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Preface

New digital evolution and transformation trends are enabling communication and
ubiquitous computing between global citizens, industry, organizations, networked
machines, and physical objects, providing a promising vision of the future integrating
the real world of knowledge agents and things with the virtual world of information.

The current reality and the future of computing and communications are supported
by a dynamic technological evolution in many fields, from wireless sensors and networks
to nanotechnology.

Due to its broad impact in many fields, it has rapidly gained global attention from
academia, governments, industry, and the general public. This change in the network of
agencies profoundly modifies the landscape of human activity, particularly as regards
knowledge acquisition and production, offering new possibilities but also challenges
that need to be explored and assessed.

This book contains a selection of papers accepted for presentation and discussion
at the International Conference on Advanced Research in Technologies, Information,
Innovation, and Sustainability (ARTIIS 2021).

ARTIIS is an international forum for researchers and practitioners to present and
discuss the most recent innovations, trends, results, experiences, and concerns from the
perspectives of technologies, information, innovation, and sustainability.

The first edition of ARTIIS was realized this year, and it was a success. We received
155 contributions from authors in 37 countries around the world. The acceptance rate
was 35.48%, with 53 regular papers and 2 short papers selected for presentation at the
conference.

This conference had the support of the CIST Research and Innovation Center of
Universidad Estatal Peninsula de Santa Elena, Ecuador, and the Algoritmi Research
Center of the University of Minho, Portugal. It was realized in a hybrid format, taking
place both taking place both online and in person at the Santa Elena Peninsula, Salinas,
Ecuador, during November 25-27, 2021.

The Program Committee was composed of a multidisciplinary group of more than
122 experts from 25 countries, with the responsibility of evaluating, in a ‘double-blind
review’ process, the chapters received for each of the main themes proposed for the
conference: Computing Solutions, Data Intelligence, Ethics, Security, and Privacy and
Sustainability.

e Computing Solutions addresses the development of applications and platforms
involving computing for some area of knowledge or society. It includes topics like
networks, pervasive computing, gamification, and software engineering.

e Data Intelligence focuses on data (e.g., text, images) acquisition and processing using
smart techniques or tools. It includes topics like computing intelligence, artificial
intelligence, data science, and computer vision.



vi Preface

e Ethics, Security, and Privacy considers a more strict and secure area of information
systems where the end-user is the main concern. Vulnerabilities, data privacy, and
cybersecurity are the main subjects of this topic.

e Sustainability explores a new type of computing which is more green, connected,
efficient, and sustainable. Topics like immersive technology, smart cities, and
sustainable infrastructure are part of this chapter.

The papers accepted are published in this volume in the Communications in Computer
and Information Science series (CCIS), which is indexed in DBLP, Google Scholar,
EI-Compendex, SCImago, and Scopus. CCIS volumes are also submitted for inclusion
in ISI Proceedings.

ARTIIS 2021 included several special sessions held in parallel with the conference.
These special sessions were as follows: ACMaSDA 2021 — Applications of Computa-
tional Mathematics to Simulation and Data Analysis; CICITE 2021 — Challenges and
the Impact of Communication and Information Technologies on Education; ISHMC
2021 — Intelligent Systems for Health and Medical Care; IWEBTM 2021 — Interna-
tional Workshop on Economics, Business, and Technology Management; IWET 2021 —
International Workshop on Electronic and Telecommunications; TechDiComM 2021 —
Technological Strategies on Digital Communication and Marketing; and RTNT 2021 —
Boost Tourism using New Technologies.

We acknowledge all of those who contributed to this book: authors, organizing chairs,
the steering committee, the Program Committee, special sessions chairs, and editors.
We deeply appreciate their involvement and support, which were crucial for the success
of the International Conference on Advanced Research in Technologies, Information,
Innovation, and Sustainability (ARTIIS 2021).

The success of this first edition gives us a lot of confidence to continue the work. So,
we hope to see you in the second edition in 2022.

November 2021 Teresa Guarda
Filipe Portela
Manuel Filipe Santos
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Computational Modeling of the Thermal Effects
on Composite Slabs Under Fire Conditions
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Abstract. This paper presents finite element thermal models to evaluate the ther-
mal behavior of composite slabs with steel deck, submitted to standard fire expo-
sure. Composite steel/concrete slabs are a mix of a reinforced concrete layer
with a profiled steel deck reinforced by steel bars between its ribs. The result-
ing transient and non-linear thermal problems are solved numerically with three-
dimensional multi-domain finite element models. The models were developed
for normal weight concrete and lightweight concrete, and for different steel deck
geometries (trapezoidal and re-entrant). The results of the numerical simulations
are used to present a new calculation method to determinate the temperatures on
the steel deck components and on the rebars and, consequently, to determine the
bending resistance of composite slabs under fire conditions.

