the concrete, with a thickness of 0.5 mm, as suggested by Piloto
et al. [23,24]. This effect has been included due to the debonding effect, due to the existence of
different thermal expansion coefficients between both materials (steel and concrete). This debonding
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effect is identified by the name “air-gap”. Therefore, in order to model this effect, additional thermal
properties are required for the air model [28].

This model considers different view factors for the steel deck components (®ypper, Pwen, and
@jower) of both trapezoidal and reentrant steel profiles. This model differs from the current version of
the EN1994-1-2 [12], affecting the heat transfer by radiation. The cross string method developed
in 1950 by HC Hottel is used to calculate the view factors in the web (®yep) and the upper flange
(Dypper)- The view factor for the lower flange (Diower) is equal to 1.

Both numerical models developed in ANSYS and MATLAB have been validated, using finite
element models from natural fire tests, in order to evaluate the reliability and accuracy of the
numerical results. The fire tests developed in 2011 by Guo and Bailey [16] were selected. These
authors performed tests on seven composite slabs with steel deck, subjected to different natural
fire scenarios and different loading levels. The slabs had a steel deck type CF60/1.2, with a thickness
of 1.2 mm and yield strength of 378 MPa. The reinforcement mesh used steel type (A193), with bars
of 7 mm in diameter, spaced every 200 mm, as indicated in Figure 3.

| 110 | 200 Sr ) Steel mesh A193 | 90 ‘ -
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Figure 3. Geometric of the tested composite slabs [16].

For the validation of the models, three of the seven slabs, tested by Guo, Bailey [16], were
selected, so that each one was submitted to a different natural fire scenario as indicated in Table 1.
Details about the concrete compressive strength, moisture, and failure load are also included.

Table 1. Characteristics of the tested composite slabs used for validation.

Slab N°  Concrete strength ~ Fire scenario Moisture Applied load Failure load after fire
(MPa) (%) (kN) (kN)

Slab 1 36.4 Fire 1 1,50 44 -

Slab 2 37.8 Fire 2 2,00 44 262

Slab 3 21.1 Fire 3 1,86 44 204

The three fire scenarios presented in Table 1, have a heating and a cooling phase. The gas
furnace temperatures are depicted in Figure 4. The Fire 1 and Fire 3 scenarios have a 40-minute
heating phase, with the same heating rate, but different cooling phases, with the Fire 3 having a
slower cooling rate, resulting in a longer fire event. The fire scenario Fire 2, presents a 90-minute
heating phase, with a lower maximum temperature than the other fire scenarios, and includes a fast
cooling phase.
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Figure 4. Fire scenarios [16].
2.3. Parametric study

This parametric study includes 64 thermal simulations using ANSYS and 64 thermal
simulations using MATLAB, to evaluate the effects of different fire scenarios, the effect of different
geometries, and different concrete thicknesses. All the composite slabs are using the same
reinforcement, 3 rebars of steel S500 with @10 mm diameter, always located at a distance h, from
the exposed surface. The reinforcement mesh uses an S500 steel grid with @6 mm diameter bars,
spaced every 150 mm and positioned 20 mm below the unexposed surface of the slab as shown in
Figure 5. The conventional concrete class used for the models is type C25/30 with 2% moisture.
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Figure 5. The geometry of the parametric models.

The study considers the load-bearing capacity of a simply supported composite slab, with 4 m
length, as shown in Figure 6.
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Figure 6. Boundary Conditions to determine the sagging moment resistance.

The parameters were selected to obtain some representativeness of this building element, testing
different reentrant and trapezoidal geometries for the steel deck, selecting also different concrete
cover thicknesses (h;). These analyses were developed to find the load-bearing resistance under
different types of natural fire scenarios, considering the effect of different heating and cooling rates.
Therefore, parametric simulations were performed using four different commercial steel deck
profiles (Multideck 50, Bondeck, Polideck 59S, and Confraplus 60, with widths equal to 0.6, 0.8,
0.84, and 0.828 m, respectively), using four different concrete thicknesses above the steel deck
(h; = 40, 60, 80 and 100 mm) and four different natural fire curves (Parametric i). Three fire curves
show a similar heating rate to the standard fire ISO 834 [29], and another curve with a higher heating
rate, see Figure 7 and Table 2.

