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ABSTRACT: Finite element (FE) modelling of sandwich panels with bidirectional flax fibre-14 

reinforced polymer (FFRP) faces and polyisocyanurate foam cores in two-way bending under 15 

concentrated loads was performed. Additionally, three large scale (1200 x 1200 mm) sandwich 16 

panels with FFRP faces of various thicknesses (one, two or three layers of flax fabric) and 75 17 

mm thick foam cores were tested under a concentrated load. The modelling was completed using 18 

the commercially available software. The material nonlinearity of both the FFRPs and the foam 19 

cores was considered as well as the geometric nonlinearity due to localized deformation. Four 20 

failure modes were considered, FFRP compression crushing, FFRP tensile rupture, core shear 21 

and compression face wrinkling. Using the verified model, a parametric study investigated the 22 

effect of foam core density, face thickness, core thickness and the size of the loading area. It was 23 

found that panels with low density cores were more susceptible to face wrinkling failure while 24 

panels with high density cores are susceptible to both tensile rupture and core punching shear 25 
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failure. It was also shown that an increase in the diameter of the loading area lessened the effect 26 

of localized deformation for panels with high density (96 kg/m3) cores.  27 

KEYWORDS: Sandwich Structures, Flax Fibres, Bio-resins, Experimental Testing, Finite 28 

Element Modelling 29 

INTRODUCTION 30 

Sandwich panels are efficient structures made of two relatively strong and stiff faces separated 31 

by a lightweight core. The separation of the two faces provided by the core increases the moment 32 

of inertia which gives these panels a high stiffness and flexural rigidity. The faces resist the 33 

majority of the bending force, while the core resists shear force. As lightweight foams with high 34 

insulative properties can be used as the core material, these structures are ideal for applications 35 

where light weight and high insulation are required, such as building cladding materials. 36 

Sandwich panels have also been successfully used for roofing panels. 37 

As the exterior face of buildings, cladding systems are subjected to environmental loads. 38 

During storm events, building cladding must withstand quasi-static wind pressures, dynamic 39 

wind gusts and, additionally, there is the potential of impact loads from wind-borne debris. 40 

Therefore, it is important to understand the behaviour of sandwich panels under uniform 41 

loading as well as concentrated forces, due to the potential for large mass, low velocity impacts. 42 

This paper focuses on the behaviour of sandwich panels under quasi-static concentrated forces. 43 

As the core material is typically significantly weaker than the face materials, the capacity of 44 

these structures is often limited by the core strength. Traditional sandwich panel faces include 45 

aluminium, glass fibre-reinforced polymers (GFRPs) and carbon fibre-reinforced polymers 46 

(CFRPs). While glass and carbon fibres are considered sustainable options for infrastructure 47 

applications, they are manufactured materials and therefore require energy to be produced. 48 

Natural flax fibres have lower strength and stiffness than the more traditional glass and carbon 49 
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fibres but offer a lower embodied energy (Cicala et al. 2010; Mak et al. 2015) and are a renewable 50 

resource. For sandwich panels, the full strength of GFRP and CFRP faces is often underutilized 51 

due to the shear strength limitations of typical core materials, such as foam. Therefore, as the 52 

strength of the face material does not typically govern sandwich panel failure, flax fibre-53 

reinforced polymers (FFRPs) are a feasible sustainable alternative for the face material. The 54 

material properties of FFRPs and other natural fibre-reinforced polymers have been 55 

investigated and the results show that they exhibit a nonlinear stress-strain response (Betts et 56 

al. 2018; Christian and Billington 2011; Sadeghian et al. 2018).  Therefore, to accurately predict 57 

the behaviour of sandwich panels with natural FRP faces, it is important to consider their 58 

nonlinear mechanical behaviour. Additionally, it is important to consider the geometric 59 

nonlinearity of the sandwich panels under localized loads. 60 

Sandwich panels with traditional face materials have been studied extensively using finite 61 

element (FE) modelling under quasi-static loads (Dawood et al. 2010; Satasivam et al. 2018; 62 

Sharaf and Fam 2012) and impact loads (Besant et al. 2001; Feng and Aymerich 2013; Meo et 63 

al. 2005; Zhang et al. 2016; Zhou et al. 2012). Dawood et al (2010) tested and numerically 64 

modelled two-way 1220 mm x 1220 mm x 25 or 50 mm thick sandwich structures with GFRP 65 

faces and foam cores. They used an FE model paired with a rational analysis to develop a 66 

simplified analysis procedure with which they performed a parametric study. Sharaf and Fam 67 

(2012) developed a numerical FE model to predict the one-way bending behaviour of sandwich 68 

panels with GFRP faces and foam cores with and without ribs. Their model accounted for 69 

material and geometric nonlinearity and was validated against experimental data. The model 70 

was then used to determine the most efficient GFRP rib configuration of the panels. Sandwich 71 

panels have also been investigated using fiber element modelling (Fam et al. 2016). In this study 72 

Fam et al (2016) examined the behaviour of one-way sandwich beams with glass FRP faces and 73 

soft cores and looked at the effect of shear deformation of the core on the behaviour of the 74 
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sandwich beams. They showed that both face thickness and core density affected the failure 75 

modes observed in the beams and that as the core density increased from low density (32 kg/m3) 76 

to high density (192 kg/m3), the contribution of shear deflection decreased significantly. 77 

