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Abstract 
In-service, composite sandwich structures, which consist of fibre-composite skins (also termed face-sheets) adhesively bonded to a polymeric foam core, can encounter extreme quasi-static flexural loading that may cause serious damage to the sandwich structure. The ability to model the flexural behaviour of such structures can lead to improved designs and more efficient maintenance procedures. In the present research, a three-dimensional finite-element analysis (FEA) model is developed to predict the flexural behaviour of such sandwich structures using a commercial software package (i.e. Abaqus/Explicit). The high-fidelity FEA simulation combines an elastic-plastic (E-P) damage model of the composite skins together with a crushable foam-core damage model. The E-P damage model is implemented with a user subroutine to capture the damage, such as plastic deformation of the matrix and matrix cracking, fibre fracture and delamination cracking of the composite skins. The crushable foam model is used to predict (a) the mechanical response of the crushed foam core, (b) the induced damage from ductile fracture due to growth, coalescence and fracture of the cells and (c) the induced damage from shear fracture of the foam due to plastic shear-band localisation. Results from the modelling studies, such as the loading response and the damage mechanisms, are discussed and compared with the experimental results obtained from the sandwich structures manufactured with both uniform- and graded-density foam cores but which all have the same average core density. Good agreement is achieved between the experimental results and the predictions from the numerical modelling simulations. 
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1. Introduction
[bookmark: _Hlk87084803]Sandwich structures, consisting of fibre-composite skins (also termed face-sheets) and a polymeric foam core, are finding many applications in the aerospace, marine and wind-energy industries [1-3] where this type of lightweight structure is often employed to manufacture moving components. However, when subjected to critical loading conditions, such fibre-composite skin/foam-core sandwich structures may experience a sequence of damage mechanisms which can significantly threaten their structural integrity [4-6]. Now, a model that can predict damage, and the resulting loss of mechanical properties, should enable improved designs of such sandwich structures to be developed with superior mechanical behaviour and more efficient maintenance schedules. The development and experimental validation of a novel three-dimensional (3-D), elastic-plastic (E-P), finite-element analysis (FEA) model to undertake such predictive studies are the main aims of the present paper. 

Much effort has been made by a number of researchers [7-16] to develop robust predictive damage models for the fibre-composite skin/foam-core sandwich structures under impact loading, For example, Zhou et al. [9] have developed a computational FEA model, based on the commercially-available Abaqus software, which has a built-in crushable foam model and composite damage model, to predict the behaviour of foam-based sandwich structures subjected to oblique impact loading. In their model, the composite skins were modelled using continuum shell elements and the foam core was modelled employing 3-D stress elements. Reasonably good agreement was obtained between the experimental and numerical results. The effects of the properties of the foam core, e.g. density, were also numerically investigated and the results revealed that foam cores with relatively high densities can increase the perforation resistance of foam-based sandwich structures. To improve the accuracy of a FEA model with respect to capturing the degree and type of damage, and the mechanical response, Sakly et al. [10] have proposed a 3-D composite damage model of the composite skins, implemented as a user subroutine in Abaqus/Explicit. Their composite model was then combined with a crushable foam model to form a 3-D computational model for predicting the low-velocity impact behaviour of foam-based sandwich structures. The numerical results that they obtained from the impact simulations were in good agreement with the experimental results. Their modelling results also revealed that the impact-induced damage was concentrated around the point of impact due to stress-wave propagation effects. Interestingly, Wang et al. [11] and Gardner et al. [12] have performed a comparative study on the blast performance of sandwich structures with uniform- and graded-density foam cores. Their studies revealed that sandwich structures with graded-density foam cores could result in better blast performance when compared those with uniform-density foam cores. A similar conclusion was reported by Zhou et al. [16] who undertook relatively low-velocity impact tests on sandwich structures with uniform- and graded-density polymeric foam cores with carbon-fibre reinforced-plastic skins. They found that the graded-density foam sandwich structures out-performed the uniform-density structures when the high-density foam layer was placed against the upper-skin where the impact occurred.  

[bookmark: _Hlk87017144]In addition to the impact or dynamic response of sandwich structures, there is also much interest in the flexural bending behaviour of fibre-composite skin/foam core sandwich structures when subjected to quasi-static loading. The first point to consider is the type of damage observed under such test conditions that needs to be modelled. This includes damage and fracture of the composite skins and crushing and fracture of the core, as reported by Kaboglu et al. [17] from their quasi-static flexural loading tests. Further, in [17], three-point flexural tests were performed on the sandwich structures with uniform- and graded-density foam cores bonded to glass-fibre reinforced-plastic (GFRP) skins. Interestingly, it was found that the sandwich structures with uniform-density cores resulted in better resistance to damage, for example in terms of the maximum load that could be sustained, than those structures with graded-density cores.

The present paper aims to develop a high-fidelity computational FEA model to simulate, and so understand in more detail, the experimental results reported by Kaboglu et al. [17] for three-point flexural tests, under quasi-static loading, performed using sandwich structures with uniform- and graded-density foam cores bonded to GFRP skins. The FEA model is implemented using the commercial FEA package Abaqus/Explicit [18] with a user subroutine. There are several novel features that are combined in this 3-D numerical model for the quasi-static flexural loading of the sandwich structures. Namely, the combination of a crushable foam model for predicting the mechanical behaviour of the foam core [19,20] and a model for the damage initiation and evolution in the foam core [21-24], coupled with an 3-D elastic-plastic (E-P) damage model [25] for capturing the intralaminar damage and interlaminar cracking in the GFRP composite skins. The predictions from the modelling studies are compared with the experimental results in order to validate the computational FEA model that has been developed. 

