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Abstract: Composite slabs with steel decking profiles are widely used in building construction.
However, the literature on the fire resistance of lightweight concrete (LWC) composite slabs with
steel decking is limited. In this work, the thermo-structural performance of LWC composite slabs
with trapezoidal steel decking was studied under fire conditions. A total of 12 experimental fire
tests were carried out using specimens of 160 mm thickness, 1120 mm width and 2030 mm length,
in which nine composite slabs were made of LWC and the remaining three slabs were made of
normal concrete (NC) to serve as a benchmark for comparison. All the samples were tested in a
furnace following EN 13381-5, applying the standardized time-temperature curve and constant
load. During the experimental tests, phenomena such as the vaporization of the free water inside
LWC, debonding between steel decking and concrete and changes in material properties affected
the thermo-structural performance of composite slabs. The test results show that the load-bearing
capacity of lighter slabs does not assure the minimum structural behavior of R30. However, the
lighter the concrete is, the lower the thermal transmittance, improving the slabs’ thermal perfor-
mance under fire conditions. Advanced nonlinear numerical models were developed to predict the
thermal and structural performance of the studied LWC composite slabs in terms of temperature
and time-displacement. The influences of key factors such as vaporization, thermal strains and
debonding were included using material properties and a thermal contact conductance interlayer.
Finally, the nonlinear models and the experimental results were compared. The difference between
the experimental and numerical values was less than 15%, showing that the numerical results were
in good agreement with the experimental results. The results of this study also compared the per-
formance of LWC composite slabs with the NC composite slabs, giving rise to interesting conclu-
sions from a practical point of view.

Keywords: lightweight concrete; composite slabs; fire resistance analysis; numerical simulation;
FEM

1. Introduction

Buildings have a high impact on the environment and human health. Many studies,
using LCA, have emphasized the beneficial environmental and economic impact of com-
posite floor systems [1]. Furthermore, the current trend in the construction industry is to
use lightweight solutions that facilitate a proper life cycle of materials [2]. To improve
sustainability in the construction field, it is essential to reduce resource consumption, min-
imize environmental damage, diminish waste, reduce energy loss, and increase renewa-
ble energy use [3].

Composite slabs with steel decking profiles are widely used in building construction.
These structural elements provide significant benefits such as speed of construction,
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weight reduction, stability, and sustainability. These systems take advantage of the com-
pressive strength of concrete and the tensile strength of steel decking profiles. Thus, they
guarantee satisfactory serviceability performance and strength requirements for commer-
cial and residential buildings [4]. Concrete is usually reinforced to control the effects of
shrinkage and to distribute the effect of concentrated loads. Reinforcement also increases
the sagging moment capacity that helps to meet fire requirements [5]. Possible alternative
solutions to traditional reinforcement are steel, polymer or glass fibers. The use of fibers
reduces the formation of cracks caused by shrinkage and improves the tensile strength of
concrete as well as its fire resistance [6].

LWC is a sustainable material with great benefits due to the significant reduction in
self-weight compared to NC [7]. Many studies have been conducted to examine the struc-
tural performance of trapezoidal steel decking using LWC instead of NC at ambient tem-
peratures [8-10]. Since LWC is a product of high-temperature sintering, which results in
more internal holes inside the aggregate, it has good thermal stability, low thermal con-
ductivity, and low thermal expansion coefficient [11]. Therefore, the LWC should have a
better fire resistance performance than NC and thus the study of the fire resistance of LWC
composite slabs is highly essential. However, few studies are currently available on the
structural behavior of LWC composite slabs in fire [12].

The complex behavior of composite slabs under fire conditions and the high cost and
time required in laboratory tests make numerical methods an interesting way to analyze
this kind of problem. In the last decade, the use of FEM has been implemented to reveal
the behavior of any structural element in a fire situation. The main challenges in a thermal
numerical analysis are related to the heat transfer within the concrete slab. It is therefore
necessary to properly define the variation of thermal properties of the concrete with tem-
perature, the thermal contact between the steel decking and the concrete, and the effect of
moisture transport [13].

Lamont [14] carried out parametric studies to investigate the most important factors
affecting the temperature distribution within a slab. The results showed that the thermal
conductivity of the concrete, the moisture content, and the convection value on the fire-
exposed side were the most influential parameters. However, steel decking was not con-
sidered and aspects such as its geometry or the emissivity of the steel were not taken into
account. Pantousa [15] simplified the thermo-mechanical model of composite slabs by
sharing nodes between the steel decking and the concrete, assuming a continuity of tem-
perature at the interface. Recent works emphasize the significance of development ther-
mal analysis to address these problems. In 2017, Jian Jiang et al. [16], from the NIST, per-
formed a numerical study based on detailed and reduced-order models of heat transfer in
composite slabs. In addition, a parametric study using the detailed model was conducted
to evaluate the effect of some parameters on temperature such as thermal boundary con-
ditions, thermal properties of materials, and slab geometry. The temperature-dependent
emissivity was also considered. The results of the proposed model for emissivity showed
better agreement with experimental results than those calculated from the standard EN
1994-1-2 [17], hereafter referred to as Eurocode 4. Paulo et al. [18] developed and validated
3D finite element models to evaluate the thermal performance of composite slabs. This
study included an air gap between the steel decking and the concrete to simulate the ther-
mal effects on the slabs induced by the debonding between the steel decking and the con-
crete.

