<]
TUDelft

Delft University of Technology

Document Version
Final published version

Licence
CC BY-NC

Citation (APA)
Hostinsky, V., Sodja, J., Jebacek, I., & Navratil, J. (2026). Limits of analytical models of sandwich structures for
optimization. Composite Structures, 382, Article 120089. https://doi.org/10.1016/j.compstruct.2026.120089

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright

In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.

Unless copyright is transferred by contract or statute, it remains with the copyright holder.

Sharing and reuse

Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.compstruct.2026.120089

Composite Structures 382 (2026) 120089

journal homepage: www.elsevier.com/locate/compstruct

Contents lists available at ScienceDirect

Composite Structures

Limits of analytical models of sandwich structures for optimization

Vladimir Hostinsky *®-*, Jurij Sodja ™, Ivo Jebacek *®, Jan Navratil *

2 Institute of Aerospace Engineering, Brno University of Technology, Technickd 2896/2, Brno, 616 69, Czechia
b Aerospace Structures and Materials, Technical University Delft, Kluyverweg 1, Delft, 2629 HS, Netherlands

ARTICLE INFO ABSTRACT

Dataset link: DOI: 10.5281/zenodo.14229746,
DOI:10.5281/zenodo.18377054

Keywords:
Metamaterials
Honeycombs
Aeroelastic tailoring
Sandwich panel
Optimization

Current advances in the structural optimization of aircraft structures have led to the introduction of sandwich
panels into the optimization process. This study attempts to extend the possibilities of sandwich optimization
by proposing an analytical model which predicts the homogenized properties of a sandwich panel with a
honeycomb core and CFRP skins. The model is based on a combination of Classical laminate theory and
a 1-D beam model of the honeycomb core. The finite-element equivalent of tensile and shear tests is used
to validate the proposed model on a broad range of core geometries with different combinations of core
thickness, wall angle, cell elongation, and cell wall thickness. The results of 425 different geometries showed
the overall precision of the proposed model, highlighted effects in the behavior of the core that drive the

sandwich properties further from the predicted values, and suggested which parts of the model are suitable
for optimization and where are their limits of applicability.

1. Introduction

Increasingly progressive approaches to aircraft conceptual design
are emerging across academia and industry [1-3]. Created as a direct
outcome of the current effort for more economical and environmentally
conscious aviation [4], they often feature aerodynamically efficient,
highly flexible, slender wings, which are pushing structural design pos-
sibilities to their limits [5-7]. Together with a constant drive towards
weight minimization, omnipresent in the aerospace industry, these new
trends create a need to fully exploit the potential of any material
used in the wing structure. This can be achieved not only through an
optimal shaping of the structural components of the wing, but also
through precise optimization of the properties of the material itself.
The latter approach, traditionally associated with a design of fiber-
composite structures [8], has already become an integral part of the
aerospace design process in the form of aeroelastic tailoring.

As in any other optimization process, the results of aeroelastic
tailoring are shaped by the optimization objective and the constraints
included in the optimization. Consequently, the choice of a suitable
set of constraints marks a difference between a realistically optimized
design and an overly optimistic one. Recent studies including the works
of Brooks et al. [9], Wang et al. [10] and Sodja et al. [11] identify
buckling as one of the main constraints driving the results of aeroelastic
tailoring. The tendency of panels to buckle is mainly influenced by their
flexural stiffness, which in turn increases with the cube of the thickness
of the optimized laminate [12].
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Use of a sandwich consisting of a low-density core and stiff faces
instead of the monolithic laminate proves to be one of the most
beneficial ways to increase the flexural stiffness of the structure while
avoiding the weight penalty associated with an increase in the number
of layers in the laminate [13]. Previous research introducing sandwich
optimization into the context of aeroelastic design is limited to the
use of a core with fixed properties [14], a core with variable thick-
ness [15,16], and a core made of functionally graded foam [17]. Apart
from the later, neither of these approaches explores the possibilities
that could be achieved with more complex core materials and core
structural optimization.

In light of recent developments in additive manufacturing and
computer-driven manufacturing in general, leaving the core of the
structure unoptimized presents a missed opportunity. With additive
manufacturing in mind, the mechanical properties of some artificially
designed cellular materials can be optimized by modifying the geom-
etry of their material cells. Generally referred to as mechanical meta-
materials [18-20], they already proved the benefits of their use [21].

