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Introduction

Introduction

Generally, when marine vessels encounter the water surface on entry and subsequently re-
enter the water at high speed, this can subject the bottom section of the vessels to high
hydrodynamic loads, especially over very short durations, as shown in Figure 1. This
phenomenon can be defined according to the concepts of marine structure designers as
vertical or bottom slamming. This phenomenon generates high hydrodynamic loads, which
can cause a catastrophic failure in the structure [1]. When considering the design requirements
and the slamming event, ship designers usually estimate and characterise the structural
response by applying uniform pressure distribution, although in reality, the hydrodynamic
pressure generated by the slamming event is not uniform and local hydrodynamic loads

always occur [2].

Figure 1.Slamming impact

The appearance of the composite structures in the last decades has encouraged the
exploitation of these structures in major construction projects for lightweight marine and
aerospace applications. This is due to the nature of their mechanical properties which as they
have a high stiffness-to-weight ratio. Furthermore, in comparison to heavy metal materials,

composite materials possess good characteristics for particular applications such as:
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*  Minimum weight,

= Aesthetics (especially through formability),

* Longevity,

* Maintainability and reparability,

= Corrosion and environmental resistance,

= Signature performance (stealth, magnetic, acoustic, thermal, electromagnetic),
= Specific strength characteristics.

On the other hand, these structures are always subject to different and complex damage
mechanisms under dynamic loading, Figure 2. Consequently, the complex behaviour of the
damage during initiation and propagation in these structures needs to clarified in order to
overcome this problem and incorporate these findings into the design phase. Therefore,
further researches have needed to investigate and analyse these failure modes under dynamic

slamming loads.

Figure 2. Failure due to slamming impact

In addition, limited research has taken into account the influence of flexibility on these
structures when interactive with the fluid. They have concentrated their efforts on the
slamming impact of rigid bodies, whereas the structure flexibility has an effect on the

hydrodynamic loads, as their vibration can change the fluid flow along the fluid-structure

2
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interaction. Therefore, it is not sufficient to use the maximum loads determined from rigid
bodies. In the slamming event, the interaction effects lead to a modification in the
hydrodynamic loads acting on the structure, as a result of the inertia and kinematic effects of
both fluid and structure, Figure 3. This leads to the introduction a phenomenon called
hydroelastic influence. Therefore, it is important to integrate these effects into the design

phase for a more reliable estimation of the vessel performance [3].

Rigid body Deformable body

(a) Variation in deadrise angle

Velocity Vectors:

Rigid body = Rigid body v,

= Rate of deflection

Deformable body ‘1{= Met v,

(b) Variation in local velocity

Figure 3. Effect of the structure flexibility [4]

Thesis objectives

The motivation of this work is to quantify the structural response of deformable composite
(laminate and sandwich) due to the hydroelastic influence along the water-structure interface
during the slamming event, which can have a great influence on hydrodynamic loads and the
failure mechanism. These effects are significantly very low in rigid bodies. Consequently, the
kinematic and dynamic boundary conditions of the fluid along the interface always remain
unchanged. Therefore, an experimental campaign was performed for various impact velocities

and various stiffness wedges composed of laminated panels and sandwich panels.
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On the other hand, for more true-to-life simulation of the failure modes of composites used
on vessels which are subjected to repeated slamming impacts over their service time, we have
incorporated these modes in the numerical model. This model is capable of predicting both

interlaminar and intralaminar failure for composite structures.

The second objective of this work is to model an appropriate numerical model to estimate
the hydrodynamic loads for different flexibility of composite structures subjected to slamming
impacts. Consequently, it can provide the validation of the simulation of the water entry
problem after validation by experimental studies, as the experimental test is expensive to

perform.

Thesis organisation

The adopted methodology of this work is summarised schematically in Figure 4. This

thesis consists of six chapters as follows:

Chapter one gives an overview of literature reviews that deals with slamming
phenomenon which were solved using analytical, experimental and numerical methods for
both rigid and deformable structures. For deformable structures, the hydroelastic effects were
addressed briefly in previous works which handled both the laminated and sandwich
structures. The effect of the air cushioning is briefly reviewed in order to illustrate its

influence on the slamming event.

Chapter two deals with the implementation of numerical methods, that began with the
slamming impact of rigid bodies in two dimensional configuration using the Arbitrary
Eulerian Lagrangian method (ALE) and investigated the parameters which influence on
results accuracy of this method, including the contact methods, mesh density, deadrise angle,
impact velocity and the body shape. This chapter includes the Coupled Eulerian Lagrangian
(CEL) approach which was employed to deal with deformable structures. Finally, the model
was created and validated against previous experimental works (results from the literature)
evaluating the slamming water impact. Integrating these models into our work increased its

authenticity.

