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SUMMARY

Marine structures are designed to operate in hostile environments consisting of
corrosive sea-water, hot and cold temperature extremes, transient dynamic loads like
hull-slamming and complex three-dimensional hydrostatic loads. Additionally, naval
structures are required to withstand weapons impacts and blast loads resulting from
surface and underwater explosions. Recent assessments of marine structures have
demonstrated that sandwich structures and composite materials can provide high

strength-to-weight ratios and good blast mitigation.

This thesis is focused on the dynamic response of composite materials and
structures to underwater impulsive loading. This research work seeks to establish
structure-material-property relationships for marine structures based on different
materials, loading intensities and novel structural design concepts to enhance the blast-
resistance of naval structures. Of particular interest are experimental and computational
evaluations of the physical processes involved in the dynamic response of fiber-
reinforced composite materials and composite sandwich. This research work
encompasses blast/shock loading; rupture and penetration; Fluid Structure Interaction
(FSI) effects; dynamic constitutive relations and strain-rate effects; damage-modeling;

and concepts for damage mitigation.

A novel experimental technique is developed allowing the generation of high-
intensity underwater impulsive loads in a controlled environment based on a projectile

impact mechanism. This experimental setup, called the Underwater Shock Loading

XVi



Simulator (USLS), can generate peak pressures up to 300 MPa and evaluate different
boundary-conditions and loading configurations. In-situ high-speed digital imaging
enables the tracking of deformation mechanisms including core-face debonding,
facesheet-wrinkling, core-indentation, core-cracking and fragmentation.

Fully detailed finite-element simulations are carried out, explicitly accounting for
the different deformation mechanisms in constituent materials. Energy-based damage
criteria are used to model fracture and fragmentation in P\VC foam cores and glass-fiber
facesheets. A Lagrangian simulation scheme is implemented for water; this scheme
captures the effects of Fluid-Structure Interaction (FSI) at the water-structure interface.
Finite-element simulations are shown to be in good agreement with experimental results.
The finite-element simulations are then extended to 3-dimensional, fully dynamic
numerical calculations to account for the effects of water-backed/submerged loading
conditions; and the effect of facesheet stiffness on the dynamic response of composite
structures.

Composite structures with different core-materials and identical total mass are
subjected to underwater impulsive loads of varying intensities. It is demonstrated that
polymer foam cores exhibit significant strain-rate effects and undergo considerable
dynamic cracking and fragmentation when they are subjected to complex, multi-axial
dynamic transient loads. Low-density core materials consistently out-perform high-
density core materials; undergoing lesser deflections and transmitting smaller impulses.
The damage mechanisms in low-density cores are primarily in the form of face-wrinkling
under compressive loads, core-crushing and cracking due to bending-stresses. Damage

XVii



mechanisms in high-density cores are primarily in the form of face-rupture, core-cracking
and fragmentation and core-crushing, in that order. Finite-element simulations are in
good agreement with experimental results. A phenomenological damage criterion allows
the explicit tracking of core-cracking and fragmentation. The reaction forces measured at
the supports show that low-density cores transmit the lowest impulses.

To analyze the effect of a submerged environment, simulations are carried out
with water on both impulse-side and back-side of the structure. Results show that the
blast-resistance of sandwich-structures in water-backed conditions is influenced by the
core-density and the stiffness in the front-face and back-face has very little effect on
blast-resistance.

The effects of face-stiffness on the dynamic response of sandwich composites are
evaluated in a set of simulations in which the core-density and thickness are kept
constant, while the front and back-face stiffness are varied. Results show that there exists
an optimum facesheet stiffness to minimize deflection and maximize energy dissipation
in the core.

Results are presented in the form of non-dimensional design-maps to establish
material-structure-property relationships and enable scaling and materials-selection for
marine structures with enhanced blast-mitigation.

Finally, the objectives of this work are restated, the results and conclusions of
each section are evaluated and the novel contributions and recommendations for future

work are stated.
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1. INTRODUCTION

1.1 Background and objectives

Marine structures are subjected to dynamic loading from underwater explosions,
projectile impact and hull slamming resulting from high-speed motion. The dynamic
response of materials under such conditions is complicated by many factors, including
fluid-structure interactions, superposition of dynamic and static pressures, a range of load
triaxiality and varying impulsive loading conditions. Consequently, analysis of the
dynamic response of marine structures to underwater loads presents significant
challenges. There is a need for research in a number of areas pertaining to experimental
diagnostics, structural mechanics, materials science, material-structure-property relations,

computational modeling and scaling.

The objectives of the research work presented here are:

i. develop an experimental technique to accurately characterize the dynamic
response of composite and metallic structures to underwater blasts;
ii.  develop high-speed digital diagnostics for in-situ characterization of deformation
mechanisms in heterogeneous materials;
iii.  develop a numerical framework for modeling the dynamic deformation and

failure of composite laminates that accounts for damage in the form of matrix-



Vi.

cracking and rupture in composite materials, and cracking and fragmentation in
polymeric foam cores;

characterize time and space-resolved evolution response and failure of composite
structures under impulsive underwater loading;

develop scaling methodologies and structure-performance relations to reveal
underlying trends in material response and aid in material and structural design;
and

evaluate the blast-resistance of fiber-reinforced composite/PVC foam sandwich
structures to develop material-structure-property relations and enhance blast-
mitigation of naval structures.

The focus of this thesis will be on the underwater blast response of composite

structures. While the advantages of sandwich composites are well established, the

dynamic behavior of composite structures remains to be fully explored, owing to the

complex and competing dynamic deformations in heterogeneous marine structures. The

following section gives an outline of the thesis.

1.2 Thesis outline

thesis.

Chapter 1 states the objectives of proposed research work and the outline of the

Chapter 2 provides a detailed literature review of previous research work in

underwater blasts. This review is divided into four distinct sections: (1) underwater

explosions; (2) dynamic response of thin plates; (3) dynamic response of metallic

2



sandwich structures and (4) dynamic response of composite sandwich structures.

Literature on both experimental and computational research is reported.

Chapter 3 outlines the materials used in experiments and manufacturing methods
for composite sandwich structures. The Vacuum Assisted Resin Transfer Molding
(VARTM) process is explained. All constitutive and damage models implemented in this
thesis are provided here. This includes the Hashin model for composites, Mie-Griineisen

equation-of-state for water, and Deshpande-Fleck model for compressible foams.

Chapter 4 covers the design and development of an experimental setup to generate
underwater impulsive loads sans explosives. The different diagnostics envisioned and
developed for the Underwater Shock Loading Simulator (USLS) are explained including
laser-interferometry, high-speed photography, and pressure and force transducers. An
elastic solution is derived for the USLS to show that theoretical and experimental
observations are in agreement. Finite element studies are carried out to study the effects

of projectile velocities, flyer plate thicknesses and material properties.

Chapter 5 deals with composite sandwich structures, manufactured from E-
glass/epoxy facesheets and Divinycell foam (HP200, HP100, HP60) cores. These
composite sandwich structures are then impulsively loaded in the USLS. A set of 16
experiments is carried out and the pressure and displacement are measured at the end of
1000 ps. Finite element simulations are carried out accounting for different material
properties and loading intensities. The main purpose of this set of experiments is to

understand the failure mechanisms in composite sandwich structures, to capture the
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different damage-modes in-situ using high-speed imaging and laser interferometry and
develop material-structure-property relationships. Experiments and finite-element

calculations are compared and a monolithic composite-plate is used as a benchmark.

Chapter 6 deals with finite element simulations involving water-backed or
submerged structures - sandwich structures with water on both sides. The dynamic

responses of composites to underwater impulsive loads are then compared.

Chapter 7 covers a set of simulations 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. The dynamic behavior of composite structures is
quantified using fiber and matrix damage, facesheet deflections and energy-dissipation.
The results are analyzed in both normalized and non-normalized forms to gain insight

into underlying trends that can be explored in the design of materials and structures.

Chapter 8 provides a summary of research work and the conclusions in each

section and a discussion on future work.



2. LITERATURE REVIEW

2.1 Review of underwater explosions

R.H. Cole, in his book Underwater Explosions [1], gives a detailed account of the

shock waves generated during an explosions and the effect of these waves on structures.
Explosive materials are inherently unstable compounds which undergo chemical
reactions to form stable products. Explosive reactions are triggered by imparting
sufficient energy to the compound. Heated fuses or frictional heat from impact by a firing
pin are most commonly used to initiate these reactions. Once initiated, the explosive
material is rapidly converted into a gas at very high temperatures and pressures. This
process is called "detonation™ and it creates a shock front which advances at the speed of
several thousand meters per second. This shock front is termed "detonation wave™ and
chemical transformation resulting from detonation occurs simultaneously with the
progression of this wave. When this wave reaches the boundary of the explosive material
and surrounding medium, there is an impedance mismatch and the wave is transmitted
through the boundary at a lower pressure and particle velocity. In the case of underwater
explosions, the surrounding medium is water which can be regarded as a homogeneous
fluid incapable of sustaining shear stresses. A shock wave travelling through water has
two distinct physical characteristics - shock-wave velocity and local particle velocity. At

the pressures considered here, the speed of sound wave in water is independent of peak



pressure and is ~1440 m/s. The speed of sound waves in water changes at extreme

pressures and temperatures; that phenomenon is not discussed here.

Trinitrotoluene (TNT) is often used to generate, characterize and study
underwater explosions. TNT has a specific energy of 4500 kJ/kg and the specific energy
released by other explosive compounds is often expressed in the form of equivalent mass
of TNT for the purpose of calibration. Upon detonation, TNT forms nitrogen, water,
carbon- monoxide and solid carbon and generates a large amount of pressure - on the
order of 14000 MPa [2]. This pressure compresses the surrounding medium and radiates
a high-pressure disturbance which falls off rapidly and is called "explosive decay." The
velocities commonly observed for TNT are several times the limiting value of ~1440 m/s
in water. The maximum pressure in this wave falls off rapidly with distance and
approaches steady state behavior at large distances. The temporal profile of the wave
broadens gradually as the wave radiates outward. This behavior of the blast wave is

illustrated in Figure 2.1 showing blast attenuation as a function of distance from source.
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Figure 2.1 Spatial evolution of blast pulse for a TNT explosion. Figure not to scale. [1]



As the gas expands, it forms a bubble by displacing the water surrounding it.
After reaching a maximum radius, the bubble contracts. The cyclical expansion and
contraction of this gas-bubble is called "bubble oscillation.” Bubble oscillations generate
secondary pressure waves with ~10% initial blast overpressure and the peak pressure
reduces with increasing number of oscillations. The gas-bubble simultaneously travels to
the surface and once it reaches the surface, creates the characteristic plumes observed
after an underwater explosion (shown in Figure 2.2). Of the total energy generated during
a detonation event, ~40% is available for damage creation in marine structures while the

rest is expended on bubble oscillations.
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Figure 2.2 Bubble oscillations and pressure profile generated due to oscillations [1] and a
"plume" created when an underwater explosion bubble reaches the water surface.



Figure 2.2 shows the oscillations experienced by a gas-bubble as it expands and
contracts and a schematic of the pressure generated due to oscillations. Unlike the
exponentially decaying pressure profile after detonation, pressure generated by bubble
oscillations causes a gradual rise in pressure followed by a decrease in pressure on the
order of milliseconds. The peak pressure generated by each successive oscillation is 20%

less than the previous one.

Water-surface

Figure 2.3 Types of waves generated by an underwater explosion [3].

Since the initial shock wave creates a high-magnitude impulse, subsequent
pressure pulses due to bubble oscillations can be neglected - except in one special case. If

the gas-bubble rises underneath the ship hull, it can create complex loads on the structure.
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The rising gas bubble creates large pressures and pushes the ship hull outwards. When
the bubble collapses, it pulls the hull inwards towards the center of the bubble.
Consequently, this complex loading condition can create significant damage - sometimes
exceeding the damage caused by the initial shock wave. If the frequency of the bubble
oscillations matches the natural frequency of the ship structures, it can lead to large

bending moments and cause whipping damage.

Close to the shore, detonation can create three types of waves - (1) direct wave
from the explosion, which travels at the highest speed and reaches the ship earlier than
the rest of the waves; (2) a surface wave, created when the pressure pulse reaches the
water-surface and (3) bottom-reflected wave, created when the initial pressure pulse
reaches the ocean-floor and is reflected back. The types of waves that are caused by an
underwater explosion are illustrated in Figure 2.3. In the research work presented in this
thesis, the primary focus is on direct waves - waves that emanate from the explosion

source and impinge a marine structure. The other types of waves are not considered here.

Proximity to an underwater explosion plays an important role in the dynamic
behavior of a marine structure. If an underwater explosion occurs close to the ship hull,
the resulting pressure wave will rupture the hull and cause significant damage to
surrounding equipment. On the other hand, if the explosion occurs far from the ship, the
blast wave will have a planar front and the pressure loading will be non-uniform. In this

case, each section of the marine structure will respond differently to an incident pressure



pulse. The defining characteristics of a pressure pulse are the peak-pressure and pressure-

time history. The peak pressure resulting from an underwater blast is given by

Y3 \*
pozKl(M J ) (1)

R

where K, and ¢, are material constants (with values K, =5x10" and ¢, =1.15 for

TNT), M is the mass of TNT used and R is the distance from explosive source [1, 2].
The blast decay constant & for a pressure pulse created due to an underwater explosion

is given by

13 \*2
9=MV3K2[MR ] , (2)

where K, and «, are material constants (with values K, =92x10° and «, =—0.22 for

TNT) source [2]. The decay constant defines the decay time for the peak-pressure. Data
for TNT is reproduced in Figure 2.4. For an underwater explosion resulting from
detonation of TNT, peak pressures of tens of megapascals and decay constants of

hundreds of microseconds are observed.

After detonation, the shock wave generated by the explosive travels in the form of
a large pressure pulse followed by exponentially decaying pressure history. The pressure

wave can be described by the equation

o) = p, exp[—g) @)
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Figure 2.4 Peak pressure as a function of charge depth and charge weight. Experimental
data for TNT reproduced from Swisdak [2].

where p, is the peak pressure, t is time at which measurement is carried out and & is the

decay constant. Figure 2.5 shows a schematic of pressure vs. time for pressure pulse

created due to a typical underwater explosion. Impulse is given by

I ={p(t)dt. 4)
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Figure 2.5 Schematic of a pressure vs. time history for a typical underwater explosion. It
shows a peak pressure, followed by exponentially decaying pressure history and
cavitation (negative pressure).