Parametric 1 — -Parametric 2 Parametric 3 =-=-Parametric4 —ISO 834

0 50 100 150 200 250 300
t (min)

Figure 7. Parametric fire curves.

Table 2. Characteristics of the tested composite slabs used for validation.

Fire scenario Maximum temperature Time at maximum temperature  Fire duration
(°O) (min) (min)
Parametric 1 825.79 27.43 106
Parametric 2 915.38 50.93 152
Parametric 3 1010.46 95 272
Parametric 4 1036.60 22 64

Using the numerical results obtained in the thermal analysis with ANSYS, the temperature of
the steel components has been averaged, throughout the fire duration, helping to determine the
neutral plastic axis and the sagging moment of the slab throughout the heating and cooling phases.
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3. Results and discussion

The results obtained from the validation of the numerical models and the parametric study will
be discussed and presented below.

3.1. Numerical model validation results

The results obtained for the validation of the model used for the composite slab 1 and 3 are
shown in Figure 8, which shows the comparison between the temperatures obtained in the
experimental tests and the numerical models, using the ANSYS and MATLAB. The points where the
temperature curves are collected are represented in Figure 3. The results for Slab 1 show good
convergence. The results for slab 3, on the other hand, show a higher discrepancy in concrete
temperatures during the cooling phase, which has a small cooling rate and perhaps should have used
different convection coefficients in the unexposed surface.

8{°Cy| =—P1_EXP wreesPl_MAT ==sP]_ANSYS —P2 EXP woensP2 MAT
=maP2 ANSYS =Py EXP seres Py MAT ==2P3 ANSYS
900

800 F
700 F
600 F
500 F
400 F
300 F ¢
200 F

100 F

0 50 100 150 200 250 300
1 (mum)

)

seresPd_MAT -——Pd_ANSYS —3_EXP e PS_MAT
NSVS —F6_EXP P6_MAT - —-P6_ANSYS

0 50 100 150 200 250 300
t(min)

(b)

Figure 8. Numerical model validation using MATLAB and ANSYS. (a) Composite slab
1, (b) Composite slab 3.
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The results obtained with the numerical model of MATLAB present a better approximation of
the experimental results during the cooling phase, mainly in the region of the steel deck, as can be
observed in the curves of points P1 and P4. At point P2 and P5, a good agreement with ANSYS
numerical model is observed during the heating phase, whereas for points P3 and P6, which are
located 5 mm from the unexposed surface, it is possible to observe a small difference at the
beginning of the fire. In general, the temperatures obtained in the numerical model, observed in the
concrete during the cooling phase, end up slightly overestimating the measured temperatures. This
behaviour is even higher for the model results presented in Slab 3, which represents a long cooling
phase with a smaller cooling rate in the furnace temperature. The difference between ANSYS and
MATLAB predictions can be attributed to the model used for the “air-gap” layer. This MATLAB
model is represented by solid finite elements, whereas in ANSYS the model is represented by two
overlapping shell elements with coincident nodes (the air gap is superposed to the steel deck).

After performing the thermal simulations, the temperatures in every steel component are
collected during the fire event, in order to determine the evolution of the load-bearing capacity of the
composite slabs. Figure 9 presents the test setup, as well as the boundary conditions adopted in the
study. It should be noted that the load (P) shown in Table 1 was applied through the hydraulic
jack, the self-weight of the slabs was 9.6 kN, and the weight of the plates and the loading system
was 8.18 kN.

