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The response of submerged structures subject to loading by underwater blast waves is
governed by complex interactions between the moving or deforming structure and the
surrounding fluid and these phenomena need to be thoroughly understood in order to design
structural components against underwater blast.

This thesis has addressed the response of simple structural systems to blast loading in shallow
or deep water environment. Analytical models have been developed to examine the one-
dimensional response of both water-backed and air-backed submerged rigid plates, supported
by linear springs and loaded by underwater shock waves. Cavitation phenomena as well as the
effect of initial static fluid pressure are explicitly included in the models and their predictions
were found in excellent agreement with detailed FE simulations.

Then, a novel experimental apparatus has been developed, to reproduce controlled blast
loading in initially pressurised liquids. It consists of a transparent water shock tube and allows
observing the structural response as well as the propagation of cavitation fronts initiated by
fluid-structure interaction in a blast event. This experimental technique was then employed to
explore the one-dimensional response of monolithic plates, sandwich panels and double-
walled structures subject to loading by underwater shock waves. The performed experiments
provide great visual insight into the cavitation process and the experimental measurements
were found to be in good agreement with analytical predictions and dynamic FE results.
Finally, underwater blast loading of circular elastic plates has been investigated by
theroretically modelling the main phenomena of dynamic plate deformation and fluid-
structure interaction. In addition, underwater shock experiments have been performed on
circular composite plates and the obtained measurements were found in good correlation with
the corresponding analytical predictions. The validated analytical models were then used to
determine the optimal designs of circular elastic plates which maximise the resistance to

underwater blast.
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Chapter 1

Introduction

1.1 Motivation and Background

The response of submerged structures to underwater blast is a major consideration in the
design and construction of naval ships and submarines. Underwater detonation of an
explosive charge gives rise to propagation of spherical shock waves [1], impinging on
surrounding structures and leading to dynamic deformation or failure. Figure 1.1 (a) shows
severe damage of the USS Cole after detonation of an explosive charge in close proximity to
the vessel, tearing a hole of approximately 10 m radius in the hull mid-ship. The photograph
illustrated in Fig. 1.1 (b) was taken from the USS Tripoli after the ship struck an underwater
sea mine, resulting in extensive hull failure by tensile tearing and shearing below the water
line.

Each repair or maintenance interval results in high service costs, long repair times and in
temporary loss of military equipment. Blast-resistant structural designs as well as optimal
material selections are main drivers to mitigate increasing repair and maintenance costs in the

operation of naval ships and submarines.



Fig. 1.1: (a) Extensive hull damage of the USS Cole after detonation of an explosive charge mid-ship;
(b) photograph taken from the USS Tripoli during repair after the ship struck a sea mine.

1.2 Innovations in the design of naval ships and submarines

During the last decades new trends have emerged in the design of naval ships and submarines:
structures originally made from steel, aluminium, bronze or other high-density castings have
been increasingly replaced by composite materials. Composites were first used after World
War II for a range of non-critical components in smaller boats but applications were limited
due to poor fabrication quality and low stiffness. However, advances in design and
manufacture of composite materials remarkably improved their mechanical performance and
led to a widespread use of composites in military marine vehicles and commercial craft. This
trend continues today because of the need to reduce maintenance, repair and fuel consumption
costs as well as to improve operational performance (e.g. low magnetic signature, buoyancy
requirements, range) while maintaining structural strength and stiffness.

A summary of the wide range of applications for composites in naval ships and submarines is

illustrated in Fig. 1.2 [2]; the letters C, TD, and D denote concept, technology demonstrator



and fully developed, respectively. Although naval applications for composites have become
extremely widespread, the replacement process is still relatively slow since ship designers and
builders have great experience and confidence in the use of metals, which have proven to
perform well in most static, dynamic and impact loading cases. Moreover, simple design rules
as well as analytical tools to predict failure modes and shock resistance have been established
for metallic naval structures throughout the last decades but essentially don’t exist for
composites to date. In addition, experimental data on underwater shock performance of
composite structures is extremely scarce owing to the expense and difficulty of large-scale
underwater blast tests. As a consequence, safety factors are much higher (typically between 5
and 10) than those used for metallic designs, resulting in detrimental effects on the strength-

to-weight benefit offered by composites.
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Fig. 1.2: Current applications of composite materials in naval ships and submarines [2]. The
abbreviations C, TD and D denote ‘concept’, ‘technology demonstrator’ and ‘developed (in-service)’.



Concurrent to the introduction of composite materials, sandwich panels, comprising of a
crushable core (e.g. foams, honeycomb structures, lattice materials, etc.) and two face sheets,

have attracted the attention of designers in the field of light-weight vessel construction.

Although sandwich panels were originally used as stiff and light-weight construction
materials for static applications, there is currently a trend to employ sandwich constructions
for impact and blast mitigation because of their ability to absorb kinetic energy via
mechanical deformation processes in the core. Particularly for underwater blast, sandwich
plates experience lower blast impulses than monolithic designs of equal mass, with the
reductions a consequence of fluid-structure interaction (FSI). This topic has been the scope of
recent research activities, and useful guidelines for the design of blast-resistant submerged
sandwich structures have already been established. However, some questions in the design of
blast resistant sandwich plates still remain unanswered. In particular, only limited information
exists on the response of water-backed sandwich plates subject to underwater blast. Moreover,
it is still unclear how sandwich structures perform when subjected to deep explosions, which

is of primary interest to designers of blast resistant submarine applications.

1.3 Design of structures subject to underwater blast

Fluid-structure interaction consequent to blast loading of submerged structures has many
unique characteristics and is governed by complex physics. When blast waves impinge on
surrounding submerged structures, the ensuing structural motion leads to a tensile
(rarefaction) wave radiated from the loaded surface. Such tensile wave can trigger cavitation
if the pressure in the surrounding water drops below the vapour pressure. The cavitation zone

spreads in the water with supersonic speed [3] and becomes visible in form of rapidly



growing and collapsing gas bubbles. Cavitation phenomena significantly affect wave
propagation as well as structural loading and need to be thoroughly understood in order to

design submerged structures against underwater blast.

The complexity of fluid-structure interaction problems renders the computation of analytical
solutions extremely difficult and can only be obtained for simple cases [4]. Therefore,
predicting the response of complex structural systems to underwater explosions is limited to
the use of numerical methods. Due to the great progress in computing technology during the
last decades, fully coupled numerical simulations are now extensively used in the design of
naval structures and are increasingly supplanting time-consuming and costly large-scale tests.
Although there is a vast array of numerical techniques capable of handling continuum
mechanics problems (e.g. finite element method, finite volume method, finite difference
method, etc.) the finite element method (FEM) has become widespread in the design of
submerged structures subject to underwater blast. Modern FE packages (e.g. ABAQUS,
ANSYS) provide modelling functionalities to the user capable of simulating the generation of
explosive shock waves, wave propagation in the fluid, shock loading of the structure, fluid-
structure interaction and the effects of cavitation. However, FE models have inherent
deficiencies to reproduce the discontinuous rise in pressure at the shock front of the blast
wave leading to inevitable distortion of the wave front and attenuation of the pressure
amplitude. In an FE scheme, pressure discontinuities can only be approximated with good
accuracy by using a very fine mesh in the fluid domain, which hampers the solution process

and can lead to long computation times.

To overcome the computational expense associated with fully-coupled FE simulations,
designers of naval ships and submarines often neglect the surrounding fluid and employ

purely structural FE models, in which shock wave loading is mimicked by a pressure loading



history deduced from empirical relations or simplified analytical models. Other solution
approaches are based on impulsive loading assumptions, justified by the discrepancy between
the duration of the shock impulse and the structural response time. Such numerical models do
not include the whole complexity of the physics arising from FSI phenomena and are

therefore limited to specific problem characteristics and loading cases.

Although FE simulations are suitable for modelling complex FSI problems, they do not
provide a solid foundation for understanding the underlying physics. Analytical solutions of
simplified FSI problems, such as impact of planar shock waves on submerged rigid plates or
sandwich panels, provide great insight into the cavitation process and how this affects the
structural response. In addition, analytical solutions are computed much faster than FE models
and can be employed in iterative algorithms, in which problem geometry, loading pressure
pulse and material parameters are continually adjusted in order to find optimal structural
designs. Several authors have used analytical FSI models to construct design charts for the
selection of light-weight and blast-resistant geometries. On the other hand, being based on the
assumption of negligible hydrostatic fluid pressure, the analytical models in the current
literature cannot be used in the design of structures exposed to the threat of explosions in deep

water.

In addition to predictive modelling techniques, large-scale explosive test methods are
commonly used in the shipbuilding industry in order to probe the shock resistance of naval
constructions. Although such tests provide important information on survivability, damage
tolerance and failure modes consequent to underwater blast loading, they are time-consuming,
cost-intensive and require adequate control and safety measures. Because of these issues,

laboratory-scale test methods have been developed which are capable of simulating



underwater blast in a safe and controlled manner. Although these test methods are capable of
measuring the dynamic response of structural components, they do not allow measuring the
effects of increased initial hydrostatic pressure on the blast response of the component, which
is a major concern for deep water applications. In addition, none of the experimental
techniques to date allow observation of the cavitation process in the water, which need to be
understood in order to predict duration and intensity of the shock impulse imparted to the

structure.

1.4 Objectives of the thesis

Table 1.1 presents a synopsis of existing literature on fundamental FSI problems relevant for
the design of blast-resistant submerged components and allocates their contributions to air-
backed and water-backed applications. It can be seen from this table that, although
considerable experimental, theoretical and numerical effort has been devoted to study the
underwater blast response of various structural systems, some fundamental problems have
been left unaddressed by the research community. In particular, the response of water-backed
structures subject to underwater blast as well as the effect of an elevated initial hydrostatic
fluid pressure on the structural response are still unexplored topics in the current literature but

are vital considerations in the design of submarine applications.

The objective of this thesis is to fill some gaps in the current knowledge of FSI in underwater
blast, with a focus on unravelling the underlying physics by providing a clear physical picture
of cavitation processes and their interactions with surrounding structures in a blast event.

To achieve this, it is instructive to begin with the simplest of problems listed in Table 1.1,

namely the 1D response of monolithic plates to underwater blast. Starting from the pioneering



work of Taylor [4], the theory will be extended to the problem of a spring-supported rigid
plate, in contact with water on one or both sides and loaded by pressure pulses propagating in
initially pressurised water.

Then, the 1D response of free-standing water-backed and air-backed monolithic plates will be
examined by simulating underwater blast at a laboratory scale and observing the structural
response as well as the cavitation phenomena in the water. Experimental results will serve to
validate the developed analytical models and to examine the dependence of blast performance
on initial static pressure and structural mass. Subsequently, the developed experimental
method is employed to investigate the 1D response of sandwich plates and double-walled
structural systems to underwater blast. Finite element simulations will be performed to gain
more insight into FSI and to validate the results obtained from the corresponding experiments.
Next, it will be demonstrated to what extent the 1D analytical models can represent the 3D
response of real-life structures. In the process, an analytical FSI model for the dynamic
response of circular elastic plates to underwater blast will be developed, based on predictions
computed with 1D analytical FSI models.

Finally, the underwater blast response of circular composite plates will be interrogated using
the developed experimental apparatus. Observations of the cavitation process as well as
measurements of the dynamic plate deflection will be compared with predictions performed

with FE and analytical models.



Table 1.1: Existing literature on the response of submerged structures to underwater blast as well as

research contributions from this thesis.

air-backed water-backed
shallow water deep water | shallow water | deep water
P« =0 P70 P =0 Pa70
1D experimental Chapter 4 Chapter 4 Chapter 4 Chapter 4
monolithic "y Taylor (1941)
numerica aylor
plates analytical Chapter 3 Chapter 3 Chapter 3 Chapter 3
Deshpande et al. (2006)
D experimental Wadley et al. (2008) Chapter 5 Chapter 5 Chapter 5
. Chapter 5
sandwich Deshpande & Fleck (2005)
. eshpande ec
plates ‘;‘fglert‘lcczll/ Hutchinson & Xue (2005) ? ? ?
y Liang et al. (2007)
Latourte et al. (2011)
Circular  experimental | LeBlanc & Shukla (2011) ? ? ?
composite Chapter 8
plates mumerical/ Chapter 7 ? Chapter 7 ?
analytical




Chapter 2

Literature Review

2.1 Review of existing literature

The current literature on underwater blast loading is examined in this section to underpin the
work presented in this thesis. First, a review of underwater explosion phenomena will be
given. Then, attention will be focussed on current theoretical and numerical predictive models
for the response of submerged structures to underwater blast. Finally, the existing
experimental methods for blast loading of submerged structural components will be
summarised, including both large-scale testing of real-size components and blast experiments

at laboratory scale.

2.1.1 Underwater explosions

The physical phenomena associated to underwater explosions are well established due to
extensive research carried out during World War II. A comprehensive summary of
experimental and theoretical work on underwater explosions conducted during the 1940s is

given in Cole [5] and the main physical processes are briefly sketched in the following.
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The underwater detonation of an explosive charge converts the original explosive material
into a gas at very high temperature and pressure. During this process a detonation wave is
generated, propagating in the explosive material with supersonic speed. The detonation wave
can be described as a shock wave immediately followed by a reaction zone in which the
chemical transformation takes place. Once the detonation process is completed, the enormous
pressure of the reaction gases is transmitted to the surrounding water as a shock wave
propagating in all directions. In close proximity to the detonation point the generated
pressures are so large that the wave speed becomes dependent upon the surrounding pressure
field, causing the shape of the wave to change with the magnitude of pressure and

displacement of water as it propagates. The velocity of wave propagation can be several times

higher than the speed of sound in water (¢, =1490ms™ at 18°C); however, this value is being

approached quite quickly as the wave advances outwards and the pressure drops to a level for
which the rate of propagation is no longer affected by the magnitude of pressure.

The gases generated in the blast event form an expanding bubble, displacing the surrounding
water. At later times, the gas pressure falls below the equilibrium pressure, determined by
superposition of atmospheric and hydrostatic pressure, owing to the inertia of the outward
flowing water. This negative pressure gradient forces the surrounding water to decelerate and
to invert its velocity, contracting the boundary of the bubble. The inertia of the water together
with the elasticity of the gas in the bubble, represent an oscillating system that permits
repeated cycles of expansions and contractions of the gas bubble boundary. As a result,
successive disturbances are transmitted to the water in form of secondary pressure pulses
which become progressively weaker and normally only the primary shock wave is of

significance [5]. The pressure versus time history plotted in Fig. 2.1 was measured 18 m away
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from a 136 kg TNT charge fired 15 m below the water surface and shows the relation between

primary shock wave, bubble pulse duration and secondary pressure pulse.
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Fig. 2.1: Pressure versus time history measured at a distance 18 m from a 136 kg TNT charge fired 15
m below the surface; reproduced from Cole [5].

At sufficient distance from the detonation point, the pressure versus time history associated
with the passage of the primary shock wave (see Fig. 2.1) at a point in the water can be

written as
p (t) = poe_[/g 2.1)
where the peak pressure p, and the decay time 6 depend upon the mass and type of

explosive material as well as on the distance from the point of detonation. The dependency of

P, and € on the stand-off distance R, and mass of explosive M can be described by the

power law relations

M, Y (M
_ ex . _ /3 ex
Py = K{ R "J , 0=K.,M> (—R P (2.2)

exp
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where K,, K,, & and «, are material constants which can be taken from Table 2 in

Swistak [1] (K, =524, K,=0.084, & =1.13 and @, =-0.23 for an underwater TNT

explosion ).

The bubble pulse durations of underwater explosions strongly depend on the depth of water as
well as on the proximity of boundary surfaces. Slifko [6] examined the dependence of the
pressure pulse characteristics upon depth and stand-off distance for TNT and HBX-3 charges
fired at water depths between 150 m and 4300 m. Simple relations based on dynamic pressure
measurements were established which allowed concluding that all pressure pulse
characteristics can be written as functions of depth and stand-off distance. The peak pressure
of the primary shock wave was found to be independent from depth and decreases with
increased distance from the explosion, while the characteristic durations were functions of
depth alone.

Primary and secondary pressure pulses experienced by a fluid element at a distance of 10 m
from a 1000 kg TNT charge detonated at a depth of 1000 m are illustrated in Fig. 2.2. The
pressure pulse characteristics were calculated by using the power law scaling relations
presented in Slifko [6]. It should be noted that the duration of the first bubble period, defined
as the time between both pressure spikes in Fig. 2.2, is approximately ten times shorter than
what reported in Fig. 2.1 for a shallow water explosion. Another interesting aspect of deep
explosions is the occurrence of a negative pressure phase (relative to the ambient pressure), as

a consequence of increased hydrostatic pressure acting on the oscillating bubble boundary.
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Fig. 2.2: Characteristics of primary and secondary pressure pulses at a stand-off distance of 10 m from

a 1000 kg TNT charge deotonated at a water depth of 1000 m; the characteric time periods and
pressure values were calculated using the formulas given in Slifko [6].

2.1.2 FSI: physical background and predictive modelling

Submerged structural components surrounding the point of detonation are subjected to intense
dynamic loads, triggered by impingement of the primary shock wave. The ensuing dynamic
response is dictated by the emergence of elastic and plastic waves propagating in the solid and
can be considerably different to the static loading case. This discrepancy can be attributed to
interia effects, possible strain-rate dependency of the material behaviour as well as the
occurrence of different deformation and failure mechanisms when the structure is loaded
dynamically.

Before attempting to establish predictive models for underwater blast problems, it is
instructive to understand the main phenomena of the dynamic structural response consequent
to impulsive transverse loads. A large body of literature exists on the dynamic behaviour of
structures made from ductile materials. In typical blast loading scenarios, the effect of

material elasticity often plays a minor role because their deformation is dominated by large

14



plastic strains. Therefore, the introduction of a rigid-ideally plastic material model is adequate
in most dynamic loading cases. Although the first investigations on the static behaviour of
structures commenced in the late 19" century, studies of dynamic loading cases are much
more recent and date back to World War II. Early theoretical work on the transient response
of thin plates subject to transverse dynamic loads was carried out by Hudson [7] and Wang &
Hopkins [8] who established theoretical models for the dynamic plastic response of thin plates
subject to impulsive loads.

In his book Structural Impact, N. Jones [9] gives a comprehensive account of the dynamic
behaviour of beams, plates and shells made from ductile materials which may be idealised as
rigid-perfectly plastic. Starting from the basic principles of static plastic deformation, Jones
presents analytical models and generates exact solutions for simple dynamic structural
problems in order to provide insight into the main physical phenomena, such as the formation
of stationary or travelling plastic hinges during the plastic collapse process. The theoretical
models presented in this publication can be used to predict the maximum central deflection as
well as the onset of failure for basic structural problems and account for the effects of finite
displacements, transverse shear and rotary inertia.

Concerning the prediction of the dynamic response of composite plates, only limited work is
reported in the current literature. Composites are inhomogeneous, anisotropic and elastic
solids and exhibit a response which is deeply different to that of ductile structures [9]. This
was demonstrated, for example, in an experimental study by Tagarielli et al. [10] who
examined the elastic response of fully-clamped monolithic composite beams and sandwich
panels to transverse projectile impact at mid-span. They observed that dynamic beam
deformation is dictated by propagation of a flexural wave emanating from the edge of the

projectile and propagating towards the supports, as shown in Fig. 2.3.
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These observations were used to motivate simple analytical models for predicting the
maximum mid-span deflections of monolithic and sandwich beams [11]. However, such
models were based on isotropic elastic material behaviour and thus did not account for the

anisotropy of fibre reinforced composites.

' 2

Fig. 2.3: High-speed photographic sequence of a monolithic beam impacted by a foam projectile [10].

Sandwich plates comprising of PVC foam cores and face sheets made from carbon or glass
fibre reinforced polymers are widely used in marine and aerospace applications. Hoo Fatt &
Palla [12] investigated the dynamic behaviour of such sandwich panels and developed
analytical models to predict dynamic deformation as well as failure initiation consequent to
impulsive pressure loading. In this paper, the overall response of the sandwich is modelled in
two sequential stages: (i) core-crush phase with propagation of stress waves in through-
thickness direction and (ii) a plate shearing and bending phase, with a transverse shear wave

propagating in the sandwich.
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The impact of underwater blast waves on surrounding structures produces a response which
elicits not only dynamic deformation processes but also complex FSI phenomena. Due to the
fact that such loading scenarios are relatively uncommon in most engineering problems, FSI
in underwater blast has been a widely unexplored field until it attracted the attention of

several research groups during World War II.

The pioneering work on FSI dates back to the early 1940s; Taylor [4] investigated the
response of a rigid free-standing plate loaded by an exponentially decaying planar shock wave
as given in eq. (2.1). Upon arrival of the incident wave at the fluid-structure interface the plate
is set in motion and continuity between the plate and the adjacent fluid particles causes a
tensile (rarefaction) wave to be radiated from the fluid-structure interface and propagating
into the fluid. The amplitude of the rarefaction wave scales with the plate’s velocity and
forces the fluid pressure at the interface to drop below the vapour pressure. As a consequence,
the water cavitates at the interface and structural loading ceases. The response of the plate is

dictated by the Taylor FSI parameter defined as

y = Puls® 2.3)

where p,, and c, are density and speed of sound in the fluid, respectively, @ represents the

decay time of the blast wave and m is the mass per unit area of the plate. Taylor [4]
concluded that the momentum transmitted to the structure in the blast event is reduced by
decreasing the plate’s mass, i.e. increasing the parameter i in eq.(2.3): lighter plates respond
to blast loading with higher acceleration, promoting cavitation processes to initiate at earlier

times in the response.
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The pressure at which fluids cavitate depends on their thermodynamic conditions but also on
impurities and dissolved gases, as well as on the presence of fluid-solid interfaces, which can
trigger nucleation of cavitation in the presence of tensile hydrostatic stress in the fluid. Some
experiments [13] have shown that distilled, de-ionised, degassed and filtered water in
laboratory conditions can achieve a tensile strength up to 9 MPa; on the other hand, this value
drops to very close to zero for the case of sea or lake water, and it is reasonable to neglect the
tensile strength of water in comparison to the intense compressive shock waves experienced

during blast events.

In his book Cavitation and Bubble Dynamics, C.E. Brennen [14] gives a comprehensive
account of the theoretical background of cavitation in liquids.

The main phenomena of the cavitation process need to be thoroughly understood when
studying the response of structures subject to underwater blast. Theoretical work by Kennard
[3] provided great insight into this; he found that ‘breaking fronts’ (BFs) emerge from the
point of first cavitation, propagating outwards with supersonic speed and generating an
expanding pool of cavitated water. Subject to the conditions in the uncavitated water ahead of
the cavitation boundary, such BFs can arrest, invert their motion and become ‘closing fronts’
(CFs), reducing the volume of cavitated fluid.

Bleich and Sandler [15] developed mathematical models to examine the evolution of
cavitation boundaries consequent to shock loading of a rigid plate floating on a liquid half-

space.

A significant part of the recent blast loading literature has concentrated on the shock
resistance of sandwich structures. Such structures are potential candidates for the construction

of naval hulls because they exhibit excellent stiffness-to-weight properties and provide blast
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mitigation owing to dissipative deformation mechanisms in the core. Both composite and
metallic sandwich panels are common construction materials in the shipbuilding industry.
Composite sandwich panels possess large stiffness-to-weight ratios and typically consist of
fibre-reinforced polymer face sheets and a core made from honeycomb [16], polymer foam
[17-19] or balsa wood [19]. Metallic sandwich designs are normally used for more cost-
sensistive applications and are in many cases slightly heavier than composite sandwiches of
similar strength. Development of new light-weight metallic sandwich core materials, such as
metallic foams [20] and pyramidal lattice cores [21], has been the scope of recent research
activities.

Early work on underwater blast loading of sandwich panels was conducted by Xue &
Hutchinson [22] who performed FE simulations in order to examine the response of
monolithic and sandwich plates by imparting the front face sheet an initial velocity in
accordance to the Taylor impulse [4]. The study showed that well-designed sandwich panels
can sustain considerably higher blast impulses than monolithic designs of equal mass. Similar
results are reported in more recent numerical studies [23, 24].

Other authors developed analytical models to examine the response of sandwich plates subject
to underwater blast and to understand the effects of the ensuing FSI phenomena. Fleck &
Deshpande [25] proposed an analytical model for the response of clamped metallic sandwich
beams subject to impulsive underwater blast loads with the impulse imparted to the structure
estimated from the Taylor analysis [4]. Subsequently, Qiu et al. [26] extended these models
[25] to examine the impulsive shock response of clamped circular metallic sandwich plates.
However, in many cases, the Taylor analysis is not suitable for estimating the impulse
imparted to a submerged sandwich plate in the event of an underwater explosion. Deshpande
& Fleck [27] and Hutchinson & Xue [28] developed analytical models for the 1D response of

sandwich plates subject to loading by an underwater blast wave. Both studies found that the
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cavitation process is different to that of a monolithic plate [4]: in the case of a sandwich plate,
the cavitation process initiates at a finite distance from the fluid-structure interface, owing to
the support provided by the core. Their models are based on the assumption that a layer of
water attaches to the front face sheet, effectively increasing its mass and hence the momentum
transmitted to the plate. They concluded that the impulse imparted to a sandwich plate lies
between the Taylor predictions [4] for a free-standing plate of mass equal to the total
sandwich (upper bound) and the face sheet only (lower bound).

Then later, Liang et al. [29] approached the same problem and found that the attached-layer-
assumption [27, 28] can lead to significant underestimation of momentum transmitted to the
sandwich plate, indicating that FSI plays a more complex role than initially assumed. To
overcome this discrepancy, they refined this theory by accounting for re-attachment of
cavitated water to the structure during the phase of core compression. Moreover, they noted
that the distance of the first cavitation plane from the fluid-structure interface can be

approximated by

11
X, = Yo o 4.8(0-‘} (0.24—0.0151//+0.0012l//2) 2.4)
c,0 Po

w

for a limited range of parameters, 0< 0./ p, <0.35 and 0<y <8 (0, is the collapse strength

of the foam core).

Although the FSI models outlined above [27-29] capture the early stages of the cavitation
process with good accuracy, they do not take detailed account of the subsequent contraction
of the cavitation zone driven by pressure waves travelling in the water layer trapped between
the front face sheet and the cavitation boundary.

The importance of such FSI phenomena was recognised by McMeeking et al. [30] who
investigated underwater blast loading of sandwich plates in more detail by explicitly

modelling the motion of the cavitation boundaries. They assumed that the cavitation zone
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reaches the fluid-structure interface and collapses subsequently by propagation of a
reconstitution wave (equivalent to a closing front [3]) reflected from the wet face of the

sandwich.

The analytical models outlined above have treated the cavitation process in a manner suitable
for specific core topologies and can only be used for a limited range of problems. While such
models capture the onset of cavitation with good accuracy, the subsequent response in which
the cavitation zone collapses is only treated with crude approximations. In addition, none of
the references quoted herein considered the effects of a non-negligible hydrostatic pressure in
the water prior to the blast event which is vital for designing structural components against
deep water blast. Moreover, most of the current design guidelines have been developed to aid
the selection of blast resistant designs and materials for components in contact with water on
one face only but cannot be used for water-backed FSI problems. More sophisticated
analytical models are needed which are capable to predict the response of air-backed and
water-backed structures subject to blast in deep or shallow water without the need of
simplifying assumptions for the cavitation process. Such models will be developed in this
thesis for the 1D response of both air-backed and water-backed rigid plates, supported by

linear springs and loaded by underwater shock waves.

2.1.3 Underwater blast experiments

During the last decades large-scale explosive test facilities have been extensively used in the
naval shipbuilding industry to guarantee that safety-critical components withstand extreme
conditions such as intense dynamic loading by shock waves generated in an underwater blast

event. Early experimental work on underwater blast loading was conducted during World War
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II. A large part of this research was published in 1951 by the U.S. Office of Naval Research
(ONR) [31].

Nowadays, the use of composite materials in naval constructions has become extremely
widespread, because they offer benefits in terms of weight, magnetic signature and corrosion
resistance. Since the 1980s several studies have focussed on exploring damage and failure of
naval composite structures subject to underwater blast. Hall [32] investigated the underwater
shock resistance of large-scale composite hulls by underwater detonation of an explosive
charge in the proximity of the submerged test structure. Mouritz et al. [33] developed an
explosive test rig able to generate intense blast waves a water-filled pit and used it to
investigate damage and failure of both water-backed and air-backed hulls made from glass-
fibre reinforced composites (GRP). Recently, Ramajeyathilagam & Vendhan [34] performed
underwater explosion tests on air-backed rectangular steel plates by mounting the test
structures on a sealed box fixture prior blast loading in a water-filled shock tank. Further
details on the methodology of underwater explosion tests on plane plates are summarised in

Rajendran et al. [35].

Large-scale tests provide important information on survivability, damage tolerance and failure
modes exhibited by naval structures when loaded by underwater shock waves. On the other
hand, they are time-consuming, cost-intensive and require adequate control and safety
measures. Because of these issues, recent advances in experimental methods have focussed on
simulating underwater blast loading in a laboratory environment. Deshpande et al. [36]
developed an experimental apparatus able to generate realistic underwater blast waves in a
water-filled steel shock tube by firing a steel projectile at a water piston, as illustrated in Fig.
2.4. They used this technique to examine the 1D response of monolithic plates and sandwich

panels and found that the momentum transmitted to the structure in a blast event can be
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considerably reduced by employing the sandwich construction, consistent with the

conclusions of previous theoretical and numerical studies [27, 28].
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Fig. 2.4: Schematic of the water shock tube developed by Deshpande et al. [36].

This experimental method [36] was then employed by Kazemahvazi et al. [37] to investigate
dynamic failure of clamped circular copper plates subject to underwater blast. Later, McShane
et al. [38] used the same apparatus to probe the performance of free-standing sandwich plates
with metallic lattice cores by measuring transmitted momentum and permanent core
compression.

Espinosa et al. [39] followed a similar approach and designed a divergent shock tube to
investigate dynamic deformation of circular clamped monolithic plates subject to underwater
blast and used scaling rules to mimic the response of real-size naval constructions. Plate
deformation histories were measured by observing shadow Moire fringes with a high-speed
camera. Subsequently, Mori et al. [40, 41] and Latourte [42] employed the apparatus
developed by Espinosa et al. [39] to characterise failure modes and damage mechanisms of
monolithic plates and sandwich panels and provided experimental evidence for the benefits of

sandwich construction in terms of blast resistance.
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LeBlanc and Shukla [43] also used a water-filled shock tube to examine underwater blast
loading of clamped GRP composite plates but with the blast wave generated by internal
detonation of an explosive charge.

Wadley et al. [44] designed an underwater explosive test rig able to generate blast waves in a

water-filled cardboard cylinder by detonation of an explosive sheet, as illustrated in Fig. 2.5.
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Fig. 2.5: Schematic of the test method developed by Wadley et al. [44] to investigate the blast
performance of sandwich panels.
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Although the test methods outlined above are capable of measuring the dynamic response of
simple structural systems, they do not allow measuring the effects of increased initial
hydrostatic pressure which is of great importance for the design of submarine applications
resistant to blast loading in deep water. In addition, while cavitation was observed by several
authors [45-47] for the purpose of examining the destructive action of collapsing cavitation
bubbles on contiguous structural surfaces, none of the references quoted above report direct
observation of propagating cavitation fronts consequent to blast loading of submerged
structures. Although a vast range of components in marine applications are in contact with

water on both sides during operation (e.g. fins, double hulls [48], etc.), only very little is
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known about the shock response of water-backed structural systems. When water-backed
structures are subjected to underwater explosions, the ensuing FSI phenomena can be deeply
different and guidelines developed for air-backed components can no longer be used.

The work presented in this thesis will cover these gaps in the current literature. To achieve
this, an experimental apparatus capable of reproducing underwater blast loading under
increased hydrostatic fluid pressure will be developed. This apparatus will be used to observe
the structural response as well as the evolution of cavitation phenomena in the water
consequent to blast loading of both water-backed and air-backed structures. The results of
these experiments will be presented in Chapters 4, 5, 6 and 8, together with predictions

obtained from analytical models and detailed FE simulations.

2.2 QOutline of the thesis

The literature review presented in the previous section provides a synopsis of the milestones
within the current blast loading literature but also pinpoints shortcomings in the understanding
of fundamental FSI phenomena. The aim of this work is to fill some gaps in the literature by
undertaking a rigorous experimental, theroretical and numerical study of the main physical
processes governing the response of structures subject to underwater blast. In particular, this

thesis will address the following problems:

- In Chapter 3, 1D analytical models will be derived for the underwater blast response
of a rigid spring-supported plate, in contact with water on one side (air-backed
problem) or both sides (water-backed problem). The response will be characterised by
defining different regimes of behaviour and the sensitivity of the applied impulse to

structural mass and initial hydrostatic pressure will be examined.
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- An experimental shock tube apparatus capable of simulating blast loading in initially
pressurised water will be developed in Chapter 4, in order to probe the one-
dimensional response of water-backed or air-backed monolithic plates to underwater
blast. In the process, experimental evidence for the existence of propagating breaking
fronts and closing fronts, as predicted by Kennard [3], will be provided via direct
observation of the cavitation process.

- The developed experimental apparatus will then be used to investigate the 1D response
of sandwich plates and double-walled structures to underwater blast. The results
obtained from these experiments will be presented in Chapters 5 and 6, respectively,
together with predictions obtained from corresponding FE simulations.

- Predictive analytical models for the dynamic deformation of circular elastic plates to
underwater blast will be developed in Chapter 7. The accuracy of these models will be
validated against 3D FE simulations and experimental results obtained from FSI

experiments, which will be presented in detail in Chapter 8.

Finally, in Chapter 9, the major conclusions of this thesis will be summarised and directions

for future studies will be given.
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Chapter 3

The Response of Rigid Plates to Deep Water
Blast: Analytical Models and Finite Element

Predictions

3.1 Introduction

In this chapter the 1D response to blast loading of a rigid plate supported by a linear spring, in
contact with a liquid on one or both sides is investigated. Analytical models will be
constructed capable of capturing the cavitation process in the fluid and its effects on the
plate’s response; theoretical predictions will be compared with results of detailed FE
simulations. The sensitivity of the imparted blast impulse to structural mass, spring stiffness
and initial hydrostatic will be explored and non-dimensional performance charts will be
constructed to aid structural design and material selection of components exposed to the threat

of an explosion in water.
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3.2 Analytical models

Underwater detonation of an explosive charge gives rise to propagation of spherical shock
waves, travelling at the speed of sound in the medium, c,. At sufficient distance from the
point of detonation, these waves can be treated as 1D planar waves and their shape can be
described by an exponentially decaying pressure versus time pulse, such that the pressure at

an arbitrary point in the liquid (of coordinate x), and at an arbitrary time ¢ can be described by
. ( X, t) = Do o a6 3.1)
for a wave travelling in the positive x-direction. The peak pressure p, and the decay time &

are set by the characteristics of the blast [1]. When the shock wave (3.1) reaches a fluid-
structure interface located at x=0, the pressure field in the fluid is modified by wave
reflection. In the case of a stationary interface, the wave gets fully reflected and the reflected

wave, travelling in the negative x-direction, can be written as
—(t+x/c, )0
Do (2,1) = pye ) 3.2)

The interface pressure is given by p, (0,7)+ p,, (0,7) and results in an imparted impulse

I,=2| pe"’di=2p,0 (3.3)

Assume that the structure consists of a rigid, unsupported plate. Impingement of the pressure

wave (4.1) on its wet surface sets the plate in motion and compatibility dictates that the plate

and the fluid at the interface possess the same velocity v(z); plate motion results in a
rarefaction wave of magnitude
Prare (X:1)==pc,v(t+x/c,) (3.4)

emanating from the interface and travelling in the negative x-direction. The pressure field in

the fluid is given by superposition as
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—()‘—x/cw ) —(t+x/cw

)/g—p c v(t+x/cw) 3.5

w-w

/0
p(x’t):pxt+pin+p0ut+pmm:pst+p()e +p06

where p, represents the hydrostatic pressure in the fluid prior to the blast event.

The tensile rarefaction wave can cause the pressure to drop to the value of the cavitation

pressure of the fluid p,, at a location X, and time 7.. The value of the cavitation pressure p,
is negligible in typical underwater blast events, compared to p,, which is typically on the

order of 100 MPa; we shall therefore assume in the following that p, =0, in line with the

assumptions of previous studies in this field [24, 27-29]. Both the motion of the rigid plate
and the pressure field in the fluid are significantly affected by the occurrence of cavitation,
and eq. (3.5) needs to be modified. Accordingly, we define as ‘Stage I’ the response preceding
the instant of first cavitation in the water, while we term as ‘Stage II’ the response subsequent

to first cavitation.

3.2.1 Summary of the Taylor model for a free-standing monolithic plate

The 1D problem of an unsupported rigid plate loaded on one side by an exponentially

decaying shock wave was solved by Taylor [4] for vanishing initial static pressure, p,6 =0.

Here we briefly summarise this solution.

Consider a rigid plate of mass per unit area m, loaded by a shock wave as given by eq. (3.1);

equilibrium dictates

—(116

) —p ci (3.6)

mi=2p,e
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where u(r) denotes the displacement of the plate and dots denote differentiation with respect

to time.

Equation (4.2) can be solved with initial conditions u(0)=0 and v(0)=1(0)=0; this gives

_ 2p09 -t/6 _ —ytl8
v(t)_—m(l//—l) (e e ) (3.7)

where i 1s a non-dimensional parameter defined as

W= p.c.0 (3.8)

which can be regarded as a non-dimensional measure of the inverse of the plate mass, for a
given explosion. The interface pressure field in the fluid is obtained by substitution of

eq. (3.7) into eq. (3.5) evaluated at x =0 this yields

-t/0 _2p_ol//(e—t/0 _e—y/zlﬁ) '

p(O,t)=2pOe 1

(3.9

It was shown by Taylor that first cavitation for an unsupported, blast-loaded rigid plate

always takes place at the fluid-structure interface at time

t, = (3.10)

and a zone of cavitated water spreads from the interface into the fluid at 7 >7_; loading of the

structure ceases and the plate moves at constant velocity. The impulse transmitted to the plate
is obtained by time integration of the interface pressure up to the cavitation time ¢,

] = J"c 2p e _ 2py (e—t/H _e—wr/H) dt=1 _% (3.11)
t 0 Po l//_l Ol/, .

where 1, =2p,0 is a reference impulse, corresponding to the impulse that would be imparted

to a stationary plate by the incident wave (eq. (3.3)).
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3.2.2  Stage I response for a spring-supported rigid plate

In this section we proceed to derive the governing equations for the two problems sketched in

Fig. 3.1 and described below:

(1) Problem I: A rigid plate of mass per unit area m is supported by a linear spring and is in
contact with water at initial uniform pressure p,. The plate is loaded by an exponentially

decaying shock wave propagating in water towards the structure (Fig. 3.1 a).