Chapter three is devoted to a state of the art concerning the damage modes and failure

mechanisms in composite materials and sandwich structures. Moreover, some of the
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parameters were briefly addressed such as the stacking sequence and impact velocity which

have an influence on the failure mechanism of these structures.

Chapter four introduced the details and the procedure of the intralaminar damage model
using the VUMAT subroutine and interlaminar damage using the cohesive zone model. The
model was implemented for various loadings beginning with a single element and extending

to include high velocity impact.

Chapter five, presents the experimental investigation of the flexible laminate and
sandwich panels (panels with different stiffness) and different velocities of impact were
implemented to characterise the response of structures subjected to slamming impacts. This
was done by using the high velocity shock machine which is capable of keeping
approximately constant velocity through impact duration. In general, the experimental data
impressively demonstrate that flexible panels have a high hydrodynamic force and
significantly more dynamic noise than higher stiffness panels, which indicates that the water-
structure interaction has an influence on the hydrodynamic loads. The maximum force and
deformation which occurred close to the chine had enough capacity to cause damage to the

structure, leading to catastrophic failure.

Subsequently in Chapter six, besides the experimental data was obtained in the previous
chapter, the numerical results based on the CEL approach were validated by comparison with
experimental data. The research extends to the assessment of the different modes of failure in
both composite and sandwich panels by incorporating the interlaminar and intralaminar
compositions which discussed in Chapter three. The hydrodynamic force and the structural
deformation were confirmed with experimental data. However, the accurate numerical results
showed good agreement with the experimental data, but exhibited some differences in the
time and the peak force. This was due to variations in the experimental velocity of the impact
duration which was not constant as in the numerical model and maybe other possible types of

damage occurred.

Finally, the main conclusions of the experimental results and the numerical investigations
and the contribution of this work for the estimation of the slamming loads and structural
response in naval applications were discussed. Some suggestions have been made to improve
and identify possible perspectives for future work, in order to achieve better solutions for the

present study. This thesis has led to the following publications:
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1.1 Introduction

Slamming is the water impact loads against the hull bottom which has important influence
on the structural ship design. These loads can cause both local and global effects and generate
unwanted vibrations in the structure, Figure 1. 1. The global effect is often called whipping.
The hydrodynamic effect is important parameter for the global slamming event. On the other
hand, local slamming can cause a high pressure impulse which happens in small time [1, 2].
Loads that occur during the slamming of the body into a water surface are strongly relevant in
defining vessels design requirements. Unfortunately, the analysis of this scenario are
challenging for several reasons. During impact, free surface was characterized by a thin jet
with velocities that are much larger comparing with the body velocity. This means that free-
surface undergoes stretching and its topology becomes extremely complex, especially with
elastic bodies that may require a more in-depth investigation about the pressure changing
distribution, local and global stresses [3]. The slamming impact could be categorized into four

groups as bottom, wet-deck, bow stem and bow-flare slamming, Figure 1. 2 [4].

Figure 1. 1. High speed vessel with slamming impact
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Figure 1. 2. The slamming impact categories [4]

1.2 Slamming of the rigid body

The major interest of ship engineers is to find the analytical solution capable of estimating
the hydrodynamic loads and the impact pressure distribution when the slamming event
occurs, as these loads can be used for structural analysis during the design process [S5]. The
slamming pressure distribution can be use in the static structure analysis to find the local
impact induced stresses, when the local deadrise angle between the fluid and the structure is
not very small at the impact position, while the hydrodynamic calculations can be assumed
for a rigid body [1]. Several assumptions were established to calculate the pressure for the
rigid body which assumes the fluid is incompressible and the flow is irrotational. Von
Karman who is the first author attempting for determining analytically the slamming loads
using the mass conservation with disregarding the effect of free jet flow [6]. More adapted
method based on Wagner theory that taken into account the effect of jet flow of free surface,
which assume the impact of the blunt body for small deadrise angles [7]. Dobrovol’skaya [8]
introduced a similar solution for the symmetric wedge with a constant entry velocity, which
calculated analytically by integrating the solution numerically. This method is suitable for a
variety of deadrise angles. In contrast, the drawback of this method is that it is incapable of
solving the flow for arbitrary buoys. Zaho and Faltinsen [9] presented numerical results of
water entry problem with constant velocity using the new similarity solution without flow
separation. This method was applied to two dimensional arbitrary cross-section for a wide

range of deadrise angles using a Boundary Element Method (BEM). The jet flow was cut off
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to give more stable numerical results in small deadrise angles. This gave a good estimate
compared with other approaches. An extension of this method for asymmetric bodies was
performed to include the flow separation from the Knuckles. The flow separation was
estimated using the Kutta condition. The results of this method were compared with drop test
experiments to validate wedge and flare sectional for shapes of vessel [10]. Yettou et al. [11]
developed a new analytical solution for rigid symmetrical wedges entering the water by
extending the approach of Mei [12], taking into account the effect of impact velocity
reduction on the hydrodynamic pressure and force, Figure 1. 3. They explained that the
pressure coefficient reduction over time depends on the body mass and the initial impact
velocity. Scolan and Korobkin [13] used inverse Wagner theory for the three dimensional
bodies of water entry problem, by assuming that the velocity of the fluid and the projection

plane of the wetted surface were given at any time instance during impact duration.

