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Abstract

Composite slabs with steel deck have been used on building construction due to its fast-and-easy crafting
that brings economic outstanding alternatives to architects and engineers on large-scale steel framed
constructions. At room temperatures and in Europe, the designing procedures of composite slabs are
defined by Eurocode 1994-1-1. When it comes to the fire safety analysis of these elements, the designing
procedure requires more attention due to the direct exposition of the steel deck to fire, affecting the
overall bending resistance. This importance is presented in Eurocode 1994-1-2, taking in consideration
the integrity, insulation and load-bearing criteria. In this work the thermal and mechanical behavior of
composite slabs with steel deck exposed to standard fire ISO 834 are studied through numerical
simulations using Finite-Element Method (FEM). The model was previously validated with one
experimental test from literature. The ANSYS Mechanical APDL software was used to develop a
parametric study, simulating four different geometries with different load levels, comprehending a total
of 126 thermal and mechanical simulations used to determine the correlation between load-level and
fire resistance. As result, a new simplified method is proposed for the load bearing fire resistance of
composite slabs, considering the effect of the effective thickness and the load level. The fire resistance
decreases with the load level and increases with the thickness of the concrete. A new proposal is

presented to determine the fire resistance, based on these two parameters. _
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Introduction

The building industry shows constant development and presents new technologies that
contributes to foster this construction sector. As required by fire engineering principles, the
constructions elements must provide the required level of safety. Since last decades, large and
tall building construction sector have been replacing the conventional concrete slabs by
composite slabs with steel deck. This solution brings faster, easier and cheaper slabs to large
scale buildings, given that the same steel deck is used as concrete formworks, working as a
composite layer element, as shown at Figure 1. The use of steel deck, as main positive bending
reinforcement component, allows the reduction of the amount of rebars usually applied within
traditional concrete slabs, but turns this reinforcement directly exposed to fire from bellow.

Aiming to guide the safety design and use of this technology, in 1983 the European
Convention for Constructional Steelwork (ECCS) published the first technical note for the
calculation of fire resistance of composite concrete slabs with profiled steel sheet [1], providing
geometry requirements as the slab minimum height, for example, based on the desired fire
resistance class to the element.

The classification of fire resistance of composite slabs might be done under experimental
tests, exposing the structure to a standard fire from below and evaluating it under Integrity (E),
Insulation (1) and Loadbearing (R) fire resistance criteria.
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One of the first experimental tests were developed by Thomson et al. [2] and Cooke et al.
[3], exploring the thermal and mechanical response of composite slabs with trapezoidal and re-
entrant geometries, recording complete descriptions of the experiments and noticing that such
standards showed up to be conservative.

During early 90’s the research on this topic increased, with increasing number of
experimental tests and the development of numerical models. In 1990, Hamerlinck and Stark
[4] developed experiments tests which were used on the validation of the finite-element models.
These models were able to predict with, good accuracy, the temperature and maximum
deflection of the slabs during the tests. Both [5] in 1996, also developed experimental tests and
numerical simulations, but additionally proposed simplified calculation models to determine
the fire resistance of composite slabs. This simplified calculation model was then assumed in
the European standard EN 1994-1-2 [6] and has been used to estimate the fire resistance of
composite slabs, when using the insulation criterion.

Since then, researchers tried to evaluate the accuracy and improve the current version of EN
1994-1-2. Also, different numerical models were developed, providing better agreement with
experimental test results, as demonstrated by Lim et al. [7] and Jiang et al. [8]. In 2019, Piloto
et al. [9] developed several 2D numerical simulations and experimental tests, aiming to evaluate
the fire performance of composite slabs under fire and validate the numerical model with air
gap effect. In 2020, Piloto et al. [10] developed 3D FEM models to simulate the existence of
an air gap between the steel deck and the concrete topping, concluding that the airgap effect is
fundamental to validate the numerical results. Based on the latter, a new formula was proposed
for the calculation of the fire resistance, depending on the effective thickness of the composite
slab and on the air gap thickness. Also, in 2020 Piloto et al. [11] developed the thermo-
mechanical 3D numerical model capable of simulating the response of a composite slab with
steel deck under fire, also validating this model with the experimental test developed by
Hamerlinck [4, 12, 13].

