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1 — Introduction

The Organizing Committee of SYMCOMP2019 — 4t International Conference on Numerical
and Symbolic Computation: Developments and Applications, welcomes all the participants
and acknowledge the contribution of the authors to the success of this event.

This fourth International Conference on Numerical and Symbolic Computation, is promoted
by APMTAC - Associagdo Portuguesa de Mecanica Tedrica, Aplicada e Computacional and it
was organized in the context of IDMEC - Instituto de Engenharia Mecanica, Instituto
Superior Técnico, Universidade de Lisboa. With this ECCOMAS Thematic Conference it is
intended to bring together academic and scientific communities that are involved with
Numerical and Symbolic Computation in the most various scientific areas

SYMCOMP 2019 elects as main goals:

To establish the state of the art and point out innovative applications and guidelines on the
use of Numerical and Symbolic Computation in the numerous fields of Knowledge, such as
Engineering, Physics, Mathematics, Economy and Management, Architecture, ...

To promote the exchange of experiences and ideas and the dissemination of works developed
within the wide scope of Numerical and Symbolic Computation.

To encourage the participation of young researchers in scientific conferences.

To facilitate the meeting of APMTAC members (Portuguese Society for Theoretical, Applied
and Computational Mechanics) and other scientific organizations members dedicated to
computation, and to encourage new memberships.

We invite all participants to keep a proactive attitude and dialoguing, exchanging and
promoting ideas, discussing research topics presented and looking for new ways and possible
partnerships to work to develop in the future.

The Executive Committee of SYMCOMP2019 wishes to express his gratitude for the
cooperation of all colleagues involved in various committees, the Scientific Committee, the
Programm Committee, Organizing Committee and the Secretariat. We hope everyone has
enjoyed helping to consolidate this project, which we are sure will continue in the future. Our
thanks to you all.

Amélia Loja, Chairperson (IDMEC/LAETA, CIMOSM/ISEL)
Paulo B. Vasconcelos, Chairperson (CMUP/FEP-UP)
Anténio J. M. Ferreira (FEUP/INEGI)

Joaquim Infante Barbosa (IDMEC/LAETA, CIMOSM/ISEL)
José Alberto Rodrigues (CIMOSM, ADM/ISEL)
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S10 — CRITICAL TEMPERATURE FOR THE COMPONENTS OF
COMPOSITE SLABS WITH STEEL DECK UNDER FIRE FOR LOAD-
BEARING RATING
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Keywords: Composite slabs with profiled steel deck, Fire, Critical temperature, Numerical
validation

Abstract Composite slabs made with concrete and steel deck are widely used in building
structures. They also include other components, such as steel rebars for positive bending
and a steel mesh for negative bending, preventing cracks in concrete. The fire rating of
this type of elements can be determined by standard fire tests, accounting for load (R),
Integrity (E) and Insulation (I). This investigation deals with the fire resistance for load
(R) and insulation (1), using a numerical model validated with experimental tests. This
model considers material and geometric non-linear behaviour, using perfect contact
between materials. The 3D finite element mesh uses solids, shells and bars, to model a
simply supported composite slab with 3.2m long, 0.65 m wide and total height of 143mm,
using a trapezoidal steel deck PRINS PSV73. Different load levels are simulated (live load
ranging from 1.0 kN/m? to 21 kN/m?) in addition to the dead load (2.8 kN/m?). The fire
resistance (R) is determined according to standards, looking for the maximum
displacement or the rate of displacement, while the fire resistance (I) looks for the
average or for the maximum temperature increase at the unexposed side. The critical
temperature of each steel component decreases with the load level. A new proposal is
presented for the fire resistance depending on the load level.
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1. INTRODUCTION

A composite slab consists of cold-formed profiled steel deck which acts as a permanent
formwork to the concrete topping. Normally, this composite solution requires the addition of
other components such as steel rebars (placed within the ribs) for positive bending and steel
mesh for negative bending, preventing cracks in concrete, see figure 1. Due to the external
reinforcement provided by the steel deck, composite slabs generally require less additional
reinforcement and less concrete as well, resulting in slender slabs. In addition, the reduction
of the construction time, elimination/reduction of struts and the simplicity of installation are
other advantages of composite slabs in comparison to conventional flat concrete slabs. The
composite action between the concrete and the steel deck is generally achieved by
indentations or embossments in the steel deck.

