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Abstract
The use of composite sandwich structures across multiple disciplines, including the naval sector, is ever increasing. A combination of high specific strength, corrosion  resistance and low radar signature make composite sandwich structures an attractive material choice. However, the brittle behaviour of the composite skins results in overdesign of composite sandwich components, counteracting their weight saving benefits. Since naval vessels must withstand a range of loads including blast loading, representative materials need to be tested under real blast conditions in order to avoid unnecessary safety factors and overdesign. The research detailed here is concerned with full-scale air blast testing of two composite sandwich panels with different glass-fibre/carbon-fibre hybrid face-sheets. The panels were subjected to a 100 kg nitromethane charge at 15 m stand-off distance. High speed 3D digital image correlation was used to record the displacement of the rear skins of the sandwich panels during the blast event. Strain gauges were adhered to the front skins of the panels to enable comparison between the front and rear skins at certain locations. Overall the two sandwich panels demonstrated similar deflection and strain. Under blast loading the presence of both types of fibres is the key factor not the position of each fibre fabric layer.

1.
Introduction
Hybrid composite materials are being widely researched due to the advantages they would offer, such as improved tensile and flexural properties along with increased ductility. These improvements would be beneficial to many industrial applications, including within the naval sector. The naval sector would require large volumes of such hybrid composites within limited time scales. These requirements are best met by using composite materials that are already available and can be hybridized easily. Simple composite hybridization has three main forms: layer-by-layer (interlaminar), within layers in a weave (intralaminar) and within the yarns (intrayarn) [1]. The position of the layers in an interlaminar hybrid can be tailored to suit expected loads. This tailorability may be beneficial since naval structures undergo particularly broad and demanding loads, including: impact and blast loading. It is difficult to predict the response of hybrid composites to such complex loads, hence the blast performance of hybrid composite sandwich panels is investigated experimentally in this research. 
Interlaminar hybrid composite stacking sequence has been shown to affect the laminate mechanical properties by many authors. Murugan et al. reported that the layup order affects flexural properties [2]. Low velocity impact performance of glass-fibre reinforced polymer (GFRP) and carbon-fibre reinforced polymer (CFRP) hybrids has been investigated. Enfedaque et al. and Sevkat et al. concluded that the penetration impact resistance of such hybrid laminates can be improved when glass-fibre fabrics were the outermost layers [3,4]. . Under repeated impact, Sevkat et al. found that damage build up and accumulation was reduced when glass-fibre layers were added, and especially when glass-fibre layers were added as the outside layers [5]. If fibres with the highest energy absorption are used as the outermost layers, the hybrid laminates are able to absorb more energy [1]. The ability of hybrid composites to exhibit damage contributes directly to the amount of energy they can absorb. Sevkat et al. showed that the damaged area in GFRP/CFRP hybrids under low velocity impact was greater than the damaged areas in laminates made from either of the constituent composites [5]
The use of hybrid composite laminates as skins of a sandwich panel with a foam core is of interest as sandwich panels are commonly the structural material of choice within the marine sector. The addition of interlayers into composite laminate skins, such as poly-urea (PU) and polypropylene (PP), has been investigated. Tekalur et al. [6] and Gardner et al. [7] used a shock tube to load composite sandwich panels with GFRP skins and PU interlayers. Placing the interlayer behind the front skin or behind the core was found to reduce back-skin deflection. Kelly et al. [8] used GFRP skins and PP interlayers in the front skin of a composite sandwich panel. This panel was subjected to full-scale air blast loading and compared to a panel without the PP interlayers. The panel with PP interlayers deflected less, suffered from less front skin/core debonding and experienced no front-skin cracking. These results demonstrate that the PP interlayers improve the integrity of the front skin which may be useful in preventing water ingress following a blast. Previous investigations by the same research group have demonstrated the advantages and disadvantages of GFRP and CFRP panels against air and underwater blast loads [9-11]. These previous results have led to this current investigation into composite sandwich panels with polymeric foam cores and hybrid GFRP/CFRP skins subjected to large scale explosive blast loading.
2.
Materials and Method
2.1.  Composite Materials
The two composite sandwich panels were constructed composite face-sheets either side of a polymeric foam core. The panels were 1.75 m × 1.55 m in size. The face-sheets were interlaminar glass-fibre/carbon-fibre hybrids with layups as shown in Fig. 1. All panels had a polyvinyl chloride (PVC) foam core with core thickness 30 mm and density 100 kg/m3.