Keywords: Nonlinear energy equation - Finite element method - Composite
slab - Standard fire - Fire rating

1 Introduction

Composite steel/concrete slabs are an alternative construction elements that ensure
some advantages to structures, such as the reduction of the self-weight of the structures
while speeding up the construction process. The slabs are composed by a profiled steel
deck which can be used as permanent formwork, and a reinforced concrete placed on
the top (see Fig. 1). The use of composite slabs in buildings has become very popular in
North America since 1960. However, due to the fact that there was insufficient informa-
tion regarding its structural safety, only after 1980 has become popular in Europe. The
slab’s overall depth usually varies between 100 to 170 mm. The thickness and geometry
of the steel deck depends on the producer of the profiles, and usually includes a zinc
coating on the exposed surface to resist corrosion [8].

(© Springer Nature Switzerland AG 2021

T. Guarda et al. (Eds.): ARTIIS 2021, CCIS 1485, pp. 497-511, 2021.
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Concrete

Anti-crack mesh

Steel deck
Rib Rebar

Embossments

Fig. 1. Composite slab with trapezoidal steel deck (adapted from [14]).

In addition to the corrosion problem, the composite slabs may suffer significant
damage when exposed to fire, since the steel elements which are responsible for ensur-
ing the slabs bending resistance capacity are significantly affected under fire conditions.
Therefore, it is necessary to perform a thermal analysis previously to the structural anal-
ysis, thus guaranteeing that this building element has the fire resistance according to
regulations and standards. The fire rating of this type of element is then determined by
standard fire tests, accounting for load-bearing (R), Integrity (E), and Thermal Insula-
tion (I). This means that for a composite slab to demonstrate the fire resistance in agree-
ment to the criteria established by the European standard EN 13501-2 [5], it must have
the capacity to prevent large deformation or rate of deformation whenever in service,
which means the load-bearing, it must also provide thermal insulation, thus limiting the
increase in temperature on the unexposed side. Finally, the slabs must keep fire in the
exposed side, preventing the passage of flames and hot gases through cracks or holes,
which comprises the Integrity criterion.

This work is concerned with the determination of the thermal behavior of com-
posite slabs under a standard ISO-834 fire [9], specially focused on the temperature
evolution on the components of steel deck (upper flange, web, lower flange), and the
rebars. An accurate and reliable estimation of the temperatures in these components is
required, especially to determine the load-bearing criterion, since these temperatures
directly influence the steel and concrete strength reduction factors and consequently the
bending resistance of the slabs.

Among several ways to determine the fire rating of a composite slab, the develop-
ment of experimental standard fire tests are the most expensive and time-consuming.
Alternatively, the Annex D of the EN 1994-1-2 [4] provides the guidelines for estimat-
ing the fire resistance based on the simplified calculation method, but this method is
based on studies that have been carried out a long time ago and are currently outdated.
The third method consists of simulating the experimental fire tests through finite ele-
ments. Computational simulations are of great importance in this field because this can
promote a reliable and realistic description of the physical phenomena.

The year of 1983 was very important to the dissemination of composite slabs as
an alternative and functional construction process. In this year, the European Conven-
tion for Constructional Steelwork ECCS [7], published the design rules for compos-
ite concrete slabs with a profiled steel deck, exposed to a standard fire. According to
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this document, the explicit fire design calculation for composite slabs is not required
when the fire requirements are smaller or equal than 30 min and for other fire rating
the calculation methods were based on conservative approximations for a safer design
procedure. This standard was developed to guarantee structural safety according to the
fire resistance classes established by ISO 834-1 [9] without the obligation to carry out
experimental tests. This document should only be applied if the composite slab was
safely designed for room temperature.

Hamerlinck was a pioneer in proposing mathematical models to estimate the fire
resistance of composite slabs. In 1990, he proposed a numerical calculation model that
includes thermal and mechanical models for the cross-section analysis and a structural
analysis model for composite slabs [8]. Later, in 1991, Hamerlinck [8] describes in
detail all the methods conducting numerical and experimental studies regarding the
thermal and mechanical behaviour of reinforced composite slabs under fire. Current
standards are still based on his work.