Recently, FFRP-foam sandwich panels have been investigated under flexural loads (Betts et 78 

al. 2018; Mak et al. 2015; Mak and Fam 2019; Sadeghian et al. 2018), axial loads (Codyre et al. 79 

2016) and impact loads (Betts et al. 2020, 2021). Some studies have been completed on 80 

experimental and FE modelling of FFRP-cork sandwich panels under impact loads (Boria et al. 81 

2018). However, in the study by (Boria et al. 2018), the nonlinear behaviour of the FFRP faces 82 

was not considered. There are currently no studies providing an in-depth look at the behaviour 83 

of FFRP-foam sandwich structures under flexural loads using FE modelling. Additionally, there 84 

is a major gap in the literature concerning the two-way behaviour of sandwich structures with 85 

FFRP faces. In this study, FE models considering the material and geometric nonlinearity of 86 

the two-way behaviour of FFRP-foam sandwich panels are developed and verified using 87 

experimental data. Then, the modelling program is expanded to perform a parametric study to 88 

determine the effect of face thickness, foam core density and the load area size on the flexural 89 

and shear behaviour of large-scale sandwich panels with FFRP faces and foam cores. 90 

FE MODEL DEVELOPMENT 91 

The finite element modelling presented in this study was performed using the implicit solver of 92 

the program (Livermore Software Technology Corporation (LSTC) n.d.). The models were 93 

developed using 3D solid elements with element formulation -2, as suggested in the implicit 94 

guideline from Dynamore (2018). This is an accurate element formulation for fully integrated 95 

S/R solid elements with poor aspect ratios. To lessen the computational effort required, only a 96 

quarter of the panels were modelled assuming a roller support on each side. A photo of the 3FL 97 
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sandwich panel model is presented in Figure 1. In this section, material models, boundary 98 

conditions and mesh sizes will be presented and discussed. 99 

Material Properties 100 

Materials Testing 101 

The flax fibre-reinforced polymer (FFRP) faces were fabricated using a two-by-two twill 102 

bidirectional flax fabric and a bio-based epoxy resin. The flax fabric had a reported areal mass 103 

of 400 g/m2 (measured at 410 g/m²). The bio-based epoxy resin used had an approximate bio-104 

content of 25%. The epoxy properties were determined in a previous study by Betts et al (2018) 105 

using ASTM D638 (2014). Their tests showed that the epoxy had a mean (± coefficient of 106 

variation) tensile strength, initial elastic modulus and ultimate strain of 57.9 MPa ± 0.6 %, 3.20 107 

GPa ± 4.0% and 0.0287 mm/mm ± 6.3%, respectively. 108 

The tensile properties of the bidirectional FFRPs were determined in both the warp and weft 109 

directions using ASTM D3039 (2017) and the shear properties were found using ASTM D3518 110 

(2018a). For each test type, five identical 250 mm x 25 mm coupons were tested. The tension 111 

coupons were comprised of two layers of flax fabric whereas the shear coupons comprised of four 112 

layers of flax fabric. The coupons were all fabricated using a wet lay-up procedure. The tensile 113 

strength, initial elastic modulus and ultimate strain (± coefficient of variation) were found to be 114 

70.0 MPa ± 4.9%, 6.35 GPa ± 11.2% and 0.0202 mm/mm ± 10.9%, respectively, in the warp 115 

direction and 51.3 MPa ± 2.7%, 5.64 GPa ± 16.0% and 0.0204 mm/mm ± 11.8%, respectively, in 116 

the weft direction. The difference between stress-strain behaviour in the warp and weft 117 

directions has also been observed in hemp FRPs and has been attributed to higher yarn crimp 118 

in the weft direction (Christian and Billington 2011). The shear strength, shear modulus and 119 

ultimate shear strain were found to be 23.1 MPa ± 1.7%, 1.26 GPa ± 1.6%, and 0.0562 mm/mm 120 
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± 9.4%, respectively. The stress-strain responses in tension and shear were averaged and are 121 

presented in Figure 2. 122 

The shear properties of the foams were determined experimentally using ASTM C273 123 

(2018b). Five identical 240 mm long, 50 mm wide and 20 mm thick specimens were tested. The 124 

shear strength, shear modulus and ultimate shear strain of the 96 kg/m3 polyisocyanurate foam 125 

were found to be 0.476 MPa ± 21.4%, 12.5 MPa ± 6.4% and 0.59 mm/mm ± 3.1%, respectively. 126 

The shear stress-strain behaviour and photos of the test set-up and a typical failure are 127 

presented in Figure 3. 128 

Material Models 129 

The two-ply bidirectional FFRP coupons tested had an average thickness of 2.34 mm. Therefore, 130 

the faces were modelled based on this thickness. The one flax layer (1FL) specimen faces were 131 

modelled as 1.17 mm thick; the (two flax layer) 2FL specimen faces were modelled as 2.34 mm 132 

thick and the (three flax layer) 3FL specimen faces were modelled as 3.51 mm thick. 133 

In order to capture the nonlinear behaviour shown in Figure 2. the FFRP faces were modelled 134 

using MAT_040, NONLINEAR_ORTHOTROPIC. This material model takes the material 135 

stress-strain curves as inputs and therefore is able to accurately predict the behaviour of the 136 

