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Abstract

Variable stiffness composite sandwich structures combine low density characteristics, provided by
the core, with an immense potential of structural performance improvement due to the extended design
space in comparison with traditional sandwich. These properties make variable stiffness sandwich
structures very appealing for industries such as aerospace. In this work, the structures used possess
face sheets that follow a linear fiber orientation law. Prior to the optimization phase, a study regarding
the structural behaviour of these structures is made, primarly in terms of vibration and buckling.
More concretely, the objective is to identify trends and possible correlations between the performance
evolution and the laminas parameters (Tp and 71), as well as the impact of the core stiffness on the
results. Possible onset of instabilities caused by face sheets with steered fibers is also investigated.
Afterwards, an optimization process is made, resorting to Matlab genetic algorithm, combined with the
structural analysis performed on Abaqus, using Python scripts. This process consists in four different
uniobjective optimizations: free vibration, buckling in = and y directions and shear buckling. A plate
with 1 x 1 m?, thickness of core of 16 mm and thickness of face sheet of 2 mm, being each face sheet
composed of four laminas, is subjected to the optimization processes. It was concluded that, in the
vast majority of optimization cases tested, VSS have a better structural performance than CSS. For
example, the performance improvement achieved by VSS over CSS, in buckling in y direction, for CCCC
boundary conditions, ascended to 67%.

Keywords: Variable Stiffness Sandwich, Local Instabilities, Genetic Algorithm, Natural Frequencies,

Critical Buckling Load

1. Introduction

Sandwich composite structures are widely used to-
day in the aerospace industry. Its great capabili-
ties such as high stiffness, predominantly provided
by the face sheets, combined with its low density,
due to its considerably low density core, makes this
type of structure one of the most common struc-
tures used in an industry in which weight has a
strong impact. Therefore, a lot of effort has been
put recently in the study of such structures in order
to further improve its structural strengths. To this
extent, variable stiffness sandwich (VSS) structures
emerge as an alternative to the traditional constant
stiffness sandwich (CSS) structures. Such terminol-
ogy derives essentially from the nature of its face
sheets, that consists of layers of fibers with vari-
able spatial orientation. This particularity allows
for an expansion of the design space. Although the
main portion of research related to this topic con-
cerns variable stiffness composite laminates, there
are some studies regarding variable stiffness com-
posite sandwich structures, although rarer. There-

fore, this work intends to increase the available in-
formation and research concerning variable stiffness
composite sandwich structures. Main objectives of
this work comprise the structural study of the be-
haviour of variable stiffness sandwich, namely in vi-
bration and buckling, and then exploring the capa-
bilities of optimization algorithms to find the best
solutions in such design space.

Tornabene et al. [1] conducts a vibration analysis
over foam core variable stiffness composite sand-
wiches by employing a combined structural theory.
This theory consists of an equivalent single layer ap-
proach based on the Carrera Unified Formulation.
Moreover, in this work, to enhance and enrich the
model, it is also added the Murakami’s function to
capture some particular effects related to soft core
sandwich structures, with the vibration problem be-
ing solved numerically through the Generalized Dif-
ferential Quadrature method. For more details on
the theories and methods cited, see Tornabene et al.
[1]. In what concerns curvilinear fiber orientation
definition, in this work, different functions are used,



including the sine-wave, exponential and power-law
distributions. It was concluded that the use of vari-
able stiffness laminates as face sheets of sandwich
structures can indeed vary quite significantly the
vibration response and that there is room for fur-
ther exploration of the capabilities of this type of
structure.

A variable kinematic model is adopted by
Vescovini and Dozio [2] to study the structural
performance of variable stiffness laminated (VSL)
plates and variable stiffness sandwich structures.
Two types of fiber orientation laws are used: fiber
orientation angle varying along x and fiber orienta-
tion angle varying along y. In either case, the linear
fiber orientation law is used. In terms of sandwich
materials, this work makes use of a sandwich struc-
ture with a low density and a high density core sub-
jected to multiple boundary conditions. The results
obtained using the proposed model are compared
with other literature data and it is concluded that
the model presented a good accuracy.

Loja et al. [3] studied and optimized the struc-
tural behaviour of laminated plates in vibration
(also in statics and buckling). To this end, a first
order shear deformation theory is used coupled with
an adaptive hybrid optimization approach. The
fiber paths are defined through a linear fiber ori-
entation law in the study of three-ply laminates. In
what relates to the vibration response, in this work,
it is concluded that, for simply supported bound-
ary conditions, the optimal fundamental frequency
can be designed to be 5.61% higher than traditional
constant stiffness laminates.

Some of the previous mentioned works, besides
vibration analysis, also present buckling results.
Vescovini and Dozio [2] is one of those cases, both in
terms of VSL and VSS. In this topic, before a para-
metric study is done, a preliminary analysis is made
to comprehend how the failure modes, namely local
core crushing mechanisms, emerge with the com-
bined effect of steered fibers on thick variable stiff-
ness sandwich. Furthermore, this type of behaviour
is magnified by the fiber steering component of VSS
which worsens the buckling performance. Regard-
ing the theories studied in this work, it is concluded
that the layerwise theory, derived from the variable-
kinematic approach, using Carrera’s Unified For-
mulation and the Ritz method, is indeed necessary
when analysing a sandwich with low density and
shear stiffness core and that equivalent layer theo-
ries become inaccurate in these cases.