This investigation is in line with these previous studies and intends to verify the influence of
the load level in the fire resistance, when evaluated under the insulation and the loadbearing
criteria. Authors use the same software to develop a parametric analysis, using different steel
deck geometries and loading levels. Additional reference can be found regarding the numerical
validation [14].

Fire Resistance: Eurocode 4

The design of composite slabs with steel deck at room temperature and under fire resistance
conditions is defined by EN1994, parts 1.1 [15] and 1.2 [6], respectively. EN1994 part 1.2
provides the rules to design such composite elements within the fire safety criteria established
by the general requirements for fire resistance tests [16], considering three fire rating domains:
load bearing (R), integrity (E) and insulation (I). These fire ratings should agree with the fire
classification of construction products and building elements [17].

The integrity criterion (E) measures the capacity of the structure on preventing the passage
of hot gases or flames from the exposed to the unexposed surface of the slab [16] and it is
normally satisfied as long as (1) an (R) criteria are sustained, given that the steel deck acts as a
membrane-like to the composite slab. The current version of the standard used for determining
the fire resistance of composite slabs under standard fire [16] has been changing quite often, in
particular with respect to flexural loaded elements (R). For the insulation criterion (1) the
standard has been kept for long time.
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Figure 1. Layout of a trapezoidal composite slab with steel deck.

Insulation (1)

According to the European standard used for fire resistance tests [16], the insulation (1) criterion
is the slab’s ability of limit the temperature rise on the unexposed surface, below 180°C to the
maximum temperature or, below 140°C to the average temperature, relative to the initial
average temperature. The EN1994 part 1.2 [6], Annex D, specifies a simplified method to
estimate the fire resistance (ti) of unprotected composite slabs, considering the insulation
criterion. The Equation (1) must be used, taking in consideration the geometric characteristics
of the slab as shown in Figure2.
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Figure 2. (a) Geometry of the composite slabs; (b) View factors used for radiation.

Furthermore, dupper IS the view factor of the upper flange of the steel deck and the empirical
coefficients ai are concrete-density-type dependent, as shown on Table 1 (NWC — Normal
Weight Concrete, LWC- Low Weight Concrete). The view factor ¢ quantifies the geometric
relation between the surface emitting radiation and the surface receiving. It depends on the
distance between surfaces, as well as area and orientation.
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Table 1. Coefficients for estimating the fire resistance ti (EN 1994-1-2 [6]).
Concrete Type ay(min) a;(min/mm) a,(min) az(min/mm) a,(mm*min) as(min)

NWC -28.8 1.55 -12.60 0.33 -735 48.0
LWC -79.2 2.18 -2.44 0.56 -542 52.3

Three different average view factors may be considered for numerical simulation, assuming
three steel deck components: the upper flange view factor (¢upper) and the web view factor (dwen),
which can be estimated by Equation (3) and Equation (4), following the Hottel’s crossed-string
method, respectively. The lower flange view factor (¢iow), is usually considered equal to 1, when
considering it is directly exposure to fire.
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To find the fire resistance (ti) by numerical simulation, one needs to solve the second order
differential equation for energy. The finite element method can be used with the corresponding
boundary conditions, defined in EN1991-1.2 [18].

Load bearing (R)

The loadbearing criterion (R) measures the ability of the slab to support the load. This ability
is determined from the measurements of the maximum deflection (D) and rate of deflection
(dD/dt), following the definitions presented on Table 2, where L represents the clear span (mm)
and d represents the distance in the cross section, from the extreme fibre of the cold design
compression zone to the extreme fibre of the cold design tension zone.

Table 2. Definitions to find the load bearing capacity of bending elements.