FFRPs in both the warp and weft direction. However, this material model is not able to include 137 

material damage or failure. To verify this material model, a tension coupon was modelled in 138 

both the warp and weft direction and compared to the test data. This verification is presented 139 

in Figure 4.  140 

It is also known that the FFRPs behave differently under tensile and compressive loads 141 

(Betts et al. 2018). However, the material model used is unable to account for this difference. 142 

Therefore, knowing that for quasi-static loads, the top face is generally under compression and 143 

the bottom face is generally under tension, the top face was modelled using the warp 144 

compressive stress-strain data from Betts et al. (2018) and the bottom face was modelled using 145 
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the tensile stress-strain data shown in Figure 2. The FFRPs in the warp direction were found 146 

have an initial compressive modulus of 6.73 GPa and a compressive strength and corresponding 147 

strain of 86.4 MPa and 0.0327 mm/mm (Betts et al. 2018). 148 

The core was modelled using material model MAT_057, LOW_DENSITY_FOAM. This model 149 

takes the compressive stress-strain curve of the foam as an input. The stress-strain curve for 150 

the 96 kg/m3 PIR foam presented by Codyre et al (2018) was used for the modelling. 151 

The supports were modelled as steel using the MAT_001, ELASTIC. The loading disc was 152 

also made of steel, but was modelled as MAT_020, RIGID. This allowed for the use of the 153 

prescribed motion boundary condition that can be used with rigid parts. The rubber beneath the 154 

loading disc was modelled as MAT_007, BLATZ-KO_RUBBER with a shear modulus, G, of 15 155 

MPa. However, the actual shear modulus of the rubber pad used in the tests is not known. 156 

Contacts and Boundary Conditions 157 

The faces of the sandwich panel were connected to the core in the model using a tied mortar 158 

contacts. Tiebreak contacts were not used because there was no separation between face and 159 

core material observed during the experimental tests. As noted by the implicit guidelines 160 

(Dynamore 2018), solid to solid mortar contacts can lead to noticeably large penetrations. In the 161 

guideline, it is suggested that increasing the contact penalty stiffness can alleviate this problem, 162 

however it may lead to convergence problems. To increase the penalty stiffness, two parameters 163 

can be changed: the scale factor on default slave penalty stiffness (SFS) and the IGAP 164 

parameter. The IGAP parameter controls how quickly the penalty force increases due to 165 

penetration distance. In the model presented in this study, the penalty stiffness for the contacts 166 

was increased from the default by setting SFS = 5 and IGAP = 5. 167 

To take advantage of symmetry, it was assumed that the supports were roller-type supports 168 

in both directions. Figure 5 shows the modelling of the panel supports. They were modelled with 169 
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solid elements which were allowed to rotate about the bottom centerline as shown in the figure. 170 

These supports were connected to the panel using automatic surface to surface mortar contacts 171 

which allowed the panel to slide simulating a roller behaviour. This sliding was allowed by 172 

setting the coefficient of friction of the contact to a low value of 0.0001. This value was set as an 173 

arbitrary low value not equal to zero, such as not to cause any computational problems. The 174 

panels were also allowed to separate from the supports. This is important because the corners 175 

of two-way panels often lift off the supports when subjected to flexural loads. It should be noted 176 

that in the tests, two of the roller supports were welded to the support frame to simulate a pin-177 

type support. However, it was assumed that this simplification would not significantly affect 178 

the model results and allowed the computational effort to be reduced by a factor of four. To use 179 

the quarter model, the cut edges required special boundary conditions due to symmetry. In the 180 

cut along the yz-plane, the nodes were restricted from moving in the x-direction and likewise, in 181 

the xz-plane, the nodes were restricted from moving in the y-direction. 182 

The load was applied to the panel through a steel loading disc which was placed on a rubber 183 

pad. Between both the loading disc and the rubber pad and between the rubber pad and the 184 

panel, automatic surface to surface mortar contacts were used. For these contacts the static 185 

coefficient of friction was assumed to be 0.8. Using the 3FL-C96 model, static friction coefficient 186 

values of 0.01, 0.2, 0.4 and 0.6 were also investigated. It was determined that its overall effect 187 

on the model was insignificant, but that the value of 0.8 provided the most accurate load-strain 188 

slopes and therefore it was chosen. 189 

Failure Modes 190 

Failure was considered in the post-processing of the model using a script written in Python 191 

using the scientific package, Anaconda. Material failure was considered in both the FFRP faces 192 
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and the PIR foam core and the stability type failure, face wrinkling was considered on the top 193 

face. 194 

To check for material failure in the faces, the maximum stress criterion was used. The normal 195 

stresses in elements at the center of the top and bottom faces were exported from the model. 196 

Then, a python script checked the stress in the warp (y) and weft (x) directions at each model 197 

step. The stresses were checked against both the compressive and tensile strength of FFRP. If, 198 

at any point, the stress in any direction exceeded the ultimate material strength, the model was 199 

terminated and the failure mode noted. 200 

The foam core was checked for shear failure using the Tresca failure criterion (Gere 2008). 201 

