engineering
proceedings

Proceeding Paper

Evaluation of the Structural Behavior of Composite Slim-Floor

Beams with Openings in the Web *

Leonardo C. Mesquita ¥, Marilia G. Marques ' and José L. R. Paes 2

Citation: Mesquita, L.C.; Marques,
M.G.; Paes, ].L.R. Evaluation of the
Structural Behavior of Composite
Slim-Floor Beams with Openings in
the Web. Eng. Proc. 2023, 53, x.
https://doi.org/10.3390/xxxxx

Academic Editor(s): Name

Published: 24 October 2023

Copyright: © 2023 by the authors.
Submitted for possible open access
publication under the terms and
conditions of the Creative Commons
Attribution  (CC  BY)
(https://creativecommons.org/license

s/by/4.0/).

license

1 Civil Engineering Course, Institute of Exact and Technological Sciences, Federal University of Vigosa
Campus Rio Paranaiba; marilia.marques@ufv.br

2 Civil Engineering Department, Federal University of Vigosa Campus Vigosa; jlrangel@ufv.br

* Correspondence: leonardo.mesquita@ufv.br

t Presented at the 1st International Online Conference on Buildings, 24-26 October 2023; Available online:
https://iocbd2023.sciforum.net/.

Abstract: In this study, the bending behavior of Slim-Floor beams was analyzed using FE models
developed in the ABAQUS software. The validity of these models was demonstrated by comparing
the numerical results obtained with experimental data found in the literature. Through parametric
evaluations, the following findings were verified: (i) the connection mechanisms adopted (concrete
dowels, reinforcing steel bars, and adherence) were able to activate the composite behavior between
steel and concrete; (ii) the spacing between the openings, the number of openings, and the diameter
of the reinforcing steel bars determine the behavior of the connection; (iii) adherence contributes
little to the strength of the connection, and therefore, its contribution can be neglected; (iv) the con-
nection mechanisms adopted in this study can promote the ductile behavior of the Slim-Floor
beams.

Keywords: Slim-Floor; composite beam; connection mechanisms; concrete dowels; reinforcing steel
bar; adherence

1. Introduction

Conventional composite floor systems are formed by steel beams and concrete slabs
positioned on the steel profile. In these systems, the composite behavior between steel and
concrete is activated using mechanical shear connectors (stud bolts, Perfobond [1],
Crestbond [2], and others) that are placed in the upper flange of the steel profile. A Slim-
Floor is a flooring system that combines steel beams and slabs integrated into the struc-
ture, resulting in a significant reduction in the overall floor height [3]. This allows for a
more efficient design, making construction easier and saving space. Despite these ad-
vantages, the use of mechanical shear connectors in the steel profile is not feasible, as the
concrete layer above the steel is not thick enough for these connectors to work properly.
Thus, over the last few years, several studies [3-6] have been carried out to develop com-
posite mechanisms capable of “activating” the composite behavior between steel and con-
crete in Slim-Floor systems.

The first Slim-Floor systems used the adherence formed between steel and concrete
as a connection mechanism. In some situations, as in the case of the Slimdek system [7],
this mechanism was improved by introducing ribs in the upper flange of the steel profile.
However, in all instances, these connection mechanisms led to undesirable collapse
modes. To overcome this problem, Braun et al. [6] proposed the introduction of openings
in the upper region of the steel profile web. In this way, the composite behavior between
steel and concrete was activated using three connection mechanisms: (i) concrete dowels,
(ii) steel reinforcement bars, and (iii) adherence. In this context, the present study seeks to
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evaluate the structural behavior of Slim-Floor beams with openings in the web using FE
models.

2. Materials and Methods
2.1. Development of the FE Models

The FE models presented in this study were developed using the modeling method-
ology proposed by Paes [3], taking into account the experimental conditions, geometric
characteristics, and mechanical properties presented by Braun et al. [6].

2.1.1. Geometry and Structural Characteristics of Experimental Prototypes

Braun et al. [6] experimentally analyzed the structural behavior of four prototypes
called B1, B2, S1 and S2. All prototypes were manufactured using HEM 220 profiles, to
which a 20-mm-thick steel plate was welded (Figure 1). This profile was integrated into a
composite slab concreted in situ, formed by steel decks and rock wool blocks.

/,

Steel profile with
great bending rigidity

HEM 220 steel profile

Steel support
Web opening (@ 40 mm)

Reinforcement bar (@ 12 mm)

nnnnnnnnnut il lnannnannnn ks

N\
~_ -
Rock wool blocks

2500

134

Figure 1. Geometric characteristics of the prototypes B1, B2, S1 and S2 experimentally tested by
Braun et al. [6].

