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ABSTRACT: In this study, the flexura behavior of sandwich composite beams made of fiber-
reinforced polymer (FRP) skinsand light-weight cores are studied. The focusis on the comparison of
natural and synthetic fiber and core materials. Two types of fiber materials, namely glass and flax
fibers, as well as two types of core materials, namely polypropylene honeycomb and cork are
considered. A total of 105 small-scale sandwich beam specimens (50 mm wide) were prepared and
tested under four-point bending. Test parameters were fiber types (flax and glass fibers), core
materials (cork ad honeycomb), skin layers (O, 1, and 2 layers), core thicknesses (6 to 25 mm), and
beam spans (150 and 300 mm). The load-deflection behavior, peak load, initia stiffness, and failure
mode of the specimens are evaluated. Moreover, the flexural stiffness, shear rigidity, and core shear
modulus of the sandwich composites are computed based on the test results of the two spans. An
analytical model is aso implemented to compute the flexural stiffness, core shear strength, and skin
normal stress of the sandwich compostes. Overal, the natural fiber and cork materials showed a
promising and comparable structural performance to their synthetic counterparts.
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1. INTRODUCTION
Sandwich composites made of fiber-reinforced polymer (FRP) skins and light-weight core materials
are very effective systems in high-performance structura applications where minimum weight is
required. Thetwo thin, stiff, and strong FRP skinsresist the tensile and compressive stresses resulting
from the flexure induced by out-of-plane loadings. The light-weight, low-density, and low-strength
core resists shear forces, serves as insulation, and separates the FRP skins at a desired distance to
provide required moment of inertial for the sandwich structure. As the result, the bending strength
and latera stiffness of sandwich structures are much larger than those of a single solid plate of same
total weight made of the same materials asthe skins[1]. Some of the earliest applications of sandwich
structures in the 20th century were in aircraft industry [2]. This was followed by expansion into the
aerospace, automotive, and marine industries [3]. In civil engineering, there are many applications
such as cladding, decking, and roofing panels that can benefit greatly from sandwich structures.
Sandwich composites with FRP skins used in engineering applications are typically made of
glass FRP skins separated by alow-density foam or honeycomb core. Synthetic fibers such as glass
fibers are made of non-renewable resources and their production typically emits significant
greenhouse gases contributing to the globa warming. Moreover, it is very difficult to recyclethem at
the end of their life span. Astheresult, glass FRPs aretypically sent to landfillsthat arefilling up fast.
Natural fibres extracted from plants (e.g. flax, hemp, jute, and etc.) are good examples of renewable
materias that offer severad economic, technical, and ecological advantages over synthetic fibers [4-
9]. FRP composites made of natura fibers have many potentids at the end of ther life span for
recycling and degradation, depends on the type of the polymer used. The worst case scenario would
be the incineration of natural FRPs to generate electricity, which reduces the volume of materias

significantly to fly ash and bottom ash with many potentia applications in concrete industry [10]. In
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addition, there are other natural light-weight materids such as cork that can be potentialy
implemented as a replacement for conventional synthetic core materials.

Cork hasacdlular structure similar to that of ahoneycomb and its cells are mostly formed by
suberin, lignin, and cellulose. This cellular configuration has a strong influence on the mechanical
properties of cork-based materials [11-12]. Natura cork is expensive and is mainly used as bottle
stopper in wine industry. The manufacturing process generates alot of cork waste which are used to
produce cork granulates. The granules with a specific Size and volumetric mass are mixed with aglue
and other additives to produce agglomerated cork products [13]. There are many researches about
using agglomerated cork boards as the core of sandwich composites. For example, Reis and Silva
[14] studied the flexura and shear behavior of different sandwich specimens with carbon FRP skins
and cores of different cork agglomerates. The study showed that commercia cork-based boards are
suitablefor application asasandwich core materials but that they are not optimized for it asthefailure
occurs in the material used to glue the cork granules in the cork agglomerates.

In order to enhance the behavior of cork, Castro et a. [12] aimed to fabricate cork
agglomerates from cork granules and epoxy resin to enhance the mechanica properties of the cork
when integrated as core materias in sandwich structures with carbon FRP skins. Cork agglomerates
with enhanced mechanical performance were fabricated and tested under mechanica loading. The
results revealed that cork agglomerates performance essentialy depends on the cork granule size, its
density, and the bonding procedure used for the cohesion of granulates, and these parameters can be
adjusted in function of the final application intended for the sandwich composite. The results also
alow inferring that optimized cork agglomerates have some specific properties that confirm their
superior ability as a core materia of sandwich composites when compared with other conventional

materials.

Page 3 of 33


https://www.researchgate.net/publication/235779725_Cork_composites_a_review?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/222400193_Cork_agglomerates_as_an_ideal_core_material_in_lightweight_structures_Mater_Des?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/222400193_Cork_agglomerates_as_an_ideal_core_material_in_lightweight_structures_Mater_Des?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/8077937_Biomechanics_of_Cellular_Solids?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/237969205_Mechanical_Behavior_of_Sandwich_Structures_using_Natural_Cork_Agglomerates_as_Core_Materials?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==

Recently, Lakreb et a. [15] studied the mechanical performance of sandwich composites
made of cork agglomerate as core materia and pine wood veneer as skins. The results suggested that
these sandwich panels may be used as construction materials for paneling or partition walls. Also,
Hachemane et al. [ 16] studied theimpact behavior of acork sandwich composite with jute FRP skins.
The results show that the maximum force and the damage size are influenced by the cork density and
the impact energy. More recently, Ferreira et a. [17] studied the mechanical behavior and fire
resistance of sandwich wall panels composed of thick cork agglomerate (hereafter called cork) plates
and glass FRP skins. It was found that the sandwich panels have substantially higher fire resistance
than those using synthetic materiasin their core.

