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Introduction

Sandwich panels are lightweight structures employed in many engineering applications, such as aerospace and automotive components, military devices and civil infrastructure [START_REF] Cabrera | Design and manufacture of all-PP sandwich panels based on co-extruded polypropylene tapes[END_REF][START_REF] Hu | Dynamic crushing of the circular-celled honeycombs under out-of-plane impact[END_REF][START_REF] Gholami | Optimal design of a honeycomb core composite sandwich panel using evolutionary optimization algorithms[END_REF].

The advantage of the use of sandwich panels lies in their high energy absorption and outstanding mechanical performance [START_REF] Wang | Mechanical behaviors of inclined cell honeycomb structure subjected to compression[END_REF][START_REF] Wang | On the influence of structural defects for honeycomb structure[END_REF][START_REF] Wang | Experimental investigation on bending behavior of honeycomb sandwich panel with ceramic tile face-sheet[END_REF]. A sandwich panel is composed by two thin, stiff and strong sheets/skins commonly made of metals (steel, aluminium) or polymers (polycarbonate, polypropylene). The skins are separated by a thick core made of thin-walled hexagonal, circular or random shaped cells and low-density material [START_REF] Hg | Analysis and design of structural sandwich panels[END_REF][START_REF] D'mello | Synergistic energy absorption in the axial crush response of filled circular cell honeycombs[END_REF].

In recent years, the awareness of global environment challenges has led researchers to study alternative materials for the development of sustainable sandwich panels [START_REF] Oliveira | Sustainable sandwich composite structures made from aluminium sheets and disposed bottle caps[END_REF][START_REF] Dutra | Investigations on sustainable honeycomb sandwich panels containing eucalyptus sawdust. Piassava and cement particles[END_REF][START_REF] Smardzewski | Wooden sandwich panels with prismatic core -Energy absorbing capabilities[END_REF]. The use of fibrous resources available in agriculture is the most widely explored way of developing those sustainable materials because of their availability and accessibility, biodegradable properties, renewability, low cost, low density and specific mechanical properties for secondary structural applications [START_REF] Ramesh | Plant fibre based bio-composites: Sustainable and renewable green materials[END_REF][START_REF] Ku | A review on the tensile properties of natural fiber reinforced polymer composites[END_REF][START_REF] Pickering | A review of recent developments in natural fibre composites and their mechanical performance[END_REF][START_REF] Regazzi | Coupled hydro-mechanical aging of short flax fiber reinforced composites[END_REF][START_REF] Fiore | Aging resistance of bio-epoxy jute-basalt hybrid composites as novel multilayer structures for cladding[END_REF].

The use of flax fibres dates back to 5000 BC as the first known fibre extracted from plants to reinforce matrices [START_REF] Fiore | Effects of aging in salt spray conditions on flax and flax/basalt reinforced composites: Wettability and dynamic mechanical properties[END_REF][START_REF] Ramesh | Flax (Linum usitatissimum L.) fire reinforced polymer composite materials: A review on preparation, properties and prospects[END_REF]. Currently, flax is the most widely used bio-fibre due to its good mechanical properties and versatility. Flax is also widely available [START_REF] Zivkovic | Influence of moisture absorption on the impact properties of flax, basalt and hybrid flax/basalt fiber reinforced green composites[END_REF]; it can be found in simple household textiles, furnishing fabrics and decoration accessories [START_REF] Yan | Flax fibre and its composites -A review[END_REF]. Flax has also been developed into prepreg textiles for more technological applications, such as transport, wind energy, sports and leisure [21].

Another natural material that has gained popularity within the scientific community is bamboo. Bamboo has been widely used to build permanent and temporary structures [START_REF] Li | Axial load behavior of structural bamboo filled with concrete and cement mortar[END_REF]. In addition to all the advantages of bio-based plants, bamboo features a fast growth rate, a high strength-to-weight-ratio, good flexibility and lightweight characteristics that are compatible with engineering requirements for use in civil constructions [START_REF] P.-H. Lee | Development of a hollow cylinder test for the elastic modulus distribution and the ultimate strength of bamboo[END_REF][START_REF] Li | Mechanical performance of laminated bamboo column under axial compression[END_REF][START_REF] Krause | On the influence of Dendrocalamus giganteus bamboo microstructure on its mechanical behavior[END_REF][START_REF] Jakovljevic | The influence of humidity on mechanical properties of bamboo for bicycles[END_REF]. In addition, the circular geometry of the bamboo stem offers the potential to be used in developing sustainable circular core materials for sandwich structures.