Coburn and Weaver [4] use a piecewise linear
method for the fiber orientation law, with the sand-
wich panel being modelled as a Mindlin-Reissner
two-dimensional plate, which accounts for trans-
verse shear flexibility. In this work, the Ritz method
is used to formulate the eigenvalue and eigenvector

problems that model the buckling behaviour. In
addition, a parametric study is performed by vary-
ing the parameters that govern the fiber orientation
law. It was concluded that local instabilities occur
more often in VSS when the sandwich core is of low
density, which can make the buckling perfomance
of VSS worse than classical sandwich.

Chen et al. [5] implemented a new method based
on a modified extended high-order sandwich plate
theory coupled with a Rayleigh-Ritz procedure to
formulate the equations than govern the buckling
problem in VSS. The theory converged to the same
values of case studies available in literature and it is
also concluded that VSS can improve buckling per-
formance. However, for some cases such as certain
fiber orientation laws or core density, there is an
onset of different instabilities that cause this per-
formance to greatly decrease.

2. Background

2.1. Eariable Stiffness Sandwich - Fiber Orientation
aw

The fiber path definition is expressed in a mathe-
matical equation where 0 is the fiber orientation in
a given location. In the literature, there are a lot of
options in what respects this definition.

In this work the fiber orientation is defined by
a linear function. The reason to adopt such def-
inition herein is not only its ease of implementa-
tion given its simplicity, but also the fact that it is
the most commonly used definition in the literature,
compared to other alternatives. Another advantage
of using this definition concerns the optimization
task, which benefits from having a lower number of
design variables than other definitions. The general
linear formulation starts with a value of T from a
reference point A, which is the center of the plate,
changes along an axis «’ (with origin in A), that is
rotated of an angle ¢ from the standard coordinate
x axis (horizontal axis), and finally reaches the final
fiber angle value T} at «’ = d, being d the distance
from the reference point A [6]. The value of ¢ is
taken as being 0 in this work.

In this work, the linear variation definition along
the z’ direction, that is, where the orientation 6
depends only on the z’ coordinate, is used. This
definition is mathematically expressed in equation
1.

Ed

0(z') = (Tr — To)a 5

+ T (1)

In terms of notation, a variable stiffness lamina
is represented by <Tp,T1>, where T} is the fiber
angle at the center of the lamina and 77 the fiber
angle at ' = a/2, where a is the length of the plate
in the z’ direction.



2.2. Curvature Constraint

There are currently two main techniques to imple-
ment a given path orientation definition: the shifted
method and the parallel method. In the shifted
method, the reference path is simply copied along
a direction, in a translation movement. This allows
for greater feasible designs, a greater stiffness vari-
ation when compared to the parallel method and
makes the implementation of curvature constraints
simpler. The main disadvantages of this method are
the possible formation of gaps and overlaps, which
in turn cause a thickness variation of the laminate.
Continuous tow shearing (CTS) is assumed to be
the manufacturing process used, thus avoiding the
formation of gaps and overlaps which often origi-
nate from the Automated Fiber Placement (AFP)
and in the shifted method.

Manipulation of the traditional curvature formula
for a single variable function gives rise to the cur-
vature constraint function used in the optimization
process, given by equation 2:

2(Ty — To)
a

|
a/2

i

K =

cos <(T1 —Tp) + To) (2)

In the literature, there are a multitude of values
assigned to the curvature constraint. Some authors
use 3.28 m~! for the maximum allowable curvature.
Furthermore, Kim et al. [7] reports that the curved
paths used in the CTS process show a curvature 10
times bigger than the typical curvature exhibited by
paths produced with the AFP process. Nonethe-
less, most values of curvature constraint available
in literature are associated with the AFP process.
Due to the lack of information concerning curvature
values for CTS process, even though it allows the
production of high curvature paths, in this work the
value of 3.28m ! is used in optimization process, as

in [8, 9].

3. Stuctural Behaviour of Variable Stiffness
Sandwich
3.1. Model Implementation and Validation

The finite element commercial software Abaqus is
used to perform structural analysis. To achieve a
compromise between the computational cost and
the accuracy of both the structure modelling and
the results, a mixed model is used, where the core
is modelled with 3D elements to account for its
high thickness and transverse flexibility and the face
sheets are modelled with 2D shell elements, due to
its low thickness and flexibility.

The model creation is done using Python scripts.
The fiber orientation law is implemented through
angle variation of the local coordinate system of
each set of elements in the x direction (since, in
this work, 6 only varies according to z). So, at each
element, the x coordinate of the centroid is calcu-

lated and the angle 6 of the element in question
is computed based on its centroid, being the angle
constant in that element.

A model validation analysis is made involving
VSS to assure that the structural behaviour of the
model in both vibration and buckling reproduces
valid results and in accordance with the available
literature information. Results, presented in tables
1 and 2, are in line with the literature, with very ac-
ceptable deviations of around 1% or lower. A mesh
consisted of 40 x 40 xy elements and 2 elements in
the thickness of the core is used.

Table 1: Model validation with variable stiff-
ness sandwich structures in vibration, in terms

of non-dimensional fundamental frequency w =
face
P

2 fa?t—! Face - Face sheet configuration:
Y
[<0,45>, <-45,-60>, <0,45>].