2.2 Fluid-Structure Interaction (FSI)

G.l. Taylor proposed the earliest solution to a fluid-structure interaction problem
based on a planar wave impinging upon a free-standing, rigid plate [3, 4]. This plate has a

mass per unit area m and is supported along the plate-face by a spring of stiffness k . The

density of water is p,, and the speed of sound in water is ¢, . For a plate of modeled as a

half-space, the total pressure experienced by the plate, p, , is
t
p. =209~ ). ©
%
and the total impulse is

It=jp(t)dt:2p00. (6)
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Now consider a plate of finite mass. At the water-structure interface, the incident and
reflected pressure waves are superimposed and the total pressure is twice that of wave
pressure. The combination of incident pressure and equation-of-motion for the plate gives

the total pressure acting on the plate

P =P (exp(—%jw(t)], 7

where the function ¢(t) is dependent on other parameters such that

é(t)=f[t.0,k,m, p,.C,]. (8)

The impulse per unit area is given by

| :%[exp[_lj_¢J . (9)
PuCu 0
To scale the effects of underwater explosions due to changes in the quantity of explosive,

distance from source and time, Taylor [3, 4] introduced a non-dimensional quantity, v,

such that

= Publ (10)

This is the ratio of the product of mechanical impedance of water and decay coefficient to

the mass of the plate under impulsive loading. As shown in Figure 2.5 , the pressure

reaches zero at the water-plate interface after time t, such that
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LU (11)
v-1

From (9), (10) and (11), the impulse becomes

I =1, (Wlﬁ// J (12)

I, is directly proportional to mass per unit area m. Hence, as the mass of the

structure increases, the impulse and momentum imparted to the structure also increase.
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Figure 2.6 Fluid-structure interaction in water: sandwich plate vs. monolithic plate [3, 5].

Figure 2.6 shows the fluid-structure interaction for a solid plate and sandwich

plate subjected to underwater blasts. The impulse magnitude is plotted as a function of
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plate mass. A sandwich structure face-sheet acquires significantly lesser momentum than
a monolithic plate three times the mass of the face-sheet. Clearly, lighter structures are
beneficial and enable the exploitation of the FSI effect. For experiments and simulations
carried out in this research, the areal mass of all structures is constant unless stated

otherwise.

Since the mechanical impedance of water is much higher than air, underwater
blasts travel large distances before attenuating sufficiently to be harmless. When
underwater blast waves interact with marine structures, they can cause significant plastic
dissipation and fracture. For large unsupported ship sections, damage is in the form of
bending and tensile necking. For supported ship sections, damage is in the form of shear
rupture and tearing. Figure 2.7 shows the damage in US navy ship the USS Tripoli due to
an underwater mine. The oblique view shows the hull sheared off at supports. The front

view shows significant petalling with characteristic tearing damage.

Front view Oblique view

Figure 2.7 Hull damage in USS Tripoli. Photographs from US Navy archives [6].
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Figure 2.8 shows the damage in USS Cole due to a combination of impact and

blast wave loading.

Figure 2.9 Cracked hull of USS Princeton. Photographs from US Navy archives [8].
16



Figure 2.9 shows the cracked hull of the USS Princeton. An underwater blast
resulted in shock wave loading from beneath the ship. The gas-bubble formed due to this

explosion rose underneath the ship and resulted in bending of the hull.

2.3 Review of the dynamic response of monolithic plates

Metallic structures, steels in particular, have been the lynchpin of naval ship-
building for many years. Early research in the dynamic response of metallic structures
was motivated by the need to improve the blast resistance of naval vessels and design
better weapons during World War Il. Initial work focused on dynamic plasticity in
clamped circular thin-plates. Early experimental investigations were carried out by
Taylor [9] who measured the center-displacement and deformed volume of an
impulsively loaded thin diaphragm. Travis and Johnson [10] studied explosive forming of
metallic plates while Johnson, Poynton et al. [11] developed diagnostics to measure the
displacement and velocity of plates using pin-contacts. Williams [12] reported the first
instance of high-speed dynamic imaging of blast-loaded plates. Finnie [13] carried out a
parametric study by varying the charge mass and stand-off distance and its effect on thin
plates. Bednarski [14] filmed high-speed deformation in membranes at ~6000 frames per
second. Symonds and Jones [15] studied the bending behavior of thin plates while
Bodner and Symonds [16] reported dynamic plasticity in clamped plates and extended

this research to viscoelastic structures [17].

Taylor [9], Richardson and Kirkwood [18] and Hudson [19] carried out

theoretical studies of the dynamic response of thin plates. They proposed solutions based
17



on bending and plastic deformation. Frederick [20] and Griffith and Vanzant [21]
theorized dynamic load carrying capacities for thin plates that were significantly greater
than corresponding static load carrying capacities. These studies showed that shear-strain
increased with the rate-of-loading. For high-rate loads, circumferential strains were
negligible. Hopkins and Prager [22] proposed an exact solution based on a thin plate
subjected to transverse loads for a non-hardening plastic material and Tresca flow rule.
Wang and Hopkins [23] and Florence [24] proposed a similar solution for a circular
clamped plate - showing that circumferentially supported plates simplified the problem
significantly. Hopkins [25] proposed a more general theory for plates subjected to non-
uniform transverse loads while Shapiro [26] studied a thin plate supported at the center

and loaded at the circumference.

Other studies carried out during this period focused on variations in material
models, materials and loading configurations. Detailed reviews of experimental and
theoretical work are provided by Jones [27] and Nurick [28, 29]. These studies revealed
significant fundamental differences between the static and dynamic deformation
mechanisms in clamped plates. Quasi-static loading causes stationary hinges to form in
the metal plates followed by collapse. Dynamic loading leads to a hinge circle formed
near the loading area. The velocity of the plates reduces linearly between the clamped

edge and the center.

18



2.4 Review of the dynamic response of metallic sandwich structures

Sandwich structures first found application in the aerospace industry due to high
strength-to-weight ratios, exceptional bending-resistance, durability and low life-cycle
costs. In recent years, sandwich structures with strong facesheets and lightweight cores
have become central structural components of blast resistant naval vessels. By virtue of
the combination of a thick core and thin facesheets, sandwich structures achieve higher
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.
Additionally, sandwich cores can be designed to fulfill specific functionalities. Sandwich
structures consist of two face sheets of high-stiffness material and a core of significantly
lower stiffness and density. The spatial separation provided by the sandwich core enables
these structures to sustain high shear and bending loads. The primary factors that
influence the structural response of a sandwich structure are (1) facesheet thickness, (2)
core thickness and (3) core density.

Zenkert [30] provided a review of the mechanics of sandwich structures,
expanding on the previous work of Plantema [31] and Allen [32]. A major advantage of
sandwich structures is the ability to use a variety of materials and core geometries - called
topologies. In metallic structures, thin steel sheets are commonly used for faces while
cores consist of honeycombs and metal foams. In composite sandwich structures, faces
are often composed of stiff carbon-fiber or glass-fiber sheets and the cores are
manufactured from polymeric foams. Underwater blast response of both metallic and

composite sandwich structures is reported in this thesis.
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The response of sandwich plates subject to underwater impulsive loading has
attracted significant research interest. Experiments and computations focusing on
different core topologies, specimen sizes, loading configurations and optimization have
been carried out. Fleck and co-workers [33-43] have carried out analytical studies and
numerical simulations of sandwich structures subjected to blast loads. Simultaneously,
numerical simulations and optimization studies have been carried out by Hutchinson and
co-workers [5, 44-50]. Constitutive models have been developed to smear the core into a
continuum representation in order to simplify computations [51, 52]. These studies show
that fluid-structure interaction needs to be considered to accurately characterize impulsive

loads.

Sandwich structures subjected to exponentially decaying pressure histories
outperform those subjected to instantaneous loads. Sandwich structures handily out-
perform monolithic plates when deformation is dominated by bending. In the stretching
regime, monolithic plates, due to their susceptibility to necking, show higher plastic
dissipation than sandwich plates. Results show that core design greatly influences
dynamic response of sandwich structures. Stiff cores perform poorly while light cores
exhibit higher blast mitigation. A combination of buckling and stretching in the core
provides the highest blast mitigation. For computational studies, continuum cores cannot
accurately capture the various damage modes associated with prismatic sandwich
structures. Rupture and core buckling can only be evaluated using detailed finite element

simulations with explicitly modeled cores. Figure 2.10 shows experimental results for
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sandwich plates subjected to air-shocks. Sandwich panels outperform monolithic panels

at all loading intensities.
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Figure 2.10 Dynamic response of sandwich plates with square honeycombs subjected to
air-shocks [53]. Deflections are plotted as functions of impulse. Sandwich panels
outperform monolithic panels at all loading intensities.

Advances in manufacturing techniques have led to studies focusing on complex
core topologies. Studies on prismatic honeycombs [54] and I-beams [55] demonstrate that
by aligning the cell-walls in the direction perpendicular to the faces, honeycomb

structures can achieve high out-of-plane stiffness and by aligning them parallel to the
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faces, honeycomb structures can achieve high in-plane stiffness. Recently, studies
involving truss cores [56-62] and Kagome cores [63-65] have been carried out. Owing to
their inclined members, these cores exhibit a much flatter stress-strain curve than
honeycombs and present less resistance to buckling. While this leads to smaller out-of-
plane stiffness in comparison to honeycombs, it also reduces the likelihood of front-face
perforation. Another advantage of truss cores is that these structures are suitable for fluid-

flow through the core.

2.5 Review of the dynamic response of composite structures

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 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. Composite sandwich structures

consist of thin, stiff fiber-reinforced composite facesheets and polymeric foam cores.

Facesheets manufactured from fiber-reinforced composites play an important role
in determining the shear and bending resistances and energy dissipation. Mouritz [66,
67] reported that the primary mechanisms for energy absorption and failure in fiber-
reinforced composite facesheets are cracking, delamination, fiber breakage and
fragmentation. Investigators examined the effect of strain-rate on strength, failure and

moduli and there is a significant increase in compressive strength at high-strain rates.
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High-strain rate effects also cause high temperatures which can be traced to damage
creation and evolution [66, 67]. Research on the dynamic behavior of sandwich
composites has focused on low-velocity, contact-based loads such as drop weight and
projectile impact [68-72]. Common failure modes that have been identified include
indentation and cracking, shear band formation, buckling and delamination, core-

facesheet debonding and perforation.

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. The research work presented here involved PVC foams manufactured by
DIAB Inc [73], which are primarily used in large wind-turbine blades which require high
shear-and-bending resistances. Split-Hopkinson Pressure Bar apparatuses have been
employed to measure the stress-strain behavior of PVC foams at high strain-rates [74-78].

Experiments reveal that PVC foams have mild strain-rate sensitivity in the strain-rate

range of £ =107 t010°s™ and negligible strain-rate sensitivity rate in the strain-rate range

of £=10"1010%s™. The primary mechanism for energy absorption in foam cores is

local wall collapse and volumetric, stress-saturated compression.

There have been a few investigations pertaining to the dynamic response of
sandwich composites subjected to impulsive loads. Shukla and co-workers [79-83]
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. They observed an increase in blast resistance when
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sandwich structure cores were multi-layered with increasing relative core densities.
Failure was primarily in the form core-facesheet debonding, core-shear cracking,
buckling and matrix-rupture. Different deformation mechanisms and failure modes are
shown in Figure 2.11. Inclined cracks propagate from the impulsively loaded region and

frontface rupture is observed. Core-crushing and bending occur simultaneously.
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Figure 2.11 Failure modes in stepwise graded sandwich cores subjected to high intensity
shock loading in air [83]. Interfacial failure is followed by rupture in backface.

Leblanc and Shukla studied the dynamic response of clamped monolithic
composite plates to underwater blast loads [84] and reported that the composite layup
played a significant role in dynamic behavior. Failure consisted of delamination and
cracking, predominantly near the clamped boundaries. Latourte et al. [85] also reported

identical damage mechanisms in sandwich structures subjected to underwater impulsive
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loads. Additionally, they characterized the delamination in composite laminates using

cohesive finite element modeling.

2.6 Review of experimental techniques and diagnostics

Early experiments involving impulsive loading of structures consisted of
impacting sandwich structures with metal foam projectiles [35, 60, 86-89]. This strategy
allowed for "patch loading” i.e. loading over an area smaller than the total clamped area.
Although foam-projectile impact experiments can generate shock loads, they cannot
accurately capture the effect of fluid-structure interaction, cavitation and blast loading.
Consequently, in recent years there have been significant efforts to develop experimental
facilities capable of generating controlled impulsive loads. Espinosa and co-workers used
gas-gun based impact loading to generate underwater pressure impulses in a conical
chamber [58, 90-92]. High-speed photography of Moiré-interferograms was used to
measure out-of-plane displacements of sandwich structures. Wadley and co-workers [42,
53, 54, 93] developed an experimental facility called the "Dynocrusher” in which
explosive sheets were used to generate planar pressure impulses in a water-tank.
Diagnostics were primarily force-measurements and post-mortem characterizations.
Researchers from US Navy have developed an underwater blast loading facility
consisting of a clamped plate and TNT based impulsive load generation [84]. The
diagnostics consisted of dynamic force transducers to evaluate the impulses transmitted

by the marine structures.
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2.7 Concluding remarks

Since G. I. Taylor's pioneering work on underwater explosions and the dynamic
behavior of free-standing thin-plates, there have been a number of studies to quantify the
effects of an underwater blasts on marine structures. Due to high shear-and-bending
resistances and low masses, sandwich structures are increasingly being used in
applications that require cost-effective, durable and blast-resistant structures. The
dynamic response of sandwich structures to underwater impulsive loads presents a rich

source of engineering problems - experimental, analytical and computational.

Recent investigations in this area have shown that sandwich-structures
consistently outperform monolithic structures of identical mass. The dynamic strength of
the sandwich core is an important factor in determining the response of sandwich
structures. Sandwich structures with high-stiffness cores are prone to core cracking and
frontface rupture, while those with low-density cores enable core-wall buckling prior to
frontface shear rupture. The behavior of sandwich structures subjected to impulsive loads

is governed by a number of structural and material properties.

While metallic sandwich structures have been studied exhaustively, there is a
significant dearth of knowledge pertaining to composite sandwich structures. This work
is aimed at providing insights into the dynamic behavior of sandwich composites
subjected to underwater impulsive loads. This thesis focuses on the dynamic deformation,
damage and failure in sandwich composites comprising of fiber-reinforced composite

facesheets and polymeric foam cores. Experiments and finite-element simulations are
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used to evaluate the blast resistance of these structures. The manufacturing techniques
and constitutive models for the materials considered in experiments and simulations are

discussed in the next section.
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3. MATERIALS

3.1 Introduction

Chapter 1 provided a review of underwater blasts, metallic and composite marine
structures and experimental techniques. This chapter provides descriptions of all the
materials used in experiments and simulations. This includes manufacturing techniques
for sandwich structures as well as the different constitutive and damage models that are

implemented in finite element analysis.