2. Materials and methods
2.1. Specimen Preparation
A cross-linked polyvinyl chloride (PVC) closed-cell foam was used to manufacture the core component of the sandwich structures studied in the present paper [17]. This foam material was provided as 5 mm thick foam layers in three different densities, 60, 80 and 100 kg/m3, by AIREX AG, Switzerland. The composite skins were manufactured using the ‘XE603’ E-glass-fibre reinforced polymer, supplied by Gurit, United Kingdom. Three layers of the +/-45° biaxial E-glass stitched fabric were stacked for each skin and a (0°/90°/-45°/+45°/90°/0°) lay-up was prepared by suitably rotating the fabric. The thickness of the GFRP skin was approximately 1.5 mm. Three layers of 5 mm thick PVC foam were stacked together to make the core and a very thin layer of an epoxy adhesive was applied between the layers that provided adhesion between the foam layers. The level of adhesion achieved was excellent, with no failures ever being recorded along the foam/foam interfaces. The epoxy matrix resin and adhesive (‘Prime 20LV’), and the slow-curing hardener, were also both from Gurit, UK. The sandwich structures were made as panels, 680 x 320 mm2 in size, using a Resin Infusion under Flexible Tool (RIFT) manufacturing method, see Fig. 1 [17]. The flow media, peel ply and vacuum bagging were placed on top of the glass-fibre fabric/PVC core/glass-fibre fabric sandwich structure and this assembly was then put on the base plate of the tooling. The resin was then infused into the glass-fibre fabric under vacuum. It should be noted that there was no adhesive layer between the foam core layers and the skins. Thus, the necessary adhesion between the core and the skins was achieved by the infusing liquid resin wetting and adhering to the top and bottom surfaces of the three layers of the PVC foam core. The tooling temperature was maintained at 20°C for 510 minutes to undertake the initial cure of the GFRP skins. The GFRP skins were then post-cured at 65°C for 4 to 6 hours. The oven was then switched off and left to cool at a natural rate. For the flexural-bend specimens the panels were cut into rectangular sections. 

	[image: ]

	Fig. 1. The curing jig for manufacturing the fibre-composite skin/foam-core sandwich structures [17].



[bookmark: _Hlk52815264]Composite sandwich specimens, with uniform- and graded-density foam cores, were manufactured and tested. The core configurations of these three types of composite sandwich specimens, which have the same average core density of 80 kg/m3, are shown in Fig, 2. As noted above, coating the interfaces between the foam layers with a very thin layer of the epoxy resin before infusion provided an effective bond between the foam layers, so Configuration A was equivalent to a composite sandwich panel with a homogeneous uniform density of 80 kg/m3. The same procedure was employed for the graded core layers, to give Configurations B and C, which employed three foam layers of densities, 60, 80 and 100 kg.m-3. (The load was applied via a central roller to the upper face of the GFRP skin, see Fig. 3.)
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	Fig. 2. Composite sandwich specimens, with uniform- and graded-density foam cores, for investigating the effects of a density gradient for the foam core in the sandwich structures [17].



2.2. Experimental procedures
[bookmark: _Hlk87017448][bookmark: _Hlk87084957][bookmark: _Hlk87080307][bookmark: _Hlk87017554][bookmark: _Hlk57974149][bookmark: _Hlk87085078]The three-point bend test methods described in ASTM C393 were employed to evaluate the flexural performance of the composite sandwich structures under quasi-static loading. The loading of the composite sandwich structure via three-point bending readily allowed for a detailed study of the fracture processes occurring under the central roller, and the modelling discussed below could then be interrogated to see if the observed core-crushing and skin-fracture processes in this central region had been accurately captured. During the three-point bend tests, displacement control was used by setting the rate of the crosshead of the test machine to be 6 mm/min. The dimensions and testing configurations of the sandwich structures for the three-point bend experiments are shown in Fig. 3. It should be noted that, to avoid damage to the upper composite skin of the sandwich structure due to stress localisation, a 3 mm thick rubber pad, the black rectangle in Fig. 3, was positioned between the central roller and the specimen. For the three-point bend tests, a testing machine, from Instron UK, was employed with Digital Image Correlation (DIC) method to map the resulting strains that developed in the specimen during the test. Images were taken every two seconds using an ‘Aramis 5M’ camera, supplied by GOM, Germany, to create an image series. A 2D analysis was then undertaken using the ‘Aramis’ software, supplied by GOM, Germany. Only a 2D analysis was required since the deflection of the specimen was only in two directions. Nevertheless, two cameras and a 3D analysis were also employed to validate the 2D approach. Measurements of the applied load were also taken at two second intervals, and therefore the force data and the strain maps could be appropriately correlated. Three replicate specimens were tested to check the consistency of the experimental results, with the repeat measurements of the maximum loads being within +/-5% [17].
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	Fig. 3. Schematics of the dimensions and test method for the three-point flexural bend experiments [17].






2.3. Typical failure modes
[bookmark: _Hlk87085168]Fig. 4 shows schematically the typical failure modes observed [17] in the foam-based sandwich structures subjected to a three-point flexural bend test under quasi-static loading. It was found that during the deformation of the sandwich structure (a) the upper composite skin may suffer intralaminar fracture and delamination, and (b) the foam core may experience localised core crushing and fracture. Further, one aspect of the fracture of the foam core was that “debonding” was observed due to a crack growing through the foam core but close to the lower composite skin. This “debonding” failure from an actual test specimen is shown in Fig. 5 which shows a damaged sandwich structure when subjected to such a three-point bend test [17]. The “debonding” fracture can be observed in the region close to the lower composite skin. However, the magnified inset image of the fracture surface shows very clearly that a relatively thin layer of foam is still retained on the lower skin. This reveals that the apparent “debonding” of the foam from the composite skin was due to the fracture occurring through the foam near the lower skin, rather than by failure along the interface between the composite skin and the foam. Based on this observation, and similar findings reported by other researchers [26], the model to be presented below considers only crushing and fracture of the foam core, and not failure of the actual interfaces between the foam core and the composite skins. 