Core ) Present  Deviation,
material b/h ED2{1] ED4[1] LD1{] LD2 1] model % (LD2)

Alumin 10 3682 3361 3311 3309  3.296 0.390

. “Tm“é"h] 50 4100 4042 4030 4030  4.025 0.130

roneycom 100 4143 4114 4108 4108  4.098 0.250

Table 2: Model validation with variable stiffness
sandwich structures in buckling (b/h = 50), in
terms of nondimensional uniaxial z critical buck-

. N . Ng a?
ling force, N, = Blecess

Core Face sheet Present  Deviation,

2

material configuration ED2[2] ED4[2] LD1[2] LD2[2 model % (LD2)
H Core  [<0,30>, <0,-30>] 1.643 1.462 1.425 1.425 1.411 0.971
(table 6)  [<0,60>, <0.-60>] 1.698 1.648 1.638 1.637 1.621 1.011

L Core  [<0,30>, <0,-30> 1.516 1.365 1.332 1.332 1.315 1.281

[

|
(table 6)  [<0,60>, <0,-60>] 1.597 1.548 1.539 1.538 1.518 1.254

3.2. Core Stiffness Influence Study

One of the studies that is made in this work con-
cerns the analysis of the relationship between the
stiffness of the core and the results obtained, namely
the possibility of the onset of particular failure
modes. To this extent, isotropic and orthotropic
cores are used. In order to conclude about the effect
of the variation of core’s stiffness on the results, this
study begins with a particular core material and,
afterwards, alters its properties to successively cre-
ate new materials with progressively lower stiffness,
both in the isotropic and orthotropic cases. The ref-
erence material (the first core of the isotropic table
and the last core on the orthotropic table) for the
isotropic case is a standard aluminium alloy [10]
while for the orthotropic case the reference is an
aluminium honeycomb [1]. The materials used are
presented in tables 3, 4 and 5. All clamped bound-
ary conditions (CCCC) are used and, in the buck-
ling case, a normal compression force of 100 kN is
used. Each face sheet has one lamina. Configura-
tions with Ty = 0°, Ty = 45° and Ty = 90° are
used in this first study.



Table 3: Properties of the face sheet material used
in the optimization processes [2].

En
(MPa)

Ea
(MPa)

Es3
(MPa)

GlZ
(MPa)

GIJ
(MPa)

Gas P
vz iz Va3 (MPa)  (kg/m"3)

CFRP 173000 7200 7200 0.29 0.29 0.29 3760 3760 3760 1540

Table 4: Orthotropic core materials used (p = 72
kg/m?).

Core
material

By
(MPa)

E2o
(MPa)

Es3
(MPa)

G2
(MPa)

G ,
V12 Vi3 Va3 (MIl";) Gy (MPa)

Core A

Core B

Core C
Core D [1]

4400
4400
0.44
0.44

4400
4400
0.44
0.44

1536
1536
1536
1536

0.99
0.99
0.99
0.99

0.0000864
0.0000864
0.0000864
0.0000864

0.0000864
0.0000864
0.0000864
0.0000864

27000
2700
2700
0.27

36900
3690
3690

369

22200
2220
2220

222

Table 5: Isotropic core materials used (p = 2700
kg/m3).

Core E
material (MPa) v
Core E[10] 70000 0.33
Core F 700 0.33
Core G 7 0.33
Core H 0.7 0.33

A particular aspect regarding the mode shape re-
sults is the onset, in some scenarios, of local failure
modes or a coexistence of local and global insta-
bilities. In both vibration and x buckling analysis,
the local instability phenomenon is not present with
this specific orientation law, for the set of configu-
rations tested. However, for y buckling there are
some configurations in which local instabilities oc-
cur. This phenomenon tends to occur in sandwich
structures with specifically softer isotropic or or-
thotropic cores. In the latter, these instabilities are
exacerbated and take a more irregular shape than
in soft isotropic cores.

Figure 1 presents the mode shapes, in y buckling,
regarding the isotropic core G with configurations
<0,70>, <0,80> and <0,90>. It is possible to
see that, in configuration <0,70>, there is a co-
existence of the traditional global mode with the
presence of local instabilities, which progressively
become the dominating mode as 7T; increases to-
wards 90° (for Ty = 0°, in this case). These failure
modes are not transversal to all VSS, however. Con-
figurations with high curvature exacerbate this phe-
nomenon, as demonstrated by the degree of domi-
nance of such modes over global modes as T} in-
creases (i.e. curvature increases) for Ty = 0°.

Therefore, it is possible to conclude that, al-
though VSS can indeed bring benefits in terms of
structural performance, careful thought must be
taken in its design in order to conceive a struc-
ture that does not contribute to the earlier onset
of such local failure modes with its drastic perfor-
mance consequences. This type of failures are more
often seen in y buckling, for the orientation law used
and in the presence of softer cores.

Figure 1: Mode shapes for configurations <0, 70>
(upper left), <0,80> (upper right) and <0,90>
(lower center) with core G.

3.3. Low Stiffness Core Variable Stiffness Sandwich
Study
This section consists on an in-depth investigation
of the structural behaviour of VSS with low stiff-
ness core. For antisymmetric face sheets configu-
rations, the plots present the pair <7p, 77> for the
first lamina. The material used for the face sheets is
the same as the previous study (CFRP), while the
core’s material is an aluminium honeycomb (core
D, table 4).

