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Abstract. The use of construction systems based on the use of Sandwich Panels has grown significantly in the
Brazilian civil construction market in recent years, with greater application in residential buildings. However, due
to the absence of normative regulation and reliable calculation standards, this system is often used without a
fundamental understanding of its structural behavior. Thus, in order to evaluate the resistant capacity of these
panels when subjected to bending forces, this work consisted of the elaboration of a three-dimensional numerical
model of a Sandwich Panel of reinforced concrete with EPS core and metallic connectors, being used the ABAQUS
for its conception, which is a software based on the Finite Element Method (FEM). In addition, the model considers
the non-linear behavior of materials, through the use of the Concrete Damage Plasticity model (CDP) and the
Plasticity model for steel, which is calibrated and validated by experimental studies present in the literature,
presenting results in agreement with those obtained by the experiments.
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1 Introduction

Sandwich Panels are presented as an alternative to traditional construction systems used in the Brazilian civil
construction market, as they add several advantages such as the use of lighter structural elements, allowing the
elimination of formworks, better thermal and acoustic insulation, greater agility in the execution, lower cost and
greater rationalization of construction, between others (Bertini [1]). Due to these attractions, the application of this
type of structure has been increasing in Brazil in recent years, especially in residential buildings, in which they
can be used as masonry, floors, and roofs.

According to PCI [2], Sandwich Panels consist of structures composed of layers, which are distributed as two
resistant layers separated by another layer of rigid foam plastic insulation, as illustrated in Fig. 1. In addition to
this composition, elements responsible for promoting the connection between the layers, called connectors, which
can be rigid or flexible and of varied geometry, are also added to the panel. Currently, the Sandwich Panels most
used in construction in Brazil have resistant layers of reinforced concrete with welded steel meshes, an insulating
layer of Expanded Polystyrene (EPS), and metallic connectors.
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Figure 1. Sandwich Panel

Concerning its structural behavior, Sandwich Panels can be classified as fully composite, partially composite,
or non-composite, according to the degree of composition that occurs between the interaction of their constituent
layers. According to O'hegarty and Kinnane [3], in general, fully composite panels present complete shear transfer



between their resistant layers, so that the concrete layers act together to resist bending stresses. On the other hand,
in non-composite panels, the resistant layers act independently to resist the imposed loads.

However, for practical applications, all Sandwich Panels that do not contain a large number of connectors in
the form of ribs or discrete portions of concrete, present structural behavior with some level of composite
interaction between their resistant layers, thus being considered partial composites. In this way, each panel has a
certain degree of composition, which depends on the ability of the connectors, and to a lesser extent, the insulation
layer, to carry out the transfer of shear between the resistant layers. ([2], [4], [5], [6]).

The Sandwich Panels can also be designed to act as load bearing structures, having the ability to resist and
transmit the loads to which they are subjected to the foundations. Due to the nature of their application in buildings,
such as floors, roofs, and masonry, these panels will be susceptible to the action of eccentric horizontal and axial
loads, imposing on these composite bending and flexo-compression stresses. For this reason, several researchers
have developed test methodologies to predict and evaluate the behavior of Sandwich Panels subjected to bending
stresses ([5], [7], [81, [9], [10], [11], [ 12], [13]).

Due to the absence of regulatory regulations and reliable calculation standards, the Sandwich Panel
construction system is often used without a real understanding of its structural behavior. In this wayj, it is necessary
to carry out experimental tests for a better characterization of the performance of these elements, however, the
tests developed with panels in real scale are too expensive and complex assembly and operation, being, for this
reason, very relevant to carry out numerical studies to justify its feasibility, in addition to promoting parametric
analyzes to simulate a greater diversity of situations.

Therefore, justified by the importance of performing numerical analysis, this work consisted of the elaboration
of a three-dimensional numerical model of a Sandwich Panel of reinforced concrete with EPS core and metallic
connectors, using the ABAQUS software [14] for its design, which is based on the Finite Element Method (FEM).
The model considers the non-linear behavior of materials, through the use of the Concrete Damage Plasticity model
(CDP) and the Plasticity model for steel, which is calibrated and validated by the experimental results of Gara et
al. [8].

