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Abstract: The ship hull structure is composed of plates and stiffened panels. Estimating the maximum
load-carrying capacity, or the ultimate strength, of these structural components is fundamental. One
of the main challenges nowadays is the implementation of new materials and technologies to enhance
the structural integrity, economy, safety and environmentally friendly design of the ship’s hull
structure. A new design solution may be represented by aluminium alloy honeycomb sandwich
structures, both as plane panels or stiffened ones, which are characterised by excellent impact-
absorption capabilities and a high stiffness-to-weight ratio. Still, their response to some conditions
typical of ship structural design needs to be deeply investigated. Axial compressive loading is one of
the most critical conditions that could impact the structural integrity of such light-weight solutions.
Hence, the uniaxial compressive behaviour of aluminium honeycomb sandwich structures has to
be deeply investigated to promote their integration in ship structural design. Within this context,
the present work performs an experimental and numerical study of a honeycomb sandwich panel
subjected to uniaxial compressive loads. The results will help develop models for predicting the
uniaxial compressive load-carrying capacity of hybrid honeycomb sandwiches of aluminium alloy
design.

Keywords: ultimate strength; aluminium honeycomb sandwich; marine structures; uniaxial axial
compressive load; buckling; light-weight structures

1. Introduction

Rules and guidelines control ship hull structural design to guarantee reliability and
safety acceptance. As a result, any attempt to update design procedures and introduce
alternative solutions needs to be thoroughly supported by numerical and experimental
analysis, both on small- and full-scale levels [1]. Nevertheless, the interest towards inno-
vative structural solutions is encouraged by the growing attention toward environmental
impact, including weight-saving by introducing innovative materials [2,3].

In the continuous quest for effective and sustainable solutions, sandwich structures
made of sustainable materials, such as aluminium, represent a feasible option for ship-based
structural applications [4-6] given their intrinsic features of low density and high strength-
to-weight and stiffness-to-weight ratios. Aluminium honeycomb sandwich (AHS) panels
can provide marine structures with more sustainable and lighter materials [7,8] in addition
to their well-known impact absorption capabilities, which could be successfully exploited
to enhance collision strength in some marine applications, such as those suggested in [8,9].
The attention towards the introduction of more sustainable materials in shipbuilding
is increasing as a result of the continuous search for solutions aimed at mitigating the
environmental impact of the shipping industry, which is recognised as responsible for
about 3% of yearly global greenhouse gas (GHG) emissions on a CO5.¢q basis, according
to the Fourth GHG study 2020 [10] of the International Maritime Organization (IMO).
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In this scenario, construction materials characterised by a high degree of recyclability
are aimed at reducing the environmental impact of ships’ lifecycles, especially during
their production and dismantling phases. Aluminium is recognised as one of the most
recyclable materials and retains its original properties, allowing it to be recycled repeatedly
without degradation. In addition, the recycling of aluminium is reported to require only
5-7% [11,12] of the energy used to produce primary aluminium, significantly reducing the
related emissions. It follows that a more extensive use of aluminium in shipbuilding would
be beneficial to lower the environmental impact of the industry from a lifecycle perspective.

Light-weight and green AHS structures could provide a beneficial alternative in terms
of disposal and recyclability to fibre-reinforced polymers (FRPs), which are the most used
materials for the construction of small-sized vessels. The authors suggested some marine
applications of AHS. An equivalent AHS structure was suggested in [3] as an alternative to
building the conventional steel inner side shells in the cargo holds of a bulk carrier as well
as in [4] to replace a GFRP-balsa sandwich for a ship balcony overhang.

The use of AHS in shipbuilding should be supported by consistent and validated
knowledge of their ultimate strength [13], especially regarding the typical loading condi-
tions for ship structural design. Compressive loading can generate buckling—a crucial
failure mode for many engineering structures, including honeycomb sandwich panels—
and cause complete structural collapse [14,15]. Despite the potential advantages AHS offers
in low density and high strength-to-weight and stiffness-to-weight ratios, honeycomb
sandwich structures’ unique geometry and material properties can make it challenging
to predict their buckling behaviour. Assessing the response of AHS to similar structural
design solutions is crucial to establish their potential as an alternative for marine structures.

There is a growing interest in shipyards increasing the size and capacity of passen-
ger/cruise ships. The global structural response of multi-deck ships with extensive super-
structures (such as passenger and cruise ships, RoPax and mega yachts) can be particularly
complex. From an early design phase, it must be considered that a ship’s deck or bottom
plates are subjected to in-plane compressive loading, which may lead to buckling [16-18].