6.45
Qﬂ_vdmuhc Jacks

Yo%
K,
F .9 Furnace F . P ’ 4
L g ’
0%

i

0.50 3.00 0.50

1.10 4.00 110

2.045 [kN] +5  2.045 [kN] +§
2.045 [kN] +© 1.49 [kN/m] 2.045 [kN] +§

Figure 9. Location of the supports, load application points, and the furnace in the
composite slabs tested [16].

Figure 10 shows the behaviour of the plastic neutral axis position and the load-bearing during
the fire event. It should be noted that the vertical dotted lines represent the time when the gas reaches
maximum temperature. These results are determined by using Eqs 1 and 2. The yield strength
reduction coefficients of the steel components (ky ) are determined by linear interpolation using the
tabulated values provided in standards EN1993-1-2 [27] and EN1994-1-2 [12], for the heating and
cooling phases respectively, and considers the complete reversibility of the material. Moreover, due
to the low conductivity of the concrete, a large temperature gradient is expected, and no calculation
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procedure is currently proposed in EN1994-1-2 for the calculation of the concrete temperature to
determine the sagging moment.

(a) (b)

Figure 10. Load-bearing capacity of the three composite slabs. (a) Plastic neutral axis
during fire, (b) Load-bearing resistance during a fire.

It is possible to observe from Figure 10, that the load-bearing capacity of the composite slabs
with steel deck tested by Guo and Bailey [16], behave similarly concerning the neutral axis position,
being the load-bearing capacity reduced during heating, and recovered during cooling. It can be seen
that the rate of bending resistance recovery during cooling is higher than the rate of bending
resistance loss during heating. This occurs because it is considered that the phase of the fire
influences the behaviour of the mechanical properties of the steel. Moreover, it is possible to notice
in the loss of the load-bearing capacity of the Slab 2 is developed at a lower rate. This may be
justified by the existence of two heating rates, being the rate of the second heating phase lower than
the first, see Figure 4. The recovery of the load-bearing capacity of Slab 3 takes more time in
comparison to the recovery of Slab 1. This happens because Slab 1 has the highest colling rate.

It should also be noted that this study was conducted based on the assumption of the
reversibility of the strength capacity of steel and concrete. However, due to the high thermal
sensitivity of steel, complete reversibility is not generally observed, as mentioned by Tao et al. [30].
According to these authors, few effects are expected for heating below 500 °C, however, when steel
is exposed above 500 °C, the reduction in steel strength is notable, due to the removal of the
residual stresses. This observation is in agreement with previous experimental tests developed by
Piloto et al. [31], which also demonstrated that the residual yield strength depends on the cooling rate.

According to the experimental results, see Table 1, the load at failure for Slab 2 was 262 kN.
This load level is reached during the cooling phase at around 106 min, see Figure 10. At this time the
gas temperature is still around 450 °C. This indicates that the reversibility of the load-bearing
capacity of the slabs during the cooling phase does not occur constantly and totally, and highlights
that the final strength of the slabs after the fire is lower than the initial strength. Figure 11 presents
the temperature of the cross-section of Slab 2 obtained in ANSYS, at the time when the slab reaches
the load of 262 kN.

Figure 11 shows that the unexposed surface of the concrete has some regions at 112.4 °C and
some other regions with temperatures of 222.4 °C. This non-uniform behaviour of the temperature
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distribution in this region of the concrete highlights the difficulty to determine the reduction of the
compressive strength of the material, consequently impacting the prediction of the bending resistance
of the slab concerning the sagging moment.

112.444 222.401 332.357 442,313 552.26%9
le7.422 277.378 387.335 497,291 e07.247

Figure 11. The temperature profile of Slab 2 at 106 min.
3.2. Load-bearing capacity during fire of parametric models

As mentioned by Filho [8] the thickness of the concrete slab over the steel deck, h;, influences
the temperature of the steel components, thus, the position of the neutral axis varies for the steel
profiles with different thicknesses h; for the same time or fire rating time. Thus, the position of the
neutral axis, measured from the unexposed surface, has a slight difference according to the thickness
of the concrete, due to the difference in temperatures of the steel components. Figure 12 presents the
behavior of the plastic neutral axis position, using a concrete thickness h; = 100 mm when all
composite slabs are submitted to the Parametric 1 fire, and the load-bearing resistance for the case of
a Polideck 598 steel deck.

