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Abstract The response of sandwich structures to underwa-
ter blast loading is analyzed. The analysis focuses on the
effect of varying structural attributes on energy dissipation
and deformation. The structures analyzed are planar
sandwich plates with polymer foam cores and fiber-
reinforced polymer composite facesheets. The thickness of
the facesheets is varied under the conditions of constant
material properties and core dimensions. The fully three-
dimensional finite-element simulations carried out account
for underwater blast loading through the use of the Mie-
Gruneisen equation-of-state of a linear Hugoniot form and a
modified Drucker-Prager core crushing model. The impulse
imparted to the panels is varied from 4 to 42 kPa's. The
results show that there exists an optimal thickness of the
facesheets which maximizes energy absorption in the core
and minimizes the overall deflection of the structure.

Keywords Sandwich structures - Composites - Dynamic
response - Underwater impulsive loading

Introduction

Ships, submersibles and other marine structures are
susceptible to damage due to dynamic loading from
underwater explosions, projectile impact and hull slamming
resulting from high-speed motion. Composite structures for
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such marine structures are often designed with large safety
factors which limit gains in speed and payload-carrying
capacity. In recent years, sandwich structures with strong
facesheets and lightweight cores have become central
structural components of naval vessels which are required
to be blast-resistant. The applications take advantage of the
high strength-to-weight ratios, durability and low life-cycle
costs of fiber-reinforced composites and polymeric foam
cores. This emerging trend necessitates quantification of the
responses of these structures as functions of constituent
material behavior, structural hierarchy and complex loading
conditions.

By virtue of the combination of a thick core and thin
facesheets, sandwich structures achieve considerably high
shear-stiffness-to-weight ratios and bending-stiffness-to-
weight ratios than equivalent homogeneous plates made
exclusively of the core material or the facesheet material.
The primary factors that influence the structural response of
a sandwich structure are (1) facesheet thickness, (2) core
thickness and (3) core density. Zenkert [1] provided a
review of the mechanics of sandwich structures, expanding
on the previous work of Plantema [2] and Allen [3]. The
bulk of previous research on the dynamic behavior of
sandwich composites has focused on low-velocity contact-
based loads such as drop weight and projectile impact [4—
10]. Common failure modes that have been identified
include core indentation and cracking, core shear, facesheet
buckling and delamination, core-facesheet debonding and
perforation. Experimental studies aimed at understanding
material and structural responses under blast loads have
been carried out. Studies on metallic sandwich panels
subjected to air blasts [11, 12], indicate that sandwich plates
with high-ductility and high energy absorption capacity per
unit areal mass show good performance. Liang et al. [13]
and Wei et al. [14] studied the behavior of metallic
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sandwich cores with varying strengths and found that “soft”
cores reduce the momentum transferred, thus providing
better mitigation for blast loading. For metallic structures,
energy absorption in metallic lattice cores is through large-
scale plasticity, shear and compressive buckling, and
eventual tearing of core walls and facesheets. Tekalur and
Shukla [15] examined the dynamic response of woven E-
glass composite facesheets and stitched core sandwich
structures to air-based shock loading and concluded that
stitched cores exhibit superior mechanical performance.
Espinosa et al. simulated underwater blasts by impacting a
projectile on a piston in contact with water [16, 17] and
concluded that steels may be preferred when maintenance
of residual strength is a priority and composite materials
make better low-weight blast-resistant hulls. The use of
explosives to generate underwater impulsive loads has also
been reported [18-20].

The core plays a very important role in determining the
dynamic response of sandwich composites because it
accounts for the largest fraction of the overall energy
dissipated. Split-Hopkinson Pressure Bar apparatuses have
been employed to measure the stress-strain behavior of
PVC foams at high strain rates [21-23]. Experiments reveal
that PVC foams have mild strain rate sensitivity in the
strain rate range of &= 10"2to 103 s~' and negligible
strain rate sensitivity rate in the strain rate range of
£=10"%to 1072 s~!. The primary mechanism for energy
absorption in foam cores is local wall collapse and
volumetric compression. The facesheets play an important
role in determining the shear and bending resistances and
energy dissipation. The primary mechanisms for energy
absorption and failure in fiber-reinforced composite face-
sheets are cracking, delamination, fiber breakage and
fragmentation [24, 25]. While previous research in blast
mitigation has focused on metallic sandwich structures,
there is a need for further research in a number of areas,
especially with regard to composite polymeric sandwich
structures. In particular, the use of novel materials and
configurations for enhanced blast mitigation capabilities, the
response of facesheets under very high pressures and the
response of structures under submerged conditions are some
important issues yet to be explored and fully quantified.