Transient flow Permanent flow
(impact at variable velocity) (impact at constant velocity)
AL z

=Y (1) m v, = 'u"P then

peaks pressure ane reughly identical
Srr’s

V, (1 l, o vpl,

Figure 1. 3. Analogy between constant and variable impact velocity for the wedge

1.2.1 The analytical model for pressure distributions based on Von Karman

The slamming theory was initially studied by Von Kédrman in order to analyse the slam
induced loads on the bottoms of seaplanes during landing, by simplifying the slamming
problem of a wedge [6]. He studied the theoretical solution a deadrise angle of around 20° for
the wedge based on the conservation of added mass. Knowing that the angle between the
horizontal plane of water surface and the body is £, and the wetting half width in calm water
is x, see Figure 1. 4. The calculation of the force applied to the structure was obtained by the

use of the conservation of momentum and given by Equation (1. 1):
M*Voz(Madd+M)*V, (11)
where, My 44 = % x2pm

12
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V(Mggg + M) =M *V, (1.2)
_dy dx (1.3)
V= E = tan,B E

Where M,qq4, is the unit added mass of the wedge, M the total added mass of the wedge, V,

is the initial velocity of the wedge and V represents the impact velocity of the first contact.

By combining Equations (1.2) and (1.3), we will have:

dx  Vpcotf (14)
dt . . x’pgm '

Then the acceleration of the fluid can be calculated by derivative of Equation (1.4).
Therefore the impact force can be calculated using Newton's second law (F = Ma) and the
pressure defined as:

F Vo? cot
pot _ PV’ meoth (L)

2x 2 2 3
(12

2M

According to Von Kdrman, the maximum pressure occurs in the middle of the plate and the

first contact can be determined as:

pVolm cot B (1.6)
Brax = T

Figure 1. 4. Schematic of rigid wedge, Von Kdrman method [6]

13
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The jet flow of the fluid along the interface is not taken into consideration in this method.
Therefore, slamming pressure distribution cannot be determined depending on the
conservation of the momentum, therefore fluid mechanics was applied to the slamming

phenomena.

1.2.2 Analytical model based on pressure distributions using Wagner's slamming
impact theory

Wagner extended the Von Karman’s method which takes into account the jet flow effect
[7]. This theory assumed that the fluid is ideal and incompressible. It is also ignore the air
cushion effect gravity can be neglected as the acceleration of the fluid was assumed to be
higher than gravity. Figure 1.5 shows the impacting symmetric body and the free surface in
the outer flow domain. The water entry velocity V is constant, the Vt represents the
submergence of the lowest point of the body from the free water surface. There is an up-rise
water caused by the impact; the volume of the water above z =0 is equal to the volume of the

water bellow z=0 for the body’s displacements for z < 0.

B2 |

_welted half beam ! y

= I

chinel, Y A et i

% ey Dormadin
\_/water surface

pressure distribution
Figure 1.5. Slamming impact of the wedge body

By examining Euler's equations which are the basis when deriving Bernoulli's equation:

W =2k
It v.Vv = ) g (L.7)

Where v, p, g, K represent respectively, the fluid velocity, the pressure, the gravity and the
unit vector along the z axis. Assuming that both v.Vv and gK are small relative to dv/dt

then:

14
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dv (1.8)
—=_V
p P

Assuming that the water surface is calm and has irrotational flow, then v = V¢ represents
the potential velocity of the fluid relative to the z axis and x axes that is approximately equal

to the total potential velocity relative with time:

Assuming that there is no surface tension and atmospheric pressure p, on the free surface,

. d . . .
this means that p d—‘f + p is a constant, which gives:

d¢
i (1.10)
P=Pa=—P

d . L
On the free water surface p = p, , therefore d—(f = 0. The water particles move at initial

time with ¢=0.