The International Maritime Organization [19] specifically addressed the need to con-
sider buckling phenomena suitably. Hence, class rules from all classification societies (see,
as an example, Lloyd’s Register rules [20]) include dedicated sections in their design rules
for buckling. These design rules guide ship structure design, including rules regarding the
thickness and strength of hull plating and the arrangement of frames and stiffeners.

Buckling prediction is, however, a complex subject that may require the integration
of several methodologies. For instance, Liu et al. [21-23] investigated aluminium alloy
plates under low-velocity impacts, their buckling tendencies, and the ultimate strength of
stiffened panels, which are often used in large passenger ships. They compared analytical,
empirical, experimental and numerical approaches for the investigation of ultimate com-
pressive strength, highlighting the main advantages and disadvantages of each one. They
highlighted the significant influence of boundary conditions, initial deflections, residual
stress induced by welding and heat-affected zones on the structural response and ultimate
strength of aluminium-stiffened panels. The importance of considering combined loads,
which act on ships during service conditions, was also pointed out.

The importance of assessing the response of marine structures to uniaxial compres-
sive loads is testified by the current state of the art, which is increasingly focusing on
light-weight composite structures also involving complex loading conditions produced by
load eccentricity [24-26]. Other loading states typical of marine structures, which can be
responsible for triggering buckling, may derive from the fabrication process of panels and
girders. Wang et al. [27] reported that welding-induced stresses, especially on thin plates,
may magnify buckling. Hence, knowing the critical conditions for buckling initiation is
crucial to ensure structure reliability during service life and implement suitable manufac-
turing processes and technologies. However, the current state of the art uses polymer [28]
or composite [29] sandwich structures. The buckling-induced damage mechanisms for
such structures include face sheets—core debonding, composite skin delamination, skin



J. Mar. Sci. Eng. 2023, 11, 365

30f12

fracture, cell shear, intracellular dimpling, and face wrinkling. Wei et al. [29] investigated
uniaxial compressively loaded composite honeycomb sandwich columns and developed
three-dimensional failure mechanism maps in which different collapse modes can occur
depending on both geometrical parameters and material properties. The crucial geomet-
rical factors affecting the buckling failure mode were cell wall thickness and length—on
which the relative density depends—skin thickness, core thickness and sandwich panel
width and length. The material’s properties affecting the failure mode include the skin’s
Young’s modulus, skin shear modulus, the core’s Young’s modulus and the shear modulus
of the honeycomb core. In addition, fibre orientation was reported to affect the failure
mode and the buckling strength when composite materials are used for core, skins or both.
Numerical and analytical studies on the buckling response of sandwich structures can be
found in [30,31]. The former [30] reported a theoretical prediction of buckling critical loads
for composite-based sandwich structures in quasi-static and dynamic load application
conditions. Theoretical results are compared to numerical solutions, but no experimental
validation was reported. A unified model for predicting local and global buckling of
sandwich columns was introduced in [31]. However, both skins and the core were assumed
to be made of homogeneous isotropic linear elastic materials.

Therefore, existing literature lacks detailed, analytical and experimental investigations
focused on the uniaxial compressive response of AHS, which are indispensable to endorse
their use as light-weight structures in shipbuilding. Hence, the current study investigated
the structural response of AHS panels under uniaxial axial compressive loads to establish
collapse modes and provides a numerical model to predict the stress—strain relationship
and the panels’ ultimate strength. The suggested model includes a methodology to evaluate
the ultimate strength of AHS subjected to uniaxial compressive loads, which paves the way
towards more reliable and efficient integration of innovative light-weight solutions in ship-
building. In addition, the provided numerical approach would support the development
of more advanced tools for complex marine structures.

The assessment of buckling and the ultimate strength of AHS under uniaxial axial
compressive loads is crucial to promote the broader use of AHS solutions in marine
structures. This type of analysis is fundamental for investigating the local and global
strengths of the ship hull structure [32]. Therefore, identifying critical failure modes for
AHS will be essential to support their integration within more complex marine structures.

2. Compressive Test of Honeycomb Sandwich Panel
2.1. Research Object

The basic structural behaviour of sandwich panels is assumed to be as I-beams, where
the facings sustain mainly bending and in-plane loads, with one skin or flange in compres-
sion and the other in tension. In contrast, the core acts as the web of an I-beam, carrying
the shear load and improving the bending stiffness by separating the skins. Differently
from an I-beam, it allows uniform support to the skins, distributing the loads and defin-
ing a uniformly stiffened panel. The core-to-skin adhesive rigidly joins the constituent
parts, allowing them to act as one integral stiffened panel with high torsional and bending
stiffness.