In this research, a Vacuum Assisted Resin Transfer Molding (VARTM) technique

is used to manufacture the composite laminates used in monolithic composites and

sandwich faces. PVC foams of three different densities (60, 100 and 200 kg/m®) are

obtained from Swedish manufacturer DIAB Inc [73]. The PVC foams and composite

laminates are joined using an epoxy adhesive.

In finite-element simulations, the fiber-reinforced composites are described with a
linear elastic constitutive model and stress based failure criteria. The PVC foams are
described using a constitutive model specifically developed for cellular solids and a strain
based failure criteria. Aluminum and steel, used for projectiles and water-chamber
respectively, are specified using linear-elastic constitutive models. A Lagrangian
implementation of the Mie-Gruneisen equation of state is used to model the shock
response of water.
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3.2 Composite materials

3.2.1 Introduction

Due to their high-strength to weight ratio and low corrosion, composites have found
extensive use in aerospace and marine applications involving sandwich structures. Over
the last decade, there have been a number of new developments in the use of fiber-
reinforced composites for naval vessels leading to improvements in manufacturing,

stealth technology, range, payload-carrying-capacity and durability.

Fiber-matrix composites are composed of two distinct phases: (1) reinforcements
like glass-fibers or carbon-fibers and (2) matrix materials like epoxy, polyester, etc.
These materials can be molded into complex shapes using relatively simple
manufacturing techniques. The strength and stiffness of the finished composite is
determined by the volume fraction of glass fibers and directionality of fibers with respect
to external loads. E-glass fibers are the most widely used reinforcement for composite
materials due to their low cost and high-strength. Matrix materials are usually

thermosetting resins like polyesters and epoxies.

The matrix is primarily used as a medium to hold fibers and can be varied
depending on the final application of the material. The method of fabrication depends on
the curing temperature, curing time and volatilization of the resin. For high corrosion
resistance and a smooth water-proof finish, epoxy is recommended. However, epoxy
resins are five times as costly as polyester resins and can prove prohibitively expensive

for large structures. Consequently, polyester and vinyl-ester resins are very popular in the
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ship-building industry. While polyester resins offer good fire-resistance and cohesion,
resulting composite structures may contain a high void-fraction caused by water-vapor
emission during curing. Sufficient venting and vacuum can prevent air-voids from
developing. The composite materials used in this research - E-glass/polyester - make up a

large portion of marine composites manufacturing.

E-glass fibers have an ultimate tensile strength of ~2000 MPa at tensile strain of
~2.5% and have negligible temperature dependence in the range of service temperatures
experienced by marine structures. The matrix alone has an ultimate tensile strength of
~100 MPa at a tensile strain of ~2%. The strength of the composite material depends on
loading direction and fiber orientation. A quasi-isotropic laminate loaded in the axial
direction corresponding to 0° has a tensile strength of ~1500 MPa. A Vacuum Assisted
Resin Transfer Molding (VARTM) is used to manufacture the composite plates, as

described in the next section.

3.2.2 Manufacturing

All composite structures are manufactured in-house at the Georgia Institute of
Technology. The manufacturing technique used here is called Vacuum Assisted Resin
Transfer Molding (VARTM). Some of the major advantages of VARTM over other
manufacturing techniques are the ability to fabricate complex parts with high fiber
fraction. Since no hand layup is involved, the process can produce composites at a high
rate with minimal losses in resin and fiber. It is relatively safe because the system is

always under vacuum and the amount of resin required can be measured accurately.
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Figure 3.1 shows a schematic of a VARTM process with different layers - glass fabric,

core, vacuum-bag and resin-supply lines.

Resin

Supply
Lines

Vacuum
Bag

Fabric

Core
Material

Perimeter
Vacuum

Figure 3.1 Schematic of set-up for Vacuum Assisted Resin Transfer Molding (VARTM)
to fabricate flat sandwich panels. Image courtesy Northrop Grumman Shipbuilding [94].

Figure 3.2 Photographs of lab-scale VARTM process for manufacturing planar and
curved sandwich structures.
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After ensuring that the vacuum-bag is securely taped to the mold, a vacuum-pump
is used to evacuate the vacuum-bag. In the absence of leaks, the resin supply lines are
submerged in a pot containing a mixture of resin and hardener. The resin is sucked
through the supply tube and impregnates the previously dry fibers. The vacuum is
removed only after the resin has gelled completely and there is no possibility of flowing.
Then the system can be cured in an oven or at room-temperature; high-temperature
(~75°C) curing requires 1 hour while room-temperature curing requires 24 hours. "Co-
curing” is a technique in which the facesheets and the core are cured together. Another
technique is to fabricate the facesheets of required thickness and then join the core and
facesheet using an adhesive. The latter method is used in this research. Figure 3.2 shows
photographs of the manufacturing facility. Planar as well as curved structures can be

manufactured using VARTM.

Unidirectional glass-fiber fabrics were stacked in the pattern shown in Figure 3.3
to create a "quasi-isotropic" layup - (0/45/-45/90)s. Four layers of fabric give a thickness
of 0.25 mm. This process is repeated to achieve the desired thickness of 3 mm for
sandwich structure facesheets and 6 mm for monolithic structures. Sandwich structures
are constructed by joining the facesheets to the PVC foam cores using epoxy adhesive.
The total areal mass of the structures is kept constant to facilitate comparison of blast
resistance. Due to differences in the density of the core materials, each structure has a

different thickness.
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Figure 3.3 Quasi-isotropic layup in a composite sheet and sandwich structures with
different core materials. For 2-D plane-strain simulations, the failure modes are largely
insensitive to layup. However, 3-D simulations are significantly influenced by the layup
in face-laminates.

3.2.3 Constitutive modeling of composite materials

Due to the inherently heterogeneous nature of fiber-reinforced composites,
interfacial separation plays a very important role in deformation. Interfacial separation of
directionally stacked layers in the composite is called delamination. Delamination
requires very little energy in comparison to matrix cracking or fiber failure and hence it is
the dominant damage mode in composite materials subjected to impact or impulsive

loads. For delamination to initiate, matrix cracking has to occur. It has been shown that
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interlaminar cracks travel large distances in relatively short times and can lead to
significant deterioration in laminate strength [95]. Similarly, core-facesheet separation is
an important damage mode that occurs due to interfacial separation and fracture. If the
bond between facesheet and core is weak, interfacial separation occurs. If the bond
between the facesheet and the core is strong, tensile fracture in the foam leads to

separation.

Some commonly used metrics to evaluate the damage resistance of composites to
impact loads are impact energy, displacement, delamination-area and extent of rupture.
These metrics all depend on the fundamental damage mechanisms in a fiber-reinforced
composite viz. matrix tensile and compressive cracking, and fiber tensile and

compressive cracking.

Based on the energy required for initiation, matrix damage occurs first, followed by
combined fiber-matrix damage, termed "fiber-pullout” and finally fiber fracture. Damage
occurring in the facesheets is accounted for by energy-based damage evolution [96] and

[97]. Both these models assume a transversely isotropic solid, such that

i>>l

22

Ty >>1, (13)

22

Cu

22

>>1,
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where E, T andC are tensile-modulus, tensile-strength and compressive-strength and
the subscript "11" denotes longitudinal direction while the subscript "22" denotes
transverse direction. The in-plane/longitudinal shear strengths are S, =S, while the out-
of-plane/transverse shear strength is S,;. A transversely isotropic composite laminate

with fibers oriented in the in-plane direction is shown in Figure 3.4.

Figure 3.4 A transversely isotropic solid with fibers oriented in longitudinal direction
(12).

The elastic response of a transversely isotropic material is given by

T
N
SIS
0 0 —
SlZ
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where ¢, and &,, are the strains and E,;; and E,,are the moduli in directions 1 and 2

respectively. y,, is the shear strain and S, is the shear modulus, v,, and v, are

Poisson's ratios. The composite material is considered to be linear-elastic prior to damage
initiation. The following damage initiation mechanisms are considered for a transversely

isotropic laminate:$iddharth85

matrix tension, F!, given by

2 2
Tll S12

matrix compression F° ,

2 2 2
F° :[—GZZJ +[T£j + (i] —1|%2, (16)
2823 SlZ 2823 C22

fiber tension F,

2 2
wzﬁhJ+Fﬁj; an
f Tll 812

and fiber compression FC |
Fc:(zg} (18)
f Cll
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where o,,,0,, and 7,, are components of effective stress tensor o and are used to

evaluate damage initiation. In finite element simulations, a material-point has an initial,
undamaged value of 1 and as the material-point experiences damage, this value
decreases. The lowest value is 0, after which the element is removed from the simulation.

The parameters used in these calculations can be found in [98] and [99] and are shown in

Table 3.1.
Table 3.1 Material parameters for facesheet (E-Glass/Epoxy).
Parameter Unit Value
Density kg/m® 2100
Tensile Modulus MPa 44000
Transverse Modulus (Ey) MPa 9000
Shear Modulus (Gyy, Gxz, Gyz) MPa 4000
Longitudinal Tensile Strength MPa 2500
Longitudinal Compressive Strength MPa 2000
Transverse Tensile Strength MPa 75
Transverse Compressive Strength MPa 150
Longitudinal Shear Strength MPa 75
Transverse Shear Strength MPa 75
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3.3 PVC Foams

3.3.1 Mechanical behavior of PVC foams

The core is made of Divinycell H-100 PVC foam [73] . The mechanical behavior
of foams 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 Figure 3.5 [76]. The response consists of three distinct regimes: (1)
initial nearly elastic deformation; (2) plateau region in which deformation occurs at
relatively constant stress; and (3) lock-up/densification stage beyond which the material

becomes fully compacted.

(BN
o
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Figure 3.5 Stress-strain curve of HP60, HP100 and HP200 at a strain-rate of ~1000 s™.
Note the brief elastic response followed by stress-saturated strain - the primary
characteristic of foams that enable energy absorption. After complete compression,
mechanical response resembles that of the parent material.

The constitutive model adopted for Dinvinycell H100 PVC foam is the one

developed by Deshpande and Fleck [51, 100] and implemented in the current finite
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element code Abaqus [101]. The model accounts for isotropic, dilatational plasticity.
High strain-rate studies on PVC foams show a weak dependence on strain-rate [76].
Hence, the foam is assumed to be strain-rate independent in the current set of numerical

simulations.

3.3.1 Constitutive modeling of PVC foams
The constitutive model implemented in this research is the one proposed by [51].

The equivalent yield stress & , based on uniaxial testing, is given by

6* =———(o? +a’a}), (19)

where ¢ is a function of shear stress o, and hydrostatic stress o, , such that

o, =, /%r;jr;j and o, = %a“, (20)

and « is the parameter that determines the shape of the yield surface and is given by

9(1-2v
“= E( 1+v j @)

where &, is Poisson's ratio. Figure 3.6 shows experimental data for yield under complex

stress states for aluminum foams of varying relative densities. Material parameters for

PVC foams are given in Table 3.2.
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Figure 3.6 Measurements of yield under complex stress states for aluminum foams with

different relative densities.

Table 3.2 Material parameters for PVC foams [73]

Parameter Unit HP60 HP100 HP200
Density kg/m3 65 100 200
Tensile Modulus MPa 20 100 250
Tensile Strength MPa 1.8 35 7.1
Compressive Modulus MPa 74 135 310
Compressive Strength MPa 0.95 2.0 54
Shear Modulus MPa 20 35 73
Shear Strength MPa 0.85 1.6 3.5

While previous constitutive models have not included damage or fracture,

experimental results show that shear-fracture and fragmentation are significant and

cannot be ignored. This issue is discussed in chapter 4. Here, a phenomenological
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damage criterion proposed by Hooputra et al. [102] is implemented for predicting the

onset of fracture due to shear-localization and to capture the subsequent fragmentation.

The damage criterion assumes that equivalent plastic strain £ at the onset of damage is

dependent on stress-triaxiality and strain-rate.
&' (n.2"), (22)

where r7=—p/q is the stress triaxiality, p is the pressure stress and q is the Mises
equivalent stress and £ is the equivalent plastic strain-rate. The fracture-properties of

the parent material (in this case PVC) are used in the damage criterion. The criterion for

damage initiation is
d
a)D = J. —pl é = 11 (23)

where @, is a state variable which increases monotonically with plastic deformation and

is calculated by

AZ?

_fe 24
3 (n.e") @

D =

While the ductile-damage criterion is phenomenological, it is a useful addition to

the finite element model because it enables the tracking of core-cracking and
fragmentation. The inclusion of a damage criterion has significant implications for energy

dissipation and dynamic response.
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Figure 3.7 Comparison of energy-dissipation in structures with and without damage
criterion. Structures in which damage criterion is included experience ~50% less energy
dissipation.

Figure 3.7 shows a comparison of energy-dissipation in structures which include a
damage-criterion and those which do not include a damage criterion. Foams in which a

damage criterion is included absorb ~50% lesser energy as compared to foams in which a

damage criterion is not included.

3.4 Water

A Lagrangian formulation is adopted to simulate wave propagation in water. The

response of water is described by the Mie-Gruneisen equation of state such that

p= ,0000277 (1_F077

T j+ropoEm, 25)
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where p is the current pressure, C, is the speed of sound, p, is the initial density, E_ is
internal energy per unit mass, I', 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 U through a linear Hugoniot relation

Us =¢,+sU,, (26)
The values of the constants are listed in Table 3.3.

Table 3.3 Parameters for the Mie-Gruneisen equation of state for water

Parameter Unit Value
Density of water kg/m® 1000
Speed of sound in water m/s 1500
Gruneisen's Gamma - 0.1
s=dU,/dU, - 1.75

3.5 Aluminum

The projectile and flyer plate are both made from aluminum. For the purpose of
this research, the projectile and flyer-plate are both considered to be elastic. The material

properties are listed in Table 3.4.

43



Table 3.4 Material parameters for aluminum

Parameter Unit Value
Density of aluminum kg/m® 2700
Young's modulus GPa 70

Poisson's ratio - 0.33

3.6 Steel

The water-chamber is fabricated with steel. In the research work presented here,
the dynamic response of steel sandwich structures is not reported. Hence, a linear elastic
constitutive model is implemented for steel. The material properties are listed in Table

3.5.