(i1) Problem 2. A rigid plate of mass per unit area m is supported by a linear spring and is in
contact with water at initial uniform pressure p, on both sides. The plate is loaded by an

exponentially decaying shock wave on one side (Fig. 3.1 b).

In the following we will indicate the side of the rigid plate loaded by the incident wave as

‘front face’, while ‘back face’ will denote the opposite side.

X
(a) (b) plate: m
water: ; water: Pa water
Cw y pw pst+p() ' CW ’ pw pst+p0

p=pytpye’’ pP=patpye’

spring: k

Fig. 3.1: Sketches of problem geometry, reference system, boundary conditions and loading case, for
Problem 1 (a) and Problem 2 (b).

We define the parameters

~|
Il
~
S~
2
=|
Il
=
S~
—_
o

(3.12)
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representing the non-dimensional time, position, plate displacement, plate velocity, pressure

field, particle velocity field, transmitted impulse, initial pressure, respectively (v, (x,z) is the

particle velocity field in the water). In the following we proceed to determine the non-

dimensional particle velocity and pressure fields v, (x,7) and p(x,7) for the two problems

described above, prior to cavitation in the fluid.

a) Problem 1: Stage I response

Consider the problem of a rigid plate in contact with water on the front face, as sketched in
Fig. 3.1 (a); let us assume that the plate is initially in equilibrium under the action of p, and of
the spring reaction. In a coordinate system where x=0 corresponds to this initial equilibrium

position (Fig. 3.1 a), the equation of motion for the rigid plate is given by

—(116

mii+ku=2p,e"" — p c i (3.13)
where k is the stiffness of the supporting spring, per unit area of the plate. The solution of

eq. (3.13) is found by imposing the initial conditions u(0)=0 and #(0)=0. In terms of the
non-dimensional parameters (3.12), we find
7 (7)= A 2pse” =) (s -y +2) =) (s 4y -2) | (3.14)

after defining the non-dimensional stiffness

km
pM/ CW
and the auxiliary quantities

A= 4 - s=1-4x. (3.16)
cwmyls(lcg//2 —l//+1)

The non-dimensional plate velocity follows as
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V(?):—B[4se_7+e_0'5w(1+5)(;//—;//sz—2s—2)+e_0'5y/7(1_s)(l//s2—l//—2s+2)];
1 (3.17)

b= 4s(1q//2—y/+1) '

The absolute fluid pressure field is calculated by substituting the expression for the plate

velocity into eq. (3.5); in non-dimensional terms, we find

ﬁ(f,l_) = ﬁsr + e_(T—f) + e‘(ﬁf) + C|:4S €_(T+E) + e_O-SW(ﬂE)(IH) (l//_ l/lsz —2s- 2) "
- (3.18)
4o 0T (1-9) (1//32 -y -2s+ 2)}

with

- Ld . 3.19
¢ 2s(ky’ —w+1) G-19)

The non-dimensional velocity field in water v, (x,7) is obtained by superposition of the

particle velocity fields associated with the incident, reflected and rarefaction waves

v (%.7) = 1 |:e—(?—}) _ o) } _B [4s o T+ |, 0Sw(THE) (1) (W st =2 2) +

E (3.20)
4 OV (THE)(1-) (Wsz —y—2s+ 2)} .

Note that v, (0,7 ) =v(7 ), due to continuity at the fluid-structure interface.

b) Problem 2: Stage I response
Now consider the problem sketched in Fig. 3.1 (b), where there is now liquid on both sides of
the plate. Loading of the plate by the incident shock wave (4.1) sets the plate in motion and
this results in radiation of a pressure wave at the plate’s back face. The interface pressure at
the back face (see Fig. 3.1 b) is given by

p(t)=p,+p,cv(t) (3.21)
The equation of motion of the plate can be written as

—(t/0

mii+ku=2p,e"" =2p c i (3.22)
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and is solved with initial conditions #(0)=0 and #(0)=v(0)=0. In non-dimensional form
this gives

(3.23)

where

D=

Pd cr=l-x. (3.24)
cwml//r(la//2 —21//+1)

The non-dimensional plate velocity v (7), pressure field p(x,7) and particle velocity field
v, (x,7) follow as
v(t)=-F [Zre_7 —e" " (yr—y ) (r+ D)+ (wr+w -1)(r —1)} , (3.25)

p(x.7)=p, +¢ " 4t +G[2r e ) eV (e 1) (yr —r 1) +

741 (3.26)
4 V) (r _1) (l,//r n W—l)} ’
B (B7) = o [ e 00| F[2re ) e () (1)
A (3.27)
4o V) (r=1)(yr+y- 1)]
after defining the auxiliary parameters
F= ! ; G= v (3.28)

25(kp” -2y +1) s(xy® =2y +1)

3.2.3  Stage II response: effects of cavitation

In this section we derive the Stage Il response for a spring-supported rigid plate, accounting
for the effects of water cavitation, for both Problem 1 and Problem 2. The analysis is
performed with the assumption that the water response can be described by a linear elastic,

reversible pressure versus volumetric strain constitutive relation for p > 0. In contrast, we

assume that for p <0 the fluid is unable to sustain any pressure; this yields
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(3.29)

|-k, & =—cp,e, for p>0
b 0 for p<0

where K denotes the bulk modulus of water.

The pressure field in the water attached to the plate’s front face is given in Stage I by eqs.
(3.18) and (3.26) as a function of time and distance from the fluid-structure interface, for
problems 1 and 2, respectively. The presence, in both these expressions, of a negative

pressure term associated with the rarefaction wave can cause the pressure to drop to zero, at

time 7, at a general position X, (x, =0 for the *Taylor’ problem described in Section 3.2.1).

The general sequence of events following cavitation, at time f,, has been outlined by several

authors [3, 30] and is illustrated in Fig. 3.2 (a):

® water cavitates at time ¢, and at a position x, (x, <0 for the choice of coordinate system
in Fig. 3.2 a);

® two breaking fronts emanate from the point of first cavitation x. and travel in the positive
and negative x-directions; *breaking fronts’ are defined as interfaces separating regions of
cavitated and uncavitated water. The directions in which these fronts propagate is such to
leave cavitated water behind them. It was shown by Kennard [3] that the velocity of
propagation of a breaking front is always greater than the speed of sound in the fluid.

e depending upon the pressure and particle velocity in the fluid immediately ahead and
behind the breaking fronts, these fronts can arrest and remain stationary or invert their
direction of motion; in the latter case, we will denote them as ’closing fronts’. Kennard
[3] has shown that closing fronts always move at subsonic speeds.

For the two problems described in Section 3.2.2, two breaking fronts originate at time ¢, at a

position x, and travel into opposite directions (see Fig. 3.2 a). It will be shown below that the
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breaking front travelling towards the blast event (in the negative x-direction) will never arrest.

In contrast, the breaking front travelling towards the plate’s front face can either arrest before

the fluid-structure interface (at a position X, , and time 7,,) and invert its direction of

rest
motion, becoming a closing front, or reach the fluid-structure interface. In this last case, the

breaking front can either arrest at the interface or be reflected as a closing front.

(a) breaking  breaking P cer (1)
front ! front <—
e o °lol | Perou(®
i n(xCFa t) I _>
<
-x Xe ° v (xcr) °l | Ver(2)

AD ° —0°| Do) -

"I
. breaking front <
breaking front arrests ] o |°l PcEin(9)

propagating

i
dx|  Xcr(9)

-X Xrest

closing front
c propagating
breaking front 4
propagating

—» PCFout
<«— PCF,in

@==

4 O
-X Xcr o Xc

Fig. 3.2: (a) Schematic illustration of the phenomena of initial cavitation, emergence and propagation
of BFs, development of a CF. (b) Detail of the fluid conditions at a propagating CF.

The analysis below will make use of the findings of Kennard [3], who provided criteria for the
propagation (and arrest) of breaking fronts and closing fronts in terms of the pressure and
velocity fields in the cavitated and uncavitated fluid adjacent to such fronts. We shall treat

both breaking and closing fronts as reflective interfaces, with the objective of determining the
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pressure and velocity field in the fluid adjacent to the plate’s front face, thereby determining

interface pressure, plate velocity and transmitted impulse during Stage II.

a) Solution scheme and governing equations
We proceed to describe the calculation steps required to determine the Stage II response for

problems 1 and 2.

(i)  Calculation of location and time of first cavitation
In order to determine the location and time of first cavitation, the pressure fields (3.18) or
(3.26) (for problems 1 or 2, respectively) are set to zero, giving an implicit relation between

position and time

p(x,1)=0 (3.30)
or p(x,7)=0, in non-dimensional form. Equation (3.30) has infinite solution pairs (x,7),
describing a curve in x — ¢ space. The point where this curve attains the minimum value of ¢
gives the position and time at first cavitation (xc,tc ), which can be extracted via a numerical
algorithm. In the particular case of an unsupported plate (‘“Taylor’ model) it is found that

x.=0 and 7, is given by (3.10).

(ii) Propagation and arrest of the breaking front
The conditions for propagation of a breaking front in the water subsequent to the onset of

cavitation are given by Kennard [3] as
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dp

v, ap
’ ox

v,
X=Xpp ax < pwcw

o0x

>0 ;

b

X=XpF X=XpF X=XpF

>0 (propagation in the +xdirection) OR (3.31)

<0 (propagation in the —xdirection)

where X denotes the current position of the breaking front and velocity gradients dv, /dx
are evaluated in the uncavitated region ahead of the breaking front. For the problems under
investigation, these conditions are always met at any time f=2f,, for the breaking front

travelling in the negative x-direction, i.e. away from the fluid-structure interface. This front
will therefore propagate indefinitely in the negative x-direction at a velocity in excess of the

speed of sound in water, and will never affect motion of the plate. In contrast, for a breaking
front travelling in the positive x-direction, the conditions (3.31) are met at =7, but may not
hold indefinitely. Consequently, propagation of this front may terminate after some time

t

rest

>t at a position X

rest *

In order to evaluate x._, and ¢

rest

we observe that the breaking front travelling in the positive

rest »
x-direction moves supersonically. Therefore, the pressure and velocity fields ahead of this
breaking front are not affected by its propagation and can be computed from the expressions
found for the Stage I response of the plate (see Section 3.2.2). Note that for both problems 1
in

and 2, the Stage I expressions for the plate velocity v(z) are valid for 7<% X, /c

rest w?

contrast, Stage I pressure and particle velocity fields are only valid for # <¢, .

The current position of the breaking front X, and the arrest point X

rest

are found by
evaluating numerically the conditions (3.31) along the curve (3.30). A time increment Af is

chosen (typically around 10 s) and the time ¢ > I, 1s discretised. At discrete points in time
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lyi =1 +IAL (i=0,1..), eq. (3.30) is employed to evaluate the corresponding position of the

and

rest

breaking front, x,.,. At each pair (be,n tbf,[) the conditions (3.31) are evaluated; x

t,,; represent the first point on the curve (3.30) at which at least one of the conditions (3.31)

fails. The trajectory of the breaking front moving in the positive x-direction is defined by the

this trajectory represents a portion of the implicit curve

rest °

pairs (be,n tbf,i), with 7, <t

given in eq. (3.30).

(iii) Propagation of a closing front
Once the breaking front travelling in the positive x-direction has arrested, a closing front can
emerge and propagate in the opposite direction. The analysis of this phenomenon is

facilitated if the pressure field in the uncavitated water in contact with the plate’s front face is
written as superposition of wave trains approaching the cavitated region (denoted by p.. ;)
and travelling away from the boundary with the cavitated region (denoted by p.,,), as
sketched in Fig. 3.2 (b). It follows that pressure and particle velocity at the cavitation

boundary, evaluated in the uncavitated fluid, por and v, =v, (x.,t), are given by

pCF = pCF,in + pCF,out + pst = IOWCWVCF,in - IOWCWVCF,out + pst ?
(3.32)

_ + _ pCF,in _pCF,om
VCF - VCF,in vCF,om -
pwcw

where v, and v, are particle velocities associated with the wave trains p..,, and
Pcrou » TESPECtively.
The conditions for propagation of a closing front are given by Kennard [3] as

v,

2pCF,in>pwcwvc ; ﬂ(x’t): j d7>0 (333)

ty (%) o
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where v, represents the particle velocity of the cavitated water, evaluated at a position just

ahead of the closing front. Since both the pressure and the pressure gradient within the

cavitation zone vanish, the velocity profile v, =v_ (x) in the cavitated water remains
independent of time, as long as the cavitation conditions persist. The velocity profile v, (x) is

obtained by evaluating numerically the particle velocity v, (x,z) in the uncavitated water
immediately before arrival of the breaking front, namely

Ve (xbf.i )=v, (xbf.i Ty ) (3.34)
The quantity 77(x,7) defined in eq. (3.33) represents a measure of the strain in the cavitated
water. The integral in eq. (3.33) is computed by integrating numerically in time the velocity
gradient in the cavitated water dv, /dx, from time 7, (x) to the current time 7, Ly (x) denotes
the time at which the breaking front reaches particles at a general position x. Note that the
pairs (xbﬂi, tbf!i) and the function 7, , (xb’i) are known from the analysis of propagation of the

breaking front described above.

Analysis of the propagation of a closing front in previously cavitated water has been
performed by Kennard and it is used here to determine the trajectory of the closing front and
the pressure and velocity behind this front. With reference to Fig. 3.2 (b), consider motion of

a closing front through a layer of cavitated water dx; momentum conservation provides
Per =(1=7) pcr (Ver —V,) (3.35)
where ¢, =dx,./dt denotes the velocity of the closing front and x., (7) is its current

position. Note that the coordinate system for the closing front analysis (see Fig. 3.2 b) is
chosen such that the positive x-direction is taken towards the cavitated region. It has been

shown that a closing front always propagates with velocity less than the speed of sound [3].
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Consequently, the pressure and velocity fields in the uncavitated water between the closing
front and the fluid-structure interface are affected by the motion of the closing front. A change

of thickness occurs within the layer dx due to passage of the closing front; continuity gives

Iowcvzv(vCF_vc)zl:lowcin—l_pCF (1_77)JCCF' (336)

Equations (3.32), (3.35) and (3.36) can be re-written as

. c, A _ (1-n)p,e, A
A (e, - T T A (e, —24)
L, At(e,—A)n
224 (c,-24)7

(3.37)

Ver —V > Pcrow = Pcr — Pcrin = Py »

with the auxiliary quantity 4 given by A= (2 Perin T Py ) /(p,c.)-v.

c

The sequence of events associated with propagation and arrest of a breaking front and
subsequent propagation of a closing front is described below:

t=t,,: The closing front pressure p.. is given by the Stage I expressions. The incoming and

rest *
outgoing pressure wave trains p,, and pg. ,, can be written as

—(I+x/cw

_ _ )/0
pCF,in_pl,out_pOe _pwcwv(t+X/va)’
—(t—x/cw)/ﬁ

Pcr.oue = Prin = Po €

(3.38)

where p, . and p,, are the Stage I pressure wave trains travelling away from and towards
the fluid-structure interface, respectively. p,,, comprises the reflected and rarefaction

waves, while p,, represents the incident pressure wave. The conditions (3.33) are satisfied at

this instant and therefore a closing front will start propagating.

Loy <I<t,, —X

rest

/c, : In this phase of the response the incoming wave train p,,, is still

rest

given by eq. (3.38). In contrast, the wave train p., ,,, is radiated from the closing front and
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travels towards the structural interface without reaching this interface. The time #>7 ,, is
discretised and at 7, . =1, + jAr (j=0,1.), the quantities pc., (eq.(3.38)), U(XCF,ZC”)
and vc(xCF) are evaluated, conditions (3.33) are checked, and eqs. (3.37) are solved for
Perow and ¢ . The current position of the closing front X, is updated, and the values of

Perou (tcf, j) are used to generate a wave train p,, that will impinge on the plate at time

= er (1g5) 1 ¢,

=t X, 1 c,: At this instant the wave train p.. ,, (calculated by eq. (3.37)) emanating

rest - rest

from the closing front reaches the plate, invalidating the Stage I expressions for the plate
velocity.

1>t

X, ! ¢, In this phase of the response, the wave train p.. ,, emitted by the moving

rest rest

closing front interacts with the fluid-structure interface. p, ,, is still given by eq. (3.38) and

the analysis of the closing front propagation is similar to that outlined above for

t,. <t<t

rest rest ‘xrest

/c, . In order to compute the wave train p, , created by the fluid-

structure interface and the Stage II plate velocity expression, the equation of motion of the
plate is solved by numerical time integration; the current acceleration for Problem 1 and

Problem 2 is calculated as
ii(ty ;) =] 2P —pocsti(ty )~ ku(ty ;) | /m (3.39)
and

ii(1, )= [2 P 206,01, ) —ku(t, )] /m (3.40)
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respectively, where p, ;. coincides with the wave train p.. ,, emanating from the closing
front. The current acceleration is wused to update the plate velocity, namely

u (tcf,j+1

)= i, ).

1>>1,, —x

rest

/¢, : Due to the fact that the closing front velocity is subsonic [3], the pressure
wave train p, . (moving at the speed of sound c¢, ) will reach the closing front as time
elapses. In general, this will result in an interaction of p, . with the closing front and

originate a wave train p. ,,, travelling towards (and finally impinging on) the fluid-structure

interface. This phenomenon is modelled by the same technique described above.

We note in passing that the problem of a non-negligible cavitation pressure, p, #0, can be
dealt with by the present analysis by simply considering a fictitious initial static pressure

PL=D,—P.. (3.41)

b) Regimes of behaviour

(i)  Problem I.
In this section we proceed to analyse the structural response for Problem 1 described above.

We begin by noting that the phenomenon of cavitation may not necessarily occur for this
problem. If the water is initially at a sufficiently high static pressure p,, , or if the mass of the

plate and/or the stiffness of the supporting spring attain sufficiently high values, the absolute
pressure in the fluid may not reach zero during the blast loading event. The presence of

cavitation affects the plate response and therefore both Stage I and Stage II analyses presented
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above need to be performed in this case. In contrast, in the absence of cavitation the Stage |
analysis is sufficient to predict the plate response.
Three regimes of behaviour can be identified: we refer to regime I in the absence of

cavitation. If, in contrast, cavitation occurs, two scenarios are possible: the breaking front

travelling towards the structure arrests at x_, <0, without reaching the fluid-structure

rest
interface (regime 2) or it reaches the fluid-structure interface (regime 3).

The regime charts in Fig. 3.3 can be used to determine the active regime of behaviour for a

given set of non-dimensional parameters ¥, kK and p,, . The curves in Fig. 3.3 (a) denote the
transitions between different regimes for the case of zero static pressure ( p, =0) while Fig.
3.3 (b) illustrates the regime transitions for p, =0.6. We note that an increase in p,, causes
regime 1 to dominate; regime 3 response is active (for p, =0.6) only at very large values of

w (this is not shown in Fig. 3.3 b). It can be shown numerically that if p, exceeds 0.82,

cavitation is prevented for any choice of ¥ and x .

(a) 3 T T (b) 0.14 T T T T T
¥ + FE simulations b 0.1 ¢ FE simulations
= 2 =
£ g
Z % 0.08} 1
= =
= 1.5 =
2 3 0.06 .
1) -}
E 1 £
G < 0.04 1
Z =
) =]
=
=05 0.02 -
0 O 1 1 1 1
8 10 12 0 2 4 6 8 10 12
FSI parameter y/ FSI parameter {/

Fig. 3.3: Non-dimensional regime charts for Problem 1. The curves show the transitions between

different regimes for two different values of non-dimensional static pressure: (a) p, =0 and

() p., =0.6.
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(i) Problem 2:

We now analyse the structural response for Problem 2. As described above, in this problem a
plate is in contact with water on both sides and is supported by a linear spring. Loading by the
incident wave results in plate motion, which generates a pressure wave propagating in the
fluid in contact with the plate’s back face (eq. (3.21)). Initially, the motion of the plate in the

positive x-direction results in an over-pressure in the fluid adjacent to the back face, of

amount p,c,v (). The presence of the supporting spring can result in the plate inverting its

motion, and the absolute back interface pressure p,+ p,c,v(f) vanishing, giving rise to

cavitation.
It can be shown that cavitation in the fluid at the back of the plate always occurs at the plate

interface, at time #. (Z =t//@ in non-dimensional terms). Subsequently, a breaking front

emerges from the plate’s back face and propagates in the positive x-direction. In principle, the
cavitated region at the back interface may collapse if the plate inverts again its direction of
motion and moves in the positive x-direction at sufficiently high velocity. This is accounted
for in the models presented herein; however, for typical values of ¥, kand p,,, collapse of
the cavitation zone at the back interface occurs after a relatively long time (7 >10) and has
only a minor effect on the plate’s response. Similar to Problem 1, we note that cavitation on

either side of the plate may be prevented for Problem 2 if the water is initially at a sufficiently

high static pressure p,, .
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Different regimes of behaviour can be identified for Problem 2, as described below:

regime 1, p, 2 p, .. no cavitation occurs in the fluid on either side of the plate, if the

initially applied static pressure exceeds a critical value p, ., which is a function of

st 0
and x .

regime 2, t; <t.: cavitation at the back face occurs before cavitation in the fluid in front
of the plate.

regime 3, t, <t <(t

x,,/c,): cavitation occurs at the back face after it has

originated in the fluid in front of the plate but before the Stage II response of the plate has

begun.
regime 4, t.>(t,—x, /c,): cavitation at the back face occurs after the beginning of the

Stage 1I response of the plate.

The charts in Fig. 3.4 can be used to determine the active regime of behaviour for a given set

of non-dimensional parameters ¥, xand p,. The curves in Fig. 3.4 (a) denote the
transitions between regimes for the case of zero static pressure ( p,, =0) while Fig. 3.4 (b)

illustrates the regime transitions for p, =0.07. Upon increasing the static pressure, regime 1

occupies a larger region in the regime chart. The critical static pressure to suppress cavitation

Py 1s in general a function of y and x . However, it can be shown numerically that when

p,, —0.14, regime 1 becomes the active regime for all values of y and x .
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Fig. 3.4: Non-dimensional regime charts for Problem 2. The curves show the transitions between

different regimes for two different values of non-dimensional static pressure: (a) p, =0 and

(b) B, =0.07.

3.3 Finite Element Calculations

One-dimensional, dynamic FE simulations were performed in ABAQUS/Explicit [49] in
order to validate the analytical models described in Section 3.2. The problem geometry is
sketched in Fig. 3.5 for the case of Problem 2: the structure is modelled as a rigid plate
supported by a linear spring (Type ‘SpringA’ in ABAQUS) of constant stiffness k. The plate,
of unit area, is tied to two columns of water (of unit width) at the front and back face. For
Problem 1, the plate is tied to a water column only at the front face.

For the constitutive response of water, a linear relation between the fluid pressure and the
volumetric strain was employed, in accordance to eq. (3.29), with vanishing shear modulus.
Such relationship was modelled in ABAQUS by using a Mie-Gruneisen equation of state with

a linear Hugoniot relation [49] which can be written as

2
p=Lo (1 L&y j+r0p0Em (3.42)
(1-s¢,) 2
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where I') is a material constant, £, denotes the internal energy per unit mass, s defines the

linear Hugoniot relation between shock velocity v, and particle velocity v, v, =¢,+sv,,

and p,c; represents the bulk viscosity at small nominal strains, K. To implement the desired
constitutive relation (eq. (3.29)) in the FE model, the parameters £ _, I', and s were set to
zero while density and wave speed were taken as p,=p, =1000kgm” and
¢, =c, =1498ms™, respectively, giving a bulk modulus of K, =K, =2.244 GPa. Note that the
choice s = 0 corresponds to the case where v =c, (see equation above). Neglecting the
vapour pressure of water ( p, =2.3kPa at 20°C), cavitation was modelled by introducing a

pressure cut-off at a tensile failure of zero, p. =0, according to eq. (3.29).

As suggested by other authors [29], the presence of a default artificial bulk viscosity in
ABAQUS/Explicit can lead to significant artificial energy dissipation. Preliminary
simulations were conducted to examine the sensitivity of the predicted pressure fields to the
bulk viscosity coefficients and it was concluded that coefficients equal to 20% of the default
values were sufficiently low not to affect the predictions and sufficiently high to eliminate
numerical pressure ringing effects.

The transverse displacement of the rigid plate and of the fluid elements was constrained, as

indicated in Fig. 3.5. An initial hydrostatic stress field of o, =—p_, was imposed on all fluid

elements. For Problem 2, an equal amount of pressure was applied at the ends of fluid
columns not in contact with the plate (see Fig. 3.5). For the case of Problem 1, with the plate

in contact with a single water column, a traction —p,, was applied at the free end of the front

water column and at the back face of the plate in order to guarantee equilibrium of the fluid-
structure system prior to loading by the blast wave. In order to simulate loading by the

incoming shock wave, a pressure boundary condition was imposed at the free end of the front
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fluid column. This wave had an exponentially decaying shape with peak pressure p, and

decay constant €. The water columns were chosen to be sufficiently long to avoid pressure
waves reflected at the free ends reaching the structure before the end of the fluid-structure

interaction phase.

B lew Plate: rigid body _p h_ k lew B
Dst - 1. ‘3.
— fluid: fluid: <«
Po e Pw, Cw pst pst Pw, Cw — Dst
0 —» —
— . (/ AAA <
) L Tie Constraint ) ﬁﬁ ] k L )
< v

Fig. 3.5: Schematic of the Abaqus/Explicit FE model used to investigate the 1D water-backed plate
response (Problem 2). FE simulations for Problem 1 follow a similar scheme, with the fluid column
attached to the plate’s back face absent.

Four-noded, plane quadrilateral elements with reduced integration (type CPE4R in ABAQUYS)

were used to discretise the water. In order to adequately capture the discontinous change in

pressure at the shock front of the incident wave, the element size /,, needs to be chosen
sufficiently small. To aid the choice of an appropriate mesh size, FE simulations were
performed with different values of /,, (0.1 mm /0.2 mm /0.5mm /1 mm /2 mm /4 mm)
using the model illustrated in Fig. 3.5, measuring for each discretisation rise time #/* and
peak pressure p.° of the incident schock wave (at a distance of 5 mm from the fluid-structure
interface before the impact). Results obtained from these measurements are shown in Fig. 3.6

as functions of the mesh size. It can be seen that the normalised rise time 7" =+ /@

approaches zero when [, —0, see Fig. 3.6 (a), while the normalised peak pressure

piE = pl* [ p, converges to unity for I, —0, see Fig. 3.6 (b). A mesh size [, =0.1mm
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appears to capture the shock front with good accuracy, and therefore, the size of the fluid
elements was set to 0.1 mm in the direction of wave propagation, while one single element

was chosen to discretise the fluid column along the width.

(a) (b)
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E

Fig. 3.6: Normalised rise time t_rFE = trF £ / 6 (a) and peak pressure ﬁ(fE = p(f / p, (b) of the incident

shock wave as functions of the mesh size used in the FE calculations.

3.4 Comparison of analytical and FE predictions

In this section we compare analytical and FE predictions for interface pressure and plate
velocity histories, as well as for the motion of breaking and closing fronts, in order to assess
the accuracy of the analytical models. We shall examine both problems 1 and 2, and explore

all the regimes of behaviour identified above.
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3.4.1 Problem 1: closing front and breaking front propagation

Analytical and FE predictions of the non-dimensional position and time of first cavitation, as
well as of the motion of breaking fronts (BFs) and closing fronts (CFs) following first
cavitation are presented in Fig. 3.7 for Problem 1. The curves in these charts denote analytical

predictions of BF and CF trajectories. The minimum (in time 7 ) on these curves represents

the position and time of the onset of cavitation, (YL,Z) Two branches originate from this
point, corresponding to propagation of two breaking fronts travelling away from (left of X.)

and towards (right of X.) the fluid-structure interface. The breaking front travelling away

from the structure propagates indefinitely with a velocity in excess of the speed of sound but

approaching ¢, as time elapses (corresponding to a slope of -1 for the curves in Fig. 3.7). In

contrast, the breaking front travelling towards the structure initially moves supersonically and

and time 7.

rest °

subsequently arrests at a position X

rest

inverting its direction of motion and
becoming a closing front. This closing front moves away from the structure, at a velocity
always below ¢, but approaching this value as time elapses.

The chart in Fig. 3.7 (a) refers to the case of a fluid at initially vanishing static pressure,
P, =0, and illustrates the effect of structural stiffness on the details of the cavitation process,
for a plate of given mass (corresponding to ¥ =2.5). For an unsupported plate (x=0, Taylor

problem [4]), cavitation initiates at the fluid-structure interface and gives rise to a breaking
front travelling away from the interface, while a closing front does not propagate, as expected.
Increasing the structural stiffness results in the point of first cavitation being located within
the fluid region rather than at the interface and in the appearance of a breaking front travelling

towards the structure and subsequently inverting its motion, becoming a closing front.
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The effect of the initial pressure in the fluid p,,, for selected values of non-dimensional plate
mass (¥ =2.5) and stiffness (x=0.004) is illustrated in Fig. 3.7 (b). Increasing the initially

applied static pressure results in increased values of

X, | s the point of first cavitation moves

away from the interface and the velocity of the closing front increases. As p,, approaches the

xrest

critical value of p_, . =0.59 (for the parameters chosen here),

src — oo Indicating that
cavitation does not occur.
The FE and analytical predictions in Fig. 3.7 are in excellent agreement. This correlation

gives us confidence in the accuracy of the analytical models developed in this chapter. We

proceed to explore the Problem 1 response in more detail in the following sections using both

the analytical and FE models.
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Fig. 3.7: Non-dimensional time versus position charts illustrating, for Problem 1, emergence of
cavitation in the fluid attached to the plate’s front face and subsequent propagation of breaking fronts
and closing fronts: (a) effect of non-dimensional stiffness and (b) effect of the initial static pressure.
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3.4.2 Problem 1: pressure and velocity histories

Three FE simulations were conducted and the mass per unit area of the plate m, the decay
constant of the incident shock wave @, the stiffness of the supporting spring k and the static

pressure p ., were chosen to give three different sets of non-dimensional parameters

y=p.cl/m, k=km/(pS’c’) and p,=p,/p,, corresponding to regimes 1, 2 and 3
presented in Section 3.2.3 (b). The chosen sets of parameters are indicated on the regime chart
presented in Fig. 3.3.

In Fig. 3.8 (a) we show non-dimensional interface pressure and plate velocity histories for
w =25, k=0.004 and p, =0.6 corresponding to regime 1. According to the regime chart in
Fig. 3.3 (b), the selected non-dimensional parameters result in a point within regime I located
close to the transition curve to regime 2. No fluid cavitation is expected in this case, and FE
simulations confirm this. The analytically predicted pressure and velocity histories are in
excellent agreement with those extracted from FE simulations.

Time histories of non-dimensional interface pressure and plate velocity for y=2.5, x=0.2
and p, =0 are presented in Fig. 3.8 (b). According to the regime map in Fig. 3.3 (a), this

choice of non-dimensional parameters result in a regime 2 response. In this case the analytical
model predicts that the relatively high stiffness of the supporting spring will cause the
breaking front to arrest before it reaches the interface, and to invert its motion as a closing
front (see Fig. 3.7 a). Even in this regime, the analytical and FE predictions match. Both types

of predictions show that the water cavitates at X <0 and the interface pressure drops to a

small value at time 7, (corresponding to the end of Stage I). Subsequently, this pressure

increases again, due to wave reflection at the propagating closing front, imparting additional

impulse to the plate. As time elapses, the pressure drops to zero and the water cavitates at the
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interface; loading of the plate ceases and the structure oscillates around the equilibrium
position.

The pressure and velocity histories in Fig. 3.8 (c) represent a case with p, =0, =25 and

relatively low spring stiffness, x£=0.004. This set of non-dimensional parameters gives a
point in the regime chart clearly located within regime 3 (see Fig. 3.3 a). The analytical model
predicts that a breaking front will reach the structure and reflects as a closing front, initially
travelling slowly away from the interface (Fig. 3.7 a). Excellent agreement between FE and
analytical predictions is achieved for this regime, both qualitatively and quantitatively. Both

FE calculations and analytical model predict the interface pressure to vanish when the
breaking front reaches the interface (at time #, =f,) and, correspondingly, the plate velocity

attains its maximum value. Subsequently, the interface pressure slowly increases due to
collapse of the cavitated region by propagation of a closing front and the plate slowly

decelerates.
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Fig. 3.8: Analytical and FE predictions of non-dimensional front face pressure and plate velocity time
histories for Problem 1: (a) regime 1, (b) regime 2 and (c) regime 3.
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3.4.3 Problem 2: closing front and breaking front propagation

The charts in Fig. 3.9 present a comparison between analytical and FE predictions of the onset
of cavitation as well as of the propagation of breaking and closing fronts for Problem 2
(water-backed plate). In Fig. 3.9 (a) the effect of structural stiffness on the evolution of the
cavitated region is illustrated for the case p, =0 and ¥ =2.8. For any choice of x, cavitation
initiates at a finite distance from the structure (recall that for Problem 1, cavitation occurs at

the fluid-structure interface for x=p_ =0), and the effect of increasing x is similar to that

observed for Problem 1. Similarly, Fig. 3.9 (b) reports the effect of an increasing static

pressure: again, this results in increased values of fm,| as well as in a faster propagation of

the closing front. The predictions from FE simulations in Fig. 3.9 (a) and Fig. 3.9 (b) show a

perfect agreement with the analytical model.
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Fig. 3.9: Non-dimensional time versus position charts illustrating, for Problem 2, emergence of
cavitation in the fluid attached to the plate’s front face and subsequent propagation of breaking fronts
and closing fronts: (a) effect of non-dimensional stiffness and (b) effect of the initially applied
pressure.

56



3.4.4 Problem 2: pressure and velocity histories

Four FE simulations were conducted for Problem 2. Parameters m, @, k and p,, were chosen

to give four different sets of parameters y, x and p,, corresponding to the four different

regimes described in Section 3.2.3 (b).

In Fig. 3.10 (a) the interface pressure (at both the front and back interfaces) and plate velocity

histories are presented for the case ' =2.8, xk=0.004 and p, =0.07. The highlighted point in

the regime map for this choice of non-dimensional parameters (see Fig. 3.4 b) indicates a
regime I response. No fluid cavitation is expected in this case at the front or at the back of the
plate. FE simulations are in excellent agreement with analytical predictions. In this case,
Stage I analysis is sufficient to predict the response of the system.

Interface pressure and velocity histories for ¥ =2.8, x¥=0.17 and p_, =0 are illustrated in

Fig. 3.10 (b). This set of non-dimensional parameters results in a regime 2 response of the
plate, as the corresponding point in the regime chart indicates (Fig. 3.4 a). The analytical
model predicts that cavitation occurs initially in the water in contact with the plate’s back
face. Finite element simulations confirm this and their predictions are again in excellent

agreement with the analytical calculations. Both analytical and FE predictions show that the

water attached to the back face cavitates at a time £.'<Z_, corresponding to the plate inverting

its direction of motion (as expected for p, =0, see eq. (3.21)). For ?C ' <?C, the back interface

pressure vanishes and a zone of cavitated water spreads from the plate's back face into the

rest

positive x-direction. At >, the front water cavitates and for 7 >7, = [2.,—*X../c,]/6 the

motion of the plate is affected by this phenomenon.
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Fig. 3.10: Analytical and FE predictions of the non-dimensional front face pressure, back face pressure
and plate velocity histories for Problem 2: (a) regime 1, (b) regime 2, (c) regime 3 and (d) regime 4.
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The case =28, k=011 and p, =0 corresponds to a regime 3 response according to the
regime map in Fig. 3.4 (a) and the predicted interface pressures and plate velocity histories for

this particular choice of parameters are presented in Fig. 3.10 (c). Analytical calculations and

FE predictions coincide. The sequence of events predicted by FE simulations matches the

analytical predictions: cavitation occurs initially in the water in front of the plate at time £

.
Before the effects of this event begin to influence the plate’s motion (at time ?,), cavitation

takes place at the plate’s back face. The corresponding pressure histories are very similar to
those observed for regime 2.

By further reducing the non-dimensional stiffness to x=0.03 (¥ =2.8,p,6=0), regime 4

becomes the active regime of behaviour (Fig. 3.4 a). The curves in Fig. 3.10 (d) indicate that,

in this regime, first cavitation occurs in the front of the plate at time ¢ ; the plate experiences

this event at a time 7, >, before cavitation sets in at the plate’s back face at time Z.'>7,; the

C

pressure histories are similar to those observed for regimes 2 and 3.

3.5 Sensitivity of the response to ¥, ¥ and p,

Having established the accuracy of the analytical predictions, the analytical models are now
used to determine the sensitivity of the plate response to the non-dimensional parameters ¥
and p,, for both problems 1 and 2. The maximum value of the non-dimensional impulse

transmitted to the plate’s front interface I,, defined as

T = max [(1/ 1), (p- pm)dr} (3.43)

0<t<oo
as well as the non-dimensional peak plate velocity v__, can be used to quantify the plate’s

response to blast loading. Both FE and analytical predictions show that the plate attains its
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peak velocity in Stage 1, i.e., prior to occurrence of cavitation in the fluid; it follows that the
value of v__ can be obtained from eqs. (3.17) and (3.25) for problems 1 and 2, respectively.
In contrast, no simple analytical expressions can be derived for the transmitted impulse, as

calculation of I_, involves, in general, both Stage I and Stage II analyses.