	[image: ]

	Fig. 4. Schematic of the typical failure modes observed in the composite foam sandwich structures [17].
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	Fig. 5. Damage in a composite sandwich structure subjected to three-point bend loading exhibiting “debonding”, with a close-up image of the separation area showing that foam core material is still attached to the lower composite skin.



3. Overview of the numerical model
3.1. Introduction
[bookmark: _Hlk87018560][bookmark: _Hlk87023712]From the above discussions, the damage mechanisms that may occur in the sandwich structures are three main types: (a) the crushing, damage and fracture of the foam core, (b) the intralaminar damage of the composite skins and (c) the interlaminar cracking of the composite skins. In the present study, a computational model that takes into account all of these various damage mechanisms has been developed and the details of the model are given below. The implementation of the 3-D E-P FEA numerical model is shown schematically in the flowchart in Fig. 6, for one computational time-step and a single integration point. It should be emphasised that in the modelling developed, only crushing/fracture of the foam core and intralaminar/interlaminar cracking of the skin were analysed and not delamination failure of the actual interface between the composite skin and the foam core. This is because in the experiments, apparent “debonding” of the foam from the composite skin was due to the fracture through the foam near the lower skin, rather than failure along the interface between the composite skin and the foam. Careful inspection of the separation area near an interface showed that foam material was still attached to the composite skin. For this reason, it was considered not appropriate to include delamination or separation between the core and the skin. However, it should be noted in the modelling output, to be presented later, that the crack in the core does run parallel to the interface, but the cracking is within the core material.

3.2. The foam-core models
3.2.1	Mechanical response
The mechanical behaviour of the PVC foam was represented using the crushable foam model, with volumetric hardening, that is built into Abaqus [18]. This model uses a yield surface with an elliptical dependence of the deviatoric stress on the pressure stress. A phenomenological yield surface for a closed-cell foam may be described [9,15,18-20] by:
0    
 (1)
where q is the von Mises stress, is the mean stress and  is the uniaxial tensile or compressive yield stress of the foam. The term α describes the shape of the yield surface, which is related to the ratios of the initial uniaxial compressive yield stress, , and the hydrostatic tensile yield stress, , to the initial yield stress in hydrostatic compression, . The value of the term, α, is given by:

												(2)
with  and . The yield stress in hydrostatic compression, pc, describes the evolution of the size of the yield surface and is given by:
	
	
	(3)


where the term  is defined as the plastic volumetric strain in the volumetric hardening model, which is equal to the uniaxial compressive plastic strain, . Therefore, the value of pc should be determined from a uniaxial compression test on the foam and the properties of the foam cores are listed in Table 1. 

3.3.2 Damage initiation and evolution in the foam core
Having modelled the mechanical response of the PVC foam core when crushed in the three-point flexural bend test, as described above, the next aspect is to model the damage that initiates and evolves in the foam core. This damage was simulated using the models implemented in Abaqus [18] to take into account the damage mechanisms of (a) ductile fracture due to growth, coalescence and fracture of the cells and (b) shear fracture due plastic shear-band localisation by defining two damage parameters  and , respectively. The criteria employed for the initiation and evolution of these damage parameters were initially proposed for the ductile failure of metals [18,21-24]. However, they have also been successfully employed for polymeric foams [9,16]. The two damage parameters,  and , have values that lie between zero, when there is no damage present in the foam core, and unity when the foam is fully damaged. They may be derived from:
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where  is the applied equivalent plastic displacement. The terms  and  are the equivalent plastic displacements when fracture occurs, either due to the growth, coalescence and fracture of the cells or arising from a shear fracture from the localisation of plastic shear-bands, respectively. These terms can be determined by the following equations [18,21]:
	
	
	(6)
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where  and  are the fracture energies for the ductile fracture and the plastic-shear fracture mechanisms, respectively. The terms  and  are the equivalent yield stresses at the initiation of the ductile damage and plastic shear damage, respectively, which can be obtained from the FEA computation. Therefore, these damage evolution models ensure that the energy dissipated during the damage evolution processes are equal to  and , depending on the failure mechanism. For the simulations of the damage that are deduced from the FEA model for (a) ductile fracture due to growth, coalescence and fracture of the cells and (b) shear fracture due plastic shear-band localisation then, following earlier work [25], values of the damage parameters  and  equal to, or greater, than 0.9 are invoked to calculate the predicted regions of damage to the foam core, as shown in the figures below.

3.3. The composite skins: The intralaminar damage model
3.3.1	Introduction
The types of intralaminar damage that are typically observed in composite laminates consist of plastic deformation of the matrix and matrix cracking, fibre debonding and localised fibre failure of the composite.
3.3.2 The material response prior to the initiation of intralaminar damage
In the intralaminar damage modelling studies a 3-D E-P model [25,27-30] has been used to capture the elastic-plastic material response prior to the initiation of matrix cracking, etc, since this enables a more accurate prediction of the behaviour of the composite skins under the three-point bending loads. This is shown in the flow chart for the FEA model, Fig. 6, and full details have been given previously, see [25].
3.3.3 The initiation of intralaminar damage initiation
The Northwestern University (NU) damage criteria were employed to capture the initiation of intralaminar damage in the composite skins, such as matrix cracking, etc. The NU criteria were proposed by Daniel et al. [31,32]. These 3-D criteria are partially interactive failure criteria, in which more than one stress component have been used to evaluate the different failure modes. The use of these criteria for the initiation of intralaminar damage are included in the flow chart for the FEA model, Fig. 6, and full details have been given previously, see [25].
3.3.4 The propagation of intralaminar damage 
The damage evolution law, based on the energy dissipated during the damage process and linear material softening, was used to predict the evolution of the intralaminar damage in the composite skins [25]. Corresponding to the damage initiation mechanisms defined in the NU damage criteria [25], eight damage parameters are defined in the damage evolution model. A general form of the damage variable for a particular damage initiation mechanism is given by [18,25]:
	
