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Recent research has been focused on developing high-performance sandwich structures using renewable re-
sources. The adoption of bamboo rings as a core material and bio-based adhesives has emerged as a promising
sustainable design solution for panel construction. It is therefore critical to conduct accelerated ageing tests on
these materials to evaluate the impact of environmental humidity on their degradation and durability. This study
assessed the effects of moisture ageing on the physic-mechanical properties of eco-friendly sandwich panels and
their constituents (aluminium skins, bamboo ring core and castor oil bio-adhesive). Mechanical evaluations of
sandwich panels with compacted and spaced bamboo ring cores were performed under varying humidity con-
ditions. Bamboo rings exhibited variable bulk density due to swelling and loss of organic material over time.
They also demonstrated increased compressive properties after 2 years of natural ageing but reduced perfor-
mance after 30 days at 100 % relative humidity. The mechanical properties of the bio-based polymer were
enhanced through water-ageing exposure. Sandwich panels constructed with compacted bamboo ring cores
exhibited higher bending properties than those with spaced ring core architecture, with the latter showing
failures characterised by a wrinkling effect on both skins followed by debonding.

1. Introduction high-performance sandwich structures (Sun et al. 2017; Oliveira et al.

2018; Jamil et al. 2019). Simultaneously, in pursuit of eco-friendly

Sandwich panels are lightweight structures consisting primarily of
two skins (also referred to as faces or facesheets) and a low-density core,
interconnected mechanically or through adhesion (Daniel and Ishai,
2005). With the use of diverse material types in the skins (Wang et al.
2019; Cai et al. 2020; Hartoni, et al. 2017; Waddar et al. 2019; Jen and
Chang, 2009) and the core (Vieira et al. 2022), these structures exhibit
significant flexural and impact resistance, making them suitable for a
wide range of engineering applications. In the current global emphasis
on environmentally friendly products, aluminium stands out as a
prominent material due to its high recyclability, along with its estab-
lished use in automotive (Bitzer, 1997) and aeronautical (Dursun and
Soutis, 2014) applications due to its low density and corrosion resistance
(Sheasby and Pinner, 2001). Consequently, research in various fields has
focused on utilizing aluminium skins in the fabrication of
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design, the use of bio-based adhesives for bonding panel skins and
cores presents an attractive alternative to conventional petrochemical
adhesives. These adhesives provide sufficient adhesion with minimal
usage and serve as renewable options to replace synthetic adhesives
(Pizzi and Mittal, 2003; Heinrich, 2019).

The use of tubular honeycombs as core material to enhance the
mechanical performance of sandwich structures has been extensively
studied, showcasing advantages over hexagonal honeycombs
(Gotkhindi and Simha, 2015; Oruganti and Ghosh, 2008; Hu et al. 2015;
Lin, Chen, and Huang, 2012; Chung and Waas, 2000; Cabrera et al.
2008). In line with the pursuit of innovative and sustainable products,
Oliveira et al. (2017) demonstrated promising flexural properties in
panels utilizing a core derived from disposable PET bottle caps and
aluminium skins.
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Recent studies underscore the potential of wood-based materials and
composites in advancing sustainable construction practices. Research
highlights the advantages of wood and plywood in developing eco-
friendly mobility solutions while exploring their structural capabilities
in sandwich panel applications. The performance of these materials
under various conditions is well-documented, demonstrating their
strength and versatility. Furthermore, integrating wood with other en-
gineering materials has been shown to enhance sustainability, providing
promising alternatives for creating green building solutions (Wei et al.
2021; Oliveira et al.2022; Labans et al., (2017); Castanié et al. 2023).
Furthermore, a sandwich structure integrating aluminium skins,
bamboo ring core and castor oil bio-adhesive has emerged as a prom-
ising eco-friendly solution (de Oliveira et al. 2021).

Further evaluations are necessary for bio-based materials such as
bamboo rings and castor oil-based adhesives. Conducting accelerated
ageing tests on these materials is essential to assess their impact on
mechanical performance. Accelerated ageing tests provide the advan-
tage of speed, offering insights into the potential performance of the
material over its expected lifespan. These tests simulate the exposure
conditions of the material, but with high intensities, to accelerate the
degradation process (Maria et al. 2007; Santos et al. 2020; Assarar et al.,
2011; Regazzi et al. 2016).

In the context of accelerated ageing, environmental humidity plays a
significant role. The hygroscopic nature of bamboo holds considerable
importance for researchers exploring its applications. Authors (Yuan
et al. 2021a) have emphasised the dimensional variations of bamboo
due to the presence of moisture. Additionally, the size of bamboo fibres
affects the moisture content, as indicated in Yuan et al. (2021b). Jia et al.
(2023) investigated storage conditions under varying levels of relative
humidity (45 %, 60 %, 75 %, and 95 %), highlighting humidity as a key
factor influencing degradation by mould and impacting bamboo quality.
Within the context of sandwich structures composed of bamboo rings
and bio-based adhesives, the assessment of water ageing needs to be
contextualized within the framework of both bio-based materials. This
investigation should be conducted on each material separately and on
the sandwich structure, as each constituent element of the structure may
exhibit distinct behaviour in aggressive moisture environments.