With regard to structural analysis, the main challenges include modelling the effects
of material and geometric nonlinearities produced by the temperature. In addition, during
fire exposure, the difference between the thermal expansion of steel and concrete causes
debonding. Previous research works mention this phenomenon, which increases the ther-
mal resistance in the interface between steel decking and concrete due to the air gap [18-
20]. Most of the existing works define a thin layer between steel decking and concrete and
assign thermal properties similar to air [21,22]. Piloto et al. [23,24] proposed new advanced
3D calculation models capable of simulating the debonding effect of steel decking from
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concrete topping. The models consider the existence of an air gap between these materials,
acting as a thermal resistance on the temperature field through the thickness of the slab.
The numerical results show a good approximation to the experimental results.

However, when a simultaneous solving of the heat transfer and stress analysis prob-
lems is required, it is not possible to ignore the mechanical performance of the contact
between the steel decking and the concrete. This procedure causes non-realistic behavior,
and nonlinear contact must be considered in the thermo-structural analysis [23].

The original contribution of this work is to experimentally validate a nonlinear finite-
element modelling approach for thermo-structural analysis of LWC composite slabs in
fire. In addition, the debonding effect between the steel decking and the concrete is con-
sidered. To simulate (debonding effect) the thermal gap conductance, a numerical model
is developed, taking into account the effect of the temperature on thermal resistance at the
contact interface. To validate this model, four types of concrete (three LWC and one NC)
are cast in profile steel decking to manufacture pre-cast composite slabs. These composite
slabs are tested in a furnace, applying a constant load and following the standards EN
13381-5 [25] and EN 1363-1 [26]. The main differences between LWC and NC composite
slabs are also explained. The main objectives of this study include (a) examining the fire
resistance of composite slabs made of steel decking profile and LWC, (b) developing
thermo-structural numerical models, and (c) comparing experimentally validated ad-
vanced numerical models.

2. Experimental Study

This section describes the experimental studies conducted on twelve fire-unprotected
composite slabs with identical profiled steel decking. Four types of concrete were studied:
NC and three structurally different LWCs (LWC-1, LWC-2 and LWC-3). Three fire-tests
were performed for each type of concrete. The geometry of the slab is first reported, fol-
lowed by the properties of the materials. Then, the test procedure is described and finally
the results are reported.

2.1. Description of the Slab Types

The same steel decking profile of 1 mm with embossments and three types of LWC
as well as one type of NC, reinforced with polyolefin fibers, were used to manufacture
unprotected composite slabs. A cross section of the composite slab profile is shown in
Figure 1. In the upper part of the slabs, a reinforcement mesh with steel bars of 2 mm in
diameter was used to minimize shrinkage cracks in the concrete. The profile steel decking
has a total width of 1120 mm and 2030 mm length. The webs are inclined at a 71° angle
and have several embossments to guarantee a good connection between the deck and the
concrete. The shape of the profiles is shown in Figure 1.

CONCRETE SHRINKAGE

REINFORCEMENT
|

TRAPEZOIDAL : L *
STEEL DECKING 1 178 116 124 169 61

- 160

(b)

Figure 1. Steel decking profile (dimensions in mm): (a) Trapezoidal steel decking in the composite
slab. (b) Composite slab cross section.
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Steel decking is made of cold-rolled steel. To study the mechanical properties of steel
decking, three steel specimens were taken from the same batch of materials during the
fabrication. Tensile tests following ISO 6892-1 [27] were carried out on these specimens
and the averaged results are shown in Table 1.

Table 1. Properties of steel decking.

Elastic Modulus (MPa) Young’'s Modulus (GPa) Poisson Coefficient
Average value 271 208 0.31
Standard Deviation 3.51 2 0

Three types of LWC and one NC were manufactured for designing concrete slabs
with compressive strength between 25 to 37 MPa. Portland cement (CEM II/A-V 42.5),
siliceous aggregates, two sizes of expanded clay, water, and polyolefin fibers were used
to manufacture concrete samples. In addition, siliceous aggregates with a diameter of 0-2
mm, ECF with diameters of 1-5 mm and a density of 430 kg/m?, and ECC with diameters
of 2-10 mm and a density of 350 kg/m? were used to manufacture the LWCs. In order to
avoid shrinkage cracking, polyolefin fibers 48 mm in length and with a density of 910
kg/m? were used. The mixing proportions used for the manufactured LWCs are shown in
Table 2.

Table 2. Mixing proportions of lightweight concretes in mass fractions.

Mixing Compositions Constituents
ECF (%) ECC (%)  Siliceous Aggregate 0/2 (%) Cement 42.5R (%) Water (%)
LWC-1 5.85 6.05 40.42 32.14 15.54
LWC-2 5.89 411 44.68 30.55 14.77
LWC-3 391 4.50 4444 31.79 15.36

To achieve the compressive strength and elastic modulus of concrete, three cylinders
of @100 mm x 200 mm for each concrete were cast and cured for 28 days. The average bulk
density, compressive strength, and the elastic modulus of concrete are shown in Table 3.
The modulus of elasticity was determined according to EN 12390 [28], while compressive
strength follows UNE 83507 [29].

The thermal conductivity and specific heat of each LWC were measured in previous
experimental studies [11]. The values at ambient temperature of thermal conductivity and
specific heat are shown in Table 3.

Table 3. Material properties of concrete.