Based on the literature, it can be conclude that cork sandwich composites have many
potentias, however maority of research were concentrated on skins made of carbon and glass FRPs.
As cork is a natural material, it isimportant to study the cork sandwich composites with FRP skins
made of natural fibers rather than synthetic fibers. In this study, two types of fiber materials, namely
glass and flax fibers, as well as two types of core materias, namely polypropylene honeycomb and
cork materials are considered for sandwich composites. A number of small-scale sandwich beam
specimens were prepared and tested under four-point bending. The strength, stiffness, and failure
mode of the specimens are evaluated. Also, an analytica mode is developed to compute the flexural

stiffness of the sandwich composites.

2. EXPERIMENTAL PROGRAM
2.1.Test Matrix
A total of 105 sandwich specimens which varied in size were made to be tested under four-point

bending. Flax fabrics bonded to cork using resin were being compared to glass fabrics bonded to

Page 4 of 33


https://www.researchgate.net/publication/289983845_Experimental_characterisation_of_cork_agglomerate_core_sandwich_panels_for_wall_assemblies_in_buildings?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/275971886_Mechanical_behavior_of_multilayered_sandwich_panels_of_wood_veneer_and_a_core_of_cork_agglomerates?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/257545919_Sandwich_composites_impact_and_indentation_behaviour_study?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==

honeycomb using the same resin. The variables that were being compared were the fiber materials,
number of layers, core materia, core thickness, and the specimen span. These different variations of
specimens can beseenin Table 1. Fiveidentical specimenswere madefor each case. Some cork and
honeycomb specimens were tested without skin (i.e., O skin layer) for comparison. Two spans of 150
mm and 300 mm were selected to have enough test data to evauate the flexural stiffness, shear
rigidity, and core shear modulus of the sandwich composites regardless of their spans. The test
specimens are identified with the specimen identification (ID) asFX-CY-SZ and GX-HY -SZ; where
F stands for flax FRP, G stands for glass FRP, C stands for cork, H stands for honeycomb, and S
stands for span. In addition X stands for the number of layer of each skin, Y stands for the thickness
of the core material, and Z stands for the span of the beam specimens. For example F2-C22-S150 is

a sandwich beam with two layers of flax FRP skins and 22 mm thick cork core tested with 150 mm

span.

2.2. Material Properties

For flax FRP skins, a275 g/m? stitched unidirectional flax fabric was used (manufacturer: Composite
Evolution, Chesterfield, UK). The fabric was made of flax fibres with the density of 1.5 g/cm?,
diameter of 20 um, tensile strength of 500 M Pa, elastic modulus of 50 GPa, and rupture strain of 2%
reported by manufacturer. For glass FRP skins, a 955 g/m? gtitched unidirectional glass fabric was
used (manufacturer: Fibre Glast, Brookville, OH, USA). For making both flax/cork and
glass’/honeycomb sandwich composites, a vinyl ester resin catalyzed with 1.25% (by weight of the
resin) methyl ethyl ketone peroxide (MEKP) was used (manufacturer: Fibre Glast, Brookville, OH,

USA). The resin cured a room temperature for 24 hours and post-cured for 2 hours a 138°C was
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reported by the manufacturer to have the tensile strength of 82 MPa, elastic modulus of 3.72 GPa, and
rupture strain of 7.9%.

Five identicad dog-bone shape tensile coupons of flax and glass FRPs with an overall
dimension of 25 x 165 mm were prepared using hand lay-up method and tested according to ASTM
D638 [18]. A 30 kN universal testing machine with a displacement rate of 2 mm/min and a 25 mm
gauge length extensometer sensor was used. Figure 1 shows the tensile test results based on nominal
thicknesses of 1.0 and 1.5 mm of flax and glass FRP, respectively. The average tensile strength of
flax and glass FRPs was 207.42 and 865.35 M Pa, respectively. The dotted lines in Figure 1 show the
elastic modulus of flax and glass FRPs with the average values of 21.94 and 37.37 GPa, respectively.
As shown in Figure 1, the glass FRPs have amost alinear behavior up to the rupture, however flax
FRPs have abilinear behavior with atransition zone at a strain ranging from 0.002 to 0.003 mm/mm
and a secondary slop of amost two-third of theinitial dope.

For sandwich composites with flax FRP skins, commercial cork sheets (600 x 900 mm) with
11 mm thickness and the density of 200 kg/m3 (reported by manufacturer) were used (manufacturer:
Cleverbrand Inc., Cheektowaga, NY, USA). As athicker cork sheet was not available a the time of
the experimental study, two 11 mm thick cork sheets were bonded together using the resin to make
22 mm thick cork sheets. For sandwich composites with glass FRP skins, commercia honeycomb
sheets (1200 x 2400 mm) with the density of 80 kg/m?® (reported by manufacturer) and 8mm diameter
cylindrical polypropylene (PP) cells were used (manufacturere: Plascore Inc., Zeeland, MI, USA).
The cells were covered with veil and film barrier to prevent resin filling the cells. Three honeycomb
sheetswith nominal thicknessof 6.3 mm (0.25in.), 12.7 mm (0.5in.), and 25.4 mm (1in.) were used.
With considering the veil and film barrier, their actual thickness of the sheets was measured as 6.33,

12.91, and 25.75 mm, respectively. Their overal density was also measured as 145, 110, and 91
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kg/m?, respectively. As the cdlls of all three honeycomb sheets were covered with similar veil and

film barrier, the overall density of the thinnest honeycomb sheet was the largest.

