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Abstract. In the paper, mathematical modeling methods for describing the behavior of
sandwich panels with a tetrahedral core under various loads have been used, and a series of
numerical calculations carrying out by the ANSYS software. In so doing the previously obtained
effective elastic characteristics were taken, which made it possible to replace the direct modeling
of the tetrahedral core structure with elements of a simple form using orthotropic material with
equivalent characteristics. The problem of the plate’s three-point bending was solved, and a
deformed state and deflection character of the panel were analyzed. The necessity of applying
the heteromodular elasticity theory when modeling such objects and of taking into account the
effective elastic characteristics obtained by tension and compression of the periodicity cell was
established. Recommendations were given for the use of periodicity cells when computing the
iterative changes in material properties and effective characteristics obtained during tension and
compression.

Keywords: tetrahedral core, layered panel, effective elastic characteristics, finite element
method

Citation: Antonova O. V., Ivanov M. V., Mikhailov A. A., Kuzmin V. A., Application of
mathematical modeling for describing the behavior of layered panels with a tetrahedral core,
St. Petersburg State Polytechnical University Journal. Physics and Mathematics. 18 (2) (2025)
30—40. DOI: https://doi.org/10.18721/JPM.18203

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.
org/licenses/by-nc/4.0/)

© Antonova O. V., Ivanov M. V., Mikhailov A. A., Kuzmin V. A., 2025. Published by Peter the Great St. Petersburg
Polytechnic University.

30



4 Simulation of Physical Processes

HayuyHas cTaTbs
YOK 539.3
DOI: https://doi.org/10.18721/IPM.18203

NMPUMEHEHUE MATEMATUYECKOIo MOAE/IUPOBAHUA
ONA ONUCAHUSA NMOBEAEHUA CZIOUCTbIX NMAHEJIEA
C TETPASAPAJIbHbBIM 3ANOJIHUTEJIEM

O. B. AHmoHoBa'®, M. B. GaHoGB', A. A. MuxatinoB', B. A. KyabMuH?
! CaHkT-MeTepbyprckuii nonuTexHMJecknii yuueepeuteT MeTpa Benunkoro, CaHkT-MNMeTepbypr, Poccus;
2000 «Tetpan», CaHkT-leTepbypr, Poccusi
®antonova_ov@spbstu.ru

Annoranus. B pabore BBIMOJHEHO MaTeMaTMYeCKOE MOJETMPOBAHUE C LIEJIbI0O OMUCAHUS
MOBEJICHUSI CJIOUCTBIX MaHeeil ¢ TeTpasApabHbIM 3alOJIHUTENEM MO ASHCTBUEM Pa3IMUHbBIX
Harpy3ok. [Ipu sToM Oblla peaJM30BaHa Cepusl UYMCIEHHBIX pPacyeToB B MPOrPaMMHOM
KOMIIJIEKCe KOHEYHOo-3jeMeHTHoro aHaiau3a ANSYS. Ilpu MonmeanpoBaHUM MCIOIb30BAaHbI
MoJydYeHHble paHee 3(MGEeKTUBHBIE YIIPYTMe XapaKTePUCTUKM, UYTO TO3BOJWIO 3aMEHUTh
MpSIMOE  MOJNIEJIMPOBAHWE  CTPYKTYPBl ~ TE€TPAdApPajbHOTO  3alOJHUTENS  dJeMEHTaMU
MpOCTOii (HOPMBI C NMPUMEHEHWEM OPTOTPOITHOIO MaTepuaja, MMEIOUIEr0 3KBUBAJICHTHBIC
XapakTepucTUKM. PenieHa 3agaya o TPEeXTOYEYHOM M3rMOe TUJIACTUHBI, MPOaHATU3UPOBAHO
neopMUPOBAHHOE COCTOSIHUE MAHEJM U XapakTep ee nmporubda. YcraHoBieHa HEOOXOAUMOCTh
MPUMEHEHUSI MPUHIIMIIOB Pa3HOMOMAYJIBHOM TEOPUM YIIPYTOCTH TMPH MOACTMPOBAHMM TaKUX
00BEKTOB M yuyeTa 3(P(PEeKTUBHBIX YNPYIMX XapaKTePUCTUK, TMOJYYEHHBIX TPU PaCTSKEHUU
U CXaTuM SYeiiKy TepuoguyHocT. JlaHBl peKOMEeHIAlMU 10 WMCITOJIb30BAaHUIO B pacueTax
WUTEPaAlMOHHOTO UBMEHEHHUSI CBOMCTB MaTepuaia 1 3(pHeKTUBHBIX XapaKTEePUCTHUK, TTOJTyYEHHBIX
MPY PACTSDKEHUU U CKATUU SYEUKU TTEPUOTUYHOCTH.
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) _ Introduction o _ _
Due to growing demand for composite panels with various types of cores in diverse industries,

it is important to carry out analysis and computational validation of such structural elements using
mathematical modeling methods with high-performance computing equipment and modern soft-
ware [1, 2]. Close attention throughout design, preparation, testing and, consequently, simulation
of such panels and products made from them [3—5] should be paid to the structure and shape of
the core [6, 7]. Honeycomb core is currently most widely used in aviation, automotive industry
and building structures [§—11]. We should note that honeycombs have a closed cell structure and
are well suited for thermal insulation; in addition, they provide strength, reliability and load-bear-
ing capacity under significant loads [12].