This study is the first to evaluate the effects of water ageing on the
three-point bending performance of eco-friendly sandwich panels
composed of aluminium skins, a bamboo ring core and bio-based ad-
hesives. The research also involved assessing the impact of humidity on
the individual bio-based components through accelerated ageing. It
included mechanical assessments of the adhesive and core materials in
their pristine condition and after exposure to water ageing. The bamboo
rings were subjected to compressive loads, while the castor-oil polymer
samples underwent both tensile and compression tests. Furthermore, the
bamboo rings were tested with and without treatment using a boric acid
and copper sulphate solution to prevent mould or fungus growth and
preserve their mechanical properties after exposure to water ageing.

Based on prior research (Napolitano et al. 2023), the sandwich
panels were fabricated using treated bamboo rings arranged in a hex-
agonal packing, with both compacted and spaced configurations. The
introduction of spacing between rings aimed to reduce the equivalent
density and costs of the structures. The response variables included
equivalent density and flexural properties, measured through
three-point bending tests. For a proper understanding of the effect of the
gaps among bamboo rings, the panel’s dimensions were designed to
induce significant shear stresses within the core during the elastic
regime. Compared to the compacted core, the spaced bamboo ring core
increased internal voids by approximately 40 %, leading to a 26 %
reduction in equivalent density. The mechanical performance of
spaced-core panels was generally reduced compared to their pristine
condition, primarily due to high shear deformations. However, when
structural dimensions were considered and shear deformations dis-
regarded, the specific flexural modulus (rigidity) of spaced-ring panels
increased by 37 % compared to their pristine condition. Given the
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potential design demand for greater specific flexural modulus in appli-
cations of sandwich panels in structural dimensions, it is important to
investigate the effect of water ageing on spaced-ring panels. Addition-
ally, it is worth noting that for certain applications that prioritize
lightweight, cost-effectiveness and lower structural requirements,
spaced-bamboo structures could serve as an alternative to the original
panel.

In this work, a full factorial Design of Experiment (DoE) was
employed, combining compacted and spaced core configurations,
different environmental conditions (55 % and 100 % relative humidity),
and ageing times of 8 and 30 days. The DoE method systematically
evaluates individual effects and interactions through structured exper-
imental plans, finding extensive applications in various fields, including
the assessment of materials and structures in physical and mechanical
domains (dos Santos et al. 2022; Vial et al. 2023; Kieling et al., 2023;
Assis et al. 2023; Lopes et al. 2023; dos Santos et al. 2024).

2. Materials and methods

The sandwich structures utilised 0.4 mm thick aluminium sheets
(3105-0) as facing materials. This type of aluminium typically contains
approximately 0.3-0.6 % copper, 0.3-0.6 % manganese, and 0.4-0.7 %
iron, with the remainder being aluminium. Bamboo rings were extracted
from the mid-basal portion of 6-meter culms of Bambusa tuldoides
Munro, harvested in Brazil at the geographical coordinates (—21.1408,
—44.2616). This selected portion of the plant enabled the extraction of
bamboo rings with a diameter of 30 mm and a height of 14 mm, as per
previous reports (Napolitano et al. 2023). The adhesive phase consisted
of a castor oil-based polyurethane polymer supplied by Imperveg com-
pany (Brazil), which is a bi-component resin comprising diisocyanate
and a vegetal-based polyol.

The manufacturing of the sandwich structures followed the material
selection and bamboo ring drying process protocols outlined in previous
studies (Napolitano et al. 2023; Oliveira et al. 2021). The bamboo rings,
collected from multiple stems, were chosen based on their external
diameter, which for this research was approximately 30 mm. The
selected culms were stored upright in an enclosed, ventilated environ-
ment for 30 days to ensure uniform drying and minimize the risk of
deformations that can occur with horizontal storage. For comparative
study purposes, the drying time adopted for bamboo was based on the
experimental approaches of another publication (Oliveira et al., 2021).
Following the drying period, the bamboo culms were cut using a
bandsaw for subsequent analysis and the fabrication of the sandwich
materials. Bamboo ring samples were stored in a ventilated, dry place,
free from UV light, allowing only variations in ambient humidity to
conduct annual compression tests. This experimental approach was
conducted to evaluate the mechanical properties of bamboo under
conditions simulating those of a core material. As a core, the rings are
protected from water and UV radiation by the aluminum faces. The di-
mensions of the sandwich panels adhered to the guidelines of ASTM
€393 (2020). The arrangement of the unit cells, as shown in Fig. 1a,
featured samples measuring 240mmx90mm x 15mm and
270 mmx95 mm x 15 mm.

