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1. INTRODUCTION

Composite sandwich structures have been of considerable interest for underwater applications. In general composite 
materials have high specific strength and stiffness, as well as very good corrosion resistance. Sandwich structures 
comprise of relatively low density material bonded between two face-sheets of higher strength or density. They offer 
several benefits in cases where buckling is the critical mode of failure. Underwater implosion phenomenon has been 
gaining recent attention especially for structures made of composite materials. Studies show that implosion of structures 
can release potentially dangerous high pressure pulse waves and can damage nearby structures [1]. Due to the improved 
buckling strength and low stiffness to weight ratio of composite structures they are ideal for underwater hydrostatic 
applications. It is hence imperative that the implosion behavior of these structures be well understood for such applications. 

Some studies addressing this need have been performed, however they all have dwelled on the problem either 
analytically or numerically [2]–[5]. Additionally, though there has been some work on the shock initiated implosion of 
underwater cylinders, there is still no experimental work that investigates implosion of composite sandwich structures 
[6]–[9]. Recently, DeNardo et al. [10], carried out hydrostatic and shock initiated implosion experimental studies on 
double-hull composite structures. However, the authors considered only the case where the composite facesheets were 
not bonded to the foam core. The strength of the structure and the mechanics of its collapse can be altered by the inclusion 
of adhesive bonding between the layers of the sandwich. This study aims to address this knowledge gap experimentally 
by carrying out hydrostatic implosion experiments of sandwich structures made out of concentric carbon-epoxy cylinders 
with adhesively bonded light-weight closed cell PVC foam cores of different densities.  

2. EXPERIMENTAL DETAILS

All the specimens in this study use filament-wound carbon-fiber/epoxy cylinders for their inner and outer facesheets, 
and are manufactured by Rock West Composites (West Jordan, UT).  Both the inner and outer cylinders have a general 
purpose [±15/0/±45/±15] layup, with a 1.7 mm wall thickness.  The outer cylinder has a 60.4 mm ID and the inner cylinder 
a 38.6 mm ID.  In hydrostatically-initiated implosion experiments, the specimens have a 279-mm unsupported length, 
which encourages a mode 3 collapse and gives more foam core crushing. The outer cylinder has a random, black-and-
white speckle pattern for DIC.  The PVC foam cores used in the specimens are from the closed-cell Divinycell H series 
of foams, as produced and provided by DIAB, Inc. (DeSoto, TX).  Foam cores are bonded to composite cylinders using 
a two part epoxy supplied by Loctite, and achieve 24.13 MPa strength after 24 hours of curing time. The adhesive is 
applied between the inner surface of the outer tube and the outer surface of the foam core and between the outer surface 
of the inner cylinder and inner surface of the foam core (see Fig. 1). The weight changes due to the application of epoxy 
in the assembly were recorded.  

All implosion experiments are conducted in a 2.13m diameter spherical pressure vessel with a maximum pressure 
rating of 6.89MPa designed to provide constant hydrostatic pressure throughout the collapse event (see Fig. 2). Several 
Plexiglass windows mounted about the midspan of the pressure vessel allow the specimens to be viewed by cameras and 
adequately lit by two high-powered lights. The specimens are sealed using two aluminum end caps and suspended 
horizontally in the center of the pressure vessel. To measure the changes in local pressure during the collapse event, 
several high-pressure blast transducers (PCB 138A05, PCB Piezotronics, Inc., Depew, NY) are mounted at different 
locations about the specimen both axially and circumferentially (see Fig. 1). The vessel is then flooded with filtered water, 
leaving a small air pocket at the top. Once the vessel is filled, nitrogen gas is introduced into the air pocket to pressurize 
the enclosed water. The pressure inside the vessel is increased at a gradual rate until the specimen collapses. 

Two digital high-speed cameras (Photron SA1, Photron USA, Inc.) are mounted normal to the viewports outside the 
tank and at an angle of 17° from one another. These are used to record stereoscopic images of the collapse event at 
frequencies on the order of 40,000 frames per second, and the images are later analyzed using 3-D DIC software (VIC 
3D 2012, Correlated Solutions Inc.) to determine full field displacements across the outer surface of the specimen.  
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Fig. 1: Schematic of the Sandwich Composite 
Structure geometry. 

Fig. 2: Experimental facility. 

3. RESULTS AND CONCLUSIONS 

Experiments have been performed with increasing core foam densities. The outer and the inner tubes collapsed in all 
cases of the experiments performed. A typical experiment is shown in Fig. 3, showing the progressive stages of collapse 
of a sandwich structure with H35 foam filled core. Adding the adhesive bonding significantly increased the collapse 
pressures of the sandwich structures, as in the case of H35 foam filled core, where the collapse pressure was increased by 
22% when compared with the case of H35 foam filled double hull structure reported by DeNardo et al [10]. Similarly, in 
the case of H60 foam filled core, the same comparison showed a 48% increase. As the foam density was increased the 
collapse pressures increased non-linearly and the improvement to the buckling strength performance was greater for the 
cases of higher foam densities.  

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 3: dR contours (showing change in radial location of a point) of collapse of H35 foam filled Sandwich Composite 
Structure. 
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In all of cases, the outer tube as well as the inner tube collapsed in mode 3. DeNardo et al [10], reported that in cases 
where the inner tube imploded, they always did in mode 2. Due to the significant increase in the buckling strength there 
was also much greater energy in the primary collapse, i.e., collapse of the outer tube, which affected the stability of the 
inner tube. This indicates that the inclusion of bonding between different constituents not only increased the stiffness but 
also drove the collapse mode of the second tube.  
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