The approach used in the design of metamaterials can be applied
to the design of a honeycomb structure, one of the traditionally used
sandwich core materials. A change in any of the geometrical parameters
defining the honeycomb structure leads to a significant difference in
the overall mechanical properties of the sandwich core [22], creating a
sandwich more suitable for its intended use [23]. Core optimization
on the material level combined with simultaneous optimization of
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fiber layout of sandwich faces could not only increase the flexural
stiffness while ensuring minimal weight penalty, but also serve to min-
imize the effects of sandwich-specific failure modes, such as wrinkling,
intercellular buckling, or core crushing.

The analytical nature of currently available models of homogenized
mechanical properties of honeycomb core [24-26] could allow con-
venient integration with lamination-parameters based description of
hybrid panels as proposed by Silva et al. [27]. A fixed number of design
variables used within this combination of models allows its use with a
gradient-based optimizer, which is frequently used in the preliminary
design optimization of aerospace structures [28,29].

Two major problems arise from the implementation of the analytical
models of honeycomb core into the homogenized representation of
the sandwich panel. Firstly, the precision of the models was usually
verified only on a limited number of honeycomb geometries, which
do not necessarily represent the broad design space available to the
honeycomb structure. Secondly, all the models are based on a variation
of the 1D beam theory, which inevitably neglects three-dimensional
deformations arising from a significant imparity between the stiffness
of the core and that of the skins.

The significance of these effects (and thus also the precision of
predicted sandwich properties) varies throughout the design space of
the honeycomb core, and consequent limits of validity of the men-
tioned models were never properly identified. This study presents a
novel modeling approach based on a combination of existing analytical
models. Novelty of this model combination and the proposed future use
within structural optimization process creates the necessity to find its
limits of applicability. Authors do so by comparing the resulting ho-
mogenized mechanical properties obtained by the analytical approach
with results obtained by the numerical approach in the form of finite
element analysis (FEA) conducted on a large number of different core
geometries logically distributed across a selected design space.

2. Methods

The proposed approach of obtaining homogenized properties of a
sandwich panel can be divided into two submodels, one describing the
behavior of the skins and the other representing the core. In accordance
with the Classical Laminate Theory (CLT), both submodels use A,
B, and D stiffness matrices to represent the resulting stiffness of the
corresponding component. To obtain a single set of stiffness matrices
of the entire sandwich panel, the component matrices are transposed
using offsets integrated into CLT as described later.

2.1. Skin submodel

To maintain a fixed number of design variables and allow the use of
a gradient-based optimizer, the skin submodel uses lamination parame-
ters. This approach, already in frequent use in aeroelastic tailoring [11,
28,301, was first proposed by Tsai and Hahn [31] in 1968. It uses 12
lamination parameters, 5 material invariants, and a skin thickness to
fully describe any laminate layout. The lamination parameters can be
divided into three types corresponding to the in-plane, out-of-plane,
and coupled stiffness of the laminate. To allow their calculation for a
sandwich skin consisting of N laminate plies of a constant thickness,
the original definition of lamination parameters can be rewritten to the
following equations presented by Macquart et al. [30]:

N
VAVAVAVA = % ; c0s28);, 5in20);, cos4);, sin46; )}
) N
B B B B _ 2 2 : ;
VIV =5 Z}(ZI. — Z2 )(cos26;,5in 26, cos 46, sin46;)  (2)
=

N
4 . .
VP, VP. V3D’ VP = - 21 (z} - Z?_l)(cos 20;,5in26;, cos 46;,sin40,) (3)
iz

where Z; = —N /2 +i and 6; is the fiber angle of the ply i.

Required stiffness matrices of the skins are obtained from the lam-
ination parameters using the approach proposed by Tsai and Pagano
in [31].
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Fig. 1. Honeycomb core geometry.

2.2. Parametrized model of the core

The honeycomb core geometry can be fully described by a set of
seven parameters listed in Table 1 and for clarity also shown in Fig. 1.

When combined with the properties of the bulk material of the core,
these parameters can be used to predict the homogenized mechanical
properties of the core. The two most widely used models that allow this
prediction were created by Masters & Evans [25] and Gibson et al. [22],
the latter of which was further refined by Malek & Gibson [24].