Concrete Anti-crack mesh

Rib Rebar
Steel deck

Figure 1. Typical layout of a composite slab with trapezoidal steel deck.

Since 1980, a significant increase in the use of composite slabs has taken place. The overall
depth usually varies between 100 and 170 mm. Several types of steel deck are marketed in
Europe, with a thickness varying between 0.7 and 1.2 mm, usually made from galvanized
steel to increase durability [1].

Composite slabs have to meet fire-safety requirements in accordance to standards and
regulations. Generally, standard fire tests using the standard fire curve ISO 834 [2] are
utilized for determining the fire rating of this structural element, accounting for Load Bearing
(R), Integrity (E) and Insulation (I).

In recent years, several studies have been conducted in order to evaluate the fire resistance of
this type of structural element. In 1983, recognizing the need for calculation rules, the
European Convention for Constructional Steelwork (ECCS) published the first instructions
applied to the design of composite slabs with profiled steel deck when exposed to standard
fire conditions. This technical note introduced simple calculation rules which were based on
the results of fire tests performed on different European laboratories. According to this
document, the explicit fire design is not required when the fire requirements are smaller or
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equal to 30 minutes. The rules should only be applied to slabs which were properly designed
to run at room temperature. At this time, the knowledge around the fire behaviour of
composite slabs was incomplete and conservative assumptions were adopted. Therefore, the
application of these recommendations may result on uneconomical solutions. According to
this technical note, if the insulation criterion for fire resistance is fulfilled, then the integrity
criterion is also fulfilled.

In 1990, Hamerlinck et al. [3] developed a thermal and mechanical numerical model with the
objective of studying the influence of fire exposure on the performance of reinforced
composite slabs. Both models were experimentally verified with loaded and unloaded tests.
Concerning galvanized steel decks, due to the melting of the zinc layer and surface
blackening, the resulting emissivity of the steel deck was calculated as function of the
temperature. Simplifications were used for the thermal properties of the materials.
Nevertheless, it was concluded that the numerical models satisfactorily predicted the
behaviour of the tested slabs.

In 1991, within the scope of the first phase of the ECSC research project, Hamerlinck [1]
performed an investigation regarding the mechanical and thermal behaviour of reinforced
composite slabs under fire conditions. The study took into consideration the most important
parameters for fire resistance and a new computer program was developed, enabling
simulations at low computational cost. The developed two-dimensional model provided
satisfactory results although not including three-dimensional thermal effects.

In 1999, Bailey et al. [4] published a study concerning the details and results of two
experimental fire tests performed on a full-scale eight-storey building at the Building
Research Establishment (BRE) Cardington Laboratory, UK. It was observed that the
performance of the structure under fire conditions differed from what was expected from fire
codes and calculation rules were usually conservative. In addition, both tests demonstrated
that the behaviour of the structural element was different from what was normally observed in
standard small-scale fire tests and no collapse occurred during the tests.

In 2002, Lim et al. [5] performed six fire tests on large-scale concrete slabs, comprising three
reinforced concrete flat slabs and three composite steel-concrete slabs. The main objective of
the tests was to investigate the fire behaviour of unrestrained simply supported slabs in a
controlled furnace. The slabs were subjected to a live load and standard fire conditions during
three hours. All the slabs resisted the full duration of the tests without collapsing, despite
presenting extensive surface cracking on the unexposed surface and large deflections (up to
270 mm). In general, the measured fire resistance was higher than the predictions from
normative recommendations. The tests evidenced the important effect of membrane action on
preserving the structural stability of the slabs under fire exposure.

In 2011, Guo and Bailey [6] executed an experimental investigation with the objective of
providing more insight on the behaviour of composite slabs during heating and cooling phases
of fire. Nine equal composite slab specimens were tested: two of them at room temperature
and the other ones at three different fire scenarios, which were controlled by burners and fans
within the furnace. The specimens were loaded with representative values found in practice to
investigate the structural behaviour. The results showed that the maximum temperature and
both heating and cooling rate strongly affected the slab behaviour. For all slabs, the maximum
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temperatures at the unexposed side and on the mesh were both higher during the cooling
stages, due to the thermal inertial effect, which highlighted that insulation failure is likely to
occur not only during heating but also during cooling phase.