Initially, the aluminium faces underwent an abrasion process with
80-grit sandpaper to enhance their contact area with the polyurethane
resin. The bamboo rings were stacked according to the diagram depicted
in Fig. la, utilising a hexagonal packing shape to improve the core
material’s mechanical shear properties, as evidenced in prior research
(Gotkhindi and Simha, 2015; Oruganti and Ghosh, 2008; Hu et al. 2015;
Lin, Chen, and Huang, 2012; Chung and Waas, 2000; Cabrera et al.
2008). To evaluate the effects of core ring spacing, a separation equiv-
alent to half the radius distance (resulting in a 15-millimeter spacing
between the edges of the rings in Fig. 1a) was chosen. Subsequently, the
aluminium skin was positioned into a rectangular wood mould, and the
bi-component resin, mixed in a ratio of 1:1.2 parts (diisocyanate: pol-
yol), was applied to the aluminium faces to achieve an adherent layer
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with a thickness of 1.5 mm. The layer thickness of 1.5 mm was deter-
mined based on the theoretical bulk volume calculated in SolidWorks®.
This volume was then converted to mass using the bulk density of the
castor-oil polymer system, which is 1.07 + 0.05 g/cm?>. Following the
deposition of bamboo rings under the fluid resin layer, the mould was
closed, and a weight equivalent to 10 kg was placed atop the assembly,
considering the resin gel time (approximately 6 hours) as shown in
Fig. 1b. Subsequently, the consolidated skin and core were bonded to the
second face using the same procedures employed for the initial
aluminium face, as depicted in Fig. 1c. After 6 hours of gel time for the
adhesive layer of the second skin, the approximately 15 mm thick
sandwich panels were left for complete curing over 14 days under
controlled conditions of 23°C temperature and 55 % relative humidity,
as shown in Fig. 1d. The curing time was determined by the manufac-
turer of the castor-oil-based resin (Imperveg, Brazil).

2.1. Accelerate humidity ageing chambers

A humidity-controlled chamber (Equilam) was used to maintain a
constant temperature at 25°C (+2°C) and 100 % relative humidity (RH).
Reference samples with controlled temperature and relative humidity
were set at 25°C (+2°C) and 55 % (£5 %) RH levels, respectively. The
ageing process encompassed individual components and the sandwich
structure itself. The dimensions of the samples used in the chamber were
determined based on the mechanical characterisation step, which will
be elaborated upon further.

15 mm .
gap - spacing
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2.2. Bamboo natural and accelerated ageing by humidity

The bamboo samples were cut into standardised dimensions for
compression tests, with the height-to-diameter ratio set at H = 2*D.
Following the cutting process, the samples were subjected to a 30-day
drying period, during which they were kept upright to prevent distor-
tions, cracks or deformations. Analyses were conducted at various in-
tervals, including the initial reference (Ref.), 1 year later, and 2 years
later, all at room temperature (R.T.). The mean relative humidity in Sao
Joao del Rei city, Brazil, ranges from 62 % to 80 %, while the mean
temperature ranges from 21.9 to 26 °C throughout the year (Climate
Data website, 2024). Additionally, evaluations were performed at 8-day
and 30-day intervals under 100 % RH. Table 1 illustrates the experi-
mental variation adopted for the compression analysis. The samples
exposed to ambient temperature conditions underwent variations
influenced by climate-related humidity. These conditions were carefully
controlled to isolate the influence of temperature and humidity, pro-
tecting the samples from the effects of rain and weathering. Fig. 2 de-
picts the samples prepared for the test (item a) and the ageing process
under 100 % relative humidity (item b). For each experimental evalu-
ation, ten samples were randomly selected. To assess the bulk density of
bamboo samples under varying environmental and humidity conditions,
each sample was accurately weighed in both its dry and conditioned
states, while its volume was measured through geometric calculations
based on instant measurements. The volume of the bamboo rings was
determined by measuring the outer and inner diameters, as well as the
height of each ring. The volume of the bamboo ring was then calculated

Fig. 1. Manufacturing process: (a) core packing configurations and template used, (b) first side aluminium bonded, (c) two faces sandwich assembled left to complete

cure time, and (d) samples for bending tests.
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by subtracting the volume of the inner cylinder from that of the outer
cylinder. Finally, the bulk density was calculated by dividing the mass
by its respective volume.

2.3. Castor-oil-based polyurethane accelerated ageing by humidity

Silicone moulds (Fig. 2c) were used to produce polymer samples
following ASTM standards for tension and compression testing. The
castor-oil polyurethane (PU), a bi-component polymer system provided
by Imperveg Company (Brazil), was obtained by blending a
diisocyanate-based hardener (component A) with a polyol (component
B) in a mass mixing ratio of 1:1.2 (A:B). The liquid mixture was poured
into the moulds and required a curing and post-curing period of 14 days
before testing. Following the 14 days, the samples were removed from
the silicone mould and reference conditions were maintained at room
temperature (20-25°C), while the remaining samples were exposed to
100 % RH for 8 and 30 days (as shown in Fig. 2d). Each experimental
condition involved testing five (5) samples, as detailed in Table 2.