The free surface moves when the %7&0. According to the boundary condition on the
wetted body surface, then:

d¢
- = -V, x| <c¢, z=0, (1.11)
Where V represents the vertical velocity of the structure

Integral the both side of the equation above. Therefore, the velocity potential on the body

surface can be formulated as follows:
¢ =-VJcz2—x%2(t),|x| <c; (1.12)

To determine the hydrodynamic pressure, V will be time-dependent, suppose that the
. . . .t .
vertical distance of the lowest point on the keel is f oV (t)dt relative to the calm water surface,

which gives:

c dc v 1 x?

—p, = S — 2 _x2) — — — pV? 1.13

dt 2 c? — x2

15
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The first term in Equation (1.13) was denoted as the slamming pressure. It is associated
with the rate of change of wetted surface which is approximately 2dc/dt. The second term is

called the added mass pressure, which equals to infinite pressure at x = + c, this state is

unphysical.
From boundary conditions where a¢ _ Ll, X < ¢, Z = 0, the elevation of free water
dz  (x2-c2)'/2
surface is:
td
ne =f o (1.14)
o dz

If the fluid particles rise to the free water surface and the same position on the x-axis of the

body surface, then I](t)=I]b, and assuming that V(t) = V% then:

V(c)x

—d
V (x?% —c?) ‘

For the wedge, the curve shape is By=x tanp, therefore, the half wetting width c(t) at any

N() = N, () = f (L15)

instant time is equal:

I

c(t) = 2 tanp

t
f V(t)dt (1.16)
0

By deriving both sides of Equation  (1.16) as a function of the time we obtain:

dc T Vot
_— %
dt 2tanpf

(1.17)

When the impact velocity is constant during the penetration period, then the second right

term of the equation (1.13) is equal to zero, and thus the pressure coefficient C, has been

obtained:

o _P~Pa_ TC x?

’ %pvz_tanﬁ\/m c? —x? (1.18)

Where the maximum peak value of the pressure according to Wagner's theory is:

16
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Cp max = 1+W (1.19)

To determine the slamming force along the body surface, we integrate Equation (1.13) as

follows:
¢ dc (¢ dx dv (¢
F=J. dx = Vc—f—+ —f c? —x? dx 1.2
paxEeVeR) oo Pa )Y (1.20)
Thus
F=pnVc §+ Eczd—v (121
—F at " P2 Tar

For the wedge, the vertical force coefficient of a unit length with constant velocity as

follows:

F

Cp = T tan?p (1.22)

The vertical force coefficient equals 3m/4 according to Wagner's theory, while in Von

Karman's theory this coefficient equals 7 because it ignores the free water surface elevation.

As illustrated in Figure 1. 6, based on the asymptotic method the slamming impact event

could be decomposed into three regions [14]:
1. The outer domain: where the flow is similar that obtained around a flat plate.

2. The inner domain: the spray source domain near the contact line where the flow

overturns to create ajet.

3. The jet domain.

) et domain

t Inner domain

Symetry

Quter domain

Figure 1. 6. Slamming model description for inner, outer and jet flow domains
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A-The outer domain

This problem reduces to Taylor series at the first-order of the conservation equations in the
neighbourhood of zero. Boundary conditions are projected onto the plane z = 0. Assuming

that the fluid is initially calm and irrotational, then:

B=v¢ (1.23)

By using the mass conservation equation, the velocity potential satisfies the Laplace

equation:
Ve =0 (1.24)
By submitting Eq. (1.7) in equation below, E: = —p gK, where Ff is the gravitational forces

of the fluid, g is the acceleration of gravity, then we obtain the pressure in terms of the

velocity potential.

d—¢+1(|7¢)2+3+ K=0 (1.25)

dt 2 p g '
For the free surface boundary condition there is no pressure p=0, and if the gratify effect

are neglected, and thus the pressure is determined by the potential rate and quadratic terms of

the velocity potential.

d¢

1 5
— 4= |7¢) =0 26

Assuming that atmospheric pressure pa=0 in Equation (1.10), the water particles start at
initial time with ¢=0 at t=0 and z = 0, then we obtain the pressure:
d¢
P=—Por (1.27)

The problem could be solved analytically by determining of free-surface elevation and the

velocity potential:

t

z(x,t) = =Vt +V f

X
2= 420 dt (1.28)
0

18
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And,
¢ = —vyc? —x?(t) (1.29)

Where c represents the projection of the wetted line on the water surface z=0, thus the

pressure for the outer domain is:

V c(t) dc

pe(x,t) = PW-E,

B- The Inner domain.

forx < c(t), where c(t) = (1.30)

TT.
2an(p)

For the inner domain based on the Taylor expansion, where x=c, the jet flow thickness is

equal to:

UALLNLG ) @

‘W=——%"&

The inner pressure could be determined as follow:

2p u dey?
) - " (= 1.32
Pin(%,0) (1 + u)? '(dt) (1.32)

Where u related to x as follow:

x—c(t)=?(—21nu—4u— u? +5) (1.33)

The maximum p;,, occurs when:

e 0 <u<1 for x >c(t)
e u=1 for x = c(t)
e u>1 for x<c(t)

The common pressure between the inner and outer domain becomes:

= Ve® de for x < c(t) 1.34
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Any moment of impact can determine the hydrodynamic pressure can determine the
hydrodynamic pressure by summation of the outer and inner pressure domains and subtracting

the common values of both, assuming the velocity is constant [9].