Type Bulk Density Compression Strength Strength Class Young’'s Modulus (;rjlcet:::::; (Ck(:;, Specific Heat
(kg/m?3) (fek, MPa) (GPa) W/m-K) (J/kgK)
LWC-1 1740 25.60 LC 25/28 207 1.65 950
LWC-2 1819 28.59 LC 25/28 216 1.73 840
LWC-3 1906 30.22 LC 30/33 272 1.51 850
NC 2350 36.97 C 30/37 457 2.52 900

2.2. Testing Procedure

All the composite slabs were tested with 640 days of age, and moisture was measured
using a non-destructive concrete moisture meter CM 1700, with a content ranging from 6
to 10%. The fire tests were conducted in the furnace of the University of Oviedo [12]. The
horizontal dimensions of the furnace are 1.20 m wide and 2.60 m long. The furnace was
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heated with three burners, which are fueled by light oil and operate with two-stage oper-
ation. The furnace temperature was measured with four K-type plate thermocouples
placed inside the furnace. The readings of the thermocouples were used to adjust the tem-
perature in the furnace to the ISO-834 standard fire curve [30]. The ambient temperature
was close to 20 °C at the beginning of the fire resistance tests. More details of the static
scheme and boundary conditions of the experimental procedure can be found in [12].

Before the fire exposure, the slabs were subjected to a designed 3-point bending test
(see Figure 2c) for 15 min following EN 13381-5. Designed testing load was set corre-
sponding to 60% of the maximum ambient bending strength. Previous experimental stud-
ies for this specific type of composite slab at ambient temperature were conducted to pro-
vide reference load carrying capacity [12]. Afterward, the furnace fire was ignited and
controlled following the ISO-834 curve until the failure of composite slabs.

Zone A Zone B
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380 170 630 300170 550 EnelC
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Figure 2. Details of the fire tests: (a) Top view of the slab and arrangement of thermocouples (units:
mm). (b) Cross section of the slab (units: mm). (c) Test setup.

The temperature distribution in each slab was measured using sixteen K-type ther-
mocouples (see Figure 2). Four of the thermocouples (1A-2B-3A-4B) were used to monitor
the non-exposed surface temperature (see Figure 2). These thermocouples were used to
verify the insulation criterion specified in Eurocode 4. The other twelve thermocouples,
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placed in groups of three (C: 7-10-14; D: 6-11-15; E: 8-9-13; F: 5-12-16), measured the tem-
perature within the slab at different depths.

Thermocouples in zone C at a depth of 160 mm were placed in contact with the steel
decking (see Figure 2). Likewise, thermocouples in zone D were placed in contact with the
steel decking at the thinner part of the slab, at a depth of 100 mm (see Figure 2). Zone E
and zone F measured the evolution of temperature within the concrete at a depth of 100
and 40 mm, respectively (see Figure 2). Two LVDTs were also placed on the top side at
mid-span of the slab to obtain its maximum deflection, as shown in Figure 2.

2.3. Experimental Results

In this section, the main results of the thermal and structural tests are presented. Eu-
rocode 4 evaluates the fire resistance of a composite slab using the following criteria: R, E
and I. The R criterion is related to time in minutes for which an element can withstand a
load during a fire. The E criterion is the time that an element prevents fire as well as smoke
from going through it. Finally, the I criterion limits the temperature rise on the unexposed
side.

The tests were finished when failure occurred. This was defined as the time when
either: (a) it became inadvisable to allow slab deflection to develop further, due to the
appearance of full-depth cracks; or (b) there was a significant drop in the mechanical re-
sistance, and the hydraulic jack could no longer maintain the load level (exceed load-bear-
ing capacity criterion, L/30 = 61 mm). The load-bearing capacity (R30) is fulfilled when a
sample supports the load under fire conditions for 30 min, the minimum time established
in the Eurocode 4.

2.3.1. Thermal Results

The influence of the thickness on the thermal performance of composite slabs was
studied using two different zones: the thicker (zone A) and the thinner (zone B) parts. The
temperatures measured at the thicker part and the thinner part are lower than the maxi-
mum increment of temperature on the non-exposed surface specified in Eurocode 4 to
satisfy the insulation criterion. This criterion is considered not to be met if the unexposed
surface temperature rise exceeds 140 °C on average or the maximum temperature exceeds
180 °C. All samples tested were below that temperature (see Figure 3).
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Figure 3. Average temperature at zones A and B (non-exposed side of the slab).
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The temperature on the exposed surface was measured in the trapezoidal steel deck-
ing, zones C and D (see Figure 2). The values obtained in these zones are much lower than
the furnace temperature due to the heat sink effect of concrete slab above the steel decking
and the vaporization of the free water in the interface between the steel and the concrete.
The thermocouples placed at the steel decking reached 100 °C at 300 s after the beginning
of the fire test. Figure 4 shows average temperatures at zones C and D for the four types
of concrete studied. The differences in temperature in the steel decking between zones C
and D are negligible.

330
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Figure 4. Average temperature at zones C and D (steel decking).

Heat transfer in composite slabs with trapezoidal steel decking is not constant and
depends on different factors, such as the angle of inclination of the steel decking [31]. The
lower flange temperature was governed by the heat transfer through it. The web and up-
per flange of the decking have a slightly lower temperature than the lower flange due to
the shielding effect of the rib. Because of the large heat capacity of the concrete, the tem-
perature increase within the concrete slab is slow. The heat flux in zone E depends, there-
fore, on the normal flux gradient at the lower flange and on the normal flux gradient at
the web. However, the heat flux in zone F depends only on the normal gradient in the
upper flange. Therefore, temperatures in zone E are higher than those measured in zone
E. The average temperatures measured in the concrete, in zone E (solid lines) and in zone
F (dashed lines), are shown in Figure 5. The average temperature in zone E was obtained
from thermocouples 8E-9E-13E (see Figure 2). The average temperature in zone F was
obtained from thermocouples 5F-12F-16F (see Figure 2). The highest thermal conductivity
of NC and LWC-2 causes higher temperatures at the end of the test in zone E. However,
in zone F, NC reaches the highest value at the end of the test.
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Figure 5. Average temperature within concrete at zones E and F (cross section of the slab).

