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LIGHT CONCRETE COMPOSITE SLAB WITH FLEXIBLE
REINFORCEMENT STRESS-STRAIN STATE MODELING
BY FINITE ELEMENT METHOD

The light concrete (polystyrene concrete) composite slab with profiled steel sheeting
was considered. In this slab, the flexible reinforcement (PMA-2) was used as strengthening.
Previous experimental studies have shown that this slab has increased carrying capacity in
2.4 times compared with a similar slab without additional anchoring means. The finite
element method (FEM) was used for a detailed study of the PMA-2 slab work and its
components. The calculations of light concrete composite slab allowed to investigate the work
of profiled steel sheeting, material contact, their bundles, as well as the work of the
reinforcement and its influence on the stress-strain state parameters of polystyrene concrete
and profiled steel sheeting. Comparison by FEM calculations with experimental data
confirmed the accuracy and adequacy of the developed model for PMA-2 slab.

Keywords: light concrete composite slab, profiled steel sheeting, polystyrene concrete,
reinforcement, deformation property, load, finite element method (FEM).
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Yepeonixosa O.B., acnipanm
Ionmascvkuii HayionanbHuti mexHiynuil yHigepcumem imeni FOpiss Konopamioxa

MOJAEJIOBAHHSA HAIIPY KEHO-AE®OPMOBAHOI'O CTAHY
JET'KOBETOHHOI KOMBIHOBAHOI IIJIMTU 3 THYYKUM
APMYBAHHAM METOJOM CKIHYEHHUX EJIEMEHTIB

Pozensnymo  neexobemonny — (nonicmuponbOemouny) — KOMOIHO8AHY — naumy 3
npoinbosanum HACMUIOM, y AKIU AK NIOCUNEHHS BUKOPUCMOBYBANOCS CHYYKE APMYSAHHS
(IIMA-2). Bussneno 3 nonepeoHix eKxcnepumeHmanbHux 00CIi0NCeHb, WO maxKa NIuma mae
30inbuweny y 2,4 paza mecyuy 30amHicms NOPIGHAHO 3 AHANO2IYHOIO NAUMOI0 6e3 000AmMKOBUX
3acobis anxepyeanus. 3acmocosano memoo ckinuennux enemenmie (MCE) ons demanvHo2o
suguenus pooomu naumu I[IMA-2 ma ii komnonenmis. [ocnioxceno pobomy npogrHacmuiy,
KOHMAaKmy mamepiaiis, ix po3ulapy8arHs, a makoxc pooomy apmamypu ma ii eniue Ha
napamempu Hanpy#ceHo-0eghopmoeano20 cmawy HNONICMUpordemowny i npoguacmuny 3
NPOBEOCHUX PO3PAXVHKIG JlecKobemoHHoi Kombinosanoi naumu. Iliomeepoceno mounicmo
ma aodexkgamuicmv nodyoosanoi mooeni 0 naumu IIMA-2 nopiguaHHAMU pO3DAXYHKIE 3a
MCE 3 excnepumenmanbHuUMu OaHUMU.

Knrwowuosi cnosa: neckobemonna «KomOiHOBaHA NAUMA, NPOQPINILOGAHUN HACMUI,
noaiCMuposioemoH, apmy8anHs, O0edopMamusHicms, HABAHMAINCEHHS, MemoO CKIHYeHHUX
enemenmis (MCE).
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Problem statement. The question of using efficiently structures in construction
1s particularly relevant for Ukraine and for any another country now. Considering this factor,
light concrete composite slabs with profiled steel sheeting [10] are taken as structures
that have not only high design qualities, but also thermal insulation. Ideally, the slabs
of the coating and the ceiling should be light, but along with it they are strong,
have low deformability and a low coefficient of thermal conductivity. Light concrete
composite slabs where light concrete will work together with profiled steel sheeting can
combine all of the qualities mentioned above. The question is the next — what type
of connection is better to use in such slabs and how to carry out analytical calculations
that can describe the work of different types of light concrete composite slabs with profiled
steel sheeting under load.

Analysis of recent research and publications. Scientists in the field of construction
work carried out on the application of various types of anchoring and reinforcement in beam
steel reinforced concrete structures. But mainly heavy concrete was used in these
constructions. Such studies were conducted by Skyba O., Belyaeva S., Darienko V. and others
[1 — 4]. Polystyrene concrete samples depending on the concrete strength class investigation,
considering the stability of the profile in the steel reinforced concrete samples, are given in
the works of Avramenko Yu. and Semko O. [5, 15].