On the other hand, structures with truss cores have less effective load resistance [13], but they
allow for ventilation. That is why such cores have proved to be a solution for extending the ser-
vice life of building facades by protecting them from adverse climatic events [14—16]. One of the
possible core configurations is tetrahedral, i.e., combining truncated tetrahedra [17, 18].

© Anronosa O. B., UBanos M. B., MuxaiinoB A. A., Kysemun B. A., 2025. Uznarens: Cankr-IleTepOyprckuii moInTeXHUUECKUiA
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A composite panel with a honeycomb or truss core can be described in simulation as a com-
posite material with a complex microstructure. The core can be considered a homogeneous mate-
rial in computational continuum mechanics, and its effective properties can be both anisotropic
and orthotropic [19, 20]. Panels with tetrahedral cores are regarded in numerical simulation as
structurally orthotropic composite material [21, 22].

To correctly implement this approach, a unit cell is selected at the first stage and its effective
elastic characteristics are set. The latter are often determined using the direct homogeniza-
tion method [23], allowing to calculate the effective values of orthotropic physico-mechanical
parameters of a composite material with a complex microstructure; the method is also applicable
to doubly periodic structures.

The main goal of this study is to propose a calculation procedure substantiating the application
of multimodular elasticity theory to simulation of composite panels with core.

The following objectives were posed and achieved for this purpose:

calculate the stiffness parameters of a panel with tetrahedral core under tension and compression;

determine the stress-strain state of the panel in the three-point bending problem.

Object of research

The general view of the panel and tetrahedral core with its geometric characteristics, consid-
ered in this case, are shown in Fig. 1. Panels of this type are predominantly used in the construc-
tion industry, specifically in ventilated facades and enclosures.
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Fig. 1. General view of panel with tetrahedral core (a),
its core (b) and its geometric characteristics (c)

The AMG?2 material used has the following physico-mechanical parameters:

Density, kg/m>........cccoovvvvvnennnnin. 2,680;
Elastic modulus, GPa ........................ 71.0;
Ultimate tensile strength, MPa ........... 190;
Yield strength, MPa............................. 80;
Poisson’s ratio.......ccceeeeeeeeeeeeeeenennnnnn.. 0.33.

It is assumed that the same material is used to manufacture the face sheets of the panel and
the core.
The unit cell considered, measuring 28x58x19 mm, is shown in Fig. 2.
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a) b)

Fig. 2. Schematics of unit cell () and tetrahedral filler (top view) (b);
the cell is marked by a rectangle

The values of the elastic parameters were determined by direct homogenization (the corre-
sponding results and a detailed description of the method are given in [24]). The method of direct
homogenization used is based on kinematic and static boundary conditions [25], allowing to
determine the effective orthotropic physico-mechanical properties of a composite material with a
complex microstructure.

F Problem of three-point bending
of composite panel

This problem is of both scientific and prac-
N tical interest [26—28]. Consider such a problem

< for a plate with a tetrahedral core, where the
\‘j core structure is modeled without any simpli-

l

[

fications and the structure is represented by a
homogeneous medium with effective properties.
The loading conditions for the three-point
bending problem of such a panel (its overall
Fig. 3. Loading conditions for problem dimensions are 292 x 140 x 19 mm) is shown
statement of three-point bending of the panel. in Fig. 3.
Geometric parameters and the direction of Nonlinear shell finite elements were used
the loading force F are shown for numerical simulation. Conducting conver-
gence analysis, we selected a model consisting of
156,050 elements and 532,325 nodes; the characteristic size of the element was 1 mm.
Based on the calculation performed, let us analyze the stress-strain state of the panel. Fig. 4
shows the vertical displacements of the panel under consideration and the dependence of its
deflection in the central section along the length /.
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Fig. 4. Stress-strain state of sandwich panel: vertical displacements (a), color map, 10 : 1 scale;
dependence of deflection of panel in its central section along the length / (), see Fig. 3

Deflection, mm
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It can be seen from the presented results that the location of the core affects the magnitude
and behavior of the deflection for the plate with tetrahedral core. The deflection is smaller at the

points where the core is attached.

The next stage in the simulation procedure is to establish a correspondence between the mean
deflection of the panel with core and the deflection under bending in a similar panel but made
of homogeneous, multimodular material with orthotropic characteristics. We emphasize that the
loading behavior of two objects should be compared for this purpose:

panel with tetrahedral core,

panel made of homogeneous multimodular material with orthotropic characteristics.

For this comparison, we first consider two auxiliary problems:

evaluating the behavior of the unit cell under tension and compression,

analyzing the application of the principles of multimodular elasticity theory.

