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Preface

The use of composite materials and sandwich construction in modern structures
is increasingly rapidly. These structures are often required to operate in severe
environments which include highly dynamic loading, requiring us to establish a
better understanding of the dynamic response and failure of composite materials
and composite and sandwich structures. This book is the result of a multi-year
effort starting with the organization of the “Recent Advances in Dynamic Failures
of Composite and Sandwich Structures” workshop held June 24-25, 2011, in
Toulouse, France and organized by the Institut Clément Ader. Twenty experts from
seven different countries were invited to present comprehensive view of a topic
of their choice and submit extended abstract that were available at that meeting.
Participation in that workshop struck a balance between academia and industry.
Presenters were invited to extend their work to present a comprehensive overview
of their chosen topic to be published in a book. After a lengthy process, this book
became a reality and its 14 chapters each deal with a particular aspect of the general
topic of dynamic failure of composite materials and sandwich structures.

The contents can be grouped into several categories according to the applications:
marine structures, aerospace structures, transportation. The first five chapters deal
with issues of concern for marine structures: hull slamming, underwater and in-air
explosions and low velocity impacts. The next seven chapters deal with impacts
on composite and sandwich structures in aeronautical applications. The last two
chapters deal with the behavior of composite structures in vehicles subjected to
crash.

The editors would like to thank all the participants of the workshop, the local
organizers, the Institut Supérieur de I’Aéronautique et de I’Espace (ISAE) for
hosting the event and INSA Toulouse for its support. We would also give special
thanks to all the authors for their hard work and perseverance and to the publisher
for their support and patience.

Y.D.S. Rajapakse
B. Castanié
S. Abrate
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Hydroelastic Impacts of Deformable Wedges

Riccardo Panciroli

Abstract This work investigates the slamming phenomenon experienced during
the water entry of deformable bodies. Wedges are chosen as reference geometry
due to their similarity to a generic hull section. Hull slamming occurs when a
ship re-enters the water after having been partially or completely lifted out the
water. There are three more cases commonly defined as slamming phenomena:
bow-flare, wet-deck and green water slamming. These are all special cases of
the general topic of water entry of a body. While the analysis of rigid structures
entering the water has been extensively studied in the past and there are analytical
solutions capable of correctly predicting the hydrodynamic pressure distribution
and the overall impact dynamics, the effect of the structural deformation on the
overall impact force is still a challenging problem to be solved. In fact, in case
of water impact of deformable bodies, the dynamic deflection could interact with
the fluid flow, affecting the hydrodynamic load. This work investigates the hull-
slamming problem by experiments and numerical simulations of the water entry of
elastic wedges impacting on an initially calm surface with pure vertical velocity.
The objective is to determine an accurate model to predict the overall dynamics of
the wedge and its deformations. More than 1,200 experiments were conducted by
varying wedge structural stiffness, deadrise angle, impact velocity and mass. On
interest are the overall impact dynamics and the local structural deformation of the
panels composing the wedge. Alongside with the experimental analysis, numerical
simulations based on a coupled Smoothed Particle Hydrodynamics (SPH) and FEM
method are developed. Ranges of applicability of a simplified model neglecting
the air are found. The results provide evidence of the mutual interaction between
hydrodynamic load and structural deformation. It is found a simple criterion for

R. Panciroli (i)
Alma Mater Studiorum, Universita di Bologna, Viale del Risorgimento 2, 40136, Bologna, Italy
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2 R. Panciroli

the onset of fluid structure interaction (FSI), giving reliable information on the
cases where FSI should been taken into account. The occurrence of ventilation and
cavitation varying the impact parameters are also outlined.

1 Introduction

When a vessel sails in rough seas, its forefoot can rise above the water surface.
As the vessel re-enters the water, impulsive pressures are imparted to the hull
structure due to the relative motion of the sea and ship. In these cases the hull
literally slams into the water surface. The duration of the slamming event is in
the order of milliseconds. These loads might damage the entire ship or, because
of their short duration, excite dynamic response of the local structure of the hull
and cause vibrations. This work focuses on hull slamming; however, there are three
more phenomena that are defined as slamming in marine applications: (1) the impact
of the bow on water induced by the ship motions in waves, (2) the horizontal impact
of steep waves or breaking waves on the ship hull and (3) the water impact induced
by water run-up and green water on the deck.