Table 3.5 Material parameters for steel

Parameter Unit Value
Density of steel kg/m® 8000
Young's modulus GPa 200
Poisson's ratio - 0.33

3.7 Concluding remarks

The manufacturing methods for sandwich composites are explained in detail in
this chapter. This chapter also includes all the constitutive and damage models that are
implemented i numerical calculations. The results presented in this thesis are divided into

3 chapters, all of which include computational modeling. In each of these chapters, in the
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descriptions of the numerical models, the reader is referred to the corresponding section
in chapter 2. The design and development of a novel experimental facility is reported in

the next section.
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4. UNDERWATER SHOCK LOADING SIMULATOR

4.1 Introduction

Early experiments involving impulsive loading of structures consisted of
impacting sandwich structures with metal foams. On impact, the metal foams compressed
rapidly and simulated the impulsive loads observed in underwater explosions. However,
the loads created in this technique did not fully capture the effects of fluid structure
interaction. To fully and accurately capture the effects of an underwater blast in a
laboratory setting, an underwater impulsive loading facility was designed, fabricated and
tested in this research. This facility is called the Underwater Shock Loading Simulator
(USLS). With recent improvements in optics and lasers, there is a need for an
experimental facility that can combine controlled underwater impulsive loading with
state-of-the-art diagnostics to accurately characterize the dynamic response of marine
structures. The main objectives of the USLS are as follows:

1. Generate controlled, uniform high-intensity underwater impulsive loads without
using explosives.

2. Develop diagnostics to measure temporal and spatial evolution and failure of
composite structures under a variety of impulsive loading conditions.

3. Test marine structures with water on one-side (impulse side) and water on both

sides (impulse-side as well as back-side).
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4. Test marine structures with different boundary conditions mimicking the various
sections in a ship structure.

5. Use experimental data and supporting numerical calculations to develop material-
structure-property relationships and offer solutions to improve the blast resistance

of marine structures.

4.2 Design and development

The USLS has been developed as part of a research effort to study the dynamic
response of composite structures to underwater blast loading. In this research work, a
gas-gun based impact loading is used to create underwater pressure impulses. Figure 4.1
shows a schematic of the USLS; showing the projectile, flyer-plate, water-chamber,
sandwich composite and supports. The projectile is accelerated down the length of a gas-
gun barrel; the projectile then strikes a flyer plate fitted in a sealed water-chamber. The
stress-wave generated inside the flyer plate is transmitted through the flyer-water
interface into the water-chamber.

By varying the projectile velocity and mass, pressure waves of varying
magnitudes and decay times can be generated in the water-chamber. The pressure wave
generated in the water-chamber travels down the length of the chamber (~700 mm) and
impinges on the target. The dynamic deformations in the target are then quantified using
high-speed digital imaging. This setup generates predictable and controlled high-intensity

underwater impulsive loads for testing marine structures. To validate this technique prior
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to fabrication, an analytical and numerical study was carried out to determine the peak-

pressures, projectile-velocities, dimensions and materials for each component.

A
I
300
I
A\ 4
.. Flyer Steel Sandwich
Projectile Plate Anvil Water Structure

All dimensions in mm

Figure 4.1 Schematic of Underwater Shock Loading Simulator (USLS). A high-velocity
projectile hits the flyer-plate and creates a stress-wave which travels through the flyer-
plate and into the water, generating an impulse identical to one produced by an
underwater explosion.

4.3 Analytical solution to gas-gun based impulsive loading

Here, a one-dimensional analytical solution for the impulsive loads generated by
the USLS is presented. An analytical solution can be divided into two distinct but
connected problems:

1. projectile-flyer impact; and
2. stress-wave transmission/reflection at an interface.
Figure 4.2 shows a schematic of projectile-flyer impact with the flyer in contact

with water. The water section is treated as semi-infinite for the purpose of this solution.
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Figure 4.2 Schematic of the plate-impact and transmission-reflection problem at 2
interfaces - (1) projectile-flyer plate and (2) flyer-plate-water.

When the projectile impacts the flyer plate, it generates a stress-wave in the flyer

plate. For the purpose of this analysis, consider the projectile and flyer plate to be

perfectly elastic. For the projectile, the velocity is V,, mass is m, the speed of sound in
the projectile is c,, the elastic modulus is E, and the cross-sectional area is A,. The

equation of motion is given by

o%u

u_
PP

or (27)
du_1au _[E
’x ¢ ot " A\ p

where u is the displacement, x is the position and t is the time. Using the general
solution for the wave-equation given by D'Alembert [103] and Graff [104] and modifying

it for the USLS (for the projectile and flyer-plate) gives the displacement

u(x,t)=1(ct—x), (28)
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where "1" denotes the incident wave. From Newton's law and conservation of

momentum

mV, —jF(t)dt =mV, (t). (29)

0

The initial conditions are as follows: (1) the projectile has a velocity V,; (2) the interface

between the projectile and flyer-plate is traction-free; (3) there exists stress and velocity
continuity across the interface and (4) projectile and flyer-plate can both be considered
elastic in the time it takes for the stress-wave to travel into the water-chamber. Using the

wave-solution, the velocity at the projectile-flyer interface is given by
d 1
V, (t):a[l (ot =x)]=c,1"(cqt), (30)
and the force at the projectile-flyer interface is
F(t):—EAi[l (cot—x) |=—EAI'(cyt). (31)
dX 0 0
After substituting egns. (31) and (30) into eqn (29), we get

—EAj. I'(cot)dt =m[ )1 '(cot) -V, |- (32)

simplifying eqgn. (32) gives

, EA _ EA Vo
I (cot)+mc 1 (ct)= o 1(0)-2. (33)



The first order differential in eqn. (33) can be solved by

I (ct)=D exp(—%t}+ 1(0)+ 2, (34)
0

where D depends on initial condition such that I(O):O. Substituting this in eqn. (34)
gives

mc,V,
EA

D= (35)

Substituting eqgn. (34) into eqgn. (28) gives the displacement

u(0,)=u(ce) :%{1_%;{_&% (36)

mc,

The general solutions for displacement, velocity, strain and force are

(1) = TR ()| -0 (e 0,2 ]|

0

(1) - 00 Vo -] 0 (e %

(37)
EA

g(x,t)zdiu(x,t):—\CLZ[H <c0t—x>]{exp(—(cot—x) —

X

(=)
A S/ | I |
| I |

F(xt)=

o () - SR () o -t 24 ]|

t o mc
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At the interface where the projectile and flyer-plate make contact, since x=0, the

generalized relations can be given by

u(0,t) = %vo {1—exp£—itﬂ,

mc,

v(0,t)= %u(x,t) =V, {exp(—itﬂ,

mc,

(0.) = u(x )=, {exp(—itﬂ,

X C mc,

EA

F(0,t)= % EAu(xt)= %VO {exp[——tﬂ.

0 mc,

The stressat x =0 is given by

a(o,t):lAF(o,t):CEvo {exp(—itﬂ.

0 mc,

(38)

(39)

Figure 4.3 shows the pressure wave generated by a projectile weighing 3.8 kg

strikes the flyer-plate at a velocity of 100 m/s. The peak pressure and decay time depend

on the projectile mass, velocity and the thickness of the flyer-plate.
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Figure 4.3 Profile of stress-wave generated in the flyer-plate after projectile impact at
x=0.
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Figure 4.4 Reflection and transmission of a stress-wave at the aluminum-water interface.
Aluminum transmits ~16 % of the impulse into water, a larger fraction than steel which
transmits ~6%.

The stress-wave generated at the projectile-flyer interface travels through the
flyer-plate and reaches the flyer-water interface in ~10 us. Figure 4.4 shows a magnified
view of the flyer-water interface. The displacement fields of particles, assuming an

exponential harmonic wave solution, can be given by
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u, =1 (x—cyt)=M, sin(k,x—at),

Ug = R(X+cot) =—Mgsin[ (kX +at)], (40)
Up =T (x—c,t) = M;sin(k,x—at),
where "1","R" and "T" denotes the incident, reflected and transmitted waves and M
is the wave amplitude. k is the wavenumber and is given by
k=2 (41)
v
Displacement continuity at the interface leads to
d
v(x,t):au(x,t)zv, +Vq = V. (42)
Force continuity at the flyer-water interface gives
d
0'(X,t):Ed—u(X,t)EO‘I +0 =07. (43)
X
The displacement fields in reflected wave are given by
MR=prw_pOCO MI’ (44)
pOCO +prW
and in the transmitted wave by
2,C
M, = __ %P M y (45)

pOCO + pwcw
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The stress fields in reflected wave are given by

C, — PoC
GRszW pO OGI' (46)
pOCO + pwcw
and in the transmitted wave by
2p,C
o :Aa,. (47)
pOCO + pwcw

Based on the pressure vs. time plot in Figure 4.3, theoretical pressure-profiles in the
flyer-plate and water-chamber are plotted in Figure 4.5. Based on eqn. (47), a steel flyer-
plate would transmit 6% of the incident pressure into the water-chamber while an
aluminum flyer-plate will transmit 16% of the incident pressure into the water-chamber.

In the research work presented here, aluminum projectiles and flyer-plates are used.

1200
E 1 E EA
2 800 Flyer-Plate G(O,t) =—F (O,t) =—V, {exp(——tﬂ
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2
g 2p,C
L 400 o = fwrw
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Figure 4.5 Theoretical stress-profile in the flyer-plate and pressure-profile in the water-
chamber for a projectile velocity of 100m/s.
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Based on theoretical calculations, it was determined that projectile velocities
ranging from 25 m/s up to 200 m/s would be sufficient to generate impulsive loads of
required intensities. Accordingly, the gas-reservoir capacity was finalized at 5 MPa
which gives a maximum projectile velocity in excess of 500 m/s and a maximum peak
pressure exceeding 500 MPa. These load intensities are representative of different
amounts of explosive material and stand-off distances from the explosive source. In
addition to the theoretical calculations, numerical calculations were also carried out prior
to fabrication. In numerical calculations, different material properties and water-chamber
dimensions were considered. Both theoretical and numerical results were used to

fabricate the USLS.

4.4 Computational modeling of USLS

The theoretical calculations revealed that a gas-reservoir capacity of 5 MPa and
projectile velocities up to 500 m/s are sufficient to generate underwater impulsive loads
identical to those observed in underwater blasts. These theoretical calculations are
supported by numerical calculations accounting for the fluid-structure interaction effect.
Using the results obtained from numerical calculations, it is ensured that the stresses
generated in the flyer-plate and the walls of the chamber are within acceptable limits.
Figure 4.6 shows the finite element mesh for a two-dimensional computational model of
the USLS. The mesh is refined near the flyer-plate and target. The water-chamber is fixed
at the edges and the target is clamped. The projectile is prescribed an initial velocity and

non-penetrating, frictionless contact is prescribed at all interfaces.
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Projectile  Waterchamber/ Water Target
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Figure 4.6 Side-view of finite element mesh for the USLS. The target is fully clamped.
The projectile strikes the flyer-plate and generates a pressure-wave in the flyer-
plate which is transmitted into the water. A pressure wave generated in the water-
chamber by a projectile of mass 3.8 kg travelling at 100 m/s is illustrated in Figure 4.7.
The peak pressure of the impulsive wave is ~150 MPa and the wave velocity is 1300 m/s,
slightly lesser than the speed of sound in water. Also shown is the effect of negative
pressure at the fluid-structure interface which causes cavitation and creates complex
loading conditions. The final design, fabrication and testing of the USLS are discussed in

the next section.
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Figure 4.7 Contour plots of pressure for an impulsive wave generated in the water-
chamber due to projectile impact. Cavitation at the water-structure interface is shown.
Projectile velocity is 100 m/s.
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4.5 Underwater Shock Loading Simulator (USLS)

The USLS is designed to enable the generation of underwater impulsive loads
identical to those created by an underwater explosion. The central cavity is designed so
that the pressure-waves are in the form of planar pulses which are easier to analyze than
spherical pulses. Pressure histories are measured using ballistic pressure-transducers from
PCB Inc. with a maximum pressure of 550 MPa, rise time of 2 ps and sampling
frequency of 400 kHz. Two pressure transducers are affixed in the water-chamber to

measure wave pressure, wave velocity and attenuation.
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Figure 4.8 Comparison of theoretical, computational and experimental pressures in the
water-chamber. Peak pressures and decay times show good agreement.

Pressure histories for all three cases are shown in Figure 4.8. Overall, the peak
pressures calculated by analytical and numerical calculations and measured in the

experiment are in good agreement. It is observed that the experimentally measured

59



impulse is slightly lesser than the theoretical impulse; conversely, the numerically

calculated impulse is slightly higher than the theoretical impulse.

Figure 4.9 shows the photograph of the USLS with different components. The
gas-gun, water-chamber and support-structure were fabricated by Applied Physics Inc. in
Dayton, OH. The gas-reservoir maximum pressure is 5 MPa and the gas is released using
a quick-acting ball-valve between the reservoir and projectile. The gun-barrel has an
inner diameter of 75 mm and a total length of 3 m. When the valve is engaged, the gas
escapes the reservoir and accelerates a projectile down the length of the barrel. The
projectile exits the gun-barrel and strikes the flyer-plate. This flyer-plate is sealed in the

water-chamber using rubber o-rings and is in contact with water.

Flash Water-chamber Gun Barrel Valve Gas Reservoir

High-Speed Gun Support Beam  Breech
Camera Chronograph

Figure 4.9 Photograph of the Underwater Shock Loading Simulator (USLS). Pictured are
the gas-reservoir, gun-barrel, water-chamber and the Imacon 200D high-speed camera.
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Diagnostics for the USLS consist of a high-speed camera - Imacon 200D capable
of capturing 200 million frames per second and a resolution of 1368 x 1368. Figure 4.10
shows the white-light photography setup with a high-speed camera and flash. The
enclosure is fitted with transparent PMMA sheets to enable in-situ high-speed digital
imaging of sandwich structures subjected to impulsive loads. Previous research
investigations [42] have shown that boundary conditions play an important role in
dynamic behavior of marine structures. The USLS enables the testing of three types of
boundary condition- free-standing, simply-supported and clamped with each boundary
condition simulating different components of a naval structure. Figure 4.11 shows the

two different types of boundary conditions for a composite structure.

Close up of water-chamber

Figure 4.10 Close-up of water-chamber and white-light photography setup. Pictured are
the high-speed camera, water-chamber and the enclosure.
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\

Clamped Simply Supported

Figure 4.11 Clamped and simply-supported boundary conditions for a monolithic
composite plate.

Backside of composite structure

Figure 4.12 Back-view of composite plate; this enables laser interferometry on to
measure in-plane and out-of-plane displacements.