The definition of 7, in eq. (3.43) merits some comment. The interface pressure versus time

histories presented above show that in some cases the overpressure loading on the plate’s
front face ceases after a relatively short time, on the order of 106 or less (this can be seen, for
example, in Fig. 3.8 a, Fig. 3.8 b, Fig. 3.10 b, Fig. 3.10 c). In other cases (see Fig. 3.8 c,
Fig. 3.10 a, Fig. 3.10 d), after an initial peak and subsequent decay, the pressure increases

again slowly (due to the plate inverting its direction of motion) and finally drops to zero after
a time that can be on the order of 10’ @, for very small values of the stiffness & . Definition

(3.43) accounts for both the impulse delivered to the plate ‘quickly’ (within a time of the

order of 1060) and the impulse delivered to the plate ‘slowly’ (within a time >1086).
However, from the structural design perspective, it would be valuable to separate the two
contributions. We shall therefore compute both the ‘total impulse’ I, as defined in eq. (3.43),

and a ‘partial impulse’ defined as

T, = max [(1/10)j0’( - p”)df] (3.44)

Otk
where ¢ denotes the time at which the plate attains its maximum displacement; this partial

impulse quantifies the amount of impulse that is delivered to the structure ‘quickly’.

The sensitivity of I, to &, y and p,, is illustrated in Fig. 3.11 for Problem 1.
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In Fig. 3.11 (a), both I, and Tp are plotted as a function of the non-dimensional stiffness &,
for y=2.5 and three different values of p_, . Predictions from the analytical model indicate

that 7[ increases with increasing x (for x <0.02), approaching unity as x tends to infinity

(the case of a fixed rigid plate). It is interesting to note that a range of x exists for which

7, >1; oscillations of the plate can result in a transmitted impulse in excess of I,. The effect of
an increase in the non-dimensional static pressure is to reduce 7,, for any choice of x. It can
be deduced from Fig. 3.3 that, for the range of k', ¢ and p_, shown in Fig. 3.11 (a), the

response is regime 3 for p, =0 and p,=0.01; for p,=0.1 the response switches from

regime 3 to regime 2 when x> 0.05.

The sensitivity of the transmitted impulse (Problem 1) to the non-dimensional parameters ¥
and p, is illustrated in Fig. 3.11 (b) for the case x=0.01. With this choice of a relatively
high stiffness, the total transmitted impulse I_, approaches the value of 1 with increasing y

(i.e., with decreasing mass); a range of y exists for which 7, >1; this is due to the plate,

supported by the spring, inverting its motion and causing collapse of the cavitated region, and

in turn, acquiring additional impulse. The effect of increasing the applied static pressure is

again to reduce Tp for any choice of y . The dominant regime of response is again regime 3

for the range shown, with the exception of the case ( p,, =0.1, ¥ >4.5) which corresponds to

a regime 2 response.

In Fig. 3.12 the sensitivity of the transmitted impulse to &, ¥ and p_, is presented for a

water-backed plate (Problem 2). In particular, Fig. 3.12 (a) presents the variation of I, and Tp
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as a function of x, for ¥y =2.8 and three selected values of p_ . The total transmitted
impulse increases rapidly for low values of x and attains the value of 1. The partial
transmitted impulse 7,, is weakly sensitive to the stiffness «; TP decreases as the initial static

pressure is increased. It can be deduced from Fig. 3.4 that the active regime of response

switches from regimes 4 to 3, 2 and 1 as x is progressively increased from O to 0.1.

Finally, Fig. 3.12 (b) illustrates the effect of the mass of a water-backed plate, quantified

by w, on the transmitted impulse, for the case x=0 (note that for x=0, I, and I »
coincide). The figure shows that 7[ decreases with ¥ increasing or, equivalently, with the
mass m decreasing; an increase in the static pressure leads to a reduction in 7[ for any choice
of . The corresponding regime chart given in Fig. 3.4 indicates that regime 4 is active for
the cases p, =0 and p,6 =0.02 (in the range displayed in the figure); for p_, =0.04 the

response switches from regimes 4 to 3, 2 and 1 as y is progressively increased; at high

values of y, corresponding to a regime I response, the transmitted impulse approaches the

theoretical value I_, =(0.5 (this result can be obtained by integration of eq. (3.26)).
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3.6 Conclusions

The 1D response of a spring-supported, rigid plate to underwater blast has been investigated,
for a plate in contact with water on one or both sides. Analytical models have been derived to
predict plate velocity and interface pressure histories; such models account explicitly for
cavitation phenomena in the fluid, including propagation and arrest of breaking fronts and
closing fronts, as well as for the effect of an initially applied static fluid pressure on the
system response.

Regimes of behaviour were identified for both problems under investigation, and non-

dimensional regime maps were constructed. The system response was found to depend only

on three non-dimensional parameters x, ¥ and p_, representing the stiffness of the

st
supporting spring, the mass of the plate and the initially applied static pressure in the fluid.
The analytical models were validated by comparing their predictions with those obtained from
detailed explicit 1D FE simulations; the two types of predictions were found in excellent
agreement.

The study indicates that the FSI phenomena associated with loading of structures by
underwater shock-waves substantially affect the structural response and need to be modelled
in detail. The approximate models used in previous studies for sandwich constructions (based
on the assumption of impulsive loading [22] or water layer attached to structural interface
[27, 28]) are not able to predict accurately the structural response and can only be used for a
limited range of problems.

The sensitivity of the underwater blast response of a rigid, spring-supported plate to structural
mass and spring stiffness was investigated. It has been a long-accepted paradigm that a

reduction in structural mass (hence an increase of y ) leads to a reduction in the imparted

impulse; in this study we have demonstated that a decrease in the plate’s mass can increase
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the severity of structural loading (hence the imparted impulse) for particular choices of spring
stiffness and static pressure (see Fig. 3.11b). On the other hand, an increase of the spring
stiffness always results in an increase in the imparted impulse. For some choices of non-

dimensional stiffness, mass and initially applied pressure, the impulse applied on the plate can

exceed the reference value I, =2p @, owing to elastic spring-back of the system.

The application of a hydrostatic pressure in the fluid prior to blast loading affects substantially
cavitation phenomena; specifically, the point of first cavitation in the front water column is
found at increasing distance from the structure and collapse process of the cavitated zone is
faster, as the static pressure is increased. This results in a reduction of the impulse imparted to
the plate for an increase in initial static pressure. For both problems investigated herein, a
sufficient level of initially applied pressure results in suppression of cavitation in the fluid;
simple analytical expressions for the transmitted impulse can be derived in this particular
case. The effect of a non-vanishing fluid cavitation pressure can be determined by our
analysis considering a fictitious static pressure given by eq. (3.41).

The design of structures loaded by underwater blast is often done by neglecting FSI

phenomena and assuming either impulsive loading of the structure (by an impulse /,) or

loading by a traction versus time history (whose time integral equals /). The present study

shows that these apparently ’conservative’ simplifications can lead to high inaccuracy in the
predicted structural response: such simplifications are not necessarily conservative (see
Fig. 3.11) and in some cases, they may be too conservative (see Fig. 3.11b and Fig. 3.12b).
The non-dimensional charts in Fig. 3.11 and Fig. 3.12 can provide the designer with more
accurate estimates of the impulse imparted to a structure when dynamic FE solutions are not

available.
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The analytical models also provide a clear physical picture of the cavitation process and how
this influences the detailed response of the structure to a blast event. In the process, they
provide guidance and insight into the design and selection of structural components for blast
resistant structures.

However, the results offered in this chapter are limited to predicting the response of structures
subject to a non-contact explosion in water, where the loading pressure pulse can be well-
approximated by a planar, exponentially decaying shock wave travelling at approximately
sonic speed. In close proximity to the point of detonation, the propagation speed as well as the
peak pressure associated with the generated shock can be dramatically higher, necessitating a

more advanced description of the loading phase.

Moreover, the extent to which the proposed 1D calculations can represent the response of real
structures requires further study. Beam and plate bending are 2D or 3D phenomena, and when
beams or plates are loaded dynamically their local stiffness is in general a function of time.
More detailed 2D and 3D calculations are therefore needed to predict the response of real-life
structures to explosions in water. This will be investigated in Chapters 8 and 9, for the case of

circular clamped plates subject to underwater blast.
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Chapter 4

The Response of Rigid Plates to Blast in Deep

Water: Fluid-structure interaction Experiments

4.1 Introduction

The response of structures to underwater blast is difficult to observe at laboratory scale and
for this reason experimental studies have appeared only in the last decade. The existing
experimental techniques are capable of reproducing, at a laboratory scale, the dynamic
response of submerged structures to underwater blast; on the other hand, none of them allows
measuring the effects of an initially applied hydrostatic pressure in the fluid, which is
fundamental in order to design structural components loaded by blast waves in deep water. In
addition, while growth and collapse of cavitation bubbles in proximity of solid surfaces has
been observed by several authors (Benjamin & Ellis [45], Lauterborn & Bolle [46], Tomita &
Kodama [47]) in order to explore cavitation-induced erosion, no studies so far report direct
observation of the propagation of cavitation fronts subsequent to structural loading by

underwater shock waves.
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In this study we shall fill these gaps in the literature by developing an apparatus able to
generate planar, exponentially decaying shock waves in initially pressurised water; we shall
use this apparatus to study the response of both air-backed and water-backed unsupported
rigid specimens and its sensitivity to initial static pressure and structural mass. In doing so we
shall also provide experimental evidence supporting the theoretical findings of Kennard [3];
this will be achieved by observing the structural response as well as the ensuing cavitation
processes by means of high speed photography. The experimental results will also be used to

validate the predictions of the theoretical models presented in Chapter 3.

4.2 Problem definition

The two 1D problems under investigation are sketched in Fig. 4.1 and briefly described

below.

(1) Loading of an air-backed rigid plate: an unsupported rigid plate of mass per unit area m

is in contact on one side (front face) with water at initially uniform hydrostatic pressure
pP,, and on the opposite side (back face) with air at the same pressure p,, in order to

ensure initial equilibrium prior to dynamic loading by an exponentially decaying, planar
blast wave impinging on the front face at t =0 (Fig. 4.1a). The problem is equivalent to

that of a rigid plate supported by a perfectly plastic foundation with compressive yield
stress equal to p,, .

(i1) Loading of a water-backed rigid plate: a rigid plate of mass per unit area m is initially in
contact with water at uniform hydrostatic pressure p,, on both sides. The plate is loaded

by an exponentially decaying blast wave on one side (Fig. 4.1 b).
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Fig. 4.1: Free body diagram of rigid plates for the two problems under investigation: (a) air-backed
plate and (b) water-backed plate. Plates are loaded by exponentially decaying pressure waves in
initially pressurised water.

4.3 Experimental apparatus

4.3.1 Transparent shock tube and instrumentation
The experimental technique developed in this chapter is an extension of that established by
Deshpande et al. [36]; this technique is modified here in order to permit initial pressurization

of the water and to allow direct observation of cavitation. The apparatus, sketched in Fig. 4.2,

consists of a transparent shock tube of inner diameter d =27 mm and length L=2m. The
tube was machined from a cast acrylic rod of density P=1190kgm”, Young's modulus

E =3.3GPa and tensile strength of approximately 80 MPa; honing of the bore provided a

glossy finish to ensure clear observation of fluid and plate by high-speed photography. The
wall thickness of the tube was chosen to guarantee no failure or plastic deformation upon
loading by an internal pressure of 20 MPa, while the length was chosen to ensure sufficient
time of observation of specimens placed inside the tube, prior to secondary loading due to
reflections of pressure waves at the tube’s ends. The same tube was used in two different
configurations to explore the response of air-backed and water-backed plates, as described

below.
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Air-backed configuration: cylindrical monolithic specimens were machined from stainless
steel rods, fitted with two O-rings and inserted in the shock tube at a short distance from its
distal end, as illustrated in Fig. 4.2 (a). The shock tube was then filled, in a vertical position,
with filtered tap water and closed at the opposite end (front end) by a sliding nylon piston
fitted with O-rings; the front piston included a bleed valve to evacuate air bubbles trapped in
the water column prior to the experiments. The front end of the tube was provided with an

anvil to avoid the front piston from being ejected when the water was pressurised.

In order to mimic the idealised problem sketched in Fig. 4.1 (a), it is necessary to apply a

constant, uniform pressure p,, at the specimen's back face and to pressurise the water column

to the same hydrostatic pressure p,, . This was achieved by placing a foam cylinder in contact

with the specimen’s back face and compressing this cylinder by quasi-static application of a

force F' (measured via a resistive load cell) immediately before the experiment; the force was
increased until the desired pressure p,, was reached and an initial plastic strain of around 5%

was induced in the foam cylinder. During the dynamic experiment, specimen motion induces
additional plastic strain in the foam cylinder; however the plastic collapse of the foam occurs

at constant stress during the plateau response of this compressible solid; the length of the

foam cylinder was chosen to obtain a strain below the densification strain &, thereby

guaranteeing a constant back pressure p, . Different Rohacell foams were employed to
manufacture the foam cylinders and the cylinder’s cross-section was varied in order to adjust
p,, . For experiments with air at atmospheric condition (i.e. approximately p, =0.1MPa)

the supporting foam cylinder was not employed.
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Note that if the plate is in contact with air on the back face, motion of the specimen induces
an increase in back pressure proportional to the velocity of the plate; this velocity was small

in our tests (< 15 ms™) and therefore such pressure increase was negligible compared to the
initial pressure p,, and to the dynamic pressure induced by the blast wave. Compression of
the foam during the dynamic experiments occurred at strain rates on the order of 10s"; the
Rohacell foams employed in this study possess negligible strain rate sensitivity in the range
£=10"+10°s" (Arezoo et al. [18]) and we therefore assume that the foam’s yield stress can

be treated as a constant.
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Fig. 4.2: Sketch of the apparatus employed in this study to explore the response of (a) air-backed
unsupported rigid plates and (b) water-backed unsupported rigid plates.
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Water-backed configuration: in order to reproduce the problem sketched in Fig. 4.1 (b), the
steel specimen was placed at the centre of the shock tube, separating the bore into two
sections. Both front and back sections were filled with filtered tap water and both tube ends

were closed with sliding nylon pistons as described above. To induce a hydrostatic pressure
P,, in the water the sliding piston at the distal end of the tube was loaded with a compressive

force F until the desired pressure was attained. Such force was not applied in experiments

with p, =0.IMPa.

A Phantom 'Vision Research' (V7.1) high-speed camera was used to observe the motion of the
specimen and the details of water cavitation. The pressure in the water columns was measured
using piezoelectric pressure transducers manufactured by PCB Piezoelectronics Inc. (of type
113B23) and mounted flush to the inner surface of the tube; one of such transducers was
placed at a distance of 120 mm from the front end of the tube in order to record the incident
pressure versus time history. A second transducer was placed at a distance of 120 mm from
the centre of the tube (on the distal side) in order to measure pressure waves emanating from
the specimen’s back face during the dynamic experiments. Hoop resistance strain gauges were
adhered to the external surface of the tube in order to provide triggering signals and additional
readings of the fluid pressure transient, as well as to measure the speed of wave propagation

in the tube.

Photographs of the laboratory setup for an experiment in water-backed configuration are

illustrated in Fig. 4.3, showing the apparatus from two different viewing angles.
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Fig. 4.3: Photographs of the laboratory setup for the case of an experiment in water-backed
configuration.
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4.3.2 Generation of the shock wave

When a blast event takes place in deep water at initial pressure p,, an exponentially decaying

pressure wave is generated [5, 6]. At sufficient distance from the detonation point, the
pressure versus time history associated with the passage of the pressure wave at a point in the

fluid can be written as
p(t)=p,+pe™” 4.1)
where the peak overpressure p, and the decay time € depend upon the mass and type of

explosive material as well as on the distance from the point of detonation.

The above pressure history (eq. (4.1)) was generated by impacting the nylon piston placed at
the front end of the shock tube with a compound projectile made from a combination of
stainless steel and a compressible foam; projectiles were fired using a spring-loaded gun. The
reasons for using a compound striker, rather than a simpler steel cylinder as in Deshpande et

al. [36] are explained below.

Prior to the loading phase, the nylon piston at the front end of the shock tube, of mass M, is

subject to a static pressure p,, whose action is equilibrated by the reaction force exerted by

the anvil placed at the tube’s end (Fig. 4.4 a); such anvil imposes a unilateral constraint to

motion of the nylon piston in the negative x-direction. Now consider the inelastic impact of a
cylindrical steel striker of mass M and velocity Vg on the nylon piston; treating both piston

and striker as rigid bodies and employing the acoustic approximation for the response of

water, dynamic equilibrium of the combined striker-piston system can be written as

mS,P‘./ = _pst - prwV (42)
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where m , is the total mass of the striker-piston system divided by the cross section of the

piston A,, mg, =(Mg+M,)/A,,vis the system velocity, 0, and ¢, are the density and the

speed of sound of water, respectively. The initial velocity of the striker-piston system is
dictated by conservation of linear momentum and given by

Mg v

s 43
M +M, ()

Vo =

Equation (4.2) can be solved with the initial condition v(#=0)=v,, giving the interface
pressure p(x=0,1)=p, +p,c,v(t) as

p(x=0,t)=(p,+p,)e"”’ (4.4)
where the peak pressure p, and the decay time @ are given by

mg p
pOZpWCWVO s azpc * (45)

It follows from eq. (4.4) that impact of the nylon piston by a rigid projectile generates a
pressure pulse whose amplitude decays exponentially to zero, rather than to a finite value p,

as desired and prescribed by eq. (4.1). This is due to the fact that, subsequent to the impact,

the nylon piston loses contact with the supporting anvil (Fig. 4.4 a) and sends into the water

column a pressure wave of magnitude —p,, . To avoid this problem, it is necessary to apply an

additional constant pressure p, to the dry face of the piston during the impact event.

In order to overcome this problem, we employ the compound striker sketched in Fig. 4.4 (b),
comprising of steel skins and a polymeric foam cylinder, which allows generation of the
desired pressure pulse (eq. (4.1)) in the water column. A cylindrical steel projectile is placed

in series with a foam cylinder, followed by a foam crusher. Impact of the steel projectile
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generates an exponentially decaying pressure pulse in the water while the plastic collapse of
the foam exerts the necessary constant force on the piston; the function of the ‘foam crusher’
is to provide sufficient kinetic energy to drive the plastic collapse of the foam. The geometry
of this compound striker induces a delay between the application of the exponentially
decaying pressure pulse and that of the constant pressure associated with the plastic collapse
of the foam. However, such delay is on the order of nanoseconds, therefore negligible
compared to the decay time of the exponential pulse (in this study it was typically

6=0.12ms).

An alternative striker capable of generating the pressure pulses given by (eq. (4.1)) was also
developed in this study. In this second striker a steel projectile is coupled to a hollow foam
cylinder, free to slide along the steel projectile; such cylinder is backed by a hollow metallic
striker (‘foam crusher’). This compound projectile is accelerated in such a way that the steel
projectile and the hollow foam cylinder make contact with the piston simultaneously; the
plastic collapse of the foam exerts the necessary constant force on the piston, while impact of
the steel projectile generates an exponentially decaying pressure pulse in water. The first

striker (Fig. 4.4 b) was used in this study due to its relative simplicity.

Rohacell foams of different densities were employed to construct the compound strikers
sketched in Fig. 4.4 (b) and their cross-section A, was chosen to guarantee a contact pressure
at the foam-piston interface equal to the desired p,, i.e. A, =A,(p,/0,), where O, is the
plastic collapse stress of the foam employed. In first approximation such collapse stress

relates to the quasi-static yield stress of the foam o, and to the impact velocity Vg as

o.=0,+p.v, /€, (Deshpande & Fleck [27]). In the present study impact velocities were

76



low (v <20ms™ ) and O, =0, . The quasi-static collapse strength of the different foams used
was taken from Arezoo et al. [17] and the strain rate sensitivity of the foam was neglected, as
reported by Arezoo et al. [18].

For the case of experiments at atmospheric pressure, i.e. p, =0.1MPa, the loading pulse was

generated in the water column by simply impacting the nylon piston by a cylindrical steel

projectile, as used in Deshpande et al. [36].

(a) . (b)
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+ water / Vs
PsiTPo —_— T
p PwCwV(f)  Pst Vo Vs
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X &\ anvil
%
piston: M, , A4,

Fig. 4.4: Impact of the striker on a piston in contact with pressurised water (a); sketch of the
compound steel-foam striker employed in this study (b).

Examples of the pressure waves generated in the water column are plotted in Fig. 4.5;
dynamic pressure histories measured by the piezoelectric transducer placed at the left-hand
side of the nylon piston are compared with the desired pulse (eq. (4.1)). Pressure histories

generated by firing steel strikers of different mass at similar velocities are shown in

Fig. 4.5 (a), for the case p,=0.1MPa; the pressure decays exponentially to 0.1 MPa, as

expected, and the decay time can be precisely adjusted by using strikers of different mass.
Measurements (and corresponding predictions) for py >> 0.1 MPa are reported in Fig. 4.5 (b);

in this case loading was induced by impact of a compound striker, as sketched in Fig. 4.4 (b).

The generated pressure pulses have initial amplitudes of p,+ p, and decay exponentially to

the initial pressure p, , as required. Although measured peak pressures are slightly lower
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than theoretical predictions but the agreement between experiments and predictions is

satisfactory.
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Fig. 4.5: Comparison between theoretical predictions and experimental measurements of the incident
pressure versus time histories in water at (a) atmospheric pressure and (b) higher initial static pressure.

4.3.3 Propagation of shock waves in the compliant tube

The exponentially decaying pressure wave radiated by the nylon piston travels in the water
column towards the specimen. The speed at which waves propagate in the tube depends on
the density, geometry and stiffness of the acrylic tube employed. For the case of a rigid tube,

waves propagate at the sonic speed of water (c, ~1498ms™); in contrast, if the tube

undergoes significant hoop deformation and consequent change in diameter due to the
passage of the pressure wave, pressure pulses propagate at lower speeds than the speed of
sound in water; in addition, the pressure pulses progressively attenuate and distort as they

propagate along the tube (Korteweg [50]).
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Due to the relatively low Young's modulus of the acrylic tube ( E=3.3GPa), the wave speed

in the tube was expected to be lower than the speed of sound in water; measurements of the

wave speed, deduced from the pressure readings of the two transducers fitted on the tube (at

relative distance of 1 m, Fig. 4.2), confirmed this. Measurements provided ¢, =1000 ms™',

significantly lower than sonic speed in water and in agreement with the predictions of
Korteweg [50]; the observed amplitude attenuation of the pressure pulses after 1 m was
approximately 5%, and the initial rise time of the pressure pulse was also observed to increase
by around 5%; the decay time of the exponential pulse also increased by approximately 15%.

Note that the mechanical coupling between the tube and the water column, by reducing the

speed at which waves propagate, affects the calculation of the peak pressure p, and decay

time € of the generated pressure wave (eq. (4.5)). For this reason all calculations in this study

were performed by using the measured wave speed ¢, =1000ms™" .

4.4 Results and discussion

We proceed to present observations and results obtained with the apparatus described above.
First we describe the response of fluid to shock loading of ridid plates, with emphasis on the
phenomenon of cavitation; then, we examine the structural response and deduce the impulse

imparted to these by the underwater shock.

4.4.1 Response of fluid

High-speed photography was employed to measure the position and time at which cavitation
in water first occurs and the subsequent propagation of breaking fronts and closing fronts. We

present photographic sequences from four selected experiments; experiments 1 and 2 are
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performed in air-backed configuration while tests 4 and 5 are conducted with a water-backed

arrangement, as described in Section 4.2.

Details of the masses of strikers and specimens, as well as impact velocities and

corresponding characteristic of the loading pulses in each experiment are reported in Table

4.1. We include in this table the calculated FSI parameter ¥ = p,c, 60/ m (Taylor [4]) which is
a non-dimensional measure of the mass, for a given loading pulse. The values of y were

chosen to match those associated to typical blast events on large-scale structures.

Table 4.1: Details of selected experiments performed in this study.

test configuration Pst Po 0 7 Py M M, Vs

(MPa) (MPa) (ms) kg) (kg) (ms™)
1 air-backed 0.1 149 012 1.13 0.467 0.061 0.063 16.3
2 air-backed 2.7 119 012 1.13 0.467 0.061 0.063 13.0
3 air-backed 0.9 125 012 1.13 0.467 0.061 0.063 13.7
4 water-backed 0.1 15.1 0.096 0091 0.128 0.061 0.049 16.9
5 water-backed 1.1 13.1 0.096 0091 0.128 0.061 0.049 14.7
6 water-backed 2.1 124 012 1.13 0.121  0.061 0.063 13.6
7 air-backed 0.1 147 012 194 0.557 0.036 0.063 13.6

(i)  Air-backed specimens.

Experiment 1 was conducted in air-backed configuration (p,=0.1MPa, y =1.13,

D, =14.9MPa ) and the high-speed photographs obtained from this experiment are presented

in Fig. 4.6; frame (a) shows the air-backed specimen in contact with water at the instant when
the pressure wave, travelling from right to left, reaches the specimen (¢ = 0). In Fig. 4.6 (b) we
observe that soon after the specimen has been set in motion, bubbles form in the water;
initially these appear very close to the fluid-specimen interface but subsequently, they also

form on the walls of the transparent tube. This indicates that cavitation initiates near the
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specimen's wet face and subsequently extends towards the right into the fluid column by
propagation of a breaking front (BF), as predicted theoretically by Kennard [3]. In Fig. 4.6 (c)
we note that while the specimen accelerates further, the BF propagates towards the blast event
and the bubbles have increased in size, as a result of the increased strain in the liquid. As time
elapses (Fig. 4.6 d) the specimen decelerates due to air resistance; it can be predicted
theoretically that a closing front (CF) must emerge from the fluid-structure interface and
propagate towards the blast event, forcing collapse of the bubbles and leaving uncavitated
water behind, as observed in the test. This CF continues to propagate and after a sufficiently

long time the cavitated region completely disappears, as shown in Fig. 4.6 (e).

The high-speed photographs in Fig. 4.7 refer to experiment 2, which was conducted in air-
backed configuration with  =1.13, p_=2.7MPa and p,=11.9MPa, in order to explore the
effect of an increased hydrostatic pressure in the water. Note that the specimen is now

supported on the left-hand side by a Rohacell foam cylinder of diameter d, =25mm and

collapse strength o, =2.6MPa.

The photograph in Fig. 4.7 (a) illustrates the configuration of the specimen at the instant when
the incident pressure wave reaches the fluid-structure interface. For pg >> 0.1 MPa the
theoretical models presented in Chapter 3 predict onset of cavitation at a finite distance from
the fluid-structure interface, rather than very close to this interface and Fig. 4.7 (b) shows that
this is the case; cavitation initiates at a distance of approximately 45 mm from the specimen's
wet face, and two breaking fronts emerge and propagate in two opposite directions at speeds
in excess of the speed of sound, as predicted by Kennard [3], creating an extending pool of
cavitated water. In Fig. 4.7 (c) we observe that the breaking front travelling towards the

specimen arrests before reaching the fluid-structure interface and inverts its motion, becoming
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a closing front and the strain in the cavitated water increases. In Fig. 4.7 (d) the closing front
continues propagating and forcing collapse of the cavitation bubbles, and the cavitation zone
completely disappears from the field of observation in Fig. 4.7 (e). The size of the bubbles
(and hence the strain in the cavitated water) is significantly lower in this experiment,

compared to experiment 1; this is due to the reduced displacement of the specimen,

consequent to the higher initial pressure p, applied on the left-hand side.

specimen 0 25 mm 50 mm

(a)

(b)

(d) -

Fig. 4.6: High-speed photographs for experiment 1 (p =0.1MPa, ¥ =1.13, p,=149MPa):

(a) shock wave reaches the specimen; (b) onset of cavitation and propagation of a breaking front (BF);
(c) further propagation of the BF and increase of strain in the liquid; (d) emergence of a closing front
(CF) at the fluid-structure interface; (e) complete collapse of the cavitation zone.
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specimen 50 mm 100 mm 150 mm

pressure wave

onset of cavitation

Fig. 4.7: High-speed photographs for experiment 2 (p =2.7MPa,y =1.13, p,=11.9MPa):

(a) shock wave reaches the specimen; (b) onset of cavitation and propagation of two breaking fronts
(BF); (c) propagation of one of the BFs and emergence of a closing front (CF); (d) further propagation

of the CF; (e) complete collapse of the cavitation zone.

We now proceed to a quantitative comparison of the measurements conducted in this study
with the predictions of the analytical models derived in Chapter 3, with focus on the
cavitation processes in the water and for the case of air-backed specimens. A convenient way
to perform this comparison is to plot the measured and predicted trajectories of breaking

fronts and closing fronts as shown in Fig. 4.8 (a). High-speed photographs such as those
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shown in Fig. 4.6 and Fig. 4.7 were used to measure the distance of the cavitation boundaries
from the fluid-structure interface, as a function of time. The position of the breaking and
closing fronts are determined from the horizontal coordinate of the edge of the first bubble
visible in high-speed photographs. The limited temporal and spatial resolution of the high-
speed camera used in the experiments introduced finite errors in the measurements of time
and distance (on the order of the inter-frame time, 28 us , and pixel size, 500 um ; this
uncertainty in measurements is graphically indicated by a grey ellipse in Fig. 4.8 a). However,

it is clear from Fig. 4.8 (a) that the theoretical predictions are in good agreement with the

measurements.
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Fig. 4.8: (a) Measurements and analytical predictions of closing front and breaking front trajectories in
a time versus distance chart for experiments 1 (p_ =0.1MPa ), experiment 2 (p_ =2.7MPa) and

experiment 3 ( p, =0.9MPa), all of which conducted in air-backed configuration with y=1.13.
(b) Similar information for experiment 4 ( p_, =0.1MPa ) and experiment 5 (p, =1.1MPa) both of

which performed in water-backed configuration with  =0.91.
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The onset of cavitation and the trajectories of breaking fronts and closing fronts are presented

in Fig. 4.8 (a) for experiments conducted in air-backed configuration at different initial static
pressures by holding y fixed, ¥ =1.13. For the case of experiment 1 ( p, =0.1MPa) both
measurements and predictions give onset of cavitation very close to the interface (x=0.5mm)
and propagation of BFs and a CF. Measurements and predictions for experiment 3
(p, =0.9MPa ; the high-speed photographs associated with this test are not presented for the
sake of brevity) indicate that cavitation initiates near the interface (x=6mm) and is followed
by propagation of two BFs; one of these subsequently inverts its direction of motion, hence
becoming a CF. For the case of experiment 2, conducted at a higher initial static pressure
(p,=2TMPa), the onset of cavitation occurs at a much greater distance from the fluid-
structure interface (x = 45 mm, see also Fig. 4.7), in line with theoretical predictions; such
predictions also capture accurately the velocity of the propagating cavitation fronts; in

particular, the velocity of the closing front increases with increased initial pressure.

(11) Water-backed specimens.

High-speed photographs for experiment 4 are presented in Fig. 4.9. In frame (a), the incident
shock wave reaches the water-backed specimen, in contact with water at p, =0.1MPa on both
sides. The ensuing response of the fluid is similar to that observed for experiment 2 and
presented in Fig. 4.7. In Fig. 4.9 (b) cavitation occurs at a distance x=23mm from the

specimen and gives rise to propagation of two BFs in two opposite directions. The BF
travelling away from the interface continues advancing further into the water column while
the other BF arrests before reaching the specimen and inverts its motion becoming a CF,

propagating away from the specimen and causing collapse of the bubbles in the cavitation
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zone (Fig. 4.9 c). Cavitation occurs in the water column in contact with the specimen’s back

face (Fig. 4.9 d), in line with the findings of the analytical models presented in Chapter 3.

specimen 50 mm 100 mm 150 mm

(b)

(c)

(d)

Fig. 4.9: High-speed photographs for experiment 4 (p =0.1MPa, ¥ =091, p,=15.1MPa):

(a) shock wave reaches the specimen; (b) onset of cavitation and propagation of two breaking fronts
(BF); (c) propagation of one of the BFs and emergence of a closing front (CF); (d) further propagation
of the CF and cavitation at the specimen‘s back face; (e) complete collapse of the cavitation zone.

Experiment 5 was conducted in the same conditions as experiment 4 but with a higher initial
hydrostatic pressure in the water, p,=1.1MPa. The fluid and specimen responses are
presented in the high-speed photographs of Fig. 4.10. The sequence of events is similar to that
observed in experiment 4; however, in this test the onset of cavitation occurs at increased

distance from the fluid-structure interface (x=59mm); in addition, the strain in water is
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remarkably lower than in experiment 4, due to the reduced displacement of the specimen.

Such observations are again in agreement with the predictions of Chapter 3.

specimen

50 mm 100 mm 150 mm 200 mm
| ]

T T T T R T T

Fig. 4.10: High-speed photographs for experiment 5 ( p, =1.1MPa,¥ =0.91, p, =13.1MPa ):

(a) shock wave reaches the specimen; (b) onset of cavitation and propagation of two breaking fronts
(BF); (c) emergence of a closing front (CF); (d) further propagation of the CF; (e) complete collapse
of the cavitation zone.

The trajectories of BFs and CFs measured in experiments 4 and 5 (p,=0.1MPa and

p, =1.1MPa, respectively) are compared in Fig. 4.8 (b) with the theoretical predictions

(Chapter 3). Excellent agreement between observations and analytical predictions is found.

The theretical models also predicted that in the case of water-backed specimens a limit value
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Py. = Py.! P, €xists beyond which cavitation in water is completely suppressed; this critical

value is only a function of the parameter ¥=p,c,6/m for the experiments reported here and
is included in Table 4.1. In order to verify this prediction, an additional test was conducted at
w=1.13, p,=124MPa and p,6=2.IMPa, giving p,/ p,=0.169>p  =0.121 (experiment

6 in Table 4.1). The high-speed photographs for this test are omitted for the sake of brevity;

however, no cavitation was observed in the experiment, in line with theoretical predictions.

(ii1) Volumetric strain field in the water.
High-speed photographs have also been used to estimate the volumetric strain field in water.

Such measurements are presented in Fig. 4.11 together with analytical predictions performed
with the models of Chapter 3, for experiment 7 in Table 4.1 (¥ =1.94, p, =0.IMPa,
p, =14.7MPa). The insert of Fig. 4.11 shows three high-speed photographs recorded in this
experiment at three specific times. Each of the photographs was subdivided in three regions as

indicated by the numbers 1, 2 and 3 in the figure (each of equal volume V). The diameters of

all bubbles in each of the regions were measured and the volume of bubbles V. in each region

was calculated by assuming that the observed bubbles can be idealised as hemispheres with
centre on the internal surface of the tube, consistent with the notion that nucleation of
cavitation bubbles occurs at this surface, driven by surface roughness; this is also consistent
with observations by other authors (Benjamin & Ellis [45]). This allowed calculating the

average true volumetric strain in water as
n=In(1+V./V,) (4.6)

upon neglecting the small elastic contribution to this volumetric strain.
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The chart in Fig. 4.11 presents the fluid strain measurements as a function of distance from
the fluid-structure interface, together with predictions obtained from the analytical models of
Chapter 3. Measurements are about 15% lower than the analytical predictions, however, they
exhibit a similar trend; such discrepancy can be justified by the fact that not all bubbles
emerging in the cavitated water can be seen in the high-speed photographs, since (i) some of

these bubbles are hidden behind other bubbles and (ii) some bubbles are too small to be

observed.
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Fig. 4.11: Volumetric strain field in the water adjacent to the air-backed specimen in experiment 7
(y =194, p,=0.I1MPa, p,=14.7MPa) measured at three specific instants corresponding to

the high-speed photographs; the continuous lines represent analytical predictions obtained with the
models presented in Chapter 3.
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4.4.2 Response of the specimen

(1)  Air-backed plates.
High-speed photographs allowed measuring the displacement versus time histories of the steel
specimens consequent to blast loading. The intensity of the load imparted to an air-backed

specimen, as quantified by the specific impulse (impulse per unit area) imparted to the

specimen’s front face, 7, (7), can be deduced my measuring its velocity histories. Upon

neglecting friction between O-rings and tube wall (frictional forces were measured to be

<10 N), conservation of linear momentum dictates

1,(t)=[[ P, (2)-p, Jdz=mv(z) 4.7)
where p, () is the time history of the pressure applied on the specimen’s front face. The
velocity histories v(7) were extracted from the high-speed photographs. Note that eq. (4.7) is

valid for any choice of p,, .

Measurements of non-dimensional time histories 1, (r)=1,(r)/(2p,0) are presented in

Fig. 4.12 (a) for experiments 1 and 2 (Table 4.1), together with the predictions of the
analytical models detailed in Chapter 3. These models predict a greater impulse than
measured, with the difference being on the order of 15%; this can be justified by recalling that
while analytical models assume a perfectly sharp incident shock wave, a finite rise time of
such wave was observed in the experiments, together with a 5% attenuation of the incident
peak pressure and an increase in decay time, due to propagation in the compliant shock tube.
However, the agreement between measurements and predictions is more than satisfactory.
Both analytical predictions and experiments show that an increase in static pressure results in

lower displacement (displacement of the specimen is proportional to the area under the
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I, (1) curves); on the other hand, the peak value of I, () is independent of the initial

hydrostatic pressure p, .

(a) 0.5 . . . : . (b) 0.8 . T T . T

predictions
----- experiments 0.7
04 F .
P~ 0.1 MPa

0.6

03|
0.5
=02 H ! ] 04
" 0.3 |
0.1 [y
0.2 I
0 i redictions
0.1 p i
T experiments
-0.1 1 1 1 1 1 0 "" 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 0 0.5 1 1.5 2 2.5 3
time (ms) time (ms)

Fig. 4.12: (a) Time histories of the non-dimensional impulse I_f =1,/(2p,0) for experiment 1

(p,=0.1MPa) and experiment 2 (p =2.7MPa) conducted in air-backed configuration with
w=1.13; analytical predictions are included. (b) Similar information for experiment 4

(p, =0.1MPa ) and experiment 5 ( p, =1.1MPa) conducted in water-backed specimen configuration

with y = 0.91; analytical predictions are compared to measurements.

(i1)  Water-backed plates.

