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Abstract.  14 
 15 
Honeycomb sandwich panels are widely used in multiple building sector applications like non-structural 16 
lightweight panels for partitions, floating floors, insulation panels, or furniture. These panels typically consist of 17 
three layers: two thin rigid external layers and a thick low-density internal layer with a honeycomb geometric 18 
shape. To reduce environmental footprint, eco-friendly materials are encouraged.                  19 
In this study, we propose an innovative sandwich panel with a core made of Arundo donax rings and skins made 20 
of flax fibre-reinforced epoxy composite. Arundo donax is a highly invasive reed in southern Europe. Its rapid 21 
growth makes it environmentally advantageous as it can absorb a significant amount of CO2 which is then 22 
sequestered in the panel, enhancing the panel’s sustainability compared to existing alternatives. The honeycomb 23 
panels are produced through thermocompression and mechanically tested using pull-off tests and three-point 24 
bending. A key novelty of this research is the detailed investigation of the lateral surface roughness of the rings, 25 
which has never been studied before. The study explores how different roughness levels affect the adhesion 26 
between the core and the skins, the adhesion between the individual Arundo donax rings within the core, as well 27 
as the mechanical bending properties of the panel. 28 
The results show that polishing treatment significantly impacts all the flexural mechanical properties, especially 29 
when performed on lateral surfaces of the rings. In particular, the polishing treatment has increased the flexural 30 
strength by 24.25 %, shifting from 19.06 MPa to 25.16 MPa.  31 
Numerical simulations are conducted employing Finite Elements with cohesive surface contacts between skins 32 
and Arundo donax rings and within the rings. By adjusting the parameters of the cohesive interface, the model can 33 
account for different roughness levels and accurately replicate the experimental results. Once calibrated, the model 34 
can serve as a design tool. 35 
 36 
Keywords: Arundo donax, Surface roughness, Flax fibre, Honeycomb panel, Sandwich panel. 37 

1. Introduction 38 
 39 
Honeycomb panels represent a unique type of sandwich panel consisting of three layers: two thin highly 40 
rigid outer layers and a thick internal layer characterized by a honeycomb geometric shape. The 41 
interconnected network of the unit cells within the internal layer gives honeycomb sandwich structures 42 
their lightweight characteristics, high stiffness-to-weight and strength-to-weight ratios [1], strong load-43 
bearing capabilities [2] and effective thermal and acoustic insulation [3, 4].   44 
The physical and mechanical properties of honeycomb panels can exhibit considerable variability not 45 
only stemming from the broad range of constitutive materials such as papers, metals, polymers and 46 
ceramics [5, 6, 7], but also from geometric topological configurations of the core cells including 47 
triangular, square, hexagonal and circular units [8, 9]. Due to their versatility, honeycomb structures are 48 
widely used in civil, mechanical and aerospace engineering. A comprehensive review of the history and 49 
multifunctional applications of honeycomb structures at various scales is provided in [10]. 50 
In recent years, to reduce the environmental footprint in structures, eco-friendly materials have been 51 
encouraged. Several examples of eco-friendly applications in honeycomb boards can be found in the 52 
literature. Gato et al. [11] and Oliveira et al. [12] investigated the use of discarded bottle caps as a core 53 
with hybrid glass fibre composite and flax-based laminates for the skins respectively. Napolitano et al. 54 



 
 
 
 
 
 

 