	
	
	       (8)


Where: when  then this represents longitudinal tension-dominated failure, when  this represents longitudinal compression-dominated failure, when  this represents transverse tension-dominated failure, when  this represents transverse compression-dominated failure and when  this refers to transverse shear-dominated failure. Similarly, when  this represents through-thickness tension-dominated failure, and when  and  these refer to the through-thickness compression-dominated failure and through-thickness shear-dominated failure, respectively. The strains,  and , are the combined total strain and the combined plastic strain respectively in the composite ply [25]. The strain values,  and , are the combined strains corresponding to initial failure and final failure, respectively [25]. For longitudinal tension or compression failure, the strains ,  and  would be assigned to be ,  and , respectively. For transverse tension or compression failure, the strains ,  and  would be assigned to be ,  and , respectively, noting that . For through-thickness tension or compression failure, the strains ,  and  would be assigned to be ,  and , respectively. The final failure strain, , can be determined through the following equation [25,33,34]:
	
	
	                  (9)


where  is the fracture toughness corresponding to different principal materials directions,  is the stress corresponding to damage initiation and  is the characteristic length which can be determined based on the volume of the elements [25]. For the simulations of the extent of intralaminar damage as a function of the time-scale of the loading event that are deduced from the model then, following earlier work [25], a value for the particular damage parameter of equal to, or greater, than 0.9 was used to define the relatively intense intralaminar damage, i.e. to calculate the predicted regions of intralaminar damage in the figures shown later. 

3.4 The composite skins: The interlaminar damage model
3.4.1 Introduction
Interlaminar damage typically involves the initiation and growth of delaminations, i.e. interlaminar cracking, between the plies that make up the composite skins and this was captured using the ‘Abaqus/Explicit’ built-in cohesive law (i.e. interface) element, having a zero thickness, using a fracture-mechanics approach [18]. Basically, the interface element was described via a cohesive (i.e. damage) surface law [25,35-38] where a traction, , is a function of the displacement, , and is in the form of a bilinear cohesive law for a linear-softening material model with a stiffness, k, and an initial stiffness of ki.
3.4.2 Initiation of interlaminar damage
For the interlaminar failure, a quadratic-traction criterion was employed to capture the damage initiation in the composite interface, as given by [18,25,39]:
	
	
	
	(10)


[bookmark: _Hlk44673491]where  represent the current normal and shear tractions and  represent the normal and shear cohesive strengths. The corresponding displacements are denoted by ,  and , and by ,  and , respectively. The value of the cohesive strength, , was determined from the theory proposed in [38,40], which maintains computation accuracy whilst avoiding a very fine mesh and a commensurate increase in computational cost, and for the shear cohesive strengths then . Thus, Equation (10), for a 3-D model, leads to the onset of damage initiation at  which may be defined at a value of the combined displacement in the cohesive law when:
		(11)
3.4.3	Evolution of interlaminar damage 
The energy-based Benzeggagh-Kenane (B-K) [41,42] criterion for Mixed-mode propagation was used to derive a total value for the growth of the delamination between the composite plies and is given by [25,40,43]:
	
	
	
	(12)



[bookmark: _Hlk40208548]where is the Mode I (opening tensile),is the Mode II (in-plane shear) interlaminar facture energy, and  is the B-K Mixed-mode interaction exponent. The values of   and  may all be experimentally measured [41-44] and so inputted into the FEA model. The parameters ,  and  are the current Mode I (opening tensile), Mode II (in-plane shear) and Mode III (anti-plane shear) energy-release rates, respectively, as calculated from the FEA code. For the node at the interlaminar crack tip, an interlaminar damage parameter, , may be defined from degrading the initial cohesive stiffness,   as the interlaminar damage after initiation, when , now evolves to the point when separation (i.e. interlaminar cracking) occurs at. Now, this interlaminar damage parameter, , starts with a value of 0 when and finishes with a value of 1 when according to the relationship [18,25,42]:
	
	
	
	(13)


where the term   is the combined displacement at a delamination interface. The onset of damage initiation at  occurs when , and failure of the interface element occurs, at  when  [18,25,42]. Here the terms ,  and  are the displacements, corresponding to the stresses ,  and , in the cohesive law after damage has been initiated. Again, for the simulations of the details of the interlaminar cracking, i.e. delamination, that are deduced from the FEA model then, following earlier work [25], a value of the damage parameter, , equal to, or greater, than 0.9 is used, i.e. to calculate the predicted regions of delamination in the figures shown later.