As shown in Figure 6b, it was observed that, for a 3FL-C96 sandwich panel, shear failure began 202 

at the edge of the loading disc. This is an expected result as stress concentrations typically 203 

develop at the edge of the load applications. From this initialization of foam shear failure, the 204 

failure area propagated downward as shown in Figure 6c. Total failure due to foam shear was 205 

then assumed when the maximum shear stress (Tresca) exceeded the ultimate shear stress of 206 

the foam in over half the thickness of the foam, as shown in Figure 6d. To implement this failure 207 

mechanism into the post-processing, the Tresca stress in the element just below the midplane 208 

of the core was exported from the model. In the case of the 3FL-C96 panel, this is the element 209 

shown in Figure 6d. The core was considered to have failed when the Tresca stress in this 210 

element exceeded the ultimate shear strength of foam material. 211 

Compression face wrinkling failure was considering using the critical stress equation 212 

presented by Allen (1969) and given by Eq. 1: 213 

𝜎𝑐𝑟 = 𝐵1𝐸𝑓
1/3

𝐸𝑐
2/3

 (1) 

where σcr is the critical compressive stress in the face causing wrinkling, B1 is a parameter given 214 

by Eq. 2, Ef is the elastic modulus of the face and Ec is the elastic modulus of the core. Because 215 
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FFRPs exhibit a nonlinear behaviour, the elastic modulus was taken conservatively as the 216 

ultimate secant modulus, that is: Ef = σfu / ϵfu, where σfu is the ultimate strength of the FFRP 217 

and ϵfu is the ultimate strain of the FFRP. 218 

𝐵1 = 3[12(3 − 𝜈𝑐)
2(1 + 𝜈𝑐)

2]1/3 (2) 

where νc is the Poisson’s ratio of the core material. For the PIR foams used in this study, the 219 

Poisson’s ratio is not known and therefore a typical value of 0.3 was chosen. Allen (1969) showed 220 

that B1 is not significantly affected by the Poisson’s ratio and therefore this assumption does not 221 

have a significant effect on the prediction of the critical wrinkling stress. The stress history for 222 

the element exhibiting the highest compressive stress in each direction was exported from the 223 

model and checked at each model step. If the compressive stress was found to be greater than 224 

the critical stress, the model was considered to have failed. 225 

As shown in Figure 3, the average (± standard deviation) ultimate foam shear stress, τcu,a, of 226 

the 96 kg/m3 foam was to be 0.476 ± 0.102 MPa. Because the tests showed a high variance in 227 

strength, a region of potential total shear failure was determined. The lower bound, τcu,l, of the 228 

potential shear failure was set as the average shear strength minus one standard deviation and 229 

the upper bound, τcu,u, was set as the average plus one standard deviation. Each point was noted 230 

in the post processing and if the Tresca stress exceeded the upper bound, it was assumed that 231 

the panel failed due to core shear. 232 

Mesh Convergence 233 

To determine the most appropriate mesh, a mesh size convergence study was performed on 234 

both the 3FL and the 1FL specimen. The study was performed on these two specimens, to ensure 235 

that the effect of the mesh size was observed for both failure of the face material (1FL) and for 236 

failure of the core material (3FL). Four meshes were considered as presented in Figure 7: a 237 
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coarse mesh (Coarse), a refined coarse mesh (Coarse-R), a refined moderate mesh (Moderate-R) 238 

and a refined fine mesh (Fine-R). 239 

The mesh size analysis for the 1FL and 3FL-C96 sandwich panels are shown in Figure 8 and 240 

Figure 9, respectively. As shown in Figure 8 the ultimate load capacity decreased with a 241 

decrease in mesh size (i.e. changing from Coarse to Fine-R). The smallest percentage decrease 242 

in ultimate load capacity was 3.1% between Moderate-R and Fine-R whereas the decreases 243 

between Coarse and Coarse-R, and Coarse-R and Moderate-R were 5.4% and 5.8%, respectively. 244 

Figure 8 also shows that the mesh size did not have a significant effect on the initial stiffness of 245 

the panels. 246 

Figure 9 shows the effect of the mesh size on the ultimate capacity, initial stiffness and 247 

computational runtime for the 3FL-C96 panels. As the shear failure is predicted as a region, the 248 

mesh size effect was presented for the average shear failure capacity as well as the lower and 249 

upper bounds. As shown in the figure, there was no significant effect on the average core shear 250 

failure load, the maximum difference was 3.1% between the Coarse-R mesh and the Moderate-251 

R mesh. Additionally, Figure 9a shows that the initial stiffness increased slightly with a 252 

decrease in mesh size. Figure 9b shows the effect of the mesh size on the computational runtime 253 

of the 3FL-C96 specimen. As the mesh size decreases, the runtime increases significantly, 254 

especially between the Moderate-R and Fine-R meshes. Therefore, to ensure accurate results 255 

for specimens failing due to face rupture (as panel 1FL-C96) while maintaining a reasonable 256 

computational runtime, the Moderate-R mesh was selected for the model verification and 257 

parametric study. 258 

EXPERIMENTAL PROGRAM 259 

To verify the model, three large scale two-way sandwich panels were fabricated and tested 260 

under a concentrated load at the center. The sandwich panels were comprised of flax fibre-261 
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reinforced polymer faces and polyisocyanurate foam cores with a density of 96 kg/m3. Each 262 

sandwich panel was 1220 mm by 1220 mm and approximately between 78 and 85 mm thick. 263 