The objective of this study is to examine the effect of the
ratio between facesheet thickness and core thickness on the
dynamic response of composite sandwich structures. To this
end, the core thickness and core density are kept constant
and the thickness of the facesheets is varied. Under this
condition, the total mass of the structure changes with the
thickness of the facesheets. Another approach is to keep the
total weight constant and vary the thicknesses of the core
and the facesheets accordingly. The second approach can
lead to unrealistic sandwich designs and, therefore, is not
followed here. We quantify the response of the structures
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using fiber and matrix damage, facesheet deflections and
energy absorbed. The results are analyzed in both normal-
ized and non-normalized forms to gain insight into
underlying trends that can be explored in the design of
materials and structures.

Experimental Configuration

Gas gun impact has been successfully used to generate
impulsive loading through water [16, 26, 27]. To obtain
controlled loading and simulate various water-structure
contact scenarios, we have designed and fabricated an
experimental facility which allows a variety of load
configurations to be studied with quantitative diagnostics.
Important features of this facility include the ability to
generate water-based impulsive loading of a wide-range of
intensities, the ability to simulate the loading of submerged
structures, and integrated high-speed photographic and laser
interferometric diagnostics. This facility is used in conjunc-
tion with computational modeling. Figures 1 and 2 show a
picture of this facility and a schematic illustration of the
experimental configuration analyzed in this paper. The
shock tube is a 500 mm long cylinder which is horizontally
mounted and filled with water. It is made of steel and has an
inside diameter of 76 mm. A thin piston plate is mounted at
the front (left) end and the specimen is located at the rear
(right) end. A projectile is accelerated by the gas gun and
impacts the piston plate, generating a planar pressure pulse
in the shock tube. This pulse travels down the shock tube
and impinges upon the specimen. The target is supported by
an anvil which is bolted to an I-beam.

Depending on the projectile velocity, pressures ranging
from 10 to 300 MPa can be generated in the shock tube.
The cylindrical shape of the shock tube allows an
essentially uniform pressure to be applied to the target over
the area of contact. The temporal and spatial profiles of the
pressure pulse depend on the materials of the projectile
and the piston. Figure 3 shows the pressure histories
corresponding to five different projectile velocities, as
predicted by the simulations. These pressure measurements

Fig. 1 Experimental facility for generating underwater impulsive
loading on sandwich structures



Exp Mech (2012) 52:83-93

85

Clamped Boundary
P Conditions
Aluminum ressure —
Flyer l Transducers 1
Aluminum
Proje]ctile
[ 1 1

Water

<«<—— K

¥
84 76
W]l

: >

\ 80

Gas Gun <— Target
Barrel

500
Chronograph —
All dimensions in mm

Fig. 2 Schematic illustration of experimental setup for underwater
impulsive loading of a composite sandwich panel

are taken at a distance of 300 mm from the piston (the
second pressure port shown in Fig. 2). The rise time of the
pulses is on the order of 25 us and the decay time is on the
order of 250 us. Impulse / is calculated as / = {p-dt,
where p is the pressure, ¢ is the decay time. The five
impulse magnitudes considered in the simulations are 42,
30, 18, 12 and 4 kPa-s.

Materials

The core is made of Divinycell H-100 PVC foam [28]
whose response is described by a volumetric hardening
model in which the evolution of the yield surface is driven
by the volumetric plastic strain. The stress-strain relation
for the foam is shown in Fig. 4 [23]. The response consists
of three distinct regimes: (1) nearly elastic initial deforma-
tion, (2) plateau region in which deformation occurs at
relatively constant stress, and (3) lock-up/densification
stage beyond which the material becomes fully compacted.
The constitutive model adopted for Dinvinycell H100 PVC
foam is the one developed by Zhang et al. [29] and
implemented in the current finite element code [30, 31].
The model accounts for isotropic, dilatational plasticity.
Studies on PVC foams show a weak dependence on strain
rate [23]. Hence, the foam is assumed to be strain-rate
independent in the current study.