Figure 4.12 shows the loading configuration as viewed from the back-side. Laser
interferometric techniques like Electronic Speckle Pattern Interferometry(ESPI), speckle
photography and laser vibrometry coupled with high-speed digital imaging can be used to

measure in-plane and out-of-plane displacements and surface velocities. Back-face
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displacements, reaction-forces and velocities are useful metrics for measuring blast-

resistance.

4.6 Concluding remarks

An underwater impulsive loading facility, the Underwater Shock Loading
Simulator (USLS), has been designed and fabricated. The facility employs a gas-gun
based projectile-impact mechanism to generate controlled, planar underwater impulsive
loads which impinge on the target structure. Impulsive loads with peak pressures
exceeding 500 MPa and wave-velocities exceeding the speed of sound in water MPa-s
can be achieved using this technique. The USLS enables the generation of controlled,
planar, uniform and repeatable underwater impulsive loads. A modular support system
allows in-situ high-speed digital imaging of the dynamic deformations in marine
structures. An Imacon 200D high-speed camera is used to take photographs and dynamic
pressure-transducers are used to measure the impulse intensity. The facility can be
modified to test oblique and curved structures. A series of experiments are carried out
using the USLS to evaluate the dynamic deformations and failure mechanisms in
monolithic and sandwich composites. These experiments are supported by fully dynamic

finite element simulations. The results from these studies are reported in the next section.
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5. DYNAMIC RESPONSE OF COMPOSITE SANDWICH STRUCTURES

5.1 Introduction

In the preceding chapters, a literature review was presented followed by the
different materials and manufacturing techniques. The design and development of a novel
technique for generating under-water blast loads is explained. The objective of this study
is to investigate the dynamic response of simply-supported composite sandwich beams to
underwater impulsive loads. Composite sandwich structures are manufactured from PVC
foam cores and E-glass/polyester facesheets. The areal masses of the structures are kept
constant by varying core and facesheet dimensions. In experiments, white-light
photography is carried out and deflection is measured with high-speed digital images.
Finite element simulations are carried out accounting for facesheet damage, core crushing
and core-facesheet debonding. The Hashin damage model is used to quantify damage in
facesheets while a ductile-damage criterion is used to evaluate damage in the core. The
dynamic response of the structures is quantified using facesheet deflections and energy
absorbed in individual components. Experimental results and finite element simulations

are in good agreement for air-backed structures.

5.2 Experimental procedures

Composite sandwich structures are subjected to underwater impulsive loads of

varying magnitudes. Sandwich structures analyzed here are in the form of beam
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specimens of length 300 mm and width 80 mm. The facesheet thickness is 3 mm and the
core-thicknesses are adjusted to keep total mass constant. Facesheets are made of quasi-
isotropic (0/-45/45/90)s E-glass/Polyester composites and the core is PVC foam
manufactured by DIAB Inc as shown in Figure 3.3. A high-strength epoxy adhesive is
used to bond the facesheet to the core. Water-jet machining is used to cut the samples
into beam specimens. A simply-supported loading configuration emulates the behavior of
a hull with stiffeners along the side. Table 5.1 shows the specific dimensions and areal

masses of composite structures considered in this investigation.

Table 5.1 Schedule of experimental testing. The thickness of the facesheets is varied to
maintain identical areal mass.

Beam Core Density Core Thickness Facesheet Areal Mass
Designation (kg/m?) (mm) Thickness (mm) (kg/m?)
M-1,23,4 - - 6 10
HP60-1,2,3,4 60 30 2 9.04
HP100-1,2,3,4 100 20 1.6 9.2
HP200-1,2,3,4 200 10 15 9.12

Figure 5.1 shows the sectional view of the experimental setup and the placement

of high-speed camera and illumination. Projectiles and flyer-plates are machined from
aluminum alloy and are of length 80 mm and 50 mm respectively. Projectiles weigh
approximately 0.8 kg. A trip-wire is held across the opening of the gun-barrel. When the
projectile exits the barrel, it breaks the trip-wire and triggers the high-speed camera and

flash-lights. The delay between the trigger and high-speed camera recording is ~ 1
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millisecond - enough time for the planar pressure wave to travel through the water-

chamber and impinge upon the target. The trip-wire also triggers the pressure-sensors

which are connected to a National Instruments DAQ system. Images are obtained using a

high-speed camera (Imacon 200D) and are used for the following purposes:

1. To analyze the failure modes in the sandwich structure in the form of facesheet-
rupture, core-facesheet debonding, core-crushing, core shear cracking and
fragmentation.

2. To determine the order-of-precedence of each failure-mode based on the time
required to cause failure.

3. To compare the maximum deflections experienced by the back-face of different
structures to determine blast-resistance.

4. To determine the effect of boundary-conditions on dynamic response.

Depending on the projectile velocity and mass, peak-pressures ranging from 10 to

300 MPa can be generated in the shock tube. Apart from the projectile velocity, other

factors that influence the pressure pulse are projectile mass, piston plate thickness, and

the shape of the water-chamber. The pressure wave can be described by the equation

p(t) = Py exp[—tlj (48)

where p, is the peak pressure, t is time at which measurement is carried out and t; is

the decay time. Impulse | is given by
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| :j p(t)dt (49)

A non-dimensional impulse is

= ,
pCNA

(50)

where p,, is the density of water, c,, is the speed of sound water and A is the area under

impulsive loading.

Flyer-plate

Extension ]
Flash High-Speed

Camera

Projectile

Sandwich

Structure

Figure 5.1 Sectional view of USLS and simply-supported sandwich structure showing
the placement of high-speed camera and flash-lights.

67



190  Reservoirpressure 0.8MPa | (a) 190 | Reservoirpressure 0.6 MPa |(b)
;. Projectilevelocity 110m/s Projectile velocity 95m/s
Peakpressure 175MPa
?@140 L} p © =140 | Peakpressure 145MPa
o I 0.065 o T 0.055
= £ :
g 90 | E— Experiment g 920 | ‘.
7 1 O — Simulation @
g g
o o
40 :
_10 -4 N 1 ’l l‘ lll v II"\‘

00 0 200 400 600 800 1000
Time (us)

190 | Reservoirpressure 0.4MPa |(C) 190 r
Projectile velocity 75m/s

Reservoirpressure 0.2 MPa (d)

Projectile velocity 40m/s
Peakpressure 95MPa

140 t <140 | Peakpressure 45MPa
= I 0.035 a T 0.015
S o
~— — 90 -
> 2
o
[
& ; 40

-10 I I ! I
0 200 400 600 800 1000 0 200 400 600 800 1000
Time (us) Time (us)

Figure 5.2 Comparison of numerical and experimental pressure histories in the water-
chamber for four different projectile velocities and impulse magnitudes
1 =0.015, 0.035, 0.055, 0.065.

Figure 5.2 shows the pressure histories corresponding to four different projectile
velocities. Pressures are measured using dynamic pressure transducers capable of
maximum pressure measurement up to 500 MPa. The rise time of the pressure-pulses is
on the order of 25 ps and the decay time is on the order of 800 us. The solid lines show

experimentally measured pressure histories while the dotted lines show the numerically
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calculated pressure histories. The cylindrical shape of the shock tube allows a uniform

pressure to be applied to the target over the area of contact. The impulse magnitudes are

1 =0.015,0.035, 0.055, 0.065.

5.3 High-speed digital imaging

Monolithic E-glass/polyester beams are subjected to underwater impulsive loads.
Figure 5.3 shows a montage of sequential high-speed photographs for a monolithic
composite plate subjected to underwater impulsive loads. The projectile velocity is 75
m/s and the peak-pressure is 95 MPa - the impulse corresponds to I =0.035 shown in
Figure 5.2 (c). A thin film used for sealing the water-chamber can be seen in addition to
the water spurting out of the water-chamber. The deformation can be divided into two
regimes - (1) flexural wave propagation and (2) overall deflection. Typically, flexural
waves originating at the fluid-structure interface travel towards the supports within ~50
ps. Overall structural deflection initiates when the back-face (in this case the entire
structure) starts moving. The displacement of the back-face is tracked at the mid-plane

and compared with that of other structures.

While the deformation and damage in sandwich structures can be tracked using
high-speed digital imaging, the monolithic composite plate is quite thin and damage
mechanisms are hard to discern. These damage mechanisms are revealed in post-mortem
photographs of the monolithic composite plate - shown in Figure 5.4 (a), (b) and (c).

Figure 5.4 (a) shows the deformed monolithic plate with easily discernible "hinges"
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formed near the loading area; Figure 5.4 (b) and (c) show delamination between
successive layers in the laminate, matrix-cracking, fiber-pullout and rupture. While the
deflection is relatively uniform over the length of the composite plate, damage
mechanisms are predominantly observed near the circumference of the shock-tube and
near the supports. This indicates high shear dependence in damage creation. sandwich

structures.

450 us

750 s 1050 pis 1200 ps

Figure 5.3 Sequence of high-speed photographs showing the deformation in a monolithic
composite plate subjected to underwater impulsive loading with 1 =0.035.
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Figure 5.4 Post-mortem photographs of impulsively loaded composite plates with cross-
sections showing inter-laminar delamination, matrix-cracking, fiber-matrix debonding,
fiber-pullout and intra-laminar cracking.

Figure 5.5 shows a sequence of high-speed photographs of a composite sandwich
structure with a Divinycell HP200 core subjected to underwater impulsive loading.
Immediately after the onset of deformation, flexural waves travel through the front-face,
severing the core-facesheet bond. In cases where the core-facesheet bond is very strong, a
layer of core material is torn away by the facesheet due to the low tensile strength of PVC
core material. Core-face debonding and core-failure, due to cracking and fragmentation,

is observed at t=50pus. Core-crushing, a mechanical property that makes composite
sandwich structures very attractive for marine applications commences at t =150 us and

is restricted to the region close to the loading area. The back-face ruptures at t =1550 ps .
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750 s 900 s 1050 ps 1200 ps

Figure 5.5 Sequence of high-speed photographs showing the deformation in a sandwich
structure with HP200 core subjected to underwater impulsive loading with 1 =0.035.

Large-scale core-front-face debonding and core-fragmentation can be observed. The core
fractures prior to core-compression and rupture occurs at t =900 ps .

Figure 5.6 shows a sequence of high-speed photographs of a composite sandwich
structure with a Divinycell HP100 core subjected to underwater impulsive loading. Core-
facesheet debonding and composite face wrinkling failure and core-indentation can be

seen at t =150 pus. In this type of failure mechanism, the core-material fails in a highly

localized region and causes compressive loading and buckling in the front-face. Shear-
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dominated cracks originate near the supports at t=300us and lead to core fracture.

Back-face ruptures at t =900 ps .

450 us

750 ps 1050 s 1200 us

Figure 5.6 Sequence of high-speed photographs showing the deformation in a sandwich
composite with HP100 core subjected to underwater impulsive loading with 1 =0.035.
Front-face wrinkling and core-indentation occurs at t =300 ps. Inclined cracks initiated
at t =600 pus followed by rupture at t =900 s .
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450 ps

750 ps 900 ps 1050 ps 1200 s

Figure 5.7 Sequence of high-speed photographs showing the deformation in a sandwich
composite with HP60 core subjected to underwater impulsive loading with 1 =0.035.

Deformation in the core is quite uniform and bending deformation occurs prior to core-
cracking. Core-face debonding is relatively less widespread and facesheet wrinkling does
not occur. Core-crushing occurs simultaneously with core-tensile cracking.

Figure 5.7 shows a sequence of high-speed photographs of a composite sandwich
structure with a Divinycell HP60 core subjected to underwater impulsive loading. The
dynamic response of the sandwich structure with a HP60 core is quite different than those
with HP100 or HP200 cores - in that there is no core-shear cracking, front-face-wrinkling

and core-face debonding. Core-compression commences immediately after the onset of
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loading at t =150 us and inclined cracks originate near the loading circumference area.
These cracks propagate from the front-face to the back-face and branch into three cracks
(at t =450 ps) near the back-face - causing core-back-face debonding. Core-compression
and core-cracking occur simultaneously with crack propagation through the core. This

structure does not experience large-scale core-face debonding or rupture of the back-face.

The midpoint deflections for each composite structure (obtained using high-speed
photographs of the side-view) are shown in Figure 5.8. The monolithic composite
structure is used as a benchmark for comparison with other structures. The lesser the
deflection is compared to the monolithic composite plate, the better is the blast-
resistance. Figure 5.8 (a) shows the normalized deflection, A/L (where A is deflection
and L is the span of the sandwich beam), of composite structures to an underwater
impulsive load corresponding to 1 =0.035 shown in Figure 5.2 (c). Monolithic
composite experiences the greatest deflection at the highest rate in comparison to the
sandwich structures.

The sandwich structure with HP100 core initially exhibits a rate of deformation
that is identical to the sandwich structure with HP200 core but the dynamic response of

HP100 core diverges at t =400 us and the rate of deflection reduces. For the sandwich

structure with HP60 core, the rate of deflection is the lowest of all three sandwich

structures. In terms of overall deflection at t =1000 us, the sandwich structure with

HP200 core deflects ~20% less than the monolithic composite, sandwich structure with
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HP100 core deflects ~60% less than the monolithic composite and the sandwich structure

with HP60 core deflects ~70% less than the monolithic composite.
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Figure 5.8 Experimentally measured mid-point displacements as a function of time for
different structural configurations for (a) 1 =0.035 and (b) 1 =0.065.

Figure 5.8 (b) shows the time histories of midpoint displacements of composite

structures subjected to an underwater impulsive load corresponding to | =0.065 shown
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in Figure 5.2 (a). The deflections follow a similar trend as described for Figure 5.8 (a).
Due the higher load intensity, the sandwich structure with HP200 core deflects ~10% less
than the monolithic composite, sandwich structure with HP100 core deflects ~30% less
than the monolithic composite and the sandwich structure with HP60 core deflects ~45%

less than the monolithic composite.

Figure 5.9 shows the normalized deflection, A/L (where A is deflection and L is
the span of the sandwich beam) at t=1000us as a function of impulse for all the
composite structures tested here. The monolithic composite shows highest deflection for
all load intensities followed by the sandwich structure with HP200 core. Compared to the
monolithic sandwich structure (if the A/L for monolithic composite is 100%), the
deflection in the sandwich structure with HP200 core is ~20% smaller, that with HP100
core is ~60% smaller and that with HP60 core is ~66% smaller. The deflections
experienced by sandwich structures with HP60 and HP100 cores are quite similar, with
the HP60 core outperforming the HP100 core by a small margin — particularly at higher
load intensities. Finite element simulations are carried out to enable energy evaluation in
sandwich structures and to enable the testing of other loading configurations including
water-backed structures, clamped boundary conditions, oblique loads and curved

structures.
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Figure 5.9 Displacement as a function of impulse for composite structures with different
cores. On a per-weight basis, low-density cores consistently outperform high-density
cores. Sandwich structures are superior to monolithic composite plates.