2.3. Specimen Fabrication

Generdly the core materia either cork board or honeycomb was approximately 600 x 900 mm to
begin as shown in Figure 2. Creating such large sandwich panels allowed the work be more efficient
and be able to test alarge amount of specimensin atimely manner. Although the panels were small
enough to fit safely into the relatively small fume hood available in the laboratory. The wet lay-up
method was used and the resin was applied in layers with aroller. Since the cork boards came as 11
mm thick, in order to create 22 mm thick core, two boards were bonded using the resin. The same
resin was used to bond flax fabrics onto cork boards as bonding glass fabric onto the honeycomb
boards. The flax fabric came in shorter widths than the cork boards, so using more than one fabricin
paralel was required while bonding the materials together (see Figure 2). The glass fabric was wide
enough to fit over a honeycomb board. After one layer of either flax fabric on cork board or glass
fabric on honeycomb board was applied if a second layer of fabric was required it was added,
subsequently. After at least 24 hours, the other side of the board was covered with the same procedure.
The sandwich panels were then |eft to cure for at least 7 days at room temperature. After the curing
process was complete the specimens were cut into 50 mm wide strips using a band saw. This was
followed by cutting them to either 200 mm long or 350 mm long specimens. A 25 mm overhang was
provided at each support, so 200 mm long specimen has a span of 150 mm. A micrometer was used
to measure the thickness and width of each specimen at three locations and averaged for further

caculations.
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24.Test Setup

As shown in Figure 3, afour-point bending setup was used for al specimens with adifferent loading
span proportional to the supporting span. The loading span (L) was equal to (2/11) of the supporting
span (S) per ASTM D7249[19] and D7250 [20]. The load was applied from the top down using a 30
kN universal testing machine. The tests were displacement controlled with therate of 2 mm/min. The

beam specimens were tested with a smply supported span with 25 mm overhang at each end.

3. EXPERIMENTAL RESULTSAND DISCUSSIONS
The summary of the test results plus their failure mode are presented in Table 2. As five identical
specimens were tested for each case, the mean and standard deviation (SD) of the peak load, initial

stiffness, and the deflection at peak point of the five identical specimens are provided.

3.1. FailureModes
As demondtrated in Figure 3, the failure modes of the specimens can be categorized as. (4) skin
indentation; (b) cork core shear failure; (c) skin buckling; (d) core shear; (e) core shear/buckling; and
(f) core crushing. Indentation failureis afunction of the out of plane compressive strength of the core
and the area over which the load is applied (see Figure 3a). Cork sandwich specimens with one layer
of flax FRP skin and short span (i.e., F1-C11-S150) were susceptible to indentation failure, however
increasing the number of flax FRP layers (i.e., F2-C11-S150) prevented indentation failure and
switched the failure to the shear failure of the core.

The main failure mode of cork sandwich specimens was core shear failure with inclined
cracksin the core (see Figure 3b). For the short cork sandwich specimenswith 22-mm thick cork (i.e.

F1-C22-S150 and F2-C22-S150), the core shear was the failure mode. For the long cork sandwich
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specimens with one layer of flax FRP and 11 mm thick cork (i.e., F1-C11-S300) again indentation
was the faillure mode. However, adding one more layer of flax FRP (i.e., F2-C11-S300) changed the
failure mode to the buckling of the compressive skin in the constant moment region, where the
bending moment is maximum (see Figure 3c). Specimen F1-C22-S300 with thicker cork failed by
indentation due to the thin skin. Adding one layer of flax FRP (F2-C22-S300) changed the failure to
typical core sheer failure. Overdl, the thickness of flax FRP demonstrated a significant role to switch
the failure mode from either indentation to core shear failure.

Honeycomb sandwich specimens did not demonstrate any indentation failure due to the
structure of the honeycomb cells. They aso did not show any skin buckling as one layer glass FRP
skin was thicker and stiffer than one layer flax FRP skin. Sandwich specimens with the thinnest
honeycomb (i.e., G1-H6-S150 and G1-H6-S300) demongtrated a shear failure in the core (see Figure
3d). However, the sandwich specimens with thicker honeycombs showed a combination of shear and
buckling of the core. It seems the buckling was triggered by more dender cell walls (see Figure 3e).
For the case of specimens without skins, the honeycomb showed an excessive plastic deformation
due to crushing of the core at the compressive side (see Figure 3f). The cork specimens without skins
failled due to rupture at the tension side. The cork core tensile rupture is not shown in the figure.
Overdl, the cork boards demonstrated atensile strength lower than the honeycomb boards, however

the weakness is compatible with the strength level of flax FRPs compared to glass FRPs.

3.2. L oad-Deflection Responses
3.2.1. Hax/Cork Sandwich Composites
Figures 4(a) and 4(b) demonstrate the typical load-deflection behavior of flax/cork sandwich beams

with 150 and 300 mm spans, respectively. For each case five identical specimens were prepared and
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tested, however only one curve (the one that was the closest curve to the average) out of five curves
were selected and presented in the figures. As shown, dl specimens have a short linear behavior
followed by an ascending non-linear behavior up to a peak point and then it is followed by a
descending branch. As discussed, the typica failure was shear failure of the core, however the
indentation or buckling of the top skin controlled the failure in the specimens with thin skins. No
tensile rupture of the bottom skin was observed as expected.

As shown in Figure 4(a), the 11 mm thick cork specimens (i.e. without FRP skin) are very
weak and flexible. The 22 mm thick cork specimens has higher stiffness and strength, as expected.
Comparing the behaviors of the specimens F1-C11-S150 and FO-C11-S150 implies that applying
only one layer of flax FRP at each side of the 11 mm thick cork increases its strength and stiffness,
significantly. Considering the specimen F2-C11-S150 shows that applying two layers of flax FRP
increases both strength and stiffness further more. The same trend is noticeable for the 22 mm thick
cork when one and two layers of flax FRP are applied at each side. The figure also shows that F1-
C22-S150 isdightly stiffer than F2-C11-S150, however dightly weaker. Figure 4(b) showsthat there
isasgnificant improvement in terms of both strength and stiffnessfor the specimens with two layers
of flax FRP with respect to those with one layer. There is aso a significant improvement in term of
the area under the curves, which shows a greater energy absorption capacity for the specimens with

two layers of flax FRP.