[13] showed an example of partially bio-based sandwich panels made with bamboo core and synthetic 55 
skin made with aluminium. There are also several examples of fully biobased sandwich structures. 56 
Antony et al. [14] combined hemp and polylactic acid (PLA) to manufacture a 3D-printed honeycomb 57 
sandwich structure. Similar approach has been performed by Beylergil [15]. K. Sivakumar et al. [8] 58 
introduced a polymeric honeycomb made of PLA lattice structures and walnut shell. Fu et al. [16] 59 
presented a sandwich with flax FRP for skins and a paper honeycomb for the core. Similarly, Darzi et 60 
al. [17] and Avila et al. [18] studied sandwich structures with a core of bamboo rings and skins made of 61 
plywood and flax fibre composite, respectively. 62 
In the present study, bio-based sandwich honeycomb panels with a core made of Arundo donax 63 
(hereinafter referred to as AD) rings glued with foaming epoxy resin to skins made of flax fibre 64 
reinforced epoxy composites are investigated.  65 
 66 
AD is a perennial herbaceous plant that belongs to the family of Poaceae. It grows in marginal lands in 67 
southern Europe [19]. The stem is a hollow cylinder with diameters ranging from 10 to 30 mm and wall 68 
thickness ranging from 1 to 4.5 mm. The stem is divided by diaphragms (named nodes) into internodes 69 
120-300 mm long [20]. Inside the stem wall, sclerenchymatous fibres strengthen vascular bundles and 70 
are embedded in a matrix of lignified parenchyma [20], giving a good mechanical performance [21, 22].  71 
AD has better CO2 absorption compared to wood, which enhances greater carbon sequestration when 72 
stored in panels made of AD [23, 24, 25].  73 
In the field of panel engineering, AD has proven to be a viable aggregate option for particle boards with 74 
various binders. Fiore et al. [26] explored the use of AD fillers in epoxy composites. García-Ortuno et 75 
al. [27] and Flores et al. [28] demonstrated the feasibility of producing particleboard using AD particles 76 
and urea-formaldehyde resin. Cintura et al. [29] studied chipboard panels made with AD chips and 77 
sodium silicate.  Donini et al. [30] studied the effect of the partial substitution of recycled wood with 78 
AD particles in commercial particleboards with urea-formaldehyde as a binder. Recent literature also 79 
discussed the use of AD to produce binderless particleboards. Ramos et al. [31] and Vitrone et al. [32] 80 
explored the possibility of producing all-lignocellulosic fibreboards from AD without synthetic binders. 81 
A review of the different applications of AD as aggregate in particleboards can be found in [33].   82 
A few examples can be found of the use of AD in its original form, using its natural hollow spaces and 83 
the natural unidirectional orientation of its fibers. Reviving a traditional construction method from the 84 
past that used reeds as reinforcement for ceilings and beams [34], Barreca et al. [35] proposed a crossed 85 
double layer of AD stems for an internal bearing structure with external natural lime plaster. The study 86 
was then extended and the crossed layer was placed in a cavity wall panel made with a wooden skeleton 87 
and a multilayer agglomerated cork wall. 88 
 89 
The idea of this paper is to preserve the inherent structural advantages, which are lost when the crop is 90 
processed into smaller particles. It proposes using portions of stems like rings in the core of the sandwich 91 
structure.   92 
 93 
Regarding skins, natural fibres have many advantages over their synthetic counterparts [36], including 94 
sustainability [37], biodegradability, renewability [38], low cost [39], low density, poor electrical 95 
conductivity and good thermal and acoustic insulation. Moreover, their mechanical properties can be 96 
comparable to those of certain synthetic fibres, such as glass fibres, particularly in terms of strength. 97 
Flax fibre, one of the most widely used bio-fibre, has a reasonable tensile strength (500–1500 MPa) and 98 
tensile modulus (25.6 GPa) [39], while at the same time possessing an embodied energy of only 99 
2.75 MJ/kg [39].  Its good mechanical properties and versatility make it a choice for polymeric matrix 100 
reinforcement [40]. Several reviews of the use of flax in composites can be found in the literature [41, 101 
42, 43, 44]. For their mechanical properties and lightness flax fibre composites are well-suited for use 102 
as skins in bio-based sandwich and honeycomb structures. There are several examples in the literature 103 
of biobased sandwich panels made of cork with flax composite skins [45, 46, 16, 18]. 104 
 105 



 
 
 
 
 
 

 

Another crucial point for the mechanical performance of the sandwich structures is the skin-core 106 
bonding. The commonly used bonding method in composite structures is the adhesive, which is easily 107 
applicable and allows a good load distribution.  108 
The strength of bonded joints depends on several factors such as the characteristics of the adhesive and 109 
the geometry of the joint, but also the treatment of the surface to be bonded. Microscale phenomena like 110 
the roughness significantly influence the macroscopic behaviour of the joint [47]. Although there are 111 
several experimental studies on this topic and despite the existing literature on the mechanical behaviour 112 
of flax/epoxy adhesive joints with metallic and carbon-fibre reinforced composite substrates [48], there 113 
is a gap in research regarding the effects of surface roughness on flax/epoxy adhesive joints with other 114 
biomaterials [49].  115 
 116 
In addition to experimental tests, numerical finite element analyses are conducted to predict, once 117 
calibrated, bonding strength (consequently the structure's capacity) and relationship with surface 118 
roughness. The adhesive layer is commonly modelled as a cohesive interface [50] which simplifies the 119 
representation of the damage interface and fracture propagation zone. However, the identification of the 120 
key parameters can be challenging [50].  121 
 122 
In the paper, a Finite Element analysis is conducted. Two models are developed, one for the case of 123 
unpolished and one for the case of polished core rings surfaces. The bonding surfaces are modelled with 124 
a cohesive interface with the following parameters: the damage initiation stress, the fracture energy, the 125 
penalty stiffness and a viscosity coefficient. The cohesive parameters were determined starting from the 126 
unpolished model. The damage initiation stress was derived from the pull-off test. The penalty stiffness 127 
and fracture energy values were optimized through a tuning process. In the polished model, the tuned 128 
values of the penalty stiffness and fracture energy are maintained, while the damage initiation stress is 129 
increased to account for enhanced adhesion due to the foam resin. 130 
 131 
The paper is divided into two parts: the first part describes the manufacturing and testing of the new 132 
sandwich panel, while the second part focuses on tuning a model that can replicate the experimental 133 
results and be used to design the sandwich characteristics.  134 
 135 

2. Materials and manufacture 136 

2.1 Materials 137 

The skins of sandwich panels are made of a combination of unidirectional flax fibre fabric reinforcement 138 
with a weight of 110 g/m2 (FlaxTapeTM-110-36) manufactured by LINEO®, and the matrix used is 139 
composed of the epoxy polymer SR Green Poxy 56 and the hardener SD 7561, provided by Sicomin 140 
(France), with a mass proportion of 100/36 in g. 141 
 142 
The core of the panel is made of internode portions of AD 13 mm long with a ring form, each ring is cut 143 
with a circular saw. AD stems were collected from a cultivation of the Department of Agricultural and 144 
Food Sciences of the University of Bologna, in Cadriano, Italy. Before processing, the apical and basal 145 
parts of the culms as well as the leaves were removed.  Then the stems were dried using an oven at a 146 
temperature of T = 85 °C until reaching a mass variation of less than 0.1 % after 24 h in the oven [29]. 147 
The weight loss of the dry material ranged from 28 % to 43 %.  148 
The density and mechanical properties of AD are reported in Table 1 [22]. 149 
 150 
Table 1. Average and standard deviation of the density and mechanical properties of AD [22]. 151 