1.1 Theoretical Studies

Itis of major interest for engineers to find an analytical solution capable of providing
the hydrodynamic load and the impact pressure during a slamming event, since it
can be easily used during the design process. This section describes the analytical
methods developed to study the water entry of rigid bodies.

The first analytical solution to solve the impact dynamics of rigid bodies entering
the water was presented by Von Karman [1], who developed a formula capable to
predict the maximum force acting on a rigid body entering the water, in order to
make a stress analysis on the members connecting the fuselage with the floats of a
seaplane. As example, to study the water entry of a rigid wedge, Von Karman con-
sidered a wedge of unit thickness, mass M, and deadrise angle 8 entering the water
with initial velocity V5. Von Karman’s work is based on some simplification, i.e.:
(1) inviscid and irrotational flow, (2) surface tension, gravity and structural elasticity
effect neglected, (3) no air entrapped. In this method, as the body hits the water it is
assumed that the mass of a half disk of water of radius r is moving with the wedge
(as shown in Fig. 1), resulting in an added mass m = %,or2 = %pmf;(ﬂ) y2, where y
is a coefficient accounting for the water pile up at the intersection with the free sur-
face that varies with the deadrise angle. The value of y can be evaluated as suggested
in [2], for example. In this model, velocity and acceleration of the body are given by:

Vo o npy?

- R i 5= M Vytan?(B) £ M

E'OMtanz(ﬂ)
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Fig. 1 Von Karman’s momentum approach. Where f is the deadrise angle, & the penetration depth,
r the wet distance from the wedge edge. The cross-hatched region represents a half disk of water
of radius r moving with the wedge

In von Karman’s model (Eq. 1), the impact force reaches its maximum value

. (5 v fam )
= (2) g 5o ?

when the velocity is
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Equation 2 shows that the maximum force increases with the square of the
velocity and the square root of the mass of the wedge. F'* is inversely proportional
to tan(f) so that it decreases as 8 increases and it becomes infinite as the deadrise
angle tends to zero. When 8 becomes small, r becomes very large, the added mass
becomes infinite and the wedge stops instantly. Equation 3 shows that the velocity is
5/6 times the initial velocity when the force reaches its maximum. Equation 4 shows
that the penetration depth at that particular instant is proportional to the square root
of the mass and to tan(f) (tan(B) = 0 implies no penetration). Combining Eqgs. 4

and 5 gives
16t 2M
v _ 16tn(p) ©
15 W 5mpy?

This shows that the force reaches its maximum at a time that is inversely
proportional to the initial velocity and increases with tan(f). Figure 2 shows the
overall acceleration and velocity of a wedge of 20 Kg per unit with entering the
water at 4 m/s for various deadrise angles. It is shown that decreasing the deadrise
angle from 30° to 5° leads to an increase of the maximum acceleration and a
reduction of the characteristic time #*.

the penetration depth is

and the time is

(&)
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Fig. 2 Von Karman solution. Acceleration and Velocity of a wedge varying the deadrise angle .
Total wedge mass: 20 kg per unit width

Wagner [3] later extended Von Karman’s method to predict the pressure distri-
bution at the fluid/structure interface during the impact. In this model, the pressure
along the wedge is given by:

PX) s m 5 T §r 1 £’
P =dvrtox +2tan(ﬂ)Vr2—x2 272 —x?2 @

Equation 7 shows that the pressure becomes infinite when § tends to zero and
there is a singularity near the end when x tends to . The maximum impact pressure
Pmax is Obtained by defining dp/dc = 0 and assuming the acceleration of the body
& to be negligible. This gives

1, T
DPmax = E’OV 1+ S cot B ®)

which occurs at the location

4 2 %
tan” :| ©)

sz[l— o

since p,,qr Occurs some time ¢ after the instant of impact #y, V' is used in Eq. 8 since
it might not be the impact velocity V4. At the keel of the wedge, x = 0. From Eq. 7,
the impact pressure at that point is

1 .
Dheel = EPVZNCOZ(.B)‘FgPL (10)

if E can be neglected,

1
Preet = 5 P V21 cot(B) (11)
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These analytical models were developed for the analysis of the water entry of
rigid bodies and are not capable of accounting for hydroelastic effects, since the
changes of the fluid motion due to the structural deformation are not accounted.
Thus, in the present work, Wagner and Von Karman solutions will be used to
validate the numerical model in the case of slamming of rigid bodies, while the
validated numerical model will be used to study the water entry of deformable
wedges, since hydroelastic effects might appear.