The main test parameter was the effect of face thickness, namely one, two or three layers of flax 264 

fabric per face. 265 

Specimen Fabrication 266 

The specimen fabrication procedure for each panel is presented in Figure 10. The 75 mm thick 267 

foam was supplied in 2400 mm by 1220 mm panels. The foam was cut to 1220 mm by 1220 mm 268 

using a circular saw. The foam surface was cleared of any dust and debris using a bristle brush. 269 

A layer of epoxy was evenly applied to the surface of the foam (Figure 10b). Then, a layer of the 270 

bidirectional flax fabric was placed on the specimen (Figure 10c) and the warp direction was 271 

recorded on the side of the foam. A plastic scraper was then used to gently press the fabric into 272 

the epoxy layer below (Figure 10d). Then, a layer of epoxy was evenly applied to the flax fabric 273 

(Figure 10e). These last three steps were repeated as necessary to achieve different face 274 

thicknesses, namely, one two or three layers. Note that all layers were placed with the warp 275 

direction of the fabric along the same axis. This was done to allow for a direct comparison 276 

between the sandwich panels with one face layer and multiple face layers. Sheets of parchment 277 

paper were applied in the warp direction of the fabric and an aluminum roller or plastic scraper 278 

was used to remove any air and excess epoxy (Figure 10f). A weighted board was then placed on 279 

the specimen (Figure 10g) and the face was allowed to cure for 24 hours under the weighted 280 

board. After 24 hours, the opposite face was completed following the same procedure. After 281 

seven days of curing at room temperature, the edges of the faces were cut flush using a jig saw 282 

(Figure 10h). After fabrication, all specimens were stored in a dry environment until testing. 283 
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Test Set-up and Instrumentation 284 

Figure 11 shows the test set-up. The load was applied to the center of 1220 mm by 1220 mm 285 

sandwich panel specimen using a hydraulic actuator through a 150 mm diameter steel disc. To 286 

protect the wires of the strain gauges, a piece of rubber was placed under the applied load. The 287 

sandwich panel was supported by steel roller supports on a steel frame which sat on a concrete 288 

strong floor. In each direction, one of the steel rollers was welded to the frame to simulate a pin 289 

connection. 290 

The data instrumentation layout is presented in Figure 12. The load was measured using a 291 

250 kN load cell and the center deflection was measured using a string potentiometer connected 292 

to the sandwich panel on the bottom face. Additionally, four linear potentiometers (LPs) 293 

measured the deflection at the quarter points of the panel, that is, halfway between the panel 294 

center and the corners of the supports. Strain gauges with a 6 mm gauge length and a resistance 295 

of 350-ohms measured the strain in the warp, weft and 45° directions at the center on both the 296 

top and bottom faces. All data was measured at a sample rate of 10 samples per second. 297 

Experimental Results 298 

The failure modes of the quasi-static tests are shown in Figure 13. As the face thickness 299 

increased, the failure mode transitioned from a tension face-controlled failure (1FL-S) to a core 300 

shear failure, which lead to local failure of the compression face (3FL-S). Specimen 2FL-S failed 301 

due to tension at the bottom face. However, the top face showed signs of the start of local failure, 302 

as evidenced by the light colouring around the load area of the top face shown in Figure 13b, 303 

and therefore it is assumed that this specimen was close to the core shear failure as well. 304 

The results of the quasi-static tests are presented in Figure 14 and Table 1. As shown in 305 

Figure 14a, the ultimate strength and stiffness of the panels increased with face thickness. Note 306 

that the panel stiffnesses were considered as the slope of the first initial portion of the load-307 
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deflection diagrams. The load-deflection diagrams also show that there was a larger increase in 308 

both strength and stiffness between specimens 1FL-S and 2FL-S than between 2FL-S and 3FL-309 

S. The ultimate strength and initial stiffness increased by 78% and 51%, respectively, between 310 

specimens 1FL-S and 2FL-S. However, the ultimate strength and initial stiffness only increased 311 

by 12% and 4%, respectively, between specimens 2FL-S and 3FL-S. This is likely caused by the 312 

more prominent effect of shear and local deformations of the 2FL-S and 3FL-S panels, which is 313 

shown in the load-strain diagrams shown in Figure 14b. The load-compression strain curves 314 

show the top faces of the 2FL-S and 3FL-S panels started the tests by going into a state of 315 

compressive strain, as expected. At a load of approximately 29 kN, the compression strain in 316 

the top faces began to decrease due to the presence of localized tensile strain under the loading 317 

disc. This is indicative of local indentation under the load application. Additionally, as the FFRP 318 

face thickness increased, shear became the more prominent global deformation mode. This 319 

transition from bending (face-controlled) deformation to shear (core-controlled) deformation 320 

means that the face thickness has a less significant effect on the overall stiffness of the plate. 321 

Model Verification 322 

Table 1 shows the comparisons of the ultimate loads and ultimate deflections, initial stiffnesses 323 

and failure modes between the models and the tests. As shown in Table 1, the average model-324 

test ratio for the prediction of ultimate load and deflection are 0.96 and 0.97, respectively. 325 