Besides the correct selection of the materials for skins and cores, skin-core bonding is another critical factor that directly affects the mechanical performance of sandwich panels because the adhesion to the single sections of the core are the structurally weakest parts of the sandwich [START_REF] Cen | Mechanical behavior of novel GFRP foam sandwich adhesive joints[END_REF]. Two types of bonding are commonly used in composite structures: mechanical and adhesive [START_REF] Cen | Mechanical behavior of novel GFRP foam sandwich adhesive joints[END_REF]. The adhesive bonding is the most widely used because of the intrinsic low stress concentrations, effective weight reduction, uniform stress and load distribution [START_REF] Calik | Effect of adherend shape on stress concentration reduction of adhesively bonded single lap joint[END_REF]. The strength of bonded joints depends on several factors, such as the type of the specific joint, its geometric parameters, the bonding materials and the charcateristics of the adhesive [START_REF] Domingues | Experimental and numerical failure analysis of aluminium/composite single-L joints[END_REF]. Epoxy adhesives represent the most common type of structural adhesive due to their relatively high modulus and strength [START_REF] Kinloch | Toughening structural adhesives via nano and micro-phase inclusions[END_REF].

The engineering use of natural or bio/eco-based materials is promising, but unfortunately leads to a variability of the mechanical and physical properties of the structures made of those solids. The scarcity of large datasets of data with statistichal robustness also does not help to completely understand the physics and the mechanics underpinning the mechanical behaviour of bio-based structures. A numerical analyses was performed to establish the elastic constants of bamboo structures along their transverse axes [START_REF] Garcia | Experiments with rings to determine the anisotropic elastic constants of bamboo[END_REF]. Some studies have used a finite element method based on graded finite elements to obtain orthotropic constitutive properties through the bamboo wall [START_REF] Candelaria | Determination of the properties of bambusa blumeana using full-culm compression tests and layered tensile tests for finite element model simulation using orthotropic material modeling[END_REF][START_REF] Silva | Modeling bamboo as a functionally graded material: lessons for the analysis of affordable materials[END_REF]. Some experimental and numerical studies related to the flexural properties of sustainable sandwich composites made from a circular bamboo core and biodegradable skins have been investigated recently. Darzi et al. [START_REF] Darzi | Numerical study on the flexural capacity of ultra-light composite timber sandwich panels[END_REF] carried out a numerical study on the flexural capacity of ultralight sandwich panels made of plywood faces and bamboo core, using a proposed Ritz method and a validated Finite Element Analysis (FEA). Hartoni et al. [START_REF] Hartoni | Effect of core and skin thicknesses of bamboo sandwich composite on bending strength[END_REF] investigated, through experimental analysis, the flexural strength of sandwich composites made with bamboo core and multiplex skins, varying the thickness of the core and skin. Loth and Forster [START_REF] Loth | Comboo -a novel core material for composite sandwich structures from renewable sources[END_REF] developed and characterised a sandwich panel made of bamboo core and glass/flax fibre skins comparing flexural strength with other commercial core materials. In this context, there is much to understand using the bamboo ring as the core material of sandwich panels, e.g. the effects of bamboo species and geometric characteristics, core packing, type of adhesives and skins on different loads and respective failure modes, in addition, besides relating the experimental and numerical analysis. Furthermore, circular cores of bamboo rings lead to a substantial stress concentration in the skins and adhesives under bending loads because of the high strength and stiffness of those rings. The high stress concentrations decrease the structural efficiency of the panels. In order to better understand such effects, two types of adhesives and cell dimensions are also evaluated in this work. The sandwich panels with unidirectional prepreg flax skins and the bamboo core are assessed here by performing a full factorial design of experiment (DoE) and a finite element analysis to better understand the behaviour of the panels under three-point bending tests.

Materials and Methods

Materials

The skins of the sandwich panel are made of unidirectional flax fibre reinforced composite (Figure 1a). The architecture of the uni-directional skin laminate consists in flax fibres pre-impregnated with fire-retardant epoxy polymer XB 3515 GB (Huntsman). The epoxy is also combined with Aradur 1571 BD and Accelerator 1573 BD. The prepreg flaxtape of 220 g/m 2 grammage (fibre+resin) is supplied by EchoTechnilin (Lineo, France), considering an impregnation weight ratio of 50/50 fibre/matrix. A fibre/matrix volume fraction of 56/43% is estimated by analyzing the surface of the image obtained by Tescan Mira3 scanning electron microscope operating at 20 kV. The Tescan Essence software is used to recognise and determine the surface area of each constituent.