When a water-backed specimen is set in motion by the incident shock wave, a pressure wave
is radiated into the water column in contact with the specimen’s back face. Given the low
specimen velocity observed in our experiments, the acoustic approximation can be employed

and the pressure at the specimen’s back face can be written as
pb (t):pst-‘rpwcwv(t)’ (48)
(measurements of the pressure history at the specimen back face combined with high-speed

photography allowed validation of eq. (4.8)). Now write conservation of linear momentum for
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the specimen to obtain the specific impulse applied to the front face as a function of the

specimen’s velocity history

mv(0)= [ p, (2)=p,(2) Jdr=1,(1)=p,c, [ v()dT= o)
1, (1) =mv(1)+ pc, [ v(ehdz '
Equation (4.9) was employed in order to plot the non-dimensional specific impulse applied to
the front face I_f (7) in experiments 4 and 5 (see Table 4.1), as shown in Fig. 4.12 (b). This
figure includes predictions computed with the analytical models described in Chapter 3,

which are in good agreement with the measurements. Contrary to what observed for air-

backed plates, both measurements and predictions suggest that the maximum value of I_f (1)

can be decreased by increasing the static pressure p, .

4.4.3 Sensitivity of impulse to mass and initial static pressure

The peak value Tf!max =max[7f (t)] can be considered as a measure of the severity of the

structural loading induced by an underwater blast event on a rigid plate. A large series of

experiments was performed in this study in order to measure the sensitivity of [ to

f,max
(1) the specimen mass, quantified by the non-dimensional fluid-structure interaction parameter

w=p,c,0/m and to (ii) the initial hydrostatic pressure, expressed in non-dimensional terms

by p,=p,/p,. In the following, the measured sensitivity is compared to that predicted by the

analytical models of Chapter 3, for both air-backed and water-backed specimens.

The dependence of [ upon ¥ is presented in Fig. 4.13 (a) for a hydrostatic pressure of

f,max

p,=0.1MPa and both air-backed and water-backed plates. Different values of y were
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obtained in the experiments by varying either the areal mass of the specimen m or the

combined areal mass of the striker and piston my, (thereby varying the decay time &,

eq.(4.5)). For both problems the maximum impulse [ decreases by increasing ¥ , and

f,max

experiments are in excellent agreement with theoretical predictions.

Water-backed plates are subject to higher blast impulses than air-backed plates of equal mass
and the reduction in applied impulse with decreasing plate mass is less pronounced if the
structure is in contact with water on both sides. The experimental scatter is higher in tests on

water-backed plates due to the small displacements of these plates, leading to less accurate

measurements of v(z).

We now examine the sensitivity of I_f’m to p,, for two selected values of y and for both

air-backed and water-backed rigid plates. In Fig. 4.13 (b), measurements and predictions by

the analytical models of Chapter 3 are shown and are found in good agreement. As discussed

above and shown in Fig. 4.12 (a), both experiments and theoretical models show that 7

f,max
is insensitive to the initial static pressure for the case of air-backed plates and a reduction in

applied impulse of more than 50% is achieved if the parameter ¥ is increased from 1.13 to

4.25, in line with what shown in Fig. 4.13 (b).

In contrast, the impulse imparted on water-backed plates is only mildly sensitive to y and

I .. » gradually decreases as p, increases, stabilising at I

f.max

=(0.5 for non-dimensional
static pressures p, beyond a critical value p,, (v). This was predicted by Schiffer et al.

[51], who showed that when p, > p, (W) cavitation in the fluid is completely suppressed
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and I, .

=0.5 irrespective of . It is clear from what has been shown above that the

theoretical predictions of Chapter 3 are accurate.
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Fig. 4.13: (a) Maximum non-dimensional impulse [ as a function of y for experiments

f,max

performed with both air-backed and water-backed plates at p_ =0.1MPa ; analytical predictions are
included for comparison. (b) Tf’max as a function of the non-dimensional static pressure p_, for

experiments performed on both air-backed and water-backed plates; two different choices of ¥ are

considered and measurements are compared with analytical predictions.

4.5 Conclusions

We have presented a novel experimental technique to produce controlled blast loading in
liquids subject to an initial hydrostatic pressure, in order to mimic, at a laboratory scale,
structural loading consequent to explosions in deep water. This technique has been employed
to investigate the response to exponentially decaying underwater shock waves of both air-
backed and water-backed unsupported rigid plates, and to measure the effects of the initial

hydrostatic pressure on the cavitation process in the water and on the response of the plates.
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The apparatus developed in this chapter allowed visualising for the first time the nucleation
and propagation of cavitation fronts initiated by FSI in a blast event and their interaction with
the loaded structure; it also allowed measuring the strain field in cavitated water regions
consequent to FSI, providing experimental evidence for the theoretical predictions of
Kennard [3]. Experimental results were compared to the predictions of the theoretical models
developed in Chapter 3 and we concluded that these models are accurate and capable of
capturing all details of the response of both fluid and structure to underwater blast in deep
water.

The main conclusions from this study are the following:

e for both air-backed and water-backed rigid plates loaded by exponentially decaying
blast waves, an increase in initial hydrostatic pressure causes first cavitation in the
fluid to occur at increasing distance from the fluid-structure interface; breaking fronts
emerge from the point of first cavitation and propagate at supersonic speeds. The
breaking front travelling towards the structure can arrest and invert its direction of
motion, hence becoming a closing front and moving at subsonic speed.

e for given incident blast wave and initial static pressure, air-backed plates are imparted
less impulse than water-backed plates; the impulse imparted to air-backed plates can
be greatly reduced by reducing the mass of the plate, while a smaller reduction in
imparted impulse is observed by reducing the mass of water-backed plates.

e the peak impulse imparted to air-backed plates is insensitive to the initial hydrostatic
pressure while that imparted to water-backed plates decreases with increasing static
pressure.

The experimental technique presented in this chapter is suitable to investigate the blast

response of different types of structures, in which both deformation and FSI are two-
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dimensional or three-dimensional in nature; it can also be employed to examine the
performance of blast-mitigators, such as sandwich plates or multi-walled structural systems

and to study their effect on FSI. We shall examine these problems in the following chapters.
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Chapter 5

The One-dimensional Response of Sandwich

Plates to Blast in Deep and Shallow Water

5.1 Introduction

Sandwich panels are potential candidates for the construction of naval hulls because they are
low in weight, high in stiffness and capable of absorbing kinetic energy via mechanical
deformation processes in the core. Underwater blast loading of sandwich plates has been
recently examined by several authors [22, 23, 29, 52]. They concluded that sandwich plates
can outperform monolithic structures of equal mass in terms of blast resistance. Some authors
[25, 26, 28] have investigated this topic in more detail and developed design maps to aid the
selection of blast resistant and light-weight sandwich designs. However, some important
engineering questions concerning underwater blast loading of sandwich panels still remain
unanswered. For example, only very little is known about the performance of water-backed
sandwich plates in a blast event, particularly in deep water environment, where the hydrostatic
fluid pressure can remarkably affect FSI as well as structural loading histories.

In this chapter, the 1D response of air-backed and water-backed sandwich plates to blast

loading in deep and shallow water is examined. The sandwich plates under investigation are
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composed of metallic face sheets and low-density foam cores (polymeric or metallic).
Underwater blast experiments will be performed by using the transparent shock tube
apparatus presented in Chapter 4 and the evolution of the cavitation process as well as face
sheet motion and core compression will be observed by means of high-speed photography. A
combination of dynamic pressure measurements and analysis of high-speed photographs will
be employed to deduce the impulse imparted to the sandwich specimens in order to quantify
the severity of structural loading and hence the blast performance of the specimens. Finite
element simulations will be performed in accordance to the experiments and their predictions

will be compared with the measurements.

5.2 Specimen design and manufacture

In this study five different types of sandwich specimens are considered and their core

properties and dimensions are given in Table 5.1. The sandwich cores were machined to

diameter d_ and thickness ¢ from either closed-cell aluminium foam (Alporas) or polymer

foam (Rohacell) and were bonded to the face sheets using epoxy adhesive (Scotch Weld). The

Alporas foam employed herein had a density p, =110kgm™ and pore size d , =3.5mm.

Rohacell foams are closed-cell foams made from polymetacrylimide (PMI) and are available

in a range of densities. In this study, three different core densities are considered,

p.=51kgm?, p.=7lkgm™ and p, =110kgm™ (pore sizes are listed in Table 5.1).
All specimens had aluminium face sheets machined to diameter d, =27 mm and thickness
h, =8mm ; two circular grooves were included in each face sheet and fitted with O-rings to

allow sealing of the water columns, as illustrated in Fig. 5.2 (b). For experiments conducted in

air-backed configuration, blank back face sheets of thickness /s, =7.8mm were used to

98



reduce frictional forces; masses of the face sheets varied between 11.4 g and 11.8 g, thus

M,=M,=116¢g for simplicity.

Table 5.1: Properties and dimensions of the sandwich foam cores considered in this study

foam foam foam core core  compressive densification  Young's

material density pore size diameter width strength strain modulus

De (kgm"") d, (mm) d.(mm) ¢ (mm) o, (MPa) &p E.(MPa)
1 Alporas 215 3.50 26 10 2.00 0.56 600
2 Alporas 215 3.50 23 14 0.85 0.65 300
3 Rohacell 51 0.38 20 35 0.44 0.89 35
4 Rohacell 71 0.96 25.5 30 1.10 0.86 100
5  Rohacell 110 0.93 25.5 20 2.80 0.85 160

Each type of specimen was loaded in compression across the face sheets in a screw-driven
testing machine (Zwick Z250) at a strain rate of 10™s™, in order to determine their quasi-

static compressive response. The through thickness compressive force was gauged with a load
cell (maximum load 150 kN) and a laser extensometer was used to measure the core strain.

The chart in Fig. 5.1 (a) shows the quasi-static stress-strain response of specimens 1 and 2

(see Table 5.1), both of which with cores made from Alporas foam. Specimen 2 (d, =23mm,
c=14mm) attained a flat stress plateau at o, =0.85MPa and started to harden at a
compressive strain £=0.4 until full densification was reached at &, =0.65, arbitrarily
defined as the point on the curve where o(g,)=100,. In contrast, for specimen 1
(d, =26mm, ¢ =10mm) a decreased densification strain of £, =0.56 was measured and the

plateau stress increased out of proportion to 0, =2MPa . This can be justified by size effects

in the compressive response of foam materials when the foam’s thickness is on the order of its

pore size, as reported in Chen & Fleck [53].
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Fig. 5.1: Measurements of the nominal compressive stress versus strain response obtained from quasi-
static compression tests with (a) specimens 1 and 2 (Alporas) and (b) specimens 3-5 (Rohacell).

Similar information is shown in Fig. 5.1 (b) for Rohacell foam cored sandwich plates
(specimens 3, 4 and 5 listed in Table 5.1). Upon yielding, the stress-strain curves of all
specimens exhibit a slight drop but quickly approach the level of the plateau stress. In all

cases shown in this figure, strain hardening commences at £ = 0.6. It can be seen that foams

of higher densities reach higher levels of compressive strength, o0,., and show a minor
decrease in densification strain &,, compared to the foams of lower densities.

Numerical values of 0., &, and E_ (compressive Young’s modulus) were deduced from the

measurements and are included in Table 5.1 for each type of specimen. It merits comment that

in all compression tests the transverse plastic strain £,, was negligible compared to the
longitudinal plastic strain &/ and thus the plastic Poisson’s ratio v, = —¢&l, /el can be taken

as Z€ro.
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5.3 Experimental technique

The shock tube apparatus presented in Chapter 4 was employed to perform underwater blast
experiments on sandwich specimens and a sketch of the laboratory setting is shown in
Fig. 5.2 (a) for an experiment conducted in water-backed configuration. The apparatus
consists of a water shock tube made from a transparent material and allows observation of
structural motion and cavitation processes in the fluid by means of high-speed photography.

Experiments were conducted with two different specimen configurations, as described below.

(1) Water-backed configuration.
As shown in Fig. 5.2 (b), the specimen was located in the centre of the shock tube,
separating the bore hole into two sections. Both front and back sections were filled with
filtered tap water and the tube ends were capped with sealing nylon pistons; bleed valves
were included in the pistons to evacuate air-bubbles trapped in the water columns prior to
the dynamic experiment. A hydrostatic pressure field is induced in the water by loading
the sliding back piston with a compressive force F ; such force was applied by using a
screw-driven loading fixture fitted with a resistive load cell to measure the inital
hydrostatic pressure induced in the fluid. For experiments with water at atmospheric

pressure, such force was not applied.

(i) Air-backed configuration.
Specimens were located in the shock tube approximately 200 mm from the distal end.
The tube was then filled with filtered tap water and closed by a nylon piston at the

opposite end.
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Fig. 5.2: (a) Schematic of the laboratory setup used for performing underwater shock experiments on a
water-backed sandwich specimen and (b) details of the specimen geometry.

Exponentially decaying pressure shock waves were generated in the tube by firing a
compound striker (consisting of a foam cylinder encased betwen two metallic skins) at one of

the pistons; this technique has been used and described in Chapter 4. For the case of
experiments at atmospheric pressure, i.e. p, =0.1MPa, pressure waves were generated by

impacting the nylon piston with a monolithic steel projectile, as described by Deshpande et al.
[36]. The pressure pulses in the shock tube were measured using piezoelectric pressure gauges
(PCB Piezoelectronics Inc.) located at a distance approximately 120 mm from the front piston
(see Fig. 5.2 a). A second transducer of same type was placed at a distance of 120 mm from
the centre of the tube (on the distal side) in order to measure pressure waves radiated from the

specimen’s back face sheet during the dynamic experiments. The speed of pressure wave
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' which is

propagation in the compliant shock tube was measured to be ¢, =1053ms”
significantly lower than the speed of sound in open water due to tube bulging effects [50].
A 'Vision Research (V7.1)" high-speed phantom camera with a set of 'CORDIN' flash lights

was used to observe face sheet motion, core compression as well as cavitation processes in the

water.

5.4 Finite element models

Dynamic FE simulations were performed in ABAQUS/Explicit [49] in order to validate the
observations and measurements obtained from the underwater shock experiments. A
schematic of the problem geometry is shown in Fig. 5.3 for a sandwich plate in contact with
water on both face sheets. The water columns were chosen sufficiently long to guarantee that
the FSI phase finished before pressure wave reflections at the free ends of the fluid columns
could reach the structure.

Four-noded, plane, quadrilateral elements with reduced integration (type CPE4R in
ABAQUS) were used to discretise the fluid columns and the structure and 'Tie constraints'
were used to connect the nodes at each interface. FE models for air-backed sandwich plates
follow a similar scheme with the back fluid column absent.

The constitutive response of water was modelled using a Mie-Gruneisen equation of state
with a linear Hugoniot relation, such to give a linear-elastic relationship between fluid
pressure and compressive volumetric strain (see Section 3.3). Assuming that the vapour

pressure of water is negligible, cavitation was modelled by setting tensile failure in ABAQUS

to zero [49], i.e. assuming a cavitation pressure p, =0. Density and speed of sound in water

were taken as p, =1000kgm~and ¢, =1053ms™, respectively, and the shear modulus was
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assumed to be zero. For the water columns the element size in the direction of wave
propagation was set to 0.1 mm, while one single element was used to discretise the water
columns along the width. Note that the effect of the mesh size on peak pressure and rise time
of the incident shock wave has been examined in Section 3.3 and is reported in Fig. 3.6.

The aluminium face sheets were modelled as linear elastic solids with density
p, =2700 kgm”, Young’s modulus E ; =69GPa and Poisson’s ratio v, =0 ; an element size
of 0.3 mm was used along the through-thickness direction of the face sheets.

The constitutive description of the foam materials are as follows. The elastic response was

taken as isotropic with density p., Young’s modulus E_, Poisson’s ratio v, =0 and yield

strain €_, . Numerical values for p., E_and €, are listed in Table 5.1. The plastic behaviour

was modelled using the ‘crushable foam’ plasticity model with isotropic hardening, originally

developed by Deshpande & Fleck [54] and available in ABAQUS [49]. Upon assuming
normality of plastic flow to the yield surface, the yield ratio k, =o" /p! (with ¢’ the initial
yield stress in uniaxial compression and p! the yield stress in hydrostatic compression) can

be written in terms of the plastic Poisson’s ratio v,

ky =y3(1-2v,). (5.1)

For the foam materials considered herein v, =0, thus k, = \/5 (eq. (5.1)). Note that the

strain hardening curves were specified according to the stress-strain curves obtained from the
quasi-static compression tests (see Fig. 5.1).

The strain rate dependency of the foams is modelled as follows. Dynamic experiments on
Rohacell and Alporas foams (Arezoo et al. [18], Dannemann & Lankford [55]) revealed that
the dependence of the yield stress upon the strain rate can be neglected. However, when a

foam material is subjected to intense shock loading, the compressive dynamic response entails
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propagation of a plastic shock wave leading to additional energy dissipation in the core. As
proposed by Radford et al. [56], we introduce linear strain rate dependency in the constitutive

model by employing an overstress visco-plastic model

ol — Lﬁij (5.2)
5 .

where &, is the yield stress at nonzero strain rate and S is the viscosity to satisfy energy
conservation

[ pAv
ﬂ — SpC
gD

(5.3)

with [, the width of the plastic shock wave, p.and &, density and densification strain of the
foam material, respectively, and Av the velocity jump across the plastic shock. The shock
width [, is assumed to be on the order of the foam's pore size (Table 5.1) and the velocity
jump Av is taken as the maximum front face velocity v, . . Experimental measurements

(see Section 5.5.2) revealed that v, can be approximated by the velocity imparted to a free-

standing rigid plate, v, ,, of mass equal to the sandwich. According to Taylor [4], such

velocity can be expressed as

20.60 '/’f/(l‘V’t)
vf,o: Po l//f (54)

my

where ¥, is a non-dimensional parameter related to the areal mass of the front face sheet m

and 1s defined as

c,0
y, =252 (5.5)

my

In order to implement this constitutive relationship in the FE model, a Cowper-Symonds

overstress power law [49]
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o

c

_ 2
" = Y(o-" —1J (5.6)
was used. Upon setting 4 =1 in eq. (5.6) and combining egs. (5.6) and (5.2), the multiplier Y

can be written as

Y ===¢. (5.7)
B

To ensure accurate resolution of the stress and strain gradients across the plastic shock wave,

an element size of [/ /12 was chosen to discretise the foam core in through-thickness

direction.
The transverse displacements of all nodes were constrained to zero (see Fig. 5.3) and the

presence of initial hydrostatic pressure was modelled by inducing initial stress fields in the

fluid columns, o, =0, =0, =—p,, , as well as in the core and face sheets, 0, =—p,,. In order

to equilibrate the fluid-structure system prior to shock loading, a constant traction p, was

applied on fluid-columns, face sheets and sandwich core.

The incident shock wave was generated by imposing a pressure boundary condition

"% at the free end of the front water column. Peak pressure p, and decay time 6

p(t)=pee
were chosen in accordance to the measurements performed in the experiments (Table 5.2).
To reduce artificial energy dissipation associated to large volumetric straining in ABAQUS,

the bulk viscosity in the core was set to zero and reduced to 20% of the default values in the

water columns and face sheets.
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Fig. 5.3: (a) Schematic of the FE model used to simulate the 1D response of a water-backed sandwich
plate subjected to loading by a shock wave at the front face sheet with initially unpressurised fluid-
columns. The FE models for air-backed sandwich plates follow a similar scheme, with the fluid
column attached to the plate’s back face sheet absent. (b) Detail of the mesh used for a simulation
performed for a water-backed experiment with specimen 1 (Alporas foam core, see Table 5.1).

5.5 Results

5.5.1 Fluid response

In this section we present high-speed photographic sequences obtained from selected
experiments and describe the cavitation phenomena taking place in the fluid consequent to
blast loading. Then we employ the high-speed photographs to measure trajectories of closing
fronts (CFs) and breaking fronts (BFs) and we compare these measurements with predictions

obtained from detailed FE simulations.

Details of geometric and physical properties of the cores employed, total masses of

specimens, characteristics of the generated pressure pulses as well as the initial hydrostatic
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pressure used in each experiment are listed in Table 5.2. In addition, we include in this table

numerical values for the normalised crush strength &, =0,/ p, , the normalised static pressure

p.. = p, /0. as well as the FSI parameter [4]

0

m

related to the areal mass of the total sandwich, m = me +m,_ . Note that the values of y were

chosen to correlate with those associated to underwater blast loading of real-size naval

structures.

Table 5.2: Details of selected experiments performed in this study

test specimen core d. Dst Do 0 M 7 o./py  P./O.
arrangement material (mm) (MPa) (MPa) (ms) (2)
1 water-backed Alporas 26 0.1 114 0.145 254 35 0175 0.05
2 water-backed Rohacell 71  25.5 0.1 114 0.145 245 3.6 0.096 0.09
3 air-backed Alporas 26 0.1 8.1 0.11 256 26 0.25 0.05
4 air-backed Rohacell 71  25.5 0.1 1.1 0.145 244 28 0.1 0.09
5  water-backed Alporas 26 1.05 8.8 0.12 258 26 0.23 0.53
6  water-backed Rohacell 71  25.5 0.72 9.2 0.12 243 238 0.12 0.66

(i) Water-backed sandwich plates.
In Fig. 5.4 (a) we present a sequence of high-speed photographs obtained from experiment 1

which was performed on a water-backed sandwich specimen with an Alporas foam core

(specimen 1, o0,=2MPa). The experiment was conducted with p,=11.4MPa and
6 =0.145ms without pressurisation of the water columns prior to shock loading, thus
p, =0.1MPa . In frame 1 of Fig. 5.4 (a), the incident shock wave, travelling from the right to

the left, reaches the specimen’s front face. Subsequently, the front face sheet is set in motion
and bubbles emerge in the water column at a finite distance from the fluid-structure interface,

as shown in frame 2 (Fig. 5.4 a), and two BFs start propagating into opposite directions with
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supersonic speed, rapidly opening a pool of cavitated water. Note that these observations are
consistent with the theoretical findings of Kennard [3]. The BF travelling away from the
specimen continues propagating and leaves the field of observation while the breaking front
approaching the sandwich specimen reaches the fluid-structure interface. The resistance
offered by the sandwich core forces the front face sheet to decelerate; consequently, the
cavitation front contiguous to the specimen inverts its direction of motion and becomes a CF
[3], forcing collapse of the cavitation bubbles and leaving uncavitated water behind, as
illustrated in frame 3 (Fig. 5.4 a). We also note that the bubbles increase in size as time
elapses owing to increased strain in the cavitated fluid induced by the displacement of the
front face sheet. The CF continues propagating and leaves the field of observation, as shown

in the last frame of Fig. 5.4 (a).

Experiment 2 (p,=114MPa, 6=0.145ms, p,6 =0.1MPa) was performed on a water-
backed sandwich specimen comprising a Rohacell foam core o, =1.1MPa (specimen 4,
o, =1.1MPa). High-speed photographs recorded in this experiment are illustrated in Fig. 5.4

(b) for four selected instants. Frame 1 shows the specimen and the fluid columns at the instant
when the incident shock wave reaches the front face sheet. The impact of this wave on the
sandwich specimen results in rapid acceleration of the front face sheet. Subsequently,
cavitation bubbles emerge in the water very close to the fluid-structure interface and this
cavitation zone expands by propagation of two supersonic BFs, as seen in frame 2 (Fig.
5.4 b). It merits comment that the BF travelling away from the plate could not be captured in
this photographic sequence owing to the limited temporal resolution of the high-speed camera
used in this experiment. However, it can be observed that the BF approaching the structure

reaches the fluid-structure interface, subsequently inverts its direction of motion and becomes
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a CF immediately thereafter due to front face sheet deceleration induced by plastic core
compression (see frame 3). While the core is further compressed, the CF continues

propagating and leaves the field of observation, as seen in frame 4. Now compare Fig. 5.4 (a)

and Fig. 5.4 (b): frame 3 shows that the core compression €, is significantly larger in Fig.

5.4 (b), owing to the relatively low compressive strength of the sandwich specimen used in

this experiment, o, =1.1MPa; the increase in £ also increases the fluid strain in the

cavitated water which is proportional to the size of the cavitation bubbles.

(b) (mm) 0 20 40

[1]7%

onset of cavitation onset of cavitation

[4]

0.972 ms

Fig. 5.4: (a) High-speed photographic sequence for experiment 1 (Alporas foam): (1) shock wave
reaches the water-backed sandwich specimen; (2) onset of cavitation and propagation of two breaking
fronts (BF); (3) emergence of a closing front (CF); (4) complete collapse of the cavitated region; (b)
similar information for experiment 2 (Rohacell foam).
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High-speed photographs, such as presented in Fig. 5.4, allow measuring trajectories of BFs
and CFs. We now proceed to present such measurements together with predictions obtained
from detailed FE simulations. To perform this comparison it is instructive to plot the
measured and predicted cavitation front trajectories in a distance versus time chart, as shown
in Fig. 5.5 for experiments 1 and 2. Recall that the corresponding high-speed photographs are
shown in Fig. 5.4 (a) and (b), respectively. In the experiments, the positions of the cavitation
fronts were determined by measuring the distance between the fluid-structure interface and

the edge of the first bubble visible in the cavitated region. Note that the CF and BF velocities,

denoted as c.. and cg. , respectively, are inversely proportional to the slopes of the

trajectories plotted in Fig. 5.5. The limited spatial and temporal resolution of the high-speed
camera used in these experiments (interframe time Af, =27ps and pixel size Ax, =300um)
introduced finite errors in the time and distance measurements; this uncertainty is indicated by
the grey ellipse in Fig. 5.5. However, it can be seen that the experimental measurements are
captured with good accuracy. For both experiments 1 and 2 the measured and predicted
trajectories show that the points of first cavitation are located at a finite distance from the

fluid-structure interface, as indicated in Fig. 5.5 by x_, and x_,, respectively. Moreover,
X, >x and ¢y > Cpp sy

In addition, we include in Fig. 5.5 analytical predictions of cavitation front trajectories for the

case of a water-backed rigid plate of mass equal to the total sandwich (M =24.5g) subject to
loading by a shock wave of p,=11.IMPa and &=0.145ms; these predictions were
performed using the 1D FSI models developed in Chapter 3. Now compare the rigid plate and

sandwich trajectories: the effect of sandwich construction is to substantially decrease the

distance of first cavitation (x,, < x,

c,r?

x,, <x,,) and such discrepancy in FSI also affects
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structural loading as well as the impulse imparted to the structure. This will be examined in

Section 5.6.3.

0.6 , \ | |
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* / -—-— FEM (experiment 1)
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Fig. 5.5: Measurements and FE predictions of closing front (CF) and breaking front (BF) trajectories
plotted in a time versus distance chart for experiments 1 and 2, both conducted in water-backed

configuration; analytical predictions for a rigid plate of mass equal to the total sandwich
(M =245g, py=11.4MPa, p, =0.1MPa, 6 =0.145ms ) are included for comparison.

(ii) Air-backed sandwich plates.

In Fig. 5.6 (a) we present high-speed photographs recorded in experiment 3 performed on an
air-backed sandwich plate with an Alporas foam core o, =1.1MPa (specimen 1,
o, =1.1MPa) with p,=0.1MPa. In frame 1, the generated shock wave ( p, =8.1MPa,
6 =0.11ms ) reaches the front face of the specimen. The ensuing cavitation process is similar

to what observed in the water-backed experiment (see Fig. 5.4 a) : cavitation initiates at a
finite distance from the front face sheet and a cavitation zone spreads by propagation of two

BFs. Contrary to the water-backed experiment, the breaking front approaching the structure
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inverts its motion before reaching the front face sheet, as shown in frame 2, and becomes a
closing front, propagating away from the structure into the cavitated region, with relatively

low speed, as seen in frames 3 and 4.

Similar information is shown in Fig. 5.6 (b) for experiment 4 ( p, =0.1MPa, p,=11.4MPa,
60 =0.145ms ) performed on an air-backed sandwich specimen comprising a Rohacell foam
core (specimen 4, o, =1.1MPa). It can be seen that the sequence of cavitation phenomena is

similar to what observed in experiment 3 and described above. However, the cavitation

process is located at decreased distance from the fluid-structure interface, which can be
attributed to the reduced compressive strength (o, =1.1MPa) of the specimen used in

experiment 4.

onset of cavitation

2] oty |

0.139 ms

[3]

[4] BERETY

3.025 ms

Fig. 5.6: (a) High-speed photographic sequence for experiment 3 (Alporas foam): (1) shock wave
reaches the air-backed sandwich specimen; (2) onset of cavitation and propagation of a breaking front
(BF); (3) emergence of a closing front (CF); (4) further propagation of the closing front (CF);
(b) similar information for experiment 4 (Rohacell foam).
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Measurements and FE predictions of CF and BF trajectories for experiments 3 and 4 are
plotted in Fig. 5.7. The measurements show that the cavitation zone did not reach the fluid-
structure interface in both experiments, and the FE predictions confirm this. Moreover, the

closing fronts propagated in the experiments at approximately constant speed, ¢, and cq;,,
respectively. Although the FE models predict much larger velocities ¢, ; and ¢, at the
points where the BFs invert their direction of motion, the predicted CFs nearly arrest at
x = (.04 m and subsequently approach the measured trajectories.

In addition, we include in this figure CF and BF trajectories obtained from analytical

predictions (see Chapter 3) performed for an air-backed rigid plate of mass equal to the total

sandwich (M =24.4g, p, =0.1MPa, p,=11.1MPa, 6=0.145ms). Now compare the

rigid plate and sandwich predictions: the effect of sandwich construction is to locate the point

of first cavitation at increased distance from the fluid-structure interface, i.e. x, ,>x, , and

X., > x_,,1n line with previous theoretical studies [27-29]. The effect of this phenomenon on

c,r?

the impulse imparted to the structure will be investigated in Section 5.6.1
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Fig. 5.7: Measurements and FE predictions of closing front (CF) and breaking front (BF) trajectories
plotted in a time versus distance chart for experiments 3 and 4, both performed in air-backed
configuration; analytical predictions for a monolithic plate of mass equal to the total sandwich
(M =244g, p,=0.1MPa, p,=11.1MPa, 8 =0.145ms ) are included for comparison.

(iii) Effect of core strength on the point of first cavitation

In this section we examine the sensitivity of the location of first cavitation x. to the
normalised collapse strength of the sandwich, 0, =0, / D, , for a set of experiments performed
in both air-backed and water-backed configuration.

In Fig. 5.8, the measurements of x_ are plotted against O, together with analytical predictions

performed with the formulas presented in Liang et al. [29], which were originally derived for
air-backed sandwich plates. It is seen that the predictions are found in good agreement with
the measurements, indicating that the specimen’s arrangement, i.e. water-backed or air-

backed, does not notably affect the location of first cavitation.
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Fig. 5.8: Measurements of the point of first cavitation (cavitation distance) plotted against the
normalised core strength O, for experiments conducted with specimens 1-5 in both air-backed and

water-backed configurations; analytical predictions (Liang et al. [29]) are included for comparison.

5.5.2 Structural response
We now proceed to examine the structural response observed in the experiments with a focus
on face sheet motion and core compression and we compare the measurements with

predictions obtained from FE simulations.

(i) Water-backed sandwich plates.

In Fig. 5.9 (a) we present velocity versus time traces of front and back face sheets, v, () and
v, (1), respectively, measured for experiment 1 (see Table 5.2); the corresponding

displacement histories, u, (r) and u, (t), respectively, are presented in Fig. 5.9 (b). The time

histories of face sheet displacements and velocities were extracted from the high-speed
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photographs (see Fig. 5.4 a) and smoothed by employing a Savitzky-Golay filter. In addition,

FE predictions of v, (t), v,(t), u,(¢) and u, () performed in accordance to this experiment

are included in Fig. 5.9 (a) and (b), respectively. It can be seen from this figure that the front

face sheet rapidly attains a peak velocity v, . and subsequently decelerates due to the
support offered by the sandwich core.

Let us now assume that the core material is compressed at constant uniaxial stress O, under
the combined compressive load of incident pressure wave and static overpressure p, — P,

then dynamic equilibrium for the back face sheet (m, = m, ) dictates
mv, (t):(GC ~ Py +paxm)_pwcwvb (t) (5.9)
Equation (5.9) can be solved for v, () upon imposing the initial condition v, (=0)=0; the

solution is

_t
vb(,)ZM(l_e 2 ]

p\/VCW (5' 10)

where 7, =m, /(p,c,) is the characteristic time associated to the exponential rise of v, (f).

According to eq. (5.10), the velocity of the back face sheet reaches a final value (after ¢ = 4t,)
of

. o — +
vF=11m(vb)= c psz patm :VP

o P (5.11)
For experiment 1 we had o,=2MPa, p,6=p, =0.IMPa, p =1000kgm™ and

" and is

c,=1053ms™" and thus the final velocity follows from eq. (5.11) as v, =1.9ms"
found in good agreement with the corresponding measurements of v, (), as seen in Fig.

5.9 (a). At t,,, =0.5ms, front and back face sheet attain a common velocity and plastic core
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compression ceases, thus Ac, =u, (1, )~u,(t,,)=2.2 mm the final core compression. The
measured time histories v, (¢), v, (¢), u, (¢) and u, (¢) presented in Fig. 5.9 for experiment 1

!

are adequately predicted by the FE simulation.

Experiment 5 (see Table 5.2) was conducted on the same type of sandwich (specimen 1) but

with the hydrostatic pressure in the fluid increased to p, =1.05MPa prior to shock loading
with p, =8.8MPa and 6=0.12ms ; time histories v, (¢), v, (¢), u,(¢) and u, (r) measured

for this experiment are included in Fig. 5.9 (a) and (b), respectively. In this test, the sandwich

core was compressed by an overpressure of magnitude p_,—p, =0.95MPa prior to shock
loading, hence the reduced final velocity v, =1.0ms™' (calculated from eq.(5.11)) which is
also reflected in the measurements of v, (t) shown in Fig. 5.9 (a). In addition, Fig. 5.9 (b)
shows that when the static pressure is increased to p, =1.05MPa (as in experiment 5), the

final core compression decreased to Ac, =1.75mm and both front and back face sheet invert

motion after reaching their respective peak displacements.

In Fig. 5.10, we provide similar information for experiments 2 and 6 performed with
p,=0.1MPa and p,=0.72MPa, respectively, with Rohacell foam cored specimens
(specimen 4) in contact with water on both face sheets. Similar to what shown in Fig. 5.9,

v, (1) quickly attains a peak value and rapidly decreases thereafter, while v, (¢) reaches a
plateau. Both v, (¢) and v, () first equalise at 7 =0.001s but subsequently start to oscillate,
owing to the low elastic stiffness of the polymer foam core, E. =100MPa . As time elapses,

v,(r) and v,(r) decay to zero and plastic core compression reaches a final value
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Ac, =54mm at r=0.002s. We also include in Fig. 5.10, FE predictions of v, (1), v, (2).

u,(r) and u, (tr) computed in accordance to experiment 2 ( p,, =0.1MPa), which are found

to be in good correlation with the corresponding measurements.
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Fig. 5.9: (a) Measured time histories of front and back face velocities for experiment 1 (p, =0.1MPa,
p,=11.4MPa, 6=0.145ms) and experiment 5 (p, =1.05MPa, p,=88MPa, =0.12ms) both

performed on specimen 1 (Alporas foam) in water-backed configuration; (b) displacement versus time
histories for the same experiments; FE predictions for experiment lare included in both figures.

Furthermore, the results presented in Fig. 5.10 confirm the findings drawn from Fig. 5.9: an

increase in static pressure ( p, =0.72MPa in experiment 6) prior to shock loading leads to a
decrease in v, (¢) during the core compression phase (Fig. 5.10 a), to a reduction in Ac, and

to reverse motion of the sandwich specimen (Fig. 5.10 b).
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Fig. 5.10: (a) Measured time histories of front and back face velocities for experiment 2
(p,=0.1MPa, p,=114MPa, 6=0.145ms) and experiment 6 (p,6 =0.72MPa, p,=9.2MPa,

6=0.12ms) both conducted with specimen 4 (Rohacell foam) in water-backed configuration; (b)

displacement versus time histories for the same experiments; FE predictions for experiment 2 are
included in both figures.

(ii) Air-backed sandwich plates.

In Fig. 5.11 (a) we present FE predictions and measurements of v, (r) and v,(r) for

experiment 3 (see Table 5.2) performed on an air-backed specimen with Alporas foam core

(specimen I). The corresponding time histories u, (r) and u, () are shown in Fig. 5.11 (b)

and high-speed photographs for this experiment are illustrated in Fig. 5.6 (a). Upon the impact
of the shock wave on the specimen, both face sheets are set in motion, almost simultaneously,
and rapidly reach their respective peak values (see Fig. 5.11 a), approximately at the time of
the onset of cavitation (see Fig. 5.6 a). The occurrence of cavitation causes the pressure at the
fluid-structure interface to drop to a very low level, leading to deceleration of both face

sheets, as a consequence of air-resistance and friction between O-rings and tube wall. Note
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that the pressure drop at the wet face of the specimen leads to elastic unloading of the
sandwich core and this gives rise to oscillations of the face sheets. Such oscillations are more
pronounced in the FE predictions due to the lack of damping in the numerical models (e.g.

friction between O-rings and tube). The measurements of u f(t) and u, (1) plotted in Fig.

5.11 (b) show that plastic core deformation was negligible in this experiment and the FE

predictions confirm this.
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Fig. 5.11: (a) Measurements and FE predictions of front and back face velocities as functions of time

for experiment 3 (p, =0.1MPa, p,=8.1MPa, 6=0.11ms) performed on specimen I (Alporas

foam) in air-backed configuration; (b) displacement versus time histories for the same experiment.

5.6 Discussion
The severity of structural loading consequent to underwater blast can be quantified by the

maximum impulse 7, . :max[l f(t)] (per unit area) applied on the wet surface of the
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structure. In addition, the permanent core compression € =Ac, /¢ quantifies to what extent
the sandwich effect is maintained after blast loading.

In the following, we employ measurements and FE predictions of / and €, to assess the

,max

blast resistance of sandwich plates in contact with water on one or both sides.

5.6.1 Comparison of It max and &. between air-backed and water-backed sandwich plates

First, consider the 1D problem of a sandwich plate in contact with water on the front face

sheet and subjected to loading by an arbitrary pressure history p,(z) on the wet face.