In 2017, four full-scale fire tests were carried out by Guo-Qiang Li et al. [7] on composite
slabs with profiled steel deck. The main objective of this investigation was to study the
influence of the boundary conditions, reinforcement location, slab layout as well as the effect
of unprotected secondary beams on tensile membrane action. The results revealed that the
temperatures of the furnace were below the standard fire curve ISO 834. A comparison
between experimental results and Eurocode 4 provisions showed that the simple calculation
method for fire resistance results on conservative assumptions. Concerning the mechanical
behaviour, the tensile membrane action provided a considerable contribution to the load
bearing capacity. During the tests, significant debonding between the steel deck and concrete
topping was observed.

In 2019, Jian Jiang et al. [8] from the National Institute of Standards and Technology (NIST)
conducted a numerical investigation around different parameters that may influence on the
fire resistance of composite slabs with respect to the thermal insulation criterion. An
improved algebraic expression for the calculation of the fire resistance that explicitly accounts
for moisture content of concrete was proposed. The formulation is valid for the calculation of
the insulation fire resistance and applicable to an extended range of slab geometries in
comparison to the limitations of the calculation method present in the current version of
Eurocode 4. A set of 54 different composite slabs was selected for two-dimensional numerical
analysis using a high-fidelity finite element approach. It was concluded that the concrete
thickness and the moisture content were the parameters that most influenced the fire
resistance. The proposed expression for fire resistance was validated against additional
analyses and experimental data, resulting on maximum deviations of 15 and 18 minutes,
respectively.

In this investigation, the focus is placed on three-dimensional numerical simulations using the
standard fire curve ISO 834 in order to evaluate both load bearing fire resistance (R) and
thermal insulation fire resistance (I). Three-dimensional mechanical and thermal analyses
were developed using ANSYS to investigate the thermal effects of standard fire exposure.
Concerning the thermal model, an air gap with constant thickness is included between the
steel deck and concrete topping with the aim of simulating the debonding effects. Effectively,
previous investigations mention the separation between the steel deck and concrete, which
creates a thermal resistance in this interface.

Both mechanical and thermal models are validated against experimental results published by
Hamerlinck [1]. Finally, a comparison between the fire resistance obtained numerically,
experimentally and using the Eurocode 4 calculation method is presented.

2. FIRE RESISTANCE CRITERIA

Structural elements need to meet fire-safety requirements according to building codes. For
composite slabs, the requirements are normally specified by fire ratings of 30, 60, 90 min or
more. The fire rating of this type of building elements is normally made using standard fire
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tests [9, 10], and should consider the criterion of Integrity (E), Insulation (I) and Load Bearing
(R). Generally, experimental tests are expensive and time-consuming. As an alternative
solution, the fire resistance can be evaluated by means of numerical simulations or using
simple calculation methods. The fire resistance of the composite slabs is defined with respect
to standard fire exposure from below. In this study, the fire resistance is investigated with
respect to both load bearing (R) and thermal insulation (I) criteria.

The integrity (E) is the capacity to withstand fire in one side and the assessment should be
made on the basis of measuring cracks or openings in excess of given dimensions, or the
ignition of a cotton pad, or sustained flaming on the unexposed side. For cast in situ
composite slabs, the integrity criterion is normally satisfied provided that the joints are
adequately sealed.

The insulation (I) is the ability to withstand fire in one side and the assessment shall be made
on the basis of the average temperature rise on the unexposed face limited to 140 °C above
the initial average temperature, or; made on the basis of the maximum temperature rise at any
point limited to 180 °C above the initial average temperature.

The load bearing resistance for flexural loaded elements (R) is the ability to support the
loading during the test and the assessment shall be made on the basis of limiting vertical
displacement D (D=L?/400d [mm]), or limiting rate of vertical displacement (dD/dt=L?/9000d
[mm/min]), being L the clear span of the testing specimen in millimetres and d is the distance
from the extreme fibre of the cold design compression zone to the extreme fibre of the cold
design tensile zone of the structural section, in millimetres.

3. SIMPLIFIED CALCULATION METHOD OF EUROCODE 4

A simplified method is presented in the Annex D of EN 1994-1-2 [11] for the estimation of
the fire resistance of unprotected composite slabs subjected to fire exposure from below
according to the standard fire curve ISO 834. The analytical expressions present in the current
version of this standard are based on the research conducted by Both [12] in 1998. During the
last years, no revisions were made to these methods [8]. The fire resistance (ti) with respect to
thermal insulation criterion shall be determined according to equation (1).