3.2.2. GlassHoneycomb Sandwich Composites
Figures 5(a) and 5(b) show the typical |oad-deflection behavior of glass’honeycomb sandwich beams
with 150 and 300 mm spans, respectively. Similar to flax/cork sandwich beams, only one curve out

of five curves were selected and presented in the figures. Typical failure was shear failure of the core,
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however in some casesit was accompanied with buckling of the cells. As expected, no tensile rupture
of the skin was observed. The figures show that the 25 mm thick honeycomb cores without skins are
weak and flexible, where the crushing of the compressive region of the core controlsthe failure. The
honeycomb coreswith 6 and 12 mm were weaker (see Table 2) and are not shown inthefigures. With
adding one layer of glass FRP a each side of the cores, the failure mode typicaly were changes to
shear failure of the core aong buckling of the cell walls for thicker cores. For the curves with more
sudden drop after the peak load, the core buckling was more dominant. Figure 5(a) shows that the
specimen G1-H6-S150 has peak load of about 563 N with a gradua descending branch indicating a
core shear failure. With increasing the thickness of the core to 12 and 25 mm, the average peak |oad
increasesto 863 and 1413 N, respectively. However, the descending branch shows that core buckling
is the dominant failure mode. The same behavior can be seen in Figure 5(b). Overdl, the figures
demonstrate that increasing the core thickness increases the strength and stiffness of the specimens,
significantly. It should be noted that each curve shown in figures represents a curve approximately
located inthe middle of dl five curvesof fiveidentical specimens. Thus, the selected curve may show

adlight difference from the corresponding average peak load and stiffness reported in the text.

3.2.3. Comparison of Flax/Cork and Glass/Honeycomb Sandwich Composites

A comparison between Figure 4 and Figure 5 demonstrates that the short flax/cork specimens with
11 mm thick cork and two layers flax FRP skins (F2-C11-S150) with an average strength of 839 N
have comparable behavior to the short glass’honeycomb specimens with 12 mm thick honeycomb
and one layer glass FRP skins (G1-H12-S150) with an average strength of 863 N. The
glass’honeycomb specimens have an average initial stiffness 52% larger than that of the flax/cork

specimens. Also, the corresponding long glass/lhoneycomb specimens (i.e., G1-H12-S300) have an
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average strength and initia stiffness 34% and 59%, respectively, larger than those of long flax/cork

specimens (i.e., F2-C11-S300).

3.3. Calculation of Flexural and Shear Properties
In general, the displacement of a sandwich beam can be found by superposing the bending and shear
deflections. The mid-span deflection of asandwich beam with identical facingsin four-point bending

(see Figure 2d) isgiven asfollows[20]:

4 P(2S% - 3SI2+ I3) P(S- L)
= +
96D 4U

(D

where A = sandwich beam mid-span deflection in mm, P = total applied forcein N, S = support span
length in mm, L = load span length in mm (L = 2911 in this study), D = flexural stiffness in N-mm?,
and U = transverse shear rigidity in N. Given deflections and applied forces from the results of testing
the same sandwich beam with two different loading configurations (i.e. S=150 and 300 mm), the
flexura stiffness (D) and the transverse shear rigidity (U) can be determined from simultaneous
solution of the deflection equation (Eqg. 1) for the two loading cases. The core shear modulus can then

be calculated as follows:

_U(h-2t)
" h-t?2bp

)

where G = core shear modulus in MPa, h = sandwich thickness in mm, and b = sandwich width in
mm, and t = facing thicknessin mm. It should be noted that the equationsin this section are applicable
for the linear part of the force-deflection response of the sandwich beams. In this study, two standard

four-point loading configurations were performed based on ASTM D7249. The configuration #1 was

performed using $:=300 mm (L1=2S1/11=54.54 mm) and the configuration #2 was performed using
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$1=150 mm (L1=25,/11=27.27 mm). Using Eq. 1, the solution to cal cul ate the flexural stiffness, shear
rigidity, and core shear modulus for each selected value of load is given as follows:

33P,S3 18048 - 16105152 /S2

- 3
2478084, 121 - 72P,S;A,/P;S,A, )

11979P,S; 902452/S2 - 161051

U= 3 5 (4)
4844, 1299456P,S7A;/P,S3A, - 19487171

where Py and P> = applied forces in N, A; and A2 = mid-span deflection in mm, $; and S, = support
gpan lengths in mm, L1 and L2 = load span lengths in mm related to configuration #1 and #2;
respectively. Then the core shear modulus can be calculated using Eqg. 2. For each specimen, the
flexural stiffness, shear rigidity, and core shear modulus were caculated for aseries of applied forces
up to the proportionad limits of the two loading configurations. Vaueswere calculated for aminimum
of 10 force levels evenly spaced over the linear range. As five identical specimens were tested for
each case, the procedure were repeated and the average vaues were calculated. The results are

presented in the sections below.

3.3.1. Flexurd Stiffness

Figure 6 shows the variation in flexura stiffness (D) of glass’honeycomb and flax/cork sandwich
composites calculated using Eq. (3). Inthefigure, the bars show astandard deviation above and below
the average value of five test specimens. Figure 6(a) shows that increasing the honeycomb core
thickness from 6 to 25 mm increases the flexural stiffness from about 43 to 617 MN-mm?. It means
the sandwich panel with 25 mm honeycomb core (i.e. 4 times thicker than 6 mm honeycomb core)
has flexura stiffness 14 times of the one with 6 mm honeycomb core. Figure 6(b) shows that the
flax/cork sandwich composites with two layers of flax FRP are amost 2 times stiffer that those ones

with one layer of flax FRP. Also, doubling the cork thickness almost doubles the stiffness. Overal,
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the stiffness of 22 mm thick cork with two layers of flax FRP is comparable to that of 12 mm thick

honeycomb with one layer of glass FRP.