In the last years, an extensive range of thermal and structural models have been
developed in different finite element software to predict the structural behavior of steel-
concrete composite slabs under fire conditions. In 2018, Piloto et al. [18] analyzed
the fire resistance of composite concrete slabs with profiled steel deck, in this case
also reinforced by a steel mesh at the topside, including reinforcing bars between its
ribs. The key objective of this study was to develop two-dimensional numerical mod-
els using the Matlab and ANSYS softwares in order to evaluate the fire resistance of
different slab configurations according to the insulation criterion. For the development
of this research, the fire rating for insulation (I) criterion was evaluated using numeri-
cal and simple calculation methods, and then validated against experimental fire tests.
The results obtained by the authors allowed the demonstration of the fire resistance
(D increase with concrete thickness for both calculation methods. However, using the
numerical method, the simulation predicts a lower fire resistance (I) when compared to
fundamental standards, consequently ensuring more structural safety when using this
method. Therefore, a new and better approach was proposed, considering a quadratic
variation between the fire resistance and the effective thickness of the composite slab.
More recently, the same methodology was applied to different slab geometries under
the action of different types of standard fires in [14—17].

In 2021 Bolina et al. [1], determined the thermal behavior of composite steel-
concrete slabs exposed to a standard fire. The main objective of the work was to develop
a comparison of the temperature distribution in the cross-section through several meth-
ods: experimental, numerical, and analytical. The authors carried out eight full-scale fire
tests which were used to calibrate the numerical models developed using the ABAQUS
software. The numerical methods were compared with the analytical method provided
by Eurocode 1994-1.2 [4]. The authors noticed a convergence of the analytical method
with the numerical and experimental methods only for the steel deck, but not for the
concrete, the rebars (positive and negative), and the thermal insulation. Therefore, a
new analytical approach was developed to determine the temperature in the rebars and
new factors to evaluate the performance of the thermal insulation.

In the present work, aiming to optimize the analytical temperature calculation pre-
sented by the simplified calculation method provided in the Annex D of Eurocode
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1994 1-2, a parametric study was performed in order to analyze the thermal behav-
ior of composite slabs. The temperature distribution along slabs using normal weight
and lightweight concrete (NWC and LWC) was determined for four different types of
steel deck geometries, which were chosen to present two different geometric classes,
trapezoidal and re-entrant, using different concrete thickness over the steel deck 4.

Three-dimensional models are presented to simulate the thermal effects of standard
fire exposure on composite slabs. The reduce scale models where simulated with three
dimensional finite elements using the Matlab Partial Differential Equations Toolbox
(PDE Toolbox) [12]. The numerical models comprise different physical domains with
different thermal properties, corresponding to the components of the slab such as con-
crete, steel deck and rebars. In addition, to simulate the debonding effects, air-gap with
0.5 mm of constant thickness is included between the steel deck and concrete.

The heat transfer problem is solved numerically through the Finite Element Method
(FEM) with thermal models, already validated with experimental tests by Piloto et al.
[13,18], available in the Matlab PDE Toolbox. The temperature evolution on the steel
deck components and on the rebars is evaluated for all the four different composite slabs
with different concrete thickness /1, and subsequently the results are compared with
the simplified method provided in the Annex D of Eurocode 1994-1.2. Additionally, a
new formula based on the parametric results is proposed to analytically calculate the
temperature of slabs components.

2 Heat Transfer Problem

This section presents all the methodology necessary to develop the finite element ther-
mal model, which will be used to solve the nonlinear transient thermal problems. There-
fore, the heat transfer problem in this study has to be solved in the multi-domain body
corresponding to the composite slab under standard fire conditions. It is worth mention-
ing that the heat flux applied to the unexposed side depends on the ambient temperature
and the heat flux applied to the exposed side depends on the standard fire established
by the ISO-834 fire curve.

2.1 Physical Domains

The three-dimensional (3D) transient heat transfer problems will be solved on four dif-
ferent composite slabs with different geometries presented in Fig. 2. First, two compos-
ite slabs with trapezoidal geometry were selected: Confraplus 60 and Polydeck 59 s.
For this category, the following values were adopted for the A; thickness: 50, 70, 90,
110, and 125 mm. However, for other two slabs with re-entrant geometry (Multideck 50
and Bondek) the following thicknesses #; where used: 60, 70, 90, 110, and 125 mm.