A

1
= (1)

A 1
t,=a,+a, -h+a, ~¢W€r +a, -L—+a4-l—+a5
r 3

The rib geometry factor (A/L:) of the composite slab shall be calculated as follows:

AL =h-((1+1,)/2) / (12 +2\/1122 +((4 -1, )/2)2) ()

In addition to the geometric parameters of the composite slab, illustrated in figure 2, the fire
resistance also depends on partial factors (ai). Table 1 presents these factors for slabs with
normal weight concrete (NWC).
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ao amin) | a; amin/mm) | a; amin) | a3 amin/mm) | a4 MMm min) | as Mmin)
-28.8 1.55 -12.6 0.33 -735 48.0

Table 1. Coefficients for determination of the fire resistance for NWC (adapted from EN 1994-1-2 [11]).

4. EXPERIMENTAL TESTS

An experimental test conducted by Hamerlinck [1] (test number 2) was selected to perform
numerical simulations for both mechanical and thermal models. The slab was composed by
the trapezoidal steel deck PRINS PSV 73 and a concrete topping with 70 mm thick using
normal weight concrete. The simply supported slab was subjected to the ISO 834 standard
fire. The profile of the composite slab is shown in figure 2.
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Figure 2. Profile of the tested slab: dimensions in millimetres (Hamerlinck [1]).

Normal weight concrete was used on the composite slab and the measured moisture content
amounted to 3.5%.

5. NUMERICAL SIMULATIONS

In the following section, the methodology used to model and numerically determine the
thermal and mechanical effects on the composite slab is presented. Therefore, a brief
description of the finite elements, thermal/mechanical properties of materials, boundary
conditions and convergence criterion is given for both thermal and mechanical model.

5.1. Thermal model

The composite slab is meshed in order to solve a nonlinear transient thermal analysis,
using 3D models from ANSYS. The finite element method (FEM) requires the solution of
equation (3) in the domain and the definition of the boundary conditions on equation (4)
in the exposed and unexposed side of the slab.

VA, VT)= pr, Coir-OT 0t 3)
dny VTii=a (T, ~T)+ge,.,.0(T} -T*) ()
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In the equations above: T represents the temperature of each material; p(r) is the specific
mass; Cpy is the specific heat; 4 is the thermal conductivity; ac is the convection
coefficient. 7y represents the gas temperature of the fire compartment, using the standard
fire ISO 834 applied on the bottom part of the slab; ¢ is the view factor; em is the
emissivity of each material; g represents the emissivity of the fire and o represents the
Stefan-Boltzmann constant.

The view factor (¢) quantifies the geometric relation between the surface emitting
radiation and the surface receiving radiation. This factor depends on the surface areas and
their orientations, as well as the distance between them [8]. The view factor of the lower
flange of the composite slab is given as ¢iww= 1. Owing to the obstruction to direct
exposure caused by the ribs of the steel deck, the view factor of the web and upper flange
are smaller than one. This method of calculation is incorporated in EN 1994-1-2. The
view factors for the upper flange (dupper) and web (¢wes) can be calculated as function of
geometric parameters of the slab, according to the following equations.

L-1Y L-1,Y
o+ L+ — h2+(12j
_ad+cb—ab—cd_\/ ? (3 2 ) \/ 2 2 )

¢upper - 2ab 13

h2+(l‘_12j2 +(+1 1) h2+(z +ll_12)2
_ac+cd—ad _ : 2 o : } 2

¢Web - 2ac l _I P
2.1h + [‘ ) j
2

The finite element method is applied to solve numerically the heat transfer equation using
the software ANSYS. For an arbitrary composite slab with trapezoidal steel deck, the
respective 3D mesh is presented in figure 3.

(6)

Figure 3. Finite element mesh of a composite slab with trapezoidal steel deck.

On the software, a three-dimensional model of the composite slab is introduced, which is
composed by subdomains that correspond to the different materials, namely the concrete
topping, the steel deck, the steel rebars and the steel mesh. A second alternative thermal
model, using an air gap with a constant thickness (1 mm), is included between the steel
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deck and the concrete topping in order to simulate debonding effects.