5.4 Finite element simulations

The commercial code, Abaqus/Explicit, is used to carry out detailed, fully-
dynamic finite element simulations accounting for deformation and damage in sandwich
structures and fluid-structure interaction at the water-structure interface. Cohesive
element based contact is implemented at the interfaces between the faces and core. The
cohesive elements follow the bilinear traction-separation law. Non-penetrating,
frictionless contacts are implemented at the water-structure interface, flyer-water
interface, projectile-flyer interface and structure-supports interfaces. Components
consisting of composites and PVC foams are meshed with 2-D 8-node brick elements
with 5 integration points through the thickness. The constitutive and damage models for

these materials — glass fiber composite, PVC foam, water and aluminum - are explained
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in detail in chapter 2. A comparison of finite-element simulations and experiments is
presented in the following section. Finite-element simulations are then extended to other

loading configurations.

Figure 5.10 shows a comparison of high-speed photographs from experiments and
damage contour plots from simulations. The contour plots at four successive time steps
after the onset of loading are shown in addition to a magnified view of damage in the
core. The high-speed photographs captured in-situ during experiments have been
explained in the previous section. In the finite-element simulations, at t =150 us, the
impulsive loads are transmitted through the facesheet and core experiences strains at and
inclined angle in two directions - away from the loading area, towards the supports and
from loading area towards the central region. Initially, strains in the core are a result of

elastic deformation which is completely recoverable.

At t =400 ps, core-crushing (permanent, plastic deformation) is observed in the
central region and cracks propagate towards the supports. At t =700 us, crack-branching

and core-fragmentation are observed at the loading circumference. The frontface wrinkles
under compressive loading and causes to core-face debonding. The entire structure
achieves a common velocity at t=1000pus. While damage in the front-face is
widespread, the back-face is relatively undamaged. Figure 5.11 shows the dynamic
deformation in monolithic composite plate and sandwich structures with HP200, HP100

and HP60 cores at t =1000 ps.
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Figure 5.10 Comparison of experimental and computational deformation sequences for a
sandwich structure with HP60 core. The deformation modes - core-cracking, core-
frontface debonding and core-crushing - are accurately captured in the finite-element
simulations. The magnified view show core-branching and fragmentation.
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Figure 5.11 Comparison of experimental and computational deformation sequences for
different composite structures at 1000 ps. The dynamic deformations and failure modes
are accurately captured in the finite element simulations including matrix-cracking, core-
cracking, core-face debonding and core-crushing. Note that rate-effects are not
implemented in the simulations.

Although the finite-simulations accurately capture various deformation and
damage mechanisms in the composite plate, the sandwich-structure cores exhibit an
unexpectedly high rate-dependence. Recall that uniaxial compressive tests carried out on

core materials [76] have shown remarkably weak rate-dependence for HP100 and HP200
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core materials ranging from strain-rates of 10 to 10™“. Conversely, the experiments
performed in this research show a relatively stronger rate dependence when sandwich
structures are subjected to multi-axial, complex loading conditions. HP200 cores fracture
immediately after the onset of loading and core-compression/crushing occur after
complete core collapse. HP100 cores experience core-crushing and core-face debonding
followed by cracking and complete core collapse. HP60 cores undergo cracking and
crack-branching after core-compression and crushing and exhibit the lowest rate
dependence of all core materials studied here. This indicates that rate-effects are

exacerbated as core-density increases.
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Figure 5.12 Comparison of experimental and computational results for back-face
deflection as a function of impulse for composite structures with different cores.

Figure 5.12 shows a comparison of experimental and numerically obtained

normalized displacements as a function of load intensity for different composite
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structures at t=1000 pus. Finite-element simulations are within ~10% of experimental

values and follow a similar trend — low-density, thick cores outperform high-density, thin
cores on a per-weight basis. The dynamic deformations in sandwich structures are
influenced by the geometric factors like thickness, length and width. However, geometric

dependence is not considered in this set of experiments and simulations.

In a marine structure, stiffeners and other structural components are added for
improved impulsive load resistance. In most naval designs, there exists a span of the hull
between successive stiffeners. When an impulse impinges on a naval structure, it
generates flexural waves that travel perpendicular to the direction of the stiffeners.
Therefore, a useful metric to determine blast resistance is the reaction force experienced
by the supports and the impulse transmitted by the structure. In finite element
simulations, the reaction force is measured at the supports and the transmitted impulse is
calculated by dividing the reaction force with area of the front-face and integrating over

time. Figure 5.13 (a) and (b) shows the averaged reaction force and transmitted impulse

respectively as functions of time for an impulse corresponding to I =0.035 shown in

Figure 5.2 (c). The composite plate transmits the highest impulse.

In comparison to the composite plate, the sandwich structure with HP200 core
transmits ~40% less impulse, the one with HP100 cores transmit ~60% less impulse and
the one with HP60 core transmits ~66% less impulse. Note that the monolithic composite

structure loses contact with the supports after 600 pis.
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Figure 5.13 Computational results for (a) reaction forces (averaged over the end-nodes of
the supports) and (b) transmitted impulses as functions of time for different composite
structures.

Figure 5.14 shows the transmitted impulses as a function of impulse for different
structures. In comparison to the monolithic composite plate, the sandwich structure with

HP200 core transmits ~20% less impulse, that with HP100 core transmits ~50% less

impulse and that with HP60 core transmits ~60% less impulse. HP60 and HP100 cores
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exhibit identical characteristics while HP200 and monolithic composite beams transmit
much higher impulses, echoing the trends observed for deflections. Weak-cores

consistently outperform strong-cores for all load intensities.
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Figure 5.14 Computational results for transmitted impulses as a function of peak-
pressure for different composite structures.

5.5 Very high-strain-rate response of composite sandwich structures

A separate study was carried out to test the sandwich structures under very intense
pressure loads. This study is included in a separate section because the rate-effects for
this impulse magnitude are significantly higher. The projectile was accelerated to a

velocity of 210 m/s and generated a peak pressure of 245 MPa, shown in Figure 5.15.
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Figure 5.15 Pressure history for an impulse produced by a projectile of velocity 210 m/s

and 1 =0.08.

Figure 5.16 shows a sequence of high-speed photographs showing the
deformation in different composite structures. Figure 5.16 (a) shows the dynamic
response of monolithic composite plate - which is quite identical to previously discussed

high-speed photographs of a monolithic composite beam.

Figure 5.16 (b) shows the dynamic response of a sandwich structure with
HP200 core. The core fractures in a direction perpendicular to the planar wave and causes
considerable core-face debonding in both the front and the back-faces. Core-compression

is negligible and fragmentation is observed near the supports.
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Figure 5.16 Sequence of high-speed photographs showing the deformation in composite
structures : (a) monolithic plate; (b) HP200; (c) HP100 and (d) HP60.
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Figure 5.16 (c) shows the dynamic response of a sandwich structure with HP100
core. The HP100 core fractures at an inclined angle from the loading area and
simultaneously undergoes core-compression and crushing. The dynamic response of a
sandwich structure with an HP60 core is shown in Figure 5.16 (d). Core-compression and

frontface-wrinkling failure is observed at t=150ps. Core indentation occurs at
t =300 usand the core starts cracking at t=450pus. Damage and deformation in the

sandwich structure with a HP60 core is significantly lesser than in other composite

structures. Sandwich structures with HP60 cores undergo higher bending.

Figure 5.17 shows the midpoint displacements as functions of time for the four
different composite structures subjected to underwater impulsive load corresponding to
Figure 5.15. The sandwich structures with HP 200 and HP100 cores and the monolithic
structures show identical deformation histories reaching a A/L value of 0.25 at
approximately the same rate. The sandwich structure with HP60 cores shows superior
blast mitigation, deflecting at a lower rate and reaching a A/L value of 0.17, ~30% lesser
than the other sandwich structures. The rate of deflection in the HP60 sandwich structure
is close to the other structures till t =600 ps and then reduces over the remaining time.
This study clearly shows that thick, low-density cores consistently outperform high-
density cores. The primary damage modes in low-density cores are core-indentation and

tensile-fracture.
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Figure 5.17 Midpoint displacements as a function of time for high-intensity loading. The
sandwich structure with low-density core outperforms the sandwich structures with stiffer
cores.

5.6 Structural Design

Figure 5.18 shows the normalized deflections (A/L) for all 16 configurations as

functions of impulse 1 and relative density p. The vertical axis shows the normalized
deflection. At all impulse magnitudes, structures with the lowest relative density
experience the least deflections. The deflections increase with increasing relative density
as well as impulse magnitudes. HP200 cores perform only marginally better than
monolithic structures. HP100 and HP60 cores exhibit significantly higher blast

resistances in comparison to HP200 core and the monolithic composite. The relationship

between deflection in air-backed structures (A/L,;), and incident impulse (I_) and

relative density () can be given by
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AJL,, =16.54- 5% .70, (51)
The energy dissipation for all 16 configurations as a function of impulse (I_) and

relative density (p) is shown in Figure 5.19. The energy dissipation in sandwich

structures is strongly influenced by both core relative density and impulse magnitude.
Monolithic composite laminates consistently dissipate higher amounts of energy in

comparison to the sandwich structures. The variation of energy dissipation in air-backed

structures (E,g ) can be quantified using the non-dimensional terms 1 and p as,

E,, =657-p"%.T¢% (52)
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Figure 5.18 Normalized displacement in air-backed structures as function of incident
impulse I and core relative density p .
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Figure 5.19 Energy dissipated due to inelastic deformation in air-backed structures as a
function of incident impulse 1 and core relative density 5 .

While structures with low relative densities exhibit low deflections, these
structures also exhibit lower energy absorbency compared to those with high relative
densities. The fact that structures which dissipate more energies also exhibit higher
deflections indicates that the internal failure modes in the sandwich structures have a
considerable effect on dynamic response. Alleviating the effects of damage mechanisms

in the sandwich structure can significantly improve overall blast resistance.

The preceding discussions have focused on the deformation, deflection and of
energy dissipation in composite structures subjected to underwater impulsive loads. In
particular, the results of parametric studies have been presented in a format wherein the
response variables are functions of the loading (impulse magnitude) and structural
attributes (relative density). In structural design, the necessary performance objectives are
specified and the structural attributes that fulfill these objectives are identified. Figures
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5.18 and 5.19 show the effect of loading and structural attributes on dynamic response
and give material-structure-performance relationships. It should be noted that deflection
and energy dissipation constitute competing performance requirements. An optimal
composite structure design needs to balance low deflection and high energy dissipation.
This balance is application-specific and may not be universal. The relations developed in
this study allow the identification of optimal structural designs for given combination of
deflection, energy dissipation and impulse transmission requirements. For a fixed value
of deflection or energy dissipation, the optimum value of relative density for a specific
impulsive load can be achieved by varying the material properties of the monolithic plate

or sandwich core.

The material-structure-performance relations can be used to inform naval
structural design with the precaution that they should only be used for the material,
structural parameter ranges and loading conditions considered. Additionally, this study is
concerned with the dynamic response of composite structures of equivalent mass. This
necessitates significant variations in structural thickness to account for changes in relative
densities, which is an important geometric consideration in naval structural design. As the
relative density of the structure increases, structural thickness decreases significantly.
Structures with high relative densities exhibit higher energy dissipation per unit volume.

This aspect is not investigated in the current analysis.
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5.7 Concluding remarks

A novel experimental technique to generate underwater impulsive loads is
designed and tested. Simply-supported sandwich composites with E-glass/polyester
facesheets and PVC foam cores [73] are subjected to a range of underwater impulsive
loads. The backface deflections are tracked using in-situ high-speed digital imaging with

an Imacon 200D high-speed camera at a frame rate of ~20000 frames per second.

Finite element simulations are carried out, accounting for FSI effects, damage in
the form of core-cracking and fragmentation, matrix-cracking and core-face debonding.
The dynamic response of panels is investigated using this computational model and
shows that the experiments and simulations are in good agreement. The model is then
extended to different loading configurations that include a water-backed/submerged
condition i.e. a loading condition in which the marine structure has water on the impulse-

side as well as the back-side.

Failure in the monolithic structure is in the form of shear-cracking in the matrix,
fiber-matrix debonding and fiber-fracture. In sandwich-composite face-sheets, failure in
the front-face (impulse-side) is primarily in the form of compressive buckling failure
which causes instantaneous core-face debonding followed by front-face rupture. Failure
in the back-face is identical to the failure observed in monolithic-composite, showing

matrix-cracking and fiber-matrix debonding under large tensile stretching.
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Sandwich structures outperform monolithic composite structures at all load
intensities. The damage mechanisms in low-density cores are primarily in the form core-
indentation, core-crushing and cracking due to bending-stresses while in high-density
cores are primarily in the form of face-wrinkling under compressive loads, face-rupture,
core-cracking and fragmentation and core-crushing, in that order. An important aspect of
the dynamic response of high-density cores is the delayed core-compression - high-
density cores undergo large-scale fracture and fragmentation before the onset of core-
crushing. Low-density cores undergo fracture simultaneously with core-crushing and
fracture is primarily due to tensile loads created by bending deformation. Experiments
demonstrate that the dynamic behavior of PVC foams is significantly influenced by rate-
effects when loads are complex and multi-axial. All these damage and deformation

modes are captured by the finite-element simulations.

The midpoint deflections and reaction-forces transmitted to supports are used as
metrics to evaluate blast-resistance of sandwich panels. The lower the deflections and
reaction forces, the better is the blast resistance. Results show that low-density cores are
superior to high-density cores or monolithic composite structures, consistently showing
lesser deflections and transmitting lower impulses. The sandwich structure with the HP60
core is the only composite structure studied here that does not undergo complete rupture,
maintaining better structural integrity than other structures at very high intensity loads.
Provided that the dimensional constraints are satisfied, on a per-mass basis, a
combination of thick, low-density cores and thin stiff faces provide better blast-mitigation

in marine structures subjected underwater impulsive loads.
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6. DYNAMIC RESPONSE OF SUBMERGED MARINE STRUCTURES

6.1 Introduction

As discussed previously, marine structures are often subjected to complex, multi-
axial loads due to underwater blasts and impacts. The dynamic behavior of structural
materials under these loads is complicated and prediction of the dynamic response is
difficult. An important factor that influences the dynamic behavior of marine structures is
the environment in which they are situated. There are several sections of the ship
structure that are submerged and have water on both sides, namely the keel, hull, fins,
rudders and turbine blades as illustrated in Figure 6.1. This condition is also observed in

applications like water and oil-pipes, oil-tankers and so on.