Comparison of the two models against a series of FE models of
honeycomb cores with different 7//,h/l and 6 showed, that although
the more complex Master’s model considers additional modes of de-
formation of the honeycomb structure, the resulting Young’s moduli
E,, delivered by Gibson’s model were more accurate. In light of these
results, which are partially presented in Fig. 2, the study proceeded
using Gibson’s model only.

Malek & Gibson’s model is based on a solution of one-dimensional
beam theory and offers a set of equations [24] to estimate the homog-
enized properties of the core, consisting of the two in-plane moduli Ey
and Ey, in-plane shear modulus Gy, and Poisson’s ratio vy, which
correspond with the coordinate system of the core (x, y in Fig. 1). To
keep the denotations consistent throughout the study, the equations can
be rewritten into the following form:

,)3 R/l + sinfc

Ey = E | —
X s (lb cos30.

1
1+ (2.4 + 1.5v, + tan?6. + (h”—/'b)) t/1,)?

cos20c

4

[
Ey = E(t/1,)? coc ( ! >
’ (h/1 + sin0¢c)sin?0c \ 1 + (2.4 + 1.5v, + cor?0.)(t/1,)

)
Lo sinfc(h/1 + sind) 1+ (L4 + 1.5v,)(t/1,)?
Xy =
cos?6¢ 14 @4+ 15v, + 1an20c + 228001 /1,2
C
(6)
3 .
t h/l+sinbc /1
GYX=ES<I_> —2(5) @
b/ (hy/ly)*cosOc
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Table 1
Geometric parameters describing the honeycomb core.

Double wall length h [mm)]
Inclined wall length 1 [mm]
Wall thickness t [mm]
Core thickness b [mm)]
Cell angle 0c [°]
Core orientation within a sandwich D [mm]
Corner bend length q [mm)]
where:
z Oc
Iy,=1—1-t - - == 8
b an < 12 (8)
z Oc
hy=h—t-t - - = 9
b an < 72 )
5 2.4 4 1.5v .
C = 1+2(hy/ly)+ /1)) | ————Q+ (h/])+ sinb¢) | ...
hb/ l b
h/l + sinbc 2
———— —((h/1 + sinfB;)tan“0 . + sinf 10
R a6 + sindc) a0

To obtain homogenized stiffness matrices of the core Ac, B and
D¢ corresponding to the main material coordinate system (1, 2 in Fig.
1), the core is treated as a single ply laminate with a ply angle ¢,,
for which homogenized stiffness matrices of the core are calculated by
following the process described in detail by Barbero in [32].

Reduced stiffness matrix of the ply Q is calculated using the ho-
mogenized properties from Egs. (4)-(7) and then transformed into the
X, Y coordinate system using the transformation matrix T with the ply
angle ¢.. Considering the lamina representing the sandwich core has
a single ply, and the stiffness properties are calculated with respect to
its middle plane, the transformed stiffness matrix Q of the ply can be
turned into a full set of homogenized stiffness matrices of the core using
the following equations:

Ac=Q-b an

Bc=0 12)
— b3

Dc=Q- I (13)

where b denotes the core thickness.
2.3. Sandwich representation

The stiffness matrices of the sandwich core and skins are calculated
with respect to the central plane of the given sandwich component.
Silva and Meddaikar [27] present an approach to create a single set
of stiffness matrices representing the homogenized properties of the
sandwich panel. The matrices B and D of each sandwich component

0.1 0.15 0.2
£/1

Fig. 2. Comparison of E,;; obtained using the two analytical models and FE models for honeycomb cores with different ¢//.

are offset by the distance between the sandwich central plane and
the relative position of the central plane of the component. Coupling
matrices By and B; correspond to the upper and the lower skin
respectively. To obtain A, B, and D matrices of a sandwich with a single
core material and two skins of equal thickness, the original equations
proposed by Silva and Meddaikar can be rewritten in the following way:

A=Ac+Ay+A; a4
ho ho
B= BU - 7AU+BL + TAL (15)
h2
D=DC+DU+DL+hO(BL—BU)+TOA (16)
where A, is the offset thickness, which can be calculated as follows:
T b

hy= — + = 17

0=5+5 a7

where T is the skin thickness.