Parameters Value  
Density [kg/m3] 647.7 (±0.04) 
Compression stress [MPa] 57.04 (±0.05) 



 
 
 
 
 
 

 

Compression Young modulus [GPa] 13.40 (±0.33) 
Tensile stress, parallel to the fibre [MPa] 111.70 (±0.12) 
Tensile Young modulus parallel to the fibre [GPa] 15.29 (±0.07) 
Tensile stress, perpendicular to the fibre [MPa] 11.22 (±0.14) 
Tensile Young modulus perpendicular to the fibre [GPa] 1.05 (±0.16) 
Shear stress [MPa] 18.40 (±0.12) 
Shear elastic modulus [GPa] 2.96 (±0.23) 

 152 
The resin used to connect the rings and skins is a foaming adhesive composed of 59.1 g of PB 170 glue 153 
and 18.8 g of DM02 hardener. 154 
 155 

2.2 Manufacture 156 

The first phase of the manufacture involved the production of skins made of flax fibre and resin. Three 157 
FlaxTape plies were laid up to form unidirectional laminates. The plies were impregnated according to 158 
a specific protocol outlined in [12] In a steel mold measuring 300 mm × 200 mm. Before this, the 159 
metallic parts were coated with Teflon to prevent resin adhesion to the mold. The mold was then partially 160 
closed on two of its four lateral sides to allow excess matrix and trapped air to escape during the 161 
pressurization process.  162 
Subsequently, the mold was positioned between the platens of an AGILA® Presse 100 kN 163 
thermocompression press for curing. Once the mold reached a temperature of 40 °C and a pressure of 3 164 
bar was applied. After maintaining this temperature for 15 min, the mold was heated to reach the curing 165 
temperature of 100 °C, which was held for 1 hour. Heating was then discontinued and the composite 166 
plate was allowed to cool naturally. The pressure was released at this temperature, a post-curing process 167 
was conducted in an oven at 100 °C. Both skins of the same panel were manufactured simultaneously 168 
in the mold, separated by an intermediate iron sheet coated with Teflon. Figure 3(a) illustrates the 169 
finished skin. 170 
 171 
The core consists of AD rings cut from the stems using a circular saw. AD rings with three different 172 
roughness of the lateral surface (LS in the specimen notation) were used: one in which the lateral surface 173 
was untreated and two with polished lateral surfaces. The polishing was done manually before cutting 174 
the stems, using Z80 and P120 sandpapers, the surfaces are illustrated in Figure 1(b) and (c). 175 
 176 

(a)  (b)  (c)  
Figure 1. (a) Unpolished lateral surface; (b) P120 polished lateral surface; (c) Z80 polished lateral surface. 177 

Considering 72 randomly selected rings from the core (highlighted in orange in Figure 2), the outer 178 
diameters ranged from 13 mm to 17.1 mm (mean 15.2 mm), the inner diameters from 8.2 mm to 12.6 179 
mm (mean 10.7 mm) and the thickness from 1.45 mm to 3.5 mm (mean 1.5 mm). 180 
 181 
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 182 
Figure 2. Core ring distribution and dimensions. The inner and outer diameters were measured from the selected orange rings. 183 

 184 

(a)  (b)  (c)  
Figure 3. (a) Flax/epoxy composite skin; (b) AD rings for core in a frame (300 mm x 200 mm) before polishing the cross-185 
section surface; (c) Polishing setup. 186 

To build the panels all the rings constituting the core were placed in a wooden frame (Figure 3(b)) and 187 
their cross sections were polished using a sanding and calibrating machine (JET 16-32 Plus) with P120 188 



 
 
 
 
 
 

 

sandpaper (Figure 3(c)). The sandwich panel, measuring 300 x 200 mm, was then obtained by 189 
interposing the skin and the ring core as shown in Figure 4. 190 
 191 

 192 

Figure 4. Detail of panel’s components. 193 

The skins were glued to the AD rings core with the foaming adhesive composed of 59.1 g of PB 170 194 
glue and 18.8 g of DM02 hardener for one sandwich panel of 300 x 200 mm. The gluing process was 195 
applied by maintaining the panel at 100 °C for 1 hour, using a pressure of 3 bar on the panel (Figure 196 
5(a)). The glue becomes a foam that penetrates the voids inside the core (Figure 5(b) and (c)).  197 
 198 

(a)  (b)  (c)  
Figure 5. (a) Thermohydraulic press; (b) Sandwich panel core focus; (c) Sandwich panel skin focus. 199 

Three types of panels were manufactured with the rings having different lateral surface roughness: 200 
unpolished (Unpolished_LS) (Figure 2(a)), polished with P120 sandpapers (P120_LS) and polished with 201 
Z80 sandpapers (Z80_LS). The Cross Section Surfaces (CSS) of all the rings in the three panels received 202 
the same polishing with P120 sandpaper. For each type of sandwich, four samples were made, Table 2 203 
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shows the mean weight of each panel to show the weights of the different components and their ratio. 204 
The differences in the weight of the components are due to the natural variation of the elements 205 
themselves. 206 
 207 
Table 2. Weights of the different manufactured panels. 208 

Rings lateral surface  
Polishing treatment 

Weight of sandwich panels 
Core [g] Skins x2 [g] Total glue [g] 