4. The finite element analysis (FEA) model
The flow chart for the model is shown in Fig. 6 for the implementation of the 3-D EP FEA numerical model showing schematically the overall flowchart for one computational time-step and a single integration point. Both the flowcharts for the main model and for the elastic-plastic (EP) ‘VUMAT’ sub-routine for modelling the E-P response of the composite skins are shown. (The elastic-plastic (E-P) ‘VUMAT’ sub-routine, shown to the far right, is run when the command in the ‘Composite intralaminar model’ of ‘Run composite elastic-plastic damage model’ is reached.)
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	Fig. 6. The implementation of the 3-D EP FEA numerical model showing schematically the overall flowchart for one computational time-step and a single integration point. Both the flowcharts for the main models and for the elastic-plastic (E-P) ‘VUMAT’ sub-routine are shown. (The E-P ‘VUMAT’ subroutine, shown to the far right, is run when the command in the ‘Composite intralaminar model’ of ‘Run: composite elastic-plastic damage model’ is reached.) This FEA simulation would run typically over a time-scale, t, of about 0 to 10 or 20 ms, depending on the maximum displacement incurred, with about 200 time-steps, n, being employed. Each computational time-step was performed for every appropriate single integration point. The numerical model runs were stopped when the defined total computation time for the simulation event had expired. 




[bookmark: _Hlk87081785]In Fig. 7 it may be seen that the sandwich structure was modelled as a three-dimensional deformable body and meshed using eight-noded linear-reduced integration (C3D8R) solid-elements with a size of 2 mm in the X-axis and 5 mm the in Y-axis, respectively. At this element size the FEA model is able to deliver mesh-independent results. The three cylindrical rollers were modelled as rigid bodies. The rubber pad between the central roller and the foam-based sandwich specimen was simply modelled as an elastic body and also meshed using the 2 × 5 × 1 mm C3D8R elements, to provide three layers of elements in the 3 mm thick rubber pad. Cohesive law interface elements with zero thickness were placed at the composite/composite interfaces for which a friction coefficient of 0.25 was employed [45,46]. The friction coefficients for the steel/rubber and rubber/composite interfaces were set as 0.64 [47] and 0.3 [48], respectively. The general contact algorithm was invoked to govern the global interaction between the indenter and the sandwich specimen [18]. Computations were completed using 16 CPUs on a Linux Cluster with a run time of 26 to 31 h, depending on the configuration of the sandwich structure. In order to reduce the computation time, whilst ensuring that the quality of the simulation was not adversely affected by inertial effects, the speed of the central loading roller was set as 1 m/s. To achieve an acceptable time for the FEA run, selective mass scaling [18] was used to scale the elements, which had a stable time-increment below 1x10-8 s. The FEA simulation would run typically over a time-scale, t, of about 0 to 10 or 20 ms, depending on the maximum displacement incurred, with about 200 time-steps, n, being employed. Each computational time-step was performed for every appropriate single integration point. The numerical model runs were stopped when the defined total computation time for the simulation event had expired. The input parameters required for the models of the foam core and the composite skins are given in Tables 1 and 2. The input values for the material properties for the FEA analysis were obtained from [9,15,16,25,49] and, indeed, these types of closed-cell PVC cores have been studied by Zhou et al. [16]. Thus, it was considered appropriate to employ the material properties as reported Zhou et al. [16]. Unfortunately, [16] did not provide the compression yield stress ratio, , and the hydrostatic yield stress ratio, , and the only information on the values of these two parameters that could be found was in [15], which studied polymeric foams of a similar density under compression and shear loading. A more detailed study might benefit from direct measurements of all the material properties of the polymeric foam and skin materials used in the present study, possibly coupled with a full parametric-sensitivity study, but this was not possible within the scope and time-limitations of the present research.
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	Fig. 7. 3-D FEA model for simulating the three-point flexural bending of the composite skin/foam core sandwich structure.


[bookmark: _Hlk55585937]
Table 1. Input parameters for the foam core model.
	Property
	
	Low-density foam
	Medium-density foam
	High-density foam
	

	Densities (kg/m3) 
	
	
	
	
	[16]

	Tensile modulus ()
	
	
	
	
	[16]

	Tensile strength ()
	
	
	
	
	[16]

	Compressive modulus ()
	
	
	
	
	[16]

	Compressive strength ()
	
	
	
	
	[16]

	Compressive fracture strain
	
	
	
	
	[16]

	Shear modulus ()
	
	
	
	
	[16]

	Shear strength ()
	
	
	
	
	[16]

	Shear fracture strain
	
	
	
	
	[16]

	Fracture energies ()
	
	

	

	

	[16]

	Compression yield stress ratio
	
	
	
	
	[15]

	Hydrostatic yield stress ratio
	
	
	
	
	[15]






[bookmark: _Hlk87081810]Table 2. Input parameters for modelling the GFRP composite skins.
	Property
	
	Values
	

	Moduli ()
	
	 
	[49]

	Poisson`s ratio
	
	 
	[49]

	Strength values ()
	
	 
 
	[49]

	Intralaminar ply fracture energies ()
	
	 
	[9,25]

	Nonlinear coefficients
	
	 
	[25]

	Initial cohesive law stiffness ()

	
	 
	[25]

	Cohesive strengths ()
	
	 
	[25]

	Interlaminar fracture energies ()

	
	 
	[25]

	B-K mixed-mode exponent
	
	 
	[25]


 
5. Model validation
5.1. Composite sandwich structures with a [80:80:80] uniform-density core configuration
The experimental and numerical load versus displacement responses obtained from the composite sandwich structure with a [80:80:80] uniform-density core configuration are shown in Fig. 8a. It is clear that the results from both the experimental and simulation studies are in good agreement and that the load versus displacement curves show a linear-elastic response up to a displacement of about 5 mm being attained. The sandwich structure then exhibits a maximum load at a displacement of about 8 mm, after which the load starts to gradually decrease until a sudden decrease occurs at a displacement of about 16 mm due to a major failure of the sandwich structure. This failure was mainly due to indentation and fracture of the upper composite skin. The experimentally measured values of maximum load, 2.9 kN, displacement, 16.2 mm, and absorbed energy, 40.7 J, prior to this major failure may be compared with the predicted maximum load of 2.7 kN, displacement of 18.5 mm and absorbed energy of 43.2 J. Further, to enable a comparison of the experimental and predicted results to be more readily appreciated, the predicted values of these parameters from the FEA model were normalised with respect to the experimental values, as shown in Fig. 8b, which clearly confirms the good agreement between the experimental and simulation results.
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	(a)
	(b)

	Fig. 8. Experimental and numerically predicted results for the composite sandwich structures with a [80:80:80] uniform-density foam core configuration: (a) load versus displacement curves and (b) maximum load, displacement and absorbed energy before a major failure occurs at a displacement of about 16 mm. Note: in Fig. 8b the simulation values have been normalised with respect to the experimental values.