Since Wagner developed the first analytical solution to evaluate the pressure
during water-entry problems, much effort has been devoted to slamming problems,
resulting in an impressive amount of papers: more than 200 papers were listed in the
Ship Structure Committee report SSC-385 [4].

In the literature, many analytical methods extend Wagner’s method to different
shapes (e.g. [2,5]) and are very effective when dealing with the water entry
of simple-shaped structures impacting the surface with pure vertical velocity.
However, these analytical models are limited to the analysis of simple-shaped
bodies impacting onto a free and initially calm surface. Yettou [6] developed an
analytical solution to symmetrical water impact problems, showing a very good
agreement between experimental results and analytical solutions of the water entry
of rigid wedges. Some of these solutions are even capable of accounting for oblique
impacts (e.g. [7-9]). It is reported that there are particular conditions (entry velocity,
deadrise angle and tilt angle) where the fluid detaches from the wedge apex (i.e. the
keel) introducing difficulties in evaluating the pressure at the interface by analytical
formulations. Chekin [10] concluded that there was only one unique combination
of wedge angle and impact angle from which no separation of flow from the vertex
would occur. For a given wedge and wedge orientation, any other impact angle
would force separation. Defining Up the horizontal velocity and W, the vertical
velocity, the ratio 5,—‘; at which the flow separation appears is less for bodies of larger
deadrise angles. For small asymmetric impacts, the cavity flow that generates at the
apex during the water entry is very small. Furthermore, the flow that separates from
the apex quickly re-attaches to the wedge. A symmetric body impacting with hori-
zontal velocity will produce a flow similar to asymmetric impact with only vertical
velocity when rotation about the x-axis is not allowed. In [7], Judge at al. performed
experiments on wedges where asymmetry and horizontal impact velocity are present
and compared the results with an analytical solution, showing good agreement
for low angles of asymmetry and small ratios of horizontal to vertical impact
velocity.

Some models are even capable of accounting for the coupling between the fluid
motion and the structural deformation [11-15]. However, in order to fully describe
impact forces and resulting structural response, other different phenomena (like
trapped air, hydroelastic interaction, compressibility effects, and non-linear free sur-
face mechanics) must be considered. These phenomena need further investigation.
Accurate prediction methods for hydrodynamic loads are needed in order to reduce
the probability of structural failure.
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1.2 Hydroelastic Effects in Water Impact Problems

The analytical models developed for rigid bodies might not be used to study the
water entry of deformable bodies since the structural deformation might change the
hydrodynamic pressure and the impact dynamics due to hydroelastic effects. This
section gives a brief review about the known methods to study hydroelasticity during
slamming. Experimental, analytical and numerical approaches are presented.

Hydroelasticity is the dynamic interaction between water and a structure (some-
times called fluid-structure interaction). Water entry is only one example of it.
Faltinsen in his review [16] on hydroelastic slamming show that it is common to use
an equivalent pressure resulting in the same maximum strain in the structure reached
during the dynamic event, but has no physical meaning and the resulting pressure
load would be an order of magnitude smaller than the maximum physical pressure.

Due to the mutual interaction between the fluid motion and the structural
deformation, the hydrodynamic loads that elastic bodies are subjected during the
water entry might differ from the loads acting on rigid bodies [17]. The concept is
that the impact pressure is related to the movement of the impact region with respect
to the water [18]. In particular, as mentioned in [14], the evolution of the wetted
body area in time is an important characteristic of the impact, which strongly affects
the magnitude of the loads. Elastic structures with low deadrise angles are the most
subjected to changes in the impact dynamics respect to rigid structures, since a small
deflection of the structure might result in a big difference of the wetted surface and
consequently the hydrodynamic load. Such problems are still difficult to analyze
and compute.