The pressure for the rigid body equals:

P = Pin T Pout — Pcom (1.35)
Considering that the velocity is not constant over the time, this should be considered to

take the wetted surface calculation, therefore the outer pressure is given by:

V c(t) dc

dav
——.—+pJci(t) —x%? —,
c2 (t) — x2 dt

T forx < c(t)

pe(x, 1) = p (1.36)

According to the analytical methods mentioned above, the predicted of slamming loads
results have limited usefulness, as they are limited to simple geometrical shapes and just the
initial stage of the impact [15]. Table 1. 1 illustrates some the analytical and numerical

methods of impact slamming for a rigid body.

Approaches Theory base Free surface Cr Poax
Von Kdrman Momentum Negligible
2
(1929) theory deformation of T P = M
2
free surface
Wagner Potential flow The free
P
(1932) theory surface (pile- e
‘ 3n/4 pV,? n’cot’B
up) taken into = 1+
2 4
account
Zaho and Potential The free
Faltinsen theory surface (pile-
. F L
(1993,1996) Non-linear up) and flow . tan’f | P, =05pV? —r
BEM separation take
into account

Table 1. 1. Analytical and numerical methods of impact slamming for rigid body
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1.3 Experimental investigations on rigid bodies under the slamming impact

There are several experimental attempts which have studied the slamming phenomenon to
further the understanding of influence of hydrodynamic loads against ship structures.
However, these attempts have concentrated on rigid bodies and most of these have been
achieved using drop test impact. Chuang [16] performed a series of experimental tests for a
wedge-shaped steel body with deadrise angles less than 15° to determine the effect of trapped
air, which has an important influence on the slamming phenomenon with deadrise angles 3
such that (0° < < 15°). Wu et al. [17] analysed the hydrodynamic problem numerically and
experimentally for symmetric wedges with different weights, entering velocities and deadrise
angles by means of the drop test. They noted that the comparisons between the numerical and
experimental results were in good agreement, and that the divergence became increasingly
apparent for the deadrise angle less than 45°. They explicated this discrepancy by the air
cushion, which leads to a change in the acceleration before and after the wedge enters the
water. B. Peseux et al. [18] solved three dimensional Wagner’s theory numerically using the
finite element method for rigid and deformable structures and performed a series of the
experimental tests with different deadrise angles and thicknesses, and analysed the
distribution and evolution of the pressure. Backer et al. [19] performed a series of drop tests
for hemispheres and conical shapes with different deadrise angles. Pressure distribution and
elevation of the water flow were compared with a three dimensional asymptotic theory with
constant velocity. They found that this method overestimated the experimental results by 25-
50 %, Figure 1. 7a. This difference may be attributed to the separation of the water jet from

the body which was not considered in the analytical method, Figure 1. 7b.

= = = Asymptotic theory hemisphere
== Asymptotic theory cone 20°
Asymplotic theory cone 45°
+  Exp hemisphere — K31A

Exp cone 20" — K30A
+  Exp cone 45" — K30
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I
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i
i

20 |

15|
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10F

o
T
= e e e g

0 0.1 0.2 0.3 0.4 0.5 06
U R )
(a) Pressure coefficient (b) Water surface elevation t=0.008 s

Figure 1. 7. Slamming impact of axisymmetric bodies [19]
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Constant impact velocity has been used widely to enhance results of analytical methods.
Tveitnes et al [20] studied the water entry problem for wedge-shaped section with constant
velocity to further the understanding of planning and slamming of marine vessels. E1 Malki
Alaoui et al. [21, 22] performed experimental studies for both axisymmetric and pyramid

rigid bodies under constant impact velocity up to 20 m/s using a high-speed shock machine,

Figure 1. 8.
(a) High speed shock machine
< 10 cone Je 157 . 210"

g [ . . .

i i ——V=10m/s
8 ﬂ’ —=-V=15m/s —=V=13m/s %.Z‘“T
I d“ B 8H-=V=15m/s
' ! —V=Bm/s ——Cone 15% a8 15 m,/s
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l"ﬂ_
i
Hydradynamic load [N]
o
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w‘:“\ e
h’;\"* g
£