A, (m) | ==Multideck 50 =s=Bondeck ==Polideck 595 ==Confraplus 60 Omaz - - - - - - B -
. (kN/m®) hil=40mm hil=60mm hil=80mm hil=100hmm
0.0¢ - .

", 1 - 14 0 M 0 il 30 100 20 10
20 40 60 20 100 20 140 2 1 ¢ 1 12 1

i 1 ()
t{mmn)

Figure 12. Load-bearing capacity of the composite slabs under Parametric 1 fire scenario.
(a) Plastic neutral axis position during the Parametric 1 fire for h; = 100 mm; (b) Load-
bearing resistance of Polideck 59S composite slabs.

It is worth mentioning, that all the profiles, present similar behaviour in the variation of the
neutral axis position during the fire. Furthermore, it is observed that the load-bearing capacity
follows the behaviour of the neutral axis movement curve during the fire. It is also noted that the rate
of load-bearing capacity reduction during the heating period is higher than the rate of the load-
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bearing recovery during cooling, which occurs gradually during the cooling period. This is because,
although the mechanical strength behaviour of the steel is more favourable during cooling, the
cooling rate is lower than the heating rate. It should be noted that all the geometric profiles analysed,
presented the same behaviour when submitted to the Parametric 1 fire scenario, changing only the
maximum load-bearing resistance.

Figure 13 presents the temperature profiles of the Polideck 59S slabs, at the instant of time
when the composite slabs reach the lowest value of load-bearing capacity, when subjected to the
Parametric fire scenario 1.

It can be seen in Figure 13 that as the thickness of the concrete layer increases, the temperatures
in the unexposed region of the slab tend to become more uniform, and consequently, the concrete in
this region has a uniform reduction in its compressive strength.

a2

118.41 280.023 401.635 £43.247 eec.. 80.3832 s 380.0862 531 681.34
188.216 330.829 472.441 €14.083 755.665 13%- =43 455-981 15

=5

—
49.883 207.142 364.402 521.661 678.92 33.9945 194.762 -538 . €77.0¢
128. 285.772 €00.281 757.55 114.373 275.15 435.927 596.704 757.48

() (dy

Figure 13. Temperature profile at the instant of lowest value of load-bearing capacity of
Polideck 598 slabs for different values of h;: (a) h; = 40 mm; (b) h; = 60 mm; (¢) h; =
mm; (d) h; = 100 mm.

Figure 14 presents the position of the plastic neutral axis and the load-bearing capacity of the
Bondeck slabs along with a Parametric 2 fire scenario.
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Figure 14. Load-bearing capacity of the composite slabs under Parametric 2 fire
scenario. (a) Behaviour of the plastic neutral axis during a fire; (b) Resistant load
behaviour of Bondeck slabs during a fire.

It is possible to observe that approximately between 30 and 70 min of fire, there is little change
in the bending resistant capacity of the slabs. This stabilization phase occurs during the period in
which the temperatures in the steel components are above 600 °C, at this temperature, the steel has
already lost most of its strength capacity, having a small variation in temperatures above.

It is important to note that the value used for the emissivity of steel is 0.7, as defined in the
standard EN 1993-1-2 [27]. However, Hamerlinck et al. [32] describe that in the case of galvanised
steel decks, the emissivity is temperature-dependent due to the existence of the zinc layer. According
to the author, until reaching the temperature of 400 °C, the emissivity of galvanised steel is lower
than that of concrete. However, with increasing temperature, there is an increase in the emissivity
value of the steel deck due to the darkening of the surface resulting from the melting of the zinc
layer.