Carcaterra and Ciappi [19] studied the water entry problem of elastic wedges
simplifying the deformable wedge as two rigid plates connected by a rotational
spring of constant stiffness. They show how the hydrodynamic force is affected
by the deformation of the wedge. It was found that during the initial phase of the
impact the deadrise angle decreases due to the structural deformation. When the
deadrise angle becomes smaller, the wetted surface is increased and an increment
of the hydrodynamic load, with respect to the rigid wedge case, is observed. When
the wetted front crosses the center of gravity line, an opposite moment contribution
arises that tends to contrast the deadrise decrement. Alternate closing and opening
of the wedge was predicted. They showed that this phenomenon could be observed
only if the natural period of oscillations is small compared to the characteristic
time of application of the hydrodynamic force. They observed that the mass of the
plates composing the wedges has an influence on the stresses at the beginning of
the impact, when the inertia induces the deadrise angle to decrease, even if the
hydrodynamic load itself is pushing the wedge to close and increase its deadrise
angle. A similar effect was experimentally found by Arai and Miyanki [20].

Kapsenberg [21] reported that, in case of hydroelastic phenomena, the magnitude
of the deformation of an elastic body might be lower than the one expected from
classical beam theory and neglecting hydroelastic effects can, in an extreme case,
result in an over-prediction of the deformation (hence the stress) by a factor of 10.
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Several scientists [16,20-29] investigated the water impact of elastic structures,
showing that the the relative importance of the elasticity of the beam on the hydro-
dynamic force is governed by deadrise angle, panels thickness and impact velocity.
Hydroelastic effects are relevant when the relative angle between the body and the
surface of the fluid is small, and if the duration of the impact is short relative to the
resonance period of the structure. Hirdaris and Temarel [30] suggest that particle-
based methods, as other numerical methods, are expected to become increasingly
used in the future, but currently suffer of lack of computational efficiency. Further
studies and validations on its applicability to water entry problems are needed.

Many solutions of water-entry problems are available and many are very effective
in dealing with the water entry of complex geometries, sometimes even considering
oblique impacts (e.g. [7]), but most deal with rigid structures. To study more realistic
situations, many numerical methods capable of coupling the fluid dynamics with the
structural response have been used [11,12,15,25,31].

Seddon and Moatmedi [32] review the literature on the water entry problems for
aerospace structures from 1929 to 2003 and show that very few efforts were made to
develop solutions for non-vertical impacts, three-dimensional bodies, or deformable
bodies. The majority of the work on these problems is experimental. They suggest
that Smoothed Particle Hydrodynamics (SPH) can possibly be a tool to study these
problems, but that a large amount of work is required to validate such models. One
of SPH’s major advantages is the ease of treating fluids presenting a free surface,
together with the possibility to interact with FEM models, while its major limitation
is the very expensive computational time due to the high number of particles needed
to model the fluid, which limits its application to relatively small two dimensional
models [33-36]. For example, in [35] 21 millions particles are needed to obtain
results similar to Wagner’s solution for the water entry of a rigid wedge. Anghileri
et al. [37] used the SPH method to study the water entry of a rigid cylinder and a
rigid wedge, showing a good prediction of the impact force.

Shao [38] performed a sensitivity analysis by refining the particle spacing. It
was found that the spatial resolution can have a relatively large influence on the
flow in the water splash-up region (the water entry produces a water jet piling up
the wedge panels during impact, see e.g. [39]), but it has less influence on the
falling velocity of the object and the fluid forces. The finer the particle resolution
is, the better the detailed flow structures can be resolved, but at the cost of more
computational time. For the pressure evaluation at the fluid/structure interface,
many articles show results that are inaccurate and lack details, to the point that
this technique cannot be considered to be fully suitable for this purpose [34—
36]. In general, the pressure values suffer noise due to numerical fluctuations. An
averaging therapy on the pressure field has been recently proposed in the literature
(see i.e. [40]). Molteni and Colagrossi [41] proposed the introduction of a proper
diffusive term in the continuity equation to increase the smoothness and the accuracy
of pressure profile. They showed that this corrective method does not alter the
match of the numerical solution with the analytical one. However, no fluid/structure
interaction problems are treated in their study. Kapsenberg [21] reported that SPH
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is numerically a very robust method and impressive results are obtained for very
violent phenomena. However, work on verification of the results (convergence with
respect to particle size and time step) is not yet at the level of the normal CFD.
Kapsenberg also reports that the main problems related to the SPH method are
difficulties in correctly reproducing the pressures wave propagation and a robust
treatment of the fluid/structure interface, while computer requirements are an order
of magnitude higher than for classic CFD methods.