The structural configuration of these tests corresponded to a double-supported beam
with a span equal to 8000 mm for prototypes B1 and B2, and 4000 mm for prototypes S1
and S2. All prototypes utilized the three aforementioned connection mechanisms. How-
ever, in prototype 52, some openings were filled with a low-stiffness material to prevent
the formation of concrete dowels in these regions (Figure 2).
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Figure 2. Structural configuration used by Braun et al. [6].
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2.1.2. Considerations about the FE Models

The FE models were discretized using elements of the solid type C3D8, C3D6, ap-
plied in the regions that represent the steel profile and the concrete slab (Figure 3), and
B31, applied in the regions that represent the reinforcement bars. In all cases, the maxi-
mum dimension of the finite elements was equal to 25 mm, a value defined after carrying
out mesh tests. Following the methodology proposed by Paes [3], we chose to disregard
the contribution of rock wool blocks.

C3D8 Elements

C3D6 Elements

Figure 3. Mesh used in FE models and detail of the opening region (concrete dowel).

The mechanical behavior of steel and concrete were simulated using the Plasticity
and Concrete Damaged Plasticity models, respectively. Adherence was simulated using
CONNB3D2 type connection elements distributed between some nodes of the steel profile
and the concrete slab (Figure 4). The translational movement of these connection elements
was defined by the Slide-plane option, which allows the translation of the connected
nodes along the local axes U2 and U2 and prevents movement along the local axis U1.
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Figure 4. Distribution of connecting elements along the cross section of the FE model.

2.2. Parametric Study

The parametric study associated with the connection mechanisms seeks to evaluate
the influence of concrete dowels, reinforcement steel bars and adherence on the structural
behavior of Slim-Floor beams. In this way, the FE models presented in Table 1 were ana-
lyzed. These FE models were developed using the modeling methodology presented in
Section 2.1.
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Table 1. Connection mechanisms considered in FE models.

Models

Connection Mechanisms

MC-M1-L8-IC
MC-M2-L8-SI

MC-M3-L8-PBA-RF

MC-M4-L8-PA
MC-M5-L8-PB
MC-M6-L8-A

Complete interaction (no relative slip between steel and concrete)

No interaction (steel beam and concrete slab are considered isolated)
Three connection mechanisms: concrete dowel, reinforcing bars and adherence
Two connection mechanisms: concrete dowel and adherence
Two connection mechanisms: concrete dowel and reinforcing
One connection mechanism: adherence

Load (kN)

1000

800

600

400

200

40

3. Results and Discussion
3.1. Validation of the FE Models

The modeling methodology presented in Section 2.1 is validated by comparing the
load vs. deflection and load vs. relative slip curves obtained numerically with experi-
mental ones presented by Braun et al. [6]. These results are shown in Figure 5, where the
solid blue lines represent the results obtained through numerical simulations, while the
dotted black lines correspond to the results obtained experimentally.

Analyzing the results presented in Figure 5, it can be seen that there is a good agree-
ment between the results obtained using the FE models and the experimental results
found by Braun et al. [6]. This observation indicates that the FE models developed were
capable of representing a series of phenomena that occur in the Slim-Floor composite
beam until it reaches collapse, such as: concrete cracking, steel yielding, transfer of forces
between the reinforcing bar and the concrete, the confinement of the concrete dowel in
the openings, and the slipping of the steel-concrete interface. The divergences observed
between the numerical and experimental results can be attributed to four factors: (i) the
difficulty of accurately characterizing the real behavior of the concrete in tension; (ii) the
Embedded constraint used to simulate the adherence between the steel reinforced bars and
the concrete; (iii) the difficulty in accurately simulating the mechanical behavior of the
steel-concrete interface; and (iv) residual stresses introduced into the profile and steel
plate during the manufacturing process. In general, the well agreement between the ex-
perimental results and the results obtained by FE models at all load levels allows us to
assert that the numerical simulation methodology used is valid for representing the struc-
tural behavior of Slim-Floor beams with openings in the web.
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Figure 5. Comparison between experimental (dotted black lines) and numerical (solid blue lines)
results. (a,b) prototypes Bl and B2; (c,d) relative load vs. slip results of prototype S1; and (e,f) pro-
totype S2.

3.2. Influence of the Connection Mechanisms

The influence of connection mechanisms can be analyzed through the load vs. verti-
cal displacement curves shown in Figure 6. Based on these results, we can observe that
the structural response of the reference model (MC-M3-L8-PBA-RF) is equal to the re-
sponse of the model with full iteration (MC-M1-L8-IC). This observation demonstrates
that the connection mechanisms used are capable of transferring all the shear forces that
occur at the steel-concrete interface. Therefore, in this case, the resistant bending moment
is controlled by the mechanical resistance of the steel or concrete sections, which implies
a situation of complete interaction.
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Figure 6. Load vs. vertical displacement curves obtained from FE models with different connection
mechanisms.