Figure 15 presents the temperature profiles of the Bondeck slabs, for the time when the slabs
reached the lowest load-bearing capacity during the fire. Similar conclusions can be pointed out to
the beahviour of the unexposed surface, but for this steel deck geometry, the heat flows less through
the upper flange, resulting in a more homogeneous temperature distribution in this region.

Figure 16 represents the behavior of the composite slabs under the Parametric 3 fire. The load-
bearing capacity curves of the composite slabs have the same shape variation, as previously
presented, however, it’s perceptible that for the Parametric 2 fire scenario, there is a slight recovery
of the neutral axis position in the initial instants of cooling, since, for the Parametric 3 fire scenario,
the neutral axis position remains almost constant. This effect indicates that the longer the heating
phase is, the worse are the thermal effects on the load-bearing capacity of the slabs during the initial
stages of cooling.

Figure 16, also presents the load-bearing capacity of the Multideck 50 composite slab when
submitted to the Parametric 3 fire scenario. It can be seen that the lowest load-bearing capacity value
reached by the composite slabs occurs at the beginning of the cooling stage. Gernay and Franssen [33]
warn to the fact that the stability exhibited by the structure when reaching the maximum temperature
at the end of the heating, does not guarantee that the structure will not collapse during the cooling
stage, because usually, the load-bearing capacity of an element keeps decreasing after the end of the
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heating. This behaviour is expected because, although the temperatures in the steel deck follow the
behaviour of the gas temperature, the highest temperature in the steel rebars occurs during the
cooling phase, when the biggest reduction of its yield strength occurs. This effect was also observed
by Filho [8], who has identified the “heat bubble” effect during the advanced stage of cooling, which
means a concentration of heat is formed in the ribs of the slabs, where the rebars are located.
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Figure 15. Temperature profile at the instant of the lowest value of the load-bearing
capacity of the Bondeck slabs for different values of h;: (a) h; =40 mm; (b) h; = 60 mm;
(¢) h; = 80 mm; (d) h; = 100 mm.
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Figure 16. Load-bearing capacity of slabs subjected to the Parametric 3 fire scenario. (a)
Behaviour of the plastic neutral axis during a fire; (b) Resistant load behaviour of
Multideck 50 slabs during a fire.
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The temperature profiles of the Multideck 50 composite slabs are presented in Figure 17 for the
time when they reached the lowest value of load-bearing resistance.
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Figure 17. Temperature profile at the instant of the lowest value of load-bearing capacity
of Multideck 50 slabs for different values of h;: (a) h; = 40 mm; (b) h; = 60 mm; (¢) h; =
80 mm; (d) h; = 100 mm.

Finally, it can be seen in Figure 18, that the profiles subjected to the Parametric 4 fire scenario
present an abrupt reduction in load-bearing capacity in the initial stage, due to the high heating rate.
Furthermore, it can be seen that the four Confraplus 60 models showed a similar relative load-
bearing capacity reduction, with the models reaching the lowest value of approximately 22% of the
initial load-bearing capacity. However, it should be noted that the higher the concrete cover
thickness h; is, the greater the initial load-bearing capacity of the slabs, so the bigger is the initial
strength of the slab, the bigger is the total reduction in its load-bearing capacity. For instance, the
Confraplus 60 model with h; = 40 mm thickness suffered a total reduction in its load-bearing
capacity of 12.48 kN/m’ whereas the model with h; = 100 mm thickness suffered a reduction
0f 29.99 kN/m’.
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Figure 18. Load-bearing capacity of slabs subjected to the Parametric 4 fire scenario. (a)
The position of the plastic neutral axis during a fire; (b) Load resistance behaviour of
Confraplus 60 slabs during a fire.