The core of the sandwich panels is composed of treated bamboo rings (Figure 1b) 

Bamboo treatment

Bamboo culms are harvested and left upright for two weeks to drain and ferment the starch and sugar present in the culms [START_REF] Garcia | Experiments with rings to determine the anisotropic elastic constants of bamboo[END_REF]. Subsequently, the bamboo rings are cut by a bandsaw, with the dimensions shown in Figure 3a. The rings are immersed in a 3% (m/v) boric acid solution and 1% (m/v) copper sulfate for seven days to prevent biological degradation (Figure 3b). Finally, the bamboo rings are oven dried at 50 o C for three days before being used in the manufacture of the sandwich panels (Figure 3c). 

Sandwich panels

Prior to the sandwich manufacturing, the polymer adhesives are prepared by hand mixing the components for five minutes, i.e., AW 139 + hardener XB 5323, from Huntsman and SR1124 resin + SD4775-1 hardener, from Sicomin. The adhesives are spread separately on the flax skins using a 1.5 mm deep zigzag spatula for the Huntsman adhesive, while a brush is used for for the Sicomin polymer (Figure 4a). The bamboo rings are then bonded with the adhesive to the flax composite skins in a hexagonal packing (Figure 4b). No adhesive is used between the adjacent bamboo rings. The opposite skin is filled with adhesive and then placed over the bamboo core. Cold bonding is performed by applying a uniform pressure of 3. 

Characterisation

Characterisation of the single material components

The polymeric adhesives.

Characterisation of the sandwich panels

Sandwich panels are characterised by the three-point bending tests, as shown in Figure 6.

The tests are carried out using a Roell Amsler with a 25 kN load cell at 6 mm/min, with spans of 130 and 190 mm for the sandwich panels made with the Ø20 and Ø30 mm bamboo rings, respectively, according to ASTM C393 [START_REF]Standard Test Method for Core Shear Properties of Sandwich Constructions by Beam Flexure[END_REF]. The mechanical responses measured in the test are flexural strength and modulus [START_REF]Standard Test Methods for Flexural Properties of Unreinforced and Reinforced Plastics and Electrical Insulating Materials[END_REF], considering an equivalent homogeneous material; skin stress [START_REF]Standard Test Method for Core Shear Properties of Sandwich Constructions by Beam Flexure[END_REF][START_REF] Bitzer | Honeycomb Technology: Materials, Design, Manufacturing, Applications and Testing[END_REF]; core shear stress and core shear modulus [START_REF] Hg | Analysis and design of structural sandwich panels[END_REF][START_REF] Astm D | /D7250M -16[END_REF]. The equivalent density of the sandwich panels is also assessed by measuring the dimensions and mass of the panels using a caliper and a precision scale.

Figure 6. Characterisation of the sandwich panel via three-point bending test.

Finite element (FE) model

The Finite element (FE) model of sandwich panel under the three-point bending is develop to compare and benchmark against the experimental results. A non-linear FE model is created using the Abaqus TM /Standard software version 6.14 in order to obtain the cohesive failure. Figure 7 shows the 3D representative model of the panel, with the flax skins and bamboo core, which are modelled as orthotropic materials. The engineering constants of the flax reinforced composites are calculated using simplified micromechanics equations reported by Chamis [START_REF] Chamis | Simplified Composite Micromechanics For Predicting Microstresses[END_REF] and calibrated based on the elastic modulus (ET) obtained during the tensile tests.

The bamboo engineering constants are obtained based on their microstructural characteristics.

Bamboo is known for its sclerenchyma (fibrous phase) and parenchyma constituents [START_REF] Palombini | Bionics and design: 3D microstructural characterization and numerical analysis of bamboo based on X-ray microtomography[END_REF]. Its cross section shows a fibre bundle gradient that increases the fibre volume fraction from the inner side to outer side. This behaviour changes the mechanical properties along the thickness.