A question that has not been considered by previous scientists, but that is relevant in
connection with the expansion of energy efficient structures use, is in the investigation of the
stress-strain state of light concrete (polystyrene concrete) composite slabs with profiled steel
sheeting by the finite element method under applying as heat-insulating and structural
building element.

It can be assumed that the analytical methods for calculating steel-reinforced concrete
slabs [10] do not fully describe the work of the considered slabs. It is due to the fact that
different assumptions or hypotheses about the slabs deformation nature are used to obtain
finite equations. In addition, engineering methods do not allow to investigate the stress-strain
state of both reinforcement and concrete, since they are intended only for strength and
deformability verification.

The numerical methods deprived most of these deficiencies and based on direct solution
of theory of elasticity. Depending on the discussed tasks, these methods can be used both for
the slabs stress-strain state study and for their simplified engineering calculations. Composite
slabs and profiled steel sheeting modeling using finite element method is involved by many
foreign scientists [14, 17]. In their studies, they solve a variety of specific tasks, such as the
development of finite elements, approaches to applying boundary conditions, overlay nets
depending on the materials type, loading type etc. [7, 8, 11, 12, 18].

There are many software complexes implementing structures calculations by
the finite element method. The most common ones among them are «ANSYS» by
«ANSYS Corporation», <KFEMAP» (NASTRAN) by «Siemens PLM Software», «<KABAQUS»
and «COSMOS» by «Dassault Systemes Simulia Corporation», «LIRA» by «LIRA softy,
«LS-DYNA» by «Livermore Software Technology» and others. Each complex has its own set
of finite elements that simulate the structure stress-strain state depending on the material,
load, deformation type etc. FEMAP software package is one of the most convenient in use.
It has intuitive interface, pre- and post-processing, a large number of finite elements
that allow to create models of high degree of complexity. Therefore, it is well suited
for scientific research. In most cases, these software systems are used for calculating
and investigating the stress-strain state of existing building structures types and
new ones [13, 16].
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Selection of unsolved question. The question that is relevant in the study of the stress-
strain state of light concrete (polystyrene concrete) composite slabs with profiled steel
sheeting by finite elements method is the creation of an adequate model for slab type
calculating. This model must have finite elements that correspond to the properties of the
construction materials (concrete, steel). The contact layer among the materials, which is
responsible for modeling the fracture at the time of material bundle, should be correctly
displayed in the model. The construction of finite elements grid, the application of loads and
boundary conditions should consider all the conditions where the investigated structure is
located.

Purpose and objectives of the research. The main purpose of the research is to
develop approaches to modeling the stress-strain state of composite steel-reinforced concrete
slabs (CSRS) by finite element method (FEM).

The set goal requires the solution of the following tasks: creation of three-dimensional
geometric models of profiled steel sheeting, polystyrene concrete and contact; definition of
physical and mechanical models of materials and contact work; building of finite elements
grid; applying loads and boundary conditions; determination the calculation type and obtained
data analysis.

The main part of the research. In previous experimental studies, two rational types of
anchoring were identified - the anchoring in the form of flexible (PMA-2 slab) and horizontal
(PMA-3 slab) reinforcement. The flexible reinforcement use (PMA-2) as anchoring makes it
possible to increase the carrying capacity in 2.4 times compared to the slab without any means
of anchoring, and horizontal reinforcement (PMA-3) makes it possible to reduce deformation
for 8% under a load of 0.6M,y;, xp. The studies by finite element method are presented exactly
for the PMA-2 slab with flexible anchoring.

An experimental and analytical study of a PM-1 slab without anchoring and reinforcing
has been carried out earlier and are described in details in [6, 9].

All types of FE were used to calculate the slabs - linear, flat and volumetric. Geometric
models for the composite slabs were constructed according to the FE type. Three-dimensional
bodies were used for a concrete array and contact; the extreme lower planes of the already
constructed contact - for profiled steel sheeting; the lines formed at the intersection of the
jagged planes - for reinforcement. The profile of profiled steel sheeting was used as basis for
the construction where the necessary planes of slab cross-section were formed. After that, the
plane «pulled» in the base bodies, which were the basis for the slab models construction.
Further transformations of the base geometric bodies are in their partition into pentagons and
hexagons in accordance with the shape and location of the specific slabs reinforcement.