2.4. Physical and mechanical testing

The characterisation of bamboo rings under compression and
aluminium alloy sheets (3105-0) under tension was performed using a
Shimadzu AGX-Plus machine equipped with a 100 kN load cell. Addi-
tionally, the polyurethane polymer was characterised in tension and
compression using an Instron machine equipped with 1 kN and 50 kN
load cells, respectively, while the sandwich structures were tested under
three-point bending using a 50 kN load cell. The tensile testing of
aluminium, tensile and compression testing of PU polymer, and flexural
shear testing of sandwich panels followed the protocols of ASTM stan-
dards ASTM E8/E8M-15a (2015), D 638 -15 (2015), D695 — 15 (2015),
and C393 (2020), respectively. Mechanical extensometers were
employed for all tensile tests. The crosshead displacement was utilised
for the flexural shear test, with the span length calculated as 10 times the
sandwich thickness. Additionally, the load and cleaver supports featured
a bending radius of 3.5 mm.

2.5. Statistical analysis

The data were analysed using statistical methods (one-way Analysis
of Variance - ANOVA and Design of Experiments - DoE) to discern the
effects of the main factors and their interactions. Minitab software was
used to analyse the data and create the statistical graphs. A confidence
level of 0.05 was considered for this work, and the validation of the
statistical methods incorporated the examination of Rz(adj) results to
assess the data against the proposed model, along with the Anderson-
Darling test for normality (P-Value AD > 0.05) and the Bartlett and
Levene tests for homogeneity (P-value®'* > 0.05), which are pre-
requisites for using ANOVA. The significance of the factors are identified
if P-values are equal to or lower than 0.05, indicating differences be-
tween the means of the analysed responses. However, P-values above
0.05 indicate insufficient statistical evidence to reject the null hypoth-
eses of normality and homogeneity. This suggests that the data likely
follow a normal distribution and exhibits homogeneous variances,
thereby validating the use of ANOVA. Additionally, Tukey’s test was
employed to identify conditions that differ from others, i.e., when they

Table 1

Experimental conditions for bamboo rings.
Setup Condition

Temperature % RH

Reference (Ref.) R.T. 62-80
1-year R.T. 62-80
2-years R.T. 62-80
8-days Chamber (Equilam) 100
30-days Chamber (Equilam) 100
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do not share a grouping letter (dos Santos et al. 2024).

ANOVA was utilised to investigate the impact of natural and accel-
erated ageing on bamboo rings and castor oil PU in a humidity chamber.
Furthermore, a full factorial 22 Design of Experiment (DoE) was
executed to evaluate the influence of the presence of spacing among
rings in the core (non-spaced and spaced rings) and the ageing condi-
tions (25 °C/100 % RH and 25 °C/55 % RH) on the mechanical re-
sponses of the sandwich structures (refer to Fig. 2d). Four experimental
conditions, each involving five samples, were tested. Table 3 provides a
summary of the statistical planning, including the response variables
that were analysed.

3. Results and discussions
3.1. Bulk density - Bamboo

The bulk density measurements are presented in Table 4. ANOVA
results (Fig. 3) with P-values lower than or equal to 0.05 indicate the
presence of at least one mean difference between the experimental
conditions. Exposure to 100 % humidity for eight (8) days without
treatment resulted in a 48 % increase in bamboo density. However,
untreated samples exposed for 30 days experienced a 47.4 % reduction
in density compared to the 8-day period, corresponding to a 22 %
decrease from the original density (Ref.). The density notably increased
during the initial 8 days due to water adsorption-induced swelling,
which could be considered a temporary density increase (Yuan et al.
2021b). Subsequently, from 8 days up to 30, the elevated humidity
likely created favourable conditions for microbial activity, initiating the
decomposition of organic compounds. Prolonged exposure to water
might induce internal chemical changes in bamboo fibres, leading to the
rupture of chemical bonds or alterations in the molecular orientation of
the fibres and a more parenchyma-relaxed structure (Yuan et al. 2021b).
Moreover, a sudden loss of organic material can lead to a decrease in
bamboo density. Fig. 4 depicts the treated (a,c) and untreated (b,d)
bamboo specimens following 8 days (a-b) and 30 days (c-d) of exposure
to 100 % relative humidity (RH). The untreated samples exhibited a
noticeable green liquid, indicating the release of organic materials and
the presence of mould (Fig. 4b,d).