The 3D models were developed in agreement with a realistic representation of the
composite slabs physical model. The geometry of the models consider the exact shape
of the surfaces from a representative volume of the slab. The cross-section which was
selected has the side edges delimited by the centroid of the upper flange and comprising
one rib. The length of the specimens is 250 mm (see Fig. 3).
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12—t 01

chnixx/]/vﬁ/ 2+

(a) Confraplus 60 geometric characteristics. (b) Polydeck 59S geometric characteristics.
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(c) Multideck 50 geometric characteristics. (d) Bondek geometric characteristics.

Fig. 2. Composite slabs geometric characteristics and dimensions [mm)].

The multi-domain developed comprises four sub-domains: the steel deck, the air-
gap, the concrete, and the rebar. Thus, the materials that compose the physical sub-
domains of the slabs are carbon steel (steel deck and rebars), the concrete (concrete
topping), and airgap (to simulate the debonding effect between the steel deck and con-
crete).

5\%1‘31 & f»\l{ E/(f

bl

(a) Slab Geometry. (b) Finite Element Mesh.

Fig. 3. Example of a modelled composite slabs specimen [mm].

Confraplus 60 is a trapezoidal model profile produced by ArcelorMittal. The colab-
orating steel deck is produced with S350 steel and the model with 1.25 mm of thick-
ness has been selected. The geometric characteristics are presented in the Fig.2(a).
The Polydeck 59S model is the second trapezoidal profile selected. The Polydeck 59S
model from ArcelorMittal, presented in Fig. 2(b) is made by a steel deck with S450 steel
and 1 mm of thickness. The re-entrant model presented in Fig. 2(c) is the Multideck 50
produced by Kingspan Structural Products. This product has a steel profile with steel
grade S450 and 1 mm of thickness. The second type of re-entrant slab studied is Bon-
dek, which is developed and produced by the Lysaght company. The deck consists of a
steel profile with grade S350 and the 1 mm thickness model was selected (see Fig. 2(d)).
These geometries have been selected based on the geometric difference and current use.

The heat transfer inside the models, through the discretization of the domain in
a finite element mesh as illustrated in Fig. 3, is exclusively made by conduction. The
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heat conduction inside the physical domain is mathematically modelled by the energy
conservation equation

p(1)Cy(T) 2F =V - ((T)VT), n
where T represents the temperature (°C), p(7T) is the specific mass (kg/m3), Cp(T) is
the specific heat (J/kgK), A (T) is the thermal conductivity (W/mK), 7 is the time (s) and
V = (0y,dy,d) is the gradient. Equation (1), is based on the heat flow balance, for the
infinitesimal material volume, in each spatial direction.

The thermal properties of the materials that compose the slabs are determined by the
Eurocodes [2—4] (steel and concretes) and by [6] (air), and are temperature dependent.
Therefore, the specific mass p(T), the specific heat Cp(T') and the thermal conductivity
A(T) vary with the temperature, introducing the non-linearity of the Eq. (1). Figure 4
describes the thermal properties of the four different types of materials that constitute
the studied composite slabs.
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Fig. 4. Thermal properties of composite slab components.

Once the heat flux on the fire exposed surface changes with time, the Eq. (1) is time-
dependent and holds a transient thermal state for the slab. So, in order to determine the
temperature field along the time, the solution of Eq.1 is required. Furthermore, for
the correct solution of the problem, it is necessary to apply the boundary conditions
according to the ISO-834 fire curve in the physical domain.
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2.2 Boundary Conditions

The boundary conditions are used in numerical simulations to solve the differential
equations intrinsic to the model. Therefore it is necessary to master the different natures
of heat transfer that act on the slabs, that is, the conduction, convection, and radiation.
In thermal analysis, the finite element mesh is generally used to model solids in which
conduction is the predominant heat transfer method, and the radiation and convection
are imposed through boundary conditions. The composite slabs are subjected to three
main boundary conditions comprising the exposed surface, the unexposed surface, and
the adiabatic surfaces. All of them follow the guidelines of Eurocode 1991-1.2 [4].