2 Numerical model development

The numerical model of the Sandwich Panel developed at ABAQUS has a three-dimensional configuration
and takes into account the physical and geometric non-linearities of steel and concrete. Its geometry is based on
test specimen 7.1 from the experimental work by Gara et al. [8], in which the panel performed for the bending test
contains a total length of 4600 mm, with a width of 1120 mm and a thickness of 120 mm, which is subdivided so
that the EPS layer is 80 mm and the upper and bottom concrete layers are 50 mm and 30 mm thick, respectively.
In addition, the prototype has a 300 mm wide reinforced concrete beam at each end, in which longitudinal
reinforcement of 8§ mm in diameter and transverse reinforcement of 6 mm in diameter with a spacing of 200 mm
was used, as illustrated in Fig. 2.
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Figure 2. Sandwich Panel Geometry — Adapted from Gara et al. [8]

The panel also contains metallic meshes composed of welded steel wires with a diameter of 3 mm, which are
surrounded by layers of concrete and arranged as shown in Fig. 2, in this same image, you can still see the



connectors that cross the EPS layer and are welded to the metallic meshes, also consisting of steel wires with a
diameter of 3 mm.

In addition to the bending test, Gara et al. [8] performed uniaxial compression tests of concrete, in cylindrical
specimens, obtaining the average compression strength (f,,,), average tensile strength (f;,,), and Young's modulus
of the order of 10500 MPa. The authors also performed tests of characterization of the metallic mesh and
determined the average tensile strength (f;;,) of the steel and the percentage elongation at failure (4,,), according
to the values detailed in Tab. 1

Table 1. Properties of the concrete and steel that make up the metallic meshes

Concrete metallic meshes
fem = 25.10MPa fm = 769.00MPa
fim = 2.40MPa Agr =7.62%

The experimental setup of the bending test performed by Gara et al. [8] is shown in Fig. 3, and consists of a
4-point bending test, in which the supports are located at the centers of the width of the end beams, so that the load
is applied to employ a hydraulic actuator, with the aid of a beam of distribution that concentrates the load in two
strips along the entire width of the panel, positioned symmetrically concerning its center and separated by a
distanced = 1.0 m.

reaction frame
hydraulic jacks

spreader beam

specimen

~
|

Figure 3. Experimental setup — Adapted from Gara et al. [8]

The Sandwich Panel model was developed at ABAQUS and subdivided into parts, according to the type of
material and geometry. Initially, the EPS layer with a wavy cross-section was executed, then the concrete part that
comprises the lower and upper layers of the panel and the end beams was modeled, finally, the metallic meshes
interconnected by the steel wire connectors were made, and also the rebars and stirrups that make up the
reinforcement of the beams. All the parts that make up the model are illustrated in Fig. 4.

Part 1 - Concrete layers Part 2 - Insulation layer Part 3 - Wire meshes

Figure 4. Model parts



The association between the parts of the model was carried out as follows, for the connection between the
concrete elements and the EPS layer, the surface-to-surface contact interaction was used, whose mechanical
constraints are based on the kinematic contact method, so that its properties consist of the tangential behavior with
the friction penalty formulation and friction coefficient 0.1, in addition to the normal sard behavior, which prevents
the penetration of one surface over the other. For the interaction between the metallic meshes, the reinforcements,
the connectors, and the concrete, the embedded constraint was used, which promotes the joint movement of the
bars and the concrete, disregarding the slip between them.

Fig. 5 shows the finite element mesh defined for the solid parts of concrete and EPS, in which the element
C3DSR (linear quadrilateral solid element with 8 nodes and reduced integration) was used. Regarding the metallic
parts, the truss element with two nodes and 3 degrees of freedom at each node (T3D2) was used. As for the finite
element size, this was determined from a mesh convergence study, through which three different sizes were
implemented for the elements that make up the model, namely: 30 mm, 40 mm, and 50 mm. The size of 30 mm
was applied to the definitive numerical model, which presented the best results.
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Figure 5. Finite element mesh

To simulate the test, the loads were evenly distributed over the surfaces positioned at the load application
points indicated by the experimental setup, as illustrated in Fig. 6. The assignment of the boundary conditions of
the numerical model took place through the modeling of supports, which consist of rollers cut in half so that
translations and rotations in the X, Y, and Z directions were restricted on the flat surfaces of the supports that
receive the support reactions. To perform the analysis of the model, the Dynamic Explicit solver was used, which
makes use of a dynamic analysis method, but which can be applied to static analyzes of monotonic loads, provided
that there is a reduction in the inertia effects arising from a rate of sufficiently small loading application [14].
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Figure 6. Load application surfaces and support restrictions

In modeling the materials, the constitutive model available in the ABAQUS library was used for the concrete,
entitled the Concrete Damage Plasticity model (CDP), this tool takes into account the theory of plasticity and the
mechanics of damage, and is suitable for describing the behavior of the concrete, as it is capable of simulating the
degradation of the stiffness and the rupture of this material, to be based on the failure mechanisms that include
cracking by traction and crushing by compression [15]. In addition, the CDP has a well-established application in



the scientific environment, being used by several researchers as a constitutive model of concrete for numerical
simulations ([16], [17], [18], [19]).