1 ——ITW.#HF _-F:;I'/ — .-""Mf
:- ':J.iF\- ¥ 15 2. 35 3 &% 2025 3 35
Time [s] <107 Time [4] x10°
(b) Hydrodynamic loads, Cone (c) Hydrodynamic loads, Pyramid

Figure 1. 8. Slamming impact with constant velocity, B=15° [21, 22]

Nuffel et al [23] studied the local hydrodynamic pressure of a large set of slamming drop
experimental tests for quasi-rigid cylinders, Figure 1. 9. They found that test results for
deadrise angles larger than 4.25° gave a good estimation of impact pressure comparing with
the Wagner’s theory. On the other hand, the results diverge from the Wagner results when the
deadrise angle is less than 4.25°. They attributed this to the compressibility of water not being

included in Wagner's theory as compressibility can play a significant role in slamming impact.
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Figure 1. 9. Schematic of the experimental set-up [23]

1.4 Experimental studies of the deformable slamming impact

The slamming impact could be categorized as a longitudinal and transverse strength
loading by water surface that hits the structure severely. However, the force generated from
this phenomenon can be combination of both longitudinal and traverse loading, and as a result
causes global and local effects on the structure. Besides that, the vessel speed has become an
important aspect in marine design. Therefore, design requirements have been optimized in
relation to the structural weight. For this reason, composite materials and sandwich panels are
widely used in the construction of vessel structure. Consequently, analysis of the hull
response to static and dynamic loadings should be a prerequisite in ship design. However, the

structural responses were dominated by local loads rather than global loads.

In deformable structures, the hydrodynamic and hydroelastic influence are considered
simultaneously. Thus, the interaction of these influences happening in some manner cause the
water flow to change due to structural elastic vibrations, and the difference in hydrodynamic
pressure in the particular locations [24]. This flexibility can change the fluid-structure
interaction, which can be observed in high-speed vessels under slamming impact. This
situation has been observed by other researchers, who have pointed out that the loads on
elastic plates differ from those experienced by rigid plates [25]. Stenius et al. [26] used

numerical simulations and experimental tests to estimate the hydroelastic problem related to
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the panel-water impacts for high-speed craft. Experimentally, deflections and strains were
compared with the corresponding data of non-hydroelastic reference solutions. The finite
element simulation was determined for the quasi-static references of rigid bodies, which
indicated that the hydroelastic effects were located close to the panel supports for the very
flexible panels and sandwich constructions. Panciroli et al. [5, 27] investigated the water
impact problem for the deformable wedge, using experimental and numerical approaches,
Figure 1. 10. Their results showed that under different boundary conditions, the hydroelastic
influence depended highly on the ratio (R) between the first natural frequency of the structure
and the wetting time. Therefore, they used a variant of the panel’s stiffness and cantilever
boundary condition to obtain a large deformation which made the hydroelastic effects easy to
measure and investigate. From these results, they supposed that the hydroelastic influence was
important for values of R less than 1, and that the same hydrodynamic pressure was produced

when comparing with rigid bodies.

(a) Al panel setup (b) Boundary condition

Figure 1. 10. Experimental setup [5]

Huera and Gharib [28] experimentally investigated the water entry problem of flat
sandwich panels at impact velocities over of 5 m/s. They reported that the loads predicted by
the asymptotic theory were in good agreement with the experimental data for deadrise angles
greater than 5°. For rigid bodies with small angles, the cushioning effect produced by trapped

air appearance in the initial impact duration, Figure 1. 11.
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Figure 1. 11. Water entry problem [28]

The centre for Advanced Composite Materials, of the University of Auckland [26, 29, 30]
conducted experiments in order to investigate the hydroelastic effects due to fluid-structure
interaction of the flexible composite panels in high speed marine craft. They characterized the
variations in the pressure and the response of these panels using the servo-hydraulic slam
testing system (SSTS) for over 6 m/s impact velocity and deadrise angle of 10°, Figure 1. 12.
It was observed that panel flexibility has an influence on the total force, and that the lower
stiffness panels have a high peak force, Figure 1. 13. They attributed that the variation of the
acting force due to the change in local velocity and local deadrise angle along the fluid-

structure interface.

Figure 1. 12. Servo-hydraulic slam testing system (SSTS) [31]
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Figure 1. 13. Force with different flexible panels at f=10° [30]

1.5 Numerical modelling of fluid-structure interaction on slamming impact

The Fluid-Structure Interaction problem (FSI) means that the structure interacts with the
internal and the surrounding boundaries of the fluid domain, which occurs mainly with
deformable structures. Furthermore, the deformation of the structure could modify the fluid
flow, thus moderating the hydrodynamic pressure acting on these structures. FSI is an
important part of estimating and analysing a variety of engineering applications and is
considered a great challenge for many researchers due its nonlinear nature. In the next section,

we will examine the different approaches to modelling the FSI problem.