Additionally, the failure mode was accurately predicted for the 1FL-C96 and 3FL-C96 326 

specimens. Visual comparisons of the model and test failure modes for the 1FL-C96 and 3FL-327 

C96 specimens are presented in Figure 15 and Figure 16, respectively. Note that in Figure 15, 328 

the cracks on the 1FL test specimen extend from edge to edge, predominantly in the weft 329 

direction.  However, the model only captures the onset of the cracking due to the high stress in 330 

the center of the bottom face. 331 
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Upon examination of the model results, 2FL-C96 specimen was close to a balanced failure 332 

point between core shear failure and bottom face tensile rupture. At failure, the stress in the 333 

weft direction of the bottom face was 50.0 MPa, which is 97.5% of the ultimate strength. 334 

Figure 17 shows a comparison of the load-deflection and load-strain behaviour of the models 335 

and experiments. Though Table 1 indicates that the initial stiffness was slightly under-336 

predicted by the models, Figure 17 shows that the overall slopes of the load-deflection diagrams 337 

were predicted well. As shown in the figure, the slope of the 1FL-C96 experimental specimen 338 

seems to gain stiffness at the beginning of the stress-strain curve and this behaviour is not 339 

captured by the model. However, a stiffness increase is not expected in these panels, and it is 340 

likely that this was caused by some settlement in the test apparatus.  The figure also shows 341 

that the model was able to accurately predict the strain behaviour at the center of the top face. 342 

However, note that the transition to a state of tensile strain in the top face is more sudden in 343 

the FE tests than in the experimental data. This is likely due to the use of the 344 

LOW_DENSITY_FOAM material model which is based on the compressive stress-strain curve 345 

of the foam. In future studies, it is recommended that other material models be tested to 346 

determine the most accurate model for PIR foams. Based on the information presented in this 347 

section, this two-way model can be considered successfully verified when using the upper bound 348 

of the shear failure region. Therefore, for the remainder of this paper, the upper bound of the 349 

shear failure region will be considered as the failure criteria. 350 

PARAMETRIC STUDY 351 

A parametric study was performed using the verified model to observe the effect of the core 352 

density, face thickness and the load area diameter on the behaviour of the panels. In this section, 353 

the results of the parametric study will be presented and discussed. Additionally, the material 354 

models for the different core densities will be verified. Note that, while the parametric study 355 
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presented in this paper provides some understanding of the behaviour of two-way sandwich 356 

panels with FFRP faces, a more in-depth parametric study should be performed in future 357 

research with a focus on developing design equations for these panels. 358 

Verification of Additional Foam Material Models 359 

For the parametric study, the behaviour of sandwich panels with two additional PIR foam core 360 

densities were investigated: 32 kg/m3 and 64 kg/m3. These additional foams were modelled using 361 

their respective compressive stress-strain curves presented by Codyre et al (2018). In their 362 

study, they showed that the compressive moduli of the C32, C64 and C96 foams were 4.9 MPa, 363 

12.6 MPa and 35.1 MPa, respectively (CoDyre et al. 2018). However, they did not perform any 364 

shear tests and therefore the manufacturer data (Elliott Company 2016a; b) was used to predict 365 

core shear failure. The manufacturer data provides shear strength parallel to the rise of the 366 

foam and perpendicular to the rise of the foam. These two values were used to predict a shear 367 

failure region and it was assumed that the larger of the two caused ultimate shear failure.  368 

To accurately model panels with these additional core densities, the material models for the 369 

foams first had be verified. This was done by modifying the two-way FE model to examine the 370 

behaviour of the sandwich beams tested by Betts et al (2018) and fabricated using the three 371 

different core densities. This beam model is presented in Figure 18. Note that to save on 372 

computational time, the principle of symmetry was used to model half of the beam length. 373 

Additionally, because the beams are under a state of plane stress, only a third of the beam width 374 

was modelled.  375 

The comparisons of the load-deflection behaviour of the FE beam models and the tests by 376 

Betts et al (Betts et al. 2018) is presented in Figure 19. The figure shows that the behaviour of 377 

the beams was predicted accurately by the FE models. Therefore, the foam material models can 378 

be used to perform the parametric study of the two-way panels. 379 
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Effect of Core Density 380 

The effect of core density on the ultimate load, ultimate deflection and initial stiffness of the 381 

two-way sandwich panels is presented in presented in Table 2 and Figure 20. Figure 20a shows 382 

that the ultimate load capacity increases with core density for all face thicknesses. Note that 383 

the increase is not linear as it is affected by the failure mode. As shown in Table 2, the failure 384 

of the C32 and C64 panels was due to compression face wrinkling and for the C96 specimens 385 

the failures were due to tensile rupture or core shear. The core density did not have a significant 386 

effect on the ultimate deflection for the 1FL and 2FL panels. However, the ultimate deflections 387 

of the 3FL panels decreased with an increase in core density. 388 

Figure 21 shows the effect of panel core density on the load-deflection and load-strain 389 

behaviour of two-way the sandwich panels. The load-deflection diagrams for the panels with 390 

lower density cores (32 kg/m3) showed an increasing slope until failure. As the compressive yield 391 

stress and modulus of the 32 kg/m3 foam is significantly less than the 96 kg/m3 foam, it is 392 

assumed that this stiffness gain is attributed to densification of the foam under the load area. 393 