3.2. Mechanical properties - Bamboo

Table 5 illustrates the compressive properties of the bamboo rings.
Frequency histograms, encompassing compressive modulus and
strength, were plotted to provide a comprehensive understanding of the
natural variability of mechanical properties (Fig. 5a-d). Over the span
from the first to the second year, the mechanical properties exhibited
increases of 84-191 % for modulus and 15-96 % for strength, respec-
tively. Bamboo demonstrates high sensitivity to seasonal changes in
humidity, which contribute to gradual strengthening, and over time,
chemical changes in the bamboo fibres lead to increased lignification
(Yuan et al. 2021a). Conversely, the residual moisture content in
bamboo rings may enhance their ductility, potentially reducing their
compressive strength (Jakovljevic et al., 2017). This inprovement in
mechanical properties, observed after storing bamboo rings in a relative
humidity (RH) environment of 62% to 80% for 1 to 2 years, may be due
to insufficient drying of the rings before testing and prior to prolonged
exposure in a humid environment. Under these conditions (62 to 80%
RH), bamboo may experience gradual drying, leading to enhanced me-
chanical properties as the moisture content decreases over time. Future
research should ensure that bamboo rings are thoroughly dried before
testing under reference conditions and prior to storage for ageing in
environments with 62 to 80% RH for 1 to 2 years.

After 30 days at 100 % relative humidity, the mechanical properties
of the untreated bamboo exhibited considerable reductions (Table 5),
with decreases of up to 78 % in both modulus and strength. No signifi-
cant difference in compressive modulus was observed for bamboo
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Fig. 2. Bamboo samples: (a) cuts with h=2+*d; (b) under 100 % humidity in the Equilam chamber; (c) silicone compressive and tensile moulds; (d) polymers after 30

days of saturation in 100 % RH.

Table 2
Experimental conditions for castor oil PU.
Setup Time (days)
Reference 0
8-d 8
30-d 30

exposed to a humidifying chamber from 8 to 30 days, since all share
Group B (Table 5). The application of a treatment with boric acid and
copper sulphate was ineffective in mitigating the impact of the aggres-
sive moisture system (Fig. 4a), offering only marginal probabilities
associated with the prevention of bacterial and fungicidal proliferation
(Fig. 4b). The Tukey test (Table 5) also indicates that the compressive
strength for both untreated and treated (T) conditions at 30 days was
statistically equivalent to Group C, while the 8-day condition was
categorized under Group B, followed by the reference (Group A)
achieving the highest strength. The following paragraph explores the
impact of humidity exposure on the weakening of bamboo.

Yuan et al. (2021b) provided significant insights into the weakening
mechanism that governs the mechanical properties of bamboo under
100 % humidity conditions. When exposed to elevated humidity levels,
water-layer molecules are absorbed from the external environment
through adsorption, diffusing between the single molecular layer.
Beyond 40 % RH, the monolayer moisture content reaches saturation,
and water and lignin combine to form monolayer-absorbed water. The
progressive increase in humidity leads to the formation of new Hy0-H20
hydrogen bonds, which disrupt the original hydrogen bonds between
native bamboo macromolecules, ultimately contributing to the initial
stage of degradation of the material’s mechanical properties. Further-
more, as indicated by the same authors, when the relative humidity (RH)
exceeds 60 %, the cell wall of the fibres undergoes an increase in
thickness and density, while the parenchyma experiences a decrease in
thickness and a more relaxed structure. The swelling of both fibres and
parenchyma, in both transverse and longitudinal directions, can lead to
an increase and alterations in molecular orientation in the microfibril
angle within the bamboo rings (Yuan et al. 2021b). The change in the
microfibrillar angle can directly impact the mechanical properties of
fibro-cellular materials, such as the reduction in compressive strength of

Table 3
Statistical planning.

Statistical
method

Material Factors Responses

ANOVA
One-Way

Bamboo Exposure Time: Compressive modulus
and strength
m Reference (R.
T., 62-80 %
RH)
m 1 year (R.T.,
62-80 % RH)
m 2 years (R.T.,
62-80 % RH)
= 8 days (100 %
RH)
= 30 days
(100 % RH)
Castor-oil Exposure Time: Compressive, tensile
PU modulus and strength
m Reference (R.
T., 62-80 %
RH)
= 8 days (100 %
RH)
= 30 days
(100 % RH)
Core spacing:

ANOVA
One-Way

Sandwich
structure

Flexural, shear modulus DoE
and strength & Shear

= Non-spaced rigidity contribution*
m Spaced rings

Humidity:

m 25°C-55%
RH

m 25°C-100 %
RH

bamboo due to the loss of organic material.