500
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Fig. 3 Pressure profiles at different load intensities
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Fig. 4 Response of Divinycell H100 foam under quasi-static uniaxial
compression [23]

The facesheets are made of a glass fiber reinforced epoxy
composite. The facesheet thicknesses and corresponding areal
masses of the structures are listed in Table 1. Each facesheet
consists of plies in a bi-axial [0/90]s layup and is modeled
with the Hashin damage model with energy-based damage
evolution [32].

The damage initiation mechanisms considered for a
transversely isotropic laminate include

(a) matrix tension damage as measured by the damage

parameter
. (O11\? 7122
=)+ (50) 0

(b) matrix compression damage as measured by

2
¢ (02?2 7122 Y¢ o2
=)+ (5) *l(ﬁ) 1]% =
(c) fiber tension damage as measured by
ou\? | [(T12\?
o= () + (' 0
and

Table 1 Structural characteristics of sandwich configurations
analyzed

Facesheet Number of Ty/T, Areal Mass of

Thickness Plies [0/90]s Entire Structure
(0.25 mm each) (kg/m?)

1 0.05 8

2 8 0.1 12

3 12 0.15 16

6 24 0.3 28

8 32 0.4 36

12 48 0.6 52

15 60 0.75 64

20 80 1 84
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(d) fiber compression damage as measured by

n- (). g

In the above expressions, 011, 0»,, and 71, are components
of effective stress tensor o used to define the initiation
criteria, X” and Y” are the longitudinal and transverse tensile
strengths, X and Y“ are the longitudinal and transverse
compressive strengths, S is the longitudinal shear strength
and S” is the transverse shear strength. The parameters used
in the simulations can be found in Table 2.

The response of water is described by the Mie-Gruneisen
equation of state of the linear Hugoniot form, or

2
PoCo™N Foﬂ)
- | — 4 TopoE, 5
p (1 . 77)2 ( P 0P0 ( )

where p is the current pressure, ¢ is the speed of sound, p,
is the initial density, E,, is internal energy per unit mass, 'y
is Griineisen’s Gamma at a reference state, s = dU; / dU, is

the Hugoniot slope coefficient, U, is the shock wave
velocity and U, is the particle velocity which is related to
Uy through the relation

Ug =cy+ SUp. (6)

The values of the constants are listed in Table 3.

Structures Analyzed

The load configuration analyzed consists of a sandwich
plate subject to impulsive loading at its center. The plate
can be regarded as a portion of a ship’s hull. The
exponentially decaying pressure pulse has an impulse
consistent with what is first proposed by Taylor [33].
Figure 5 shows a schematic illustration of a square
sandwich plate 300x300 mm in size with a loading area

Table 3 Parameters for the Mie-Gruneisen equation of state for water

20 0 Lo s = dU,/dU,
kg/m® m/s (Dimensionless) (Dimensionless)
980 1500 0.1 1.75

of 76 mm in diameter at the center. The load area is 5% of
the total area of the plate.

The outer boundaries of the plate are clamped. The
symmetries of the plate and loading allow a quarter of
the total plate to be considered in the simulations. All
panels have a core thickness of 7,=20 mm and a core
density of p,=100 kg/m>, giving a core unit areal mass of
M_=2 kg/m®. The side length of the plate is L=300 mm.
The facesheets, consisting of plies 0.25 mm in thickness
each, are modeled with continuum shell elements. The
total facesheet thickness 7, varies from 1 to 20 mm, giving
rise to different areal mass values of the sandwich plates.
The ratio between the facesheet thickness and the core
thickness is R=T,/T.. All plates have the same material
properties. Figure 6(a—d) illustrate the sandwich plates
analyzed, the T,/T, value ranges from 0.05 to 1. The insets
show magnified views of the plates. In the simulations, the
plates are considered to be free of defects due to
manufacturing variability or pre-stress.