We should note that the formulation of these problems is of independent scientific interest.
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Fig. 5. Initial section of characteristic stress-

strain curve (stress c—strain ¢) in accordance

with multimodular elasticity theory: material

has elastic modulus E* for uniaxial tension
and F for uniaxial compression

Application of principles of
multimodular elasticity theory

In case of analysis at the macroscale, the geo-
metric characteristics of the selected unit cell and
its behavior under loading should be correctly
described. Tetrahedral core with complex struc-
ture in layered composites behaves differently
under tension and compression [25, 29—30], so
approaches underlying the multimodular elastic-
ity theory [31—33] can be reasonably applied.

The mechanical characteristics of homoge-
neous isotropic material in classical elasticity
theory are described by two elastic constants:
Young’s modulus £ and Poisson’s ratio v.

On the other hand, according to multimodular
elasticity theory, the material has different Young’s
moduli for cases of uniaxial tension and uniaxial
compression: E* and E°, respectively, as well as
different Poisson’s ratios characterizing transverse
contraction under tension and transverse expan-
sion under compression: v* and v-, respectively.

According to multimodular elasticity theory, the stress-strain curve can be represented as two

straight lines in the first approximation (Fig. 5).

To verify the applicability of this approach and validate it, in other words, to confirm the
applicability of multimodular elasticity theory to design of sandwich panels withtetrahedral core,
we carried out a series of numerical experiments on tension of the unit cell (see Fig. 2,b) in the

directions of the x, y and z axes.

a)

Stress, MPa
23,697 Max
21,064
184N
15,798
13,165
10,532
7899
5,266
2,633
8,2625¢-5 Min

Al

b)

Stress, MPa
48,055 Max
0716
37376
1,07
26,637
21,358
16,018
10,679
53395 -

8.9919%¢-5 Min ,:J

Fig. 6. Intensity of von Mises stresses (see color scale) for unit cell
under tension (@) and compression (b) along the x axis

34



4 Simulation of Physical Processes

These simulations were performed using the ANSYS Mechanical software package. Nonlinear
shell finite elements were used in numerical simulation. After conducting convergence analysis,
we selected a model consisting of 4,148 elements and 13,177 nodes; the characteristic size of the
element was 1 mm. The same finite element model was previously used in [24].

Fig. 6 shows the von Mises stress intensity distribution under tension and compression of the
unit cell along the x axis.

Tensile and compressive behavior of the unit cell

The graph for the dependence of the reaction force on the maximum displacement U __ in
different loading directions is shown in Fig. 7. The dashed line shows the linear dependence of
force on displacement in the compressive region with the stiffness equal to the tensile stiffness.
The values of reactions upon load reversal are given in Table 1.

Thus, comparing the tensile and compressive behavior of the unit cell, we found a difference
in the magnitude of reactions under loading in the x and y directions.

Notably, we used the values of effective elastic characteristics (Table 2) that we obtained in [24].

FE kN

| Unaxl/hs %o

Fig. 7. Dependences of reaction force on normalized maximum displacement
in different loading directions (along the axes x, y, )
Dashed lines show the linear dependence of force on displacement
in the compressive region with the stiffness equal to the tensile stiffness

Table 1

Comparison of reactions in unit cell
for varying direction and sign of load application

' o Parameter value
Loading direction SFLKN | FL RN | U h %
Axis x 0.347 0.271 2
Axis y 5.991 2.032 50
Axis z 1.561 1.562 2

Notations: +F, -F, are the reaction forces under tension and
compression, respectively; |U_|/h is the ratio of the maximum

max

displacement along each axis to the thickness of the sheet.

The data in Fig. 7 and in Table 1 confirm that different values of reactions are observed in the x
and y directions upon load reversal. This is especially pronounced for the y (vertical) direction. This
result allows us to conclude that multimodular elasticity theory can be reasonably applied to describing
the behavior of structures with the selected type of core. For more accurate description of the behavior
of the unit cell, it is necessary to find effective characteristics for the case of compression as well.
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Table 2
Effective elastic parameters used for simulations
Young’s moduli, GPa Poisson’s ratios Shear moduli, GPa
E"=58.60 v,"=031;v,"=0.03 G,=1.030
E=0.899 v, =0.01;v,,"=0.10 G,,=0.113
E =453 v, =0.29; v, "= 0.30 G,’=0.832

Note. The parameter values given in Table 2 were presented in our earlier study [24].

Conclusion

The results of numerical simulation indicate that the sandwich panel with the selected type of
tetrahedral core has different stiffness characteristics under compression and tension.

We validated the application of the homogenization method combined with the principles of
the multimodular elasticity theory to improve the simulation accuracy for the behavior of the
plate at the macro level.

The obtained results open up opportunities for further research. The next stage is to confirm
that the mean deflection of the panel with core corresponds to the same deflection under bending
in a panel made of homogeneous multimodular material. The behavior of the panel with tetrahe-
dral core should also be compared with the behavior of a panel made of homogeneous multimod-
ular material with orthotropic characteristics. It should be noted separately that it is planned to
describe the multimodular behavior of the structure by successive refinement of the equilibrium
state for the current stress-strain state of the structure.
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