3.3.2. Transverse Shear Rigidity

Figure 7 shows the variation in transverse shear rigidity (U) of glass’lhoneycomb and flax/cork
sandwich composites. Figure 7(a) shows that the transverse shear rigidity of glass’honeycomb
sandwich composites increases with the thickness of the core. For example, by increasing the
honeycomb core thickness from 6 to 25 mm, the transverse shear rigidity increases from 6 to 16 kN.
Figure 7(b) showsthat increasing both skin thickness and cork thicknessincreasesthetransverse shear
rigidity. Overall, the transverse shear rigidity of 22 mm thick cork with two layers of flax FRP is

comparableto that of 12 mm thick honeycomb with one layer of glass FRP.

3.3.3. Core Shear Modulus

Figure 8 shows the variation in core shear modulus (G) of glass’lhoneycomb and flax/cork sandwich
composites. Figure 8(a) shows that with increasing the honeycomb core thickness, the core shear
modulus decreases, dightly. This could be due to the fact that thinner honeycombs have shorter cells
with more continuity to the top and bottom veil and film barrier. Figure 8(b) showsthat the core shear
modulus of flax/cork sandwich composites is not the function of the skin thickness, as expected.
Thicker cork has dlightly less shear modulus, which could be the result of the bonding two cork board
together. Overall, the average core shear modulus of the honeycomb and cork board is 12.38 and 7.02

MPa, respectively. The cork board has a shear modulus 44% less that the honeycomb boards

4. ANALYTICAL STUDY
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This section present an analytical modeling of the sandwich beams were tested earlier. Consider a
sandwich beam with the cross-section as shown in Figure 9. The cross-section has awidth b and tota
thickness h. Each skin has thickness t and the two skins are separated by a reatively thick core of
thicknessc. It isassumed that dl threelayers are perfectly bonded together so the sandwich beam acts
compositely. Therefore, its flexura stiffness D is the sum of the flexura stiffness of both skins and
the core, measured about the centroidal axis of the cross-section asfollows [1]:

bt? btd? bc?

D= Ef?+ EfT+ ECE: Dy + D, + Dy (5)

where Er and E¢ are the modulus of easticity of skin and core, respectively, and d is the distance
between the center lines of the upper and lower skins. In real sandwich beams, the second term (D2)
isinvariably dominant. In fact, the first term (D1) amounts to less than 1% of the second term when

the condition below are applicable[2].
d
—> 5.77 (6)

The error introduced by neglecting the first term is therefore nneglegible. Mgority of
sandwiche composites with thin FRP slins usuadly satisfy the condition. Table 3 demonstratesthat the
majority of sandwich specimens tested in this study satisfy the d/t criteria. The flax/cork sandwich
specimens had d/t ranging from 6.51 to 21.45. The glass/lhoneycomb sandwich specimens had d/t
ranging from 5.76 to 20.97. The actua thickness of skins were calculated using subtracting the
thickness of the core from the total thickness of the sandwich at three sections of each specimen and
then the values were averaged. The third term (D3) amounts to less than 1% of the second term and

may be consequently neglected when the condition below are applicable [2].

(@)
|
ol

d 2
- > 100 (7)

C
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Table 3 showsthat the mgority of sandwich specimenstested in this study satisfy the criteria
The flax/cork sandwich specimens had the ratio ranging from 61 to 317 and the glass’/honeycomb
sandwich specimens had the ratio ranging from 117 to 237. The only sandwich specimen that does
not satisfy the criteriais F1-C22 with aratio of 61. As presented in Table 3, the first and third terms
arevery small and can be neglected, however they were included in the total flexura stiffness of each
sandwich in this study. As shown in the table, the model overestimates the flexural stiffness of the
last two sandwich beams (i.e. F1-C22 and F2-C22). As the 22 mm thick cork was made of two 11
mm thick cork sheets, a dight dlip between the two sheets might be happened when the sandwich
beam deflected in the experimenta study. The dlip could reduce the composite action of the sandwich
cross-section to a partial composite action and result in a lower experimenta flexural stiffness
compared to the anaytica flexurd stiffness. Obvioudy, the anaytical study implemented in this
study is based on a perfect bond between components and does not consider the partial composite
action. Further studies are needed to quantify the exact effect of dip and partial composite action.
Also, using a single sheet of thick cork is recommended for further experimental study to eliminate

any dip.

4.1. Core Shear Strength
For a sandwich beam with weak core that satisfies Eq. 7, the shear stress may be assumed constant
over the depth of the core [2]. The constant shear stressin the coreis then given by:

VEftd

D 2 ®)

T

where V isthe maximum shear force. If, in addition, the flexurd rigidity of the skins about their own
separate axesissmal (i.e., Eq. 6 isfulfilled), then the first term of Eq. 5 may also neglected as well

asthethird term. In this case the shear stress T in the core can be smplified as follows:
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T= — 9)

For the cork/flax sandwich specimens with core shear failure, the shear stress of specimens
F2-C11-S150, F1-C22-S150, F2-C22-S150, and F2-C22-S300 is calculated as 0.64, 0.33, 0.51, 0.40
MPa; respectively. The average shear strength of the cork usedinthis study is calculated as0.47 MPa.
This can be compared to tests results by Castro et a. [12] with an average shear strength of 0.16 and
0.87 MPa for commercid and modified cork materias, respectively. The same was performed for
honeycomb/glass sandwich specimens and an average shear strength of 0.60 MPa was obtained. It
can be concluded that the cork board used in this study isonly 22% weaker that the honeycomb boards

in shear.