Figure 6a shows debonding between the steel decking and concrete slab after the test.
This phenomenon occurs because steel and concrete have different thermal expansion
rates at the same temperature. Debonding introduces a gap between the two elements,
where water and vapor accumulate, affecting the heat transfer in the composite slab and
reducing the rate of temperature rise at the bottom of the slab. A puddle of water driven

out toward the top of the floor specimen was observed (see Figure 6b).

()

Figure 6. Fire test phenomena of composite slabs: (a) Debonding of the steel decking. (b) Water at

the top of the slab. (¢) Crack pattern (unit: mm).
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2.3.2. Mechanical Results

In all the tests carried out, deflection was measured over the fire test to ascertain how
the temperature affects its value. When the load is applied, the central area withstands the
greatest bending moment and consequently the maximum deflection. This means that
cracks begin to appear in this area, becoming shorter in the supports. The cracks are dis-
tanced from each other, in a range of 100 to 180 mm, as shown in the Figure 6c.

The average vertical deflection for the four slabs is shown in Figure 7. The deflection
measured for each type of composite slab is very similar. In all four cases, the deflection
rises steeply for the first 50 s. Then, the increase drops off until 300 s, when it picks up
again as shown in Figure 7. These marginal changes in the slope are related to the debond-
ing process and crack growth. After 300 s, there is a continuous increase of deflection until
the end of the tests. It is observed that the behavior of the lighter slabs (LWC-1 and LWC-
2) is almost identical until 900 s. LWC-3 and NC also have similar structural behavior until
1300 s. The tests for LWC-1, LIWC-2 and NC ended because the deflection exceeded the
load-bearing capacity criterion (61 mm). After 1800 s, only LWC-3 and NC had a deflec-
tion lower than 61 mm.

65
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Figure 7. Comparative mechanical behavior of composite slabs studied.

3. Thermo-Structural Numerical Model

A 3D nonlinear FEM model was developed to carry out the numerical simulation for
the performance of composite slabs under fire conditions. The coupled numerical model-
ling of the fire behavior of the composite slabs included two stages. Firstly, a transient
thermal model was developed to obtain the temperatures of steel decking and concrete
slab under standard fire conditions. Secondly, the temperatures of each body were used
as input data for the structural model. Finally, the FEM model was validated against the
test results, in terms of thermal and structural responses and failure modes.

Symmetry conditions were applied in X and Z directions in order to reduce both the
size of the FEM model and the computational cost. The geometry in these simulations is
a 16th of the total slab, as shown in Figure 8. In the experimental tests, the embossments
of the steel decking increase the adhesion between steel and concrete. In the numerical
models, the geometric modelling of the embossments made convergence difficult and in-
creased the computational cost. Therefore, flat steel decking was used in this study to re-
duce the computational cost of the numerical model.
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For this FEM analysis, an Intel Xeon Gold 6230 CPU with 256 GB RAM memory with
80 cores was used. The total CPU time was about 41 min for the thermal model and 30
min for each structural model.

Thick part | |Thin part|

CONCRETE

/ Y
\Upper flange
/ \steel decking
1 \Web steel

decking

Lower flange
steel decking

Figure 8. Geometry of the FEM model.

3.1. Nonlinear Thermal FEM Model

To simulate thermal conduction in transient 3D thermal analysis, the profile steel
decking was modelled with a 4-node shell heat transfer element (SHELL131) and the con-
crete slab was modelled with a 20-node solid heat transfer element (SOLID90) from the
ANSYS software library [32]. The proposed numerical model took into account the non-
linear thermal contact between the steel decking and the concrete slabs, using surface-to-
surface contact elements (TARGE170 and CONTA174) [32]. The mesh density was con-
trolled to have a maximum element size of 5 cm with a uniform mesh. The thermal model
had 86,094 nodes and 20,597 elements. The average element quality and the average or-
thogonal quality of the thermal FEM model were 0.9883 and 0.9928, respectively. The nu-
merical model took into account the temperature-dependent thermal properties of all the
materials. Nonlinear thermal properties of LWC, such as thermal conductivity and spe-
cific heat, were defined using the following procedures and experimental tests. Thermal
conductivity of LWCs at ambient temperature was experimentally measured, as indicated
in Table 2. Based on the Eurocode 4, nonlinear thermal conductivity was obtained using
the following Equation (1).

0c
—_— 20 <6, <800°C
1100 - c- 1)

k(8,) = 0.5 6, > 800 °C

k(6c) = kagec =

Heat transfer in porous LWC is greatly influenced by the moisture content [33].
Movement of water within the concrete is accompanied by significant energy transfer.
This is associated with the latent heat of water and the heats of hydration and dehydra-
tion. It is known that the temperature increases at a slower rate above 100 °C. This effect
is more significant for higher values of moisture content, constituting latent heat due to a
vaporization process that consumes a lot of heat [11]. Thus, it leads to longer delays in the
temperature rise within the concrete, and a plateau in the temperature history becomes
evident for the moisture content of 7% or higher. After most of the moisture has evapo-
rated (at temperatures exceeding about 150 °C), the temperature in the concrete rises more
rapidly. This nonlinear effect of moisture vaporization is taken into account, modifying
the specific heat in the range of 90 °C to 250 °C, following Equation (2).
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ce(6,) = 0.84 k] /kgK 20 <6, <90°C
ce(6,) = 5 kJ/kgK 90 < 6, < 250 °C @)
ce(6,) = 0.84 kJ/kgK 250 °C < 6,

Finally, temperature-dependent thermal properties in steel and NC such as specific
heat and thermal conductivity are obtained from chapter 3 of Eurocode 4. It should be
noted that the upper limit specified in Eurocode 4 is used for thermal conductivity of NC.
Figure 9 shows the nonlinear thermal properties, both thermal conductivity and specific
heat, for the three LWCs and NC.