During the water entry of flat-bottom structures with high velocity, air can be
trapped in between the fluid and the structure. The next section describes this
phenomenon.

1.3 Air Cushioning Effect in Water Entry

Trapping of air in the fluid during the water impacts is common in case of impact
of flat-bottom structures [43]. This section describes its relieving effects on the
maximum impact pressure.

In [44] two-dimensional impact tests of a rigid flat-bottom model indicates
that the maximum impact pressure is nowhere near the theoretical infinitely
large hydrodynamic pressure or near the theoretical acoustic pressure. With the
assumption that no air is trapped in the fluid during the slamming event of a flat
structure, an approximate value of the maximum impact pressure is [45]:

Pmax = PCVO (12)

where p is the pressure, p is the fluid density, ¢ is the speed of sound in the fluid, and
Vo is the impact velocity. However, evidences resulting from investigations reveal
that the impact of flat structures is cushioned by the presence of trapped air between
the falling body and the water. If all the air is forced to escape during a flat-bottom
drop, the air velocity must be infinite just before impact occurs. Consequently some
air is trapped between the water and the structure: as the body approaches the surface
of the water and the air cannot escape fast enough, the pressure deforms the surface
of the water before contact is made. Then, a large air bubble is trapped under the
body. This causes the impact pressure to be reduced. Air trapping is maximum for a
flat-bottom structure, but it appears (with lower magnitude) for deadrise angles up to
about 10°. The cushioning effect of the compressible air trapped between the impact
body and the water surface reduces the impact pressure to about one-tenth of the
acoustic pressure predicted by Eq. 12. Evidence from Chuang’s investigation [18]
supports the thesis that Wagner’s hydrodynamic impact theory does not apply to the
impact of wedge-shaped bodies with small deadrise angles. Furthermore, Chuang
experiments showed that a deformable body affords considerable relief from the
impact load.
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1.4 Experimental Studies

This section introduces some of the experimental studies on the water entry found
in the literature. Most of them investigate the water entry of stiff bodies. The
major attention is given to the evaluation of the impact dynamics and the pressure
at the fluid/structure interface (e.g. [37]). For example, Engle [46] studied the
water entry of rigid wedges measuring the pressure at the fluid/structure interface.
Results based on peak pressures at different impact velocities compared well
with Wagner’s theory. Some authors attempted to experimentally investigate the
parameters affecting hydroelasticity during slamming. Several scientists [24-27]
reported that the water entry of deformable bodies is affected by various parameters:
stiffness of the structure, presence of entrapped air between the structure and the
water surface. It reported that the ratio between the impact duration and the period
of the first dry mode of vibration is the key factor in deciding when the analysis of
the structural response should include elastic deformations.

Faltinsen [16,22] showed that, due to hydroelasticity, cavitation may occur since
pressures becomes negative relative to atmospheric pressure during the second half
of the first wet natural oscillation period; ventilation might also appear, i.e. air can
be caught in an air pocket in the water leading the air flow to interact with the water
flow. Recently Huera-Huarte [47] experimentally studied the hydrodynamic load
on panels entering the water at speeds higher than 5 m/s and low deadrise angles,
showing that for angles lower than 5° air entrapment is important and the analytical
solutions tend to overestimate the hydrodynamic loads.

Results found in the literature show that there are particular conditions where
hydroelastic, air entrapment, cavitation and ventilation phenomena might occur
during slamming. However, a reliable tool to predict the occurrence and the
magnitude of such phenomena is missing.

1.5 Scope of Present Investigation

As shown in the previous literature review, there are many complicating factors
related to hydroelastic effects. Many authors concentrated on the experimental
evaluation of the pressure variation due to the structural deformation during the
water entry. The primary objectives of this work are:

e Experimentally evaluate the hydroelastic effects by experiments where the
dynamic interaction between the structural deformation and the fluid motion is
high.

* Develop a numerical model to study the water entry of deformable bodies which
can correctly predict the overall impact dynamics and the impact-induced stresses
and validate it by comparison with the experimental results.
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This study presents an extended experimental campaign on the water entry
of deformable wedges. Experiments investigate the water-entry of composite and
aluminum flexible wedges varying thickness, deadrise angle and impact velocity.
The objective is to develop a reliable formula capable of estimating the maximum
stress reached during the water entry of deformable bodies.

Results of the impact-induced accelerations are compared wit