2.4. FE validation

Experimental approach [22,25] and FE analysis of a simplified
representative volume element (RVE) subjected to symmetry con-
straints [24,26] are the most common ways to validate the analytical
model of a lattice structure. The scope of the experimental approach is
inevitably limited by the number of available samples, while the RVE
approach often leads to simplifications similar to the ones used in the
evaluated analytical model. To avoid these limitations, this study uses
high resolution FE shell model of the tested sandwich panels to create
a virtual equivalent of tensile and shear tests, which allows evaluation
across a broad range of parameters governing the properties of such
sandwich panels while capturing phenomena that are neglected in the
analytical model such as thickness effect [33], axial elongation of a cell
wall or the corner deformation effects [25].

Three separate FE meshes subjected to different loading conditions,
shown in Fig. 3, are created for each of the tested sample panels.
The two tensile setups, denoted as (a) and (b), are used to determine
two Young’s moduli of the panel. The third setup, denoted (c), allows
shear testing to determine the homogenized shear modulus. During
the analysis, the FE model of the tested sandwich panel is fixed by
a zero displacement condition on one edge while being subjected to
predefined displacements § on the opposing edge. The homogenized
moduli are estimated from the reaction force denoted F, which acts
on the constrained edge of the sample in a reaction to the predefined
displacement.

Poisson’s ratios v;, and v, are calculated using transverse deforma-
tion estimated during the tensile testing as an average of deformations
measured at three predefined cross-sections marked IL.-IIL in Fig. 3.
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Fig. 3. Used analysis setups.
Table 2
Validation sampling overview.
Variable Min. Max. Samples
Height over length of a cell h/l 0.5 3 3
Wall thickness over length of a cell t/1 0.05 0.3 6
Core thickness b 2 mm 30 mm 5
Cell wall angle 0, —60° +60° 6
Table 3

Fixed parameters of core (left) and skin (right). Index S marks properties of a
bulk material of the core.

li 10 mm Upper skin layout Single ply [0°]

b, 0° Lower skin layout Single ply [0°]

q 0.3/ T 0.1 mm

Eg 70 GPa Eyisx 125 930 MPa

Gg 26 GPa Eysk 7720 MPa

Vizs 0.33 G5k 3610 MPa
Vissk 0.336

2.4.1. Sample selection

To reduce the number of analyzed cases to a manageable value, the
number of design parameters of the honeycomb core was reduced to the
four listed in Table 2 — a simplification based on the results of Gibson
and Ashby [34], who demonstrated that the scale of the core cells has
relatively little influence on the resulting homogenized properties of the
core, as opposed to the highly influential change in relative density of
the core and the cell shape. This allows fixing the inclined wall length
I to a constant value and changing the double wall length /4 and wall
thickness ¢ into relative values by dividing them by /.

Final selection of sample panel geometries was based on the de-
sign of experiment approach [35] with number of samples evenly
distributed between the limits presented in Table 2. After applying a
geometrical limit that excludes the geometrically impossible combina-
tions of parameters (expressed in Eq. (18)), the resulting number of
sample panels was reduced to a total of 425.

% > % — 2sin(8,) (18)

Aluminium core and CFRP skins are used throughout the study
to bring the evaluated design space close to that used in practical
applications. Geometrical parameters and material properties of the
skins and core, which remained constant during the analysis, are listed

in Table 3.

2.4.2. Sample sizes

The sample size for tensile testing of honeycomb cores (and lattice
structures in general) is most commonly defined by the number of
cells along the two edges of the sample. Considering the range of
core parameters tested in this study, fixing the number of cells to a
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constant value would lead to a significant variation in the aspect ratios
of different samples, which, as the results of the two sensitivity analyses
presented in Fig. 4 show, has more significant effect on the analysis
results than the number of cells. To balance the precision and the
necessary computational effort, the minimum sample size is limited to
5 x 5 cells, and the aspect ratio is restricted to a value between 1.5 and
1.6, with the longer edge parallel to the loading direction. The range
of values is given to avoid samples without a whole number of cells.

The effect of sample aspect ratio is even more significant on the
results of shear analysis as shown in Fig. 5. Considering the significant
increase in necessary computational time associated with the further
increase in the aspect ratio of the sample, the minimum possible ratio
of the sample is set to 5.

2.4.3. FE model

Three separate FE models shown in Fig. 3 are created for each
sample geometry using a dedicated MATLAB program written by the
authors [36]. Each of the created models is passed to the MSC Nastran
to perform the analysis, and the results of the analysis are returned to
the MATLAB environment to be evaluated.