_9[W/m' K] 9 =20C
|
\ ] Upper Flang \¢
. = 25[W / m?K] Lower Flange Bbulk =150 — 834
& = 1.00
& & & & & & & &

Fig. 5. Boundary conditions.

The boundary conditions in the exposed side of the slab, comprise the heat transfer
by convection and radiation and are given by

A(T)VT. R = 0 (T —T) + ¢&nero (T —T*) (2)

where 77 is the unitary vector normal to the external face, ¢ is the view factor, o
is the convection coefficient, &, is the emissivity of the material, €7 is the emissivity
of fire, ¢ is the Stefan-Boltzmann constant and 7. is the gas temperature of the fire
compartment. In Eq. (2), the convection coefficient is ¢t = 25 W/m?K, the emissivity of
steel is €, = 0.7 and the fire emissivity is €7 = 1. This equation represents the amount of
energy (or the heat flow) that arrives to the steel deck by radiation and convection based
on the gas bulk temperature, which will be transferred though the slab by conduction.
The boundary conditions parameters are represented in Fig. 5.

The view factor (¢) is a term of great relevance in studying the thermal behavior
of structures exposed to fire, that quantifies the geometric relation between the surface
emitting radiation and the receiving surface. Thus, it is an adimensional parameter and
dependends on the rib surfaces orientations, and the distance between the radiative sur-
faces. The emissivity for the lower flange is 1 and the values for the web and upper
flange are usually smaller than 1.

The view factor has high variability due to complexity in its determination. For this
reason, to determine the view factor associated with web and upper flange of steel deck,
the Crossed-Strings Method, proposed by Hotell H. C. in 1950 [6], was used in this
study. Following this rule, Fig. 6 shows the parameters required for the approximation
of the view factor in composite slabs.
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Fig. 6. Geometric parameters used to determine view factors according to each slab profile.

The view factor of the lower flange is ¢ = 1, and the resulting equations for the
upper flange (¢up) and web (Pyen) view factors are presented in Egs. (3) and (4).

. \/h§+(l3+llglz)l:—\/h§+(11;12)z .

2 L-b 2 2 L—=b 2
h2+(T) +(l3+11712)7 h2+(l3+T)

¢W€b:
2 L=b 2
2 h2+(T>

The Eq. (5) presents the gas temperature of the fire compartment following the stan-
dard fire curve ISO-834 (T.. = Tiso) given by

Tiso =20+ 345log,, (8t + 1), )

“4)

where Tiso is given in °C and ¢ in minutes [9].

The top part of the composite slab (unexposed side) is also an important side to
determine the temperature evolution. After all, it will determine the heat transfer from
the slab to the above compartment allowing the calculation of the fire resistance with
respect to the insulation criterion. Following the Eurocode recommendations, the heat
effect on the unexposed side may be defined by the heat flux by convection, using 0. =9
W/m?K, to include the radiation effect [3]. The boundary condition in the upper surface
of the slab is given by Eq. (6),

A(T)VT. 7 =0, (T - T..) (6)

where T is the room temperature.
The other four surfaces of the slab (front, back, left and right) are considered insu-
lated, i.e., the boundary conditions applied to these faces are given by Eq. (7),

A(T)VT. 7 =0 (7)

Equation (7) which is based on the adiabatic condition, applied to the external lateral
surfaces of the slab.
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3 Numerical Solution Through Finite Element Method

In order to perform a thermal analysis on composite slabs, the Eq. (1) must be solved
through the FEM on 3D domain using Matlab PDE Toolbox. The generated thermal
models are composed of sub-domains corresponding to different materials with 3D
finite elements resulting from the discretization of the domain (see Fig. 3).

Equation (1) is solved by FEM based on the weak-form Galerkin model and the
minimum condition to the weighted residual method, thus leading to the energy matrix
formulae

C(T)T+K(T)T=F ®)

where C is the capacitance matrix, T is the vector of time derivatives of the tempera-
tures, K is the conductivity matrix and F is the vector of the thermal loads (for details
see, for instance, [10]). The vector of the thermal loads F includes the boundary condi-
tions. The solution of the first order non-linear system of ordinary differential equations
given by Eq. (8), considering T'(ty) = T and the boundary conditions, enables to deter-
mine the temperature at each node of the finite element mesh, illustrated in Fig. 3 (b),
over the time interval [f, f7].