Specifically, this densification would occur under the edge of the load area. 394 

As shown in Figure 21, the initial load-face strain behaviour is similar for all core densities. 395 

For all panels other than 1FL-C96, the strains in the top face transition into a state of tensile 396 

strain. This phenomenon was discussed earlier, and it was assumed that this was caused by the 397 

onset of local deformation. The results of the models confirm this hypothesis and show that this 398 

behaviour is specifically due to the onset of core indentation under the edge of the load area. 399 

Because the yield stress and compressive moduli of the cores decrease with core density, this 400 

indentation starts at lower load levels for the lower density foams. Therefore, the transition 401 

from compression to tensile strain at the center of the top face occurs at an earlier stage for the 402 

panels with the lower density cores, as shown in Figure 21. 403 
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Effect of Face Thickness 404 

The effect of face thickness on the ultimate load capacity, ultimate deflection and initial stiffness 405 

of the two-way sandwich panels is presented in Table 2 and Figure 20b. The ultimate load 406 

capacity increased with an increase in the number of FFRP layers per face. For the C96 panels, 407 

the increase between one and two layers of FFRP is more significant than the increase between 408 

two and three layers. This is due to the failure modes of the panels. As the 1FL-C96 panel failed 409 

due to tensile rupture and it has been shown that 2FL-C96 panel was close to tensile rupture 410 

before ultimately failing due to core shear, the ultimate capacity is largely dependent on the 411 

face thickness. However, as the 2FL-C96 and 3FL-C96 panels both failed due to core shear, the 412 

increase in FFRP layers per face has a less significant effect on the ultimate panel capacity. 413 

Similarly, the ultimate deflections of the C96 panels were not significantly affected by the face 414 

thickness. However, both the ultimate load and displacement of the C32 and C64 panels 415 

increased with an increase in face thickness. This is expected as these panels failed due to 416 

compression face wrinkling which is affected by both the face and core material properties. The 417 

initial stiffness of all panels increased with the number of FFRP layers per face. 418 

By comparing the plots in Figure 21, it can be seen that the slope of the load-strain diagrams 419 

increased with an increase in face thickness. Additionally, the amount of compressive strain 420 

experienced by the top faces decreased with an increase in face thickness.  421 

Effect of Load Area Diameter 422 

To develop an understanding of the effect of the load area diameter, additional models were 423 

developed for the C96 panels. As shown in Figure 22, three load size diameters were considered: 424 

150 mm (original), 300 mm and 600mm. The only change implemented in the models was the 425 

size of the loading disc, that is that the contact formulations, material models and boundary 426 
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conditions were not altered. Note that, as they are quarter models, the load sizes shown in 427 

Figure 22 are half of the load area diameters. 428 

The effect of load area diameter on the ultimate load capacity, ultimate deflection and initial 429 

stiffness of the two-way sandwich panels is presented in Table 2 and Figure 20c. Additionally, 430 

the effect on the load-displacement and load-face strain behaviour is presented in Figure 23. As 431 

expected, the ultimate load capacity and initial stiffness, increased with an increase in load 432 

area. The ultimate deflection of the 1FL-C96 specimens increased with an increase in the load 433 

area, however the 2FL-C96 and 3FL-C96 panels were relatively unaffected. This is due to the 434 

different failure modes of the panels as shown in Figure 13. The 1FL-C96 panels all failed due 435 

to tensile rupture of the bottom face whereas the 2FL-C96 and 3FL-C96 panels all failed due to 436 

core shear. 437 

The slopes of the load-face strain plots were increased with an increase in the load area 438 

diameter. Additionally, Figure 23 shows that the top faces of the models with larger load areas 439 

(300 mm and 600 mm) did not go into a state of tensile strain. This is an expected result as the 440 

stress concentration developed at the edge of the load area is distributed over a larger perimeter.  441 

Effect of Core Thickness 442 

The effect of the core thickness was examined for sandwich panels with core densities of 96 443 

kg/m3. As shown in Figure 24, three core thicknesses were considered: 25.4 mm, 50.8 mm and 444 

76.2 mm (as tested).  445 

The effect of the core density on the load-displacement and load-strain behaviour of the 446 

sandwich panels is presented in Figure 25. The ultimate load capacity and stiffness increased 447 

with an increase in core thickness for all panels. For the 1FL panels, the ultimate center 448 

displacement also increased with a decrease in core thickness. However, for the 2FL and 3FL 449 

panels, the effect of core thickness on the ultimate displacement was not clear. As these panels 450 
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failed due to core shear, it is likely that the ultimate displacement was heavily influenced by 451 

the localized deformation at the ultimate point. As shown in Figure 25, the slope of the load-452 

strain increased with an increase in core thickness. This is expected as an increase in core 453 

thickness is an increase in moment of inertia, thereby increasing the flexural rigidity of the 454 

structure. 455 

CONCLUSIONS 456 

In this study, the behaviour of large-scale sandwich panels with flax fibre-reinforced polymer 457 