For each material, a specific 3D finite element is used. Three different finite elements are
used: SHELL131, SOLID70 and LINK33. The SHELL131 element has four nodes with up
to 32 degrees of freedom (temperature) per node, depending on the number of layers (one
layer). This element presents linear interpolating functions in the plane of the element,
using full Gauss integration method (2x2) and linear interpolating functions through the
layer thickness (three Gauss points). The shell element is used to model the steel deck of
the composite slab. The SOLID70 element presents eight nodes with a single degree of
freedom (temperature) at each node. Linear interpolating functions are used for this
element and the full Gauss integration method is also applied (2x2x2). This finite element
is used to model the concrete topping and, in the second case, the air gap volume. The
LINK33 element has two nodes with a single degree of freedom (temperature) per node.
This uniaxial element presents linear interpolating functions as well as exact integration.
The LINK33 element is used to model the anti-crack mesh and the rebars.

The thermal properties of the materials are temperature dependent and vary according to the
standards used for composite slabs, steel structures and concrete structures [11, 13, 14]. The
thermal properties of steel and concrete are presented in figures 4 and 5, respectively. The
conductivity of steel decreases with temperature and the specific heat has a strong variation
due to the allotropic phase transformation. Both density and conductivity of concrete decrease
as the temperature increase. Regarding the conductivity, the upper limit was selected for the
numerical simulations. The specific heat of concrete presents a peak value related to 3% of
moisture content of concrete weight.
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Figure 4. Thermal properties of carbon steel. Figure 5. Thermal properties of concrete.
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Figure 6. Thermal properties of air.

The thermal properties of air are depicted in figure 6. These properties are also temperature
dependent and were used in the air gap to simulate the effects of debonding between the steel
deck and the bottom surface of the concrete. This model only considers the heat flow by
conduction in the air gap, due to the very small air gap thickness.

The exposed side of the slab is submitted to a heat flux by convection and radiation, see
equation (4), using different values for view factors and a bulk temperature following the
standard fire. The unexposed side is subjected to a convective heat flux (including the
radiation heat flux), using a constant bulk temperature of 20 °C.

All the nodes of the numerical model are set with an initial condition for temperature of 20
°C. The lower part of the steel deck is subjected to standard fire conditions using a convection
coefficient of 25 W/m?K and an emissivity of fire equal to 1. A convective coefficient of 9
W/m?K is applied on the upper part of the composite slab in order to include the radiation
effect [15]. The main parameters of the applied boundary conditions are illustrated in figure 7.
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Figure 7. Representation of the applied boundary conditions.

The heat flow criterion was applied for the convergence criterion, using a tolerance value
of 0.001 and a minimum reference value of 10,

5.2. Mechanical model

The mechanical simulation for the fire behaviour of the composite slabs is also analysed. The
model is validated using the experimental results from Hamerlinck [1]. The displacement and
the rate of displacement are determined, compared with the experimental results and
compared with the criterion for fire rating given by EN 1363-1 [10].

The integral value for the surface force over any surface of an arbitrary volume element
within the material must sum to zero in order to keep the static equilibrium. Here we
assume the existence of an external load {F} (live and dead load) on material within the
volume submitted to the stress field [c]. The surface integral can be converted to a volume
integral by the Gauss' divergence theorem. The final version of the equilibrium equation
may be expressed in every cartesian coordinate, according to equation (7).

Vie]+{F}=10) (7

The external load {F} is considered to be constant under fire conditions. The load bearing
capacity was determined for room temperature, using equation (8) for sagging moment
resistance and assuming the neutral axis to be located above the steel deck. Mprd represents
the plastic bending resistance, Nppi the plastic tensile force for the effective section of the
plate, Ns i the plastic tensile force for rebars, dp represents the centroidal position for the plate
measured from the top of the cross-section, xp1 represents the position for the plastic neutral
axis measured from the top and ds represents the position of the rebars measured from the top.

X
O G e Oy ®

The mechanical load is distributed over four lines of nodal loads, with a spacing of 800 mm.
This load represents the live load (used as parameter). The dead load is included by means of
inertial effect (2800 N/m?). The composite slab is considered to be simply supported
(restraining the displacements in vertical and out-of-plane directions at the left support and
restraining all displacements in the right support). The lines of nodal forces were applied in
accordance to the experimental setup, see figure 8.
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Figure 8. Representation of the mechanical model.

The dead load was calculated based on the volume and density of each material, using the
inertial effect. The thermal load effect introduces the incremental time effect, using different
files with the corresponding temperature field for each time step.

The finite element model uses a full three-dimensional finite element mesh, by switching the
thermal SOLID70, SHELL131 and LINK33 finite element to the equivalent mechanical finite
element SOLID185, SHELL181 and LINK 180, see figure 9.