Finite Element Model

The numerical model explicitly accounts for the projectile,
piston plate and water column in contact with the sandwich
plate target. The projectile is prescribed with an initial
velocity V. Simulations are carried out with a Lagrangian
description for the water and target. Since the Lagrangian
framework produces water-structure interactions and accu-
rate pressures and impulses, we use this framework for the
current set of calculations.

Table 2 Material parameters for
facesheets and core

Unit Glass Fiber Epoxy [35] Divinycell H100 [28]
Density kg/m® 2100 100
Tensile Modulus [E,] MPa 44000 130
Transverse Modulus [E,] MPa 9000 135
Shear Modulus [Gyy, Gy, Gy,] MPa 4000 35
Longitudinal Tensile Strength MPa 2500 3.5
Longitudinal Compressive Strength MPa 2000 2
Transverse Tensile Strength MPa 75 3.5
Transverse Compressive Strength MPa 150 2
Longitudinal Shear Strength MPa 75 1.6
Transverse Shear Strength MPa 75 1.6
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The projectile, piston, water and foam core are discretized
with 8-node 3D brick elements while the composite facesheets
are discretized with continuum shell elements. A [0/90]g
layup is specified for each ply in the facesheets. For the
composite material of the facesheets, an element is deleted if
internal damage exceeds a pre-determined threshold. A
master-slave contact algorithm is used for interactions
between the facesheets and core and a non-penetrating,
general contact algorithm is implemented at projectile-piston,
piston-water and water-sandwich structure interfaces. Cohe-
sive elements are used at the core-facesheet interfaces to
simulate core-facesheet debonding [30, 34]. A bilinear
cohesive law is implemented, accounting for mixed-mode
failure at the interfaces. A normal penalty-based contact
algorithm is used to prevent interpenetration of crack
surfaces. Figure 7 shows a side-view of the quarter symmetry
finite element model with mesh refinement at the interfaces.
The following quantities are tracked to quantify and compare
the responses of the sandwich plates:

(a). The displacements at the center of facesheets 1 and 2;
(b). Core crushing rate and core crushing strain;

(c). Energy dissipated in the structure; and

(d). Compressive and tensile damages in the facesheets.

When an explosive detonates in a marine environment,
the expanding chemical products compress the surrounding
water and propagate outwards at high velocities. The shock
wave can be described by the Rankine-Hugoniot jump
equations which are derived from the conservation of mass,
momentum and energy. At any distance from the point
source, the blast pressure exponentially decays over time.
Underwater blasts are much more harmful than air blasts
because the impedance mismatch between water and
sandwich structures is smaller than that between air and
sandwich structures. Also, underwater blast waves propa-
gate farther and maintain their magnitude over larger
distances than air blast waves. At any point, the pressure
history can be characterized by

p(t) =po eXP(— %) (7)

where pg is the peak pressure, ¢ is time and 6 is the decay
constant.

Different values of peak pressure and decay constant are
obtained by varying the initial velocity of the projectile.
Apart from the projectile velocity, other factors that
influence the pressure pulse are projectile mass, piston
plate thickness, and the shape of the shock tube. All

Fig. 6 Configurations of
composite sandwich structures
with different facesheet
thicknesses

@)T,/T,=0.05

(b) T,/ T, =0.3

(©) T,/ T,=0.6

(d) T/ T, =1

SEM



88

Exp Mech (2012) 52:83-93

Fig. 7 Side-view of quarter-
symmetric finite element mesh
for water-structure model

variables are varied to obtain impulses that best match
analytical predictions from the Taylor analysis [33]. The
pressure decays faster in the numerical data largely due to
higher dissipation rates in the finite element description.
Hence, the parameters in the equation of state for water are
adjusted to obtain close matches between the numerical and
analytical results.