Regarding the free vibration analysis, the first
conclusion is that this type of analysis is less sen-
sitive in what concerns the effects of low stiffness
cores and variable stiffness face sheets on the on-
set of local failure modes. Indeed all fundamental
modes observed are of global type.

In what concerns the symmetric face sheet con-
figurations results, it is possible to observe that for
boundary conditions such as CCCC, CCCF, CCFF,
CFFF, CCSC or CCSS the general trend is that,
with the increase of T} for a given value of Ty, the
fundamental frequency decreases. The overview of
the symmetric face sheets results (figure 2) allows
to conclude that CSS tend to have a better per-
formance than VSS, for the sets of configurations
tested, in the majority of the boundary conditions.

Ty () CCCC CCCF CCFF - CFFF
[ — [

°) (CSSS CCSS CSCS CCSC
0 [

15 - e e
90 - = =

. . , . .
0 30 45 60 7 90
(%)

Figure 2: Fundamental frequency f (H z) evolution
with Ty and 77 in multiple boundary conditions.

The general trend conclusions made for the sym-
metric cases are also applicable in the antisymmet-
ric cases in what concerns the fundamental fre-
quency evolution with 77, for a given Ty, in the



different boundary conditions.

The results obtained related to uniaxial  buck-
ling of both CSS and VSS with symmetrical face
sheet configuration (figure 3) show that, for scenar-
ios where at least one of the z edges (x = 0 or
x = a) is clamped and remaining boundaries are
either free or clamped, the CSS symmetrical con-
figuration <0,0> has the best z buckling perfor-
mance, as shown by the left plot of figure 3. In
these same cases, besides this trend, there is also
another visible pattern: for a given Tp, the increase
of Ty, generally, decreases the buckling performance
of the structure.

Ty (*) CCCC CCCF CCFF  CFFR

eSS oses

- =

Figure 3: Uniaxial x buckling critical load factor
(Aerit) evolution with Ty and 77 in multiple bound-
ary conditions.

The results for antisymmetric face sheet config-
urations dictate that the behaviour of these struc-
tures, unlike the vibration case, have a quite sig-
nificantly different response in comparison with the
symmetric counterparts. An example of the pre-
viously stated is visible in the CCCC test: while,
in the symmetric configurations, for all T there
is rapid decrease of performance with the increase
of T1, in the antisymmetric configurations the de-
crease of performance is very slow and, in the case
of Ty = 45°, it actually increases until it reaches
the peak of critical buckling load at <45,30>, after
which decreases, as seen in the left plot of figure 4.

30

Ty (°) CCCC CCCF CCFF  CFFF Ty (°) €SS CCSS CSCS  CCSC
0 - 0 - e .

30 -

- - . 15

45
%0

Figure 4: Uniaxial « buckling critical load factor
(Aerit) evolution (antisymmetric facesheet configu-
ration) with Tj and Ty in multiple boundary condi-
tions.

The uniaxial y buckling analysis of symmetri-
cal face sheet configurations reveals different con-
clusions regarding the evolution of buckling per-

formance in comparison with x buckling. For in-
stance, in the left plot of figure 5, when CCCC con-
ditions are applied, it is possible to observe that the
VSS <45,90> configuration has better performance
than other configurations, including CSS. For the
same boundary conditions, the uniaxial x buckling
has a CSS configuration as its best configuration,
which allows to conclude that, not only the perfor-
mance depends on the boundary conditions applied
and whether CSS or VSS are used, but also in which
direction the buckling analysis is made. Further-
more, for this boundary condition, the performance
increases, for a given Ty, with the increase of T7,
whereas for the remaining conditions of the same
plot (CCCF, CCFF and CFFF) the performance
stagnates at a certain value or decreases slowly.

25 30
Ty (°) CCCC CCCF  CCFF  CFFF

Ty (°) CSSS CCSS CSCS  COSC
0 [

-~ - 15

5 - e e
90 - = e

+

Figure 5: Uniaxial y buckling critical load factor
(Aerit) evolution with Ty and T3 in multiple bound-
ary conditions.

In contrast to the results obtained in uniaxial z
buckling, antisymmetric face sheet configurations
do not always perform better than the symmetri-
cal cases, having, in some scenarios, worse perfor-
mance. In figure 6, there are a multitude of curves
in the different plots that have a similar behaviour:
the buckling performance increases until 77 = 45°,
then decreases until 77 = 75° and once again in-
creases until 77 = 90°. The former is verified, for
example, in CCCC and CCSC conditions for con-
figurations with Ty = 45°. So, although there are
plenty of curves with the same increasing perfor-
mance behaviour with increasing T; as it was de-
tected in the symmetrical cases, the introduction of
the antisymmetric lamina produced a less straight-
forward curve evolution for the critical buckling
load factor for some boundary conditions.

4. Optimization Problem Formulation

The objective of the optimization processes of the
present work is to maximize the fundamental fre-
quency, in the vibration case, and to maximize the
critical buckling load, in the buckling case. To this
extent, Matlab genetic algorithm is used, coupled
with Python scripts used for the structural analysis
in Abaqus. A plate with 1 x 1 m? is used, being the
sandwich structure composed of a core with thick-
ness t. = 16 mm and two face sheets which are
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Figure 6: Uniaxial y buckling critical load factor
(Aerit) evolution (antisymmetric facesheet configu-
ration) with Tj and 7y in multiple boundary condi-
tions.

composite laminates composed of 4 laminas (i.e., 8
design variables overall), in a total face sheet thick-
ness of ty =2 mm.