The bamboo cross section is therefore divided into three layers (inner, middle and outer) as shown in Figure 7 (detail A). The inner, middle and outer layers correspond to 60%, 30% and 10% of the total thickness. Different elastic constants calculated according to the fibre volume fraction are assigned to each layer (15 wt% for the inner, 35 wt% for the middle and 50 wt% for the outer layer [START_REF] Dixon | The structure and mechanics of Moso bamboo material[END_REF]). The elastics constants of the bamboo layers and flax reinforced composites used in the FE model and their explanation are shown in Table 1. Skins and bamboo are not modelled using failure criteria or degradation law, given that the main failure is debonding between the skins and the bamboo. Flax composite skins are modelled using S4 linear shell elements and three integration points each layer. The bamboo core is meshed using SC8R continuum shell elements. Each layer of bamboo is modelled using one elements through the thickness, resulting in three elements. The mesh convergence study is carried out with three different mesh refinements.

The nomenclature used corresponds to the following parameters: ls/ws /lc/dc, where ls is the number of elements along the skin length, ws is the number of the elements along the skin width, lc is the number of elements along the core length and dc is the number of elements along the core perimeter. The following meshes are used: MESH 1 totalling 1012 elements; MESH 2 with a total of 3000 elements and MESH 3 -with 6520 elements. After performing the simulations the convergence study shows that the results presented using MESH 3 do not differ significantly in relation to the ones from MESH 2. In addition, MESH 3 has a computational time 150% higher when compared to MESH 2. MESH 2 has been, therefore, chosen to perform all analyses.

The main objective of the model is to simulate the bending behaviour (force vs.

displacement curve) and to understand the failure mode, and therefore develop a model that can simulate the structural behavior of this type of sandwich. These results are presented and detailed in section 3.2.2. Generally, the mechanical properties vary close to the height of the culm. However, the chosen range (Ø20 -30 mm) is small to observe major material variations and the results therefore are 

Results

Individual material components of the sandwich panels

Sandwich panel

Table 5 presents the mean (average) values and standard deviations of the responses related to replicates one and two for the sandwich panels, which are statistically interpreted in section 3.2.1. This research involving sustainable sandwich panels made of eco-friendly composite skins and bamboo core is very innovative in the literature. The only similarity found in the literature was reported by Hartoni et al. [START_REF] Hartoni | Effect of core and skin thicknesses of bamboo sandwich composite on bending strength[END_REF], in which sandwich panels made of plywood skins and bamboo rings core were tested under three-point bending. The only variable assessed was flexural strength, which ranged from 6 to 10 MPa, being very close to the results obtained in the present study, as shown in Table 5. Table 6 shows some additional characteristics of the sandwich panels. The percentage of the non-adhesive area is determined by considering the total panel area minus the average surface contact area of the bamboo rings, the whole then divided by the total area of the panel.

Twenty-seven [START_REF] Cen | Mechanical behavior of novel GFRP foam sandwich adhesive joints[END_REF] bamboo rings of Ø20 mm compose the smaller sandwich panels, resulting in a cross-sectional contact area of 3711 mm 2 and a non-adhesive area of 65.6%. On the other hand, twenty-four (24) bamboo rings of Ø30 mm are used for the larger sandwich panels, resulting in a cross-sectional contact area of 5184 mm 2 and a non-adhesive area of 76%. 

Statistical Analysis

Table 7 presents the DoE/ANOVA analysis of the responses. Significant effects with Pvalues less than 0.05 and those in bold indicate higher-order effects that will be interpreted by the effect plots. The main effect of a factor should only be interpreted individually if there is no other evidence of significant interactions among factors. The R 2 -adjusted varies from 90.3% to increases respectively, when compared to sandwich panels made with the other manufacturing parameters. Although the compressive strength of the two bamboo rings is similar (Table 4, group A), the flexural strength is mainly related to the core-face adhesion. The thickness of the adhesive can affect the quality of the bonding of the panels, which leads to a lower variation when considering a core with fewer bamboo rings (24 rings when designed with Ø30 mm). The adhesive S presents superior results in terms of flexural strength due to its lower viscosity (Table 4); the S adhesive therefore better penetrates in the rough surface of the flax skins and pores of the bamboo rings. The flexural modulus ranges from 2.2 GPa (Ø20 mm, adhesive H) to 4.2 GPa (Ø30 mm, adhesive S). Figure 10 shows a behaviour similar to the one of the flexural strength, showing increases of 54% and 25% for bamboo rings Ø30 mm and adhesive S, respectively. This increase in modulus for larger bamboo rings is attributed to the higher surface contact area with the polymer (5184 mm 2 , Table5), and this offers higher stiffness and lower deflection during the elastic deformation. Although the H adhesive shows a higher indentation modulus (Table 4), very rigid adhesives can however negatively affect the mechanical performance of the panels, since a brittle adhesive does not follow the deformation of the faces, causing premature cracking and phase debonding.