4.2. Skin Normal Stress
For a sandwich beam with weak core that satisfies Egs. 6 and 7, the skin normal stress ¢ can be
calculated asfollows:

M

- (10)

a

where M is the maximum bending moment. The only cork/sandwich specimen with skin buckling
was F2-C11-S300. The maximum normal stressin the compressive skin of the specimen was obtained
as 27 MPa; which is 13% of thetensile strength of flax FRPs presented in Figure 1(a). Thisisexplains
why tensile rupture of skin is not achievable in sandwich structures with identica skins. For al
flax/cork and honeycomb/glass specimens, the average normal stress of skin was obtained as 21 and
44 MPa; respectively. It showsthat flax and glass FRP skinswere loaded to 10 and 5% of their tensile

strength; respectively. Inthe other word, flax FRPswereimplemented more effectivethan glass FRPs.

Page 17 of 33


https://www.researchgate.net/publication/222400193_Cork_agglomerates_as_an_ideal_core_material_in_lightweight_structures_Mater_Des?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==

5. CONCLUSION
In this study, two types of fiber materias, namely glass and flax fibers, as well as two types of core
materias, namely polypropylene honeycomb and cork core materias were used to make sandwich
panels. A total number of 105 small-scale sandwich beam specimens were prepared and tested under
four-point bending. The load-deflection behavior, strength, stiffness, and failure mode of the
specimens were evauated. Moreover, based on deflections and applied forces from the results of
testing the same sandwich beam with two different loading configurations (i.e. 150 and 300 mm
spans), theflexural stiffness, the transverse shear rigidity, and the core shear modulus of the sandwich
composites were determined from simultaneous sol ution of deflection equations. An analytical model
was a so implemented to compute the flexural stiffness, shear strength, and skin normal stress of the
sandwich specimens. The following conclusions can be drawn:

The most common failure mode of the sandwich specimens was the shear failure of the cores.

However, the specimens with one layer of flax FRP at each side of the cork core experienced the

indentation failure of the skin and core area under the point loads. Adding one more layer of flax

FRP at each side of the core switched the failure to the core shear failure.

The flexurd stiffness and transverse shear rigidity of 22 mm thick cork with two layers of flax

FRP was comparabl e to those of 12 mm thick honeycomb with one layer of glass FRP.

The cork board showed a shear modulus and shear strength 44 and 22% less that the honeycomb

boards, respectively. The shear strength of the cork core was comparable to the honeycomb core,

however it is recommended to explore modification methods to enhance the shear modulus of

cork cores.

The sandwich specimens with flax and glass FRP skins failed averagely at 10 and 5% of their

skins tensile strength; respectively. It means flax FRPs were implemented more effective than
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glass FRPs. Modifying the quality of the cork core could increase their efficiency, however the
buckling of the compressive skin can limit the effectiveness of the modification.

Overal, sandwich composites made of natura flax fibers and natura cork core materialsused in
the study showed a comparable structural performance with respect to their counterparts made of
synthetic glass fibers and synthetic honeycomb core materials.

More research with different natural core materials is needed to improve the mechanical
properties of bio-based sandwich composites. It is recommended to study skin norma stress and

core shear stress using strain gauges in the four-point bending testsin future research.

ACKNOWLEDGEMENTS
The authors acknowledge the assistance of Ommar Eltayeb and Djidda Djibrane, former

undergraduate students at Penn State Harrisburg.

DECLARATION OF CONFLICTING INTERESTS
The author(s) declared no potential conflicts of interest with respect to the research, author-ship,

and/or publication of thisarticle.

FUNDING

The author(s) disclosed receipt of financial support from Penn State Harrisburg and

Dalhousie University for the research, authorship, and/or publication of this article.

REFERENCES

Page 19 of 33



[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

Zinno A, Bakis CE, ProtaA. Mechanica characterization and structural behavior of composite
sandwich structuresfor train applications. In Proceedings of the 8th international conference on
sandwich structures (ICSS8), 2008 May 6, Val. 1, pp. 570-581, Berlin: Springe.

Allen, HG. Analysis and design of structural sandwich pandls. 1969, Oxford: Pergamon Press.
Fam A, Sharaf T, Sadeghian P. Fiber element model of sandwich panels with soft cores and
composite skinsin bending considering large shear deformations and localized skin wrinkling.
Journal of Engineering Mechanics. Epub ahead of print 2016 Jan 28;142(5):04016015.
Wambua P, Ivens J, Verpoest |. Natural fibres: can they replace glassin fibre reinforced
plastics?. Composites Science and Technology, 2003;63(9):1259-1264.

Mohanty AK, MisraM, Drza LT. Sustainable bio-composites from renewable resources.
opportunities and challenges in the green materials world. Journal of Polymers and the
Environment, 2002;10(1-2):19-26.

Ku H, Wang H, Pattarachaiyakoop N, TradaM. A review on the tensile properties of natural
fibre reinforced polymer composites. Composites Part B: Engineering, 2011;42(4):856-873.
Faruk O, Bledzki AK, Fink HP, Sain M. Progress report on natural fibre reinforced
composites. Macromolecular Materials and Engineering, 2014;299(1):9-26.

Yan L, Chouw N, Jayaraman K. Flax fibre and its composites-a review. Composites Part B:
Engineering, 2014;56:296-317.

Hristozov D, Wroblewski L, Sadeghian P. Long-term tensile properties of natura fibre-
reinforced polymer composites. comparison of flax and glass fibres. Composites Part B:

Engineering. 2015;95:82-95.