3.1 Computational Solution with Matlab

The Matlab (R2019a) PDE Toolbox was used to develop and solve the nonlinear tran-
sient thermal analysis. The finite element model of the composite slab created with
Matlab uses only one type of finite element. The tetrahedral finite elements are defined
by four nodes and use linear interpolation functions. The finite element mesh is com-
posed by four different sub-domains: concrete, steel deck, rebar and air-gap. Thus, 3
different materials are used (concrete, steel and air). Additionally, two different types
of concrete are considered: NWC and LWC.

Regarding the finite element mesh size on the models, the maximum mesh edge
length varies according to each steel deck profile. Figure 3 (b) presents the finite ele-
ment mesh in one of the studied models, in which the element size was selected by a
convergence of results with the mesh refinement, which means the size of mesh ele-
ments was adjusted until the relative error in nodal temperature calculations has the
maximum value of 10~* in the worst scenario.

In Matlab PDE Toolbox the Eq. (8) is converted in

C(T)T =F(T) )

where F (T) = F — K(T). The solution of Eq. (9) is computed by the built-in function
ode15s [19]. The algorithm implemented in this function is based on the discretization
of the time derivative by numerical differentiation formulas (NDFs) of orders 1 to 5.
The order of accuracy of the solution can be explicitly controlled through the absolute
or relative tolerance parameters. In this work a value of 107 is set to the absolute
tolerance, and 1073 is set to the relative tolerance. In each time step, the non-linear
system of algebraic equation is solved through the Newton-Raphson method whose
stopping criterion can be monitored by means of the maximal number of iterations, set
to 25, and the residual tolerance, set to 10~ (for more details see [12]).
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4 Simplified Calculation Method and Numerical Results

A parametric study is conducted in order to investigate the influence of the concrete
thickness /; on the temperatures used to determine the fire resistance of compos-
ite slabs according to the load-bearing criterion (R). As already mentioned, the load-
bearing resistance depends on the temperatures in the steel deck components and rebar.
A simplified calculation method is proposed by the standard Eurocode 1994 1.2 [4].
But this model hasn’t been updated for a long time and needs to be revised. The pro-
posed methodology is based on solving numerically the thermal problem, presented in
the previous section, for different thicknesses of the concrete cover (4;) and compare
the results with the simplified method.

4.1 Simplified Calculation Method

The simplified calculation method used for the load-bearing criterion (R) presented in
Eurocode 1994 1.2 [4] can be applied to simply support composite slabs when exposed
to an ISO-834 standard fire [9]. In order to calculate the bending moment resistance
of the composite slab (sagging moment), the standard defines the temperature for each
steel deck component (upper flange, web and, lower flange) according to the formula

1 A
Ga:b0+b17+b2f+b3¢+b4¢2 (10)
3 r

and the rebar component 6, by the formula

QS:C()JrclﬂJrCzZJrC3éJrC406+C5l (11D
hy L, I3

where the temperatures 6, and 6; are given in [°C], the parameter ¢ is adimensional
and corresponds to the view factor of the steel deck component (upper flange only),
given by Eq.3, and the terms b; and c; refer to the coefficients given by Eurocode
1994 1.2 [4], which depends on the type of concrete used in the composite element and
changes according to the standard fire resistance that must be achieved. The component
u3 represents the distance from the rib centroid to the lower flange in [mm], the z-factor
represents the position of the rebar concerning the slab rib given in [mm~%], and the
term o corresponds to the angle formed between the web component of the steel deck
and the horizontal direction in degrees [°].

4.2 Numerical Results

A total of 40 numerical simulations were carried out, using an air-gap of 0.5 mm. This
air-gap value has been obtained through the previous calibration [13]. The computa-
tional simulations took into account /; values equal to 60, 70, 90, 110, and 125 mm for
the two trapezoidal geometries (see Figs.2 (a) and (b)), and equal to 50, 70, 90, 110,
and 125 mm for the two re-entrant geometries (see Figs. 2 (c) and (d)). All simulations
were done for NWC and LWC.
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Figure 7 and Fig.8 show the distribution of temperatures inside the slab after
120 min and the evolution of average temperatures, computed numerically (N), in the
three parts of the steel deck and in the rebar. For comparison, values calculated using
the simplified method (S), given by Eqs. 10 and 11 are also included. Additionally, the
Tiso given by Eq. 5 is also depicted in these figures.
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Fig.7. Polydeck 59S with NWC.
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Fig. 8. Multideck 50 with LWC.