Figure 10. Main effect plot for the mean (average) flexural modulus.

Skin Stress

Skin stress ranges from 26.9 MPa (Ø20 mm, adhesive H) to 48.9 MPa (Ø30 mm, adhesive S). Figure 11 shows the main effect plots for the average skin stress provided by the bamboo diameters and the type of adhesive used. The graphs show trends similar to the ones related to the bending properties, since this response is calculated assuming that the faces take up all the bending load by compressive and tensile forces [START_REF] Bitzer | Honeycomb Technology: Materials, Design, Manufacturing, Applications and Testing[END_REF]. Skin stress is directly related to the ability of the skin to withstand the load applied to the panel due to its bonding to the core. A 40% increase of skin stress is observed for Ø30 mm bamboo rings (Figure 11a) due to the larger surface contact area with the polymer, while an increase of 23% is noted for adhesive S case (Figure 11b) because of its lower viscosity and higher ductility that improve the bonding of the sandwich panel elements and follows the deformation of the skins.

Figure 11. Main effect plot for the mean (average) skin stress.

Shear Properties

The core shear stress ranges from 0.64 MPa to 0.89 MPa. Figure 12 shows the main effect plot of the adhesive type factor for the mean core shear stress. The core shear stress is closely related to the mechanical properties of the core constituents and their bonding to the faces. Since the two bamboo rings present similar compressive stress and modulus, only the specific type of adhesive used significantly affects this response, with a 30% increase when adhesive S is considered. This fact can be attributed to the lower viscosity and rigidity of this type of adhesive (see Table 4), which improves the core-face adhesion and longer creep-like deformations; the elements therefore tend to bond for longer and avoid the onset of premature cracks in the sandwich beam.

Figure 12. Main effect plot of adhesive type factor for the mean core shear stress.

The core shear modulus ranges from 32.7 MPa (Ø30 mm, adhesive H) to 48.1 MPa (Ø20 mm, adhesive S). An opposite behavior to bending is observed for this response in terms of the diameter effect (Figure 13). Smaller bamboo diameters offer higher shear rigidity due to the larger number of bamboo rings per area and higher adhesive area, which increases the shear constraints, especially when the S adhesive is used. This result also implies that the higher ductility of the S-adhesive and the larger number of Ø20 mm bamboo rings lead to a positive interaction effect that increases the core shear modulus of the panels. Panels made with Hadhesive or Ø30 mm rings with S-adhesive reach equivalent means evidenced by Group B (Tukey test).

Figure 13. Second order interaction effect plot for the mean core shear modulus. Figure 15a shows the state of the samples after failure in the experimental tests and Figure 15b shows the shape deformation in the numerical model. Mirroring is applied to the model symmetry planes for an improved visualization. Similar failure in all conditions are found, where the sudden drop in the force-displacement curves is caused by debonding between the face and the adhesive. This behaviour shows that the failure criteria and the degradation law in the cohesive elements are activated. In general, the onset of debonding mainly occurs on the bottom skin, but in some cases it also occurs on the top surfaces due to the buckling effect of the skins, leading to interfacial pull-out stresses. Some panels also reveal a loss of the bamboo ring, as shown in Figure 15a for the Ø20 mm -S panels. This failure mode also shows a better bamboo-polymer bonding rather than skin-polymer one, which is explained by the presence of porosity in the bamboo cross section that favours an improved interlocking effect. The numerical results also show a similar failure behaviour when compared to the experimental ones. Debonding is mostly found between the bottom skin and the bamboo. 

Experimental and numerical comparisons

Conclusions

Sustainable sandwich panels made of unidirectional prepreg flax skins and bamboo rings as circular core material are here developed, characterised and investigated through a statistical experimental design and a finite element model. The effects of adhesive type and bamboo diameter on the equivalent density, flexural and shear properties of the panels are identified.