The mesh representing the core of the sandwich consists of rectan-
gular shell elements with a prescribed maximum size defined by a ratio
between the element size and the length of a bend in the cell corner ¢
(shown in Fig. 1) to ensure the geometry of the bend is resolved with
sufficient accuracy. A mesh convergence study conducted on a mesh
of a core without skins with cell wall angle 6, = 30° proved that the
ratio of 0.33 would be sufficient. To account for differences in core
geometries, a more conservative ratio of 0.25 was used throughout the
study, dividing the selected bend length into 4 elements. The use of 3D
elements to model the core was considered and tested, but the necessity
to use multiple elements across the cell wall thickness inevitably leads
to a large increase in the total number of elements in the model,
rendering the necessary computational effort impractically high.

Skin mesh is created by a Delaunay triangulation-based algorithm
developed by Persson and Strang [37]. To ensure that the adjacent
elements of the core and skin meshes are connected, the nodes on the
edge of the core mesh are used as fixed seed points while creating the
skin mesh. An example of such a mesh in Fig. 6 shows the use of a
gradient change of mesh density, which helps to reduce the necessary
computational effort by reducing the mesh density further from the
core walls.

A ratio between two times the radius of the largest inscribed circle
and the smallest circumscribed circle of each element is evaluated after
each attempt to create the skin mesh to ensure sufficient quality of the
triangular mesh [38]. A minimum ratio of 0.5 proved to be sufficient
to perform the described FE analysis.

To fix one edge of the sample as shown in Fig. 3, nodes on the edge
of the mesh are fixed by a zero displacement condition distributed by
a multi-point constraint (MPC), while the ones on the opposing side
are subjected to a forced displacement of § = 10ve in the prescribed
loading direction with the same method. Resultant panel properties are
calculated from the reaction force that acts on the fixed independent
node of the zero-displacement MPC. The use of MPCs to distribute the
forced displacement is a convenient way to represent a strengthened
end of a sample and a rigid clamp, which would be used during
standardized tensile testing or during rail shear tests. The displacements
of the independent node of the MPC are either constrained entirely (in
the case of a fixed side of the sample) or allowed to move only in the
direction of forced displacement in the case of the edge subjected to
forced displacement. The displacement constraint and forced displace-
ment are distributed by the corresponding MPCs over the dependent
nodes on the two edges of the mesh. This tensile and shear setup was
validated using a monolithic composite plate of known properties, and
the selected sample size ensures the edge effects are contained.
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[1x1] [2x2] [3>I(5]
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Sample size defined by the number of cells in each direction

1.04 -

1.02

E1 /E11(1.94)

1 1
0 0.5

1 1.5 2

Aspect ratio of the sample

Fig. 4. Results of sample size sensitivity analysis. Values of Young’s modulus in both graphs are normalized for clarity by dividing by the result of the largest
sample. Number of cells are given in the direction of loading and perpendicular to it, respectively.

0 1 2 3

4 5 6 7

Aspect ratio of the sample

Fig. 5. Effect of sample aspect ratio on the resultant shear modulus. Shear modulus values are normalized by the result of the largest sample.

Y [mm

20

X [mm

Fig. 6. The FE mesh of the sandwich panel. Lower skin is excluded to ensure the upper skin mesh is clearly visible.

3. Results and discussion

Results of the FE validation are presented using the difference be-
tween homogenized properties estimated using the proposed analytical
approach and those obtained using the FE model of the same geometry.
The first section demonstrates how the settings of the geometrical
parameters of the core affect this difference and compares the effect
with the findings of other authors. The second section describes the

contribution of the core to the overall stiffness of the sandwich and
shows its correlation with the difference between the two models,
which allows us to draw general assumptions regarding the region of
applicability of the proposed analytical approach. The scope of the ar-
ticle does not allow authors to present an individual evaluation of each
parameter combination and each resulting property. Complete results
for all the tested geometries, both Young’s moduli, shear modulus, and
both Poisson’s ratios are available in an online repository [36].
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Fig. 7. Homogenized moduli E,; obtained using the two models for sample
panels on a range of values of 6. and b. The dashed line shows the analytical
results, and the solid line shows the results of the FE analysis.
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Fig. 8. Percentual difference between homogenized moduli E,; obtained using
the two models for sample geometries with the 7// value closer to the center
of the tested range.

3.1. Core thickness and cell angle

Plot in Fig. 7 shows the values of the homogenized modulus E;;
obtained using the analytical model (dashed line) and FE model (solid
line) for two combinations of r// and /! and a range of values of 6.
and b.