(FFRP) faces and foam cores under a concentrated load was examined numerically. From the 458 

experimental tests the following behaviours were noted: 459 

• The ultimate strength and stiffness of the panels increased with face thickness. However, 460 

a larger difference in both strength and stiffness was observed between panels with one 461 

and two layers of FFRP per face than between specimens with two and three layers. This 462 

difference was attributed to a change from a face-controlled behaviour to a core-controlled 463 

behaviour. 464 

• Localized deformations of the top face and core were observed under the loading area.  465 

This deformation affected the specimens with the thicker faces more than the panel with 466 

one layer of FFRP per face. 467 

Finite element models were created using implicit solver of the commercially available 468 

program (Livermore Software Technology Corporation (LSTC) n.d.). Both the material 469 

nonlinearity of the FFRP faces and foam cores and the geometric nonlinearity were accounted 470 

for in the models. Material failure was considered in the faces using the maximum stress 471 

criterion and, in the core, using the Tresca failure criterion. Additionally, the stability type 472 

failure of compression face wrinkling, was considered in the top faces. The models were 473 

successfully verified and validated using test data. 474 
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A parametric study investigated the effect of the foam core density, the FFRP face thickness, 475 

the core thickness, and the size of the load area. Based on the parametric study the following 476 

conclusions were drawn: 477 

• The models were able to accurately capture the strain state in the center of the top faces 478 

observed in the tests. The top faces started in a state of compression, but after the onset 479 

of indentation under the load edge, transitioned to a state of tensile strain. 480 

• Panels examined experienced failure due to core shear, tensile rupture or compression 481 

face wrinkling. The failure modes were affected by both core density and face thickness, 482 

but not the load area diameter. 483 

• Ultimate load capacity and initial stiffness both increased with and increase of core 484 

density, face thickness and load area diameter. Ultimate deflection was significantly 485 

affected by the failure modes and less so by the individual parameters. 486 

• Increasing the size of the load area mitigated the effect of localized deformation under the 487 

load edge. 488 
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Table 1. Verification of FE models using test data 583 

Model 

ID 

Ultimate Load 1, 

kN 

Ultimate Deflection, 

mm 

Initial Stiffness 2, 

N/mm Failure Mode 3 

Test Model 

Model

-Test 

Ratio Test Model 

Model-

Test 

Ratio Test Model 

Model-

Test 

Ratio Test Model 

1FL-C96 21.8 20.3 0.93 20.9 22.0 1.05 1210 985 0.81 B-WFT B-WFT 

2FL-C96 38.8 39.6 1.02 28.5 29.7 1.04 1781 1453 0.82 B-WFT CS 

3FL-C96 43.5 40.7 0.94 28.6 23.5 0.82 1975 1791 0.91 CS CS 

Average     0.96     0.97     0.85     
1 

2 

3 

Ultimate load for core shear failure is based on upper bound core shear failure, τcu,u 

Initial stiffnesses were calculated between deflections of 3 mm and 6 mm 

B-WFT = tensile rupture of bottom face in weft direction; CS = core shear failure 

 584 

 585 

  586 
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Table 2. Parametric study results for two-way sandwich panels 587 

Model ID 

Core 

Density 

kg/m3 

Core 

Thickness 

mm 

Flax 

Layers 

Load 

Diameter 

mm 

Ultimate 

Load 

kN 

Ultimate 

Deflection 

mm 

Stiffness 

N/mm 

Failure 

Mode 

1FL-C32 32 76.2 1 150 7.7 23.7 309 CW 

2FL-C32 32 76.2 2 150 15.1 31.8 366 CW 

3FL-C32 32 76.2 3 150 26.9 40.4 408 CW 

1FL-C64 64 76.2 1 150 14.3 21.6 724 CW 

2FL-C64 64 76.2 2 150 24.7 26.1 970 CW 

3FL-C64 64 76.2 3 150 37.5 30.9 1133 CW 

1FL-C96 96 76.2 1 150 20.3 22.0 985 TR 

2FL-C96 96 76.2 2 150 39.6 29.7 1453 CS 

3FL-C96 96 76.2 3 150 40.7 23.5 1791 CS 

1FL-C96-L300 96 76.2 1 300 37.9 28.7 1420 TR 

2FL-C96-L300 96 76.2 2 300 54.1 27.8 2090 CS 

3FL-C96-L300 96 76.2 3 300 56.8 22.8 2515 CS 

1FL-C96-L600 96 76.2 1 600 76.4 37.7 2266 TR 

2FL-C96-L600 96 76.2 2 600 101.1 29.4 3692 CS 

3FL-C96-L600 96 76.2 3 600 108.4 22.5 4677 CS 

1FL-C96-CT25 96 25.4 1 150 9.3 46.7 172 TR 

2FL-C96-CT25 96 25.4 2 150 11.8 34.6 302 CS 

3FL-C96-CT25 96 25.4 3 150 12.2 26.2 424 CS 

1FL-C96-CT51 96 50.8 1 150 14.9 29.2 516 TR 

2FL-C96-CT51 96 50.8 2 150 19.1 23.9 807 CS 

3FL-C96-CT51 96 50.8 3 150 20.6 19.8 1040 CS 

Naming convention: XFL-CYY-(LZZZ or CT##): X is number of FFRP layers, YY is core density, ZZZ is load area 

diameter (optional), ## is nominal core thickness (optional) 

CW = Compression Wrinkling, TR = Tensile Rupture, CS = Core Shear 

 588 

 589 
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