Eng. Proc. 2023, 53, x FOR PEER REVIEW 6 of 7

These results also demonstrate that reinforcing bars are an important connection
mechanism. Comparing the result of the reference model with the result of the model that
does not use reinforcement steel bars (MC-M4-L8-PA), it can be seen that the maximum
load reached by the reference models is approximately 15% greater than the load maxi-
mum obtained by models that do not use reinforcing steel bars.

On the other hand, the contribution of the adherence under collapse conditions is not
significant. Comparing the result obtained by the model that does not use the adherence
(MC-M5-L8-PB) with the result of the reference model, it can be seen that the maximum
load achieved by the reference model is approximately 3% higher than the maximum load
obtained by the model that does not consider adherence. Analyzing the result of the model
that uses only adhesion as a connection mechanism (MC-M6-L8-A), it can be seen that this
connection mechanism produces brittle behavior. Until reaching the maximum shear
stress, the Slim-Floor beam behaves like a composite steel-concrete beam, and, after that
point, it behaves similar to a steel-concrete beam without interaction (MC-M6-L8-SI).

4. Conclusions

This present study presented an evaluation of the structural behavior of Slim-Floor
composite beams with openings in the web. For this, FE models were developed using the
ABAQUS software and validated using the experimental results obtained by Braun et al.
(2014). Using the modeling methodology validated, a parametric study was carried out
which allowed the following conclusions to be reached: (i) the connection mechanisms
adopted (concrete dowels, reinforcing steel bars, and adherence) were able to activate the
composite behavior between steel and concrete; (i) adherence contributes little to the
strength of the connection, and therefore, its contribution can be neglected; and (iii) the
connection mechanisms adopted in this study can promote the ductile behavior of the
Slim-Floor beams.

Author Contributions: Conceptualization, L.C.M. and J.L.R.P.; methodology, L.C.M. and J.L.R.P.;
validation, L.C.M. and M.G.M,; formal analysis, L.C.M.; investigation, L.C.M. and M.G.M. writing —
original draft preparation, L.C.M.; writing —review and editing, M.G.M. All authors have read and
agreed to the published version of the manuscript.

Funding: The first author of this study was supported by the Coordenacao de Aperfeicoamento de
Pessoal de Nivel Superior —Brasil (CAPES).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Oguejiofor, E.C.; Hosain, M.U. A parametric study of Perfobond rib shear connectors. Can. J. Civ. Eng. 1994, 21, 614-625.
https://doi.org/10.1139/194-063.

2. Verissimo, G.S.; Valente, M.LB.; Paes, ].L.R,; Cruz, P.J.S.; Fakury, R.H. Design and experimental analysis of a new shear con-
nector for steel and concrete composite structures. In Proceedings of the 3rd International Conference on Bridge Maintenance,
Safety and Management, Porto, Portugal, 16-19 July 2006; pp. 68-72.

3. Paes, ].L.R. Aportaciones al Analisis del Comportamiento Estructural de Sistema Forjados Mixtos Tipo “Slim floor”. Ph.D.
Thesis, Programa de Doctorat d’Enginyeria de la Construccid, Universitat Politecnica de Catalunya, Barcelona, Spanish, 2003.

4. Lawson, RM.; Mullett, D.L.; Rackham, ].W. Design of Asymmetric Slimflor Beams Using Deep Composite Decking; SCI Publication
P175; The Steel Construction Institute: Ascot, UK, 1997.

5. Leskeld, M.V.; Hopia, J. Steel Sections for Composite Shallow Floors. Report RLT 0053E; University of Oulu, Structural Engineering

Laboratory: Oulu, Finland, 2000.



Eng. Proc. 2023, 53, x FOR PEER REVIEW 7 of 7

6.  Braun, M.; Hechler, O.; Obiala, R.; Kuhlmann, U.; Eggert, F.; Hauf, G.; Konrad, M. Experimentelle Untersuchungen von Slim-
Floor-Trégern in Verbundbauweise. Stahlbau 2014, 83, 741-749. https://doi.org/10.1002/stab.201410204.

7. Wright, P.J. Slimdek—Development of an Integrated Floor System. Composite Construction. In Proceedings of the Conven-
tional and Innovative International Conference, Innsbruck, Austria, 16-18 September 1997; pp. 343-347.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