The main conclusions of this work are the following:

i. The equivalent density of the sandwich panels is affected not only by the density of the adhesive, but mainly by the percentage of non-adhesive area in the core, resulting in a decrease when larger bamboo rings (Ø30 mm) are used;

ii. The sandwich panels with Ø30 mm bamboo rings have a higher superficial contact area with the adhesive, resulting in better core-face bonding with higher flexural properties and skin stress. In contrast, the sandwich panels made with the Ø20 mm bamboo rings reveal an increase in the core shear modulus due to the larger number of bamboo rings per area and higher adhesive area, increasing shear constraints;

iii. The type S adhesive has a lower viscosity and indentation modulus, which positively affects all responses, increasing skin stress, bending and shear properties; iv. All experimental conditions exhibit debonding between the bottom skin and the adhesive, indicating that the polymeric adhesive plays an important role in the mechanical performance of the sandwich panels.

v. The finite element model predicts a good match in terms of load versus displacement curves. The modelling using three-layer bamboo cross sections (inner, middle and outer) and the use of ortotropic properties provides a good agreement with the stiffness of the structure. In addition, the cohesive surface elements provide a substantially correct prediction of the failure and type of damages. The model corroborates the experimental data, which show that the main failure mode of the panels is the debonding between the skin and the bamboo rings.

Finally, the sandwich panels reveal a promising application for secondary structural components, where low cost, moderate stresses and biodegradable characteristics are required, expanding the horizons of the future of sustainable engineering structures.
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 22 Figure 2. Manufacturing tehcniques of the skins prior to autoclave: (a) hand lay-up and (b) vacuum compaction.
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 3 Figure 3. Bamboo treatment process: (a) dimensions of the cell cores, (b) immersion in solution and (c) drying.
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 4 Figure 4. Sandwich manufacturing process: (a) polymer spread (Left -Huntsman, Right -Sicomin), (b) bonding of bamboo rings (left -Ø20 mm, right -Ø30 mm), (c) sandwich panels.
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 5 Figure 5. Characterisation of the single material components: (a) bamboo ring and (b)
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  quarter model of the panel is modelled using symmetric boundary conditions to represent the three-point bending. The support and the indenter are modelled as analytical rigid surface (3D rigid surface defined in Abaqus) and fixed to a reference point (RP). Boundary conditions (BCs) are applied to RPs. All displacements and rotations are not allowed in the support RP. All displacements and rotations are also not allowed in the indenter RP except for a maximum imposed displacement of 3 mm along the Y-axys (δy). The results of the reaction forces are extracted for the indenter RP and the displacements are monitored in the same point.Cohesive surfaces are used to model the contact between the skins and the bamboo core.Quadratic traction is used to calculate the failure initiation and the degradation of the cohesive surface. Table2shows the cohesive zone parameters used in the model. The damage initiation stress parameters are used to establish the initial failure stress along the normal direction (tnn) and the transverse one (tss = ttt). The fracture energy parameters are used to identify the fracture energy along the normal direction (G1c) and the transverse energy (G11c=G111c); penalty stiffness parameters are used to establish the stiffness of the cohesive layer along the normal direction (Knn) and in the transverse one (Kss=Ktt). It is well known that these interface properties are totally dependent on the type of adhesive used[START_REF] Katsivalis | Development of Cohesive Zone Models for the Prediction of Damage and Failure of Glass/Steel Adhesive Joints[END_REF]. Furthermore, it is very difficult to obtain these values in open literature or through mechanical tests for the specific application considered in this work. In view of this, convergence studies are carried out to identify the cohesive zone surfaces from the experiments (Mode I, Mode II and Mixed Mode), based on datasheet of the Huntsman [37] and Sicomin[38] adhesives. The contact between elements of the bamboo core core is modelled as normal (frictionless hard and tangential behavior). In addition, the contacts between the skins and the support and skin/indenter are modelled using normal behaviour, both hard and tangential without friction. Some input parameters, especially cohesive zone are tuned to minimize the gap between experimental and numerical results. The average of the maximum loads obtained during the three-point bending tests are used to calibrate the largest load drop value. Adjustment is performed using two different samples made with the (i) bamboo Ø20 mm/Huntsman adhesive and the (ii) bamboo Ø20 mm/Sicomin adhesive. These two configurations are used to minimize the difference between the experiment and the numerical analysis for the two different types of adhesives used, and then calibrate the overall finite element model.

Figure 7 .