Unpolished_LS 190.7 82.5 70.9 
Z80 Polished_LS 200.0 76.3 70.9 
P120Polished_LS 197.2 78.3 70.9 

 209 
3 Experimental tests  210 

3.1 Methods 211 

3.1.1Roughness analysis of AD cross-section 212 

The initial data collected pertain to the surface roughness of the AD ring’s cross-section. An Alicona 213 
microscope was used for the quantitative analysis and a three-dimensional mapping, while a qualitative 214 
analysis was conducted using a Nikon Eclipse LV150 with a 5x lens. 215 
Surface roughness was quantified by Surface Portance, which indicates the percentage of the surface 216 
(calculated in μm) above and below the middle plane and the average arithmetical mean height of the 217 
surface, Sa, which represents the height of deviations on the surface of the material from its mean plane 218 
as defined in ISO 25178 [51]. 219 
All the specimens used for the pull-off test were tested, and three measurements per each sample’s CSS 220 
were analysed. 221 
 222 

3.1.2 Pull-off tests 223 

Pull-off tests were conducted to understand the influence of the surface treatment on the cross section 224 
of the ring. There is no specific standard for Arundo, and the test used is an adaptation of the pull-off 225 
test in ISO D4541-22 [52]. Two AD rings were glued to a 3 cm x 3 cm piece of flax skin made of 25 226 
layers of flax (about 4 mm thick) ensuring sufficient thickness to prevent failure (as shown in Figure 227 
6(a)). A combination of PB170 (5 g) and the hardener DM02 (1.8 g) was used as foaming glue. The 228 
samples were placed into the clamp supports of the machine, then the glue was solidified for one hour 229 
in the preheated oven at 100 °C under a compression load of 50 N (Figure 6(b)). Pull-off tests were 230 
performed at room temperature using Instron Electropulse E 10000 (Figure 6(a)) on samples with 231 
different polishing treatments on their cross-section. Specifically, tests were conducted on two non-232 
polished samples, two polished samples with P120 sandpaper, and two polished samples with P400 233 
sandpaper. The pull-off test was performed in displacement control at a velocity of 0.60 mm/min.   234 
                235 



 
 
 
 
 
 

 

(a)  (b)  
Figure 6. (a) Sample in the oven at 100 °C before the pull-off test; (b) Samples after the pull-off test. 236 

3.1.3 Three-point bending test 237 

The three-point bending tests were conducted on sandwich samples measuring approximately 300 x 35 238 
x 14 mm. Four specimens from each manufactured panel were tested. The procedure adhered to the 239 
ASTM C393-00 [53] standard for the three-point bending test for a long beam three-point load, Figure 240 
7 shows the setup. The span length was 220 mm and the displacement rate of 6 mm/min. Tests were 241 
performed using a universal testing machine MTS criterion 45 equipped with a 5 kN load sensor. The 242 
deflection was measured at mid-span, on the bottom face of the specimen using a micrometre laser 243 
sensor (micro-epsilon optoNCDT 1420). 244 
 245 

 246 
Figure 7. Three-point bending test setup. 247 

The core shear stress, skin bending stress, flexural strain, stress and tangent modulus of elasticity are 248 
calculated according to the ASTM C393-00 [53] standard. The core shear stress 𝜏𝜏 is expressed as 249 

𝜏𝜏 = P
(d+c) b

     (1) 250 

where P is the load, d is the sandwich thickness, c is the core thickness and b is the sandwich width. The 251 
skin bending stress 𝜎𝜎 is expressed as  252 

σs = PL
2t (d+c) b

    (2) 253 



 
 
 
 
 
 

 

where t is the skin thickness and L is the span length. 254 
The modulus of elasticity in bending EB is expressed as 255 

EB = L
3m

4 b d3
     (3) 256 

where m is the slope of the tangent to the initial load-deflection curve.  257 
 258 
The data were statistically analyzed using the ANOVA method (Analysis of Variance) to evaluate 259 
whether the means of the measured mechanical properties of the different types of honeycomb panels 260 
were significantly different from each other. A probability (Pr) was calculated, and the difference 261 
between means is considered significant when the Pr is less than 0.05. The method was implemented 262 
using Minitab v.18 software [54] 263 
 264 

3.2. Results of the experimental tests 265 

3.2.1 Analysis of the cross-section surface 266 

The surface roughness of the AD ring cross sections, both unpolished and polished, was analysed. 267 
Figures 8(a) and (b) show images taken with Nikon Eclipse LV150 using a 5x lens cross-section 268 
depicting the cross-section before and after polishing with P120 sandpaper. The difference is evident, 269 
in the case of polished samples, the microstructure is no more visible, and the surface appears rougher.  270 
 271 
 272 

(a)  (b)  
Figure 8 (a). Non-polished cross section’s surface; (b) Polished cross section’s surface with P120 sandpaper. 273 

Figures 9(a) and (b) report an example of the Surface Portance around a point of both unpolished and 274 
polished samples respectively (the same differences obtained in the graphs are also observed at other 275 
points).  276 
Figure 9(b) clearly shows the passage of the sandpaper with a broader variability of the punctual depths 277 
and a significantly larger area with notable depth concerning Figure 9(a).  278 



 
 
 
 
 
 

 

 

 

(a) 
 

 

 

(b)  
Figure 9. Depth [µm] vs Surface Portance [%]: (a) unpolished specimens; (b) polished specimens. 279 