The honeycomb sandwich panel subjected to compressive loading may result in
buckling failure, as seen in Figure 1, where a generic buckling failure mode for sandwich
structures is depicted.

Figure 1. Honeycomb sandwich panel buckling failure mode, as reported in [33].
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The current study analyses the honeycomb sandwich panel subjected to compressive
loading. The aim is to investigate the governing factors and the possible implementation
of existing models of buckling progressive failure [33], which may support the design of
honeycomb sandwich panels for marine structural applications.

2.2. Research Methodology
2.2.1. Experimental Analysis

Experimental analyses were performed using AHS panels to investigate compres-
sive strength and verify and adjust the analytical approach in predicting the AHS panels’
stress—strain relationship and ultimate strength. AHS specimens used in the experimen-
tal investigation were obtained from commercial panels, where core-skins bonding was
obtained with an industrial process using an epoxy resin. The main features of the base
materials constituting the sandwich structure are summarised in Table 1, whereas Table 2
describes the characteristics of the tested AHS specimens.

Table 1. Features of materials composing tested AHS.

Skin material AA5754

Core material AA5052
Skin Young’s modulus E¢ [GPa] 68
Skin yield stress Oy [MPa] 155
Core shear modulus Gy, [MPa] ? 372
Core density, p [kg/m3] ! 130

1 Taken from [33].

Table 2. Features of tested AHS specimens.

Cell diameter [mm)] 3
Cell wall thickness [pm] 70
Specimen width b [mm] 45

Skin thickness [mm] 1

Core thickness [mm] 9
Overall thickness [mm)] 11

The geometrical descriptors of the honeycomb panel are shown in Figure 2, where a
is referred to as panel length, b as panel width, fis the thickness of skins, . is the core’s
thickness, and h is the overall sandwich thickness.

_——

Figure 2. Honeycomb panel geometrical descriptors.

Experimental tests were performed with a servo-hydraulic load machine INSTRON
8854, Instron Inc., Norwood, MA, USA) using hydraulic grips, which enabled the specimens
to be firmly held, as shown in Figure 3. The constraint applied to the specimens’ extremities
was intended to model fully fixed boundary conditions.
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Figure 3. Experimental setup.

Tests were performed under load control conditions at a load rate of 0.1 kN/s. To
investigate the effect of the span, the tests were performed considering 130, 150, 170, 190,
210 and 220 mm spans. Two tests (defined as T1 and T2) were performed for each span to
guarantee the repeatability of results. The pressure applied by the grips, which influences
the boundary conditions, was set to 20 MPa.

2.2.2. Prediction Model

The Smith [34] incremental-iterative approach was adapted to develop an analytical
approach to estimate the stress—strain relationship and ultimate strength of the honeycomb
panel, accounting for the critical stress based on the Johnson-Ostenfeld formulation [35]
and the inelastic effects of the column’s buckling of the honeycomb panel, as defined in [33].
The descriptors of the employed formulations were calibrated to the experimental results
in developing the load-shortening relationship throughout Equations (1)—(10).

The relationship describing the stress—strain relationship ¢ — ¢ or the elastic—plastic
collapse of the honeycomb panel, valid for both positive (shortening) and negative (length-
ening) strains, is defined as the column buckling failure mode below:

o = ko®oy 1)

where k; is a factor accounting for the debonding of the honeycomb panel cells, ® is an
edge function and ¢, f is the yield stress of the core material. The edge function is defined

as follows:
—1fore< —1
d=<cefor-1<e<1 2)
1fore>1

Moreover, the debonding factor for the tested specimens is defined as:

k, = 0.0783% +0.7481 ®)
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The relative strain is defined as:
e=ke SE/Sy’f (4)

where ¢, f is the strain corresponding to the yield stress, e is the strain corresponding to
the incremental load and k. = 2.2 is a factor depending on the experimental conditions.
The load-end relationship ocr; — € is defined as:

©)

As + 10*21751‘
OCR1 = <I>Uc1< ° f)

As + 10_2bff

where o is the critical stress, As is the net sectional area of the honeycomb panel without
the skin plate, b is the skin plate breadth and ¢ is the thickness of the skin plate.