Modeling of materials and contact was based on the results of experimental
determination of physical and mechanical characteristics and on the material behavior during
loading. Work model was considered for each material and depended on the expected
conditions of its work. Profiled steel sheeting and reinforcement were set as isotropic
nonlinear elastic-plastic material; polystyrene concrete and contact - as non-linear elastic
material. Diagrams of materials deformation, that was accepted for the calculation by FEM,
were given in the form of two-linear functions G — €&, the horizontal section of which
corresponded to the limit of strength or durability of the materials.

The types of FE and their properties were determined before the beginning of the finite
element (FE) grids construction. Thus, the linear, flat, voluminous and completely rigid FE
was used for the slabs modeling. The main condition for the correct calculation was the
connectivity of the grids in the nodes that combine different materials and types of FE.
The grids were imposing on all geometric body of model determining its size and
configuration. Figure 1 shows the complete FE model of the PMA-2 slab.
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profiled steel sheeting

Figure 1 — Complete FE model of the PMA-2 slab

Placements of loading loads, their size and configuration corresponded to the
experimental data. Concentrated loads through boards located on the upper surface of
polystyrene concrete were applied in the experiment for PMA-1...PMA-5 slabs. The load was
applied through complete rigid FE (Figure 1) for adequate modeling of these conditions.
The total load value for the PMA-2 slab was equal to 21480 H.

Support nodes of all slabs and profiled steel sheeting were modeled using completely
rigid FE. In all cases, the following degrees of freedom are accepted: on the one site of model
the support bracket forbade linear displacement along the axes x, y, z, and the angular
displacement around the z axis; on the other site the support bracket forbade displacement
along the axes x and y and angular displacement around the z axis. Additionally, the nodes of
vertical plane were forbidden to move in the direction of the vertical axis in areas of support
slabs.

Linear and nonlinear static calculations were performed for all models. During the
linear static calculation, the nonlinear properties of materials and the geometric nonlinearity
of the construction were ignored. The calculation is based on the initial modules of elasticity.
Nonlinear calculation provided applying the load in a few steps with increasing from zero to
its maximum value. The values of intersecting elastic module were calculated at every step of
loading according to the charts of materials deformation. This process ended when the
maximum load was reached, or when the structure was transformed into a mechanism —
appearance of plastic hinges, loss of local or general stability, etc. There were 20 steps of load
in all nonlinear calculations, but not all slabs reached the maximum load value. The maximum
experimental load was not achieved during calculating for both the PMA-2 and PMA-1 slabs.
Calculation was ended on value 0,8F ... The results of nonlinear calculation of PMA-2 slab at
maximum load are shown in Figures 2-7. The maximum deflections determined in the middle
of the span at the location of the defibrillator are given in Table 1.
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Figure 2 — Chart of Mises stress distribution and deformation of polystyrene concrete
when nonlinear calculating PMA-2 slab

The chart of Mises stress distribution and deformation of polystyrene concrete with
nonlinear calculating PMA-2 slab is shown in Figure 2. Small concentrations of stresses are
observed on the upper surface of the polystyrene concrete in the locations of the
reinforcement. There are also concentration stresses from the effects of loads through
complete rigid FE. The polystyrene concrete is pressed by reinforcement at the ends of the
PMA 2 slab. Maximal stresses arise in the middle of span on the upper part of slabs, and
under concentrated forces in lower part of the slab. This distribution is explained by the action
of concentrated forces and distribution of reinforcement on all-area of the slab.

Figure 3 — Chart of Mises stress distribution and deformation of reinforcement with
nonlinear calculating PMA-2 slab

Reinforcement work is shown in Figure 3. As it is shown, all reinforcement is reached
with yield strength in the contact zone of profiled steel sheeting at maximum load. It
undergoes the greatest deformation in bearing zones.
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The effect of reinforcement on the stress state of polystyrene concrete is shown in
Figures 4-6. The location of reinforcement at different angles causes a chain change in the
stresses in the lower central depression of polystyrene concrete that depends on the angle of
the reinforcement. The reinforcement located at different angles helps to avoid the occurrence
of a longitudinal crack (Figure 4).

a) b)
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Figure 4 — Effect of vertical and inclined reinforcement at stress state of the PMA-2
slab: a) cross-section at vertical reinforcement;
b) cross-section at inclined reinforcement.