The left plot in Fig. 7 presents results for geometries with low cell
wall thickness 7/ and indicates the increase in the difference between
the results of the two models corresponding to a decrease in core
thickness b. This behavior can be explained by the concept of core
thickness effect described by W. Becker [33] for regular honeycombs.
Becker attributes an increase in the effective core stiffness of panels
with a thinner core to the coupling of the core displacements with those of
the facesheets.

This effect is omitted by the proposed beam-based analytical model,
causing the analytical model to underestimate the E;; of panels with
thinner cores. While this effect is evident on the panels with low
relative wall thickness 7//, it becomes less significant on panels with
thicker walls and higher cell angles 6., where the analytical model
overestimates the E;, value (as shown in the right plot in Fig. 7). Closer
to the middle of the tested range of the relative wall thickness, the per-
centual difference between the two models in Fig. 8 shows a transition
between negative and positive difference and high dependency of the
difference on both the cell angle 6. and core thickness b.

Similar tendencies regarding the thickness effect can be seen in the
results for the second Young’s modulus E,, shown in Figs. 9 and 10.
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The difference between the models is higher than in the case of E,|,
especially closer to the middle of the tested range of 6., where the
highest difference reached 711%. In these cases, the honeycomb cell is
close to a rectangular shape. The cell walls that are almost parallel to
the loading direction are less prone to bending. Since the stretching of
the wall does not become significant until #// = 1 [25], the hinging of
corner bends becomes the predominant mode of deformation. The used
analytical model does not account for the corner hinging, which results
in the large difference between the models.

The effect of hinging can be clearly seen in Fig. 11, which shows
in-plane stress distribution on the two sides of a cell wall of the
sample with the highest reached difference between models. Opposing
orientation of the stresses shown by the markers and their comparable
values signify that it is the stress associated with bending which drives
the deformation. It should be also noted, that the second highly loaded
area to the left of the marked one undergoes stress in the opposite
direction than the marked one. This is caused by the combination of
loading in the y direction and negative angle of cell .

Contrary to Becker’s findings, shear modulus results (shown in Fig.
12) also follow the thickness effect in the same way as the samples with
low wall thickness /! in the case of E;;.

The same is true for Poisson’s ratio results, but with differences
between the models reaching extremely high values in cases with 0 =
—12° for vj, and 0 = 12° for v,;, where the cells come close to a
rectangular shape. Results for v;, and v,, can be found in [36].

3.2. Skin wall thickness

Figs. 13 and 14 show the effect of the change of relative cell
wall thickness ¢// and relative wall length (or cell elongation) A4// on
the difference between models. Both E;; and E,,, as well as all the
other tested properties show high dependency of the difference on
the relative cell wall thickness ¢//, which corresponds with results of
Masters and Evans [25] and Balawi et al. [39], who suggested that the
higher-density of honeycomb core drives the real properties of the core
further from the simple 1D-beam-based predictions.

3.3. Contribution of the core to the overall stiffness

The majority of results show a high dependency of the difference
between the two models on the stiffness of the core itself and its thick-
ness — two parameters that can be tied together by using parameter
ay, representing the contribution of the core to the overall stiffness of
the panel, defined as follows:

_ (E\1sk> Ensk> Grask)2t,
ayipsz=1- 19
- (E1ins Enpn, Gion)(b +21,)

where E| sk, Essk.Glosx are material properties of the skin, E,;y,
Eyn, Gpy homogenized properties of the panel estimated using the
FE model, and 7, is the skin thickness.

3.4. Selected samples

Crosses in Figs. 15, 16, and 17 mark the absolute difference between
the results of the analytical model and FE results for all the tested sam-
ple panels. The horizontal axis of the figures represents the contribution
of the core to the overall stiffness ay. Larger symbols in the figures
represent three selected samples that showed a high difference in one
of the tested moduli. Geometrical parameters of these samples in Table
4 suggest that the core thickness b is the only common denominator
between the three samples. Tracing each of the samples across Figs. 15,
16, and 17 shows that the differences obtained for one sample panel
and different moduli vary greatly. This suggests that the difference
observed across various moduli is influenced by different parameters,
which makes it more difficult to estimate the limits of applicability of
the proposed analytical approach.
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Fig. 9. Homogenized moduli E,, obtained using the two models for sample panels on a range of values of 6. and b and two values of 7/I. The dashed line shows

the analytical results, and the solid line shows the results of the FE analysis.
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Fig. 10. Percentual difference between homogenized moduli E,, obtained
using the two models for sample geometries with the ¢// value closer to the
center of the tested range.
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Fig. 11. In-plane stress on the two sides of the cell wall of sample #143 during
estimation of E,, by loading the sample in the Y direction.