The optimization problem is formulated in the
following way:

f()
with x€Z
subjected to g;(z) > 0,

maximize

(3)
i=1,.., Ny

where « is the vector containing the decision vari-
ables [<Tp,T1>]; for each lamina ¢, in the case of
curvilinear fibers, and [Tp];, in the case of straight
fibers, f(x) is the objective function (fundamental
frequency in vibration and critical buckling load in
buckling) and g¢;(x) are the nonlinear constraints,
being Ny, the number of laminas.

For curvilinear fibers, since the orientation law
chosen is defined by a linear function, there are
two decision variables per lamina. In this work, the
sandwich structure is symmetric, that is, the com-
posite laminates (top face sheet and bottom face
sheet) are symmetric to one another about the mid-
plane of the sandwich core but the face sheets them-
selves are not necessarily symmetric. Thus, the to-
tal amount of decision variables is eight. Moreover,
it is assumed that the decision variables only take
integer values and not the general case of being a
real number. That is due to the fact that the vari-
ation of the decision variables (T and Ty for each
lamina) in the decimal places would not differ signif-
icantly from their nearest integer counterpart. Fur-
thermore, the inclusion of the possibility of x tak-
ing on real values would cause a slower convergence.
The non linear constraints, g;(x), concern, in this
case, the curvature constraint given by equation 2.

The properties of the materials used in the op-
timization processes of both core and face sheets
are summarized in tables 3 and 6. For the cores,
two types of aluminium honeycomb material are
used: one of lower density and stiffness denoted alu-
minium honeycomb of low stiffness (AH-L) and one
of higher density and stiffness denoted aluminium

honeycomb of high stiffness (AH-H). In what con-
cerns the face sheets, a carbon fiber reinforced plas-
tic (CFRP) was used.

Table 6: Properties of the cores used in the opti-
mization processes [2].

Eyy B Eys v ” G2 G G »
(MPa) (MPa) (MPa) “*% 18 2 (MPa) (MPa) (MPa) (kg/m"3)

AH-H 12 12 4608 099 7.7de-4  7.7Ge-4 7 1108 664 192
AH-L 0.44 0.44 1536 0.99 8.64e-5 8.6de-5  0.27 369 222 72

In terms of boundary conditions, simply sup-
ported in all side faces and edges (SSSS) as well as
clamped boundary conditions (CCCC) are applied.

5. Optimization Results
5.1. Aluminium Honeycomb Core of High Stiffness
Results

Optimal CSS and VSS face sheet configuration,
with a sandwich core made of AH-H material, and
respective optimal result, for the four types of struc-
tural analysis made, subjected to CCCC boundary
conditions, are presented in tables 7 and 8.

Regarding the vibration result, the only similar-
ity to the optimal CSS result is that the optimal
VSS result has a face sheet configuration that in-
cludes an almost constant stiffness lamina aligned
closely with the x direction (lamina 2 with Ty = —9,
T, = —4), as it occurred in the CSS (3 laminas
aligned with the 2’ direction, Ty = T3 = 0°).
The remaining laminas of the optimal VSS reveal
the higher design flexibility of this type of sand-
wich structure over CSS, with all three laminas
being aligned, at the half-length of the structure
(x = a/2 = 0.5m), with the y direction (Tp = 90°
or Tp = —90°) and, at x = Om and z = a = 1m,
closely aligned with the = direction ((71); = 0,
(T1)3 = 2° and (T1)4 =-3° )

Buckling in the z direction result shows that the
optimal VSS is achieved with lamina 1 being almost
antisymmetric of lamina 2 and lamina 3 almost an-
tisymmetric of lamina 4. However, the two first
laminas have a completely different fiber path ori-
entation evolution than the latter two. Laminas 1
and 2 fiber path begins with a 14° (or —14°) ori-
entation at © = 0, therefore close to being aligned
with the 2’ direction. On the other hand, lami-
nas 3 and 4 fiber path initiates with an orientation
close to a 45° (or —45°) angle, more noticeable in
lamina 3 ((71);3 = 41° while (T1)4 = —33°), and
then evolves to an orientation, at x = a/2, prac-
tically aligned with the x direction ((Tp); = —2°
and (Tp)s = 1°). This VSS configuration provides
a critical buckling load factor, A.i¢, 27.073% higher
than the optimal CSS configuration.

In relation to the buckling in the y direction re-
sult, the use of VSS reveals to be even more benefi-
cial, in a performance point of view, than in buck-
ling in the x direction, since the optimal VSS con-



figuration achieves a 67.304% critical buckling load
factor improvement in comparison to the optimal
result obtained with CSS. The optimal VSS result is
achieved with a face sheet configuration composed
of two (out of four) virtually equal laminas (laminas
1 and 4), with an orientation, at z = 0 and = = a,
closely aligned with the 3’ direction ((71); = —84°
and (T1)4 = —83°), then developing towards to an
orientation direction closer to the z’ direction than
the y direction ((Tp); = —30° and (Tp)s = —32°),
at © = a/2. Lamina 2 is practically an antisym-
metric configuration of the two previous mentioned
laminas, being only lamina 3 the ”outsider” with
Ty = —57° and T7 = —6° values significantly dif-
ferent from the remaining laminas.