Page 20 of 33


https://www.researchgate.net/publication/301237894_Long-term_tensile_properties_of_natural_fibre-reinforced_polymer_composites_Comparison_of_flax_and_glass_fibres?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/301237894_Long-term_tensile_properties_of_natural_fibre-reinforced_polymer_composites_Comparison_of_flax_and_glass_fibres?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/301237894_Long-term_tensile_properties_of_natural_fibre-reinforced_polymer_composites_Comparison_of_flax_and_glass_fibres?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/225838464_Sustainable_Bio-Composites_from_Renewable_Resources_Opportunities_and_Challenges_in_the_Green_Materials_World?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/225838464_Sustainable_Bio-Composites_from_Renewable_Resources_Opportunities_and_Challenges_in_the_Green_Materials_World?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/225838464_Sustainable_Bio-Composites_from_Renewable_Resources_Opportunities_and_Challenges_in_the_Green_Materials_World?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/261849179_Progress_Report_on_Natural_Fiber_Reinforced_Composites?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/261849179_Progress_Report_on_Natural_Fiber_Reinforced_Composites?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/293192173_Fiber_Element_Model_of_Sandwich_Panels_with_Soft_Cores_and_Composite_Skins_in_Bending_Considering_Large_Shear_Deformations_and_Localized_Skin_Wrinkling?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/293192173_Fiber_Element_Model_of_Sandwich_Panels_with_Soft_Cores_and_Composite_Skins_in_Bending_Considering_Large_Shear_Deformations_and_Localized_Skin_Wrinkling?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/293192173_Fiber_Element_Model_of_Sandwich_Panels_with_Soft_Cores_and_Composite_Skins_in_Bending_Considering_Large_Shear_Deformations_and_Localized_Skin_Wrinkling?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/256761992_Flax_fibre_and_its_composites_-_A_review?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/256761992_Flax_fibre_and_its_composites_-_A_review?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/259562933_Analysis_Design_of_Structural_Sandwich_Panels?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/222385669_Natural_fibres_can_they_replace_glass_in_fibre_reinforced_plastics_Compos_Sci_Technol?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/222385669_Natural_fibres_can_they_replace_glass_in_fibre_reinforced_plastics_Compos_Sci_Technol?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/247152260_A_review_on_the_tensile_properties_of_natural_fiber_reinforced_polymer_composites?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/247152260_A_review_on_the_tensile_properties_of_natural_fiber_reinforced_polymer_composites?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

We J and Meyer C. Utilization of rice husk ash in green natura fiber-reinforced cement
composites. Mitigating degradation of sisal fiber. Cement and Concrete Research 2016; 81: 94-
111.

Gibson LJ. Biomechanics of cdlular solids. Journal of biomechanics. 2005;38(3):377-99.
Castro O, SilvaJM, Devezas T, SilvaA, Gil L. Cork agglomerates as an ideal core materia in
lightweight structures. Mater. Des. 2010;31(1):425-32.

Gil L. Cork composites: areview. Materials. 2009;2(3):776-89.

ReisL, SilvaA. Mechanical behavior of sandwich structures using natural cork agglomerates
as core materias. Journal of Sandwich Structures and Materials. 2009;11(6):487-500.

Lakreb N, Bezzazi B, PereiraH. Mechanical behavior of multilayered sandwich panels of wood
veneer and a core of cork agglomerates. Mater. Des. 2015;65:627-36.

Hachemane B, Zitoune R, Bezzazi B, Bouvet C. Sandwich composites impact and indentation
behaviour study. Composites Part B: Engineering. 2013;51:1-10.

FereiraR, Pereira D, Gago A, Proenca J. Experimental characterisation of cork agglomerate
core sandwich panels for wall assemblies in buildings. Journal of Building Engineering.
2016;5: 194-210.

ASTM D638. Standard test method for tensile properties of plastics. ASTM International,
West Conshohocken, PA, USA, 2010.

ASTM D7249. Standard test method for facing properties of sandwich constructions by long
beam flexure. ASTM International, West Conshohocken, PA, USA, 2012.

ASTM D7250. Standard practice for determining sandwich beam flexura and shear stiffness.

ASTM Internationa, West Conshohocken, PA, USA, 2016.

Page 21 of 33


https://www.researchgate.net/publication/235779725_Cork_composites_a_review?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/289983845_Experimental_characterisation_of_cork_agglomerate_core_sandwich_panels_for_wall_assemblies_in_buildings?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/289983845_Experimental_characterisation_of_cork_agglomerate_core_sandwich_panels_for_wall_assemblies_in_buildings?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/289983845_Experimental_characterisation_of_cork_agglomerate_core_sandwich_panels_for_wall_assemblies_in_buildings?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/290449607_Utilization_of_rice_husk_ash_in_green_natural_fiber-reinforced_cement_composites_Mitigating_degradation_of_sisal_fiber?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/290449607_Utilization_of_rice_husk_ash_in_green_natural_fiber-reinforced_cement_composites_Mitigating_degradation_of_sisal_fiber?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/290449607_Utilization_of_rice_husk_ash_in_green_natural_fiber-reinforced_cement_composites_Mitigating_degradation_of_sisal_fiber?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/222400193_Cork_agglomerates_as_an_ideal_core_material_in_lightweight_structures_Mater_Des?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/222400193_Cork_agglomerates_as_an_ideal_core_material_in_lightweight_structures_Mater_Des?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/275971886_Mechanical_behavior_of_multilayered_sandwich_panels_of_wood_veneer_and_a_core_of_cork_agglomerates?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/275971886_Mechanical_behavior_of_multilayered_sandwich_panels_of_wood_veneer_and_a_core_of_cork_agglomerates?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/257545919_Sandwich_composites_impact_and_indentation_behaviour_study?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/257545919_Sandwich_composites_impact_and_indentation_behaviour_study?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/8077937_Biomechanics_of_Cellular_Solids?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/237969205_Mechanical_Behavior_of_Sandwich_Structures_using_Natural_Cork_Agglomerates_as_Core_Materials?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==
https://www.researchgate.net/publication/237969205_Mechanical_Behavior_of_Sandwich_Structures_using_Natural_Cork_Agglomerates_as_Core_Materials?el=1_x_8&enrichId=rgreq-d06e714ce33fb22d2073386900a50173-XXX&enrichSource=Y292ZXJQYWdlOzMwMzcxNjMzNjtBUzozNjk2MzkwMDg4MTcxNTJAMTQ2NTE0MDIxNTQ5Nw==

Tablel. Test matrix.