[bookmark: _Hlk54696057]Experimental strain maps were also obtained from the sandwich structure with the [80:80:80] uniform-density foam core at displacements of 2.5, 5, 8 and 10.5 mm to study the evolution of the shear-strain in the uniform-density foam core under three-point bend loading using a Differential Digital Correlation (DIC) technique [17]. The results from these measurements, and from the numerical modelling studies, are shown in Fig. 9. Several interesting points arise from these data. Firstly, at the two highest displacements, the interfaces between the layers of the foam may be seen from the experimental DIC maps. Secondly, corresponding to the linear-elastic response stage, which occurs up to a displacement of 5 mm, the strains maps obtained from the DIC measurements and the numerical simulations both show a uniform shear-strain distribution throughout the foam core. Thirdly, when the maximum load was reached at a displacement of about 8 mm, shear-strain concentrations are evident in the foam core. Fourthly, for both the measured and predicted strain maps, these strain concentrations are symmetric on either side of the vertical centreline and are more marked in the foam core directly underneath the central roller when a displacement of 10.5 mm is reached. (It should be noted that at a displacement of 10.5 mm the black zone indicates a shear strain greater than 0.08 and the grey zone indicates a shear strain less than -0.08, and these colours are beyond the range of the scale bar.) Finally, these comparisons between the experimental and predicted strain maps demonstrate that the FEA model is capable of accurately predicting the location and extent of the strain distributions in the composite sandwich structure. 

	[image: ]

	
	(a)
	
	(b)
	
	

	Fig. 9. Shear-strain distribution of a composite sandwich structure with a [80:80:80] uniform-density foam core configuration at displacements of 2.5, 5, 8 and 10.5 mm: (a) the experimental DIC measurements and (b) the numerical FEA model predictions. (The shear-strain scale-bar is applicable to both the experimental DIC and the FEA simulation studies.)



Fig. 10 shows the experimentally observed and numerically predicted damage in a composite sandwich structure with the [80:80:80] uniform-density core configuration at a displacement of about 16 mm, i.e. just after a major failure of the sandwich structure has occurred. From the side-view in Fig. 10a, it may be seen that crushing of the foam core is a main damage mechanism. Further, from the top-view, a fracture of the upper composite skin has also clearly occurred. These failure mechanisms which are experimentally observed are accurately captured using the FEA model, see Fig. 10b. In this figure, the red zone in the side-view shows the damage resulting from crushing of the core under the central roller and the rubber pad. For the top-view of the upper composite skin, Fig 10b shows a dark grey line from the simulation which indicates intralaminar matrix damage and the medium-intense grey area shows where interlaminar cracking in the upper composite skin is predicted to occur. Now, the intralaminar matrix damage is clearly visible in Fig. 10a from the photograph of the upper composite skin, as predicted by the FEA model. However, the delamination cracking in the upper skin is sub-surface and is therefore not readily visible. 
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	(a)
	(b)

	[bookmark: _Hlk57995356]Fig. 10. Damage suffered by a composite sandwich structure (above is a side-view and below is a top-view of the upper composite skin) with a [80:80:80] uniform-density core configuration at a displacement of about 16 mm, just after a major failure of the sandwich structure: (a) photographs of the experimentally-observed damage and (b) the numerically-simulated damage.



5.2. [bookmark: _Hlk48581494]Composite sandwich structures with a [60:80:100] graded-density core configuration
It of interest to maintain the same overall mass per unit area of the foam core of the sandwich structure but to employ a [60:80:100] graded-density core configuration. This [60:80:100] foam composite sandwich structure has the layer of the lowest-density foam core located just below the central roller. The load versus displacement curves, obtained from the three-point bend experiment and the FEA simulation of this sandwich structure with a [60:80:100] graded-density core configuration are shown in Fig. 11a. As for the sandwich structure with a [80:80:80] uniform-density core configuration, the sandwich structure with the [60:80:100] graded-density core configuration follows a linear-elastic response in the initial stage of loading. However, beyond a displacement of about 3 mm, the load versus displacement curve begins to deviate from linear behaviour. At a displacement between about 3 mm to 8.5 mm the load is seen to follow a nonlinear response. After reaching a peak load at a displacement of about 9 mm, the load versus displacement curve shows a short plateau region from 9 to 11 mm, which is followed by a sudden load drop due to a major failure of the sandwich structure. Again, the FEA simulation of the loading response is in very good agreement with the experimentally measured response, as shown in Fig. 11a. To enable a comparison of the experimental and predicted results to be more readily appreciated, the predicted values of these parameters from the FEA model were normalised with respect to the experimental values, as shown in Fig. 11b which clearly confirms the good agreement between the experimental results and the simulation predictions for the composite sandwich structures with a graded-density core configuration of [60:80:100].
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	(a)
	(b)

	Fig. 11. Experimental and numerically predicted results for the composite sandwich structures with a [60:80:100] graded-density foam core configuration: (a) load versus displacement curves and (b) maximum load, displacement and absorbed energy before a major failure occurs at a displacement of about 11 mm. Note: the simulation values have been normalised with respect to the experimental values.