. Turbine
B blade
—

‘é
y {7
Rudder j Q .

Figure 6.1 Sections of ships in a submerged environment including keel, hull, rudder and
turbine blades. These sections are designed to withstand dynamic loads.

The objective of this computational study is to analyze the dynamic response of

submerged or water-backed structures subjected to underwater impulsive loads. Finite
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element simulations discussed in chapter 4 are extended to account for submerged
conditions. Damage modes and failure mechanisms for air-backed as well as submerged
structures are analyzed. Results show that the dynamic behavior of submerged structures
is significantly different that those of air-backed structures. Submerged structures
experience ~60% lesser deflections and damage in the core is much more extensive as
compared to air-backed structures. Due to lower deflections, the composite faces absorb

very little energy and the majority of total energy-absorption (~90%) occurs in the core.

100

80

Flyer Steel Water Sandwich
Plate Anvil Structure

Projectile

All dimensions in mm

Figure 6.2 Sectional view of a simply-supported sandwich structure in water-backed
conditions.

6.2 Finite-element simulations

The commercial code, Abaqus/Explicit, is used to carry out detailed, fully-
dynamic finite element simulations accounting for deformation and damage in sandwich
structures and fluid-structure interaction at the water-structure interface. Submerged
environment is simulated by positioning a water-tank behind the composite structure.
This water-tank is sufficiently large to prevent reflected waves from interacting with the
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sandwich structure. Cohesive element based contact is implemented at the interfaces
between the faces and core. The cohesive elements follow the bilinear traction-separation
law. Non-penetrating, frictionless contacts are implemented at the water-structure
interface, flyer-water interface, projectile-flyer interface and structure-supports interfaces.
Components consisting of composites and PVVC foams are meshed with 2-D 8-node brick
elements with 5 integration points through the thickness. The constitutive and damage
models for these materials — glass fiber composite, PVC foam, water and aluminum - are

explained in detail in chapter 2.

6.3 Dynamic deformation and damage

The sandwich structures are designed such that mass remains constant in spite of
variations in material properties. Four load intensities are considered as shown in Figure
5.2 (a-d). Figure 6.3 shows a comparison of sequential contour plots of damage in air-
backed and water-backed composite sandwich structures with HP60 cores for a pressure
pulse corresponding to Figure 5.2(c). Due to the dense water section behind the
composite structure, the back-face is prevented from deflecting. Hence, deformation
mechanisms in the core are highly-localized and primarily in the form of core-crushing.
Inclined cracks are not observed for water-backed structures — instead, the core near the
impulsively loaded region experiences permanent inelastic deformations. The front-face

experiences intense compressive loads and wrinkles but is relatively undamaged.
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Figure 6.3 Comparison of deformations for a sandwich structure with HP60 core under
air-backed and water-backed conditions. The dynamic response of the same sandwich
structure in these two conditions is drastically different. In water-backed conditions,
damage is highly localized and the faces are relatively undamaged due to lack of
stretching.
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Figure 6.4 Comparison of damage contour plots for different composite structures
subjected to underwater impulsive loads under air-backed and water-backed conditions
(at t=1000 ps). The monolithic structure transmits the impulse instantaneously. As the

core thickness increases, the magnitude and duration of transmitted impulse decreases.

Figure 6.4 shows contour plots of damage for different composite structures
subjected to underwater impulsive loading shown in Figure 5.2(c). Clearly, for all

structures, overall deflection under water-backed conditions is severely impeded due to
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the presence of the back-side water-section. Damage is localized and the structure is
relatively undamaged in regions that are away from the loading area. Flexural waves
travel through the front-face and sever the core-face bonding. Since overall deflection is
low, the stretching in the front and back faces is restricted. Consequently, damage in the
form of matrix-cracking and rupture is negligible in both the faces. The dynamic response
of water-backed sandwich structures is thus quite insensitive to face thickness and core-
face bonds. In real applications, damage occurring in sandwich structures is largely

invisible on the surface and can be severe inside the structure.

6.4 Deflection

Figure 6.5 shows a comparison of midpoint displacements as functions of peak
pressure for composite structures subjected to underwater impulsive loads for both air-
backed and water-backed conditions. Water-backed structures exhibit ~50% lesser
deflection for all cores and impulse magnitudes in comparison to air-backed structures.
For water-backed condition, in comparison to the monolithic composite structure (if
monolithic composite deflection is 100%), sandwich structures with HP200 cores
experience ~20% lesser deflection; those with HP100 cores experience ~70% less
deflection and those with HP60 cores experience ~80% less deflection. Thick cores made
of weaker material consistently outperform thin cores made of stronger material. As the
dynamic deformation in water-backed sandwich structures is highly localized near the
loading area, the reaction forces transmitted to the supports are insignificant.

Consequently, reaction forces and transmitted impulses measured at the supports cannot

100



be used as metrics to determine blast-resistance. However, the transmitted impulses
measured in the back-side water-section can be used to evaluate the blast-resistance of

water-backed structures.
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Figure 6.5 Midpoint displacements as functions of peak pressure for different composite
structures under air-backed and water-backed conditions.
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6.5 Transmitted impulses

The resistance of a water-backed structure to applied impulse can be quantified by
how much of the applied impulse is transmitted into the water-backed section. Figure 6.6
shows the transmitted pressure histories for different sandwich structures subjected to an
impulsive load corresponding to Figure 5.2 (c). The monolithic composite structure
exhibits the least blast mitigation of all the structures studied — transmitting ~80% of the
incident impulse into the back-side water-section. The HP200 core transmits ~40% of the
incident impulse. In the core-compression regime, which is 100 ps, the impulse
transmitted is very small. However, when the core fails completely, the front-face hits the
back-face causing a pressure wave to be generated in the back-side water-section. The
sandwich structure with the HP100 core transmits ~20% of the incident impulse with
characteristics similar to HP200 — a low-pressure plateau followed by complete core
failure and a rise in pressure magnitude. The sandwich structure with the HP60 core
exhibits superior blast mitigation in comparison to all other composite structures —
transmitting less than 5% of the incident impulse at the end of 1000 us. Clearly, blast
mitigation, while relatively insensitive to face thickness, is dependent on core-density.

Weak, thick provide the highest blast mitigation on a per-weight basis.
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Figure 6.6 Transmitted pressure histories for water-backed composite structures.

6.6 Energy absorption

Energy dissipation in composite sandwich structures is a complex phenomenon
because there are a multitude of inelastic deformations that can occur under high-strain-
rate loading. The inelastic deformations commonly encountered in composite materials
are delamination, matrix fracture, matrix-fiber debonding, fiber pullout, fiber-fracture.
The inelastic deformations in the PVC foam core are core-ligament fracture, core-wall-
collapse, core cracking and fragmentation. Inelastic deformations in composites as well
as PVC foams have been shown using high-speed in-situ photography and post-mortem

analysis. In finite-element simulations, all these energy dissipation mechanisms are
amalgamated into a single scalar parameter called “internal energy”. Figure 6.7 shows the
internal energy dissipation in a sandwich structure with HP60 core subjected to an

impulsive load corresponding to Figure 5.2 (c) for both air-backed and water-backed

conditions.
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Figure 6.7 Energy dissipation in the form of inelastic deformations and damage as a
function of time for different components of a sandwich structures with HP60 cores for
(a) air-backed and (b) water-backed conditions.

In air-backed conditions, as a percentage of total energy dissipated, the core
dissipates ~70%, the front-face ~15% and back-face ~15%. The same sandwich structure
subjected to identical loads under water-backed conditions shows significantly different

energy partitioning with the core dissipating ~90% of the total energy, the front-face
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dissipating ~10% of the energy and negligible energy dissipation in the back-face. This
indicates that the dynamic deformations in the core define the overall dynamic response
of the sandwich structure — strong cores transmit large impulses, while weak cores

transmit smaller impulses.

6.7 Structural Design for Water-Backed Structures

Figure 6.8 shows the normalized deflections (A/L) for all 16 unique configurations for
the water-backed case as functions of impulse (I_) and relative density (p). The

relationship between overall deflection (A/LWB) and 1 and p is given by

AL, =19.43-5°%.T19, (53)
The energy dissipation for all 16 configurations as a function of impulse (I_) and relative

density () is shown in Figure 6.9. Comparing Figure 6.9 and Figure 5.19 indicates that

the trend in energy dissipation for the water-backed cases is opposite to that for the air-

backed cases. Specifically, structures with low relative density absorb higher amounts of

energy. The variation in energy dissipation in water-backed structures (E,,) can be

quantified using the non-dimensional measures |1 and p as,

E, = 74.48-p .12, (54)
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Figure 6.9 Energy dissipated due to inelastic deformation in water-backed structures as a
function of incident impulse 1 and core relative density p .

The impulse transmitted by all 16 configurations in the water-backed case is

shown as a function of I and pin Figure 6.10. At all impulse magnitudes, the
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magnitude of the transmitted impulse increases monotonically with the relative density.

The relationship between transmitted impulse (I_T) and I and p is given by

I, =7.40- 5% . T, (55)
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Figure 6.10 Transmitted impulses measured in the back side water for water-backed
structures as a function of incident impulse I and core relative density p .

6.7 Concluding remarks

Detailed finite element simulations are carried out to characterize the dynamic
response of water-backed composite structures i.e. structures with water on both- the
impulse-receiving face and the back-face. Results show that the dynamic response of
such structures is drastically different than air-backed structures i.e. structures with water

on the impulse-side and air on the back-side.
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The monolithic composite structure experiences slight damage and transmits most
of the impulse into the back-side water-section. Damage in the monolithic-composite is

in the form of matrix compressive failure and shear-localization.

In sandwich structures, core-compression and crushing are highly localized near
the loading region. Since large-scale bending is prevented due to water-backed condition,
no inclined cracks originate at the loaded area and fragmentation is negligible. Damage is
primarily in the form of core-crushing and core shear fracture. Large scale debonding is
observed at the frontface-core interface. In the sandwich structures, since deflection is
severely restricted, tensile stretching in the face sheets is negligible. In the front-face
(impulse-side), wrinkling failure occurs under compressive loads but there is no rupture.
The back-face experiences a "cushioning"” effects, whereby it does not experience any
deformation until the core is completely crushed and the front-face impacts the back-face.
It is observed that high-density cores transmit a larger fraction of incident impulses in

comparison to low-density cores.

Blast-mitigation is relatively insensitive to face properties and highly sensitive to
core thickness and density. Weak cores allow a stress-saturated compressive-strain
regime and greatly reduce the intensity of the incident impulse and consequently also the

transmitted impulse.

The deflection and the magnitude of the pressure-wave transmitted to the back-
side water-section are used as metrics to evaluate the blast-resistance. Water-backed

structures, on average, undergo ~50% lesser deflection than air-backed structures. The

108



transmitted pressure waves show that the monolithic structures transmit ~80%, HP200
core transmits ~40%, HP100 core transmits ~20% and HP60 core transmits negligible

pressure into the back-side water-section.

There are a number of instances in which water-backed loading conditions are
observed. In some of these instances, it is more advantageous to transmit the largest
possible fraction of incident impulse through the structure rather than absorbing the
incident impulse. For example, in ship sections such as the keel, turbine-blades and
rudders, the back-side region of the marine structure does not need protection because the
transmitted wave has no effect on the ship. In these instances, strong, monolithic
composite structures or sandwich structures with high-density cores are more effective,

because they transmit a large fraction of the incident impulse and undergo less damage.

Contrary to that, there are also instances in which it is more advantageous to
absorb the incident impulse and transmit the minimum possible fraction of incident
impulse. For example, in ship sections such as underwater pipelines, protective structures
and hull, the back-side sections needs to be protected against the incident wave. In these
instances, sandwich structures with low-density cores are more effective, because they

transmit the smallest fraction of incident impulse.
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7. EFFECT OF FACE STIFFNESS ON DYNAMIC RESPONSE

7.1 Introduction

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 using fiber and matrix damage, facesheet deflections and
energy absorbed. The results are analyzed in both normalized and non-normalized forms
to gain insight into underlying trends that can be explored in the design of materials and

structures.

7.2 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 [105]. Figure 7.1 shows a schematic illustration of a square sandwich
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plate 300 x 300 mm in size with a loading area of 76 mm in diameter at the center. The

load area is 5% of the total area of the plate.

' L/2

Front Face

Water

Figure 7.1 Configuration of planar sandwich structures subject to water-based impulsive
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 M_ mm and a core density of 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 T, 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 7.2 illustrate the sandwich plates analyzed, the T, /T, value ranges

from 0.05 to 0.4. The insets show magnified views of the plates. In the numerical
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simulations, the plates are considered to be free of defects due to manufacturing

variability and without any pre-stress.

(8 T;/ T.=0.05 (b)T;/T,=0.1 () T;/T.=0.15 (d) T;/T.=0.3

(e)T;/T,=0.45 HT/T.=06 (© T,/ T,=0.75 )T /T,=1

Figure 7.2 Configurations of composite sandwich structures with different facesheet
thicknesses.
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7.3 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 Vo. Simulations are carried out with a Lagrangian description for the water
and target. Since the Lagrangian framework produces water-structure interactions and
accurate pressures and impulses, this framework is used for the current set of
calculations.

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)s 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.
The constitutive and damage response of all materials considered in this analysis are
given in chapter 2. 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. Cohesive
elements are used at the core-facesheet interface to simulate core-facesheet debonding
[101, 106]. A bilinear cohesive law is implemented accounting for mixed-mode failure at
interfaces. Post-failure, the normal penalty-contact algorithm is enforced to prevent
interpenetration. The following quantities are tracked to quantify and compare the
responses of the sandwich plates:

1. the displacements at the center of facesheets 1 and 2;

2. core crushing rate and core crushing strain;
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3. energy dissipated in the structure; and
4. 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 propagate farther and maintain their magnitude over larger
distances than air blast waves. The pressure wave can be described by the equation

p(t) = Py exp[—tlj (56)

where p, is the peak pressure, t is time at which measurement is carried out and t; is

the decay time. Impulse is calculated as
t
I =] p(t)dt (57)
0

A non-dimensional impulse is defined for dimensional analysis, such that

- _ (58)

pCNA
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where p, is the density of water, c, is the speed of sound water and A is the area

under impulsive loading.

Different values of peak pressure and decay time 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 variables are varied to obtain impulses that best match analytical
predictions from the Taylor analysis [105]. 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.
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Figure 7.3 Pressure pulses measured in the water-chamber compared to theoretical
pressure pulses.
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7.4 Dynamic deformation and damage

To illustrate the process at hand, Figure 7.4 shows the distribution of particle

velocity at different times after the projectile impact on the piston. The projectile velocity
is 200 m/s (giving an impulse of I =0.2). The particular sandwich structure has
thickness ratio of T,/T.=0.05. The velocity is relatively uniform 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.