 7 Figure 7. The 3D FE model used to simulate the three-point bending test: mesh representation, boundary conditions and dimensions.

  within the same average, as shown by group A. The compressive modulus is slightly larger for the Ø30 mm bamboo rings. According to open literature[START_REF] Gottron | Creep behaviour of bamboo[END_REF][START_REF] Xu | Mechanical properties of structural bamboo following immersion in water[END_REF] the fibre volume increases with the culm height, thus, larger diameter bamboo rings (Ø30 mm) have a larger fraction of lignocellusosic matrix and this plays a significant role on matrix-dominated compression properties. The ultra-micro dynamic hardness test shows a superior indentation modulus for the Huntsman (H) adhesive. On the other hand, the density and viscosity of Sycomin (S) adhesive are lower.

Figure 9 .

 9 Figure 9. Main effect plot for the mean (average) flexural strength.

Figure 14

 14 Figure14shows the load versus displacement curves obtained by the three-point bending tests (average of experimental curves) and the finite element model for all experimental conditions. A similar trend is noted, which is described by a long elastic deformation with adhesive crack initiation, followed by a sudden drop. The highest flexural strength occurs in the S -30 mm sample (Condition 4), followed by the S -20 mm (Condition 2), H -30 mm (Condition 3) and H -20 mm (Condition 1) samples. A good match between the numerical and experimental model is evident in the initial and linear part of the curves. The results also show a good level of adjustment of the mechanical properties and constituents imparted on the model, mainly in relation to the division of the bamboo cross section into three layers. The model also predicts the drop load of the curves after the maximum load, with the presence of a subsequent. residual strength in the numerical and experimental results. The damage is quantified in terms of maximum load, dividing the average residual load by the maximum one. As expected, the structure damage increases when the maximum load increases. In addition, although the model considers a local condition, due to the method used in the implementation, such as symmetry conditions and simplified mesh elements, it uses a full-scale model for sandwich applications in structural conditions.
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 14 Figure 14. Load versus displacement curves in three point bending test for experimental conditions: (a) H -20 mm, (b) S -20 mm, (c) H -30 mm and (d) S -30 mm.

Figure 15 .

 15 Figure 15. The failure mode of the sandwich panels: (a) experimental and (b) shape deformation in the numerical model.

  

  

Table 1 .

 1 Engineering constants considered in FE model for the phases.

	Parameter	Definition	Bamboo Inner Middle Outer	Flax composite
	E !! (GPa)	Longitudinal elastic modulus 6.51	14.98	21.32 34.89
	E "" = E ## (GPa)	Transverse elastic modulus	0.273 0.406	0.560 4.350
	ν !" = ν !# = ν "#	Poisson's ratio in plane 1-2/1-3/2-3	0.37	0.34	0.31	0.33
	G !" = G !# = G "# (GPa)	Shear modulus in plane 1-2/1-3/2-3	0.096 0.141	0.192 4.290

Table 2 .

 2 Cohesive zone parameters used in the model.

	Adhesive	Direction Normal	Damage initiation stress (N/mm 2 ) tnn	Fracture energy (N/mm) G1c	Penalty stiffness (N/mm 3 ) Knn
		Transverse	tss = ttt	G11c, G111c	Kss, Ktt
	Huntsman		0.8	0.1	10
	Sicomin		1.3	0.1	10
	2.5 Statistical experimental design		

A full factorial design 2 2 is established to investigate the effect of the bamboo diameter (20 mm / 30 mm) and adhesive type (Huntsman [H] / Sicomin [S]) on the equivalent density, flexural and shear properties of sandwich panels, resulting in four experimental conditions (Table

3

). Six specimens (two replicates) are fabricated for each experimental condition, with a total of 24 specimens. The Minitab software v. 18 is used to perform the Design of Experiment (DoE) and Analysis of Variance (ANOVA).

Table 3 .

 3 Full Factorial Design (2 2 ).

	Experimental	Bamboo	Adhesive
	Condition	Diameter (mm)	Type
	1	20	H
	2	20	S
	3	30	H
	4	30	S

Table 4

 4 and modulus of 313 MPa and 35.8 GPa, respectively. The maximum compressive strength and density are equivalent for the two bamboo diameters (group A).

shows the mechanical and physical properties of the constituents of the sandwich panels. The letters represent the Tukey's comparison test, in which statistically equivalent means (averages) show a similar group of letter. Flax reinforced composites feature a maximum tensile strength

Table 4 .