N
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Figure 9. Thermal properties of LWC and NC: (a) thermal conductivity, and (b) specific heat.

Steel-Concrete Interaction

Debonding between the steel decking and the concrete slab was experimentally ob-
served, as shown in Figure 6. This phenomenon caused a decrease in contact area at the
interface and an increased resistance to heat flow. To take into account the increasing gap
between steel decking and concrete, the thermal resistance at the contact interface was
modified using APDL programming. APDL is a scripting language that is used to perform
operations and parametric design analyses. Convective heat transfer occurs through the
air gap, whereas conductive heat transfer occurs through metal contact points. If radiation
heat transfer is neglected, the conductive heat transfer between two contacting surfaces is
defined in Equation (3).

Qcc = ke - (GC,T - 9c,c) 3)

Heat transfer at the interface between steel decking and concrete depends on two
main parameters: the contact between materials and the gap [34]. Some researchers have
suggested different constant values for kcc. Based on sensitivity analysis, Espinos et al.
[35] suggested that kcc can be taken as a constant value of 200 W/m?K, while a different
value of 38.1 W/m?K was used by Tao et al. [36]. However, the heat transfer at the interface
between steel decking and concrete is expected to increase. Therefore, that increase in the
gap alters its rtheology, and kcc values should not be considered constant.

A parametric study was used to optimize kcc values. Several alternative methods
were considered in an effort to better capture the heat input through the interface. The
first option was to keep kcc constant and modify its value in order to provide additional
heat input. However, following the recommendations of previous studies [19,33] that ex-
amined the influence of temperature in kcc, the most effective approach was found to be
through its modification as a function of temperature. In this research, the nonlinear con-
ductance value, kcc, was defined as a function of temperature in the steel decking, as
shown in Table 4. These values were introduced using APDL in all contact surfaces. It
should be noted that the current model for calculating kcc is based on the best fit to test
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results of composite LWC slabs. More work is required to measure kcc for composite LWC
slabs with various parameters and to further evaluate the current model.

Table 4. Relationship between ambient temperature and kcc values.

Temperature (°C) kcc (W/m2 K)
20 10
604.5 10
607 15
673.7 15
675.2 20
827.1 20

3.2. Nonlinear Structural FE Model

The numerical structural solution requires non-linear material behavior, as the values
of mechanical properties of concrete and steel depend on temperature. The results from
the nonlinear heat transfer analysis consisted of the temperature—time curves for all the
nodes within the three-dimensional model, which were subsequently applied as thermal
loading to the mechanical model. Different mesh controls were used to ensure a regular
mesh. After thermal analysis, thermal elements SHEL131 and SOLID90 were converted
into structural elements. The steel decking was meshed with 8-node shell element
(SHELL281) and a maximum size of 5 mm. This element is suitable when large non-linear
deformations occur and temperature conditions are used. The concrete was meshed using
a 20-node solid element (SOLID186). This element is used when plasticity, creep and large
deformations and deflections occur. The contact between the steel decking and the con-
crete was defined as bonded [31]. The structural model had 90,509 nodes and 20,604 ele-
ments, with an average element quality of 0.9887 and an average orthogonal quality of
0.9928.

The numerical model takes into account the plastic behavior of both materials, steel
and concrete, using multilinear isotropic hardening laws. The design values for the steel
decking were in accordance with experimental data previously reported [37] and followed
the temperature dependence variation proposed by Eurocode 4. For all concretes, the
stress—strain curves at ambient and elevated temperatures are based on Eurocode 4. For
the case studied, the maximum experimental temperature reached was less than 400 °C.

When composite slabs are mechanically loaded and simultaneously heated, the over-
all measured strain concrete is assumed as an additive combination of different compo-
nents [38]. The stress—strain curves included in Eurocode 4 consider deformation as a com-
bination of elastic deformation, plastic deformation, and creep deformation. However,
there is an additional component to determine the total deformation to which steel deck-
ing and concrete are subjected. This component is deformation due to thermal expansion
and has different values for steel and concrete. In recent decades, there have been deeper
studies of the rheological behavior of both concrete and steel at high temperatures [39].

The coefficient of thermal expansion of concrete varies with the type of cement and
aggregates used, and the temperature reached. As the coefficients of thermal expansion
of the various rocks that make up the aggregates and the cement paste are not the same,
the variations in temperature cause differential thermal movements in the concrete mass,
which can amplify its internal system of micro-fissures [40]. The deformation produced
by temperature is shown in Equation (4).

& = Ete T &5+ Epyy (4)

The & can be simplified according to Equation (5), in which ¢s and ens are defined in
the a coefficient [38]. This simplification was used in the coupled model developed in this
study. Furthermore, as the maximum temperature measured within the concrete did not
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exceed 150 °C, the relationship between temperature and thermal expansion was defined
as between 20 °C and 200 °C, as shown in Figure 10.

g =aXAT (5)

Thermal expansion
iy
L

0 T Tlii—ilii_ ] _: I_ T T T T T T T 1 L] T T Ll T 1
0 25 50 75 100 125 150 175 200 225 250
Temperature (°C)

Figure 10. Thermal expansion values of LWC and NC as a function of temperature.