Figure 5 — Effect of the reinforcement on the stress state of polystyrene concrete (bottom
view) for the PMA-2 slab

Figure 6 a) shows the distribution of stresses along a longitudinal vertical section
through vertical reinforcement. The zones of boundary stress is clearly observed in places of
its location that caused by bending of the reinforcement and subsequent bulging of concrete
up to the ends of the slab.

Figure 6 b) shows the distribution of stresses along the longitudinal slope section
through the inclined reinforcement. In this case, the location of the reinforcement does not
cause a continuous zone of boundary stresses in lower part of polystyrene concrete, which
improves the mutual work of reinforcement with polystyrene concrete. Distribution of stresses
in the zones of inclined reinforcement location is the same but a little bit changes when
approaching the middle of the slab. Small circular stress reduction areas are observed in the
upper part of the inclined cross-section corresponding to the corner radius at the ends of the
inclined reinforcement. The reinforcement works only in the lower part of slab height,
causing the corresponding perturbations. Stress distribution does not change in the middle and
upper slab parts in zones of reinforcement location.
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Figure 6 — Effect of vertical and inclined reinforcement on the stress state of the PMA-2
slab: a) longitudinal vertical section on reinforcement;
b) longitudinal inclined cross-section along the inclined reinforcement

Contact area between polystyrene concrete and profiled steel sheeting decreased with
load increase, ranging from supporting and central zones and ending with lateral surfaces of
profiled steel sheeting in the middle of slab span. Full separation of materials occurs at a load
of about 5000 H. Further deformation of slab components occurred differently for different
zones of the slab. For example, the separation of profiled steel sheeting from concrete
increased in support areas, while both materials are equally deformed in the middle span,
although they are not connected. Their final separation occurred only when load is 12000 H.
In this case, the left shelf of profiled steel sheeting began to lose local stability.

In Figure 7, according to Table 1, PMA-2 slab deformation graph was constructed.
The main difference slabs with other types of anchoring research results is that the process of
separation was practically free of deformation jumps. This is due to the increased
slab stiffness. Separation of profiled steel sheeting from polystyrene concrete begins at load
of 12000 H, and the distance between adjacent nodes begins to increase according to increase
of load.
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Figure 7 — Comparison of the deflections for the PMA-2 slab by FEM,
with experimental data

Table 1 — Results of deflection calculations for PMA-2 slab

Deflection, mm
Load step Load, N Polystyrene Profiled steel Linear
concrete sheeting calculation
0 0 0,00 0,00 0,00
1 1074 0,33 0,33 0,33
2 2148 0,66 0,66 0,65
3 3222 1,00 1,00 0,98
4 4296 1,35 1,35 1,30
5 5370 1,72 1,72 1,63
6 6444 2,08 2,08 1,96
7 7518 2,46 2,46 2,28
8 8592 2,85 2,85 2,61
9 9666 3,26 3,26 2,93
10 10740 3,70 3,69 3,26
11 11814 4,17 4,12 3,59
12 12888 4,68 4,55 3,91
13 13962 5,38 4,96 4,24
14 14499 6,19 5,28 4,40
15 14768 6,35 5,40 4,48
16 14801 0,43 5,35 4,49
17 14835 6,45 5,37 4,50
18 14902 6,49 5,40 4,52
19 15036 6,57 5,46 4,57
20 16110 7,33 6,03 4,89
21 17184 8,12 6,57 5,22
— 21480 — — 6,52
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Conclusions. The calculations of the profiled steel sheeting and the slabs by finite
element method allowed to investigate the work of the profiled steel sheeting, the contact of
the materials, their bundles, as well as the work of the reinforcement and its influence on the
parameters of the stress-strain state of polystyrene concrete and profiled steel sheeting.
The error in experimental data and calculation by FEM does not exceed 8.4% for nonlinear
calculations and 21% for linear ones. The anchoring method used in the PMA-2 slab can be
recommended for use in cases where it is necessary to increase bearing capacity significantly
due to a slight decrease in deformation properties of the slab. Modeling methods for PMA-2
slab and its components, used in calculations by FEM, can be recommended for application in
the finite-element models of steel-reinforced concrete structures development.

Practical recommendations for light concrete slabs with profiled steel sheeting by FEM
modeling and calculation, including the foundation for choosing FE type for the rofiled steel
sheeting modeling is occurred according to the research.
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