2.2. Experimental Method and Instrumentation

Full-scale blast testing was carried out at the DNV GL test site at RAF Spadeadam. The charge size was set at 100 kg TNT equivalent. Therefore, an appropriate stand-off distance was calculated using an analytical method outlined by Andrews and Moussa [12]. Based on this calculation, a stand-off distance of 15 m was selected. The charge was raised to the centre height of the panels, 1.5 m from the ground by placing it on polystyrene blocks which absorb little blast energy. A large steel plate was placed underneath the polystyrene blocks to prevent cratering of the ground. The composite sandwich panels were bolted side-by-side into a steel cubicle. 5 mm thick steel frames were adhered to the front and back of the panels using a marine adhesive. The panels were secured to the steel cubicles using 20 × M11 bolts around the perimeter. 
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Figure 1. Schematic diagram of the composite layups of the hybrid composite sandwich panels subjected to blast loading.
To capture the response of the composite panels under blast loading, high speed images of the rear face-sheet of both panels were recorded. 3D digital image correlation (DIC) was performed on the images to calculate the rear face-sheet displacement and strain. A pair of high speed cameras were setup behind each panel. The cameras were triggered by the detonation of the explosion. In addition, both panels were instrumented with 14 foil strain gauges on the front skin. A reflected pressure gauge was positioned within a concrete pressure block at the same stand-off distance from the charge as the targets.

3.
Results
DIC analysis for Hybrid 1 is shown in Fig. 2. Fig. 2(a) shows frames of the out-of-plane displacement and major strain for the panel at intervals of time. The maximum central strain reaches a value of 0.70%. The remaining regions of high strain on the right-hand side of the panel indicate permanent damage to the panel. Fig. 2(b) shows the displacement of the horizontal cross-section at the mid-plane of the panel. Increasing at 0.25 ms time intervals from zero displacement to maximum. Fig. 2(c) shows the return of this cross-section. The gradient discontinuities and deceleration of the panel, shown where the lines are closer together, indicate that damage has been caused by the blast loading. Hybrid 1 experiences a maximum central displacement of 74.6 mm. Fig. 3(a) shows the image frames of the out-of-plane displacement and major strain for Hybrid 2. Fig. 3(b) and (c) show the displacement of the horizontal cross-section at the mid-plane for Hybrid 2. The maximum central displacement of Hybrid 2 is 72.8 mm and maximum central strain is 0.65%. 
The panels were instrumented with strain gauges on the front skins to understand the panel response. Fig.4(a) and (b) show the comparison of front skin strain for the two panels at two locations on the front skin. The readings show that the steel cubicle design does not equally support the panel around the perimeter. The central column between the two panels offers less resistance than the reinforced cubicle edges. Furthermore, the central column experiences the greatest loading during blast as the blast clears the edges. The central column, therefore, deflects itself due to blast loading. Hence the strain gauges along the central edge record a lower strain than the outer edges. Fig. 4(c) shows the comparison of front and rear skin strain for the same location. The rear skin areal minimum, maximum and average in the region of the strain gauge are taken from DIC data. Despite having different magnitudes the DIC and strain gauge data generally agree in terms of deflection time and spatial variation. Regions of high strain during panel rebound, visible particularly in Fig. 2(a) and Fig. 3(a), correspond to the outer cubicle edge for which the strain gauges also record a higher strain. The DIC data from the rear face can, therefore, reliably be used to comment on strain variations experienced by the whole panel.
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Figure 2. DIC results for Hybrid 1 showing: (a) out-of-plane displacement and major strain images, (b) deflection at time intervals for the horizontal centre section and (c) rebound at time intervals for the horizontal centre section.
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Figure 3. DIC results for Hybrid 2 showing: (a) out-of-plane displacement and major strain images, (b) deflection at time intervals for the horizontal centre section and (c) rebound at time intervals for the horizontal centre section.
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Figure 4. Strain results for both panels showing: (a) comparison of central strain on Hybrid 1 to edge strain on Hybrid 2, (b) comparison of central strains on Hybrid 1 and 2 and (c) comparison of front and rear strain on Hybrid 1 at one location.
4.
Discussion
This research was performed to reveal the difference in behaviour between composite sandwich panels with two types of interlaminar hybrid face-sheets. The panels had the same 30 mm PVC foam core and the same areal density. The results showed that both panels demonstrate similar behaviour under blast loading including deflection and rebound. Under large scale blast loading, the pressure load is largely uniform across the panel and the panel responds globally on a large scale. Under these circumstances the skin layups and core are engaged simultaneously in a bending response. Under blast loading the presence, and hence interactions, of both types of fibres is the key factor rather than the position of each fibre layer. Furthermore, the implementation of strain gauges on panels during blast loading has revealed that front skins experience a greater magnitude of strain than the rear skins. Although the magnitude of rear skin strain from DIC is lower, the spatial strain distribution correlates between front and rear.
5.
Conclusions

This experiment has demonstrated the ability for simple hybrid composite sandwich panels to resist full-scale blast loads, the following bullet points summarise the main findings from the research:
· Under far field blast loading, which results in a uniform pressure load across the panel, the position of the glass-fibre and carbon-fibre layers does not appear to affect the sandwich panel deflection and strain.
· Strain gauges on the panel front skins record a higher strain magnitude than DIC on the rear skins. This is due to the foam core absorbing energy during blast loading through elastic compression and damage, visible from DIC analysis. 

· The spatial strain distribution on the front and rear skins correlate despite differing magnitudes. 
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