Definition for limits Expression  Unity

LZ
Diim mm
200d
2
(dD/dt)im L mm/min
9000d

Failure to support the test load has deemed to have occurred when one of the fowling
conditions are verified:

Dmeasure = 1.5 Dlim (5)

Dmeasure > Dlim A dDmeasure/dtZ (dD/dt)lim (6)
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The EN1994 part 1.2, annex D, includes the prediction of the fire resistance with respect to
the load bearing criterion, based on the calculation of the sagging and hogging moment. This
method is based on the temperature prediction of all the four components of the composite slab
(lower flange, web, upper flange and rebar), considering different fire ratings.

Assuming the simply supported condition for the composite slab, the sagging moment should
be determined, according to Equation (7).

n=4 m=1
_ fy,i fc,j
Mfitrd = E Aj zi Ky g - + Oslab E Aj 7j Ke g — @)
= M, fi =1 M, fi,c

Based on each temperature component, the reduction coefficients (ky,,) for the yielding
stress (fy,) are determined, according to the behaviour of the steel components at elevated
temperatures [19]. Also, in this calculation model, the concrete section in compression must be
considered at ambient temperature, so strength-reduction coefficient K. ; is equal to unity. So,
to each fire rating, the plastic neutral axis is required to find the design moment resistance,
according to Equation 7, considering both loads: dead-load and living load.

Finite Element Model

The numerical models were developed with ANSYS Mechanical APDL, see Figure 3, keeping
uniform modelling procedures such as, mesh size, material properties and boundary conditions.
On this section these procedures are presented, including the numerical validation.

The dimension of the slab is 3.20 m long by 0.65 m wide. The slab is submitted to 4 lines of
loading zones.

Figure 3. Finite element mesh of Hamerlinck’s Test 2 experiment.
Thermal model

The thermal analysis comprises the simulation of the composite slab with standard fire from
below. The full 3D modelling of the composite slab with steel deck is depicted on Figure 3. The
simulation process requires the solution of a nonlinear transient thermal analysis, using 3D
finite elements (SHELL 131, SOLID 70 and LINK 33). This solution process is incremental
and iterative. The normal time step is 60 s, but can be reduced to 1 s. The convergence was
achieved with heat flow, using a tolerance value of 0.001. The finite element method (FEM)
requires the solution of Equation (8) in the domain and the definition of the boundary conditions
according to Equation (9) in the exposed and unexposed side of the slab.

aT
V()\(T)- VT) = p(T)- Cp(T).E (8)

Ay VT. B=ac(Tg = T) + ¢.ep. &.0. (Tg — TH) )
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whereas p(r) Is the specific mass of each material, T is the temperature of each material, Cpt)
is the specific heat, A is the thermal conductivity, ac IS the convection coefficient, Tq
represents the gas temperature of the fire compartment, em is the emissivity of each material, ¢
represents the emissivity of the fire, ¢ represents the Stefan-Boltzmann constant (5.67x10-8
W/m?2 K*) and ¢ is the view factor of the component.

The finite element SOLID70 was selected to model the concrete, which consists in a solid
hexahedron with 8-nodes, with a single degree of freedom (DOF) at each node. Linear
interpolating functions are used for this element and the full Gauss integration method is applied
(2x2x2). Rebars and steel mesh reinforcement were represented by linear LINK33 elements,
using two nodes and one DOF per node. This element uses exact integration method.

The finite element SHELL131 was selected to model the steel deck and the air gap. This
element is made by 4 nodes, with up to 32 DOF at each node, depending on the number of
layers used. This element uses linear interpolation between nodal temperatures and full
integration (2x2) in the plane of the shell and 3 integration points through the thickness.