Results

To illustrate the process at hand, Fig. 8 shows the
distribution of particle velocity at different times after the
projectile comes into contact with the piston. The projectile
velocity is 200 m/s (giving rise to an impulse of /=
18 kPas). The particular sandwich structure has thickness
ratio of T¢T.=0.05. The velocity is relatively uniform

Velocity (m/s)

180 [J[l_}
165 L
150
135
120

105
90

400 ps

600 ps

Fig. 8 Sectional views of an impulsive loading process obtained by
three-dimensional finite element simulation. The sequence of images
show the distributions of particle velocity at different times. The
impulsive loading intensity is /=18 kPa's

SEM
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across the cross-section of the shock tube and the reflection
of the pulse from the water-target interface can be seen.
Cavitation occurs at the water-target interface when the
pressure drops to zero.

A large number of calculations have been carried out.
The deformation of the core shows three distinct stages of
response: (1) onset of core crushing, (2) onset of motion of
back face and (3) momentum transfer through the structure.
Changes made to the facesheets affect all three stages. In
general, all things being equal, structures with thicker
facesheets are stronger in an absolute sense, since more
material is used. To reveal trends on a per weight basis, we
analyze the results in both normalized and non-normalized
forms.

For the five impulse levels per unit area considered (/=
4 kPas, [=12 kPa's, I=18 kPas, /=30 kPa's and /=
42 kPa-s), we first focus on the results for /=18 kPa's and
then compare the results for the different impulse levels.
Facesheets with thicknesses less than 6 mm (T¢/T,. <0.3 are
classified as “thin facesheets” and facesheets with thick-
nesses greater than 6 mm (T¢T, >0.3) are classified as
“thick facesheets”.

As previously described, the Hashin damage model for
fiber-reinforced composites takes into account tensile and
compressive damage. Figures 9 and 11 show the distribu-
tion of damage parameter F’ in the last ply in the
composite layup in facesheets-1 and 2. The minimum value
is 0 which denotes the undamaged state and the maximum
value is 1 which denotes the completely damaged state.
Note that what is shown is not the cumulative damage in an
entire facesheet. Rather, the figures show damages in the
ply in each of the facesheets that is farthest away from the
front face of the sandwich specimen. The distribution and
severity of damage facilitate comparison of the results for
different T¢/T, ratios under identical loading conditions.
Figure 9 shows the distribution of tensile damage in the
matrix for the last ply of the facesheets 600 ps after onset of
deformation in a sandwich plate with a facesheet thickness
of 1 mm (T¢T.=0.05). The load intensity is /=18 kPas.
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Damage in the front sheet (facesheet 1) is more severe and
is dependent on fiber orientation. Maximum damage occurs
close to the loading area and spreads outward in later stages
of the loading event. Figure 10 shows the corresponding
distributions of equivalent plastic strain at three different
times for this structure sandwich. The arrival of the load
pulse at the target is taken as /=0. Core compression occurs
immediately after the onset of loading. Facesheet 2 starts to
deform at r=100 ps and has acquired significant momen-
tum by ¢=500 us. Since the facesheets are thin, core
crushing is highly localized and the rate of deformation is
highly non-uniform in the core. Significant core-facesheet
debonding is observed at late stages of the deformation.
Figure 11 shows the tensile damage in the matrix for the
final ply of the facesheets in a sandwich structure with a
facesheet thickness of 8 mm (T¢T.=0.4). While the
damages in facesheet 1 for both T¢T.,=0.05 (Fig. 9) and

gpl
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20pys 100pus 600 ps

Fig. 10 Distributions of equivalent plastic strain in the core at
different times. 7,/T.=0.05 and /=18 kPa's

Front Face

Back Face

600 ps

600 ps

T¢T.=0.4 (Fig. 11) are similar, the damages in facesheet 2
are quite different, with the damage for T¢T.=0.4 being
much lower than that for T¢T.=0.05. Beyond T¢T.=0.4,
there is essentially no further improvement in damage
resistance. This observation is supported by the analysis of
deflections discussed in next section. Figure 12 shows the
corresponding distributions of equivalent plastic strain for
the sandwich plate in Fig. 11. Core deformation is more
spread out relative to what is seen in Fig. 10 (thinner
facesheets) and the motion of facesheet 2 starts at a later
time of /=140 us compared with what is seen in Fig. 10.
Facesheet 2 has acquired significant momentum by ¢=
500 us. Figures 10 and 12 show that, as T¢/T, increases,
core compression becomes less localized and the deforma-
tion in the core becomes more uniformly distributed.
Thicker facesheets also delay the onset of deformation of
facesheet 2 and the momentum transfer into facesheet 2.
After the core is fully compressed, the deformation of the
structure occurs primarily through bending. Facesheet 1 is
in compression and facesheet 2 is in tension. The damage in
the facesheets (through matrix cracking and fiber breakage
which are considered phenomenologically) provides one
mechanism for energy dissipation. Like damage in the
facesheets, core-facesheet debonding is more severe for thin
facesheets.