Assume that the mass of the core is negligible in comparison to the face sheets (sandwich
cores only contributed 4%-6% to the mass of the total sandwich specimens). Then

conservation of linear momentum dictates

1,()=[[p,(2)-p, Jdz=mp, (1)+mp,(1). (5.12)
The velocity histories v, (¢) and v, (), such as shown in Fig. 5.11, are deduced from the
high-speed photographs and the impulse I, (1) imparted to the air-backed plate immediately

follows from eq. (5.12).

If the sandwich plate is in contact with water on both face sheets, a pressure wave p, () is

radiated into the water column from the specimen’s back face; then, conservation of linear

momentum provides

mgvy (£)+m,y, (1)= _[(:[Pf (2)= Py =P, (T):' dr=1I, (’)__[(: p, (T)dt =

z (5.13)
=1, (1)= mev, (1) +m,y, (t)+j0 p, (7)dr.
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The time histories p, (¢) are measured using a piezoelectric pressure gauge fitted on the tube
(see Fig. 5.2) while the time histories v, (r) and v, (r) are obtained from high-speed
photographs. Equation (5.13) can then be used to evaluate the impulse I, (7) imparted to the

front face sheet of a water-backed sandwich plate.
Note that friction between the O-rings and the tube wall is neglected in eqs. (5.12) and (5.13)

(frictional forces were measured to be < 15 N).

In Fig. 5.12 the measured core crush & =Ac, /c is plotted against the shock intensity
I,=2p,0 for a set of experiments performed at atmospheric pressure with shock waves of
peak pressures and decay times in the range of p,=10.5—11.5MPa and 6=0.12-0.2ms,

respectively, without pressuring the fluid columns prior to shock loading, i.e. p, =0.1MPa .
Two different core materials are considered, Alporas metal foam (specimen I) and Rohacell
polymer foam (specimen 4); masses of the sandwich specimens only varied between
M =242-25.7g,hence M =25g for simplicity. Finite element simulations were performed
in accordance to these experiments and their predictions are included in Fig. 5.12. It can be
seen from the measurements that the core crush of a sandwich plate is remarkably higher
when the plate is in contact with water at both face sheets and this is also reflected in the FE
results. Moreover, both predictions and measurements show that Alporas foam cored

specimens exhibit larger values of £, than those comprising Rohacell foam.
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Fig. 5.12: Sensitivity of core crush g to shock intensity [, =2p,# measured for experiments

performed on specimen 1 (Alporas foam) and specimen 2 (Rohacell foam), both of which tested in air-
backed and water-backed configuration; FE predictions are included for comparison.

Measurements and FE predictions of the normalised peak impulse 1, . =1, . / (2p,0) are

presented in Fig. 5.13 as functions of the parameter ¥ (eq.(5.8)) for the same set of
experiments; analytical predictions for rigid plates of mass equal to the total sandwich
specimens (M =25g) are included in Fig. 5.13 for both air-backed and water-backed loading
cases (computed with the 1D FSI models presented in Chapter 3). It can be seen that the

measured and predicted impulse I

f,max

associated to blast loading of water-backed sandwich

plates is approximately 30% lower than the corresponding rigid plate predictions; such

reductions in [ are more pronounced for experiments conducted with Rohacell foam

f,max

cored specimens owing to the low values of normalised core strength 6. =0./p, in these
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tests (Rohacell foam o,/ p, =0.097 , Alporas foam o,/ p, =0.175). In Section 5.6.3, we shall

explore the effect of &, on the impulse / in more detail.

f,max

In contrast, for sandwich plates in air-backed configuration the measurements and FE

predictions of 7, .

ax

included in Fig. 5.13 show reductions of only 10% compared to the

predictions for rigid plates of equal mass (lower dotted curve). (recall Fig. 5.12), which

produces an overall structural response similar to that of a rigid plate.

0.8 5 . T T 1 T
® specimen 1 (Alporas)
0.7 | ¢ specimen 4 (Rohacell)|
i specimen 1 FEM
0.6 i specimen 4 FEM
| s ¢ Water-backed monolithic (analytical)
- 05 ¢F water-backed sandwich T .
f,max
04f S e e
\““ O \~°_,— o
0.3 |
0.2 +
0.1F
0 1 1 1 1 1
0 1 2 3 4 5 6

¢=pwcwﬁ/m

Fig. 5.13: Experimental measurements and FE predictions of the non-dimensional impulse ] max

as functions of the parameter ¥ for experiments performed on specimen I (Alporas foam) and

specimen 4 (Rohacell foam) in both air-backed and water-backed configuration; analytical predictions
for monolithic plates of mass equal to the total sandwich (dotted curves) are included for comparison.
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5.6.2 Effect of initial hydrostatic fluid pressure on Ity m.x and &

Additional FSI experiments were performed on water-backed sandwich plates, in order to

explore the sensitivity of Tf,m and & on the initially applied static pressure in the fluid; in

these tests, specimens were loaded by exponentially decaying shock waves (€ =0.12ms,
Do =8.8—9.2MPa ) generated in initially pressurised fluid columns, i.e. p, > 0.1MPa. Two
different types of specimens were considered, specimen I (Alporas foam) and specimen 4

(Rohacell foam), and their masses varied between M =24.1-25.8g, hence M =25g and

y=p,.c,0/m=29 for simplicity.

w-ow

The impulse 1 deduced from the obtained measurements (eq. (5.13)) is plotted in Fig.

f,max

5.14 (a) as a function of the normalised static pressure p’ = p /o, , together with the

corresponding FE results. The impulse measurements show that / is drastically reduced

f,max

when p; is increased and the FE predictions confirm this scenario; in particular, impulse

reductions of 70% are reported for p, —1.

The corresponding measurements and FE predictions of the normalised core crush €, =¢€,/¢,
are plotted in Fig. 5.14 (b) as functions of p . It is seen from the measurements that the
effect of elevated static pressure p, is to increase € and this trend is more pronounced for
specimen 1. The FE results capture the core crush € induced in the Alporas foam cored

specimens (specimen I) with adequate accuracy, but under-predict the € measurements for

the tests performed with specimen 2 by 10% - 30%.
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Fig. 5.14: (a) Sensitivity of the non-dimensional impulse [ to the normalised static pressure

Jf»max
P.=p,! p, measured for experiments performed in water-backed configuration on specimen 1
(Alporas foam) and specimen 2 (Rohacell foam) with pressure waves of p, =8.8-9.2MPa and
6=0.12ms (¥ =29 in all experiments); FE predictions are included for comparison;
(b) measurements and FE predictions of the core crush £ =¢ /g, as functions of [_73 for the same set

of experiments.

5.6.3 Effect of normalised core strength O, on applied impulse I £ .max and core crush &

Previous studies [27, 38] have shown that the impulse imparted to an air-backed sandwich

plate consequent to blast loading lies, in general, between that applied on a rigid plate of mass

equal to the total sandwich, Tmr (upper bound), and to the front face sheet alone, TFF (lower

bound). They also noted that the effect of &, =0,/p, is to govern the impulse imparted to

the sandwich, I : for large values of o., I -1 while [/ -1

f.max *

for

f . max T0T ° f,max FF

sufficiently small values of O, .
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In this section we present similar information for underwater blast loading on water-backed
sandwich plates. In the process, a series of experiments was performed on sandwich

specimens with both face sheets in contact with water at atmospheric pressure, i.e.
p,=0.1MPa, and &, was adjusted by varying the peak pressure of the blast wave
(p, =6.1-11.8MPa ) as well as the core strength of the sandwich plate (o, =0.44—-2.8 MPa )
via selection of different core geometric and physical properties (see Table 5.1); masses of the
total sandwiches and the face sheets ranged between M =26.0—-27g and M, =12.1-13¢g,
respectively, thus M =26.5g and M, =12.5g for simplicity. Note that the Young’s modulus
of Alporas foam cores is much larger than that of Rohacell foams (Table 5.1). In order to
explore the influence of E. on the blast response of sandwich plates, it is instructive to plot

the experimental results for Rohacell and Alporas foam cored specimens in separate graphs,

as in Fig. 5.15 and Fig. 5.16, respectively.

Measurements of I

f,max

obtained from the experiments performed on Rohacell foam cored
sandwich plates (specimens 3, 4 and 5) are plotted against the normalised core strength
6.=0,/p, in Fig. 5.15 (a) together with corresponding FE predictions. Experimental results

are indicated by circles, triangles and diamonds while the dotted, dashed and solid curves

respresent the corresponding FE predictions. Note that the measurements only cover a limited

range of 0. due to limitations in the maximal allowable internal pressure of the shock tube.

Moreover, we include in Fig. 5.15 (a) analytical predictions of the imparted impulse

associated with blast loading on water-backed rigid plates of mass equal to the total sandwich

(M =265g, y=2.73), Tmr, and to the front face sheet alone (M, =12.5g ,y, =5.8), TFF .
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The small difference between the rigid plate predictions /,,, and TFF can be explained by
recalling Fig. 5.13: the impulse imparted to a water-backed rigid plate in a blast event

converges to a limit value of 0.5 when ¥ — o, while for air-backed rigid plates, I, -0

f . max
when y — oo . Therefore impulse reductions consequent to light-weight construction are less
pronounced when a rigid plate is in contact with water on both sides.

The measurements presented in Fig. 5.15 (a) show that I

f,max

is steadily increased by

lower than the predictions I, . The current literature

increasing O, with all values of /

f,max
on underwater blast loading of sandwich plates supports the conclusion that 1,,. and I, are

lower and upper bounds for the impulse imparted to air-backed sandwich plates [27, 38],

respectively. However, for water-backed sandwich plates, the impulse measurements

presented in Fig. 5.15 (a) suggest a change of paradigm, as all values of I lie below TFF.

£, max
This can be explained that the sandwich cores considered here offer a ,softer support to the
front face sheet compared to that provided by a water column (in case of a rigid water-backed
plate), thus increasing acceleration as well as total displacement of the structure and affecting
the cavitation process, recall Fig. 5.5.

The FE results included in Fig. 5.15 (a) are found in good agreement with the measurements.

Similar trends emerge for all specimens considered here: upon increasing p,, i.e. decreasing

6.=0./p,, the impulse I is gradually reduced until a minimum is reached. The

f ,max

location of this minimum on the O, - axis depends on the compressive strength of the foam

core employed. When O, is decreased beyond this minimum, strain hardening effects come

into play, effectively increasing o, of the sandwich core and thus increasing

f.max *
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The corresponding measurements and FE predictions of the normalised core crush € =€, /¢,
are shown in Fig. 5.15 (b) as functions of &,. For each type of specimen, the effect of
increasing O, is to reduce € . We also observe that the core strength of the sandwich O,

governs the value of the parameter 6. at which full densification occurs, i.e. £ —1. Again,

good agreement is achieved between measurements and FE predictions.

Now compare Fig. 5.15 (a) and (b): when 0O, is sufficiently large, the sandwich effect

becomes negligible, £ — 0, and the impulse [/ can exceed the rigid plate predictions

f,max

I, . This can be justified by the fact that the core response is purely elastic in this regime

and the ensuing elastic spring-back can affect FSI, leading to an increase in impulse imparted

to the sandwich, qualitatively consistent with the conclusions of Chapter 3.

(a) (b)
0.7 | s

rigid plate predictions ¢=2.73

0.6 B rigid plate predictions ¢, = 5.80 7

0.5 F

_ 04F
I L

f,max

0.3}

specimen 5

specimen 3 I specimen 3
0.2} ]
0.1 - _ specimen 4
ol e ] 0.01 R
0.01 0.1 1 0.01 0.1 1
Ec: O-c/pO a= o./p,

Fig. 5.15: Measurements and FE predictions of (a) the non-dimensional impulse [/ and (b) core

f,max
crush £ =¢ /e, as functions of the normalised core strength & =o,/p, for Rohacell foam-cored
sandwich plates (specimens 3, 4 and 5) in contact with water at atmospheric pressure (p, =0.1MPa )

and loaded by shock waves of decay time 6 =0.12ms.
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Fig. 5.16: Measurements and FE predictions of (a) the non-dimensional impulse / and (b) core

f,max
crush £ =¢ /¢, as functions of the normalised core strength & =o, /p, for Alporas foam-cored
sandwich plates (specimens 1 and 2) in contact with water at atmospheric pressure ( p =0.1MPa ) on

both sides and loaded by shock waves of decay time €=0.12ms.

In Fig. 5.16 we present similar information for experiments performed on Alporas foam-cored
sandwich plates (specimens 1 and 2); the diamonds and circles indicate experimental results
for specimens 1 and 2, respectively, while the solid and dashed curves represent the

corresponding FE results. Both the measurements and the FE predictions are found in good
agreement. It is worth mentioning that the impulse I_f,max remains well below both thresholds
TmT and TFF, as indicated by the horizontal lines in Fig. 5.16 (a), even for large values of O, .
Now compare the £ versus 0. response between Rohacell (Fig. 5.15 b) and Alporas foam
cored specimens (Fig. 5.16 b): the range of &, for which 0.01<¢€ <1 is extended if Alporas

foam cores are employed. This can be addressed to the relatively large elastic stiffness E_. of

the Alporas foam: less blast energy is needed to trigger plastic deformation in the core and
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therefore shock loading with small pressure amplitudes p, (i.e. large O,.) can produce

sufficient £, to activate the sandwich effect, thus reducing / recall Fig. 5.15 (a).

f.max ?

5.7 Conclusions

In this study the response of air-backed and water-backed sandwich plates subject to blast
loading in initially pressurised water has been investigated. Underwater blast experiments
were performed on sandwich specimens comprising of metallic face sheets and low-density
foam cores (metallic and polymeric) by using the experimental method detailed in Chapter 4.
Face sheet motion, core compression and cavitation processes were observed using high-
speed photography and the impulse imparted to the structure was deduced by analysing
dynamic fluid pressure measurements as well as high-speed photographs. The experimental
results of permanent core compression, imparted impulse and cavitation front trajectories
were adequately captured by the corresponding dynamic FE simulations and allowed drawing

the following conclusions:

- The cavitation process associated to underwater blast loading of water-backed and air-
backed sandwich plates initiates at a finite distance x. from the fluid-structure interface
and becomes visible in form of rapidly growing cavitation bubbles. Subsequently, the
cavitation zone collapsed by propagation of a closing front. The distance x. was found to
be governed by the ratio of core strength to peak pressure of the incident wave, in line
with the findings of previous theoretical studies.

- Both air-backed and water-backed sandwich plates outperform rigid plates of equal mass

in terms of the impulse imparted to the structure in a blast event. For a given incident
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wave and core collapse strength, the permanent core compression of water-backed
sandwich plates is higher than that of air-backed sandwiches and thus impulse reductions
are more pronounced when sandwich plates are loaded in water-backed configuration.

- For the case of blast loading of water-backed sandwich plates, the impulse imparted to a
rigid plate of mass equal to the front face sheet cannot be taken as a lower bound for the
impulse imparted to a sandwich structure.

- For water-backed sandwich plates of given core strength, appropriate adjustment of the
peak pressure of the incident blast wave can minimise the imparted impulse and the
impulse reductions achieved at this minimum depend on the compressive collapse
strength of the sandwich.

- The impulse imparted to water-backed sandwich plates can be drastically reduced by
increasing the initial hydrostatic pressure in the surrounding fluid; impulse reductions of
=70% (in relation to the unpressurised loading case) can be achieved when the initially

applied fluid pressure was on the order of the foam core’s collapse strength.

The experiments presented in this study give valuable insight into the main phenomena of
shock wave induced cavitation and how these affect the dynamic response of sandwich plates.
However, to improve the current understanding of FSI in underwater blast loading of
sandwich constructions, rigorous 1D analytical models are needed, which account for all the
details of the cavitation process in the fluid, without the need of simplifying assumptions.

This is left as a topic for a future study.
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Chapter 6

The One-dimensional Response of Double-

walled Structures Subject to Underwater Blast

6.1 Introduction

Hulls of underwater vehicles typically consist of an inner pressure hull encapsulated in an
outer shell [48], with the gap between both structures flooded with water when the vessel
submerses. Double-hull construction complicates the prediction of structural loading histories
produced in a blast event, as cavitation processes can occur in the water gap subsequent to
blast loading. The effects of such phenomena on the overall structural response of the hull are
still unexplored in the current literature and need to undergo a thorough study.

In this study, we investigate the 1D response to underwater blast loading of double-walled
hulls, comprising of a monolithic inner pressure hull and an outer skin, with a water gap
separating both structures. Underwater blast experiments will be performed on representative
double-walled structural systems by using the shock tube apparatus presented in Chapter 4
and the benefits of sandwich construction in double-walled hull designs will be interrogated.
Structural motion, sandwich core compression and cavitation processes consequent to blast

loading will be observed by using high-speed photography. Dynamic pressure measurements
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will serve to deduce the impulse imparted to the specimens and its sensitivity to the width of
the water gap. In addition, detailed FE simulations will be performed in accordance to the

experiments and the obtained predictons will be validated against the experimental evidence.

6.2 Problem definition

In this study, the response of double-hulls subject to underwater blast is examined. Two

different design concepts are considered and described below.

a) Monolithic double-hull.

The schematic in Fig. 6.1 (a) is an illustration of the problem geometry of a monolithic
double-hull consisting of two monolithic plates separated by a water gap of width D. We
define as ‘outer skin’ the plate in contact with water on both sides while the underlying inner

structure is termed as ‘inner hull” and is in contact with water on the front face only. The outer

skin (mass per unit area m, ) is loaded on the outer surface by an exponentially decaying
shock wave of peak pressure p, and decay time €. Subsequently, pressure waves transmitted

into the water gap impinge on the inner hull (mass per unit area m, ).

b) Sandwich double-hull.

The problem geometry for a sandwich double-hull is sketched in Fig. 6.1 (b). It comprises of

a monolithic inner hull (areal mass m,) and an outer skin in sandwich construction (areal

mass m, ), with a water gap (width D) located between both structures; the loading case is

taken as described above for monolithic double-hulls.
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For each of the above design concepts, two different boundary conditions are considered:
(1) Stationary inner hull: the outer skin is free to move in direction of wave propagation

while the motion of the inner hull is constraint to zero, representing the case of a

double-hull with m, — .

(i1) Unsupported inner hull: both outer skin and inner hull are unsupported and m, = m,, .

(a) (b)

inner  outer skin: inner  outer skin:
hull monolithic hull sandwich panel

mg
mpg x mg x

A blast wave

p=patpoe’’’

Cy
4._
D D T T T T T T T T
> { >
I I Pw. Cy I I Pw. Cy
water gap water column water gap water column

Fig. 6.1: Sketches of problem geometry and loading case of (a) monolithic double-hulls and
(b) sandwich double-hulls.

6.3 Fluid-structure interaction experiments

6.3.1 Laboratory setup

In this study, FSI experiments were performed using the transparent shock tube apparatus
presented in Chapter 4. A sketch of the laboratory setup is shown in Fig. 6.2 (a), for an
experiment on a monolithic double-hull with a stationary inner hull specimen. The apparatus
allows observing specimen motion as well cavitation processes in the water by means of high-

speed photography.
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The outer skin specimen was inserted into the shock tube, approximately 200 mm from the
distal end, and two water columns were located in the tube on both sides of the specimen. The
tube was sealed at the front end with a nylon piston and at the distal end with the inner hull
specimen; bleed valves were included in front piston and inner hull specimen to evacuate air-
bubbles trapped in the water columns prior to the dynamic experiment. The time histories of
the interface pressure applied on the wet face of the inner hull was measured by using a
piezoelectric pressure gauge of type 113B23 SN 21266 (PCB Piezoelectronics Inc.) centrally
mounted on the inner hull specimen (flush with the specimen front face). As shown in Fig.
6.2 (a), motion of the inner hull specimen was constrained in one direction by locating a
metallic distance bush between the specimen and an anvil. In the other direction, the position
of the specimen was locked by mounting a stud between specimen and anvil. For experiments
conducted with free-standing inner hull specimens, the distance bush and the stud were not
used.

Exponentially decaying pressure waves were generated in the tube by firing a round steel
striker of diameter d; =18.5mm at the front piston; details on this technique can be found in
Deshpande et al. [36]. The pressure pulses generated in the shock tube were measured with a

piezoelectric pressure gauge of type 113B23 SN 21266 (PCB Piezoelectronics Inc.) at a

distance approximately 120 mm behind the front piston (see Fig.2a). The speed of pressure

wave propagation in the shock tube was measured as ¢, =1053ms™".

A 'Vision Research (V7.1)" high-speed phantom camera was used to observe specimen motion

as well as cavitation phenomena in the water columns.
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Fig. 6.2: (a) Schematic of the experimental apparatus used to perform underwater blast experiments on
a structural system representative of a monolithic double-hull with motion of the inner hull constraint
to zero. Experiments on free-standing inner hulls are performed with anvil and distance bush absent.
(b) Specimen geometry of outer skin specimen in monolithic design and (c) in sandwich construction.

6.3.2 Specimen design and manufacture

(a) Outer skin specimens.
The specimen geometry of monolithic outer skin specimens is sketched in Fig. 6.2 (b). Round

specimens were machined from either aluminium or stainless steel to diameter d =27 mm;

two circular grooves were included for fitting O-rings on the specimens to allow sealing of the

water columns. The areal mass of the stainless steel and aluminium specimens was measured
as 43.0kgm™ and 74.8kgm?, respectively.

The geometry of a typical sandwich specimen used to reproduce the response of a sandwich
double-hull is sketched in Fig. 6.2 (c); it comprises of a crushable foam core encased between

metallic face sheets, each of thickness h, and areal mass m,. The sandwich cores were

machined from polymer foam (Rohacell) to diameter d_ and thickness ¢ . Rohacell foams are
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closed cell foams made from polymetacrylimide (PMI) and are available in a range of
densities. In this study, three different core densities are considered, p, =71kgm'2,
p.=110kgm? and p, =200kgm™. Details on material properties, thickness and diameter of

the cores considered herein are listed in Table 6.1. Note that the mechanical properties were
taken from the results of the quasi-static compression tests presented in Section 5.2.

The face sheets were machined from aluminium to diameter d, =27mm and thickness
h, =8 mm, fitted with two O-rings and bonded to the sandwich core using epoxy adhesive

(‘Scotch Weld’); the total masses of the obtained sandwich specimens varied between

m, =41.9-427kgm™.

Table 6.1: Core properties and dimensions of the sandwich specimens considered in this study.

foam foam foam core core compressive densification Young's

material density pore size diameter width strength strain modulus

Pe (kgm'3) d, (mm) d.(mm) ¢ (mm) c. (MPa) &p E.(MPa)
1 Rohacell 71 0.96 25.5 30 1.1 0.86 100
2 Rohacell 110 0.93 25.5 20 2.8 0.85 160
3 Rohacell 200 0.64 26.0 15 6.5 0.83 250

(b) Inner hull specimens:

In all experiments performed in this study, monolithic inner hull specimens were used and
their geometry was similar to that sketched in Fig. 6.2 (b) but with a central mounting port
included for mounting the pressure sensor. In addition, they were machined with a bleed valve

(out of centre) to evacuate air-bubbles trapped in the water gap. The total areal mass of

pressure gauge and specimen was measured as m, =80.2kgm™.
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6.3.3 Outline of the experimental study

The impulse imparted to the inner hull, /,, as well as the core crush of the outer skin

specimen, &£”', are measured in the experiments to assess the shock resistance of double-
walled hulls subject to underwater blast. The objective of this study is to examine, for both
monolithic and sandwich designs (see Fig. 6.1), the sensitivity of the performance metrics /,
and €!" to the width of the water gap, in order to determine the effect of sandwich

construction on the blast performance of submerged double-walled structures. To achieve this,

the following test series were performed:

(1) Stationary inner hull (my — o).

In test series 1, experiments were performed with rigidly supported inner hull specimens and

outer skin specimens made from either monolithic or sandwich plates; the outer skin mass

m; as well as the decay time & were held fixed, while the gap width D was varied.
Test series 2 was carried out to explore the effect of sandwich core strength o, on the

performance metrics I, and & . In these experiments, three different types of sandwich

specimens were considered, as listed in Table 6.1, and the water gap width D, areal mass of

the sandwich m, as well as the decay time of the loading pressure pulse € were held fixed.

Details of specimen geometries and masses, widths of the water gaps as well as the
characteristics of the generated pressure pulses used in the experiments for series 1 and 2 are
summarised in Table 6.2. Moreover, we include in Table 6.2 numerical values of the fluid-

structure interaction parameter [4]

l//F —FPwow (61)
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related to the areal mass m;. of the outer skin specimen (m, =2m, +m,_ for sandwich plates).

Note that the values of ¥, were chosen to match those of typical blast loading on full-scale

structures.

Table 6.2: List of experiments conducted with rigid, stationary inner hull specimens, reporting masses
of the outer skin specimens, widths of water gaps as well as the characteristics of the loading pressure

pulses.
test test  outer skin Po 0 my WFr D
series no.  specimen (MPa) (ms) (kgm?) (mm)
1 1 monolithic 12.5 0.14 43.0 34 30
1 2 monolithic 12.0 0.14 43.0 34 80
1&2 3 monolithic 11.6 0.14 43.0 34 120
1 4 monolithic 11.6 0.14 43.0 34 160
1 5 Rohacell 110 11.5 0.14 42.3 34 30
1 6 Rohacell 110 11.5 0.14 419 3.5 80
1&2 7 Rohacell 110 11.6 0.14 42.3 34 120
1 8 Rohacell 110 11.7 0.14 4277 34 160
2 9 Rohacell 71 12.0 0.14 42.7 34 120
2 10 Rohacell 200 11.6 0.14 42.5 34 120

(11) Unsupported inner hull (my, = m;. ).

In test series 3, experiments were performed with unsupported inner hull specimens and outer

skin specimens made from either monolithic or sandwich plates; the decay time of the

pressure pulse & as well as the masses of the outer skin and inner hull, m, and m,,

respectively, were held fixed, while the gap width D was varied, with m, /m, =0.5 the mass

ratio between outer skin and inner hull specimens.

In addition, test series 4 was performed in order to explore, for the case of a monolithic

double-hull, the effect of an increased mass ratio m, /m, =3.2 on the impulse imparted to the

inner hull, 7, .
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In Table 6.3 we summarise details on masses of outer skin and inner hull specimens, distance

between the specimens and the characteristics of the generated pressure pulses in each

experiment performed for test series 3 and 4, with ¥, = p, c,0/m, the FSI parameter related

%

to the mass of the inner hull, m, .

Table 6.3: List of experiments conducted with rigid, unsupported inner hull specimens, reporting
masses of the specimens, withs of water gaps as well as the characteristics of the loading pressure

pulses.

test test  outer skin Do 0 my my Wy B D
series mno. specimen (MPa) (ms) (kgm?®) (kgm?) (mm)
3 11 Monolithic 11.2 0.14 43.0 80.2 34 1.8 30
3 12 Monolithic 12.0 0.14 43.0 80.2 34 1.8 60
3 13 Monolithic 12.0 0.14 43.0 80.2 34 1.8 80
3 14 Monolithic 11.5 0.14 43.0 80.2 34 1.8 120
3 15 Rohacell 71 11.5 0.14 42.4 80.2 34 1.8 30
3 16 Rohacell 71 11.5 0.14 42.5 80.2 34 1.8 60
3 17 Rohacell 71 114 0.14 42.7 80.2 34 1.8 90
3 18 Rohacell 71 11.6 0.14 42.4 80.2 34 1.8 120
4 19 Monolithic 11.8 0.14 74.8 22.9 1.9 6.3 30
4 20 Monolithic 11.6 0.14 74.8 229 1.9 6.3 60
4 21 Monolithic 11.2 0.14 74.8 22.9 1.9 6.3 95
4 22 Monolithic 11.4 0.14 74.8 229 1.9 6.3 120

6.4 Finite element models

One-dimensional FE simulations were performed in ABAQUS/Explicit [49] in order to
validate the results obtained with the shock tube apparatus. FE simulations also provide
insight into the loading histories applied on the outer skin in a blast event which could not be
measured with the experimental technique employed here. The FE model used to simulate
blast loading of sandwich double-hulls is sketched in Fig. 6.3. It consists of a front water
column, a water gap, a rigid inner hull plate and a sandwich plate representing the outer skin,

all of which of unit width and height H,. The sandwich plate comprises a foam core of
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thickness ¢, encased between two face sheets, each of thickness hy . The fluid columns, the

face sheets and the sandwich core were tied at their interfaces and discretised by using four-
noded, plane quadrilateral elements with reduced integration (type CPE4R in
ABAQUS/Explicit). The FE models for monolithic double-hulls followed a similar scheme
with sandwich core and back face sheet absent.

To model fluid behaviour in ABAQUS/Explicit a simple hydrodynamic model was used
which introduces a linear-elastic relationship between fluid pressure and volumetric strain. To

achieve this, a Mie-Gruneisen equation of state with a linear Hugoniot relation [49] was

employed with fluid density and wave speed set to p, =1000kgm~and ¢, =1053ms”,

respectively (see Section 3.3 for further details). The shear modulus of water was taken as
zero and, to model the cavitation phenomena in water, tensile pressure cut-off was set to
0.1 MPa in ABAQUS [49], in line with measurements of the pressure in cavitated water
obtained from the shock tube experiments. The element size of the fluid mesh was set to
0.1 mm in direction of wave propagation, while one single element was used along the height

of the water columns, H , . Note that the effect of the mesh size on peak pressure and rise time

of the incident shock wave has been examined in Section 3.3 and is reported in Fig. 3.6.

The aluminium face sheets were modelled as linear elastic solids with density

py= 2700kgm”, Young’s modulus E ; =69GPa and Poisson’s ratio v, =0; to discretise

the face sheets, an element size of 0.3 mm was used along the through-thickness direction.
For the foam materials the constitutive model described in Section 5.4 was employed and the
material properties of the foams used in the sandwich cores are listed in Fig. 6.1.

The boundary conditions were taken as follows. As shown in Fig. 6.3, the transverse

displacements of all nodes were constrained to zero. For simulations performed to mimic the
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response of a double-hull with m, — oo, longitudinal motion of the inner hull plate was also

constrained to zero.

Underwater blast loading was performed by imposing an exponentially decaying pressure

boundary condition (peak pressure p,, decay time &) at the free end of the front water

column (see Fig. 6.3). The length of this water column L was sufficient to guarantee that the
dynamic response of the structure had finished before pressure waves reflected at the free end
of the front water column could impinge on the outer skin plate.

The presence of bulk viscosity in ABAQUS/Explicit [49] can lead to significant artificial
energy dissipation due to the large volumetric compression of the foam core. To minimise
such effects, the bulk viscosity was set to zero for the core elements and reduced to 20% of

the default values for the fluid columns and the face sheets.

back face sheet core front face sheet
— Vo VTS / —
A

\ / -
water gap water column H; y Po
Pw, Cw Pw, Cw 0

4—

* A 4 4—

rigid D h c hf L

plate

Fig. 6.3: Schematic of the FE model used to simulate the 1D response of a sandwich double-hull. The
FE models for monolithic double-hulls follow a similar scheme, but with the core and the back face
sheet absent.

6.5 Results and discussion

We proceed to present observations and results obtained from the performed experiments.

First, we present high-speed photographs recorded in selected experiments and describe the
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observed cavitation phenomena. Second, we examine the response of the specimens by
analysing measurements and FE predictions of core crush and impulse imparted to the
structures. Finally, the experimental and numerical results are used to explore the sensitivity

of impulse and core crush to the width of the water gap.

6.5.1 Fluid response

(1)  Stationary inner hull (my —> o).

In Fig. 6.4, we present a sequence of high-speed photographs recorded in experiment 3 (Table
6.2), which was performed to reproduce blast loading of monolithic double-hulls with
m, — oo ; motion of the inner hull specimen was fully constrained to zero and the gap width
was adjusted to D =120mm .

In Fig. 6.4 (a), the incident wave ( p, =11.6MPa, 8=0.14ms), travelling from the right to
the left, reaches the front face of the outer skin specimen. Subsequently, this specimen
accelerates (see Fig. 6.4 b) and a compressive wave emanates from its back face, travelling in
the water gap towards the inner hull and impinging on its wet face. Subsequently, this wave is
fully reflected” at this stationary interface and the reflected wave reaches the back face of the
outer skin at a later time (¢ =2 D/c,, ), affecting its response and promoting reverse motion of
the specimen. After multiple pressure wave reflections in the water between both specimens,
the outer skin specimen moves back to its initial position, as illustrated in Fig. 6.4 (c). From

the high-speed photographs presented in Fig. 6.4 it is obvious that cavitation did not occur

within the field of observation.

" The large discrepancy in acoustic impedance between the water and the steel specimen justifies the notion of
full wave reflection at this interface.
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outer skin
specimen

1.657 ms

Fig. 6.4: Sequence of high-speed photographs for experiment 3 showing the response of a monolithic
double-hull with a stationary inner hull specimen consequent to underwater shock loading

(p,=11.6MPa, 8=0.14ms, areal mass of the outer skin was m,. = 43.0kgm'2 ).

Experiment 7 (Table 6.2) was conducted under similar conditions but with the monolithic
outer skin specimen replaced by a sandwich plate of equal mass in order to mimic the
response of a sandwich double-hull; high-speed photographs obtained from this experiment
are shown in Fig. 6.5 for four selected instants.

In Fig. 6.5 (a) the shock wave reaches the sandwich specimen. Soon after the front face sheet
has started moving, bubbles emerge in the front water column very close to the fluid-structure
interface, as shown in Fig. 6.5 (b). Theoretical models [3] predict that two breaking fronts
(BF) emerge at the point of first cavitation, propagating in opposite directions and opening a
pool of cavitated water, as observed in the experiment (see Fig. 6.5 b). The BF approaching
the sandwich plate reaches the fluid-structure interface while the opposite BF continues
propagating away from the structure. Subsequently, the front face sheet decelerates owing to

the support offered by the foam core. As a consequence, the cavitation front contiguous to the
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fluid-structure interface starts propagating away from the structure, becoming a closing front
(CF) and forcing collapse of cavitation bubbles (see Fig. 6.5 c). As time elapses the bubbles
increase in size due to the increased strain induced in the cavitated fluid by displacement of
the front face sheet. Propagation of the closing front persists and, after sufficient time has
elapsed, the cavitated region has entirely collapsed in the field of observation, as observed in

Fig. 6.5 (d).

outer skin specimen

{ 0200ms 8

i

(d)

Fig. 6.5: Sequence of high-speed photographs for experiment 7 showing the response of a sandwich
double-hull with a rigid, stationary inner hull specimen consequent to underwater shock loading

(p, =11.6MPa, 8 =0.14ms, areal mass of the outer skin was m, =42.3kgm™).

(1)  Unsupported inner hull (m, =m, ).
In experiment 12 (Table 6.3), the 1D response of monolithic double-hulls with m, = m, was

reproduced by locating two monolithic plates in the shock tube, separated by a water gap of

width D =60mm; the inner hull specimen was unsupported (i.e. free to move in the shock
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tube) and the mass ratio of outer skin and inner hull specimen was chosen to be m, /m, =0.5

(the areal mass of the outer skin specimen was m, = 43.0kgm™). A sequence of high-speed

photographs recorded in this experiment is shown in Fig. 6.6. In frame (a) the incident shock

wave ( p, =12.0MPa, 8=0.14ms ) reaches the outer skin specimen. The ensuing motion of

this specimen results in a pressure wave radiated from its back face, passing through the water
gap and impinging on the wet surface of the inner hull specimen. Subsequently, this specimen
is set in motion and a zone of cavitated water spreads from the fluid-structure interface into
the water gap by propagation of a BF, as seen in Fig. 6.6 (b). Upon arrival of this BF at the
back face of the outer skin specimen, the pressure at this interface vanishes and this leads to a
rapid increase in plate velocity because the front face of this specimen is subject to loading by
the incident shock wave. Consequently, a tensile rarefaction wave is radiated from the front
interface and travelling into the fluid, giving rise to cavitation in the front water, as illustrated
in Fig. 6.6 (c). As time elapses, both specimens slowly decelerate due to a combination of air
resistance and frictional forces. Consequently, closing fronts (CF) emerge from the front
interfaces of each specimen, almost simultaneously, propagating into the cavitated water and
forcing collapse of the cavitation bubbles which have drastically increased in size as a result
of increased strain in the cavitated fluid, see Fig. 6.6 (d). Both CFs continue propagating and
after a sufficiently long time, the cavitation zone in the front water column has contracted
beyond the field of observation, while a gap of cavitated water forms at the back interface of

the outer skin plate which slowly collapses by propagation of the CF (see Fig. 6.6 e).
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inner hull outer skin
specimen specimen

Fig. 6.6: Sequence of high-speed photographs for experiment 12 showing the response of a monolithic
double-hull with an unsupported inner hull specimen consequent to underwater shock loading

(p,=12.0MPa, =0.14ms, m, =43.0kgm™, m, /m, =0.5).

Experiment 16 (Table 6.3), was conducted under similar conditions as experiment 12 but with

the monolithic outer skin specimen replaced by a sandwich of approximately equal mass
(m, =425 kgm™); high-speed photographs obtained from this experiment are illustrated in
Fig. 6.7 for four selected frames. Upon the impact of the incident pressure wave
(p,=11.5MPa, €=0.14ms) on the sandwich plate (see Fig. 6.7 a), the front face sheet

rapidly acquires a sufficiently high velocity to trigger cavitation in the water very close to the
front face sheet, which expands by two BFs propagating into opposite directions (see Fig.

6.7 b). As indicated in Fig. 6.7 (b), the BF approaching the structure reaches the fluid-
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structure interface, inverts its direction of motion and becomes a CF, propagating away from
the interface and forcing the cavitation zone to contract, as seen in Fig. 6.7 (c). The
acceleration of the monolithic inner hull specimen is not sufficient to initiate a BF in the water
gap. However, while the cavitated region in the front water entirely collapses in the field of
observation, a gap of cavitated water forms at the interface between the sandwich specimen

and the water gap due to reverse motion of the back face sheet (see Fig. 6.7 d).

inner hull outer skin
specimen \, 4 specimen

Fig. 6.7: Sequence of high-speed photographs for experiment 16 showing the response of a sandwich
double-hull with an unsupported inner hull specimen consequent to underwater shock loading

(p,=11.5MPa, =0.14ms, m, =42.5kgm™, m, /m, =0.5).