The average arithmetical mean height of the surface, Sa, measured over three points and expressed in 280 
µm, is 3.5 for the unpolished surface and 6.8 for the P120 polished surface. Interestingly, as seen in the 281 
Surface Portance, the polished surface exhibits a higher roughness parameter suggesting that the 282 
polishing process introduced new surface features or irregularities. 283 

3.2.2 Pull-off tests 284 

The pull-off tests demonstrate the impact of polishing the connective surface of the AD where the 285 
adhesive is applied. Table 3 summarizes the maximum load and normal stress reached during the pull-286 
off tests for the different surface treatments. It shows that samples polished with P120 sandpaper on the 287 
CS exhibit higher maximum load and related stress compared to unpolished samples with an increment 288 
of more than 50 %. 289 
 290 

Table 3. Pull-off test results comparing the specimens with similar cross-section dimensions. 291 

Cross-section treatment Maximum load [N]  Normal stress [MPa]  
Unpolished_CS 310.2 6.6 
P120Polished_CS 499.1 10.6 

 292 
Figure 10(a) shows the failure surface of a P120 polished sample while Figure 10(b) shows the failure 293 
surface of an unpolished sample. The polished P120 samples have a flax skin substrate that covers 294 
almost the entire surface indicating that the failure occurs not in the adhesive layers but inside the skin, 295 
whereas the unpolished samples exhibit cohesive failure of the glue substrate, with only a few flax fibres 296 
visible on the surface.  297 



 
 
 
 
 
 

 

(a)  (b)  
Figure 10. Images of the failure surface after the pull-off test collected using Nikon Eclipse LV150 with a 5x lens: (a) 298 
Unpolished specimen; (b) P120 polished cross-section. 299 

3.2.3 Three-point bending tests 300 

Figure 11 shows the load-deflection curve during the three-point bending test and Table 4 summarizes 301 
deflection, load, core shear stress, skin bending stress and modulus of elasticity.  302 
 303 

 304 

 305 
Figure 11. Three-point bending load-displacement curves. 306 

 307 

Table 4. Three-point bending tests: deflection, load, core shear stress, skin bending stress and modulus of elasticity. 308 

Specimens 
 

n 
 

Deflection 
[mm] 

Load 
[N] 

Core shear 
stress, τc 
[MPa] 

Skin bending 
stress σs [MPa] 

Elasticity 
modulus 
EB  [GPa] 

Unpolished_LS 4 Mean 3.08 397.5 0.44 80.86 4.33 
  St dev 0.30 55.3 0.06 9.98 0.45 
Polished Z80_LS  4 mean 4.28 545.9 0.57 122.92 5.06 
  St dev. 0.74 72.9 0.07 17.33 0.33 
Polished P120_LS  4 mean 4.41 529.0 0.56 122.54 5.22 
  St. dev 1.59 77.2 0.08 15.48 0.56 



 
 
 
 
 
 

 

The average maximum load increases from 397.5 N for the unpolished samples to 545.9 N and 529 N 309 
for the samples having the rings’ lateral surfaces polished with Z80 and P120 sandpapers, respectively. 310 
All the mechanical characteristics increase with the polishing treatment of the lateral surface, with an 311 
increase from 0.44 MPa to 0.56 MPa and 0.57 MPa for the average values of the core shear stress, from 312 
around 80 MPa to around 122 MPa for the skin bending stress, from 4.3 GPa to around 5 GPa for the 313 
flexural Young modulus.  314 
The results show an increase in both shear and flexural properties. 315 
Table 5 presents the p-values of the ANOVA analysis for the different surface treatments. Statistically 316 
distinguishable groups are characterized by p-values less than 0.05, (in bold in Table 5).  317 
We can observe statistically significant differences between the treated samples and the Unpolished 318 
samples concerning both the skin bending stress and the maximum load. 319 
 320 
Table 5. Analysis of variance (ANOVA). 321 

Specimens Load [N] Skin bending stress 
σs [MPa] 

Unpolished_LS Z80_LS 0.035 0.016 
Unpolished_LS P120_LS 0.059 0.017 

Z80_LS P120_LS 0.937 1.000 
 322 

The p-values reported in Table 5 highlight these meaningful differences. Specifically, the comparison 323 
between Unpolished and Z80_LS polished specimens as well as between Unpolished and P120_LS 324 
specimens show statistically significative difference with a p-value near or below 0.05. In contrast, no 325 
significative differences were observed between Z80_LS and P120_LS polished specimens, indicating 326 
that both the treatments have similar effects on the material. 327 
 328 
The polishing of the lateral surface not only improves the bonding between the lateral surfaces of the 329 
rings, leading to an increase in stiffness and shear resistance but also enhances the adhesion between the 330 
core as a whole and the skins, thereby improving the overall flexural performance. 331 
 332 
The lateral surface polishing treatment setup leads to different failure modes. In the four unpolished 333 
samples, as shown in Figure 12(a), the main failure mode was the debonding between skins and AD 334 
rings. The failure starts in the core, at the lateral surfaces of the rings, which consequently leads to the 335 
debonding of the skins from the core.  336 
In contrast, in the specimens with the treatment of the lateral surface, failure occurs either due to 337 
debonding between the core and the skin or due to buckling failure in the skin (as can be seen in Figures 338 
12(b) and (c)). 339 
 340 

(a)            



 
 
 
 
 
 

 

(b)            