1.5.1 The multiple material Lagrangian-Eulerian ALE model

ALE is a mixture of Lagrangian and Eulerian discretization, which is capable of
controlling mesh geometry independently from material geometry [32, 33]. Stenius et al. [34,
35] investigated the water entry problem of hull bottom panels using ALE. A parametric
study was performed, which is analysed the effect of the mesh density and contact method,
Figure 1. 14. The numerical results showed a good correlation with analytical and
experimental approaches. Kaushik and Batra [36] studied the water slamming of deformable
sandwich panels using the commercial FE software LSDYNA with the ALE formulation. All
geometric nonlinearities were considered when studying deformations of the panel. They take
into account the inertia effects in the fluid and solid, assumed the fluid to be compressible.
They examined the delamination between the core and the face sheets. The pressure
distribution on the wetted panel surface was found to be oscillatory. Wang and Soares [37]
investigated the water impact problem for three-dimensional buoys (hemisphere and cones)
using the ALE solver based on Eulerian formulation in LS-DYNA software. They concluded

26



CHAPTER 1 -------mmmmmmmmmee The Slamming Impact Phenomenon in Naval Applications

that the mesh density of the fluid is a very important factor to determine the hydrodynamic
pressures. The constant impact velocity has a larger influence than those found in the drop

test, when comparing total impact force and hydrodynamic pressure.
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Figure 1. 14. Parametric numerical results for ALE in wedge slamming [34]

ALE model formulations are consists of both a Lagrangian and Eulerian model, the
materials arbitrary coordinates are defined corresponding to the reference or global coordinate
system. The relationship between these coordinates and the reference coordinate relative to

the time were constructed for ALE model as described in Equation (1.37) [32].

af (X;,t) _ df(x;,t) N df (x;, t) (1.37)
. dt YT du

WhereX;, xi and w; = (v—u) are the Lagrangian coordinate, Eulerian coordinate and
relative velocity respectively. If we defined relative velocity as a difference between the
material velocity (v) and the mesh velocity (u) , the formulations of the model depended on

the conservation equations as followed:
1. Conservation of mass

The conservation of mass means that the material density is constant relative with time and

can be described as:

dp _ dvi _ dp (1.38)
at  Pax, Vidx,

Where p is the density of the fluid.
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2. Conservation of momentum

In the conservation of energy, the governing equation must specify the appropriated initial
boundary conditions to represent the ALE description corresponding to Navier-stokes
equations:

dvi _ dvi (139)
P = 0ijj tpbi— PWid—xj

o;; represents the stress tensor and can be described as:
oij = —pdij + n(y; + vj,) (1.40)

Where |, is the dynamic viscosity and §;; is the Kronecker delta function and p is the

pressure.

Having defined the initial boundary conditions for the fluid and the body domain as shown

in Figure 1. 15, the equations can be solved.

V; = ULO onl1l O'ijnj =0on T2

'tnr2 =0 riur2 =0

Vi(x,0) = 0 ont=0
Where

I'1 is the boundary of the body,
I'2 is the boundary of the fluid,
nj is the outer unit normal vector on the boundary of I'2,

8;j is Kronecker’s delta function.

3. Energy equation

dE dE
P = Oivij T pbivi — s (1.41)

The Eulerian equations used in fluid mechanics can be determined by assuming the

velocity of the reference configuration is zero, while the relative velocity between the material

28



CHAPTER 1 -------mmmmmmmmmee The Slamming Impact Phenomenon in Naval Applications

and the reference configuration is the material velocity [38]. w; is the relative velocity and
referred to as the advection term, and is determined from the past material mesh which is
transported to the new material mesh. These additional equations make the ALE more

difficult to solve than the Lagrangian equations.

To implement the ALE equations to couple the structure-fluid interaction, the time step is
divided into two phases. The Lagrangian phase is executed first and then the velocity and the

internal energy due to the applied forces are calculated. The equilibrium equations are [38]:

dvl-

pE:O-ij,j-l_pbi (142)
dE

pE = 0j;V; j + pbivi (143)

In the Lagrangian phase, mass is automatically conserved, since no material flows across
the element boundaries. Secondly, the advection phase is performed, which transports the

mass, the internal energy and momentum to the cell boundary.