6.5.2 Structural response

Having described the main phenomena of the cavitation process observed in the experiments,

we now proceed to analyse the response of outer skin and inner hull specimens. The intensity
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of structural loading consequent to blast loading can be quantified by the specific impulse
(impulse per unit area) imparted to the structure. Upon neglecting frictional forces between O-

rings and tube wall, the impulse applied on the wet face of the inner hull specimen is given by
t

1, (1) =IO ph(7)dr=myv, (1) (6.2)

where p} (7) denotes the time history of the dynamic pressure applied on the front face of

the inner hull. In the experiments, p} (r) was measured using the pressure transducer

mounted on the inner hull specimen and the impulse /, was obtained from eq. (6.2).

Now write linear momentum conservation for a monolithic outer skin plate,
t
b
IF(t):vaF(t)+J-O py(7)d7, (6.3)

with p’ (7) the pressure history applied dynamically on the back face of the outer skin. Note
that the experimental apparatus employed in this study does not allow measuring p". (7)and

therefore the impulse 1, (¢) cannot be deduced from measurements.

In the following we present the time histories of the non-dimensional impulse
1,(t)=1,(t)/(2p,0) deduced from selected experiments by employing eq. (6.2) and we

compare the experimental results with those obtained from corresponding FE simulations. In

addition, FE results of the non-dimensional impulse I, (z)=1,(t)/(2p,0) are provided to

give insight into structural loading of the outer skin in a blast event.

(1)  Stationary inner hull (my —> o).
Test series 2 (Table 6.2) was performed to investigate, for the case of rigidly supported inner
hull specimens (thus, mimicking the 1D response of double-hulls with m, — o), the effect of

core strength on structural loading, by holding the water gap width fixed, D =120mm.
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Measurements of 1, (t)=1,(t)/(2p,0) obtained from these experiments are presented in

Fig. 6.8 (a), together with the corresponding FE predictions. Both FE results and

measurements show that when a monolithic outer skin specimen was used, the peak impulse

imparted to the inner hull, 7,

B,max

= max [I_B(I)J, exceeded I, =1, which represents the

impulse applied on a rigid stationary plate consequent to loading by an exponentially

decaying shock wave. In contrast, the impulse I is remarkably reduced if sandwich

B,max

construction is employed. The effect of sandwich core strength o, is to govern I,

B,max

. Cores

of lower density po. and thus of lower collapse strength o, result in larger impulse

reductions. In particular, Fig. 6.8 (a) shows that the impulse was reduced by 60% when

B,max
the sandwich core was made from the Rohacell 71 foam (in comparison to a monolithic plate

of equal mass).

(@) (b)

1.2 T T T 1 2 T T T
monolithic
1 e ] 1L monolithic |
Teeelll Rohacell 200
_ 0.8 | Rohacell 200 ==~ 7 08 0°=a§.§ MPa |
IB(I) O'C =6.5 MPa I— (l) °
Rohacell 110 F Rohacell 110
0.6 ___O_-c_i 2.8 MPa h 06 o =28 MPa ]
_______________ Rohacell 71
0.4 0.4 o =1.1MPa
0.2 |y ) 0.2 i
A O experiments
H Rohacell 71 — FEM
HY, o =1.1 MPa
0 [ 1 c 1 1 0 1 1
0 0.001 0.002 0.003 0.004 0 0.001 0.002 0.003 0.004
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Fig. 6.8: Test series 2, stationary inner hull (y, =3.4, D=120mm): (a) Measurements and FE
predictions of the non-dimensional impulse applied on the inner hull 7, B (t) as functions of time;

results obtained with both monolithic and sandwich double-hulls are included. (b) FE predictions of
the non-dimensional impulse imparted to the outer skin TF (¢) for the same set of experiments.
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The corresponding FE predictions of the normalised impulse 1, (t)=1,(t)/(2p,0) are

plotted in Fig. 6.8 (b). It can be seen that the time histories 7, (¢) follow similar trends as the

corresponding 1, (¢) histories. Moreover, 1

0.3 T T T
----- experiments
— FE model
0-25 Rohacell 71
0 =1.1MPa
02 .o el i
e (1)
015 | Rohacell 110 7
0, = 2.8 MPa
01k e ——— i
Rohacell 200
0.05 _—7 0,=65MPa i
0 "I'-"""“"I'“""""', ]
0 0.001 0.002 0.003 0.004
time (s)

Fig. 6.9: Measurements and FE predictions of the compressive core strain &€, (t) as functions of time

for for test series 2 (y, =3.4, D=120mm); sandwich plates with different types of core are

compared.

In Fig. 6.9 we present measurements and FE predictions of the compressive core strain

€.(t)=Ac(t)/c as functions of time for the same test series. Time histories of core
compression Ac(t) were extracted from the high-speed photographs, such as illustrated in

Fig. 6.5. All types of core considered here show similar trends: €, (¢) quickly reaches a peak

value after which the core strain modestly decreases owing to elastic spring-back. Now

compare Figs. 9a and 10: weak sandwich cores, such as Rohacell 71 cores, achieve the largest
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reductions in impulse [/ but at the expense of increased permanent core compression.

B,max *
However, the degree of core crush is relatively low in the experiments reported here and the

FE predictions confirm this.

(i)  Unsupported inner hull (my, = m, ).

In Fig. 6.10 (a), we report time histories of I, (t) measured for experiment 12 (Table 6.3)
performed to mimic the 1D blast response of a monolithic double-hull with m, =m,
(unsupported inner hull specimen), together with FE predictions of 1, () and I, (¢). Selected

high-speed photographs recorded in this experiment are shown in Fig. 6.6. The upper
horizontal line in Fig. 6.10 (a) represents predictions of the impulse applied on the outer skin
for the case of infinite gap width, D — oo, while the lower horizontal line denotes predictions

of the impulse imparted to the inner hull alone, i.e. with the outer skin structure absent, thus

representing a case for which m, — 0. Note that the latter predictions were performed by

using the analytical models presented in Chapter 3.

Upon the impact of the shock wave on the outer skin, /1, (¢) rises rapidly until the water

cavitates on both sides of the outer skin specimen, recall Fig. 6.6 (c); subsequently, loading

ceases and 1, (r) slowly decreases, with the peak value I well below the rigid plate

F,max

predictions, D — oo . Pressure waves emanated from the back face of the outer skin impinge
on the inner hull at a later time, hence the time shift between I,(¢) and 1, (¢). Inner hull
motion gives rise to cavitation in the water gap (Fig. 6.6 b) and this event terminates the
loading phase of the inner hull due to vanishing pressure in the cavitated fluid and the

imparted impulse attains a peak value I, Measurements and FE predictions of 7, (¢) are

B,max *
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found in excellent agreement and show that the peak impulse 7 slightly exceeds the

B,max

predictions m, — 0. This can be explained by recalling that the inner hull is loaded by a

pressure wave radiated from the back face of the outer skin. Such wave has significant rise
time owing to the inertia of the outer skin and this can lead to delayed onset of cavitation and

to prolonged structural loading of the inner hull.

Similar information is shown in Fig. 6.10 (b) for experiment 16 (Table 6.3). This test was
similar to experiment 12 (see Fig. 6.10 a) but with the monolithic outer skin specimen

replaced by a sandwich plate of equal mass. In this case, the outer skin perceives a sharp rise

in I, (1) consequent to the impact of the incident wave. Subsequently, the water cavitates

very close to the front face sheet (recall Fig. 7b), which causes a bend in the I, (¢) curve. In

the ensuing response, the impulse continues to rise at a relatively high rate due to the rapid
collapse of the cavitated zone by propagation of a CF (see Fig. 6.7 c). Note that these
observations are qualitatively consistent with the findings of previous studies on blast loading

of sandwich plates [29]. Such cavitation process did not occur in the water gap (Fig. 6.7) and

the impulse I_B (¢) increases stepwise due to pressure waves travelling in the water gap. Now

and 1,

B,max

compare the peak values I,

F,max

between Fig. 6.10 (a) and Fig. 6.10 (b): sandwich

construction leads to significant reductions of both and 1,

B,max

compared to monolithic

F,max
designs of equal mass. Again, good correlation was achieved between FE predictions and

measurements.
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Fig. 6.10: Measurements and FE predictions of the impulse imparted to outer skin and inner hull
specimens, TF () and TB (¢), respectively, as functions of time for experiments conducted with

unsupported inner hull specimens (D =60mm, y, =34, y,=1.8): (a) monolithic double-hull
(experiment 12); (b) sandwich double-hull (experiment 16); y, =3.4, y,=1.8 and D=60mm in

both experiments.

6.5.3 Sensitivity of applied impulse and core crush to the gap width

The peak impulse 7__ =max [I_(t)] imparted to a structure in a blast event can be taken to

0<t<oo

quantify the severity of structural loading. For sandwich plates, the permanent core

compression & = lim[gc (t)] determines to what extent the sandwich effect is maintained

t—o0

after blast loading.

We now proceed to examine the sensitivities of the performance metrics / 1

F,max °

and &/

B,max

to the width of the water gap for both stationary and unsupported inner hulls.
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(1)  Stationary inner hull (my —> o).

In Fig. 6.11 (a), the measurements of I,

B,max

obtained from test series 1 (Table 6.2) are plotted

against the gap width D; we include in Fig. 6.11 (a) the corresponding FE predictions of

I and 1.

F, max B,max *

For the tests performed with monolithic double-hulls, the impulse 7, is

B, max

approximately equal to the reference impulse I, =1 and increases modestly by increasing D .
It can be seen from Fig. 6.11 (a) that sandwich construction mitigates the severity of structural

loading dramatically: we report reductions in I,

B, max

of approximately 40% as well as a slight

increase of 1, when D is increased. Moreover, the FE predictions show that the

B, max

discrepancies between I, and I, are insignificant. While measurements and FE

F, max B, max

predictions of I, are found in good correlation for the sandwich experiments reported in

B, max

Fig. 6.11 (a), the FE results over-predict the I measurements for the monolithic cases.

B, max
Such discrepancy can be justified by small displacements of the inner hull specimen caused
by imperfections in the constraints enforced on the specimen in the experiments; such
displacements are less pronounced for the sandwich cases due to mitigated loading of the

inner hull.
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Fig. 6.11: Test series 1, stationary inner hull (y, =3.4): (a) effect of the water gap width D on the

maximum non-dimensional impulse imparted to the outer skin and inner hull, TF,M and [,

B,max °
respectively; measurements are indicated by full circles and the solid and dashed curves represent FE

predictions. (b) Measurements and FE predictions of the core crush £” ! as functions of the water gap
width D.

The measured variation of £”" with gap width D is shown in Fig. 6.11 (b) for the same series
of experiments and compared with dynamic FE results. Both measurements and FE
predictions show that £”' is only mildly sensitive to D and this is consistent with the impulse
measurements shown in Fig. 6.11 (a). It is interesting to note that a core crush of £” = 0.1 is

sufficient to reduce the impulse by 40% in relation to a monolithic plate of equal mass.

(1)  Unsupported inner hull (m, =m, ).

In Fig. 6.12 we present I,

B, max

measurements obtained from the experiments performed within

test series 3 (Table 6.3), all of which conducted with unsupported inner hull specimens and

with m, /m, =0.5 the mass ratio between outer skin and inner hull.
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The chart in Fig. 6.12 (a) shows the sensitivity of I,

B, max

to the width of the water gap D for

experiments with monolithic double-hulls. In addition, we include in Fig. 6.12 (a) the

corresponding FE predictions of [ and TF,m as well as analytical rigid plate predictions

B, max ax

for the cases D —oo and m, =0, respectively, computed with the analytical models of

Chapter 3. Upon increasing D, a modest increase in / is observed; for D — o the outer

F, max

skin response resembles that of a water-backed free-standing plate and, thereby, I,

F, max

approaches the rigid plate predictions D — o . The dependence of TB,max on the gap width D

is only marginal, with the values of [ approximately equal to the predictions m, =0 . The

B, max

measurements of /

B, max

are adequately predicted by the FE simulations.

In test series 3, experiments were also performed with sandwich (outer skin) specimens and

the measurements of 7

B, max

obtained from these tests are presented in Fig. 6.12 (b), together

with FE predictions of 7, and I . It can be seen from this figure that, upon increasing

B, max

increases while the values of 1,

B, max

the width of the water gap D, the impulse I,

F, max

slightly

drop. The predictions and measurements of 7, and I,

B, max

are significantly lower than those

ax

shown in Fig. 6.12 (a) for the monolithic designs. Note that the core crush £” measured in

these experiments was less than 15%.
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Fig. 6.12: Test series 3, unsupported inner hull (m, /m, =0.5, v, =3.4, y, =1.8): (a) Measurements

and FE predictions of I, and I,

as functions of the water gap width D for monolithic double-

hulls; (b) similar information for the experiments performed with sandwich-double hulls.

In order to probe the effect of mass ratio m,/m, on the impulse applied on the plates of a

monolithic double-hull, additional experiments were conducted with m,. /m, =3.3 (test series
4, Table 6.3) and with the inner hull specimen free to move in the shock tube.

The measurements of 1,

B, max

obtained from these experiments are presented in Fig. 6.13 as
functions of the gap width D; in addition, we include in this figure FE predictions of I,

and I, as well as rigid plate predictions for the cases D — oo and m, =0. Now compare

Fig. 6.12 (a) and Fig. 6.13: increasing the mass ratio m,/m, from 0.5 to 3.3 has only

marginal effects on the predictions D — oo (associated to the response of a water-backed

rigid plate of mass m, ), while those for m, =0 (corresponding to blast loading of an air-

backed rigid plate of mass m,) are significantly reduced. This can be rationalised by recalling
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that the impulse imparted to a water-backed rigid plate in a blast event is less sensitive to

variations in mass compared to air-backed rigid plates, recall Fig. 4.13. The measurements

and FE predictions of I, and I, . also reflect this trend and are found in good
correlation.
07 T T T T 1
rigid plate predictions D — « ¢ experiments
—— FEM
o6y = .
0.5 F,max 7
- 04+t /é/ -
max
0.3 | i
0.2 - rigid plate predictions m =0 |
0.1 Fg=———=" ey Nabinbiubin s "*"-;
¢ \./‘\_
B,max

0 1 1 1 1 1
0.02 0.04 0.06 0.08 0.1 0.12 0.14
distance (m)

Fig. 6.13: Test series 4, unsupported inner hull (m, /m, =3.4, v, =19, y, =6.3): (a) Measurements
and FE predictions of TF’max and TB,max as functions of the water gap width D for the case of

monolithic double-hulls.

6.6 Conclusions

In this chapter we have investigated the 1D response to underwater blast loading of double-
walled hulls comprising of a monolithic inner pressure hull, an outer shell and a water gap
located between both structures.

Laboratory scale underwater shock experiments were performed on representative structural
systems by using the shock tube apparatus presented in Chapter 4. High-speed photography

was employed to observe structural motion as well as the ensuing cavitation phenomena
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initiated by FSI. Dynamic fluid pressure measurements and high-speed photographs were
employed to evaluate the permanent sandwich core compression as well as the impulse
imparted to the inner hull consequent to blast loading. The obtained results of impulse and
core crush were found in good agreement with the predictions obtained from detailed FE

simulations and the main findings of this study are the following:

- For monolithic double hulls with rigid, stationary inner hulls (or, equivalently, with

m, — o0, cavitation does not occur in the water located between inner hull and outer
skin and the peak impulse applied on the inner hull is approximately equal to that applied
on a stationary rigid plate (70 =1) by an exponentially decaying shock wave. In contrast,

when the outer skin is made from a sandwich plate, cavitation processes initiate in the
water very close to the front face sheet of the outer skin. Such cavitation phenomena can
substantially mitigate the severity of structural loading: for the types of core considered
herein, the impulse imparted to the inner hull dropped by 60% in relation to that imparted

to a monolithic double-hull with the mass of the outer skin equal to the total sandwich.

- For monolithic double-hulls with unsupported rigid inner hulls and with m, =m,,

cavitation initiates in the water gap and continues to evolve in the front water column.
The cavitation phenomena triggered by the motion of the inner hull lead to a reduction in
impulse imparted to this structure (in relation to the impulse applied on a stationary inner
hull in the same blast event). Further reductions in impulse can be achieved by (i)
increasing the mass ratio between outer skin and inner hull or (ii) by employing the

sandwich construction for the outer skin.
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- The loading histories applied on outer skin and inner hull in a blast event are only
scarcely sensitive to variations in the width of the water gap for all boundary conditions

and problem geometries considered here.

The experimental results give valuable visual insight into the cavitation process and provide
practical guidelines for the design of double-walled hulls resistant to underwater blast.
However, the effect of initial static pressure on the response of both fluid and structure has not

been addressed in this study and is left as a topic for a future study.
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Chapter 7

Analytical Models for the Response of Elastic

Circular Plates to Underwater Blast

7.1 Introduction

In the previous chapters, the 1D response of structures subject to blast loading in deep and
shallow water was studied. Calculations based on theoretical models (Chapter 3) have shown
that the ensuing cavitation process encompasses propagation of breaking fronts and closing
fronts and their temporal and spatial evolution significantly affects structural loading.
Experimental evidence for these theoretical findings was produced by simulating underwater
blast loading of monolithic plates (Chapter 4), sandwich plates (Chapter 5) and double-walled
structural systems (Chapter 6) in a transparent shock tube and observing structural motion as
well as cavitation phenomena by means of high-speed photography.

Although experimental studies and theoretical models for 1D FSI problems provide great
insight into the underlying physics, it still remains unclear how the discovered FSI
phenomena affect the response of real-life structures, such as plates, beams or shells, in which

both dynamic deformation and FSI are two-dimensional or three-dimensional in nature.
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In this chapter we shall start answering this question by deriving an original analytical model
capable to predict the dynamic deflection of elastic plates subject to loading by exponentially
decaying shock waves in water or in a similar inviscid fluid. Such models are based on plate
theory and take into account transverse shear deformations, stretching forces due to large
deflections as well as the orthotropic material behaviour of fibre-reinforced composite plates;
moreover, they also include, for the first time, the effects of flexural wave propagation on the
response of fluid and structure. Phenomena arising from fluid-structure interaction subsequent
to first cavitation will be taken as one-dimensional and the effects of cavitation will be
included by employing the 1D theory developed in Chapter 3. The accuracy of the analytical
models will be probed by comparing their predictions with those obtained from fully coupled
3D FE simulations. Finally, we shall use the validated analytical FSI models to construct
design maps in order to determine the optimal designs which maximise the resistance to

underwater blast.

7.2 Analytical models

In this section, we present analytical models for the dynamic response to underwater blast
loading of clamped circular elastic plates with orthotropic or isotropic material properties.
First, we derive the governing equations for the case of pressure pulse loading and impulsive
loading with the effects of FSI neglected. These equations are, to the best of the author’s
knowledge, original and have not been derived elsewhere in the current literature. Then, we
specialise these equations to the case of underwater blast loading and we present a procedure

that takes into account the effects of FSI subsequent to first cavitation.
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7.2.1 Pressure pulse loading

Consider a circular plate of thickness & and radius R with mass per unit area u , as sketched

in Fig. 7.1. The plate is fully clamped at its boundary and made from an orthotropic

(transversely isotropic) solid material, see Appendix B. The surface of the plate is loaded by
an arbitrary pressure versus time history, p ; (r,t) , which is assumed to be uniformly
distributed over the circular plate in direction of the circumferential coordinate ¢ .

Now assume that the initial dynamic response is governed by propagation of a flexural wave

propagating in radial direction towards the centre of the plate, at velocity ¢, spanning the
annular portion (R—{)<r <R, as sketched in Fig. 7.1 (b). Accordingly, we separate the

overall response in two phases and define as ‘Phase 1’ the response ranging from 7 =0 to the

instant when the flexural wave reaches the plate’s centre point, #,, i.e. (¢, )= R, while we

denote as ‘Phase 2’ the response subsequent to ;.
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(b)) 0<t<t

Fig. 7.1: Dynamic plate deformation consequent to pressure pulse loading: (a) initial configuration;
(b) propagation of a flexural wave with the wave front located at { ; (c) the wave front reaches the

plate’s centre point and Phase 1 response terminates.

a) Phase 1: wave propagation phase (0<7<r1,).
In this section we proceed to derive the governing equations for calculating plate deflection

w(r,t) and flexural wave position ¢ (¢) during Phase 1 (Fig. 7.1 b).

Transverse loading of solid plates produces a response governed by a combination of bending

and shear deformation. Deflection of the middle surface, w(r,t), can be written as the
summation of the deflection due to bending w, (r,7) and transverse shearing w (r,7). The

bending deformation profile for (R — ¢ ) < r < R is assumed to be described by
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WB(M)=wso(t)l{R;T—Z(Rg’"ﬂ (7.1)

where w,, (¢) is the bending deflection at the plate’s centre point.

Let us now assume that the shear deformation y, 1is largest at the plate’s periphery and

decreases linearly in the negative r-direction, vanishing at the position of the wave front,

r =R —{ . For the sake of simplicity, we assume that both shear wave and flexural wave
propagate with equal velocity, é’ ; thus the shear deformation profile for (R—{)<r <R can

be written as

Vo (r.0) = 7,00 (r)[l— R;”j (7.2)

where y_,(z) denotes the shear angle at the clamped boundary, r=R. The resulting
displacement profile w, (#) is obtained by integrating eq. (7.2) with respect to the
coordinate r and  employing the  boundary  conditions we (r=R)=0 and

wg (r=R—-{)=w,,; the solution is

wen=m (54 |

The deformed shape of the plate is then obtained by superposition of eq. (7.1) and eq. (7.3),

e 1) (1 oo (A | 00

and the velocity profile follows from differentiating eq. (7.4) with respect to time as

con-safi{52] (oo 22 o252
) )]

(7.5)
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In order to write the governing equations more concisely, it is instructive to introduce two

loading functions defined as

Py (r.1y,t) =27 p, (r.t)rdr (7.6)
and
Py (r.1.1)= @[ p, (rit)(R=r)rdr. (7.7)

respectively, where p, (r,t) denotes the interface pressure with 7 and r, the upper and

lower boundary of the loaded area on the r-coordinate, respectively.
Let us assume that the circular plate is made from a laminate comprising n layers of
transversely isotropic composite materials stacked at arbitrary orientations (see Appendix B).

For this class of materials it is convenient to write the relationship between in-plane forces N,

1

(per unit width) and the corresponding in-plane strains €; in Matrix form

(N, N, N,)=A-(¢, ¢ 7,) (7.8)
where A denotes the stiffness matrix of the laminate in the reference system (r,¢,z),
rotated by the angle ¢, relative to the material coordinates (1,2,3)k of the k-th lamina
(k=1,2,...,n); the elements of the laminate’s stiffness matrix, A, can be deduced from the

relative rotation @, , stiffness matrix Q, (in material coordinates) and the thickness /, of
each lamina by using appropriate transformations.

Likewise, for the bending and twisting moments M . (per unit width) we write

(M, M, M,) =D-(x, x «,) (7.9)

r 1 ¥
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with D the bending stiffness matrix of the laminate and x the bending and twisting

1

curvatures; note that D, = D, (¢, h,,Q, ) with (k=1,2,...,n), as described above.

In a first approximation, dynamic plate deformation is taken as axisymmetric; also assume
that the radial and tangential displacements are small compared to the transverse components,

ie. |ul<|w

v| < |w| Consequently, the in-plane strains, bending curvatures and transverse

’

shear deformations can be written as

2
L[ wyy+ws, u
g, 2[ ; } € =" Ve (7.10)
2 2
or ror r- 0@ r or r- d@ rdri@
Ve = aaws‘; Ve Loy, (7.12)
r r o@

respectively. Note that € (eq. (7.10)) is a Taylor approximation of the in-plain strain induced

in the plate in radial direction (due to stretching of its middle surface) by assuming a straight

line for the deflection profile within the boundaries » =R and r=R—{ . Upon combining

eqs. (7.8), (7.9), (7.10) and (7.11), the in-plane forces, and bending moments can be written as

2 2
Nr — Azll(wgozwsoJ : N[ _ A212 [WBOEWsoj (7.13)
and
o*w 1 ow 9w 1 ow
MrZ_Dn—zB_ 12__B;Mr=_D21—zB_D22_ . (7.14)
or r or or r or

respectively. The transverse shear force Q,, is taken as uniform over the plate width and can

be related to the shear deformation profile (eq. (7.2)) via

_ 2Grzh(r—R+§)

iz weo () (7.15)

Qrz = Grzhyrz
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where G, is the transverse shear modulus in the reference system (r,¢,z) and can be
calculated from the transverse shear moduli (G13, G, ) , of each laminate and their rotation ¢,
relative to the laminate’s reference system; (k =12,..., n) .

Upon employing the loading function P, (r,r,,¢) defined in eq. (7.6), as well as deflection

and velocity profiles given in eqs. (7.4) and (7.5), respectively, linear momentum

conservation in z-direction (see Fig. 7.2 a) dictates

j.PF (1o 1)dr = Z”RJ!'UWO (t)rdr+27m j v (r,r) rdr+Rj.2fQ —rd@dt —
0 R-¢

0 (7.16)
_R.[ J. NV r=R /rz r=Rd¢dl .

00

In the central portion of the plate, 0<r<(R—{¢), both rotatory inertia and shear
deformations vanish. At position r=R -, it is assumed that a jump in radial bending
moment M, occurs across the wave front owing to the unsteadiness of plate curvature X at
this point. Moreover, the shear deformations are zero at r = R — ¢ (see eq.(7.2)) and thus the

transverse shear force Q,, vanishes. Then, transverse equilibrium for 0 < r < (R -¢ ) yields

7(R=¢) wing (1) =P, (0,R = .1). (7.17)

Now consider the circular plate sector of angle ¢ (arbitrarily chosen), as illustrated in Fig.
7.2 (b). Within 0 < r < (R — {') bending and shear deformations vanish; however, stretching
forces are induced within this portion justified by the fact that tensile waves propagate much
faster than shear and bending waves. Assuming that radial accelerations ii(7) are small
compared to the induced in-plane forces, equilibrium in r-direction within 0 < r < (R —¢)

provides

171




1\7,” (R-{)p= ! (7.18)

Upon employing eqs. (7.7) and (7.18), conservation of angular momentum can be written as

o t—

P, (r,r,,t)dt = j,uwo

(7.19)
[M,| Rgdi+[ [ M pdrdr+ | T N.gwdrdt+[N,| (R={)w,dt
0 0 R-¢

R
J(R—r)rdr ¢+ J. ww(r,t)(R—r)rdr$—
R-¢

t R

0 R-¢ 0

where N,

N,, M  and M, represent average values of in-plane forces (eq. (7.13)) and
bending moments (eq. (7.14)) and are defined as

=5l

TM (p)do ;s M,

‘S>|'—‘

(7.20)
M, =

‘S>|'—‘

Combining eqgs. (7.1), (7.3), (7.13), (7.14), (7.20) and evaluating the remaining integrals
yields

M :_(3D11+D12+3D22+D66jazwg _(D11+3D D,,
' 8 4 8 2

2y DééjlaWB
2 9
or 8 4 8 2 )r or (7.21)
2
M =— D11+3D1z +Dzz _ Dy 0w, (3D, +D1z +3Dzz +D66 laWB‘
! 8 4 8 2 or’ 8 4 8 2 Jr or
and
2
N :(3’411+h+3A22+A66J(WBo+WSOJ .
16 8 16 4 ¢ (7.22)
2
N :(ﬂ_i_ 3A12+A22_A66j Wgo T Wy .
! 16 8 16 4 4

Substituting eqs. (7.4), (7.5), (7.15) and (7.22) into the equation of linear momentum

conservation (7.16), evaluating the remaining integrals with respect to the coordinate r and

differentiating with respect to time ¢ gives
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P, (n,1,t)= %[;’2 (18w, + 10wy, )= & (2130, + 25W, )+ 20RE g, — RE (30w, + 2010, ) +
. AN L . (7.23)
+R§(3OW30+4owso)_é’é’(24wso+40Ws0)+§§(18W30+10Wso)]_”ﬂ(R_;)|:2;(Wso+Wso)+
2”(G13+G23)hRWSO+4”RWSO(WBO+WSO)2(3A11 +h+3A22 +Aé6j

e e? 16 8 16 4

+(§_R)(WBU+WSO):|+

Upon combining eqs. (7.4), (7.5), (7.19), (7.21) and (7.22) with the angular momentum
conservation equation (7.19), evaluating the space integrals and differentiating with respect to

time ¢, we obtain

By (17 t) = 0 (R= O (R* =267+ RE) (i 4050 ) = 668 (g o) | = £ 047 (1630, +
+18wso)+;;(36wm)+48wso)_(é;;2+2:2§)(12W30+6WS())+(R;2+Ré;§)(18w30+10wso)_
3W30¢[3D11 +D12+3D22+D66]

&’ 8 4 8 2

x{szlnER;ﬂ—cz+2R§[1+1n( R m+ 6RWB°"’(D“+3D" +D22—D66]+

“RE? (21ig + 255, ) = REC (240iry + 405, ) | + (7.24)

R-¢ ¢ 8 4 8 2
3 A A 2
(WB() +WS()) (R_§)¢ 3A11 +h 3A22 +% + ¢(3WB()+4WS())(WB()+WS()) %
’? 16 8 16 4 12¢

X i+3A12 +@_% .
8 4 8 2

The derived differential equations (7.17), (7.23) and (7.24) represent the equations of motion

for ¢ (t), wy,(z) and wg,(¢) and can be solved numerically by imposing the initial

conditions

é,(t:()):();é;(tzo):o;WS()(tZO):O; (725)
Weo (1=0)=0;5w,, (£=0)=0; W, (r=0)=0

for arbitrary loading functions P, (r,,r.,t) and P, (r,,r.,#) which can be calculated from eqs.

(7.6) and (7.7) , by integrating the pressure history p, (r,t) over the loaded area of the plate.
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Fig. 7.2: Free body diagrams of the circular plate in deformed configuration: (a) section through the
whole structure; (b) circular sector.

Note that for specific types of blast loading (e.g. underwater blast on large and thin structures,
air-blast on stiff structures), structural loading can be taken as impulsive by imparting the

plate an initial velocity

v =L (7.26)
Y7,

in accordance to the blast impulse 7 delivered to the structure. For the impulsive loading case

both P, (eq. (7.6)) and P,, (eq. (7.7)) vanish and solutions of ¢ (¢), w,,(t) and wy, (¢)
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can be obtained via numerical integration of eqs. (7.17), (7.23) and (7.24) by using the initial

conditions

;(0)20;5(0)20;\0“)(0):0; (7.27)
Weo (0)=03wy (0)=03w,(0)=v,.
Phase 1 terminates at the instant when the flexural wave reaches the centre point, ' (7,) =R,

as shown in Fig. 7.1 (¢).

b)  Phase 2: retardation phase (7 >1)).
We now proceed to derive the governing equations for the ensuing Phase 2 response. Now

assume that flexural wave propagation phenomena become negligible for ¢ >, and that plate

motion retards such that the deflection profile can be approximated by

w(r.t)=wpy (t){S(l—%T - 2[1—%)3} Weo (t){2(1—%)—(1—%)2}. (7.28)

Note that eq. (7.28) was found by setting ¢ = R =const in eq. (7.4). The velocity profile

follows from differentiating eq. (7.28) with respect to time,

W (r.t)= w30{3(1—%j2 —2(1—%)3}wso{z(l—%j—(l—ﬁ)z}. (7.29)

With the help of egs. (7.28) and (7.29), the equations of motion (7.23) and (7.24) can be re-

written as

B () = R i i s amGi, 4 s (oo ) (34, Ay 34, A (730
F 1272 BO S0 S0 R2 16 8 16 4

and
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P, (r.1,t)= H g (59040 + Tiigy ) + Wy 3Dy Dy 3Dy | Des |,
60 R 8 4 8 2
) (7.31)
+ (3WBO +4WSO)(WBO + Wso) i+ 34, _{_ﬁ_ﬁ
12R 8 4 8 2 )7

respectively. Solutions for w, (#)and w,(¢) can be obtained by substituting the loading
functions P, (r,r,,t) and P, (r,r,.t), as defined in egs. (7.6) and (7.7), respectively, into
egs. (7.30) and (7.31) and integrating the obtained differential equations numerically for # >,
by using the Phase 1 solutions, evaluated at # =¢,, as initial conditions,

Wso (t1 ) = Wgo1 » Wso (tl ) = Wgo1 » Wpo (tl ) = Wgo1»> Wao (t1 ) = Wgo - (7.32)

Note that P, = P,, =0, if impulsive loading is considered.

7.2.2 Underwater blast loading

In this section, the governing equations presented in Section 7.2.1 are employed to construct

an approximate FSI model for predicting the response of circular elastic plates subject to

underwater blast. In the process, the loading functions P, and P, , as defined in eqs (7.6)

and (7.7), respectively, are specialised to account for the effects of the cavitation process.

Consider a circular orthotropic plate of thickness / , radius R and mass per unit area g , with
all degrees of freedom along its boundary constrained to zero. The plate is in contact with

water of density o, on one side and is loaded (on the wet surface) by a planar exponentially
decaying pressure wave of peak pressure p, and decay time @, travelling at speed of sound

in water towards the plate, ¢,. At an arbitrary time ¢ and distance from the fluid-structure

interface Z , this wave can be written as
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o (2,1) = pe ) (7.33)

by employing the coordinate system shown in Fig. 7.1. Upon arrival of the pressure wave
(7.33) at the fluid-structure interface, the wave is partly transmitted into the structure,
resulting in a compressive wave, travelling in the plate in through-thickness direction, while
the other part of the incident wave reflects back into the fluid. The degree of wave

transmission is dictated by the discrepancy in acoustic impedance between the water,
Z, =p,c,, and the structure, Z = pc =4/Ep . The maximum pressure at time ¢ =0 at the

interface between the elastic structure and the fluid is given as

\/ﬁ (7.34)

pfmaxzp(Z:O7t=O):2pO\/_—‘
4 Ep+Z,

For a plate made from an isotropic material of density p =2000kgm™ and Young’s modulus
E =50GPa subject to loading by a pressure wave in water of density p, =1000kgm™ and

speed of sound ¢, =1498ms™, the maximum pressure Py ma 18 Teduced by 13% compared to

that applied on a rigid plate (E — o), Pfma = 2P, For the sake of simplicity, we shall

neglect transverse wave propagation in the plate and assume full reflection of the incident
pressure wave at the fluid-structure interface.
It merits comment that the reflection of planar waves at curved interfaces renders the

formulation of the fluid pressure field in exact form extremely complicated. However, for the

range of centre deflections 0<w,/R<0.25 considered here, it can be assumed that the

reflected waves remain planar and travel into the negative z-direction, without affecting the

pressure and particle velocity fields perpendicular to the incidence angle; thus

pout (Z,t) — poef(Hz/cW)/H (735)
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the reflected wave. Upon arrival of the pressure pulse (7.33) at the fluid-structure interface,
z=0, at time ¢ = 0, the plate is set in motion and a rarefaction wave of magnitude

Prare (rs2,8)==pc W(r,t+z/c,) (7.36)
emanates from the interface and propagates into the negative z-direction, owing to
compatibility between fluid and structure at the interface. The absolute pressure field in the

fluid is given by superposition of the hydrostatic pressure field and the dynamic pressure field

comprising of incident, reflected and rarefaction waves, hence

p(r.z,t)=p,+ poe*(H/c"’)/67 + poef(’”/c“‘)/a -p.ew(rt+zlc,) (7.37)

In this Chapter, attention is focused on underwater blast loading of composite plates in

shallow water and therefore we neglect the contributions of the hydrostatic pressure field, thus
assuming p_, =0 in the following.

The tensile term in eq. (7.37) can cause the fluid pressure to drop to the value of the vapour
pressure of the fluid at a location (r.,z,) and time ¢,. For typical blast events in water, the
vapour pressure is negligible in comparison to the peak pressure of the blast wave and
therefore, we assume p_ =0 in the following analysis, in line with previous studies on
underwater blast loading [4, 27, 29, 30]. Both the fluid pressure field and the loads applied on

surrounding structures in a blast event are significantly affected by the occurrence of

cavitation and eq. (7.37) needs to be modified.

For plates of practical dimensions, the cavitation time #, is much smaller than the time it takes
the flexural wave to reach the plate’s centre point, f,; therefore, we assume in the following
t. <t . Accordingly, the Phase 1 response is separated into two stages, namely ‘Phase 1a’,

representing the response prior to cavitation, ¢ <7 , and ‘Phase 1b’, defined as the response

for t, <t <t,.
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a) Phase laresponse (1 <7, ).

We now proceed to characterise structural loading for Phase 1a, by defining adequate loading
functions P, and B, .
As described in Section 7.2.1 and shown in Fig. 7.1, Phase 1 deformation entails propagation

of a flexural wave, spanning the plate portion (R—¢)<r <R and travelling inwards (i.e.

towards the centre point), at velocity é’ . During Phase 1la, the plate is in contact with

uncavitated water on its entire front face and thereby, the pressure at the fluid-structure
interface is obtained by evaluating the fluid pressure field (7.37) at the fluid-structure

interface, z =0; this gives

Pria(rst)=2pe™? = pc v (r.1). (7.38)
In particular, loading of the plate’s undeformed central portion, 0 <r<(R-{¢), can be
described by

Praa=2pee " = pye, (g +i50) - (7.39)
Substituting eq. (7.39) into (7.17) yields the governing equation for transverse plate motion
within the portion 0 < r < (R-{)

(g + V050 ) =2pee"? = pc, (W, + Vg, ) - (7.40)

The loading functions for Phase 1a, F;,, and P, ,, respectively, can be found by combining

eqs. (7.5), (7.6), (7.7) and (7.38). After evaluating the remaining integrals, we obtain

P, =27R*p,e" +%[;2 (21vyy + 2505, ) = 1ORE (Bvirg, + divg, ) +

+10RS (3wye + 2wy, ) - 24¢ (9wgo +5wy, )] — 70,6, (R=§)* (Wyy + g, )

(7.41)

and
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Py = R et 4 PoC® £ [202 (8, 491y )~ RE (21, + 2505, )+
M,la — 3 Pp,e 60 Wgo Weo Wgo Wso
(7.42)

+2R;(9WBO +5WSO)_6;;(2WBO +1Wso)]_%w¢(R_;)Z(R"'z;)(wm + Vg )-

Combining eqs. (7.41), (7.42), (7.23), (7.24) and (7.40) yields the governing equations of

motion for Phase la, which can be solved for ¢ (), w,, (t) and wg, () via numerical

integration by imposing the initial conditions given in eq. (7.25).