[bookmark: _Hlk58058783]Experimental strain maps were also obtained from the sandwich structures employing the [60:80:100] graded-density foam core at displacements of 3, 5.5, 8.5 and 10.5 mm to study the evolution of the shear strain using the DIC technique [17]. The results from these measurements, and from the numerical modelling studies, are shown in Fig. 12. Shear-strain concentrations where the shear strain exceeds 0.08 are observed when the displacement reaches about 5.5 mm. (Again, with the black zone indicating a shear strain greater than 0.08 and the grey zone indicating shear strain less than -0.08.) When the displacement increases from 5.5 to 10.5 mm, the concentration of the shear strain becomes more intense. Again, a very good agreement may be observed between the DIC measurements and the numerical predictions. 
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	(a)
	(b)
	

	Fig. 12. Shear-strain distribution of a composite sandwich structure with a [60:80:100] graded-density foam core configuration at displacements of 2.5, 5.5, 8.5 and 10.5 mm: (a) the experimental DIC measurements and (b) the numerical FEA model predictions. (The shear-strain scale-bar is applicable to both the experimental DIC and the FEA simulation studies.)



Fig. 13 shows the experimentally observed and numerically predicted damage in a composite sandwich structure with a [60:80:100] graded-density core configuration at a displacement of about 13 mm, i.e. just after major failure of the sandwich structure has occurred. From Fig. 13a, as for the sandwich structure with a [80:80:80] uniform-density core configuration, fracture was observed of the upper composite skin with some crushing of the top layer of the foam core under the central roller. However, with the presence of a layer of low-density foam core adjacent to the central roller, the side-view of Fig. 13a shows that fracture of the foam core has also now occurred, which initiates from the crushing of the layer of low-density foam core adjacent to the upper skin directly beneath the central roller. This reflects the relatively poor mechanical properties and fracture resistance of the layer of the core foam with a density of 60 kg/m3, see Table 1. Fig. 13b shows the numerically predicted simulations where damage in the foam, evident as a red-coloured zone, results from (a) crushing of the foam core crush under the central roller and (b) core fracture on either side spreading through the core and then propagating as “debonding” through the bottom layer of the foam parallel, and adjacent, to the lower composite skin, see Figs. 4 and 5. Further, the top-view of the upper composite skin, Fig 13b shows a dark grey line from the simulation, which indicates intralaminar matrix damage, and the medium-intense grey area shows where interlaminar cracking in the upper composite skin is predicted to occur. Now, the intralaminar matrix damage is clearly visible in Fig. 13a from the photograph of the upper composite skin, as predicted by the FEA model. Thus, this failure mechanism, which was experimentally observed, is accurately captured using the FEA model, see Fig. 10b. However, as for the [80:80:80] uniform-density core configuration, the delamination cracking in the upper skin is sub-surface and is therefore not readily visible. 
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	(a)
	(b)

	Fig. 13. Damage suffered by a composite sandwich structure (above is the side-view below is the top-view of the upper composite skin) with a [60:80:100] graded-density core configuration at a displacement of about 13 mm, just after major failure of the sandwich structure: (a) the experimentally-observed damage and (b) the numerically-simulated damage.



5.3. Composite sandwich structures with a [100:80:60] graded-density core configuration
The order of the cores was then reversed to give sandwich structures with a [100:80:60] graded-density core configuration, which also had the same overall mass per unit area as the other configurations, but now with the highest-density foam layer bonded to the upper skin beneath the central loading roller. Fig. 14a shows the experimentally measured and numerically predicted load versus displacement curves and, again, it is apparent that the load versus displacement curve possesses a linear-elastic response at the beginning followed by a short non-linear process prior to the maximum peak load being attained, and with a sudden load drop at a displacement of about 5 mm when a major failure of the structure occurs.  Agreement between the measured and predicted load versus displacement curves is again good. Further, again, to enable a comparison of the experimental and predicted results to be more readily appreciated, the predicted values of these parameters from the FEA model were normalised with respect to the experimental values, as shown in Fig. 14b, which clearly confirms the relatively good agreement between the experimental results and simulation predictions for the composite sandwich structures with a [100:80:60] graded-density core configuration.
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	(a)
	(b)

	Fig. 14. Experimental and numerically predicted results for the composite sandwich structures with a [100:80:60] graded-density foam core configuration: (a) load versus displacement curves and (b) maximum load, displacement and absorbed energy before a major failure occurs at a displacement of about 5 mm. Note: in Fig. 14b the simulation values have been normalised with respect to the experimental values.



Modelling was undertaken to predict the shear-strain distribution of the sandwich structures with the [100:80:60] graded-density foam core configuration. The experimental and numerical strain maps, corresponding to displacements of 2, 3.5 and 5 mm, are compared in Fig. 15. It is notable that bonding the layer of the high-density foam core to the upper composite skin, just beneath the central roller, reduces the shear-strain concentrations with the strains remaining relatively low. This arises since the high-density foam core has superior mechanical properties compared to the two foams of lower density, see Table 1, and this clearly inhibits crushing of the top layer of the foam core with a density of 100 kg/m3. Further, as for the sandwich structures with the uniform-density [80:80:80] and the graded-density [60:80:100] core configurations, the measured evolution of the shear strains is captured very well by the FEA numerical modelling simulations. 
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	(a)
	(b)
	

	Fig. 15. Shear-strain distribution of a composite sandwich structure with a [100:80:60] core configuration at displacements of 2, 3.5 and 5 mm: (a) the experimental DIC measurements and (b) the numerical FEA model predictions. (The shear-strain scale-bar is applicable to both the experimental DIC and the FEA simulation studies.)