For the parametric analysis, perfect contact is assumed between all the materials, using one
single layer for the element SHELL131 to represent the steel deck. On the other hand, for the
validation process, an alternative model is proposed, using an extra layer for the element
SHELL131 to simulate the air gap. This air gap is a result of the detachment of the steel deck
from the concrete topping, usually verified and reported by other researchers, such as [12, 20,
21]. Both the validation model and parametric models were exposed to standard fire ISO 834
[22], following the recommendations of convection coefficients on the exposed surface (0.c=25
W/m?2K) and unexposed surface (a:=9 W/m2K) [18]. General boundary conditions are presented
on Figure 4. Only convection is assumed in the unexposed surface, when assuming it contains
the effects of heat transfer by radiation.

Ton:1SO 834

Oc: 2-5 W/m2K Dy cl)i,,él gy
Aok & A K & A&
Figure 4. Boundary conditions on thermal simulations.
Mechanical model

The mechanical simulation requires changing element types, switching from thermal model to
mechanical model. Boundary conditions should also be updated. Therefore, the concrete is
simulated using SOLID185 and steel rebars and steel deck, are simulated with LINK180 and
SHELL181, respectively. All these elements present linear interpolation functions with full
integration schemes, except for LINK180 which includes exact integration. The supports were
applied directly on nodes, as well as forces, as depicted in Figure 3. The gravity force (9.81
m/s2) was considered to model the dead load, affecting all the materials in the entire model.

Numerical validation

To evaluate the accuracy of the finite element model, the numerical validation is based on
Hamerlinck’s experimental test 2 [12].The experiment considers a simply supported composite
slab (3.20 m long by 0.65 m wide), using PRINS PSV73 steel deck model with steel
reinforcement provided by 10 mm rebars at the lower section and 6//150 mm steel mesh placed
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20 mm beneath the top of the slab, as depicted on Figure 5. Also, normal weight concrete
(NWC) from C20/25 class is used, with 3.4% moisture content.
650 -
_—Q6//150 o

400 | 800 800 | 800 | 4007
| | 3200 | |
100 100

Figure 5. Geometry and loads used to validate Hamerlinck’s Test 2 experiment.

The finite element model is presented in Figure 3. An extra layer has been used for the air
gap effect, according to authors observation during the experimental test [12]. This extra layer
was used during the thermal analysis, with SHELL131, and removed during the mechanical
analysis. This additional layer introduces an average thermal resistance during the simulation
of the experimental test. Two different air gap thickness have been tested (0.5 mm and 1.0 mm).
The air gap model includes the simulation of heat flow by conduction, using the thermal
properties at 1 atm pressure, presented by Cengel and Ghajar [23]. The validation is presented
for the first analysis (thermal) and for the second analysis (mechanical). Figure 6 (a) presents
the temperature evolution in single reference nodes of the numerical model in comparison to
the experimental results, using the 0.5 mm airgap between steel sheet and concrete. Figure 6
(b) presents the comparation of vertical displacements and the rates of vertical displacement
between the same model and the results provided by Hamerlinck [12].

The results are also presented for the fire resistance, determined by insulation (1) and load
bearing (R): The results are presented for insulation in Table 3 and for load bearing in Table 4.

The air gap models show good approximation for the thermo-mechanical analysis, proving
the ability of the proposed finite element modelling technique to simulate the debonding effect
of the steel deck under fire.
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Figure 6. a) Temperatures, b) Displacement and rate of displacement at mid span of the slab.
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Table 3. Fire resistance for insulation (t;) of Test 2 composite slab.
Numerical models — thermal analysis

Insulation PCM AIR-GAP 0.5 AIR-GAP_1.0 E';'(gr;eig'e”ni';
Criteria (Perfect Contact (0.5mm air-gap (2.0mm air-gap results
Model) model) model)
ti ave 75.30 84.90 93.10 88.30
ti max 85.30 96.40 105.92 102.00
t; deviation -14.72% -3.85% +5.44% -
Table 4. Fire resistance for load bearing (t;) of Test 2 composite slab.
Numerical models — thermo-mechanical analysis Hamerlinck
Insulation PCM AIR-GAP_0.5 AIR-GAP_1.0 E -
- - . xperimental
Criteria (Perfect Contact (0.5mm air-gap (2.0mm air-gap results
Model) model) model)
trp 54.50 69.10 81.10 97.60
trprat Not achieved Not achieved Not achieved Not achieved
tr deviation -44.16% -20.20% -16.91% -