Figure 19 shows the temperature profiles of the Confraplus 60 slabs, for the time when they
reached the lowest value of load-bearing capacity. The temperature variation along the profile
presented by the slabs submitted to this fire scenario is noteworthy so that the temperatures on the
unexposed surface are considerably lower than on the exposed surface. This occurs because this fire
scenario presents the highest heating rate, so that the heat flux, which leaves the unexposed surface,
is considerably smaller than the incoming heating flux on the surface directly exposed to the fire.
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Figure 19. Temperature profile at the instant of the lowest value of the load-bearing
capacity of the Confraplus 50 slabs for different values of h;: (a) h; =40 mm; (b) h; = 60
mm; (c) h; = 80 mm; (d) h; = 100 mm.
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3.3. Residual load-bearing capacity of parametric models

Bearing in mind that for models with higher concrete cover thickness, h; = 100 mm, the
temperatures in the unexposed region of the slab are more uniform, a simplified calculation of the
residual loadbearing capacity of these models was carried out. The highest average temperature
during the fire event, on the unexposed surface of the slab, was used to determine the residual
compressive strength of the concrete. Additionally, the maximum temperature reached by the steel
components during the fire was considered, to determine their residual load-bearing capacity. The
residual load-bearing capacity was estimated using Eqs 1 and 2. The residual strength of the steel
was determined according to the work developed by Neves et al. [3], and the residual strength of
concrete heated to a maximum temperature 6. max and cooled to an ambient temperature of 20 °C,
was obtained according to Annex C of EN1994-1-2 [12]. The maximum temperatures in the steel
rebars, in the collaborating steel deck, and in the unexposed surface of the composite slabs, were
used to calculate the residual load-bearing capacity are presented in Table 3.

Table 3. Maximum temperature reached on the components with 100 mm concrete cover.

Profile Fire scenario  Rebar temp. Web temp. Lower flange  Upper flange = Unexposed
geometry (°C) (°O) temp. temp. surface temp.
&9 O 9]
Polideck 59S Parametric 1 333.12 703.90 756.62 691.31 151.70
Bondeck Parametric2  360.00 746.80 872.70 606.90 176.00
Multideck 50 Parametric 3 569.60 917.80 994.10 816.70 286.00
Confraplus 60 Parametric4  375.60 937.30 997.00 940.60 144.60

For sections with lower concrete cover thicknesses, such as the h; = 40 mm thickness models,
the temperatures on the unexposed surface reach considerably higher values, which may have a big
influence on the residual load-bearing capacity of these structural elements. However, the
temperature variation along the unexposed surface is also notable, making it difficult to predict a
single representative temperature value to consider the reduction of concrete load-bearing capacity.
This is not the case with composite slabs with h; = 100 mm thickness. Figure 20 presents the
coefficients to determine the load-bearing capacity of concrete and steel at room temperature, after
being submitted to the maximum temperature reached during the fire.

(a} | (b

Figure 20. Coefficients to determine residual strength after cooling. (a) Residual strength
of steel after cooling [3]; (b) Residual strength of concrete after cooling [12].
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Table 4 presents the results of the load-bearing capacity of the composite slabs at room
temperature before fire exposure, the residual load-bearing capacity after a fire, when all the
components of the slab have reached room temperature, and the corresponding loss of load-bearing
capacity.

Table 4. The residual load-bearing capacity of the composite slabs.

Profile geometry Fire scenario  Load-bearing capacity Residual load-bearing  Loss of load-bearing
(kN/mz) capacity (kN/mz) capacity (%)