Deflection

The duration of loading on the target is approximately
250 ps. The displacements at the center of the structures are
used to quantify deflection and core compression. In
particular, the displacements at the center of the front and
back facesheets (A) at 600 us after the onset of loading are
analyzed. The deflections are normalized with the side
length (L) of the sandwich plates. Figure 13 shows that A/L
increases with / and decreases with the ratio between the
thickness of the facesheets and the thickness of the core

SEM
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(T¢/T,) [and therefore decreases with the areal mass of
sandwich plates (M)]. The deflection of facesheet 2 is
generally lower than that of facesheet 1, due to core
compression. As T¢T. increases, the decreases in deflec-
tions are monotonic. At low impulse magnitudes (/<
12 kPa-s), increasing facesheet thickness does not provide
significant reductions in the deflections. As the impulse
magnitude increases, the difference between the responses
of structures with low T¢/T, and the responses of those with
high T¢T. becomes pronounced. For impulse magnitudes
above 12 kPa-s, structures with high T¢T. values show
markedly lower deflections. For example at /=18, 30,
42 kPa-s, as T¢T, increases from 0.01 to 0.36, A/L
decreases by approximately 56%. If T¢/T. increases from
0.6 to 1, A/L decreases by only ~5%. At all impulse

P
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B 500
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0.80

0.60
[ 0.20
0.00

20 mm
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Fig. 12 The distributions of equivalent plastic strain in the core at
different times. 7/7,=0.4 and /=18 kPa's
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magnitudes, no appreciable reduction in the deflection of
facesheet 1 is seen for T¢T.>0.6. The deflections of
facesheet 2 shown in Fig. 13(b) are generally lower than
the deflections of facesheet 1 but exhibit the same trend
seen in Fig. 13(a). Figure 14 shows A/L as a function of
impulse (/) for different values of T¢/T..

Overall, increasing the relative thickness of the face-
sheets up to a certain value (T¢T.=0.6) can significantly
decrease the deformation of the structures. Increases
beyond this value yields no obvious benefit in terms of
structural rigidity. Since the overall weight of the structures
is one of the most important aspects in naval structural
design, this finding points to a design criterion useful for
relevant systems.

Energy Absorption

Energy dissipation in glass-fiber reinforced composites is in
the form of matrix cracking, fiber breakage and delamina-
tion. In the current analysis, only matrix and fiber damages
are considered. Energy absorption in the core is in the form
of permanent core compression which accounts for the
largest portion of overall energy dissipated. For the load
conditions analyzed, the primary mode of core deformation
is compression with very small amounts of stretching at the
supports. Therefore, taking full advantage of core compres-
sion is important. Calculations of the dissipated work
associated with different deformation and damage mecha-
nisms are described in [30]. The dissipation in each
component of the structure (facesheet-1, facesheet-2, core,
and core-facesheet interfaces) is tracked. The energy
dissipated in the entire structure is the sum of the
dissipation in the components. The dissipation in the
facesheets is due to damage in the matrix and fibbers of
the composite plies as described by the Hashin model. The
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Fig. 13 Normalized displace-
ment as a function of 7,/T, for
(a) front facesheet (facesheet 1)
and (b) back facesheet
(facesheet 2)

Fig. 14 Normalized displace-
ment as a function of impulse
magnitude for (a) front
facesheet (facesheet 1) and (b)
back facesheet (facesheet 2)