The loss of the efficiency of the skin plate due to compressive loading is accounted for
by the term (As + betf)/ (As + btf> , where, in the case of a honeycomb panel As = 0, the

effective width (br) of the skin plate subjected to compressive load is defined based on the
Frankland [36] calculation as follows:

) {b for Br < 1.25 ©
E=y(u_m 6
(g — g2 )b for By > 125
where a1 and a; are constant as a function of the boundary conditions, where a4; = 2.0 and
ay = 1.0 for a simply supported panel and a; = 2.25 and a, = 1.25 for a clamped panel, as
proposed in [37]. The skin plate’s slenderness is defined as:

b |[eo,
Br = n Eyff @)

The critical stress o1, based on the Johnson—Ostenfeld formulation [35] and accounting
for the inelastic effects on the column’s buckling, is defined as:

- max|oy, 0y | for op; < Zyz’fe ®)
op3 for opy > Ye
where: o or o
! I3
bo, e
_ wf

The crossing point of the stresses 07 and o7 is defined as o7, which is different from
o1 and an illustrative example of the application of Equation (8) can be seen in Figure 4,
which shows the trend of descriptors of Equation (8). Here, i refers to the subscript of the
stresses at the numerator of the term reported on the ordinates: oy fori = 1, oy fori =
2, op fori =12.
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0.00 :
0.00 1.00 2.00 3.00

efe
Figure 4. Descriptors of Equation (8).

The buckling stress of the honeycomb panel, o1, is defined as follows, according
to [33]:
2D
01 =

=
Ag (112 + 7& U}% )
where Gy is the shear modulus (considering the core shear to be in the weaker transverse

direction) 4 is the span of the panel, & is the distance between facing skin centres and D is
the bending stiffness defined as:

(11)

Etch2b
D— ff2 E

where h = t¢ + h. This prediction model is adapted for a honeycomb panel, represented
by a column with a web plate thickness of 0 mm.

(12)

3. Results and Discussion

Load sequences during the experimental test are shown in Figure 5. First, a linear
phase was observed, followed by buckling and post-buckling behaviour reaching the
panel’s ultimate strength, and, finally, sudden collapse ends the test. During the linear
phase of the loading event, no evidence of deformations or distortions were detectable, as
visible in Figure 5a. The subsequent phases involving buckling failure were sudden and
fast. The specimens’ collapse began with forming a plastic hinge near one of the extremities,
as shown in Figure 5b. The side in which the plastic hinge forms was found to be random.
The hinge formation, which resulted in a significant distortion of the skins and core, was
followed by core/skin debonding on the panel side subjected to compressive loading.
Core/skin debonding further propagated along the specimen (Figure 5c), producing a four-
shaped deformed configuration (Figure 5d). The failure mode observed for all specimens
was the same, and, as displayed in (Figure 5d), the post-collapse configuration did not
present cracks in the skins, whereas the cores were torn apart.
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Figure 5. Load sequence during experimental tests: (a) test initiation; (b) plastic hinge formation; (c)
core/skin debonding propagation; (d) post-collapse configuration.

The ultimate compressive strength and load-shortening relationships of the tested six
sets of two specimens, T1 and T2, with spans from 130 to 220 mm, are analysed here.

All stress—strain relationships, as shown in Figures 68, had a similar initial linear
trend, which is a feature of the tested AHS; thus, this confirms the consistency of the
experimental investigation. The sudden load fall observed in all curves represents the
panel’s collapse after the load exceeded its ultimate strength. The irregular trend registered
for some tests after load drop is symptomatic of the failure events occurring after the
elastic—plastic collapse of the honeycomb panel, which involves core/skin debonding and
core cracking and tearing. According to the experimental results, decreasing the specimen’s
span increased its ultimate strength, according to what is expected from the classic buckling
theory of columns. The relationship between the ultimate strength and ratio between
the span and breadth of the specimens shows an inverse proportionality, as presented in
Figures 9 and 10a, where the experimental results, showing some scatter, for both sets of
tests are reported.

The experimental and predicted stress—strain relationships are shown in Figure 6 for
spans equal to 210 and 200 mm, Figure 7 for spans equal to 190 and 170 mm and Figure 8 for
spans equal to 150 and 130 mm. The supports used in the experimental test are assumed to
be clamped supports. As can be noticed from Figures 6-8, there is good matching between
the predicted and experimental results in the pre-collapse period, especially in the pre- and
post-buckling period.