Figure 7 shows the thermal behavior of the trapezoidal Polydeck 59S slab with 4 =
90 mm using NWC, and Fig. 8 presents the thermal behavior of the re-entrant Multideck
50 slab with #; = 90 mm using LWC. It is observable that, in general, the temperatures
predicted by the simplified model are below the numerical results. This is especially
true for the fire ratings of 30 and 60 min, in the case of the Multideck 50, and 60 min,
in the case of the Polideck 59S geometry.

4.3 New Calculation Proposal

Based on the simulation results, new coefficients b; and c; are proposed for the sim-
plified model. In addition, the original models, given by Egs. 10 and 11, are modified
by including a new term that depends on A, in order to take into account the effect
on temperatures of the thickness of the concrete topping. The thickness /; is explicitly
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included in the model multiplied by coefficient bs, in the case of the steel deck temper-
atures, and by cg, in the case of the rebar temperature. Thus, the new proposal for the
steel deck temperature is

1 A
Oa=bo+by ;- +b2 —+b3 ¢ +bs 0% +bs hy (12)
3 r
and for the rebar is
u A 1
65:c0+c1—3+C2erC3—+C4 oa—+cs —+cg hy. (13)
hy L, I3

The coefficients for these new proposal methods have been determined by fitting the
mathematical models, represented by Egs. 12 and 13, to the numerical results obtained
with the parametric study with 4, two different types of concrete and the four differ-
ent composite slab geometries. The coefficients were determined using the nonlinear
least-squares method. This method consists of minimizing the sum of the squared devi-
ations between the temperatures proposed by Eqgs. 12 or 13 and those obtained through
simulations. This sum was minimized using the Generalized Reduced Gradient (GRG)
nonlinear solver [11].

The resulting coefficients for the calculation of temperatures on the steel deck com-
ponents, through Eqgs. 12, are presented in Table 1. For the calculation of the tempera-
tures on the rebar, through Egs. 13, the proposed coefficients are presented in Table 2.
It is worth mentioning that additionally to the standard fire resistance ratings of 60, 90
and 120 min for NWC and 30, 60, 90 and 120 min for LWC, the new proposal also
comprises the coefficients for the fire rating of 45 min.

4.4 Comparing Results

In order to verify the differences between the Eurocode 1994-1.2 [4] for the simplified
method (S), the numeric results (N), and the new calculation proposal (P), compari-
son graphs were developed. Figure 9 a) establish this comparison for each steel deck
component and the rebars for NWC, while Fig. 9 b) plays the same role for LWC.
Comparing with the Eurocode proposal, the new proposal contributes to improve the
temperature estimation according to each fire resistance time. For both types of concrete
(NWC and LWC), the new proposal matches very well with the numerical results. It is
also possible to verify that the analytical method, proposed by the Eurocode, predicted
much lower temperatures than the numerical results, mainly for lowest fire ratings.



Computational Simulation of Composite Slabs under Fire Conditions 509

Table 1. New b; coefficients proposal for the steel deck components.

Concrete | Fire resist. | Flange | by by by bs by bs

NwWC 45 min Upper | 139.9655 620.7460 | 7.6958 | 1421.9882 | —1204.0686 | —0.0564
Web 404.1556 | —1623.2839 | 6.7521 | 1109.9125 | —1060.6480 | —0.0187
Lower | 860.8523 | —2427.8085 | 1.0349 | —40.2277 36.9805 | —0.0033
60 min Upper | 224.5881 | —2852.6026 | 10.8539 | 1428.8794 | —1312.5261 | —0.1046
Web 599.8829 | —13427.3660 | 17.2020 | 327.3531 | —522.0016 | —0.0346
Lower | 917.5108 | —3173.1570 | 2.0515| —47.7229 15.2644 | —0.0061
90 min Upper | 578.7070 | —18369.1630 | 22.9583 | 139.6578 | —322.2799 | —0.1799
Web 542.0284 633.9895 | 4.6194 | 1398.3091 | —1361.2018 | —0.0674
Lower | 982.2585 | —3077.4610 | 2.3687 3.3250 —52.4300 | —0.0166
120 min Upper | 691.0625 | —14595.5356 | 18.2749 | 212.0806 | —340.0106 | —0.2667
Web 666.1045 —416.2267 | 4.8378 | 1158.5088 | —1146.7154 | —0.1088
Lower | 955.4042 4109.1835 | —3.8674 | 492.9857 | —407.7782 | —0.0189