 4 Mechanical and physical results of the individual material phases of the sandwich panels.

		Tensile	Compressive		Density		Ultra Micro Hardness	Viscosity
		σmax	ET	σmax		EC		ρ		EIT	
		[MPa]	[GPa]	[MPa]		[GPa]		[g/cm 3 ]		[GPa]		[mPa.s]
	Flax reinforced composite	313.01 (±17.88)	35.79 (±2.26)	-		-		-		-		-
	Bamboo ring Ø20 mm	-	-	172.11 (±11.12)	A	11.93 (±0.95)	B	0.904 (±0.029)	A	-		-
	Bamboo ring Ø30 mm	-	-	173.95 (±12.03)	A	13.85 (±1.19)	A	0.925 (±0.048)	A	-		-
	Adhesive H	-	-	-		-		1.60*		4.721 (±0.675)	A	90000* (25 o C)
	Adhesive S	-	-	-		-		1.17*		4.213 (±0.393)	B	1620* (20 o C)
	*Obtained by the manufacturers [37,38].									

Table 5 .

 5 Mean and standard deviation values for the DoE responses.

			Equivalent	Flexural	Flexural	Ultimate skin	Ultimate core	Core Shear
		E.C.	Density	Strength	Modulus	Stress	Shear Stress	Modulus
			(g/cm 3 )	(MPa)	(GPa)	(MPa)	(MPa)	(MPa)
		1	0.491 (±0.019)	6.33 (±0.88)	2.16 (±0.58)	28.28 (±1.73)	0.69 (±0.04)	34.45 (±9.69)
	R1	2 3	0.470 (±0.008) 0.404 (±0.004)	8.37 (±0.85) 9.47 (±0.84)	2.85 (±0.27) 3.80 (±1.06)	36.98 (±2.19) 42.40 (±3.24)	0.89 (±0.05) 0.71 (±0.05)	43.93 (±9.31) 34.07 (±2.43)
		4	0.390 (±0.009) 11.55 (±1.72)	4.23 (±0.30)	48.95 (±7.96)	0.89 (±0.03)	34.94 (±3.32)
		1	0.489 (±0.001)	6.48 (±0.47)	2.16 (±0.64)	26.89 (±4.55)	0.64 (±0.10)	36.48 (±12.24)
	R2	2 3	0.471 (±0.007) 0.402 (±0.005)	8.98 (±0.15) 9.49 (±1.89)	3.07 (±0.72) 3.43 (±0.21)	35.57 (±3.21) 39.67 (±7.93)	0.89 (±0.07) 0.69 (±0.12)	48.13 (±12.29) 32.73 (±3.25)
		4	0.391 (±0.015) 11.32 (±1.68)	4.24 (±0.41)	47.92 (±7.51)	0.87 (±0.03)	36.60 (±0.62)

Table 6 .

 6 Characteristics of manufactured sandwich panels.

	Type	Bamboo rings per panel	Surface contact area (mm 2 )	Non-adhesive area (%)
	Sandwich panel Ø20 mm	27	3711.01	65.64
	Sandwich panel Ø30 mm	24	5183.63	76.00
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99.9%, indicating models of high predictability. ANOVA is validated by the Anderson-Darling normality test, where P-values ≥ 0.05 (0.367 -0.989) imply data of normal distribution. 

Equivalent Density

The equivalent density of the sandwich panels ranges from 0.390 g/cm 3 (Ø30 mm, adhesive S) to 0.491 g/cm 3 (Ø20 mm, adhesive H). An approximate 4% decrease is observed when the sandwich panel adhesive changes from H to S (Figure 8); this is attributed to the lower density of the type S adhesive (Table 4). There is also a reduction of 17% when the bamboo diameter changes from Ø20 mm to Ø30 mm. Although the density of the bamboo rings is similar (Table 4, group A), his decrease is due to the smaller number of Ø30 mm bamboo rings per sandwich panel [START_REF] Li | Mechanical performance of laminated bamboo column under axial compression[END_REF] and the greater non-adhesive area (76%) in comparison to the Ø20 mm sandwich panels (Table 6).

Figure 8. Second order interaction effect plot for the mean (average) equivalent density.

Bending Properties

The flexural strength of the sandwich panels ranges from 6.3 MPa (Ø20 mm, adhesive H) to 11.5 MPa (Ø30 mm, adhesive S). The highest flexural strength is reached for sandwich panels with Ø30 mm bamboo rings and S adhesive, with 39% (Figure 9a) and 27% (Figure 9b)
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