9o0f12

J. Mar. Sci. Eng. 2023, 11, 365

1.20 1.20
1.00 1.00
. — EIaleI-FuIiIv-PIastic Elasto-Fully-Plastic
0.80 + Numerical I 0.80 — Numerical
= 220-T1 b; 210T1
b — 21072
B 0.60 -+ — 220-T2 B [ .
0‘40 - \I\
0.20 M= =
0.00 1.00 2.00 3.00 0.00 1.00 2.00 3.00
s"ray,f 5”5_\9{'_
(a) (b)

Figure 6. Stress—strain relationships of elastic—fully plastic numerical and experimental results of

specimens T1 and T2 for a span of 220 mm (a) and 210 mm (b).

1.20 1.20
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0.80 - Numerical 0.80 [ Numerical
o 190-T1 o 170-T1
9" — 1902 -Ei — 17012
6 0.60 t 5]

1.00 2.00 3.00
eleys

(b)
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Figure 7. Stress—strain relationships of elastic-fully plastic numerical and experimental results of

specimens T1 and T2 for a span of 190 mm (a) and 170 mm (b).

1.20 1.20
1.00 1.00
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Efeys
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Figure 8. Stress—strain relationships of elastic—fully plastic numerical and experimental results of

specimens T1 and T2 for a span of 150 mm (a) and 130 mm (b).
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The experimental stress—strain relationships show initial linear growth and a good
follow-up to the ultimate strength and subsequent drop in structural capacity. The ultimate
strength is inversely proportional to the ratio a/b with an almost linear relationship, as
shown in Figures 9 and 10a. A correlation coefficient was estimated (about 0.82) to verify
the scatter between experimental and predicted results, as seen in Figure 10b.

0.80
0.70 ® 13012
p— 17011
189 190-T1
S pnltlr ?°
© 150-T1 17612 Sisah
0.50 - o
L.}
190-T2 - 210-12
0.40
e——210T1
® 22012
0.30
200 300 400 500 600

a/b

Figure 9. Ultimate strength as a function of the length-to-breadth ratio.

0.80 0.80
y =-0.0721x+0.8152 |Corr(Experimenta\—Predicted):O.SZ
0.70 ° R?=0.9822
0.70 130-T1
0.60 150-T1 5
o T o 3 170-T2 130-12
[ © o
020 $ = 0.60 2102
<3 )
% S 150-T2
3040 o 2 2101\
N b 80.50 o/ e 170-T1
0.30 = ) '™
2 ® o
| ? I = 190-T1
Ultimate Strength - Predicte 190-T2
R ! HEREEEE 22012 / 350-T1
0.40
0.10 ©® Ultimate Strength ® Ultimate Strength
Fully Correlated
0.30
2.00 3.00 4.00 5.00 6.00 0.30 0.40 0.50 0.60 0.70 0.80
a/b (c./o,¢)experiment
(a) (b)

Figure 10. Normalised ultimate strength as a function of a/b (a) and correlation between experimental
and predicted ultimate normalised strength (b).

4. Conclusions

The current work aimed to pave the way towards more comprehensive integration
of aluminium honeycomb sandwich structures in shipbuilding. The uniaxial axial com-
pressive load condition was considered one of the most critical for ship structures. Hence,
experimental investigations were performed to analyse the structural response under such
conditions. The experimental results were also crucial to support the development of a
numerical approach to predict the stress—strain relationship of AHS subjected to uniaxial
compressive load which is essential information for structural ship design. The experi-
mental results performed on AHS panels of different spans allowed the identification of
the collapse mode as a function of the span, with the maximum load-carrying capacity
varying from about 8 kN for the longer span to 12 kN for the shorter one. The trend of the
load-shortening relationships confirms that ultimate strength is inversely proportional to
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the span. The observed patterns of the experimentally tested honeycomb panels subjected
to a compressive load were used to develop a numerical model to predict the stress—strain
behaviour and identify the ultimate strength. A validation study employing a correlation
approach showed that the predicted numerical model can provide good estimations of the
stress—strain relationships for honeycomb panels, with a correlation of 0.82 for the exper-
iments performed. The application of the numerical prediction model can be extended
to honeycomb stiffened panels and box girders. The numerical model developed in this
study has limitations related to the analysis of honeycomb panels of small scales as well
as to boundary conditions and cell size. This limitation may be overcome by testing more
specimens of different sizes, configurations and boundary conditions as well as by adjusting
the currently developed numerical model. This will lead to a new numerical approach
that can be used for more complex marine structures, enhancing their impact-absorption
capabilities and high stiffness-to-weight ratios.
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