LWC 30 min Upper | 302.1644 | —5233.6445 | 10.9946 | 614.9448 | —529.2700 | —0.0111
Web 491.6762 | —3193.5831| 6.6500 | 522.4295| —491.2013 | —0.0003
Lower | 871.2783 | —4956.7858 | 3.0851 | —469.3452 438.6676 0.0006
45 min Upper | 388.5675 | —7171.2080 | 12.8469 | 755.4877 | —743.7176 | —0.0422
Web 486.1987 1073.6509 | 3.5221 | 1137.2531 | —1073.2821 | —0.0110
Lower | 868.1465 | —1328.8180 | 0.6831 22.4003 —24.4881 | —0.0005
60 min Upper | 389.9821 1149104 | 5.8948 | 1325.8176 | —1200.0499 | —0.0713
Web 632.6120 | —4880.4634 | 8.4873 | 662.5945 | —722.1706 | —0.0232
Lower | 904.4639 —277.6849 | —0.0679 | 115.2137 | —106.1585 | —0.0026
90 min Upper | 578.3817 —425.0477 | 4.8700 | 1042.2053 | —944.7059 | —0.1217
Web 629.7576 5806.3988 | —1.5116 | 1364.7899 | —1243.5193 | —0.0478
Lower | 986.6232 —834.2380 |  0.4527 39.8315 —44.2602 | —0.0070
120 min Upper | 686.5569 1931.2433 | 1.5912 | 994.6118 | —861.4596 | —0.1382
Web 820.5056 | —1457.3952 | 4.0784 | 632.9442 | —642.8140 | —0.0599
Lower | 1042.9854 | —1215.3431 | 0.8033 | —14.9962 2.3697 | —0.0108

Table 2. New c¢; coefficients proposal for the rebars.

Concrete | Fire resist. | ¢co cl [e3 3 cq cs c6

NWC 45 min 99.8233 | 100.1983 | 106.0042 | —11.8333 | 2.0660 | —3983.0834 | —0.0566
60 min —880.0008 | 923.7717 | 389.1767 | —30.6981 | 2.9630 | —5263.7252 | —0.1241
90 min 117.6928 | 961.6281 | —526.6992 28.0940 | 0.7423 | —5803.2055 | —0.3510
120 min —151.2236 | 834.6475 31.9477 —8.0649 | 2.2052 | —7000.3192 | —0.6032

LWC 30 min —496.7732 |  430.0693 | 326.4075| —25.8183|2.4637 | —3419.6974 | —0.0099
45 min —2463.4757 | 2829.0060 49.4180 —9.8686 | 2.0244 | —4509.8827 | —0.0558
60 min 317.3687 53.5299 | 179.5837 | —19.0716 | 2.4341 | —5491.2669 | —0.1346
90 min 528.3687 | —181.2998 | 395.2534 | —33.4968 | 2.9036 | —6393.0551 | —0.3148
120 min —373.7261 | —325.9842 | 1616.5151 | —112.2265 | 6.0518 | —7756.3731 | —0.4362
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Fig. 9. Temperature corresponding to different fire rating times.

5 Final Considerations

In this work, new and more realistic computational models were developed to rep-
resent the thermal behavior of composite slabs under standard fire conditions. The
results of the parametric analysis enable us to determine the temperatures for different
slab geometries and compare them with the ones provided by the simplified calcula-
tion method of Eurocode 1994-1.2. The new proposed model aimed to comprise some
effects that the current Eurocode neglects, such as the debonding effect between the
steel deck and concrete and the thickness of the concrete topping.

In order to optimize the analytical calculation proposal, a new calculation proposal
for determining the temperature in the steel deck components and the rebars based on
the numerical results is presented. The new formulation includes in the actual formula,
provided by the Eurocode, an additional term in order to include the effect of the con-
crete thickness. The new coefficients were determined by fitting the new proposal to the
numerical results by non-linear least-squares. The new proposal provide an improve-
ment of the temperature estimation that affects the reduction coefficients in all the slab
components and, consequently, an accurate estimation of the load-bearing resistance
criteria. The load-bearing resistance criteria will be based on the reduction coefficients
applied to yield strength of each component. Future work should include the moisture
effect in the thermal behaviour of the concrete and the mechanical effect of the airgap
on the load-bearing capacity.
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