Parametric study

A parametric study is presented to capture the effect of the load level and effective thickness
on the fire resistance of composite slab with steel deck. The validation of the numerical model
was essential and used as base to develop different models of slabs, that differ from each other
on steel deck profile model, concrete topping height (h1) and loading level (), adding up to 120
simulations. The debonding effect was not included, because this effect depends on the
characteristic of the application.

Models

The parametric analysis uses a composite slab with steel deck with 1 m wide and 3 m long,
simply-supported, exposed to a standard fire ISO 834 [22] from below. Four different models
of steel deck are presented, 2 trapezoidal (T1 and T2) and 2 re-entrant (R1 and R2), see Table
5. On each slab, three S500-class rebars, @10 mm, are equally spaced through the slab cross
section at the height h, of each model and the additional S500-class steel mesh @6//150 mm is
placed 20 mm under the top surface of concrete. The NWC concrete from C20/25 class is
considered to fulfil the composite slabs with 3.00% moisture content. The steel grade for the
deck changes in accordance to each steel deck type.
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Table 5. Steel deck models used on the parametric study.
Thickness Concrete Steel Grade

ID Model Pupper Pues (mm) Class  Deck Rebars
Solideck ‘ 84 ‘ 126 |
olidec
T1 595 O\T‘\_/—\_/* 0.78 067 1.25 cl\;\(/)\gs 275 S500
(Brazil) 1 1 210 1
62_ - 106 __ 101 _
Cofraplus ‘ NWC
T2 60 ol 0.73 0.56 1.25 C20/25 S350 S500
(Poland) 7\ / \ /
- 207 -
Multideck - 150 _

g Ry vy
R1 (United y 0.14 0.09 1.00 C20/25 S450 S500
Kingdom) 49 15 [ 135 |

-

32
Bondeck Nliw 200 _W NWC
L. 187

-— -—

13

All the models were developed following the basic model proposed on Figure 7. Six different
thicknesses (h1=40...90mm) are considered and five different load levels (ni= 40...80%) are
used to study the effect of both parameters. The magnitude of the load applied is based on the
load bearing capacity, previously determined at room temperature. The load (q) was distributed
over the unexposed surface area, using nodal forces to guarantee a better load distribution
during simulations.

1000 1000

el
NI hz bl

dX=dY=0 dX=dY=dZ=0 1%

zZ
N EEEEER
Figure 7. Trapezoidal and re-entrant models of composite slabs used on the parametric study.

Figure 8 presents one example of the main results determined from the thermal and thermo-
mechanical analysis. The results are presented for a load level of 40% and for a concrete
thickness h1=80 mm, after 30 minutes of fire exposure.

The composite slab T2 presents the biggest displacement at mid span, while the composite
slab R2 presents the smallest transversal displacement. Both re-entrant composite slabs, R1 and
R2, present the lowest temperature in the unexposed side, which can be justified by the smallest
view factors for the upper flange and web of the steel deck if compared to the trapezoidal, T1
and T2, models. Therefore, it appears that the re-entrant slabs are providing better thermal and
mechanical performance after 30 minutes of fire exposure.



202 Santos et al.

S
-.104472 -.080433 -.056354 -.032355 -.008316

43,5124 200.895 358.28 515.664 673.048
122.204 279.588 436.972 594.356 751.74 092452 068413 044374 020335 003703

—
£7.6017 204.886 362.17 519.454 676.738
283.528

26.244 440.812 : 508.096 755.38 -.129708 -.100181 —-.070656 -.041131 -.011606

-.114343 -.085418 -.055893 -.026368 .003157

J—
-.083856 -.059655 -.035454 -.011252

e
28.6202 188.991 346.362 507.733 667,103 -.108058
7 587.418 746.78 -.095957 -.071756 -.047554 -.023353 .848E-02