It can be shown analytically that the cavitation process will initiate at time

_ Iny 0
-1

t

c

(7.43)

uniformly within the undeformed portion of the plate 0<r>(R—{), causing the interface
pressure to vanish® (v is a non-dimensional parameter defined as W =p c 6/u).
Subsequently, a zone of cavitated water spreads from the fluid-structure interface at time 7,
(7.43), spanning the plate portion 0 <r <a_, with a,=R-{(z,) the radius of cavitated

fluid. The ensuing cavitation process invalidates the expression for the interface pressure

(7.38) and terminates the Phase 1a response at time 7, .

b)  Phase 1b response (7. <t <1)).
For the response ranging between the onset of cavitation ¢, and the arrival of the flexural
wave at the plate’s centre point #,, we assume that the plate remains in contact with cavitated

water within 0 <r <a_, causing vanishing interface pressure, while the annular portion,

* For Phase 1a, the solutions of the overall central plate deflection governed by eq. (7.40) coincide with the
‘Taylor solution’ [5].
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a, <r <R, is in contact with uncavitated water and subject to loading by the incident shock

wave, hence eq. (7.38) holds:

0 for O0<r<a,
Prav = (7.44)

2p,e”’ —p,cw(r,t) for a,<r<R
The loading functions Py, and P, ,, are obtained by substituting eq. (7.44) into egs. (7.6)

and (7.7), respectively; this gives
R

R
P, = 275(]. 2p.ePrdr - .[ p.cw(rt)rdr |
“ “ (7.45)

R R
P, = I 2p,e” "’ (R—r)rdr— I p.ew(r,t)(R=r)rdr.

For the sake of brevity, the evaluation of the integrals in eq. (7.45) is not carried any further

here. Combining eqs. (7.23), (7.24), (7.40) and (7.45) gives the equations of motion for

Phase 1b which can be solved numerically for ¢, <f <7 by imposing the initial conditions

C()=¢0s C)=4¢0s welt)=we.s (7.46)

Weo (2.) = Wso.e > Who (1.)= Wgo.e 5 W (1.)= W
obtained from the Phase 1a solutions evaluated at  =17_.
The flexural wave continues propagating inwards and will reach the plate’s centre point at 7,
i.e. when { (#,)= R . As described in Section 7.2.1, flexural wave propagation phenomena

are neglected in the subsequent stage of response and the plate’s deflection profile, the

cavitation process as well as the structural loading histories need to be modified to adequately

predict the plate’s response for 7>1,.
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¢) Phase 2 response (7 >1)).

During the Phase 2 response, flexural wave propagation in the solid is neglected and the
deformed shape of the plate (see eq. (7.28)) is assumed to be time-independent and similar to

that of a statically loaded plate, as detailed in Section 7.2.1 (b).

As the transverse deflection w, increases, in-plane forces due to stretching of the plate’s

middle surface become more dominant and help resisting transverse loads. The ensuing
increase in transverse stiffness has effects on FSI and structural loading during the Phase 2

response and these are handled as follows: the cavitated water in contact with the plate’s

central portion, 0 <r <a_, collapses by propagation of a closing front (CF) and the plate is

subject to continued loading by pressure waves travelling in the water layer between the fluid-
structure interface and the propagating CF. Note that this scenario is qualitatively consistent
with 1D analytical predictions presented in Chapter 3 for underwater blast loading of rigid,
spring-supported plates. While loading histories subsequent to the cavitation collapse can be
predicted for simple 1D FSI problems (see Chapter 3), exact solutions for underwater blast
loading of circular plates are extremely complex and computational. Therefore, we assume
that pressure wave loading during Phase 2 can be mimicked by loading the plate with an

incident pressure wave p,’ obtained from predictions performed a priori by using the 1D FSI

models presented of Chapter 3.
A detailed prescription on how these 1D predictions are computed is given in Appendix A.

Now write the interface pressure applied on the wet face of the circular plate in terms of the

predictions p,’

pa(rt)=2p, (1)=p,cw(r,1). (7.47)
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The corresponding loading functions P., and P, , follow from substituting eq. (7.47) into

eqs. (7.6) and (7.7), respectively. Upon evaluating the remaining integrals we obtain

7 p,c, (IR Vg, +15R bg,)

P.,=27R’p)l - ——— :
- 30 (7.48)
Rp®p Rp,c,@(SR vy, + TR Vog,)
Py,= 3m - 50 .

Combining eqs. (7.48), (7.30) and (7.31) yields the equations of motion for Phase 2

20R*pi =2p,¢,, (3R Vrgy + SR Vog, ) = UR® (3¥0y, + 50, ) +

2 7.49
40wy, (WBO + WSO) 3A, +ﬁ+ 34, +% ( )
R? 16 8 16 4

+40Ghwy, +

and

Rp® Rp,c,(5R W, +7TR W
;’"’— ( 680 S°)=%R3(5w30+7w50)+

2
+9WB() 3D11+&+3D22+D66 +(314)30+4WS0)(M)BO+M}SO) i+3A12 +ﬁ_% ,
R 8 4 8 2 12R 8 4 8 2

(7.50)

respectively. The governing equations, (7.49) and (7.50), respectively, can be solved

numerically for w,, (¢)and w, (¢) by imposing the initial conditions given in eq. (7.32).

7.3 Finite element models

Three-dimensional FE simulations were performed using ABAQUS/Explicit to provide more
insight into FSI and to validate the analytical models described in Section 7.2. The FE method
is convenient as it is able to capture all the details of FSI subsequent to first cavitation as well
as flexural wave propagation in the solid.

Unless otherwise stated, the simulations were based on FE models consisting of a circular

plate of thickness 4 and radius R and a water column of length L and radius R . Due to the
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symmetry of the problem, only a cirular sector with an angle of 90° was modelled by applying

appropriate boundary conditions on the planes of symmetry.

7.3.1 Material models

For the circular plate, two different types of materials were considered as described below.

a) Material 1: composite material with orthotropic elastic properties

Consider a laminated composite material of total thickness 7 =8 mm comprising of 24
laminas, each of thickness h,, =0.333mm . Each lamina is composed of unidirectional
fibres surrounded by matrix material and can be taken as a transversely isotropic solid
(Appendix B) subject to plane stress with density p =1500kgm™, Young’s modulus in
the fibre direction E, =100GPa and E, =10GPa in the transverse direction. The

Poisson‘s ratios are v =0.2 and Vv, =V,E,/E =0.02 and the in-plane and

12 =V
transverse  shear moduli are assumed to be G,,=G,;=10GPa and

G, =E,/[2(1+V,;)]=4.2GPa, respectively. Two different layups are considered, a

0-90 laminate with stacking sequence [0,90,90,0]¢ and a quasi-isotropic laminate with

[0,45,90,-45]¢ .

b) Material 2: isotropic material.

The isotropic material is modelled with Young’s modulus E =50GPa and Poisson’s

ratio v = 0.25 ; the density is taken to be 0 =2000kgm™.

The constitutive response of water is modelled by using a Mie-Gruneisen equation of state

with a linear Hugoniot relation to give a linear-elastic relationship between the fluid pressure
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and the compressive volumetric strain, as detailed in Section 3.3; such material model is

readily implemented in ABAQUS/Explicit [49]. Density and speed of sound were taken as

P, =1000kgm™ and ¢, =1498 kgm™, respectively, and the shear modulus was assumed to

be zero. The pressure cut-off at p. =0 due to cavitation of the fluid is modelled by setting the

tensile failure criterion in the equation of state model to zero [49].

7.3.2 Details on the FE models

In order to capture the anisotropic behaviour of Material 1 as well as the 3D cavitation
processes in the water, the FE simulations were based on fully coupled 3D models.

The water column was discretised by using a combination of eight-noded hexahedral brick
elements (C3D8R) with reduced integration and six-noded triangular wedge elements
(CRD6). It was meshed in ABAQUS with 16 elements in radial direction and 12 elements in
circumferential direction, matching the mesh size of the adjoining circular plate which was
tied to one end of the water column. In longitudinal direction, a mesh size of 0.15 mm was
chosen to model the shock front of the incident wave with adequate accuracy (see Fig. 3.6 for
a mesh sensitivity study). The circular plate was discretised using four-noded quadrilateral
shell elements (S4R) with reduced integration as well as three-noded triangular elements
(S3R) for the central portion. The laminated composite was modelled by assigning a
composite shell section of 24 laminas (see Section 7.3.1 a) to the plate with three integration

points for each lamina in through-thickness direction.

Due to the linear-elastic isotropic constistutive response of Material 2, FE simulations
performed with this material were based on an axisymmetric model. Both plate and fluid

column were discretised using four-noded axisymmetric quadrilateral elements (CAX4R,
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reduced integration) with 16 elements in radial direction. Tie constraints were applied
between fluid and plate nodes to enforce compatibility of fluid and plate displacements at this
interface. For a typical plate of thickness 4 = 10 mm, there were 9 elements in through-
thickness direction and the element size of the fluid mesh in longitudinal direction was set to

0.15 mm.

Details on the boundary conditions are as follows. The plate was assumed to be fully
clamped along its periphery with all degrees of freedom constrained to zero. For all nodes on
the plate’s centre line, the angle of rotation and the displacements in radial direction were set
to zero; moreover, radial displacements of the nodes on the lateral area of the fluid column
were forced to vanish.

To avoid excessive mesh distortion in the fluid subsequent to cavitation, the automatically
calculated time step was reduced to 50%-75% and the bulk viscosity was decreased to 30% of

the default values, in order to reduce artificial energy dissipation.

Underwater blast loading was performed by imposing an exponentially decaying pressure

boundary condition of peak pressure p, and decay time @ according to eq. (7.33) at the free
end of the water column. In all simulations, the decay time was taken to be #=0.15ms and

the peak pressure p, ranged between 10 MPa and 160 MPa.
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7.4 Comparison and discussion of results

7.4.1 Impulsive loading

In this section, we present results obtained from the FE and analytical models for the case of
impulsively loaded circular elastic plates. First, analytical and FE predictions of central
deflection histories are compared in order to assess the accuracy of the analytical models
(Section 7.2.1) with effects of FSI neglected. Second, the validated analytical models are
employed to construct a design chart for selecting plate geometries for a given blast impulse
and with a constraint on the maximum centre deflection. Finally, we include effects of FSI in
the analytical predictions by imparting the plate a velocity according to the ‘Taylor impulse’
[4] and we assess the quality of this assumption by comparing the predictions with results

obtained from fully coupled FE simulations.

a) Comparison between FE and analytical predictions by neglecting FSI

Analytical and FE predictions of central deflection versus time histories of laminated
composite plates (Material 1, [0,90,90,0]¢) subject to impulsive loading with v, =85ms™" are
plotted in Fig. 7.3 (a) and (b) for two different plate geometries, (A =8mm, R =150mm ) and
(h=8mm, R =100mm ), respectively. In the FE simulations, the water column was excluded
from the FE model and loading was performed by imparting v, uniformly to the plate. For

both geometries, analytical and FE predictions show that, in the initial phase of response, the
plate’s centre point moves in transverse direction with a constant velocity, i.e. maintaining the

initially imparted velocity v,. The analytical models predict that the flexural wave reaches the

centre point (r=0) at ¢, as indicated in Fig. 7.3 (a) and (b); consequently, Phase 1

terminates and in the subsequent Phase 2 response, the residual kinetic energy of the plate is
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converted to elastic strain energy by further bending, stretching and shearing until the

maximum central deflection w," is reached at ¢__ . In the FE simulations, ¢, is smaller and

> “max
transverse oscillations occur at a higher frequency which contribute to the overall central plate

deflection. Such oscillations are not captured by the analytical models; however, the

magnitude of wy™* is found in excellent agreement with the FE predictions in both Fig. 7.3 (a)

and Fig. 7.3 (b).

(a) (b)
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Fig. 7.3: Central deflection versus time histories of laminated composite plates (Material 1) subject to

impulsive loading with initial velocity v, =85 ms~ for two different geometries: (a) R=150mm,

h=8mm (h =0.053) and (b) R=100mm, /=8mm (/ =0.08); analytical predictions are compared

to FE simulations.

The chart in Fig. 7.4 presents analytical and FE predictions of the maximum centre deflection

wy = max[w0 (t)] as functions of the imparted impulse I = v, for plates made from an

0<t<oo

elastic isotropic material (Material 2). The predictions shown in this figure were performed
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with constant plate thickness, 4~ =8 mm, and the radius R was adjusted to give four different

aspect ratios, h= h/R, for which contours are included in Fig. 7.4. For the range of plate
geometries and loading cases considered here, FE and analytical predictions are found in good

agreement; for small values of h the analytical models predict larger deflections and this

over-prediction is more pronounced for large impulses 7 . This can be explained by the fact
that when & = h/R is decreased, the deformation mode changes from bending dominant to

stretching dominant and this is not accurately replicated by the deformation profile (eq. (7.4))

used in the analytical models.

012 1 1 1 1 1
h =8 mm
01 -7
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P d
/, (@]
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P
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/, ©
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-

maximum central deflection womax (m)
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Fig. 7.4: Impulsive loading of circular plates made from elastic isotropic material (Material 2):
analytical and FE predictions of the maximum central deflection w;™ as functions of imparted

impulse [ ; contours of aspect ratio # =h/R are included for four selected geometries, all of which of

thickness #=8 mm .
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b)  Design map

Having shown that the analytical models are capable to predict the response of impulsively
loaded plates with adequate accuracy, we now employ these models to construct a design
chart which can be used to select plate geometries according to given blast impulse and
maximal allowable deflection.

To help this design studys, it is instructive to first decrease the number of independent material

parameters associated to the orthotropic material response, A, and D, , by incorporating an

isotropic constitutive description in the governing equations. In the process, we replace the

elements A, of the laminate’s stiffness matrix by

Eh Ehy E
A=Ay = l—Vz; Ay = Ay =W; 66:m:G (7.5
and employ
D =D = Eh’ ) D =D = Eh’v ) D = Eh’ (7.52)
1 22 12(1_‘/2)’ 12 21 12(1_‘/2)’ 66 24(1+v)

for the elements D, of the bending stiffness matrix in eqs. (7.23), (7.24), (7.30) and (7.31).

Then we introduce the non-dimensional parameters

{=(/R; 7=r/R; Wyo =W/ Ry Wy, =wg,/R;
_ _ (7.53)
r=L B T-—L_ . kW=n/r
R\ p REp

representing non-dimensional wave position, radial coordinate, bending deflection, shear
deflection, time, blast impulse and aspect ratio, respectively, and substitute these parameters
into eqs. (7.17), (7.23), (7.24), (7.30) and (7.31) to obtain equations of motion in non-

dimensional form, which are not explicitly given here for the sake of brevity.

We now employ the non-dimensional parameters of eq. (7.53) to plot a design chart for

impulsively loaded circular plates made from elastic isotropic material and by neglecting the
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effects of FSI, as shown in Fig. 7.5. In this chart, the aspect ratio h is plotted against the
normalised impulse / and contours of the maximum central deflection w;™ are included for
a range of 0.05<w;™ <0.25. For the purpose of choosing plate geometries with lowest
possible mass per unit area, we include in Fig. 7.5 contours of = ER,u/ I’ , representing

imp

the plate’s areal mass in non-dimensional form (dashed curves). It can be seen that ,L_timp

decreases along each wj " -contour for increasing values of h and I . Therefore, for a

circular isotropic plate of given radius R, imparted impulse / and maximum allowable
centre deflection w,™*, the areal mass of the plate can be reduced by choosing plate thickness

h large while keeping material density p as well as Young’s modulus E low, hence

increasing I =1 / (R«/E ,0) and moving upwards on the respective w," - contour.

0.1

aspect ratio &

0.0001 0.001 0.01
normalised impulse I

Fig. 7.5: Design chart for circular elastic plates subject to impulsive loading; contours of normalised
central deflection u)™ =wn)™ /R (solid curves, underlined values) and areal mass f, :ER,U/ r

imp

(dashed curves) are included.
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¢) A fluid-structure interaction model based on impulsive loading
In the event of an underwater explosion, structural components in the vicinity of the

detonation point can perceive an impulse much less than that applied to a rigid stationary

plate, I, =2p,0, with the reductions in impulse a consequence of interactions between the

moving structure and the surrounding fluid. For a free-standing rigid plate subject to loading
by exponentially decaying shock waves in water, Taylor [4] found that the momentum

transmitted to the structure
L=1y " (7.54)

is dictated by a non-dimensional parameter ¥ = p

w

c0u.

This section will investigate the adequacy of the Taylor impulse (7.54) to represent blast
loading of circular elastic plates. In the process, we compare predictions obtained from fully
coupled axisymmetric FE simulations (Section 7.3.2) to analytical predictions (Section 7.2.1)

performed by imparting, in both these approaches, an initial transverse velocity

7 -v/(1-y)
VOZLF:%F (7.55)
h\ p h P

uniformly to the plates (I, =1,/I, in eq. (7.55)), thus neglecting FSI subsequent to first
cavitation. This comparison is performed with Material 2 (Section 7.3.1 b) and shown in

Fig. 7.6 (a), in which predictions of wy™ =w,™* / R are plotted against the normalised shock

intensity I: =1 / (R\/Ep) with I, according to eq. (7.54); contours of h= h/R are included
for three selected plate geometries, all of which of thickness 4 =10 mm ; the decay time of the

shock wave was held fixed, 8=0.15ms, hence w=p, c 6/u=11. For comparison

purposes, we include in Fig. 7.6 (a) analytical predictions performed with the FSI models

developed in Section 7.2.2. It can be seen that the predictions computed with the FSI models
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are found in excellent agreement with the FE results. In contrast, while the predictions based
on impulsive loading capture the FE results for the case & =0.015 with good accuracy,

discrepancies in W, occur when h is increased. In particular, for h =0.06, the impulsive

loading case under-predicts the FE results of W, by more than 50%.

In Fig. 7.6 (b) we plot the corresponding predictions of the normalised structural response

time defined as

>

t
f o= -mx 7.56
0 (7.56)

A

against I , with ¢ the time at which the peak deflection W, is reached. For a fixed

X

impulse I, the response time 7 decreases drastically by increasing h from 0.015 to 0.06.

A

Moreover, 7__ decreases by increasing I when h is held fixed and this trend is more

pronounced for small values of h . Now compare Fig. 7.6 (a) and (b): the quality of the

impulsive loading assumption is adequate only when the duration of the FSI phase is much

shorter than the structural response time, thus we suggest 7 >10 for the impulsive loading

assumption to be valid. The reason for the discrepancies in W), (Fig. 7.6 a) for cases with
smaller normalised response time 7 can be justified by recalling that FSI phenomena

subsequent to first cavitation are neglected in the impulsive loading assumption. Such

phenomena become more dominant when 7 is small due to the fact that elastic rebound of

the plate forces the cavitation zone to collapse earlier in the response which leads to continued
loading by pressure waves travelling in the reconstituted water layer. Such FSI phenomena
are included in the analytical FSI models (dashed curves in Fig. 7.6 a) but are neglected in the

impulsive loading cases (solid curves in Fig. 7.6 a), hence the discrepancies. The evolution
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of the cavitation process, as briefly sketched above, will be examined in more detail in the

following section.

(a) (b)
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Fig. 7.6: (a) Analytical and FE predictions of the normalised maximum centre deflection wj" as

functions of the normalised impulse / for circular plates made from elastic isotropic material
(Material 2); contours of aspect ratio 4/R are included for three selected geometries, all of which of

thickness 72 =10 mm . The solid curves represent analytical predictions performed by loading the
plates impulsively according to the Taylor impulse, while the dashed curves denote those obtained

from the analytical model developed in this thesis. (b) Analytical predictions of the response time fmax

as a function of [ for the case of impulsive loading.

7.4.2 Underwater blast loading

Having demonstrated that the cavitation process can strongly affect the plate’s response
subsequent to first cavitation, we no longer consider underwater blast loading to be impulsive
and employ the analytical FSI model developed in Section 7.2.2 to examine the response of

circular elastic plates subject to underwater blast.
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We now proceed with a quantitative comparison between analytical and FE predictions of
centre deflection versus time histories in order to validate the accuracy of the analytical FSI
models derived in Section 7.2.2. Then, the sensitivity of the plate’s response to the governing
non-dimensional parameters will be explored and finally, we present design charts for the

selection of optimal geometries which maximise the plate’s resistance to underwater blast.

a) Comparisons of analytical and FE predictions
Now consider the problem of a circular plate (2 =8mm, R=300mm ) made from composite
laminate (Material 1, Section 7.3.1); the plate is in contact with water on one side and loaded

by an exponentially decaying shock wave of p,=75MPa and 8=0.15ms on the wet face.

For this problem, FE simulations (Section 7.3) and analytical calculations (Section 7.2.2)
were performed and their predictions of the central deflection versus time histories are
reported in Fig. 7.7 (a). Two different composite layups are considered, a 0-90 layup,
[0,90,90,0]6 . and a quasi-isotropic layup, [0,45,90,-45]¢ . To provide insight into the cavitation
process, FE contour plots of the fluid pressure field and plate deflection are illustrated in
Fig. 7.7 (c) for five selected instants. The white dashed curves included in Fig. 7.7 (c)
represent analytical predictions of the structural response.

As shown in Fig. 7.7 (c¢), the incident pressure wave reaches the fluid-structure interface at
t=0. Subsequently, a flexural wave starts propagating from the clamped boundary and
travels towards the centre point, as observed in frame ¢t =0.15ms (Fig. 7.7 ¢). The ensuing
plate motion causes the fluid pressure in the water ahead of the propagating flexural wave to

rapidly drop below zero, at time 7, =0.025ms, as indicated in Fig. 7.7 (a), giving rise to

cavitation at the fluid-structure interface and terminating the Phase 1a response. As illustrated

in the contour plot for =0.15ms, subsequent to first cavitation in the water, the cavitated
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region (dark grey area), spreads into the fluid column by propagation of a breaking front (BF),
in line with what predicted theoretically (Chapter 3) and shown experimentally (Chapter 4)
for 1D blast loading of rigid plates. Moreover, it can be seen in the same frame that the water
contiguous to the plate’s wet face just ahead of the flexural wave remains in contact with

cavitated water at p =0, and therefore this portion of the plate moves with constant velocity
v, =W, (z,) in transverse direction; this scenario is represented by the straight deflection
versus time trace observed in Fig. 7.7 (a). As time elapses, the flexural wave advances further
towards the plate’s centre point, as shown in the frame for #=0.33ms and the volume of

cavitated water increases by continued propagation of the BF. In Fig. 7.7 (a), the FE
predictions show that the central portion of the plate starts to oscillate transversely with a
higher frequency at = 0.2ms while the analytical models predict constant velocity until the
flexural wave reaches the centre point at #, =0.5ms , as indicated in Fig. 7.7 (a), and Phase 1b
ceases. In the subsequent Phase 2 response the plate decelerates and the maximum central
deflection wy,™ 1is reached at 7, =0.8ms. In the FE simulation, the termination point of
Phase 1 is masked by the transverse oscillations and cannot be clearly identified; however, it
can be seen that the FE predictions of w,(¢) reach a maximum at #=0.75ms and the
corresponding contour plot (Fig. 7.7 c¢) shows that a closing front (CF) has started to
propagate into the fluid column, causing collapse of the cavitated region and leaving
uncavitated water behind, qualitatively consistent with the predictions of the 1D models
developed in Chapter 3. Subsequently, the CF continues propagating and plate deformaion

starts to recover owing to elastic spring-back, as seen in the frame for t =1.2ms .

In Fig. 7.7 (b), we present FE and analytical predictions of w,(¢) for the same problem but

with the peak pressure of the incident wave increased to p, =130MPa . The trends shown in

196



this figure are similar to those of Fig. 7.7 (a) and described above. For both loading cases

presented in Fig. 7.7 (a) and (b), respectively, the FE and analytical predictions of the maxium

max

deflection w,™* are found in excellent agreement. Moreover, the dynamic deflection profiles

extracted from the FE results are captured with good accuracy by the analytical models, see
Fig. 7.7 (c). In addition, it is clear from Fig. 7.7 (a) and Fig. 7.7 (b) that the effects of

composite layup on the dynamic deflection histories can be neglected.
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Fig. 7.7: (a) Central deflection versus time histories of circular plates made from composite laminate
(Material 1, h=8mm, R=300mm ) and subjected to loading by an underwater shock wave of

Dy=75MPa and 6=0.15ms; analytical predictions are compared to FE simulations for two

different layups. (b) Similar information for underwater blast loading with p, =130MPa and

6=0.15ms . (c) Plate deformation and fluid pressure fields for five selected time frames obtained

from the FE simulation corresponding to the loading case used in (a); analytical predictions (dashed
curves) are included. FE scale: 75 MPa (red) — 0 MPa (blue), cavitation zones are highlighted in grey.
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In the following we shall probe the accuracy of the FSI models developed in this thesis by

max

comparing their predictions of the maximum centre deflection w, to FE results for a

practical range of aspect ratios h =h/R and blast impulses 1, =2p,0.
In Fig. 7.8, analytical and FE predictions of w)™ are plotted against the blast impulse

1,=2p,0 with contours of h =h/R included for five selected plate geometries, all of which
of thickness £ =10mm . All predictions shown here were performed on circular elastic plates
with isotropic material properties (Material 2, see Section 7.3.1); the incident shock waves
had a decay time of € =0.15ms and the peak pressures of the incident waves varied between
10MPa < p, <120MPa. For this range of loading cases and problem geometries, FE and

analytical predictions are found in good correlation, with discrepancies not exceeding 10%.
This correlation gives confidence that the established analytical models provide accurate

predictions of the peak deflections produced by underwater blast loading of elastic plates.

o
—
N

h =10 mm
6=0.15 ms

©
—_
T

| (m)
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o

oo
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0.06
h/R=0.033
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maximum central deflection w

h/R=0.06
<
h/R=0.1

O 1 1 1 1
0 5000 110* 1.510* 210* 2.510* 310*

blast impulse I0 (Pas)

Fig. 7.8: Comparison between analytical and FE predictions of the maximum central deflection wj™*

plotted as functions of the impulse I, =2p,0 for underwater blast loading of elastic isotropic plates

(Material 2, h = 10 mm, 8 =0.15ms ); contours of /1 = h/R are included for five different geometries.
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b)  Sensitivity of the peak centre deflection W)™ to the parameters h,R,& and Do
In Section 7.4.1 (b) we introduced non-dimensional parameters (eq. (7.53)) to characterise the

response of impulsively loaded plates made from an elastic isotropic material. For the

impulsive loading case, it can be shown that the solutions of the normalised centre deflection

W, =w,/R only depend on two parameters, non-dimensional impulse [ =1 / (RJE ,0) and

aspect ratio h= h/R. Hence, one design chart is sufficient to map out the response of the
plate’s response, as illustrated in Fig. 7.5.

However, when underwater blast loading is considered, additional quantities ( p,.8, p,.c,,)

appear in the equations of motion (see Section 7.2.2) and additional parameters need to be
defined in order to re-write the governing equations in non-dimensional form. Analogous to
the impulsive loading case, we incorporate a linear-elastic isotropic constitutive relation in our
models by substituting eqgs. (7.51) and (7.52) into eqs. (7.23), (7.24), (7.49) and (7.50). The
obtained equations of motion as well as the loading functions (eqs. (7.41), (7.42) and (7.45))
can be recast in non-dimensional form by employing the parameters defined in eq. (7.53) as

well as the non-dimensional groups

=R |2, Pl . 5 _ D (7.57)

representing non-dimensional plate radius, acoustic impedance and peak pressure,

respectively. For the sake of brevity, these non-dimensional equations are not explicitly given

herein. However, it can be shown analytically that the solutions of w, (7 ) now depend on the

parameters i, R, @ and D, and the sensitivity of the maximum deflection wj, " to these

governing parameters is examined in the following.
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— max

In Fig. 7.9 (a), analytical predictions of w;** are plotted as functions of the normalised peak
pressure p, for the case h=0.033 and @ = 0.11; contours of R are included for selected

values in the range 0.085< R <0.85. It can be seen that the plate deflection W™ increases

with decreasing values of R when h, p, and & are held fixed, indicating that plates of

smaller dimensions perceive more intense structural loading in the event of an explosion in

water. These observations can be addressed to FSI: the response time 7, of a circular plate

decreases by reducing the parameter R; as a consequence, elastic spring-back of the circular
plate forces the cavitation zone contiguous to the fluid-structure interface to collapse earlier in
the response (by propagation of a CF) and this rises the amplitude of pressure waves
travelling in the water layer between the fluid-structure interface and the advancing CF,
impinging on the wet face of the plate (see contour plots in Fig. 7.7 ¢) and providing
additional loading. In Section 8.4.1 we shall explore the cavitation process associated to blast
loading of composite plates in more detail, via direct observation of cavitation phenomena in

laboratory-scale underwater shock experiments.

The sensitivity of W™ to variations of p, is shown in Fig. 7.9 (b) for @ =0.11 and R=0.4;

contours of aspect ratio are included in the range of 0.02 < h <0.08. For fixed parameters R,

—max

D, and & , the maximum deflection w, " is reduced by increasing h,as expected.

The chart in Fig. 7.9 (c) shows the variation of w,"* to changes in p, for a given plate

geometry, (E =0.27, h =0.05); contours of the non-dimensional acoustic impedance are

included for selected values within 0.038 <& <0.3.
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Fig. 7.9: Analytical predictions of the maximum centre deflections W, as functions of the normalised

peak pressure p, for circular isotropic plates with contours of (a) non-dimensional radius R, (b)

aspect ratio /& and (c) acoustic impedance & .
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For the case of constant parameters h, R and D, » Fig. 7.9 (c) shows that wj™ is reduced by
increasing & . To help understanding this phenomenon we write @ in terms of the ‘Taylor

parameter’ ¥ = pwcwﬁ/ (ph) [4]; this gives &= h Ry . From the latter relationship it can be

seen that for fixed parameters 2 and R, an increase in & leads to an increase of w .
Taylor [4] has shown that, for the case of a free-standing rigid plate, an increase in ¥ allows

for cavitation to occur earlier in the response and this decreases the duration of the structural
loading phase as well as the momentum transmitted to the structure, recall eq. (7.54). We

argue that similar FSI phenomena are operative subsequent to underwater blast loading of

circular clamped plates, owing to the reductions in w;™* associated to an increase in & (and

thus ), see Fig. 7.9 (c).

¢)  Minimal weight design
We now proceed to determine the optimal plate designs (4 ,R) which maximise the
underwater blast resistance of a circular isotropic plate of given areal mass and with a

constraint on the maximum deflection.

In Fig. 7.10 (a) the aspect ratio h s plotted against R, for a range between 0.01< h<0.1

— max

and 0<R<2, respectively, and with the constraints w,* =0.1 and & =0.15, respectively;
contours of normalised peak pressure p, (solid curves, underlined values) and non-
dimensional areal mass (dashed curves), defined as i = ,u/ 0. Ep , are included for selected

values within 0.0003< p, <0.003 and 0.0033 < 2 <0.13, respectively. The arrows tracing the
squares in Fig. 7.10 (a) represent the optimal path with plate geometries (i_z ,E) such to

maximise p, for a given # and increasing values of g , while the arrows tracing the circles
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indicate the trajectory of the ‘worst case designs’ (}7 R ) ~ which minimise p, for a given &

min

and increasing values of . The optimal geometries (l_z,ﬁ) are located at the largest

possible values of h , for the range of geometries plotted in Fig. 7.10 (a), while the trajectory

of the designs (E R ) ~is located at small values of & on each D, contour.

min

—max

Similar information is provided in Fig. 7.10 (b) for the case w;," =0.2; in contrast, the

optimal path drops from large to small values of h in the low range of R but jumps back up

to h=0.1 as R increases. The designs (}7 ,R ) _are located midway on each p, contour in

the small R domain and move towards smallest possible values of h when R is increased.

—-max

In Fig. 7.11 the maximum normalised pressure p;* sustained by the optimal geometries

(}_z ,ﬁ) is plotted against the non-dimensional areal mass #Z for constrained centre

max

deflections w,* =0.1 and w;™* =0.2, according to the cases considered in Fig. 7.10 (a) and

Fig. 7.10 (b), respectively. In order to determine the benefits in blast resistance offered by the

optimal designs, the peak pressure p;™" sustained by the ‘worst case designs’, (i_z R ) , 18

included in Fig. 7.11.

For the case wy™* =0.2, p;™ increases rapidly in the low Z domain but shows a slight bend

at 4 =0.01, owing to the drop of (E,E) ~ from large to small h , as seen in Fig. 10b. Such

——-max

drop does not occur for w, =0.1 (see Fig. 7.10 a) and in this case, p," increases steadily

——max

with increasing 7. Now compare the p;™* and p;™ contours for each case shown in Fig.

7.11: an increase in blast resistance of more than 40% can be achieved by employing the

optimal designs.
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Fig. 7.10: (a) Design chart for circular isotropic plates subject to underwater blast loading with
a=0.15 and with constained normalised deflection w, =0.1; contours of non-dimensional peak

pressure P, =p,/E (solid curves, underlined values) and areal mass i = ,u/ (Hw/Ep) (dashed curves)

are included. (b) Similar design chart for a fixed maximum centre deflection of w, =0.2.
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Fig. 7.11: Variation of the normalised peak pressure p, sustained by the optimal designs and the

‘worst case designs®, p,* and p,"", respectively, as a function of the non-dimensional areal mass

o= /1/(6 Ep) for ¢ =0.15 and fixed central deflections of w, =0.1 and w, =0.2.

7.5 Conclusions

Analytical models have been derived to predict dynamic deflection of fully clamped circular
elastic plates subject to loading by planar, exponentially decaying underwater shock waves in
water. Such models are based on a plate theory that takes into account transverse shear
deformations, stretching forces due to large deflections, flexural wave propagation in the
solid, FSI phenomena subsequent to first cavitation as well as the orthotropic constitutive

response of composite laminates. The plate’s centre deflection was found to be dictated by
four non-dimensional parameters, h, R, @ and D, respectively, representing aspect ratio,

normalised plate radius, acoustic impedance and peak pressure of the incident shock wave.

The analytical models were validated by comparing their predictions to those obtained from
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fully coupled 3D FE simulations and both types of predictions were found to be in good
agreement for a wide range of plate geometries and blast impulses. In contrast, when the
plates were loaded impulsively by imparting the plate an initial velocity according to the
Taylor impulse [4], large discrepancies occurred, unless the structural response time was
several times larger than the duration of the phase for FSI.

The plate’s response was found to be strongly affected by the problem size: for given aspect
ratio, elastic properties and incident blast wave, plates of small radius respond to underwater
blast with larger normalised central deflections (deflection divided by radius) due to rapid
contraction of the cavitation zone in the water adjacent to the structure.

The validated analytical models were used to determine the optimal geometries that maximise
the shock resistance of a circular elastic plate of given areal mass and with a constraint on the
maximum centre deflection. The constructed design maps show that an increase in blast

resistance of greater than 40% can be achieved by employing the optimal designs.

While the developed analytical models can be used to predict the response of circular
orthotropic (and isotropic) plates subject to blast in shallow water, they do not account for the
effects of an initially applied hydrostatic pressure in the fluid. Moreover, FSI at the back face
of the plate is not included in the current analysis but needs to be considered when water-
backed plates are subjected to underwater blast. These aspects are of drastic relevance for the
design of blast resistant composite structures used in deep water applications and are left as

topics for a future study.

206



Chapter 8

The Response of Circular Composite Plates to
Underwater Blast: Experiments and Predictive

Model Validation

8.1 Introduction

During the last decades, the use of composite materials in naval ships and submarines has
significantly grown and their resistance to withstand underwater blast loading has gained
drastic relevance. The analytical models developed in Chapter 7 of this thesis can be seen as a
first step towards understanding FSI phenomena as well as dynamic deformation processes
operative when composite plates are subjected to shock loading in water. However,
experimental evidence is needed to gain more insight into the response of both fluid and
structure to underwater blast.

As outlined in Chapter 2, several authors [39, 42, 43, 57] have developed experimental
methods to probe, at laboratory scale, the underwater blast resistance of monolithic composite

plates and sandwich panels made out of composite materials. Although these techniques are
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capable of reproducing underwater blast loading and measuring the dynamic response of the
tested structures, they do not allow observing the ensuing cavitation processes, which is vital

for understanding their interactions with the loaded structure.

In this chapter, the response of submerged clamped composite plates subject to dynamic
loading by exponentially decaying shock waves in shallow water is investigated. Laboratory
scale underwater shock experiments are performed on (i) glass-fibre (GRP) and (ii) carbon-
fibre (CRP) reinforced composites by employing the transparent water shock tube presented
in Chapter 4 (and also used in Chapters 5 and 6). High-speed photography will be employed
to observe the fluid response and to provide visual insight into the cavitation process. We
shall also observe plate deformation and failure processes of composite plates and deduce
centre deflection histories from the obtained high-speed photographs. In addition, 3D FE
simulations will be performed to investigate FSI phenomena and dynamic deformation
histories in more detail and their predictions will be used to validate the analytical FST models

of Chapter 7.

8.2 Underwater shock experiments

8.2.1 Description of composite specimens

Monolithic circular specimens were cut from sheets of laminated composite material; two

different laminates are considered and described below.

(i) Carbon fibre/epoxy composite (CRP).

The laminates were manufactured by stacking three layers of plain woven prepregs at equal

orientations and autoclave curing in a vacuum bag. The obtained sheets had a stacking
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sequence [0,90]3 , final thickness 4 =0.75mm, density ©=1500kgm” and mass per unit

area i =ph=1.125kgm™. Typical properties of carbon fibre and epoxy resin are listed in

Table 8.1.