W YRR

VY,

Figure 9. The finite element mechanical model.

SOLID18S5 is a three-dimensional finite element defined by eight nodes, having three degrees
of freedom at each node (3 translations). This element uses linear interpolation functions and
full gauss integration. SHELL181 is a four-node element with six degrees of freedom at each
node (3 translations and 3 rotations). This element also uses linear interpolating functions for
in-plane with full integration scheme and linear interpolating functions in-thickness direction
with 3 integration points. LINK180 is a unidirectional finite element with 2 nodes and 3
degrees of freedom at each node (translations). This element is superposed to the concrete
nodes and uses 1 integration point.

The incremental solution, based on Newton Raphson method is used with a convergence
criterion defined by force and moment, for a tolerance value of 0.001 and a minimum
reference value of 1. The elastic-plastic analysis was also used, considering the non-linear
material properties of both materials, different thermal expansion between steel and concrete,
see figure 10, and using the non-linear geometric analysis.
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Figure 10. Mechanical properties for all materials.

The mechanical properties of the materials are temperature dependent and vary according to
the standards used for composite slabs [11], steel structures [13] and concrete structures [14].
The thermal expansion for each material was also considered in the model, due to the
existence of a very high temperature gradient through thickness. This gradient is responsible
for the existence of thermal bowing, increasing the rotation of the cross-section. The change
of thermal expansion with temperature, denoted as the coefficient of thermal expansion, is not
constant, especially for concrete. Due to shrinkage, the expansion of concrete stops at
elevated temperatures (beyond 650 °C). The expansion coefficient for steel has smaller

variation with temperature. Changes in the microstructure explain the plateau between 750
and 800°C.

6. RESULTS

The results of the three-dimensional numerical simulations are presented in this section,
resulting from the application of the preceding models. The thermal analysis presents the
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results obtained with perfect contact and with an air gap 1 mm thick between the steel deck
and the concrete topping. These thermal results are compared with experimental results. A
comparison of the fire resistance between the numerical, experimental and simple calculation
method results is also presented. The thermo-mechanical numerical results are also compared
with the experimental results. A parametric analysis was also developed to determine the

effect of the live load. A new proposal is presented for the fire resistance with respect to the
load bearing criterion (R).

6.1. Thermal results

Figure 11 illustrates the temperature development (numerical and experimental) at different
points as well as the average and maximum temperatures at the unexposed side of the slab.

Analyzing the results, it can be observed that the temperature development on the selected
points is quite similar between the experimental (EXPT) and the perfect contact model (NUM
0) at the first minutes of heating. Regarding the temperature development at point 2, the
model with the air gap (NUM 1 — 1 mm) presents good approximation to the experimental
results for temperatures over 100 °C. However, for the points 1 and 3, the perfect contact
model presents better agreement with measured temperatures at the last minutes of heating.
For the unexposed surface, the maximum and average temperature curves are very close for

all the models. In this case, better agreement with the experimental results can be noticed
using the model with the air gap.
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Figure 11. Comparison between numerical and experimental results. Point 1, 2 and 3 at distance 20, 74 and 123
mm from the top.

Table 2 presents the results obtained for the fire resistance (criterion “I”’) of the slab with
respect to the average temperature rise (t Ave) and the maximum temperature rise (ti Max) at

the unexposed surface. Obviously, for each model the lowest value between the two criteria
governs the fire resistance.
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Model NUM 0 | Model NUM 1 | EXPT result | EN 1994-1-2 result
ti Ave (min) 75.6 93.5 88.2
ts Max (min) 84.8 105.1 102.1

106.5

Table 2. Fire resistance for insulation condition: experimental, numerical and analytical results.

Assuming the experimental result as reference, it can be observed that the air gap model
slightly overestimated the fire resistance, with a relative error of 6%. A bigger
discrepancy is obtained using the perfect contact model, with a relative error of 14.3%.
The EN 1994-1-2 provisions overestimated the fire resistance, providing an unsafe result
with a relative error of 20.7%.

6.2. Mechanical results

In order to evaluate the fire resistance, the incremental and iterative solution is included. The
maximum displacement and the rate of the maximum displacement should be analysed.
Figure 12 represents the comparison between the experimental results and the numerical
results. The critical time was determined by the first to archive the limiting conditions
presented in EN1363-1[10].
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Figure 12. Analysis of the composite slab with a live load of 2.7 kN/m?.