An interesting observation is that optimal CSS
critical buckling load factor values for buckling in
x and y direction does not vary much: 22.129 in
buckling in z direction and 21.394 in buckling in
y direction (a difference of only 3.436% taking the
smaller value as reference). On the other hand, the
same conclusion does not apply to VSS results, with
the critical buckling load factor in y direction being
significantly higher than the one verified in the x di-
rection (35.793 and 28.120, respectively, a difference
of 27.289% taking the smaller value as reference).
This difference as well as the higher performance
difference between optimal VSS and CSS configu-
ration verified in buckling in y direction can be ex-
plained by the fiber orientation law used. Indeed,
in the buckling in y direction there is a concentra-
tion, namely in laminas 1,2 and 4, of load direction
oriented fibers (that is, fibers oriented in the load
direction, which is, in this case, the y direction)
in small regions in the extremities of the sandwich
structure (near = 0 and x = a). This leads to a
higher structural stiffness since multiple fibers are
accumulated in that concentrated region, oriented
in the load direction, magnifying the stiffness ef-
fect and, therefore, increasing quite significantly the
critical buckling load factor.

In shear buckling, optimal VSS can, as well, im-
prove the structural performance, in this case up to
47.192% higher critical shear buckling load factor
than optimal CSS, in CCCC boundary conditions
and with AH-H core. This performance improve-
ment is achieved with a VSS configuration com-
posed of one almost straight lamina (lamina 1) com-
bined with two antisymmetric laminas (laminas 2
and 3) and a final lamina that, although being al-
most straight, it has a small steering effect that
allows for some fiber concentration at x = 0 and
T = a, as seen in figure 10. The optimal VSS config-
uration in shear buckling is characterized, namely,
by a less pronounced curvature in all laminas, con-
trasting with some optimal configurations in other
structural analysis.

Table 7: Optimization results for vibration, buck-
ling z, buckling y and shear buckling for CCCC
boundary conditions with AH-H material as core
and constant stiffness composite face sheets.

Aluminium honeycomb core of high stiffness (AH-H)
Boundary conditions
Structural el
Analysis
Optimal face sheet configuration Optimal
<To,Tiv >1 <To,Ti > <Top,Tv>3 <To,T1 >4 result
R
Vibration <0,0> <0,0> <0,0> < -90,-90> 277.804
(fin Hz)
Buckling x
Oy SO BE> <ILIL> <10,10> <66 22129
crit
B‘E&khnf Y <80,89>  <89.80> <-2,-2> <8888 > 21394
crit
Shear buckling <0,0> <36,36>  <0,0> < 88,88 > 39.587

(Aerit)

Table 8: Optimization results for vibration, buck-
ling z, buckling y and shear buckling for CCCC
boundary conditions with AH-H material as core
and variable stiffness composite face sheets.

Aluminium honeycomb core of high stiffness (AH-H)
Boundary conditions
Structural ccec
Analysis —
Optimal face sheet configuration Optimal
<To, Ty > <To,Ty > <To,Ti>3 <To, Ty >4 result
Vibration <90,0> <-9,-4> <-90,2> <90,-3>  308.592
(fin Hz)
B“(“Akh“*‘f P79, -14>  <8L14> < -241> <1,-33> 28120
crit
B“(ikh“t;' Y <30,-84> <> < -57,-6> < -32,-83> 35793
crit
Shear buckling ¢ 15 50155 < _51,-17> <7384 > 58.269

(Aerit)

Regarding CSS and VSS optimization with SSSS
boundary conditions, in a sandwich structure with
AH-H as core, tables 9 and 10 present the results for
vibration, buckling in x direction, buckling in y di-
rection and shear buckling. Under SSSS boundary
conditions, sandwich structures become more flexi-
ble, and therefore, less stiffer, leading to lower opti-
mal values of critical buckling load factors and fun-
damental frequency in comparison to CCCC bound-
ary conditions results.

The vibration result shows that, unlike the
CCCC boundary condition case, the difference in
fundamental frequency performance between opti-
mal VSS and CSS configurations is virtually negli-
gible. Indeed the difference is only of 0.01% which
allows to infere that, realistically, the introduction
of steered fibers in sandwich structure’s face sheets
does not improve the verified performance in CSS.

Concerning the buckling in x direction result, the
performance improvement of the optimal VSS over
CSS, albeit not being equally as high as occurred
under CCCC boundary conditions, ascends to 20%
in terms of critical buckling load factor. To achieve
such performance, optimal VSS configuration in-
cludes, in its composition, two antisymmetric lam-
inas (lamina 1 and 2) and two symmetric laminas
(lamina 3 and 4), a peculiarity first seen in all of the



optimal face sheet configurations until here anal-
ysed. The two antisymmetric laminas are charac-
terized by a smooth fiber path orientation, with a
less pronounced curvature than in, for example, the
analogous result in CCCC conditions.

In relation to the buckling y result, the perfor-
mance improvement of VSS is, once again, smaller
than in CCCC conditions, being, nonetheless, sig-
nificant. The difference between VSS and CSS as-
cends to 24.5% in terms of critical buckling load
factor. Although the performance improvement in
buckling in y direction is still higher than the one
verified in buckling in z direction, due to the rea-
sons already mentioned in the CCCC boundary con-
ditions results analysis, it appears that the change
from CCCC to SSSS conditions leads to a mitiga-
tion of the magnification verified in the previous
boundary condition scenario.