Quasi-static tensile tests were conducted at a strain rate £=10""s" on rectangular specimens

cut from the laminate with fibres aligned parallel and perpendicular to the specimen’s
longitudinal axis; specimens had a gauge length of 100 mm and a width of 20 mm. Strains
induced in the specimen in longitudinal and transverse directions were deduced from strain
gauge measurements. The measured stress versus strain response in the longitudinal direction
was linear elastic to failure (by fibre fracture), with stiffness of 55 GPa and failure stress of
520 MPa. Woven laminate plies can be modelled, in a first approximation, as a [0,90] stack of
unidirectional (UD) composite laminas. The elastic properties for a single lamina are given in

Table 8.2 and were calculated from the measurements by assuming
E, :El/lo; Vo =V EZ/EI ; Gy :E1/10:E2; G;=G,; Gy = E2/2(1+V23); Vi =V, (8.1)

The indices ‘1’ and ‘2’ denote fibre and transverse directions, respectively. It is worth noting
that the lamina properties deduced from the test results correlate with those obtained from

classical lamina theory (see Appendix B).

(i1) Glass fibre/vinylester composite (GRP).

The laminate consisted of E-glass fibres infiltrated by vinylester resin and had a stacking
sequence [0,45,90,-45], final thickness /4 =0.85mm, density p =1550kgm'3 and areal mass

1= ph=1.32kgm™. Typical mechanical properties of fibres and resin are included in

Table 8.1. Each lamina was taken as a transversely isotropic material; the elastic properties

for a single lamina were deduced from the formulas given in Appendix B and the results are
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listed in Table 8.2. These theoretical predictions were found in good agreement with results

obtained from quasi-static tensile tests on similar laminates (Tagarielli et al. [11]).

Table 8.1: Constituent material properties

carbon fibre  epoxyresin E-glass fibre  vinylester resin

Tensile modulus (GPa) 230 2.46 76 3.4
Shear modulus (GPa) 92 09 31 1.3
Poisson’s ratio 0.25 0.34 0.22 0.35
Density (kg m™) 1790 1300 2540 1050

Table 8.2: Elastic properties of the equivalent transversely isotropic lamina used to model CRP and
GRP plates.

E, E, V12 V21 G Gis G

(GPa) (GPa) (GPa) (GPa) (GPa)

CRP 100 10 0.2 0.02 10 10 4.17
GRP 27.8 5.0 0.3 0.055 1.86 1.86 1.9

8.2.2 Experimental technique

The experimental apparatus presented in Chapter 4 is employed here to simulate underwater
blast loading of the composite specimens described in Section 8.2.1. The apparatus is
sketched in Fig. 8.1 and consists of an instrumented water shock tube made from a transparent
material to allow visualising the structural response as well as cavitation phenomena in the
water by means of high-speed photography. The shock tube of length L =2m was closed at
one end with the circular composite specimen by adhesive bonding of the plate to the annular
tube face. The shock tube was then filled with filtered tap water, in vertical position, and
closed at the opposite end by a nylon piston fitted with two O-rings which provided sealing of

the water column; a bleed valve was included in the piston to evacuate air bubbles in the
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water column prior to the dynamic experiment. Preliminary experiments elucidated that such
bubbles can lead to significant wave attenuation and distortion.

To replicate a fully clamped circular boundary condition in the blast experiment, the back
face of the composite plate was supported by a clamping ring and loaded with a compressive
force F ; such force was applied by using a screw-driven loading fixture. The clamping ring

was machined from a transparent acrylic rod to diameter d =25mm ; honing of the bore

provided a glossy finish to enable clear observation of dynamic plate deflection by using a
high-speed camera (‘Vision Research’ type v.7.1). The clamping plate of the fixture was

machined with a vent hole to release pressurised air and water in case of plate rupture.
Blast waves emerging from explosions in shallow water (hydrostatic pressure negligible
compared to the pressure induced by the blast, p_ =0) can be well approximated by an

exponentially decaying pressure versus time pulse of form

p(1)=pee™” (8.2)
with p, the peak pressure and @ the decay time of the blast wave [5]. In the experiments,
such pressure wave was reproduced by firing a round steel striker of mass M and velocity
v, at the nylon piston. This technique is convenient as peak pressure p, and decay time &

can be independently tweaked by appropriate adjustment of vy and M, respectively, as

described in Deshpande et al. [36]. The pressure transient in the shock tube was measured
using two piezoelectric pressure gauges of type 113B23 SN 21266 (PCB Piezoelectronics

Inc.) mounted flush on the tube at a relative distance of 1 m. The speed of pressure wave

1

propagation in the shock tube was measured as ¢, =1053ms™ . Note that this measured

wave speed is significantly lower than the speed of sound in open water (=1498ms™")

consequent to tube bulging effects [50]. Attenuation of the pressure amplitude due to

211



mechanical coupling of elastic tube deformation and fluid motion was measured to be on the

order of 5-10% and the rise time of the pressure wave increased by approximately 15%.

pressure
transparent clamping ring gauge nylon piston
vent T
F striker
F N glar water
_» E e B o P A—
g vs
* bleed
valve
clamping plate circular specimen transparent shock tube O-rings

Fig. 8.1: Schematic of the experimental apparatus used to perform underwater blast experiments on
circular composite plates.

8.3 Finite element models

In this study, 3D dynamic FE simulations were performed in accordance to the underwater
shock experiments in order to gain more insight into cavitation processes and the details of
dynamic plate deflection. Details on geometry, mesh, boundary conditions and loading cases
are given in Section 7.3.

Thickness, stacking sequence and elastic properties of the composites were specified

according to the data listed in Table 8.2; density and speed of sound in water were taken as

p, =1000kgm™ and ¢, =1053ms™", respectively.

8.4 Results and Discussion

We proceed to present observations and results obtained from the FSI experiments. Details on

specimen material and geometry as well as the characteristics of the loading pulses used in
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each experiment are listed in Table 8.3. We include in this table the non-dimensional
parameters R =R/6.p/E and p,=p, /E, representing non-dimensional plate radius and

peak pressure of the incident shock wave, respectively; note that these parameters were
introduced in Chapter 7 (eq. (7.57)) to characterise the underwater blast response of circular
elastic plates. The quantity E (included in Table 8.3) denotes the equivalent Young’s

modulus of the laminate under uniaxial stress conditions, hence

An _AIZ (Vlz +V21)/2
P .

E =

(8.3)

A, and A, are elements of the laminate’s stiffness matrix (eq. (7.8)) and the term
(V,,+V,)/2 represents an average for the Poisson’s ratio of the laminate (arbitrarily

defined). The values of peak pressure p, and decay time @, as listed in Table 8.3, were

determined by fitting curves to the pressure pulse measurements.

Table 8.3 also includes data from experiments in which failure occurred. The dominant failure
mode identified in this study was shear failure at the clamped boundary and this was observed
in experiments 2 and 3 performed on CRP plates with incident waves of peak pressure
D, 29.4MPa. Post-test photographs of the failed specimens are illustrated in Fig. 8.2, which
show that shear-off occurred at the circular clamped boundaries over approximately one half
of their circumference. In contrast, such failure process was not observed in experiments on

GRP plates when subjected to similar shock loads.
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Table 8.3: Details of experiments performed in this study

test specimen E h Do 0 pol/E R failure
material (GPa)  (mm) (MPa) (ms) 10° mode

1 CRP 55 0.75 72 0.12 0.131 0.014 -

2 CRP 55 0.75 94  0.12 0.182 0.014  shear

3 CRP 55 0.75 108  0.14 0.196 0.017  shear

4 CRP 55 0.75 90  0.14 0.164 0.017 -

5 CRP 55 0.75 6.8 0.14 0.124 0.017 -

6 CRP 55 0.75 7.8 0.12 0.142 0.014 -

7 CRP 55 0.75 6.5 0.12 0.118 0.014 -

8 GRP 13 0.85 90 012 0.692 0.036 -

9 GRP 13 0.85 100 0.14 0.769 0.031 -

10 GRP 13 0.85 70  0.14 0.538 0.031 -

11 GRP 13 0.85 98  0.163  0.754 0.026 -

12 GRP 13 0.85 9.7  0.163  0.746 0.026 -

13 GRP 13 0.85 98  0.185  0.754 0.023 -

14 GRP 13 0.85 101 0.185  0.777 0.023 -

Fig. 8.2: Post-test photographs showing shear failure of CRP plates consequent to blast loading:
(a) experiment 3, p, =10.8 MPa, € =0.14ms; (b) experiment 2, p, =9.4MPa, 6§ =0.12ms.

8.4.1 The cavitation process

In order to analyse the cavitation phenomena ensuing from underwater blast loading of

circular composite plates, high-speed photographs recorded in selected experiments are
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presented in this section together with contour plots obtained from corresponding FE

simulations.

Experiment 1 was performed on a carbon-fibre composite plate with p,=7.2MPa and

6 =0.12ms . A sequence of high-speed photographs recorded in this experiment is presented

in Fig. 8.3 and fluid pressure contour plots extracted from the FE simulation are included for

comparison (pressure scale in the FE results: 0< p <7.2MPa); in these contour plots, the

patches highlighted in dark grey represent zones in which the water cavitates.
At r=0, the incident pressure wave, travelling from the right to the left in Fig. 8.3 (a),
reaches the wet surface of the specimen. Soon after elastic plate deformation has commenced,

bubbles emerge in the water at a distance z, =130mm from the fluid-structure interface, as

seen in Fig. 8.3 (b). Subsequently, the cavitation zone spreads by propagation of two breaking
fronts (BF). In Fig. 8.3 (c) the BF propagating away from the structure has advanced beyond
the field of observation while the opposite BF has inverted its direction of motion and
propagates into the cavitated water; such cavitation front is termed as closing front (CF)
because it forces collapse of cavitation bubbles and leaves uncavitated water behind. This CF
continues propagating and after sufficient time has elapsed, the cavitated region has
completely disappeared in the field of observation and elastic plate deformation has fully
recovered, as seen in Fig. 8.3 (d).

In addition, Fig. 8.3 shows that the experimental observations of the cavitation process are in
good correlation with the FE predictions. The contour plots also provide further insight into
the evolution of the fluid pressure field. In particular, Fig. 8.3 (b) shows that the cavitation
zone separates the fluid column into a low pressure zone, just ahead of the BF, and a high
pressure zone located in the fluid trapped between the cavitated region and the fluid-structure

interface. The fluid pressure in the high pressure zone locally exceeds the peak pressure of the
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incident wave (indicated by light grey patches), as a consequence of wave reflections at the

propagating CF.

0 01m 02m

0.376ms

Fig. 8.3: Selected high-speed photographs for experiment 1 ( p, =7.2MPa, 6 =0.12ms ) performed on

a CRP plate; fluid pressure contour plots extracted from corresponding FE simulations are included for
comparison; FE scale: 7.2 MPa (red) — 0 MPa (blue); cavitation zones are highlighted in dark grey.

High-speed photographs for experiment 2 conducted with p, =9.4MPa and 6=0.12ms are

presented in Fig. 8.4. In frame (a) the incident shock wave impinges on the wet surface of the
composite and leads to rapid deformation of the specimen, as seen in frame (b). At

t=0.189 ms (see Fig. 8.4 c), we note from careful observation of the deflected specimen that
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the composite has sheared off at the clamped boundary and starts releasing water into the
transparent clamping ring, leading to emergence of two cavitation zones in the water column:
the cavitation zone visible at distance z,=120mm is a consequence of elastic plate

deformation prior to the onset of failure and correlates with the fluid response observed in

experiment 1 (see Fig. 8.3).

t=0.189ms

(d)

t=2.700ms

Fig. 8.4: Sequcence of high-speed photographs for experiment 2 (p,=9.4MPa, 6=0.12ms)

performed on a CRP composite plate: (a) incident wave reaches the specimen; (b) elastic specimen
deformation; (c) plate failure and appearance of two cavitation zones, both expanding by propagation
of breaking fronts (BF); (d) coalescence of both cavitation zones and emergence of a closing front
(CF); (e)-(f) collapse of cavitation bubbles by propagation of a CF.
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The appearance of an additional cavitation zone at distance z, =25mm can be explained as

follows: the fracture process causes a sudden increase in velocity of the fluid particles
contiguous to the structure and therefore rises the amplitude of the tensile (rarefaction) wave
emanated from the fluid-structure interface. Such tensile spike leads to water cavitation close

to this interface (at distance z.) and a breaking front starts propagating at supersonic speed

into the fluid, closing the gap between both cavitation zones until they coalesce, as shown in
Fig. 8.4 (d). In frames (d)-(f) we note that the cavitation boundary next to the structure starts
propagating away from the composite plate, becoming a closing front and causing collapse of

cavitation bubbles, which have grown in size due to increased strain in the cavitated fluid.

8.4.2 Dynamic plate deflection

The high-speed photographs also served to measure centre deflection versus time histories
consequent to blast loading. Such measurements are presented in this section and compared

with analytical and FE predictions. The validated analytical models are then used to explore

— max max

the sensitivity of the normalised peak centre deflection w;"™ = wo™ /R to the normalised peak

pressure p, = p,/E of the blast wave.

In order to observe dynamic plate deflection with adequate resolution, experiments 4 - 14 (see
Table 8.3) were performed with the composite plate the focus of observation. Experiment 5
was performed with p,=6.8MPa and 6=0.14ms and high-speed photographs obtained
from this experiment are illustrated in Fig. 8.5 (a). Frame 1 shows the undeformed composite
plate in a side view at the instant when the incident shock wave reaches the fluid-structure
interface. In frame 2, we first observe elastic deformation of the specimen and at time

t =0.269ms (frame 6) the maximum central deflection is reached. Subsequently, the elastic
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energy stored in the deformed plate causes reverse motion and the specimen assumes its

initial undeformed configuration (frames 7 and 8). At time 7 =1.470ms, elastic deformation
of the composite has fully recovered.

Fluid pressure contour plots extracted from the corresponding FE simulation are presented in
Fig. 8.5 (b) for a narrow time frame, Sus <7 <36us, in order to examine the early phase of
plate deformation in more detail. Note that the plies of the [0,90]; composite plate are oriented
parallel and perpendicular to the section plane of Fig. 8.5 (b). In frame (i), at t =5us, we note

that the central portion of the plate is imparted a nearly uniform transverse velocity, causing
the interface pressure to drop rapidly due to FSI. The ensuing dynamic deformation process

entails propagation of a flexural wave, travelling in radial direction from the clamped
boundary towards the centre point. Ahead of the wave front, i.e. within 0<r<(R-{), the
plate remains nearly undeformed and is imparted a uniform velocity, as seen in frames (i) and
(i1). Plate acceleration continues until the water cavitates at the fluid-structure interface in the

central portion, 0<r <(R—{); this is observed in frame (ii) at #=12ps. The flexural wave

reaches the centre point, approximately 20us after the impact of the incident wave, as
illustrated in frame (iii). At time ¢ =20us the central patch of the plate is still in contact with
cavitated water; however, this cavitation zone soon collapses (at ¢ =36us) and the ensuing

response produces pressure spikes in the water adjacent to the specimen, as illustrated in
frame (iv). It merits comment that the limited spatial and temporal resolution of the high-
speed camera used in the experiments (inter-frame time of 20 ps, pixel size of 120 pm) did
not allow observing flexural wave propagation phenomena in the solid which occur within

time frames of approximately 20pus for the plate geometries considered here.
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(i) t=12 us

0.173ms

0.462ms 0.635ms 1.470ms

Fig. 8.5: (a) High-speed photographic sequence for experiment 5 (p,=6.8MPa, 6=0.14ms)

showing the dynamic elastic deformation of a CRP plate; (b) contour plots of fluid pressure obtained
from the corresponding FE simulations for four selected time frames; composite plies are oriented
parallel and perpendicular to the section plane; FE scale: 6.8 MPa (red) — 0 MPa (blue); cavitation
zones are highlighted in dark grey.

High-speed photographs, such as shown in Fig. 8.5 (a), allow measuring time histories of the

plate’s centre deflection. In Fig. 8.6 (a) we present such measurements obtained from
experiment 8 (GRP composite, p,=9.0MPa, 8=0.12ms ) together with the corresponding
FE predictions. In addition, we include in Fig. 8.6 predictions performed with the analytical

models presented in Chapter 7. Analytical predictions and measurements are found in

excellent agreement up to the point when the plate reaches its maximum centre deflection

max

wy™ =w, (., )- Larger discrepancies occur for ¢ >7,, however, this phase of response is of

minor practical relevance. In the initial response, 0 <7 <20us, the FE models also correlate

with the measurements and analytical predictions but predict an increase in plate velocity at

the instant when the flexural wave arrives at the plate’s centre point, #=20us, recall
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frame (iii) in Fig. 8.5 (b). Moreover, the FE results underpredict the peak deflection by

approximately 10-15%. Similar information is shown in Fig. 8.5 (b) for experiment 10,

conducted with p, =7.0MPa and #=0.14ms.
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Fig. 8.6: Time histories of the measured centre deflection for two selected experiments performed on
GRP plates: (a) experiment 8, p,=9.0MPa, #=0.12ms; (b) experiment 10, p, =7.0MPa,

6 =0.14ms ; analytical and FE predictions are included for comparison.

In the following, the non-dimensional parameters introduced in Chapter 7 (see eq. (7.57)) are
employed to assess the blast resistance of the CRP and GRP plates under investigation.

The non-dimensional chart in Fig. 8.7 shows analytical predictions of the peak centre

—,max

deflection wj =max[w0(t)/R] as a function of the normalised peak pressure of the

0<t<oo

incident shock wave, p,=p,/E, with contours of non-dimensional radius R = R/8./p/E .

These predictions were performed in accordance to the plate geometries and pressure pulse
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characteristics used in experiments 4 — 14 (see Table 8.3) by employing the analytical models
presented in Chapter 7. For comparison purposes, measurements obtained from the latter

experiments are included in Fig. 8.7 and are indicated by markers. The predictions show that

w,™ increases progressively by increasing p,; for fixed values of h, p, and

—max

a=(p,c.) / JEp (normalised acoustic impedance), w;™ increases with decreasing R . The

broken and dotted curve in the centre of Fig. 8.7 represents predictions for a GRP plate with
reduced thickness /2 =0.75mm to match the aspect ratio h =0.06 of the CRP composite used
in the experiments. Now compare the contours of GRP and CRP specimens for the case
(h=0.06, R=0.017): the parameter @ of GRP plates is nearly double that of CRP plates;

the effect of increasing & is to shift the curves in Fig. 8.7 to higher values of p,, indicating

that plates with large @ can take higher peak pressures p, for given w™, R and h . The
experimental results are found in good agreement with the predictions and show that GRP

plates sustained centre deflections up to wy™ =0.2 . In contrast, the centre deflections of CRP

— max

plates were limited to w,* =0.12 due to the occurrence of shear failure, see Fig. 8.2.

We now employ the analytical models of Chapter 7 to aid interpretation of the onset of shear
failure observed in experiments 2 and 3, both of which performed on CRP specimens. In the

process, we analyse the through-thickness shear stress histories at the clamped plate

boundary, 7, (r=R,t), in order to predict the maximum shear stress induced in the

composite specimen during the dynamic experiment. Evaluating eq. (7.15) at » = R gives the
transverse shear force at the clamped boundary

— 2Grzh

=R mwso (t) (3.4)

Q.
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where G, represents the shear stiffness of the laminate in the r-z plane, wg,(f) denotes the

rz

centre deflection of the plate due to shearing and {(¢) is the flexural wave position. For the

CRP composites under investigation, the shear stiffness G_ is a function of the

rz
circumferential coordinate, i.e. G,. =G,_(); however, in a first approximation, we employ a

mean shear stiffness

G = Gi;+ Gy

L= (8.5)

calculated from the shear stiffnesses G,; and G,; corrsponding to a single CRP lamina (see

Table 8.2). Employing eqs. (8.4) and (8.5), the shear stress at the clamped boundary can be

expressed as

Wso(t)
408

Trz (t) = (G13 + G23) (86)

For both experiments 2 and 3 (see Table 8.3), solutions of wy, () and ¢ () were performed
using the analytical models of Chapter 7 and eq. (8.6) was employed to compute the

maximum shear stress 7" =max |z, (¢)]; we obtained 7] =55MPa and 7" =65 MPa

0<t<e
for experiments 2 and 3, respectively. Note that these values are on the order of magnitude of

the shear strength of typical CRP composites, see e.g. [58].
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Fig. 8.7: Analytical predictions of maximum centre deflection wy** as a function of the non-
dimensional peak pressure of the incident shock wave p,=p,/E for the plate geometries and

pressure pulse characteristics used in experiments 4 — 14; experimental measurements obtained from
these experiments are included for comparison (full and empty markers).

8.5 Conclusions

The response of clamped circular composite plates subject to loading by exponentially
decaying underwater shock waves has been investigated. Underwater blast experiments were
performed on laminated carbon-fibre (CRP) and glass-fibre (GRP) reinforced composite
plates by employing the transparent shock tube presented in Chapter 4. High-speed
photography was employed to observe dynamic plate deflection, failure processes and
cavitation phenomena in the liquid.

The observations revealed that cavitation bubbles first appeared in the water at a finite
distance from the specimen and subsequently, the cavitation zone expanded by propagation of

two breaking fronts. An additional cavitation zone appeared in the water close to the fluid-
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structure interface in case of plate failure. Soon after the first cavitation bubbles became
visible, the plate’s peak deflection was reached and the cavitated water rapidly collapsed by
propagation of a closing front due to the ensuing elastic spring-back of the plate.

The high-speed photographs were also used to measure centre deflection versus time histories
and the experimental results were compared to results obtained from 3D FE simulations and
to predictions performed with the analytical models of Chapter 7. Both types of predictions
were found in good correlation with the experimental evidence and we conclude that these
models are accurate and capable of replicating the response of submerged composite plates
subject to shock loading in water.

The measurements showed that the GRP specimens sustained larger normalised peak
deflections (peak deflection divided by plate radius) than those made from CRP. The reason
for the limited maximum deflection of the CRP plates was the occurrence of shear failure at
the clamped plate boundary. The onset of shear failure in these experiments has been

confirmed by analytical calculations.

The experiments presented in this study provide valuable insight into the interaction between
an elastically deforming composite plate and the surrounding fluid when the structure is
subjected to loading by an exponentially decaying shock wave. However, this study has only
addressed the response of relatively small composite plates. With increasing dimensions, the
plate’s response time rises and this affects the flexural wave propagation phenomena in the
solid as well as the evolution of the cavitation process in the fluid. Therefore, further
experiments on larger scale are necessary in order to determine the size effect in the response

of composite plates. We shall start to investigate this in a future study.
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Chapter 9

Conclusions

The work presented in this thesis has addressed the response of various structural systems
subject to blast loading in deep and shallow water and has unveiled and explored the ensuing
cavitation phenomena initiated by FSI. Analytical models were developed to examine the 1D
response of both water-backed and air-backed rigid spring-supported plates loaded by
exponentially decaying shock waves in deep or shallow water. In order to provide
experimental evidence for the theoretical findings, an experimental apparatus was developed
capable of simulating 1D underwater blast loading in initially pressurised water.
Subsequently, the developed experimental apparatus was used to investigate the underwater
blast response of monolithic plates, sandwich panels and double-walled structures. Finally,
the underwater blast response of circular elastic plates were investigated via experimentation,
analytical and numerical modelling.

The work presented in this thesis gives valuable insight into the main FSI phenomena
associated to underwater blast loading and provides useful guidelines for the design of
structural components resistant to blast in deep and shallow water. In the following we
summarise the main conclusions drawn from each part of this thesis and provide directions for

possible future work.
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9.1 The one-dimensional response of rigid plates subject to blast

in deep and shallow water

Analytical models have been derived to predict the response of a spring-suppported, rigid
plate, in contact with water on one or both sides and loaded by an exponentially decaying
shock wave (Chapter 3). Such models account explicitly for the evolution of cavitation
phenomena in the fluid, including propagation of breaking fronts and closing fronts as well as
for the effect of an initial hydrostatic pressure in the fluid. The system response was found to
depend only on three non-dimensional parameters: non-dimensional spring stiffness, plate
mass and initial static fluid pressure. The analytical models were validated by comparing their
predictions to those obtained from detailed dynamic FE simulations and both types of
predictions were found to be in excellent agreement.

It has been a long-accepted paradigm that a reduction in structural mass (hence an increase of

v ) leads to a reduction in the imparted impulse; the results presented in Chapter 3 clearly

show that a decrease in the plate’s mass can increase the severity of structural loading (hence
the imparted impulse) for particular choices of spring stiffness and static pressure (see Fig.
3.11b).

The analytical predictions also showed that the application of an initial static pressure in the
fluid affects substantially cavitation phenomena; specifically, the point of first cavitation in
the front water is found at increasing distance from the structure and the cavitation zone
contracts faster, as the static pressure is increased. This results in a reduction of the impulse
imparted to the plate for an increase in initial static pressure. At a sufficient level of initially

applied pressure, cavitation in the fluid is entirely suppressed.
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In order to provide experimental evidence for the theoretical findings, a novel experimental
method has been developed to produce controlled blast loading in liquids subject to an initial
hydrostatic pressure (Chapter 4). The apparatus consists of a transparent shock tube and
allowed visualising for the first time the emergence and propagation of cavitation fronts
triggered by FSI in a blast event and their interaction with the loaded structure. It also allowed
observing the structural motion as well as measuring the impulse imparted to the structure
consequent to blast loading. This technique has been employed to mimic the response of
monolithic air-backed and water-backed plates subject to blast in deep water and to measure
the effects of increased initial hydrostatic pressure on the evolution of the cavitation process
as well as on the structural response.

The main conclusions of this experimental study are the following:

- For given incident blast wave and initial static pressure, air-backed plates are imparted
less impulse than water-backed plates; the impulse imparted to air-backed plates can be
greatly reduced by reducing the mass of the plate, while a smaller reduction in imparted
impulse is observed by reducing the mass of water-backed plates.

- The peak impulse imparted to air-backed plates is insensitive to the initial hydrostatic
pressure while that imparted to water-backed plates decreases with increasing static

pressure.

The experimental results obtained with the shock tube apparatus were found in good
agreement with predictions obtained from the theoretical models developed in Chapter 3 and
this allows concluding that these models are accurate and capable of capturing the response of

both fluid and structure to underwater blast in deep water.
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9.2 The one-dimensional response of sandwich plates subject to

blast in deep and shallow water

The 1D response of both air-backed and water-backed sandwich plates subject to blast loading
in initially pressurised water has been investigated by experimentation and FE modelling
(Chapter 5). Underwater blast experiments were performed on foam-cored sandwich
specimens with metallic face sheets by using the shock tube apparatus developed in Chapter
4. Face sheet motion, core compression and cavitation processes were observed by means of
high-speed photography and the impulse imparted to the structure was deduced from the
measurements. The obtained high-speed photographs showed that the cavitation process

inititates at a finite distance x, from the fluid-structure interface, in line with the findings of

previous theoretical studies on underwater blast loading of sandwich plates.
The results of permanent core compression, imparted impulse and cavitation front trajectories
were adequately captured by the corresponding dynamic FE simulations and yielded the

following conclusions:

- Both air-backed and water-backed sandwich plates outperform rigid plates of equal mass
in terms of the impulse imparted to the structure in a blast event. For given core collapse
strength and shock wave characteristics, the permanent core compression of water-backed
sandwich plates is larger than that of air-backed sandwiches and thus impulse reductions
are more pronounced when sandwich plates are loaded in water-backed configuration.

- For the case of blast loading of water-backed sandwich plates, the impulse imparted to a
rigid plate of mass equal to the front face sheet cannot be taken as a lower bound for the

impulse imparted to a sandwich structure.
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- The impulse imparted to water-backed sandwich plates can be drastically reduced by
increasing the initial hydrostatic pressure in the surrounding fluid; impulse reductions of
up to 70% (in relation to the unpressurised loading case) can be achieved when the

initially applied fluid pressure is on the order of the core’s collapse strength.

The experiments presented in this study give great insight into the main phenomena of the
cavitation process and how these affect the dynamic response of sandwich plates. However, to
improve the current understanding of FSI in underwater blast loading of sandwich
constructions, rigorous 1D analytical models are needed, which account for all the details of
the cavitation process in the fluid, without the need of simplifying assumptions. This is left as

a topic for a future study.

9.3 The one-dimensional response of double-walled structures

to underwater blast

Chapter 6 has investigated the 1D response to underwater blast loading of double-walled hulls
comprising of a monolithic inner pressure hull, an outer shell and a water gap located between
both structures. Laboratory scale underwater shock experiments were performed by using the
shock tube apparatus presented in Chapter 4. Structural motion as well as ensuing cavitation
phenomena were observed using high-speed photography and the impulse imparted to the
structure was deduced from the performed measurements. The experimental results were
found in good agreement with the predictions obtained from detailed FE simulations and the

main findings of this study are the following:
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- The loading histories applied on outer skin and inner hull in a blast event are only
scarcely sensitive to variations of the water gap width.

- When sandwich construction is employed for the outer skin structure, cavitation
processes initiate in the water very close to the front face sheet and this substantially
mitigates the intensity of the loads imparted to outer skin and inner hull in a blast event.

- The blast performance of monolithic double-hulls can be enhanced by increasing the

mass ratio between outer skin and inner hull.

The experimental results give valuable visual insight into the cavitation process and provide
practical guidelines for the design of double-walled hulls resistant to underwater blast.
However, the effect of a non-negligible static fluid pressure on the system response has not

been addressed in this study but will be examined in a future study.

9.4 The response of circular elastic plates to underwater blast

In Chapter 7, analytical models have been derived to predict dynamic deflection of fully
clamped circular elastic plates subject to loading by planar, exponentially decaying
underwater shock waves in water. Such models are based on a plate theory that takes into
account transverse shear deformations, stretching forces due to large deflections, flexural
wave propagation in the solid, FSI phenomena subsequent to first cavitation as well as the
orthotropic constitutive response of composite laminates. The analytical models were
validated by comparing their predictions to those obtained from fully coupled 3D FE
simulations and both types of predictions were found to be in good agreement for a wide
range of plate geometries and blast impulses. In contrast, when the plates were loaded

impulsively by imparting the plate an initial velocity according to the Taylor impulse [4],
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large discrepancies occurred, unless the structural response time was several times larger than
the duration of the phase for FSI.

The validated analytical models were then used to determine the optimal geometries that
maximise the shock resistance of a circular elastic plate of given areal mass and maximum
allowable centre deflection. The constructed design maps show that an increase in blast
resistance of greater than 40% can be achieved by employing the optimal designs.

The developed analytical models can be used to predict the response of circular elastic plates
subject to blast in shallow water, they do not account for the effects of an initially applied
hydrostatic pressure in the fluid. Moreover, FSI at the back face of the plate is not included in
the current analysis but needs to be considered when water-backed plates are subjected to
underwater blast. These aspects are of crucial importance for the design of blast resistant

composite structures used in deep water applications and are left as topics for a future study.

In order to investigate dynamic deformation and failure processes of circular composite plates
subject to underwater blast and to gain deeper insight into the evolution of the ensuing
cavitation phenomena, FSI experiments were performed on carbon-fibre (CRP) and glass-
fibre (GRP) reinforced composite laminates by employing the transparent shock tube
described in Chapter 4. High-speed photography was employed to observe and analyse
dynamic plate deflection, failure processes and cavitation phenomena in the water.

For the pressure pulses and plate geometries used in the experiments, the high-speed
photographs showed that a cavitation zone spreads in the water a finite distance away from
the fluid-structure interface and collapses soon after by propagation of a closing front owing
to the elastic spring-back of the circular plate.

The high-speed photographs were also used to measure centre deflection versus time histories

and the experimental results were compared to results obtained from 3D FE simulations and
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to predictions performed with the analytical models of Chapter 7. Both types of predictions
were found in good correlation with the experimental evidence.

The measurements showed that the GRP laminates sustained larger normalised peak
deflections (peak deflection divided by plate radius) than those made from CRP. The reason
for the limited maximum deflection of the CRP plates was the occurrence of shear failure at
the clamped boundary. The onset of shear failure in these experiments has been confirmed by
analytical calculations.

The experiments presented in Chapter 8 provide valuable insight into the interaction between
an elastically deforming composite plate and the surrounding fluid consequent to dynamic
loading by underwater shock waves. However, this study has only addressed the response of
relatively small composite plates. With increasing dimensions, the plate’s response time rises
and this affects flexural wave propagation phenomena in the solid as well as the evolution of
the cavitation process in the fluid. Therefore, further experiments on larger scale are necessary
in order to determine the size effect in the response of composite plates. We shall start to

investigate this in a future study.
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Appendix A. Description of structural loading subsequent to first
cavitation (Phase 2 response)

In this Appendix we describe a procedure which makes use of the analytical models derived
in Chapter 3 in order to approximate structural loading of circular orthotropic plates during
the Phase 2 response, i.e. for ¢ >1,. First, we derive the governing equations of a simplified
analytical model for the response of a circular plate made from an elastic transversely
1sotropic solid and loaded by exponentially decaying shock waves in water. Such equations
allow extracting characteristic parameters which are then fed into the theoretical models of
Chapter 3 in order to perform predictions able to represent FSI and structural loading of

circular orthotropic plates during the Phase 2 response.

Now consider a circular transversely isotropic plate of thickness /4 and radius R with a fully
clamped boundary. The plate is in contact with water on one side and loaded by an

exponentially decaying pressure shock wave, travelling in the water towards the structure, as

given in eq. (7.33). Upon neglecting transverse shear deformations (i.e. G — «~ ,wy, —0)

and flexural wave propagation phenomena (i.e. { =R, § =0) the deformation profile of the

plate can be approximated by a third-order polynomial

w(r,z)zwo(z){3(1—%]2—2[1—%ﬂ. (A.1)

Angular momentum conservation for a circular plate sector of angle @ dictates

R
J‘zpo -6 ( _r)rdr—J.chwW(r,t)(R—r)rdr}dt:
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Substituting eqs. (7.21), (7.22) and (A.1) into eq. (A.2), evaluating the space integrals with
respect to the coordinate r and differentiating the obtained equation with respect to time ¢

gives

3

Equation (A.3) represents the equation of motion for the central deflection w, (z) and can be

re-written as
.o 3 — /9 .
vy +k,wo+c, wo =2p,e""" —p e (A.4)

where p,, . k, and ¢, denote equivalent peak pressure, linear stiffness and cubic stiffness,

eq

respectively, and are given by

Pey =2Dos k= ﬁ[—3D” + Dy 3Dy +ﬁ]' c 3 (i+—3A‘2 +ﬁ—ﬁ] . (AS5)
2

RUs a4 8 "2 ) 2r\s T2 3

The parameters defined in eq. (A.5) can be used to solve the equivalent 1D problem of a rigid
plate (mass per unit area x4 ) in contact with water (density p, , speed of sound ¢, ) on one
side (front face), supported by a linear spring of stiffness k,, at the back face and loaded by
an exponentially decaying shock wave of peak pressure p, and decay time 6 on the front

face. This problem can be solved by using the analysis derived in Chapter 3.

One note of caution: eq. (A.4) comprises a cubic term ceqwg representing membrane forces
induced by stretching of the plate’s middle surface. The effect of a cubic stiffness c,, is not

included in the analytical models of Chapter 3 but needs to be accounted for if the plate

undergoes large deflections, i.e. w,/ R >0.1. This is treated in our calculations as follows.
The plate displacement at the onset of cavitation, ¢ =1_, is very small for the loading cases

considered in this work and therefore the influence of the cubic term c, qwg can be neglected,
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thus ¢, =0 for #<t . In contrast, for #>17_, the governing equation (3.39) for the 1D
problem is modified to account for the effect of ¢, . To achieve this, numerical integration for
t >t 1is performed with

i+ k, u+ cequ3 =2pi(t)-p,c,ii , (A.6)
1.e. replacing eq. (3.39) by eq. (A.6).
The solutions of p;’(7) (eq. (A.6)) represent magnitudes of the equivalent incident pressure
wave evaluated at the fluid-structure interface, i.e. p;’ (z = O,t) , and includes the

contributions of pressure wave reflections at the propagating closing front. Note that the

pressure values are scaled in the 1D calculations by p,, =2p,, see eq. (A.5) (recall that p; is

the peak pressure of the shock wave impinging on the circular elastic plate); hence

pil ()= p(t) / 2 the incident wave to be substituted into eq. (7.47) in order to characterise

structural loading during the Phase 2 response
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Appendix B. Review of lamina theory

In this appendix we briefly summarise the formulas used for computing the elastic properties
of unidirectional (UD) continuous composites with perfectly aligned but randomly located
fibres (f) embedded in matrix material (m).

If density p of the composite material is known, the volume fraction of fibres can be

calculated using the rule of mixtures; hence

g, =L Pu (B.1)
p_f_pm

UD composite materials can be taken as transversely isotropic elastic solids. The relationship

between strains and stresses follows from symmetry considerations and can be written as

€ El_l —V21E2_1 _V21E2_1 0 0 0 Oy
€n _V12E1_1 Ez_l _V23E2_1 0 0 0 On
€33 _ _Vlef1 _V23E271 E;l 0 0 0 03 (B.2)
Va3 0 0 0 Gy 0 0 |7y
Va1 0 0 0 0 G, 0|7y
Vi 0 0 0 0 0 G, )\7,

The indices ‘1° and ‘2° denote the fibre and transverse directions, respectively. Isotropy in the
2-3 plane and symmetry of the compliance matrix (eq. (B.2)) yields

( +V23) El EZ

In general, deformation of a UD composites results in complex stress distributions in the
constituent materials. In order to find such stress distributions, a full stress analysis is
required. However, approximate analysis on simplified stress fields can yield simple
expressions for estimating the elastic properties of UD composites and such relations are

summarised in the following.
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First, let us assume isotropic behaviour for fibres (f) and matrix (m) material. A widely used

approximation for the axial modulus E, and Poisson’s ratio V,, of a UD composite is the rule

of mixtures; hence

E, =(prf+(1—(pf)Em V=@V, +(1—(of)vm.

(B.4)

Upon assuming no stress amplifications in the direction of applied stress and no axial

constraint, the transverse modulus E, can be computed using inverse rule of mixture

and the Poisson’s ratio V,, follows immediately from eq.(B.3).
Similarly, inverse rule of mixture can be employed for computing the shear modulus

L o, 1o

G, G, G

m

by neglecting stress concentrations in the constituent materials.
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