109.306  268.676

N 0

T | E— S—
31.2088 191.723 352.237 512.751 673.264 -.0923898 -.071995 -.05109. 30183 -.008287

2 -.0
111.466 271.98 432.494 583.007 753.521 -.082447 -.061544 -.040841 -.019738 .001165

Figure 8. Temperaiture and displacement results after 30 minutes of fire exposure for both types of
trapezoidal and re-entrant models.
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Results

Based on the outputs of temperatures during the thermal simulations and deflections, at mid-
span of the slabs, during the thermo-mechanical simulations, a compilation of fire resistance
analysis (R) is presented, consider all the composite slabs. A new proposal is presented for the
calculation of the fire resistance, taking int consideration the effective thickness and the load
level.

Figure 9 shows the approximation surfaces generated by minimizing the difference between
the numerical results and the new proposal. The new proposed equations, Equation (10) to
Equation (13), are presented in Table 6. They were developed using the open source software
GNU Octave, with 30 scatter points each, based on quadratic approximations to the effective
thickness (heff) and the load level ().

The surface approximation is adjusted to keep the safety level for this element, when
estimating its fire resistance, guaranteeing that the real fire resistance of the composite slab
should be equal or greater than the calculated. The margin of error is 4 minutes to composite
slabs with T1, 13 minutes to slabs using T2 steel sheet profile, 11 minutes to the structures
composed with T2 steel deck profiles and 15 minutes to composite slabs with R2.

80

140

~ 20
40 80

. 60
140 50

# d) R2
c) R1

Figure 9. Comparison between the numerical results and the new proposal to determine the fire
resistance of the composite slabs under investigation.
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Table 6. New proposal for load bearing fire resistance.

ID Fire resistance (trda) calculation model

Tl  tgq = 89.29 — 37.61x107 2R, p — 73.28x107%n + 81.94x10 *h2. — 10.87x10 >h,fr. 7 + 91.82x10*7? (10)

T2  tpq = 276.47 — 31.42x10 *h,pp — 23.92x107 0 + 16.65x1073h2 - 4+ 40.59x10 *h, .7 + 10.77x107 392 (11)

Rl  tgq = 388.02— 39.01x10 A,y — 26.56x10 1 + 18.75x103hZ;, + 88.66x10 °h, .7 + 12.90x10°n2  (12)

R2  tpy = 135.97 — 65.23x10 °h,;; — 18.67x10 "0 + 24.33x107*hZ,, + 31.65x10 *h, ;.0 + 36.78x10 %>  (13)

Conclusions

This investigation presents the validation of a 3D finite element model used to determine the
fire resistance of composite slabs with steel deck. Temperature and displacements are
compared. The numerical results are in good agreement with experimental results, when
considering the air gap effect (debonding).

In order to evaluate and characterize the influence of the load level and the effective thickness
over the fire resistance of composite slabs, a parametric analysis was developed. The parameters
reflect the effect of the geometry, comparing slab models with different concrete topping
thickness, and also the direct effect of load level on a range from 40% to 80% of the load-
bearing capacity of each composite slab model.

All the models used in the parametric study consider perfect contact between the concrete
and the steel deck, consequently not considering the debonding effect as applied on the
validation model, due to the uncertainty of the detachment occurrence. This model (perfect
contact) also grants an extra fire safety level to the element.

Results show that the fire resistance is directly proportional to the effective thickness and
inversely proportional to the loading level of the slab.

Based on the parametric study results, a new proposal has been developed to determine the
fire resistance (R) of composite slabs with steel deck, according to the new quadratic proposals
for both parameters. These new proposals are conservative approximations, always below the
fire resistance of the numerical results.

Further works should also consider models with non-perfect contact between the concrete
and the steel deck, as presented in the validation model. This should also be complemented with
more experimental tests to validate the models and control with accuracy the debonding effect
between materials, in terms of time and air gap thickness.
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