(c)           
 341 

Figure 12. The failure mode of the three-point bending test: (a) unpolished lateral surface; (b) P120 polished lateral surface; 342 
(c) Z80 polished lateral surface. 343 
 344 
4 Finite element Model  345 

A finite element model of the sandwich panel under three-points bending test is developed not only to 346 
compare and benchmark against the experimental results but also to develop a tool for prediction and 347 
design. Specifically, two non-linear finite element models were developed, one for the case of 348 
unpolished panels and one for the case of P120 polished panels by using Abaqus software, localizing 349 
the nonlinearity in the adhesion areas.  350 
 351 
Specifically, cohesive surfaces are used to model the contact between the skins and the AD rings of the 352 
core and within the rings. Table 6 presents the cohesive parameters: the Damage initiation stress in the 353 
normal direction t1 and the transverse direction t2 and t3 expressed in [MPa], the Penalty stiffness of the 354 
cohesive layer in the normal direction K1 and the transverse direction K2 and K3 and the fracture energy 355 
in the normal direction G1 and transversely G2 and G3 expressed in [N/mm]. A viscosity coefficient μ is 356 
added to stabilize the material in a softening regime, it was set equal to 0.0005 as suggested by [55] after 357 
performing a detailed analysis of the influence of the viscosity coefficient on the results.  358 
 359 
Table 6. Cohesive zone parameters were used in the model. 360 

Parameter Definition 
𝑡𝑡1; 𝑡𝑡2; 𝑡𝑡3 [MPa] Damage initiation stress 
𝐾𝐾1; 𝐾𝐾2; 𝐾𝐾3   [N/mm3] Penalty stiffness 
𝐺𝐺1; 𝐺𝐺2; 𝐺𝐺3 [N/mm] Fracture energy 
5μ Viscosity 
 361 
The difference between the two models lies in different assumptions of the connective areas. In the 362 
unpolished model, it was assumed that there was an adhesion between the core and skins but there was 363 
no interaction between the rings inside the core, with the belief that the foam resin did not enhance 364 
adhesion when penetrating the rings. 365 



 
 
 
 
 
 

 

In contrast, for the polished model, it was hypothesized that the foam resin did enhance adhesion when 366 
penetrating the rings, leading to an improved adhesion between the core and the skins and creating an 367 
adhesion within the core. 368 
 369 
The cohesive parameters were identified starting from the unpolished model. 370 
Specifically, the damage initiation stress is derived directly from the pull-off test (Sect 3.2.2). The value 371 
of the penalty stiffness parameters Ki and the fracture energy Gi  were obtained through a tuning process 372 
of optimizing the model's output results. Specifically, Ki was tuned considering the linear behaviour 373 
while Gi was considered considering the non-linear behaviour. The parameters are considered isotropic 374 
as in [18]. 375 
In the polished model, the penalty stiffness parameters Ki and the fracture energy Gi previously tuned 376 
are maintained, while the damage initiation stress parameters ti are increased to consider that the foam 377 
resin enhanced adhesion. Table 7 summarizes the cohesive zone parameters used for unpolished and 378 
polished specimens.  379 
 380 
Table 7. Cohesive zone parameters for the Unpolished and polished specimens. 381 

Parameter Unpolished P120 Polished 
𝑡𝑡1; 𝑡𝑡2; 𝑡𝑡3 [MPa] 10.6 38.5 
𝐾𝐾1; 𝐾𝐾2; 𝐾𝐾3 [N/mm3] 140 140 
𝐺𝐺1; 𝐺𝐺2; 𝐺𝐺3 [N/mm] 2.5 2.5 
μ [55] 0.0005 0.0005 
 382 
The skin and the ADring walls are modelled as orthotropic materials and considered to maintain a linear 383 
elastic behaviour until the failure of the panel. The constants used in the FE analysis are taken from [22] 384 
and [56] Respectively and are reported in Table 8. Poisson’s ratio equal for the minor and major ratios 385 
was used as it was referenced in the article by L. Ávila de Oliveira et al. 2020 [18]. 386 
 387 
Table 8. Engineering constants considered in the FE model for the skin and core materials. 388 

Parameter Definition Value 
  Arundo donax Flax composite 
𝐸𝐸11 [GPa] Longitudinal elastic modulus 13.4 36.0 
𝐸𝐸22 = 𝐸𝐸33 [GPa] Transverse elastic modulus 1.05 4.20 
𝜈𝜈11 = 𝜈𝜈22 = 𝜈𝜈33 Poisson’s ratio in plane 1-2/1-3/2-3 0.56 0.33 
𝑔𝑔12 = 𝑔𝑔13 = 𝑔𝑔23 [GPa] Shear modulus in plane 1-2/1-3/2-3 2.96 4.29 
 389 
Some simplifications were adopted in the modelling of the panel core geometry. The core was modelled 390 
using rings with constant diameters of 15 mm chosen to represent the average diameter of rings used in 391 
experimental settings. The ring wall thickness was set at 1.5 mm, which is 1/10 of the diameter. The 392 
rings were arranged in a regular pattern along three rows covering the entire length of the panel; in the 393 
real case, however, this arrangement is not entirely regular, unlike the chosen one. Additionally, the 394 
foam resin present in the core was not geometrically modelled. The geometric parameters are 395 
summarized in Table 9. 396 
 397 
To simulate three-point bending half of the panel was modelled with symmetric boundary conditions, 398 
as shown in Figure 13. The test was carried out in displacement control. The flax composite skins and 399 
AD rings were modelled using an eight-node linear brick 3D element (C3D8R).  400 
The contacts between the skins and the support and skin and the load indenter were modelled using hard 401 
contact in the normal direction and friction in the tangential direction. 402 
 403 