Polideck 59S Parametric 1 31.25 28.31 09.40

Bondeck Parametric2  40.66 34.59 14.94

Multideck 50 Parametric3  50.02 42.25 20.31

Confraplus 60 Parametric4  38.63 31.99 17.18

For the first three composite slabs, which were subjected to fire curves with the same heating
rate but different heating phase periods, it can be seen that the higher the time and maximum
temperature of the gas in the heating stage, the higher is the loss of load-bearing capacity. This is
expected as such factors indicate a higher temperature reached in the steel components as well as in
the compressed region of the concrete. Moreover, the composite slab with Confraplus 60 steel deck
profile highlights the influence of the residual strength of the steel components in determining the
residual load-bearing capacity of composite slabs, as it was subjected to the Parametric 4 fire
scenario. This profile obtained higher temperatures in the steel components, which are closer to
the heat source, and lower temperatures on the unexposed surface. It can also be seen that the
Confraplus 60 profile, subjected to Parametric 4 fire scenario, shows a higher loss of load-bearing
capacity when compared to the Bondeck profile, subjected to Parametric 2 fire scenario. Although
the Bondeck profile is subjected to a heating phase twice as long as the Confraplus 60 profile, the
maximum temperature dictated the amount of the loss of the load-bearing resistance. On the other
hand, the Confraplus 60 profile, subjected to Parametric curve 4, presents a loss of load-bearing
capacity smaller than the Multideck 50 profile, subjected to the Parametric 3 fire scenario. In this
case, although the maximum temperatures of the gas and steel components have close values, the
long heating phase of Parametric curve 3 causes sufficient time to raise the temperature on the
unexposed surface of the slab, reaching much higher values in the Multideck 50 profile,
consequently resulting in a higher loss of compressive strength of the concrete and the slab resistant
capacity.

4. Conclusions

The three-dimensional numerical model was developed in MATLAB and ANSYS programs
and validated based on experimental results. The models considered the detachment effect between
the steel deck and the concrete, which occurs due to the difference in thermal expansion of the
materials. This effect was modeled in MATLAB with solid finite elements, and in ANSYS with shell
finite elements to increase the accuracy of the numerical results. A slight difference between the
numerical and experimental results was found, and this difference can be attributed to the types and
shapes of finite elements used, to the effect of the convective coefficient during the cooling stage,
and the effects of temperature increase on the exposed surface of the slab, which causes moisture
migration towards the unexposed face, causing changes in the thermal properties of concrete that
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were not explicitly considered in the models.

A parametric study was developed to evaluate the behaviour of the neutral axis, the load-
bearing capacity of the composite slabs during a fire, and the residual load-bearing capacity of the
slabs, using the temperatures in the components. The temperatures of these components were used to
determine the mechanical strength of the materials, which are responsible for the reduction in
bending resistance. Results also demonstrated a possible reduction of 20% with respect to the
original load-bearing resistance on composite slabs when submitted to long fire events (Parametric 3
fire scenario).

It was possible to see that the heating and cooling rates also directly influence the reduction and
recovery rate of the load-bearing capacity of composite slabs. It should be noted that the composite
slabs subjected to the same fire scenario, with the same geometric profile and different cover
thickness h;, reached a similar minimum relative load-bearing capacity.

Furthermore, it was observed that the behaviour of the load-bearing capacity curve follows the
behaviour of the neutral axis curve along with the fire and that the lowest load-bearing capacity
occurs during the cooling phase. These results show the real risk of a natural fire in the safety of
composite slabs with steel decks during the cooling phase.

It was also found that for fire scenarios with similar heating phase duration, the maximum gas
temperature and the residual strength of the steel components will determine the magnitude of the
loss of the load-bearing capacity of the slabs in the post-fire. On the contrary, for fire scenarios with
similar maximum gas temperatures but distinct heating phase duration, the heating time and the
residual compressive strength of concrete will determine the residual load-bearing capacity of the
slabs.

Thus, this work demonstrates the importance of performing accurate thermal analyses and using
reduction coefficients applied to the strength capacity of steel, to obtain the load-bearing resistance
during the heating and cooling phase, as well as in determining the residual strength of the structural
element. Moreover, although the Eurocode EN1994-1-2 neglects the temperature effect on concrete
properties, it is important to note that the effects of the loss of load-bearing capacity of the concrete
cannot be neglected, because, in some natural fire scenarios, it will be decisive to determine the
residual load-bearing capacity, being important to investigate efficient ways to consider and apply
such losses.
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