Table 9: Optimization results for vibration, buck-
ling « and buckling y for SSSS boundary conditions
with AH-H material as core and constant stiffness
composite face sheets.

Aluminium honeycomb core of high stiffness (AH-H)

Boundary conditions

Structural
SSSS
Analysis
Optimal face sheet configuration Optimal
<To, Ty >, <To, T >2 < Ty, Ty >3 <To, Ty >4 result
Vibration 4 4gs c a4 —ad>  <4TAT> < —43,-43>  165.282
(fin Hz)
B“&l‘hnf LPYTITES <A 44> < —Md—4d> < —43,—43>  9.947
erit
Buklingy ) 5> <46.46> <4545> < —46,-46>  10.094

(Acrit)

Table 10: Optimization results for vibration, buck-
ling « and buckling y for SSSS boundary conditions
with AH-H material as core and variable stiffness
composite face sheets.

Aluminium honeycomb core of high stiffness (AH-H)
Boundary conditions
Structural .
SSSS
Analysis
Optimal face sheet configuration Optimal
< Ty, Ty >1 < Ty, Ti >» < To,Th >3 < Ty, Ty >4 result
Vibration 4 up s < a4, 45> < —d6,—44 > <46,43>  165.499
(fin Hz)
Kl
B“&k “‘";’ <69, 44> <6445>  <-2,55> < -2,-53> 11937
crit
Bucklingy g1 445 < _40,-46>  <25,73> < —35-69> 12.568

(Aerit)

5.2. Aluminium Honeycomb Core of Low Stiffness
Results

Optimization results of CSS with AH-L as core and
subjected to CCCC boundary conditions are pre-
sented in table 11. The values achieved for optimal
results in the different structural analysis show that,
in comparison to CSS with AH-H as core subjected
to the same CCCC boundary conditions, optimal
fundamental frequency result with AH-L is higher
while optimal critical buckling load factor in both

buckling in « and buckling in y directions are lower.
Indeed, the use of AH-L as core, in comparison to
AH-H, leads to a decrease in both stiffness and den-
sity (p). The decrease in stiffness inevitably leads
to the decrease observed in critical buckling load
factors since the structure is less robust to cope
with the buckling forces. The change in density
is, probably, the main driver of the increase of per-
formance verified in vibration, since lower density
structures, typically, have higher fundamental fre-
quencies, while higher density structures (as in the
sandwich cases with AH-H), due to inertia reasons,
tend to vibrate at lower frequencies.

Optimal VSS face sheet configuration, in vibra-
tion, for an AH-L sandwich core, is very similar to
that obtained when using AH-H sandwich core. In
fact, both optimal configurations try to take max-
imum advantage of curvature constraint, leading
to configurations with highly steered fibers. This
optimal VSS configuration achieves a fundamental
frequency improvement of 7.795% over the optimal
CSS configuration, in CCCC boundary conditions.

Regarding optimal results obtained in buckling
in = direction, optimal VSS critical buckling load
factor achieved with AH-L sandwich core is lower
(19.218%) than the AH-H VSS case, due to its
lower stiffness. The optimal VSS face sheet con-
figuration has, in its composition, three virtually
identical laminas (laminas 1,2 and 4), which start
with a orientation value near the —45° mark, at
z' = 0, then progressively evolves to higher orien-
tation values, reaching, at #’ = a/2, a orientation
closely aligned with the z direction ((7p); = 16°,
(To)2 = 15°, (Tp)a = 12°). The performance im-
provement proves that extremely low stiffness core
penalize the performance improvement provided by
optimal VSS configurations over CSS. This may be
due to the fact that, in the presence of softer cores,
there is a higher probability of local instabilities
that decrease significantly VSS performance, while
also narrowing the range of possible VSS that can
outperform CSS.

The use of steered fibers in the structure, sub-
jected to CCCC conditions, leads to an 55.301%
critical y buckling load factor improvement over
CSS. This improvement is, however, smaller than
the one verified with AH-H. The lower stiffness
of the AH-L core leads to, as it occurred in the
buckling in x direction, a significantly lower opti-
mal value for critical buckling load factor (27.743,
which is 29.016% lower than the value obtained with
optimal configuration with AH-H core). There is,
nonetheless, more similarities, in what concerns the
optimal face sheet configurations (in buckling in y
direction) composition in each of the cores, than
in the buckling in z direction. In both core cases,
the optimal face sheet configuration has two almost



equal laminas (laminas 1 and 4 in both cases) with
lamina 2 being an almost antisymmetric counter-
part of the previous two.

The impact of the change from AH-H to AH-
L and consequent decrease of stiffness is also no-
ticeable in shear buckling result, with optimal VSS
achieving a critical buckling load factor of 33.394,
which represents a 41.763% decrease of the value
obtained by optimal VSS with AH-H core. Further-
more, the core change also has a major impact in
the performance improvement provided by optimal
VSS. The performance achieved by optimal VSS is
6.103% higher than the one verified with optimal
CSS. This improvement is drastically smaller than
the one verified with optimal VSS over optimal CSS
in the presence of an AH-H core.