 
 
 
 
 
 

 

 404 

Figure 13. Finite Element Model of a sandwich beam under a three-point bending test 405 

 406 

Table 9. Average geometrical and mechanical data for unpolished and polished P120 specimens. 407 

Parameter  Unpolished P120 Polished 
Length 𝐿𝐿𝑡𝑡𝑡𝑡𝑡𝑡 [𝑚𝑚𝑚𝑚] 296.5 300.0 
Width b [𝑚𝑚𝑚𝑚] 32.9 35.2 
Panel thickness h [𝑚𝑚𝑚𝑚] 14.3 14.0 
Core thickness c [𝑚𝑚𝑚𝑚] 13.1 13.0 
Diameter of the ring Dr [𝑚𝑚𝑚𝑚] 15 15 
Wall thickness of the ring s [𝑚𝑚𝑚𝑚] 1.5 1.5 
Skin thickness t [𝑚𝑚𝑚𝑚] 0.6 0.5 
Mass m [𝑔𝑔] 53.6 56.3 
Equivalent Density 𝜌𝜌� [𝑔𝑔/𝑐𝑐𝑐𝑐3] 0.38 0.38 
 408 
The supports of the beam and the load cell are modelled as cylindrical rigid shells to which boundary 409 
conditions are applied through reference points (RP). Constraints have been imposed on the supports, 410 
while the load cell is allowed to translate in the direction transverse to the longitudinal direction of the 411 
specimen 412 

4.2 Results of Analytical and Finite Element Modelling on Flexural Behaviour 413 

 414 
Figure 14 reports the comparison in terms of load versus displacement curves between the Experimental 415 
data obtained by the three-point bending tests and the Finite Element Model (FEM) for respectively 416 
unpolished and P120 polished panels. 417 



 
 
 
 
 
 

 

 418 

a) b) 

 
c)  d) 

Figure 14. Comparison between the load-displacement curves: a) Average of Unpolished experimental samples and the FE 419 
model; b) all the Unpolished experimental specimens and the FE model; c) Average P120 polished experimental samples and 420 
the FE model; b) all the P120 polished experimental specimens and the FE model. 421 
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 423 
Figure 15. Comparison between the Average and FE models for the experiment Unpolished and Polished specimens. 424 

Figure 15 presents a comparison between the average experimental tests of polished and unpolished 425 
samples and the corresponding FE model. 426 
The trend of the load-displacement curves associated with the FE model optimally simulates the linear 427 
and non-linear parts of the graph, regarding the nonlinear part, the model captured also the post-peak 428 
behaviour, as can be seen from Figures 14 and 15 for both unpolished and polished specimens.  429 
Both the models FEM simulation exhibits minimal discrepancy from the experimental values as seen in 430 
Table 10.  431 
 432 
Table 10. Comparison output data between the specimen average Unpolished, P120 polished and the FE model. 433 

Parameter Unpolished  P120 polished 
Exp FEM Exp FEM 

Maximum Deflection δ [mm] 2.83 2.60 5.01 4.90 
Maximum Load P [N] 383.9 392.9 557.34 563.26 
Strain of the panel at failure Ɛ [%] 0.00502 0.00461 0.0087 0.0087 
Stress of the skin σs [MPa] 78.07 83.26 128.91 127.06 

 434 
A sensitivity analysis of the FEM models was performed. For the Unpolished model, the analysis 435 
focused on the input parameters G and K related to the cohesive zone, which were derived through 436 
tuning. For the P120 model, the analysis concentrated on the parameter t, the only one obtained through 437 
tuning. The results were obtained by varying each input within a range of -20 % to +20 % and calculating 438 
the corresponding percentage variations of the outputs. Table 11 reports the values of the EE sensitivity 439 
index, which measures the average rate of output variation when a single input factor is modified (One 440 
Factor at a Time analysis). 441 
 442 
Table 11. EE sensitivity index, the sensitivity of the outputs to the percentage variations of the inputs. 443 