Fig. 16 shows the experimental and numerical damage obtained from the composite sandwich specimens with a [100:80:60] graded-density core configuration at a displacement of about 6 mm, just after major failure of the structure has occurred. Fig. 16a shows a photograph of the sandwich structure and the numerically predicted damage in the composite sandwich structure is shown in Fig. 16b. In agreement with the experimental results, no significant core crushing damage is predicted in Fig. 16b. However, damage, leading to fracture of the foam core, is clearly visible as a red-coloured zone with the “debonding” also clearly predicted. For this composite sandwich structure with a [100:80:60] graded-density core configuration, then no damage of the upper composite skin was experimentally observed, and the numerical simulations indeed predicted that no intralaminar of interlaminar damage was to be expected. An interesting point to note is that by introducing a layer of the high-density foam of 100 kg/m3 bonded to the upper composite skin, this upper skin is protected from damage and, further, crushing of the foam layer beneath the upper skin is suppressed, as is evident in Figs. 15 and 16. However, this relatively stiff layer of the foam adjacent to the upper skin then subsequently causes strain concentrations to be generated in the low-density foam layer which is bonded to the lower skin, see Fig. 15. This bottom layer of the foam core, with a relatively density of only 60 kg/m3 and hence with inferior fracture properties, see Table 1, then undergoes a clear tensile-dominated fracture, as is evident in the experimentally observed damage, see Fig 16a. This failure is also predicted from the modelling simulation, see Fig. 16b. It appears that this sequence of events, leading to the tensile-dominated fracture of the bottom layer of the foam core, occurs before appreciable shear failure of the foam core.
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	(a)
	(b)

	Fig. 16. Damage suffered by a composite sandwich structure (side-view) with a [100:80:60] graded-density foam core configuration at a displacement of about 6 mm, just after major failure of the sandwich structure: (a) the experimentally observed damage and (b) the numerically simulated damage.



5.4. Summary
Key experimental and modelling results are summarised in Table 3 from the composite sandwich structures with [80:80:80], [60:80:100] and [100:80:60] core configurations, but which all have the same average core density of 80 kg/m3. From these comparisons, the type of core configuration may clearly have a significant effect of the mechanical performance of the resulting composite sandwich structure. The FEA model that has been developed in the present work predicts the mechanical responses of these various sandwich structures very accurately, and can therefore also account for the effects of the core configuration on the subsequent properties.



Table 3. Comparison of the experimental and modelling results obtained with [80:80:80], [60:80:100] and [100:80:60] foam core configurations for the composite sandwich structures.
	
	[80:80:80] configuration
	[60:80:100] configuration
	[100:80:60] configuration

	
	Experiment
	Simulation
	Experiment
	Simulation
	Experiment
	Simulation

	Maximum load (kN)
	2.9
	2.7
	1.9
	1.8
	2.1
	1.9

	Initial elastic bending stiffness (N/mm)
	518
	516
	433
	441
	464
	479

	Displacement up to major failure (mm)
	16.2
	18.5
	11.2
	11.9
	5.1
	6.3

	Absorbed energy up to major failure (J)
	40.7
	43.2
	16.1
	17.4
	6.8
	7.9



6. Conclusions
A three-dimensional finite-element analysis (FEA) model has been developed to predict the flexural behaviour of sandwich structures, which consist of glass-fibre reinforced-plastic (GFRP) composite skins adhesively bonded to a polymeric foam core. The closed-cell foam core was a cross-linked polyvinyl chloride (PVC) supplied as 5 mm thick foam layers in three different densities of 60, 80 and 100 kg/m3. The core was prepared by bonding together three layers of the foam to give a uniform- or a graded-density foam core, but which all had the same average core density of 80 kg/m3. The composite sandwich structures were subject to flexural loading via a quasi-static, three-point bend, flexural test. 

The finite-element analysis (FEA) simulation that has been developed combines an elastic-plastic (E-P) damage model of the composite skins together with a crushable foam-core damage model. The E-P damage model is implemented via a user subroutine in Abaqus/Explicit to capture the damage of the composite skins, such as plastic deformation of the matrix and matrix cracking, fibre fracture and delamination cracking in the composite. The crushable foam model has been used to predict: (a) the mechanical response of the crushed foam core, (b) the induced damage from ductile fracture due to growth, coalescence and fracture of the cells, and (c) the induced damage from shear fracture of the foam due to plastic shear-band localisation. The FEA model predicts the mechanical responses of the various composite sandwich structures very accurately and can therefore account for the effects of the different core configurations on the subsequent properties of the various sandwich structures. Furthermore, the FEA model also accurately mapped and predicted the strains and damage that were observed during the loading of the sandwich structures.

The graded-density foam cores are of interest as they may improve the impact resistance of composite sandwich panels [17]. However, in the current quasi-static, three-point bend, flexural loading tests, the sandwich structure with a [80:80:80] uniform-density core configuration exhibited the highest maximum load, i.e. where the foam core had three layers of the foam each with a density of 80 kg/m3. In addition, this sandwich structure possessed the highest displacement and energy absorbed up to the point where a major failure of the composite sandwich structure occurred. The FEA modelling simulations revealed that the superior performance of the sandwich structure using the [80:80:80] uniform-density core configuration, compared to the two structures using the graded-density core configurations, arose from the absence of a low-density foam layer, i.e. with a density of  60 kg/m3, in the uniform-density structure. Since the low-density foam was particularly susceptible to crack initiation and growth. 

It is considered that the modelling approach that has been developed and validated will be of considerable benefit to the development of such composite sandwich structures for wind-energy and transport applications. Such a validated modelling method will enable new designs to be produced more effectively with (a) improved mechanical behaviour and (b) more efficient maintenance schedules.
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