Fig. 15 (a) Energy dissipated in
the entire structure as a function
of T/T., (b) energy dissipated
per unit areal mass as a function
of T/T.
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dissipation in the foam core is due to inelastic, pressure-
dependent deformation of the core material (core compres-
sion). The dissipation along core-facesheet interfaces is due
to interfacial damage and fracture. Since the dissipation
along core-facesheet interfaces is very small compared with
the dissipation in the core and the facesheets for the
conditions analyzed, interfacial dissipation is not explicitly
discussed here. Figure 15(a) shows the total energy
dissipated in the structure (U) as a function of 7,/7.. For
thin facesheets (T¢#/T.<0.15), the core compression is highly
localized to the load area, leaving large portions of the core
relatively intact or underused. For 0.15 < T¢/T, < 0.45,
the facesheets are rigid enough to distribute core compres-
sion over a larger area, whereby achieving maximum
energy dissipation. For T¢#T.>0.6, no further improvement
in energy dissipation can be gained at all impulse
magnitudes, since the core is already fully utilized. An
interesting aspect of this plot is that U reaches a maximum
at a certain value of 7,/7., indicating that there is an
optimum thickness ratio (approximately T¢'T.=0.2—0.3) for
maximizing energy dissipation. This maximum becomes
more obvious at higher load intensities.

Figure 15(b) shows the energy dissipated per unit areal
mass (U/M) as a function of T¢T. for different load
intensities. As the T¢/T, increases, U/M decreases signifi-
cantly and eventually levels off at around T¢T.=0.6. The
facesheets significantly increase the weight of the structure
but provide lesser capability for energy dissipation.

Performance of Sandwich Core

By keeping the dimensions and material properties of
the core the same for all cases, we can assess the
performance of the core at different facesheet thick-
nesses. Figure 16 shows the energy dissipated per unit
areal mass (U/M) in the core as a function of 7,/T, at
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Fig. 16 Energy dissipated per unit areal mass as a function of 7/T,. for
the Divinycell H100 foam core. Note that areal mass of core is the
same in all calculations

SEM

different impulse magnitudes. The results are in general
agreement with those in Fig. 15(a), because the core is
responsible for a significant amount of the energy
dissipated in the structures.

Desirable Structural Configurations

The desired attributes for a sandwich structure is high
energy dissipation capacity and high stiffness (small
deflections). For energy dissipation, we consider the energy
dissipated per arecal mass. For stiffness, we consider
maximum deflection of the structure. Figures 13, 14 and
15 show that there is practically no performance benefit for
structures with 7/7.>0.6. Figures 15(a) and 16 show that
the highest energy dissipation capacity occurs for
0.15 < Ty /T. < 0.4. Figure 13 shows increases in face-
sheet thickness are most effective for 0.05 < 7y /7, < 0.3.
Accounting for both factors, the most desirable range for
facesheet thickness is 7/T, between 0.15 and 0.4 for a given
core configuration.

Conclusions

The responses to underwater impulsive loads of com-
posite sandwich plates consisting of glass-fiber rein-
forced epoxy facesheets and PVC foam core with
different facesheet-thickness-to-core-thickness ratios are
analyzed. The configuration studied is that used in
experiments being carried out in the Underwater
Shocking Loading Simulator recently developed at
Georgia Tech. For comparison purposes, all material
properties and core dimensions are kept constant. A
fully dynamic 3D finite element model is developed for
the experimental configuration, accounting for impulsive
loading generation and the dynamic response processes
of the structure and water. Deformation and failure
mechanisms considered are core crushing, facesheet
damage, and core-facesheet separation and contact.
Calculations show the distinct response regimes of the
structures, as measured by energy dissipated and the
maximum deflection. It is found that under the loading
conditions and for the material systems analyzed, there
is a range of facesheet thickness in which planar
sandwich structures offer the best performance. Specif-
ically, structures with facesheet-thickness-to-core-thickness
ratios between 0.15 and 0.4 provide the most efficient
use of material in terms of both energy dissipation
capacity and rigidity. The insight gained here provides
guidelines for the design of structures for which
response to water-based impulsive loading is an impor-
tant consideration. It is important to note that the
analysis reported here concerns only one structural
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configuration, one combination of core and facesheet
materials, and one core size. More extensive analyses
and experimental verification are needed to determine
the applicability of the findings to sandwich structures
of different geometries, sizes and materials.
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