# Specimen ID  Skinfiber  Skin Corematerial Core Span
material layers thickness  (mm)
(mm)
1 FO-C11-S150 Flax 0 Cork 11 150
2 F1-C11-S150 Flax 1 Cork 11 150
3 F2-C11-S150 Flax 2 Cork 11 150
4 FO-C22-S150 Hax 0 Cork 22 150
5 F1-C22-S150 Flax 1 Cork 22 150
6 F2-C22-S150 Flax 2 Cork 22 150
7 F1-C11-S300 Flax 1 Cork 11 300
8 F2-C11-S300 Flax 2 Cork 11 300
9 F1-C22-S300 Flax 1 Cork 22 300
10 F2-C22-S300 Flax 2 Cork 22 300
11 GO0-H6-S150 Glass 0 Honeycomb 6.4 150
12 G1-H6-S150 Glass 1 Honeycomb 6.4 150
13 G0-H12-S150 Glass 0 Honeycomb 12.7 150
14 G1-H12-S150 Glass 1 Honeycomb 12.7 150
15 G0-H25-S150 Glass 0 Honeycomb 254 150
16 G1-H25-S150 Glass 1 Honeycomb 25.4 150
17 GO0-H6-S300 Glass 0 Honeycomb 6.4 300
18 G1-H6-S300 Glass 1 Honeycomb 6.4 300
19 G0-H12-S300 Glass 0 Honeycomb 12.7 300
20 G1-H12-S300 Glass 1 Honeycomb 12.7 300
21 G0-H25-S300 Glass 0 Honeycomb 254 300

F=flax FRP skin; G=glass FRP skin; C=cork core; H=Honeycomb core; S=span

Page 22 of 33



Table 2. Summary of test results

Specimen ID  Peak load (N) Initial stiffness Deflection at Failure mode
(N/mm) peak load (mm)

Mean SD Mean SD Mean SD
FO-C11-S150 20.86 1.88 1.78 0.39 29.40 297 Coretenslerupture
F1-C11-S150 50158 57.38 13288 9.14 7.58 1.40 Indentation
F2-C11-S150 83910 1361 17475 950 12.26 0.45 Core shear
FO-C22-S150 98.24 524 18.98 2.65 9.52 553 Coretensilerupture
F1-C22-S150 786.76  46.74 21769 20.74 8.35 0.62 Core shear
F2-C22-S150  1189.96 21941 26769 15091 13.49 1.04 Core shear
F1-C11-S300 31617 22.26 41.74 3.23 12.54 1.78 Indentation
F2-C11-S300 58353 17.78 64.25 0.72 20.75 0.90 Skin buckling
F1-C22-S300  437.70  19.86 73.13 414 9.85 0.73 Indentation
F2-C22-S300  1004.76  29.29 107.04 1064 23.36 1.93 Core shear
GO-H6-S150  25.78 171 2.50 0.18 23.92 1.72 Core crushing
G1-H6-S150  562.71 1349 15365 6.31 906186 0.44 Core shear
G0-H12-S150 73.04 472 10.05 0.51 16.80 1.03 Core crushing
G1-H12-S150 86257  24.82 268.03 1222 545 0.15 Core shear/buckling
GO0-H25-S150 169.92  20.17 56.79 7.85 10.69 1.40 Core crushing
G1-H25-S150 141295 25.18 49997 921 4.77 0.04 Core shear/buckling
G0O-H6-S300 8.56 0.54 0.30 0.02 53.20 2.39 Core crushing
G1-H6-S300 47910 9.15 4471 2.37 19.67 0.26 Core shear/buckling
G0-H12-S300 31.80 2.48 143 0.10 48.80 2.39 Core crushing
G1-H12-S300 799.88  19.60 101.67 6.16 13.45 0.31 Core shear/buckling
G0-H25-S300 70.22 4.62 8.82 2.62 33.59 2.50 Core crushing
G1-H25-S300 1354.36 33.13 21499 649 10.77 0.23 Core shear/buckling
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Table 3. Comparison of modeling and test results

Specimen  Modd: Flexural Flexural Modding d/t Eft d 2
Stiffness Components ~ Stiffness D, Error GE_E P
(MN-mm?2) (MN-mm?) (%) .
D1 D2 D3 Modd Test
G1-H6 0.43 4265 018 4326 4284 097 5.76 237
G1-H12 0.39 14978 0.80 150.98 168.71 -10.51 11.27 188
G1-H25 041 54313 465 54819 61722 -11.18 2097 117
F1-C11 0.12 4148 030 4190 4482 -6.51 1089 138
F2-C11 075 9556 030 9661 9838 -1.80 6.51 317
F1-C22 0.11 15534 253 15798 9041 7474 2145 61
F2-C22 127 35193 253 35573 176.07 102.04 9.59 139
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Figure 2. Specimen preparation and test set-up: (a) applying flax fabric on cork; (b)
applying glassfabric on honeycomb; (c) test set-up; and (d) four-point bending

configuration.
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Figure 3. Failure modes. (a) skin indentation; (b) cork core shear failure; (c) skin buckling;

(d) core shear; (e) core shear/buckling; and (f) core crushing.
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