Table 4

Selected samples.
Sample Symbol h/l t/1 b Oc
#25 L 3 0.1 30 -60
#143 [ ] 0.5 0.05 30 -12
#233 ¢ 0.5 0.3 30 12

3.5. Omitting the core stiffness

Use of the core thickness b as a sole optimization parameter of the
core and subsequent omission of the core in-plane stiffness in the ana-
lytical representation of the sandwich is one of the most common sim-
plifications in aerospace applications. This simplification approaches
the core as a middle layer that increases the effective thickness of the
panel (increasing its bending stiffness), but does not contribute to the
in-plane stiffness of the panel (rendering the effective in-plane stiffness
of the panel equal to the stiffness of the faces). Dots in the Figs. 15, 16,
and 17 show the absolute difference between the results of this core-
omitting approach and the results of FE analysis for each of the tested
sample panels.

The results of E;; and G, show a slight advantage of the proposed
analytical model, with only a few cases with differences higher than the
core-omission results. Results of E,, show significantly lower precision
of the proposed analytical model and although for more than half of
the sample panels the use of analytical model results in a better match
with the FEA results, some of the remaining cases show multiple times
higher differences making it possible to argue that the omission of the
core can in this case lead to both more precise and more predictable
results.

3.6. Analytically predicted contribution of the core

Trends described in the previous sections suggest a general tendency
of the difference between models to increase with an increase in
the homogenized stiffness of the core and also with the ratio with
which the core contributes to the overall stiffness of the sandwich. The
contribution of the core to the sandwich stiffness can be predicted using
the proposed analytical approach, and relating the difference between
the results of the two models to the prediction enables us to roughly
estimate the difference without relying on the FE results. Considering
the FE model results closely match the properties of a real panel, the
predicted contribution of the core allows us to estimate how closely the
proposed analytical approach represents the properties of a real panel.

Using the homogenized properties of the sandwich panel E;j 4,
Ey 4, Goy, and the homogenized properties of the core Ec, Exc,
G,c, estimated by the analytical model, the core contribution can be
predicted as:

Uypas = (Eqics Expcs Gioc)b
7 (Enas Ena G +21,)
This allows plotting the dependency of the difference between
models on the predicted contribution of the core as shown in Figs. 18,
19, and 20.

(20)
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Fig. 12. Difference between homogenized shear moduli G,, obtained using the two models for sample panels with one combination of 7// and h/I. The dashed
line in the left figure shows the analytical results, and the solid line shows the results of the FE analysis.
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E,, prediction in Fig. 18 does not rise above 23% difference up
to ay 0.51, creating a region with reasonable precision of the
analytical model. In case of E,,, this region is almost nonexistent with
the difference reaching above 30% at a,, = 0.12, and although the
model still reaches a lower difference from FE results than omitting

the core E,, altogether, benefits of its use are arguable. A similar
conclusion can be said about the precision of G|, prediction in Fig. 20,
which reaches 20% difference at a,; = 0.04 and follows with a long flat
region with almost constant precision across the whole tested spectrum
of a 3. Overlying box plots in the figures provide better insight into the
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Fig. 17. Comparison of analytical model and core-omitting approach for G,,.

distribution of the results. Boxes represent the values of the 25th and
75th percentiles, and whiskers show an interval of +2¢. This interval
in Figs. 19 and 20 shows that although in the extremes the difference
between models can reach over 700%, for most cases it does not reach
over half of these extreme values.

3.7. Impact of the analytical model precision on the optimization results

General impact of the analytical model precision on results of an
optimization of a complex structure is difficult to assess due to high
computational efforts involved in detailed numerical modeling of the
sandwich panel structures. Nevertheless, since the main motivation for
implementing sandwich panels into optimization is to avoid weight

penalties associated with buckling, some conclusions can be drawn
from estimating the impact on the critical buckling load N, of a typical
skin panel of an aircraft wing.