 Input Deflection Load Skin Stress 

FEM Unpolished G 0.0318 0.0228 -0.1584 
K -0.0080 0.3799 0.3686 

FEM P120 t 1.5457 0.5586 0.5404 
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 444 
The results suggest that, to optimize system performance, special attention should be paid to controlling 445 
the input t which has a dominant impact on deflection. Similarly, the inputs K and t are crucial for 446 
managing load and skin stress. On the other hand, the input G can be considered less critical due to its 447 
low sensitivity to the analysed outputs. 448 
 449 
From the data in Table 10, it is evident that the FEM closely replicates the experimental results, 450 
particularly in terms of maximum load and stress distribution in the skins. The FEM predicts panel 451 
failure in the connection regions between the skins and the core, aligning with experimental 452 
observations.  453 
FEM for both Unpolished and P120 polished panels accurately simulate the experimental behaviour.  454 
In the Unpolished case, the FEM confirms the hypothesis of a complete lack of adhesion between the 455 
resin foam and the rings within the core, effectively representing the experimental material's non-456 
linearity and failure.  457 
The increased material stiffness from Unpolished to polished is attributed to the improved adhesion 458 
between the foam resin and the Arundo rings forming the core, which occurs after the lateral surface of 459 
the rings undergoes polishing. The foam resin now connects to both the skins and the rings inside the 460 
core, transmitting stresses from the skins to the rings. This interaction results in a larger contact surface 461 
between the skin and the core, leading to an increase in the material's bending resistance. This is 462 
modelled with the link among the cohesive interface among the core ring. 463 
Also, in this case the model can catch the experimental evidence. The cohesive bond between the core 464 
and skins, as well as within the core rings, leads to a significant increase in the panel's ultimate strength 465 
and a more accurate representation of the panel's stiffness.  466 
As shown in Figures 14 and 15, the model also predicts the drop load of the curves after the maximum 467 
load, with the presence of a subsequent residual strength in the numerical and experimental results. In 468 
the experimental phase, the drop in resistance after the load peak was significantly more pronounced in 469 
the Unpolished case compared to the P120 case, with reductions of 79.0% and 38.1%, respectively. This 470 
behavior was also accurately reproduced by the Finite Element model, which predicted a drop in 471 
resistance of 60.7% for the Unpolished case and 47.9% for the P120 case. 472 
The lower residual strength, in percentage terms, observed both in the experimental results and in the 473 
FEM simulations for the unpolished specimens, is attributable to the lack of adhesion between the foam 474 
resin inside the core and the AD rings. This results in the core behaving not as a monolithic element, but 475 
as a collection of independent components connected only to the skins. Once the cohesion with the skins 476 
is lost, these elements no longer contribute to the structural strength. 477 
 478 

Conclusions 479 

A new panel with a core made of Arundo donax rings and skins made of flax fibres and epoxy resin is 480 
proposed. The panel was produced and tested. The results of the three-point bending test were simulated 481 
with a FEM analysis.  482 
The main conclusions of this work are the following: 483 

• The panel demonstrated good bending properties making it suitable for replacing non-structural 484 
and structural panels in the construction industry following the minimum strength requirements 485 
specified by the EN 312 standard [57]. 486 

• Results indicate that polishing treatments applied to the lateral and the cross-sectional surfaces of 487 
the Arundo donax rings significantly influence the mechanical properties of the panel. 488 
Specifically, mechanical characteristics increase with the polishing of the basal and lateral 489 
surfaces with core shear stress, flexural stress and modulus increase by approximately 30 % on 490 
average when the facing bending stress increases to 52 %.  491 

• The increase in material stiffness from unpolished to polished is attributed to the effective 492 
adhesion between the foam resin and the Arundo donax rings that constitute the core. This 493 
adhesion occurs only after the lateral surfaces of the rings undergo polishing treatment, as it 494 



 
 
 
 
 
 

 

does not take place in the natural state due to the particularly smooth and glassy surface of the 495 
Arundo donax rings. 496 

• The behaviour of the adhesive between the core and the skins for the unpolished case and also 497 
among the rings of the core for the polished case can be modelled with a cohesive interface. The 498 
parameters of the cohesive interfaces can be tuned with experimental tests and numerically.  499 

• The resulting finite element models accurately predict the three-point bending test in terms of 500 
load-displacement curves for both types of panel series, unpolished and P120 polished.  501 
Specifically, the finite element models can accurately predict both the linear and non-linear 502 
behaviour of the material as well as the failure phase. 503 

• The Finite element analysis confirmed that the polishing treatment of the lateral surfaces of the 504 
rings increased the stiffness of the panel and the bending resistance of this type of panel 505 
compared to the untreated case. 506 

• The finite element model can serve as a predictive and design tool. 507 
 508 
This study demonstrates the feasibility and the promising mechanical performances of a lightweight and 509 
environmentally responsible panel, made of Arundo donax and flax, that can be used for a variety of 510 
construction applications for partitions, floating floors, insulation panels or furniture. The tuning of a 511 
predictive FEM model is a powerful tool in the future work and optimization of the panel. 512 
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Glossary 521 

τc  Core shear stress [MPa] 
P Load [N] 
b Sandwich width [mm] 
c Core thickness [mm] 
d Sandwich thickness [mm] 
𝜎𝜎s Skin bending stress [MPa]  
L Span length [mm] 
t Skin thickness [mm] 
EB Modulus of elasticity in bending [GPa] 

m Slope of the tangent to the initial load-deflection 
curve 

𝑡𝑡1; 𝑡𝑡2; 𝑡𝑡3 Damage initiation stress [MPa] 
𝐺𝐺1; 𝐺𝐺2; 𝐺𝐺3 Fracture energy [N/mm] 
𝐾𝐾1; 𝐾𝐾2; 𝐾𝐾3 Penalty stiffness [N/mm3] 
μ Viscosity 
𝐸𝐸11 Longitudinal elastic modulus [GPa] 
𝐸𝐸22; 𝐸𝐸33 Transverse elastic modulus [GPa] 
𝜈𝜈11; 𝜈𝜈22; 𝜈𝜈33 Poisson’s ratio in plane 1-2/1-3/2-3 
𝑔𝑔12; 𝑔𝑔13; 𝑔𝑔23 Shear modulus in plane 1-2/1-3/2-3 [GPa] 
𝐿𝐿𝑡𝑡𝑡𝑡𝑡𝑡 Length of the panel [mm] 
Dr Diameter of the ring [mm] 
s Wall thickness of the ring [mm] 



 
 
 
 
 
 

 

m Mass [g] 
𝜌𝜌� Equivalent Density [𝑘𝑘𝑘𝑘/𝑚𝑚3] 
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