3.3. Castor-oil polymer mechanical properties

Table 6 presents the descriptive statistics and ANOVA for castor oil
polymers evaluated under 100 % RH. The tensile and compressive
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Table 4 Table 5
Bulk density properties of bamboo under 100 % RH. Mean values and ANOVA for compressive mechanical properties of bamboo
E.C Ref. Treated Untreated ANOVA rings.
8 days 30days 8 days 30 p-value Testing Modulus  Strength Tukey-test grouping
days GPa MPa Modulus  Strength
Bulk density 1.29 + 1.64 + 1.03 + 1.92 + 1.01 + 0.000 Time factor at R.T. Ref. 57+2 76.0 + C B
(g/cm®) 0.1 0.2 0.04 0.2 0.3 19
Tukey test BC AB C A C R*(ad)) 1 year 105+2 877+ B B
78.32 % 10
Anderson Darling: 0.921 and Levene: 0.304 2 years 16.6 +4  149.2 + A A
24
ANOVA p-value 0.000 0.000
R%ad)) 78.49%  76.21%
2.25 AD 0.547 0.598
) Levene 0.689 0.054
E 2.00 Humidifying Ref. 126+1 1327+ A A
) chamber (100 % 14
: 1.75 RH) 8-days 48+2 528 +5 B B
= T.8 50+2 553+6 B B
5 1.50 days
e 30-days 2.8+ 291+6 B ¢
© 1.25 0.5
) T.30- 31+ 3443 B C
§ 1.00 days 0.8
ANOVA p-value 0.000 0.000
R%adi 88.75%  93.26 %
Ref. 8d-U 8d-T 30d-U 30d-T AD 0.198 0.119
Levene 0.428 0.210

Fig. 3. ANOVA results for mean bulk density for untreated (U) and treated (T)
bamboo samples.

(c) (d)

Fig. 4. Treated (a) and untreated (b) bamboo rings after 8 days; and treated (c) and untreated (d) samples after 30 days of ageing in 100 % RH.
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Fig. 5. Histogram graphs for compressive mechanical tests (a,c) yearly at R.T. and (b,c) humidifying chamber for modulus and strength.

properties exhibit increase correlated with the exposure time. Fig. 6a-
d illustrate the variation of mean compressive properties, demonstrating
significant increases in both elastic modulus (+261 %) and strength
(+373 %) after 30 days of ageing. Tensile properties display less sensi-
tivity to humidity variations, with a 38.5 % increase in elastic modulus
and no significant change in strength. Water is considered a crosslinking
agent for castor oil PU due to its interaction with isocyanate groups
within the polyurethane formulation. This interaction initiates isocya-
nate trimerization, leading to the formation of urea linkages that
enhance the polymer matrix through cross-linking (dos Santos et al.
2024; Szycher, 2012). Consequently, this process notably enhances the
structural integrity, mechanical properties, and dimensional resilience
of the biobased polyurethane (Napolitano et al. 2023).

3.4. Mechanical properties of the sandwich panels

Table 7 presents the mean bending properties of the sandwich panels
under various ageing conditions. Table 8 provides the statistical analysis
of the data based on a multilevel factorial design (DoE). The P-values for
the main factors — core configuration (P-Value “™ confy " time exposure

Table 6
Mechanical properties of castor oil polymer under 100 % RH.

(P-Value "™ Py and % relative humidity (P-Value **) _ are high-
lighted in bold to indicate significant effects. The interactions among the
three main factors (P-Value 3*®7%) reveal that only the flexural and
core Shear modulus were not statistically significant. In summary, the
three factors did not produce a relevant interaction that affected these
response variables.

Notably, sandwich panels consisting of hexagonally compacted
bamboo cores exhibited exceptional mechanical properties, as illus-
trated in Fig. 7. The highest maximum load was attained when the
panels were constructed with compacted bamboo cores exposed to
reduced time (8 days) and humidity (50 %) levels, as evidenced in
Fig. 6a. Importantly, the decrease in load-carrying capacity after 30 days
of ageing should not be viewed in isolation, but rather because of a
complex interaction with the humidity variable, as depicted in Fig. 6b.
The significant decline in maximum load at 100 % RH indicates that
prolonged exposure to aggressive environments substantially diminishes
the load-bearing capacity of these structures. Conversely, the interaction
effect plot between relative humidity and exposure time (Fig. 6b)
revealed no variation in maximum load at the lower level (50 % RH) of
humidity.

E.C. Modulus (MPa) Strength (MPa)
Tensile Tukey Compr. Tukey Tensile Tukey Compr. Tukey
Ref. 51.4+3 B 40.9 £ 6 C 10.0 + 0.3 1.7 +£0.3 C
8 days 67.9+5 A 70.6 + 4 B 10.4 + 0.6 3.3+0.2 B
30 days 71.1+5 A 148.0 £9 A 116 +1 8.3+ 0.5 A
ANOVA 0.000 0.000 0.067 0.000
Rédj) 77.74 % 97.95 % 37.67 % 74.30 %
AD 0.218 0.979 0.070 0.192*

* Johnson is used to obtain normal distribution
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Fig. 6. ANOVA results for compressive (a) modulus and (b) strength; tensile (¢) modulus and (d) strength of the biobased polymer.