In this work, the CDP was implemented by adopting the plastic parameters and the calculation methodology
for the evolution of the damage variables proposed by Alfarah et al. [20], being assigned as inputs parameters the
concrete strengths detailed in Tab. 1, in addition to a Poisson ratio of 0.2 and a mass density of 2400 kg/m?,
modulus of Young of 10500 MPa and average concrete compressive strain of 0.0042, obtaining for the ultimate
strain of concrete the value of 0.051.

For steel modeling, the constitutive model present in the ABAQUS library under the name PLASTIC was
implemented, which consists of an elastoplastic formulation that takes into account the Von Mises flow criterion,
with an associative flow rule, being suitable for application in ductile materials, such as steel [15]. As for the
uniaxial behavior of steel, the tri-linear relationship proposed by Nguyen & Kim [21] was admitted, in which the
yield stress (ay,) is determined for a strain of 0.2% (&,,) and the ultimate stress (g,) is reached for a strain of 0.6%
(€4)- In addition, the average tensile strength obtained in the tests by Gara et al. [8], for the reinforcement of the
beams, the specifications of BS EM 4449:2005 referring to class BSO0B were used, for the characteristic tensile
properties, the other parameters adopted are detailed in Tab. 2.

Table 2. Steel properties used in the model

Density Young's Poisson's
Component (Kg/m?) Modulus (MPa) ratio ay(MPa) ou(MPa)
Meshes and 7850 210000 0.3 600 769
Connectors
Reinforcement 7850 210000 0.3 500 540

Finally, for the EPS constitutive model, a linear behavior was assumed, adopting as parameters Young's
modulus of 2.34 MPa, mass density of 22 Kg/m?, and Poisson's ratio of 0.35. These values were obtained from the
work of Hopkins et al. [19] who also used this same approach in their numerical model, achieving good results.

3 Numerical model validation

The numerical model was validated from the experimental results of model 7.1 by Gara et al. [8], for that, it
was verified the load versus deflection curve at the mid-span of the panel, ultimate load, and ultimate moment,
and failure modes. For comparison purposes, it is presented in Fig. 7 the superposition of the load x deflection
curves in the middle of the span, for the experimental and numerical model proposed, and in general, a good
agreement between the curves is observed. Regarding the ultimate load and ultimate moment, the values obtained
from the numerical model were 14.74 kN and 12.16 kNm, while the values reached in experimental tests were
14.40 kN and 11.88 kNm, thus verifying a difference of 2.36 % between numerical and experimental values for
the ultimate load and ultimate moment, evidencing proximity between the results.
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Figure 7. Mid-span load versus deflection curve

When analyzing the curves shown in Fig. 7, a reasonable agreement was identified between the numerical and
experimental results, obtaining very close values for the ultimate load, demonstrating that the numerical model is
capable of adequately estimating the resistant capacity of Sandwich Panels when subjected to bending stresses,
this can also be proved by comparing the failure mode of the numerical model (Fig. 8) with the failure mode of
the experimental model (Fig. 9), in which a similar behavior is observed for both with a rupture due to excessive
deformation and cracking in the lower concrete layer and crushing of the upper layer in the mid-span section. In
this way, it can be affirmed that the numerical model adequately simulated the evolution of the damage in the
concrete and the contact interactions between the EPS and the resistant layers, demonstrating that the
implementation of the CDP and the kinematic contact method in ABAQUS, applies well to the modeling of
Sandwich Panels subjected to bending stresses.

However, it can also be seen in Fig. 7, that a considerable difference between the deflection of the numerical
model and the experimental one, is due to the greater rigidity of the numerical model because it does not have the
same accommodations that occur during an experimental test, an alternative to make the numerical model more
flexible is to reduce the application of load application speed, however, this action would bring a high
computational cost that is beyond the capacity of the devices available to perform this work.
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Figure 9. Failure mode of the experimental model — Adapted from Gara et al. [8]

4 Conclusions

In the present work, a non-linear three-dimensional numerical model was developed using the finite element
method, capable of efficiently estimating the resistant capacity of reinforced concrete Sandwich Panels with EPS
core and metallic connectors, when subjected to bending stresses. Furthermore, the model was validated by



experimental tests by Gara et al. [8], and presented results in agreement with the experiments. In this way, the
model obtained can be used as a tool to assess the feasibility of investments destined to carry out experimental
tests, and also to support the progress of research without the need to perform new experiments. Therefore, the
model resulting from this work allows the development of analyzes to better understand the structural behavior of
Sandwich Panels, which are presented as a constructive system of increasing application in brazilian civil
construction.
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