3.3. Numerical Solution Schemes

An initial temperature of 20 °C is applied. On the non-exposed surface a constant
convection coefficient of 9 W/(m? K) as well as radiation effect are applied following Eu-
rocode 1 [41]. The heat flow exchange between the fire-exposed surface of the steel deck-
ing and the fire environment takes into account convection and radiation heat transfer as
Eurocode 1 defines. The steel decking is subjected to standard fire conditions. Owing to
the obstruction to direct fire exposure caused by the waves of the steel decking, two con-
vection coefficients are used: 25 W/(m2 K) for the web and 15 W/(m2 K) for the lower and
the upper flange, respectively [42]. Profile steel decking is usually made of galvanized
cold-formed steel. The emissivity value of 0.7 specified in Eurocode 4 does not consider
the lower emissivity value of the zinc used in the galvanization. Therefore, in this work, a
constant emissivity value of 0.4 is used, following previous works [13].

The thermal numerical analysis was divided into 160 steps, which were carefully set
to reduce convergence difficulties. The duration of each load step was set individually. To
set the duration of each step, two conditions were established: (1) a variation of 30 °C
between consecutive steps and (2) a maximum duration of 20 s for each step. The envi-
ronmental temperature for each step was equal to the furnace temperature during the
experimental tests.

A sequential thermo-structural model was used to analyze the stress distribution of
specimens under fire conditions. The temperature field results of the thermal analysis
were used as the predefined field of the thermo-structural analysis (see Figure 11b). In the
same position where the support is placed, the vertical displacement is constrained, and
the load is applied at the top surface of the slab (see Figure 11a).

Due to the complexity of the analysis increasing as the temperature rises, three load-
ing steps were used for solving structural numerical analysis. These load steps gradually
increase the load to make the convergence of the model easier.

For this purpose, the first load step has a minimum step of 0.001 s and a maximum
step of 0.1 s. In the second load step, the minimum step time defined is 0.001 s and the
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maximum is 0.05 s. In the third load step, the minimum time defined is 0.001 s and the
maximum timeis 1s.

Load
0ad () Transversal
/ section

/

XY plane
symmetry

YZ plane symmetry

Concrete imported
temperature

Support

Y

YZ plane symmetry Steel imported
temperature
z X
0-4(m) 0.125 0.375
0.1 0.3

Figure 11. Boundary conditions applied to the model: (a) Symmetry, support, and load conditions;
(b) Temperature conditions.

3.4. Numerical Results

The effect of nonlinear thermal properties on temperature distribution in the concrete
is shown in Figure 12. LWC-3 has a lower thermal conductivity than other LWCs. This
causes a region of greater thickness where the temperatures are lower than those obtained
in LWC-1 and LWC-2. The temperature evolution for LWC-1 and LWC-2 slabs is very
similar because they have thermal conductivities with very close values. NC shows more
thermal transference than LWCs. The concrete temperatures for trapezoidal slabs are in-
fluenced not only by the thermal conductivity but also by the moisture content. Higher
values of thermal conductivity and lower values of moisture content imply higher average
temperatures in the concrete slab. Therefore, for correctly predicting the temperatures for
the trapezoidal slabs, it is essential to incorporate the effect of the concrete’s thermal con-

ductivity.
= LWC-2
LWC-1 X
Temp. (°C) Temp. (°C)
1800 s

..

50 100 (mm)
1

0 50 100 (mm) 0
]

25 75 25 75

(@) (b)
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Figure 12. FEM temperature inside concrete at 1800 s: (a) LWC-1; (b) LWC-2; (c¢) LWC-3; (d) NC.

Figure 13 shows the vertical displacement of the FEM model for each type of concrete
at 1800 s. In all the numerical models, the effect of temperature on the mechanical proper-
ties of the composite slab is applied. The variation of stress and the vertical displacement
of the neutral axis as the time increases are checked for all the numerical models. The
lighter concretes, identified as LWC-1 and LWC-2, have very similar structural behavior
during the tests. However, LWC-3, which has a higher density, behaves very similarly to

NC.
LWC-1
Vertical displacement
(mm)

Y
A
0.0 250.0 500.0 (mm)
125.0 375.0
(a)

LWC-3
Vertical displacement
(mm)

Y
A
0.0 250.0 500.0 (mm)
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(c)
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Figure 13. FEM vertical displacement (mm) at 1800 s: (a) LWC-1; (b) LWC-2; (c¢) LWC-3; (d) NC.
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4. Numerical and Experimental Comparison
4.1. Thermal Comparison

To provide cross-sectional temperatures and to validate the thermal numerical
model, six coordinate systems were created at the same points where the thermocouples
were placed in the experimental tests (A, B, C, D, E, F zones).

Figure 14 shows a temperature comparison between the experimental tests and the
numerical simulation at the steel decking. The temperature measured in the interface of
steel decking and concrete is very similar in the four numerical models, with the temper-
ature in NC being slightly lower in the first time steps. Figure 14 shows that the numerical
model can qualitatively represent the physical phenomena in zones C and D of the slabs.
Initially, despite the numerical model temperature evolution being slower than the labor-
atory results, it is possible to simulate the experimental heat transfer phenomenon. The
increase in temperature in the experimental results shows a slope reduction after 450 s
due to the endothermic process of free water vaporization. Numerical models simulate
that effect by changing the slope at around 100 °C. At the end of the numerical simulation,
around 1300 s, there is a large divergence between the experimental and numerical results,
due to the absence of free water in the composite slab at the end of the endothermic pro-
cess.

330

—LWC-1 ==-LWC-1 FEM
—LWC-2 ==-LWC-2 FEM
—LWC-3 -=--LWC-3 FEM

Zone C —NC ===NC FEM

e

120

0 200 400 600 800 1000 1200 1400 1600 1800
Time (s)

Figure 14. Comparison between experimental (solid lines) and FEM (dashed lines) temperatures in
the contact zone between the steel decking and the concrete: zones C and D.