Mlustrative representations of the optimal VSS
fiber paths in the various analysis, under CCCC
conditions, are presented in figures 7, 8, 9, 10 11,
12, 13 and 14.

Table 11: Optimization CSS results for vibration,
buckling z, buckling y and shear buckling for CCCC
conditions with AH-I, material as core.

Aluminium honeycomb core of low stiffness (AH-L)

Boundary conditions

Structural Ielee
Analysis
Optimal face sheet configuration Optimal
< Ty, Ty >1 <To, Ty > <To, Tt >3 <Tp,T1 >4 result
Vibration <0,0> <0,0> <0,0>  <-90,-90> 289.259
(fin Hz)
B“(ikh"l)% v <0,0>  <-90,-90> <0,0> <0,0> 19.198
erit
B‘E‘;kh“*)” v <18,18> < -24,-24> <89,89> <8989 >  17.864
erit
Shca(r;)“ci‘l‘"g <-15,-15>  <39,39>  <42,42> < -40,-40> 31982
erit

Table 12: Optimization VSS results for vibration,
buckling x, buckling y and shear buckling for CCCC
conditions with AH-L material as core.

Aluminium honeycomb core of low stiffness (AH-L)

Boundary conditions

Structural

r ccec
Analysis
Optimal face sheet configuration Optimal
<To, Ty >1 <To,T1 >2 <To,T1 >3 <To, Ty >4 result
Vibration <90,0> < -5-4>  <-90,1> <90,2>  311.808
(fin Hz)
B“(CA]‘I‘"‘)” T<16,-38> < 15,-37> <90,42> < 12,-34> 23587
crit
B‘Zikh“‘;’ Y <3883> < —48,-T5> < -TL,0> <4286 >  27.743
crit
Shea&b“;‘h“g <26,-2> < -45,-1> <-54,-36> <5131>  33.934
crit

Figure 7: Fiber paths for optimal VSS in vibration
with AH-H core and CCCC conditions.

Table 13: Optimization CSS results for vibration,
buckling x and buckling y for SSSS conditions with
AH-L material as core.

Aluminium honeycomb core of low stiffness (AH-L)

Boundary conditions

Structural
SSSS
Analysis
Optimal face sheet configuration Optimal
<To, Ty >1 < T, Ty >2 < Ty, Ty >3 < Ty, Ty >4 result
Vibration g7 7o 56,56 > <ATATS < —Ad—44> 172620
(fin Hz)
B“("’Akh“f T <4343 > <44,44> < —44,-44> < —43,-43> 8723
erit
ckling
B“(“A ‘"‘)’ Y5050 > < —42,-42> < 44, 44> <4444 > 8.800
erit

Table 14: Optimization VSS results for vibration,
buckling x and buckling y for SSSS conditions with
AH-L material as core.

Aluminium honeycomb core of low stiffness (AH-L)

Boundary conditions

Structural

v SSSS
Analysis
Optimal face sheet configuration Optimal
<To, Ty >1 <Tp, Ty >2 <To, Ty >3 <To, Ty >4 result
Vibration 49 40 s < 46,425 < —41,—46> < 41,46>  173.829
(fin Hz)
B‘t“;‘h“f T<70,-45> <-10,56> < 56,46 > <2,-54> 10322
erit
B“&khnf Yo« 56,-19> <8.87> <17,59> < -49,—60 >  10.866
crit

Figure 8: Fiber paths for optimal VSS in buckling
in  with AH-H core and CCCC conditions.

Figure 9: Fiber paths for optimal VSS in buckling
in y with AH-H core and CCCC conditions.

Figure 10: Fiber paths for
buckling with AH-H core.

Figure 11: Fiber paths for optimal VSS in vibration
with AH-L core and CCCC conditions.

6. Conclusions
The work done herein constitutes an elaborated
foundation for the study and optimization of VSS.



Figure 12: Fiber paths for optimal VSS in buckling
in  with AH-L core and CCCC conditions.

Figure 13: Fiber paths for optimal VSS in buckling
in y with AH-L core and CCCC conditions.

Figure 14: Fiber paths for optimal VSS in shear
buckling with AH-L core.

An in-depth study of the structural behaviour of
VSS, in comparison with CSS, prior to the opti-
mization process, is done. In the presence of low
density and stiffness sandwich cores, which consti-
tute the majority of types of core used in aerospace,
it was possible to identify some trends and perfor-
mance evolution with parameter variation (7p and
T) of VSS. The results obtained pointed in the di-
rection that VSS were structurally superior to CSS
configurations in multiple cases.

It was concluded that, in the vast majority of
optimization cases tested, VSS have a better or a
much better structural performance than CSS. For
example, the performance improvement achieved by
VSS over CSS, in buckling in y direction, for CCCC
boundary conditions, ascended to 67%. The capa-
bility of steered fibers to provide for different stiff-
ness characteristics in different regions of the struc-
ture reveals to be essential for the improvements
verified. This is due to the fact that the same fiber
can improve stiffness in different directions in dif-
ferent regions of the same lamina, unlike unsteered
fibers which can only provide stiffness uniformly in
one direction, across the entire length of the lamina.

Future studies following this work include, for ex-
ample, the use of other fiber orientation laws which
can be more accurate in certain scenarios or the use
of other types of geometry , namely to comprehend
how does the structural behaviour VSS change in
the presence of curved surfaces in its geometry.
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