Table 7
Mean bending properties of sandwich panels.
Core Time exposure % Flexural Modulus Core Shear Modulus Maximum Load Core Shear Stress Facing stress
configuration (days) RH (GPa) (MPa) N) (MPa) (MPa)
Compacted 8 50  3.4402 32.7 £ 6 1994 + 133 0.71 £ 0.04 133+ 8
Compacted 8 100 35+0.2 36.4+ 4 2228 + 114 0.78 + 0.05 146 £ 9
Compacted 30 50 37403 25.6 + 6 2224 + 75 0.78 + 0.03 147 + 6
Compacted 30 100 2.7+ 0.4 192+1 1112 + 218 0.38 £ 0.08 72 + 14
Spaced 8 50 1.0+0.1 71+2 878 + 180 0.30 £ 0.06 56 + 11
Spaced 8 100  1.0+0.3 5.6+2 793 + 64 0.26 + 0.02 49+ 4
Spaced 30 50 1.0 4 0.09 10.6 + 3 905 + 90 0.31 £ 0.03 58+5
Spaced 30 100 0.57+0.1 4.6+ 2 423 £ 106 0.14 £ 0.03 26+ 6
The observed trend in maximum load-carrying capacity remained
Table 8 . . .
L . X . . consistent for the other response variables. To summarize, the expected
Statistical analysis of the DoE model for the three-point bending properties of the . . . L s . .
effects in a highly aggressive humidity environment led to a reduction of
panels. . . .
the flexural and core shear modulus properties (Fig. 6¢-d), along with a
Flexural Core shear  Max. Core Facing decrease in the resistance capacity of the faces and cores. The statistics
modulus modulus Load stress stress . . ..
— presented for the stress in the face skins are similar to those of the core
2(adj * . . . . .
R 96.40 % 92.2% 96.32%  96.50%  96.50 % stress (Fig. 6e-f), since both properties were derived from the calculation
P-Value® > 0.697 0.260* 0.556 0.704 0.704 - . . .
0.05 obtained through the maximum loading. Face skins stress was deter-
P-value®": > 0.314 0.535% 0.485 0.504 0.504 mined by multiplying a constant (span length divided by twice the face
0.05 thickness) by the core stress values. This constant factor remained un-
P-Yaluecm 0.000 0.000 0.000 0.000 0.000 changed due to the consistent geometry employed in the sandwich
conf.
< 0%95 samples. Consequently, core stress was consistently multiplied by this
P-Value"me 0.011 0.003 0.000 0.000 0.000 . L . . ;
P 2 005 fixed constant value, resulting in identical outcomes in the Design of
P-ValueRH < 0.000 0.008 0.000 0.000 0.000 Experiments (DoE) analysis (Table 8). The subsequent discussion now
0.05 focuses on the probable deformation mechanisms related to the exper-
3 - . . .
P-Value™™ 0.073 0.851 0.000 0.000 0.000 imental factors addressed in this research.
- < 0.05
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Fig. 7. Plots for main (a) and interaction effects (b) for maximum load; main effect for flexural (c) and core shear modulus (d); and, main (e) and interaction effects

(f) for facing stress.

3.5. Failure mode and the interaction effects of the panels components

Fig. 8 displays the typical load-displacement curves for compacted
and spaced sandwich panels under pristine (50 % RH, R.T.) and aged
conditions (100 % RH, 30 days). Significant decreases in the bending
performance of the panels were observed after 30 days of exposure at
100 % RH, particularly for the compacted core samples. Notably, the
spaced-core panels experienced a reduction in loading capacity after
ageing, but an increase in total displacement, attributed to different
failure stages detailed in Fig. 9 and explored below.

The bamboo sandwich panels exhibited high rigidity and were sub-
jected to axial loads during three-point bending tests. This means that
the core was responsible for supporting the maximum shear load in the
neutral axis, and the maximum axial tensile and compressive load in the
lower and upper beam peripheries, respectively. The high rigidity of the
core led to an overload of axial loads on its peripheries, impacting the
adhesive and the faces, particularly the upper face, which was subjected

2500

Compacted 100%RH 30 Days
= = Spaced 100%RH 30 Days
2000 ——Ref 1: Compacted 50%RH
= = Ref 2: Spaced 50%RH

* Maximum load

ooy X
. /
. *-1 ]
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O L L L
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Fig. 8. Typical load-displacement curves for compacted and spaced sandwich
panels in pristine (50 % RH, R.T.) and aged conditions (100 % RH, 30 days).
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to compressive stresses during bending. In the scenario of a spaced
bamboo core configuration, compressive overloading led to buckling of
the upper skin, followed by debonding failure (red circles) and rota-
tional movement that detached the lower skin, compromising the entire
structure, as depicted in Fig. 9a-f. This effect was less pronounced in
panels constructed with compacted bamboo rings, which exhibited a
wrinkling effect of the upper skin followed by its debonding, as shown in
Fig. 9g.

When the sandwich panel underwent bending, the flexural load was
distributed radially within the core, which was influenced by the num-
ber of bamboo rings. With 17 and 23 bamboo rings in the spaced and
compacted core configurations, respectively, the bending performance
was directly affected by the number of rings, which also determined the
adhesive contact area between the core and skins.