The temperature within the concrete is highly influenced by its thermal conductivity.
The temperature results in the numerical model in zones E and F are shown in Figure 15.
In these zones, the numerical and experimental temperatures are in good agreement for
the first 300 s. After that, the movement and diffusion of water, caused by vaporization,
makes it difficult for the numerical models to follow the experimental values. For zone E,
although the numerical models for LWC-1 and LWC-2 (see Figure 15a) are unable to sim-
ulate the rapid increase in temperature that occurs in the interval from 300 s to 500 s, they
can replicate the trend of temperature increase correctly. This difference between the nu-
merical and experimental results is due to part of the free water mass escaping from the
specimen at the heating surface, with the rest moving to the inner core characterized by a
lower temperature, where vapor condensates into water. It is found that the existing
model does not realistically account for pore structure, and thus is not capable of properly
predicting thermal conductivity as a function of liquid saturation. However, the numeri-
cal model quantitatively simulates the thermal behavior for LWC-3 and NC slabs in zone
E during the entire thermal analysis (see Figure 15b). Figure 15 also shows that the nu-
merical results in zone F are closer to the experimental results.
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Figure 15. Comparison of experimental (solid lines) and FEM (dashed lines) temperatures at zones
E and F: (a) LWC-1 and LWC-2; (b) LWC-3 and NC.

On the non-exposed side, the numerical model results in Figure 16 show the evolu-
tion of the temperature as a function of thickness and time, in zones A and B. In addition,
the numerical results range from 20 to 32 °C, inside the maximum and minimum limits of
the experimental results, respectively. As shown in Figure 16, the insulation criterion is
fulfilled.
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Figure 16. Comparison of experimental (solid lines) and FEM (dashed lines) temperatures at zones
A and B: (a) LWC-1 and LWC-2; (b) LWC-3 and NC.

The thermal flux at the thin part of the slab (zones B and F) is one-directional and
perpendicular to the upper flange of the steel decking. The thermal flux at the thick part
(zones A and E) is perpendicular to the lower flange and the web of the steel decking. The
evolution of temperature for zones B and F in the numerical models is close to that meas-
ured experimentally in zones A and E.

4.2. Structural Comparison

Figure 17 shows a comparison of the measured central deflection of the slab against
deflections predicted using the coupled thermo-structural model. The figure shows that
the behavior established between tests and numerical models is very similar.
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Figure 17. Comparison of FEM and experimental tests: (a) LWC-1; (b) LWC-2; (c¢) LWC-3; (d) NC.

Here, the percentages of error (%) between experimental and numerical analyses are
compared. The difference between the experimental and numerical values, in each of the
simulations, is less than 15% in most of the cases analyzed, as shown in Table 5. When
steel reaches a critical temperature between 450 °C and 800 °C, it loses its strength and
stiffness. This critical temperature depends on factors such as the type of steel, the manu-
facturing process, and the treatments to which it has been subjected. Due to the range in
which this physical phenomenon occurs, simulating this behavior is difficult. For this rea-
son, the main differences between the experimental values and the numerical values occur
between 200 and 700 s. At this point, the ambient temperature in the furnace is between
518 °C and 700 °C. In addition, at this temperature steel decking and concrete slab stop
working together.

It should be mentioned that the above findings are based on several assumptions,
and the validity of the proposed model is limited to the experimental data. Limitations
still exist in this study, and further research may be needed. First, mechanisms of mass
transport within LWC create difficult conditions that are hard to simulate due to their
complexity. Second, temperature distributions obtained from thermal analysis influence
the structural response through thermal expansion and through degradation of material
stiffness and strength. Therefore, it is necessary to take into account the heating process at
the same time as the structural response to properly capture the effects of material and
geometric nonlinearities at large deformations. Notwithstanding these limitations, the re-
sults in this study can be used to explain some experimental observations, such as the
debonding.
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Table 5. Relative error between numerical and experimental results.

Time (s) LWC-1 LWC-2 LWC-3 NC
100 4.20 11.76 3.39 62.48
300 2491 29.89 27.89 52.78
500 12.04 12.60 14.44 33.02
700 4.10 3.20 3.63 12.74
900 5.58 1.88 3.27. 9.94
1100 8.15 3.98 2.70 7.10
1300 8.86 3.24 3.67 2.05
1500 3.92 3.15 4.11 2.99
1700 17.93 6.24 0.06 0.35

5. Conclusions

In the present paper, the thermo-structural behavior of LWC in composite slabs with
profile steel decking subjected to fire and a constant load were studied. Extensive experi-
mental tests and numerical analysis were performed and, based on the respective experi-
mental and numerical results, the following conclusions can be drawn:

Experimental results:

1. The measured temperatures on the steel decking profile are lower than the ISO 834
curve. This phenomenon is due to free water vaporization, and the debonding effect
that introduces an air gap between the concrete and the steel decking profile.

2. Concrete contains water that vaporizes at temperatures above 100 °C. In this work,
the measured temperatures on the concrete show a non-constant increase and a plat-
eau at 100 °C. This is caused by the vaporization process of the free water, which is
an endothermic reaction and consumes energy, slowing down the heating up of the
concrete.

3. The thermal properties (thermal conductivity, specific heat) of concrete, the moisture
content and the porosity affect the increase in temperature in the slab. Furthermore,
the complex heat transfer phenomenon due to the vaporization in LWC slabs causes
a greater distortion. This effect is mainly due to the porosity of the material, which is
directly related to its moisture content.

4. The higher moisture content of LWC composite slabs causes the measured tempera-
ture in LWC composite slabs to be lower than NC. Therefore, LWC composite slabs
have lower heat transfer under fire conditions than NC.