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.

Five different impulse levels are considered. The impulses per unit area are

T =0.4,0.3,0.2,0.1and 0.05 where T =[|/(pWCW\/K):|. We first consider the results for

I =0.2 and then compare the results for different impulse levels. Facesheets with
thicknesses less than 6 mm (T, /T, <0.3) are classified as "thin facesheets" and
facesheets with thicknesses greater than 6 mm (T, /T, >0.3) are classified as "thick
facesheets".
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Figure 7.4 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 1 =0.2.

Figure 7.5 shows the distribution of tensile damage in the matrix for the last plies

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 1 =0.2. Damage in the front

sheet (front-face) 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.
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Figure 7.5 Distributions of tensile damage in the matrix of the facesheets at t =600 s.
T, /T,=0.05 and I =0.2. The plies shown are oriented horizontally.

Figure 7.6 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 t =0. Core compression occurs immediately after the onset of loading. Back-
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face starts to deform at t =100 us and has acquired significant momentum by t =500 ps .
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.
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Figure 7.6 Distributions of equivalent plastic strain in the core at different times for
T, /T,=0.05and T =0.2.

Figure 7.7 shows the tensile damage in the matrix for the last plies of the
facesheets in a sandwich structure with a facesheet thickness of 8 mm (T, /T, =0.4).
While the damages in front-face for both T,/T,=0.05 (Figure 7.5) and T,/T, =0.4

(Figure 7.7) are similar, the damages in back-face 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
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essentially no further improvement in damage resistance. This observation is supported

by the analysis of deflections discussed in next section.
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Figure 7.7 Distributions of tensile damage in the matrix of the facesheets at t =600 5.
T, /T, =0.4 and I =0.2. The plies shown are oriented horizontally.
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Figure 7.8 shows the corresponding distributions of equivalent plastic strain for
the sandwich plate in Figure 7.7. Core deformation is more spread out relative to what is
seen in Figure 7.6 (thinner facesheets) and the motion of back-face starts at a later time of

t =140 us compared with what is seen in Figure 7.6. The back-face has acquired

significant momentum by t =500 pus .
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Figure 7.8 The distributions of equivalent plastic strain in the core at different times.
T, /T, =0.4 and 1=02.

7.5 Deflection

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 ps after the onset of loading are analyzed. The deflections are

normalized with the side length (L) of the sandwich plates. Figure 7.9 (a) shows that A/L

121



increases with | and decreases with the ratio between the thickness of the facesheets and
the thickness of the core (T, /T.) (and therefore decreases with the areal mass (M of
sandwich plates). The deflection of back-face is generally lower than that of front-face,
due to core compression. As T, /T, increases, the decreases in deflections are monotonic.
At low impulse magnitudes (1 <0.1), 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 163 N-s, structures
with high T,/T values show markedly lower deflections. For example at
1 =0.2,03and0.4, 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 magnitudes, no appreciable reduction in the deflection of front-face is seen

for T, /T, >06.

The deflections of back-face shown in Figure 7.9 (b) are generally lower that the

deflections of front-face but exhibit the same trend seen in Figure 13 (a). Overall,
increasing the relative thickness of the facesheets 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.

122



(a) Frontface Deflection

| >

0.45 0.4
0.4 0.35
0.35
0.3
025
|
0.2
0.15
0.1
0.05
0.2 04 06 0.8 1
e
TC

(b) Backface Deflection

Figure 7.9 Normalized displacement as a function of T, /T_for (a) front-face and (b)

back-face.
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7.6 Energy Absorption

Energy dissipation in glass-fiber reinforced composites is in the form of matrix
cracking, fiber breakage and delamination. 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

compression is important.

Figure 7.10 shows the total energy dissipated in the structure (U ) as a function of
T, /T, . 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 compression 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 T, /T_, 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.
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Figure 7.10 Energy dissipated in the entire structure as a function of T, /T_.

Figure 7.11 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
significantly and eventually levels off at around T,/T,=0.6 . Clearly, the facesheets

increase the weight of the structure and provides only limited capability for energy
dissipation. This is not surprising as the primary function of the facesheets is to increase

stiffness and strength of the structure.
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Figure 7.11 Energy dissipated per unit areal mass as a function of T, /T, .

7.7 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 thicknesses. Figure

7.12 shows the energy dissipated per unit areal mass (U/M ) in the core as a function of
T, /T, atdifferent impulse magnitudes. The results are in general agreement with those in

Figure 7.10; the core is responsible for a significant amount of the energy dissipated in

the structures.
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Figure 7.12 Energy dissipated per unit areal mass as a function of T, /T  for the
Divinycell H100 foam core. Note that areal mass of core is the same in all calculations.

7.8 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 areal mass. For stiffness, we consider maximum deflection of the structure.
Figure 7.9 and Figure 7.11 show that there is practically no performance benefit for

structures with T, /T, >0.6. Figure 7.11 and Figure 7.12 show that the highest energy
dissipation capacity occurs for 0.15<T, /T <0.4. Figure 7.9 shows increases in

facesheet thickness are most effective for 0.05<T, /T, <0.3. Accounting for both
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factors, the most desirable range for facesheet thickness is T, /T, between 0.15 and 0.4

for a given core configuration.

7.9 Concluding remarks

The responses to underwater impulsive loads of composite sandwich plates
consisting of glass-fiber reinforced 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 material systems analyzed, there
is a range of facesheet thickness in which planar sandwich structures offer the best
performance. Specifically, structures with facesheet-thickness-to-core-thickness ratios
between 0.15-0.4 provide the most efficient use of material in terms of both energy

dissipation capacity and rigidity. The insight gained here provides guidelines for the
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design of structures for which response to water-based impulsive loading is an important
consideration.

It is important to note that the analysis reported here concerns only one structural
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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8. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

8.1 Background and objectives

Recent investigations in this area have shown that sandwich-structures
consistently outperform monolithic structures of identical mass. While metallic sandwich
structures have been studied exhaustively, there is a significant dearth of knowledge
pertaining to composite sandwich structures. This work is aimed at providing insights
into the dynamic behavior of sandwich composites subjected to underwater impulsive
loads. This thesis focuses on the dynamic deformation, damage and failure in sandwich
composites comprising of fiber-reinforced composite facesheets and polymeric foam
cores. Experiments and finite-element simulations are used to evaluate the blast

resistance of these structures.

The objectives of the research work presented here are:

1. develop an experimental technique to accurately characterize the dynamic
response of composite and metallic structures to underwater blasts;

2. develop high-speed digital diagnostics for in-situ characterization of deformation
mechanisms in heterogeneous materials;

3. develop a numerical framework for modeling the dynamic deformation and

failure of composite laminates that accounts for damage in the form of matrix-
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cracking and rupture in composite materials and cracking and fragmentation in
polymeric foam cores;

4. characterize time and space-resolved evolution response and failure of composite
structures under impulsive underwater loading;

5. develop scaling laws and structure-performance relations for material and
structural design; and

6. evaluate the blast-resistance of fiber-reinforced composite/PVC foam sandwich
structures to develop material-structure-property relations and enhance blast-

mitigation of naval structures.

8.2 Experimental technique and diagnostics

An underwater impulsive loading facility, the Underwater Shock Loading
Simulator (USLS) has been designed and fabricated. The facility makes use of a gas-gun
based projectile-impact mechanism to generate controlled, planar underwater impulsive
loads which impinge on the target structure. Impulsive loads with peak pressures
exceeding 500 MPa and wave-velocities exceeding the speed of sound in water MPa-s
can be achieved using this technique. The USLS enables the generation of controlled,
planar, uniform and repeatable underwater impulsive loads. A modular support system
allows in-situ high-speed digital imaging of the dynamic deformations in marine

structures.

An Imacon 200D high-speed camera is used to take photographs of the

deformation occurring in composite structures. A frame rate of ~20000 FPS is used to
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make measurements. Dynamic pressure-transducers are used to measure the impulse

intensity. The facility can be modified to test oblique and curved structures.

8.3 Numerical framework

Experiments are supported by finite element simulations, accounting for FSI
effects, damage in the form of core-cracking and fragmentation, matrix-cracking and
core-face debonding. The dynamic response of panels is investigated using this
computational model and shows that the experiments and simulations are in good
agreement. The model is then extended to different loading configurations that include a
water-backed/submerged condition i.e. a loading condition in which the marine structure

has water on the impulse-side as well as the back-side.

8.4 Conclusions and implications for structural design

This analysis focused on the following aspects of marine structures:

1. Variations in materials properties: HP60, HP100 and HP200 and fiber-reinforced
composites.

2. Variations in structures: monolithic and composite sandwich structures.

3. Variations in structural attributes: core-thicknesses and face-thicknesses.

4. Variations in loading intensities: from low-intensity impulses to high-intensity
impulses.

5. Variations in environmental conditions: air-backed and water-backed structures.
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The experiments and simulations reveal underlying trends in the dynamic
response impulsively loaded composite structures. These trends can be used to design

lighter and more efficient blast resistant structures.

For high loading intensities, light facesheets and low-density cores that are as
thick as dimensional constraints allow, provide the highest blast mitigation. It is clear that
high-density cores experience large scale fragmentation and rupture and are not
significantly superior to monolithic structures. For low loading intensities, monolithic
structures or sandwich structures with high-density cores can be used to save space and
provide efficient blast resistance because they are significantly thinner than sandwich
structures with low-density cores (on a per-weight basis). Provided that the dimensional
constraints are satisfied, on a per-mass basis, a combination of thick, low-density cores
and thin stiff faces provide better blast-mitigation in marine structures subjected

underwater impulsive loads.

In the case of water-backed structures, sandwich structures with thick, low-
density cores are suited for applications in which protection of the sub-structure is
paramount because they absorb a large fraction of the incident impulse. Conversely,
monolithic or sandwich structures with high-density cores are suited for applications in
which there is no sub-structure because they transmit a large fraction of the incident

impulse.

It is found that under the loading conditions and material systems analyzed, there

is a range of facesheet thickness in which planar sandwich structures offer the best
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performance. Specifically, structures with facesheet-thickness-to-core-thickness ratios
between 0.15-0.4 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 important
consideration.

It is important to note that the analysis reported here concerns only one structural
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.

8.5 Recommendations for future work

8.5.1 Laser diagnostics

While high-speed digital imaging of sandwich beams is a useful technique to
track the deformations and deflections, Digital Image Correlation (DIC) can give a much
more accurate quantification of dynamic response. An important goal in the future is to

add this capability to the USLS.

DIC is a non-contact technique which can be used to measure in-plane and out-of-
plane deformations and surface velocities. DIC enables the determination of the location
and amplitude of maximum strain which can be used to quantify blast resistance. Strains
are calculated using the gradients of deformation on the curved surface and the resolution
IS ~ 5 um. In this research, the source of illumination is a 5 watt laser of wavelength 532

nm and the photographs are recorded by an Imacon 200D high-speed camera.
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8.5.2 Exploiting the FSI effect

Recent assessments of the underwater blast response of marine structures by
Hutchinson [105] and Kambouchev et al. [107-109] have shown that the FSI effect plays
a major role in the dynamic behavior of materials as well as structures. By showing that
marine structures subjected to impulsive loads have higher blast resistance than those
subjected to transient, instantaneous loads; they propose that the FSI effect can be
exploited to improve blast mitigation. Assessments of blast resistance (not reported here)
carried out by this author also show that in sandwich structures, light front-faces and low
dynamic-strength cores are beneficial in improving blast mitigation. These studies have
focused on metallic sandwich structures and there have been no reported studies carried

out on composite structures.

It seems possible that identical modifications in composite structures have the
capability of improving blast mitigation. Additionally, composite materials can be
designed to maximize the FSI effect. However, owing to the complex and competing
deformation mechanisms in composite materials, there is a need to accurately quantify

the effect of varying structural properties on dynamic response.

8.5.3 Novel materials and structures

Studies on the dynamic response of marine structures have focused on
conventional materials like steel, aluminum, E-glass/epoxy and carbon-fiber/epoxy.
However, novel ceramics, alloys and composite materials have great potential in

applications that require blast mitigation. A demand for well-engineered structures has
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led to improvements in ductility, fracture toughness, corrosion resistance and
machinability of constituent materials. Microstructures of geomaterials like concrete and
soil have been modified to improve their resistance to impacts and temperature changes.
Polymers, glasses and foams have found use in structures to impede fragments and
projectiles. Steel, aluminum and titanium alloys have been developed and are highly
useful in protecting structures due to their inherent fracture toughness, strength and

energy absorption capacities.

There is a need to develop new structures consisting of these novel materials to

enhance the blast mitigation capabilities of marine structures.

8.5.4 Dynamic response of hybrid metal-composite structures

A large number of existing naval and marine structures consist of steel or
aluminum. With improved understanding of dynamic deformations in marine structures
subjected to underwater blasts, new strategies can be employed to retrofit existing
infrastructure to improve blast resistance. Thin, stiff composite structures and foams
affixed to the impulse receiving side of a pre-existing marine structure has the potential to
drastically improve the blast resistance of metallic structures. This strategy can be used to
prevent the superposition of pressures at the metal-water interface and reflect the
incoming wave before it reaches the underlying metallic structure. This approach to

improving the blast resistance of pre-existing infrastructure merits research.
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8.5.5 Effect of naval mines

Results presented here and in literature show that light structures subjected to
impulsive loads attain lower momentum than heavier structures and consequently cause
lesser damage to the substructure. However, marine structures are often exposed to
combined impulsive and projectile loads. An example of this is underwater naval mines,
which release projectiles in addition to a shock wave. In this situation, the marine
structure is subjected to an impulsive load caused by the shock wave as well as impact
loads caused due to projectile impact. Naturally, a marine structure designed exclusively

to sustain impulsive loads cannot withstand impact loads.

It is therefore necessary to analyze the combined effect of impulsive and impact
loads on sandwich structures. This will lead to significant improvement in resistance of

marine structures to a range of service loads.

8.5.6 Dynamic response of obliquely loaded and curved structures

The loading angle of an impulsive wave on a marine structure is an engineering
problem that has not been studied previously. When oblique impulses interact with a
marine structure, deformation is dominated by shear effects. The same structure responds

differently when subjected to oblique loads as opposed to normal loads.

Ship hulls, turbine blades and underwater pipelines are all curved structures which
experience complex dynamic deformations due to oblique impulsive loads. The analysis
of dynamic response of marine structures subjected to oblique underwater impulsive

loads merits research.
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