The critical loads, parallel to the longer edge of the panel, are
estimated as described by Kassapoglou et al. in [12] for buckling of a
rectangular composite plate under uniaxial compression load. An exam-
ple panel was chosen from a midspan of the NASA Common Research
Model wing [40], which is often used as a benchmark optimization case
study [16,28]. The dimensions of this rectangular buckling panel are
defined by the distance between the ribs and the pitch of the stringers
as 550 and 144 mm, respectively. This panel is assigned with the
homogenized stiffness properties estimated by the two models for panel
samples #143 and #27, samples which showed the largest positive and
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negative differences. The largest difference between the results of both is still significant. Considering the analytical model is used as a part
models (In Table 5) occurred in the 2nd material direction. To access of the optimization process, the 64.7% difference in the prediction
the least favorable option, this direction was aligned with the loading of buckling load in sample #143 would lead to an unrealistically
direction. optimistic design with a significantly decreased reserve factor, while

Results in Table 5 show that although the difference in the critical the negative difference of 42.5% in the second case causes an overly
buckling load N, is less than the difference between the E,,, the value conservative result and unnecessary increase in weight.

10
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Table 5

Critical buckling loads of the CRM panel.
Sample E,, diff. N, diff.
#143 +711% +64.7%
#27 -73% -42.5%

4. Conclusions

This study presented an analytical approach that uses a combination
of CLT and a beam-based model to predict the homogenized mechanical
properties of sandwich panels with honeycomb core. A novel approach
to model validation based on script-generated FE models was used to
determine homogenized properties of 425 panels with different core
geometries and compare them with the results of the analytical model.

Results helped to identify the influence of different core parameters
on the difference between the analytical and numerical results. Some
of these influences (such as the core thickness effect) were already
observed by other authors. Nevertheless, some of the previous observa-
tions were based on a narrow spectrum of samples, and the presented
results of the validation put them into a broader context.

Although the proposed analytical model is capable of estimating
the desired properties across the whole tested range of parameters, the
difference between analytical and numerical results varies greatly —
from a difference of a few percent to more than 700%.

Results also showed that the difference could not be directly cor-
related with either of the tested geometrical parameters of the core,
but rather resulted from their varying combinations. Nevertheless, the
difference showed a high dependency on the contribution of the core
to the overall stiffness of the sandwich, and this dependency can be
used to roughly estimate the expected precision for different samples
and determine the general limits of applicability of the model.

The mean values of the absolute difference between the models
across the whole tested spectrum were 13.9%, 107.2%, and 18.6% for
E,;, E,, and G,,, respectively. To put these values into perspective,
the analytical results were compared with the results of a different
analytical approach that omits the in-plane stiffness of the core alto-
gether — a simplification commonly employed in preliminary design
applications in the aerospace field. The proposed analytical approach
delivered better results for most of the samples.

In the context of sandwich optimization, both E|; and G, show a
precision sufficient for analysis or optimization of a preliminary design
on a relatively broad region of applicability, which can be defined using
the analytical prediction of the core contribution to overall stiffness of
the sandwich. The results for modulus E,, and their impact on critical
buckling load prediction make the practicality of use of the analytical
model for E,, prediction debatable.

A significant broadening of the design space available to the op-
timizer and a more reasonable prediction of E,, could be achieved
by a detailed study of the mentioned effects and creating a more
comprehensive model of the behavior of the honeycomb core. Here,
the proposed FE validation approach could serve as a useful tool.

The performed validation was conducted using an aluminium core
and unidirectional CFRP skins. Nevertheless the same analytical mod-
eling approach can be applied for the prediction of homogenized
properties of sandwich panels with honeycomb cores made of other
materials, such as aramid-based composites, and different skin layouts
and materials, including non-symmetric and unbalanced laminates.
However, it should be noted that the validation was conducted using
unidirectional single-ply skins with constant layout and thickness. Al-
though the use of the normalized core contribution parameter allows
for generalizing the findings to quasi-isotropic and orthotropic skins
of varying thicknesses, generalization of the findings to more complex
non-symmetric and unbalanced laminate skins should be done with
caution.
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More concise results of mechanical property prediction could also
be achieved by using a core material that is less susceptible to changes
in modes of deformation with a change of cell geometry. Since most
of the effects noted in the study can be associated with any 2-D lattice
structure used as a sandwich core, the optimization could potentially
benefit from the use of 3D mechanical metamaterials, whose properties
are based on 3-dimensional cells, rather than a 2D lattice.
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