5. The insulation criteria of the composite slab and the influence of the trapezoidal
shape is studied on the non-exposed surface. The temperature variation between the
thinner and thicker part is lower than 15 °C. Therefore, based on the temperature
measured, the insulation and integrity criteria are met for all the samples.

6. The experimental results show that there is debonding between the steel decking and
the concrete slab. This phenomenon introduces a gap between both materials; thus,
the heat transfer in the composite slab is influenced and the pressure in the internal
concrete pores is reduced. Spalling is not observed in any of the tests carried out. It
can be concluded that the steel decking prevents direct fire exposure to the concrete
core and acts as a barrier to the expansive effect of spalling on this type of structural
element.

7. In general, the vertical deflection under fire conditions has three stages. The first
stage is caused by the thermal expansion and reduction of the mechanical properties
of steel. The second stage involves the load transfer to the concrete. Finally, the slab
collapses.

8. Although the deflection measured in all the slabs is very similar, the load-bearing
capacity (R30) is reached only for LWC-3 and NC. It is observed that the structural
behavior of the lighter slabs does not accomplish the minimum load-bearing capacity
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of 30 min. To achieve the load-bearing capacity, two possible solutions can be used.
First, composite slabs should be reinforced to ensure the minimum value of R30 is
reached. Second, active fire protection elements can be used on the trapezoidal steel
decking so that the temperature increase in the steel decking is slowed down and its
mechanical properties are maintained for longer. A combination of the two solutions
is also possible.

Numerical simulation:

ANSYS Workbench Mechanical can link a thermal analysis to a structural analysis,
sharing Engineering Data, Geometry and Model directly. When directly linked, bod-
ies in the structural model cannot be suppressed independently of the thermal anal-
ysis. When the same mesh is used, temperature mapping is usually simple. If the
thermal model has finite contact conductance for a contact pair, a temperature drop
can occur across the pair, and users should ensure that temperatures from one side
of a contact pair do not end up on the other side. An identical mesh helps to avoid
convergence issues.

A bonded contact with variable thermal properties was used in the numerical model
because the embossments of the steel decking significantly reduce the sliding be-
tween the concrete and the steel decking. As shown in Section 3.1, numerical and
experimental results are in good agreement.

The numerical models developed simulate the effect of the endothermic process of
free water vaporization, showing slope changes around 100 °C. At the end of the FEM
model, around 1500 s, there is some divergence between experimental and numerical
results. These differences could be due to the debonding effect that occurs in the ex-
perimental tests.

The definition of a thermal contact conductance coefficient as a function of tempera-
ture is needed to obtain a good agreement between numerical and experimental re-
sults.

The mechanical properties must be defined as a function of temperature. This non-
linearity makes it possible to simulate structural behavior under fire conditions.

The validation of the numerical models is possible by defining thermal expansion.
The correct definition of this parameter plays a fundamental role in ensuring that the
coupled models follow the experimental evolution. The use of the values indicated
in Eurocode 4 part 1-2 causes errors. These errors include a 30% discrepancy between
experimental and numerical data, as well as the non-convergence of the model.
Differences between experimental and numerical temperatures at the thick part are
attributed to the convection coefficient for the web of the steel decking. This value,
taken from a previous work [42], does not take into account the vaporization phe-
nomenon at the interface between steel decking and concrete. Future research works
should be expanded to properly define this convection coefficient.

The use of different static structural analyses with a transient thermal analysis makes
it possible to simulate the experimental structural behavior of composite slabs under
fire conditions. The numerical model presented in this work is capable of accurately
reproducing the structural behavior of the composite slabs after 500 s of testing, when
the debonding has already happened. Until then, there are significant discrepancies
between the experimental and numerical results, due to the complexity of the ther-
mal and mechanical phenomena that occur in this phase.

In general, the proposed values of the thermal contact conductance coefficient pro-
vide good agreement with experimental results and satisfactorily simulated the
debonding effect. However, the numerical results include a significant discrepancy
between experimental and numerical data up to 500 s of normalized test time. Future
works should study new coefficients as mentioned by Piloto et al. [24].
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Nomenclature
Acronyms
APDL ANSYS parametric design language

CONTA174  Surface to surface contact element (ANSYS software library)
ECC Expanded clay coarse

ECF Expanded clay fine

FEM Finite element method

I Insulation

L Load-bearing capacity

LCA Life-cycle assessment

LWC Lightweight concrete

NIST National Institute of Standards and Technology
NC Normal concrete

R Integrity

SHELL131 4-node shell heat transfer element (ANSYS software library)
SHELL281 8-node shell element (ANSYS software library)

SOLID90 20-node solid heat transfer element (ANSYS software library)
SOLID186 20-node solid element (ANSYS software library)

TARGE170 Surface to surface contact element (ANSYS software library)
X Transversal direction

Z Longitudinal direction

Symbols

AT Temperature rate

Ems Deformation caused by the micro-cracks produced by the composition of the con-
crete

& Deformation caused by shrinkage

& Deformation measured experimentally

Ete Effective thermal deformation

ce(6.) Specific heat (kJ/kgK)

fex Compression strength (MPa)

k20oc Thermal conductivity of LWC at ambient temperature (W/mK)

k(6.) Nonlinear thermal conductivity of LWC based on Eurocode 4 (W/mK)

kee Thermal contact conductance coefficient (W/m?2K)

L/30 Load-bearing capacity criterion (mm)

Qcc Heat flux per unit area (W/m?)

Greek symbols

a Effective thermal expansion coefficient
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0, Temperature (°C)
Occ Temperature of the contact points on the contact surfaces (°C)
Ocr Temperature of the contact points on the target surfaces (°C)
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