The vertical displacement of the slab changes with time. The curvature of the slab starts
increasing rapidly and deflections increase accordingly. In a second stage, the deflection rate
decreases as thermal curvature increases less. Near the ultimate limit state, the deflection rate
increases again due to the plastic material behaviour.

For the mechanical analyses, it should be highlighted that the thermal load was determined
based on the perfect contact model between materials (NUM 0). That is, the effect of the air
gap between the steel deck and concrete was not taken into consideration. This fact results in
higher temperature values for the materials and explains the higher predicted values for the
vertical displacement of the numerical results.

Table 3 presents the comparison between the mechanical model with perfect contact and
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experimental results concerning the load bearing fire resistance.

Model NUM 0 | EXPT result
ti D (min) 78 97
ts dD/dt (min) | Not achieved | Not achieved

Table 3. Fire resistance for load bearing condition: experimental and numerical results.

The difference between both results can be explained by several factors, mainly by the
temperature field in each time step. Other parameters are also reported and are related with
several phenomena during the test (variation of the view factors, creation of the air gap effect
between the steel deck and concrete, restrain effect in the supports, direction of the applied
load during the test, among others).

A parametric analysis was also developed, in order to verify the effect of the live load on the
fire resistance. The load level, o, was determined by the ratio of the total load (live and dead)
by the plastic load at room temperature, proposed by the EN 1994-1-1 [16]. The load varied
from 1.0 kN/m? to 21.0 kN/m?

The fire resistance decreases with the load level, see figure 13. The critical temperatures of
the steel components were determined based on the fire resistance criteria. These values also
decrease with the load level. The fire resistance for load bearing criterion was exclusively
governed by the critical displacement value (D). The rate of displacement (dD/dt) did not
reach the critical value for load level values below 1=43%. For higher load levels, the critical
displacement rate becomes important, but never anticipates the time for the critical
displacement. The thermal gradient can be easily determined for each load level, being
approximately equal to 700 °C/123 mm in the vertical direction. This value seems to be
independent of the load level.
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a) Fire resistance. b) Critical temperature.

Figure 13. Fire resistance of the composite slab and critical temperature for the steel components.

The fire resistance was approximated with the minimum safety level, considering the results
of the new proposal bellow the line of the numerical results. The new formula is presented in
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equation 9.
t,=32.104 1, -2 )

In practice, rebars should be applied to composite slabs with steel deck in cases when the
required fire resistance time is higher than 30 minutes. When these elements are submitted to
fire exposure, the contribution of the steel deck to the load bearing resistance decreases
considerably, being part of this capacity transferred to the rebars.

7. CONCLUSIONS

This study presented the description of the thermal and mechanical three-dimensional finite
element models as well as its validation against experimental data. The fire resistance
according to the thermal insulation (I) and load bearing (R) criteria was determined and
compared to experimental data as well as EN 1994-1-2 provisions. With the objective of
simulating the effects of the debonding of the steel deck from concrete, an insulating layer (air
gap) with a constant thickness of 1 mm was introduced between the concrete and steel deck.
Regarding the experimental results for the temperature development, a plateau at about 100
°C (due to moisture evaporation) should be highlighted, resulting in a decrease in the rate of
temperature increase. The numerical results do not present this pronounced plateau possibly
because localized moisture concentrations in the test may be higher than the uniform moisture
content introduced in the model.

The fire resistance with respect to the thermal insulation criterion was governed by the
average temperature rise criterion for both thermal models (NUM 0 and NUM 1) as well as
for experimental results. The perfect contact model underestimates the fire resistance. In
general, the results obtained with the air gap model presented better agreement with
experimental results and satisfactorily simulated the debonding effect, reducing the
temperature rise at the selected points and unexposed side as well.

The EN 1994-1-2 provisions for the fire resistance according to thermal insulation criterion (I)
was on the unsafe side, that is, the calculated fire resistance was greater than the measured
one.

Using the perfect contact model (NUM 0), the fire resistance with respect to the load bearing
criterion was governed by the maximum displacement criterion. The numerical result
underestimated the fire resistance due to the higher temperature field achieved with this
model.

The fire resistance decreases with the load level and a new proposal is presented. More
numerical simulations are expected soon, which should be validated with other studies to
verify this first approaching formula.
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