The mechanical performance of the castor-oil adhesive improved
over time, particularly at 30 days, due to the ageing effect (Table 6),
while the bamboo rings experienced a decline (Table 7). The relative
humidity had contrasting effects, negatively impacting the bamboo rings
and positively affecting the adhesive film. The post-curing process in an
ageing environment led to an increase in the elastic modulus of the
biobased adhesive, reducing its ability to accommodate deformations
between the core and skins. Variations in the bulk density of the bamboo
cores may have contributed to the decreased adhesiveness and relative

(a) Stage 1. Three-
point bending
starting.

(b) Stage 2. Slight
deflection during the
elastic regime.

(c) Stage 3. Initial
buckling of the upper
skin accompanied by
a cracking sound.

(d) Stage 4. Upper
skin debonding.

(e) Stage 5. Lower
skin debonding.

(f) Stage 6. End of the
test.

(g) Panel made with
compacted bamboo

R e T core: wrinkling of the
- s sy ;x*‘ l’ * | upper skin.

Fig. 9. A typical failure mode evolution through three-point bending of panels
made with spaced bamboo core (a-f); and compacted bamboo core (g) under
100 %RH for 30 days.
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movements between the core, adhesive and skins.

The decrease in compressive strength of the bamboo rings does not
necessarily correspond to a reduction in the bending performance of
these bamboo core sandwich materials. The reduction observed in a
100 % humidity chamber could be attributed to a decline in adhesive-
ness between bamboo rings and the castor oil polymer. Following 8 days
under 100 % humidity, the interface between bamboo and castor oil
experienced significant water molecule diffusion. This weakened the
adhesiveness due to the water molecules, disrupting the primary
hydrogen bonds formed during the manufacturing process and leading
to a new water-castor oil interaction. As the castor oil polymer became
more rigid, its deflection was affected, making the polymer more brittle
and unable to sustain a high deformation rate crucial for ensuring better
interconnectivity between both faces.

The decrease in bonding within a 100 % humidity chamber can be
ascribed to three primary factors: water absorption by the adhesive,
hydrolysis of the polyurethane and interference in intermolecular bonds.
Water absorption caused adhesive swelling, inducing internal stresses
and weakening of the adhesive layer. Additionally, water can permeate
the interface between the cured polymer and the bamboo ring surface
through microscopic defects or imperfections in the adhesive layer.
Capillary action can further aid the entry of water along the interface,
worsening the degradation process. Furthermore, water vapour can
condense on the substrate surface, providing a continuous supply of
moisture that penetrates the polymer, promoting the hydrolysis and
swelling processes. Hydrolysis occurs at the interface between the
polyurethane (PU) and the bamboo walls. Water molecules break down
the polymer chains of the PU at this interface, leading to a reduction in
interfacial bond strength and, consequently, a loss of mechanical
strength in the sandwich structures. Moreover, the presence of water
disrupts the primary hydrogen bonds formed during the manufacturing
process, leading to a new water-polymer interaction that diminishes the
adhesive’s overall performance (Ashcroft and Comyn, 2011; Bowditch,
1996; Ferguson and Qu (2007); Galvez et al. 2019; Kotanen et al. 2021;
Tang et al. 2013).

4. Conclusion

We studied the mechanical behaviour of sandwich structures with
aluminum skins, featuring a core made of bamboo rings and bio-based
adhesive after moisture ageing. Individual characterisation of the
bamboo rings revealed that their bulk density initially increased
temporarily during the first 8 days of ageing due to swelling from water
adsorption, followed by a reduction in saturation after 30 days attrib-
uted to the loss of organic material. The bamboo rings exhibited an in-
crease in compressive modulus and strength compared to the reference
after 1 or 2 years of natural ageing, which we attributed to the lignifi-
cation of the bamboo fibres over time. Exposure of the bamboo rings to
100 % relative humidity for 30 days resulted in significant reductions in
compressive properties. The castor-oil polymer adhesive was mechani-
cally characterised after wet ageing exposure, showing that its tensile
and compressive characteristics improved over time due to the inter-
action of the water crosslinking agent with the isocyanate groups.

The sandwich panels were tested under two core configurations and
humidity levels. The structures composed of hexagonally compacted
bamboo rings demonstrated superior maximum flexural load, flexural
modulus, core shear modulus, core shear stress and facing stress
compared to the spaced core panels. However, the sandwich panels
exhibited reduced bending properties after 30 days under 100 % relative
humidity conditions. Aged panels with spaced bamboo rings showed
wrinkling, followed by skin-core debonding in both skins, while aged
panels with compacted cores displayed upper skin buckling and
debonding. Future investigations will focus on identifying changes in the
chemical composition of bamboo after aging, utilizing NMR spectros-
copy at both room temperature and elevated temperatures.
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