Initial boundary of the body I'1

l V(Xito)=0

8 Initial boundary of the fluid Tz

Iin=o0

Gij 0j =0

Figure 1. 15. Initial boundary conditions for the fluid and body domain

1.5.2 The Smoothed Particle Hydrodynamics (SPH) model

The smoothed particle hydrodynamics is an effective tool to manipulate the fluid-structure
interaction as it replaces the fluid with particles that utilise a Lagrangian approach without
mesh. This method was firstly developed by Gingold and Monaghan [39]. The basic
formulation of this method is the interpolation procedure of the velocity, mass, force and

density for each particle. Therefore, this method requires expensive computational time to
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solve the problem which is considered to be the main drawback of this approach. For the
water-entry problem, Oger [40] extended the SPH approach by using a new technique based
on the particle sampling method. To validate the numerical results, these results were
compared with the analytical and experimental approaches, as shown in Figure 1. 16.
However, the results obtained were very dependent on the number of practices. Veen and
Gourlay [41] investigated the slamming impact on the hull section numerically using the SPH
for calculating the slamming load of the vertical velocity in hull cross-sections and added the
strip theory to determine three dimensional the nonlinear ship motions. They mentioned that
the SPH method is still not recommended to be implemented for events that have a long

duration, because it requires significant computation time.
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Figure 1. 16. Pressure distribution of SPH results (f=30°) compared with the analytical and
experimental approach carried out by Zhao [40]

Panciroli et al. [42] discussed hydroelastic effects in terms of panel flexibility, impact
velocity and deadrise angle using SPH with the built-in the commercial code LS-Dyna.
Numerical results were in good agreement with experimental data. They also noted that the
different mode shapes dominate the structure deformation with an increase the hydroelastic

effects. However, the divergence of the numerical from experimental results was attributed to
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the trapped air that occurs during the impact event, therefore they suggested integrating this

effect in the numerical model, Figure 1. 17.
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Figure 1. 17. Aluminium wedge impact results (B=15°), 2 mm, V =5 m/s [42]

1.5.3 Computational Fluid Dynamics (CFD)

The computational fluid dynamics (CFD) method is a mathematical and computational

model used to describe fluid flow problems. Maki et al. [3] studied the hydroelastic response

of the flexible wedge body as it entered a calm water surface. A combination scheme was

performed between the computational fluid mechanics approach built-in Open Foam software

and the finite element method in single way coupling. The pressure applied to the rigid body

which was calculated in CFD was transferred and adapted to a dry model grid in FEM as a

function of time, Figure 1. 18. Authors identified several limitations of this approach, for

example, the model has poor time accuracy during impact compared with fully coupled

methods.

Grids R Set |
(Structure/Fluid) i Association i
i I |
CFD = Pressure —:—i- Transform Load — Time Integration i W
FEM | Frequency
Modeshape

Figure 1. 18. Simulation procedure
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Siyauan and Mahfuz [43] used finite element analysis to study the fluid structure
interaction (FSI) for sandwich structure. This was accomplished by coupling the finite
element analysis (FEA) model with the computational fluid dynamic (CFD) model, Figure 1.
19 a,b. The global model constructed using a composite and foam of the sandwich structure,
then the force and displacement form of this model was transported to the sub-model with a
refined mesh. The interlaminar and shear stress distribution were determined at the core and

faces.

Interface of fluid structure =3 = Free surface

~— Qutlet

(a) Fluid domain in CFX

/Determinethe position of fluid node on Obtain the structure nDd:\
interface dizplacement on F5l
l interface

Solve the fluid field

Solve the structural field

Obtain the fluid pressure on F5l I

interface

Determine the position of

Obtain the fluid node displacement on
structural grid on interface

F5l interface

K CFX solver \ANS‘{S solver //

(b) Flow chart of two way fluid structure interaction

Figure 1. 19. CFD model [43]

Lu and He [44] solved the fluid structure coupling for two-dimensional slamming V-
shapes using the boundary element method (BEM) and the finite element method, Figure 1.
20. They introduced extra jet-elements and some conditions on the jet thickness for better
estimation of the jet flow. The hydroelastic influence was studied according to different plate
thicknesses and deadrise angle. Another method that deals with different finite element
methods was presented by Yang [45] who computed the slamming forces on 2D and 3D

bodies entering calm water with constant velocity by employing a CIP method. The nonlinear
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water entry problems governed by the Navier-Stokes equations were solved by a CIP-based

finite difference method on a fixed Cartesian grid.

Initialize the structural nodal displacement vector &(ry and its
derivatives with respect to time 3r), 3(f)

Based on the displacement and velecity of structural vibration,
give the boundary condition on the wetted surface for
hydrodynamic analysis,
k=k+1

[

I Hydrodynamic analysis by BEM [equation (11)] |
I
l Calculate hydrodynamic pressure [equation (20)] |

I
l Struciural analysis by FEM [equation (19)] |

I the difference between structural
responses at k= 1 and k within EPS?

Update the potential on the free surface [equation (3], the wave
elevation [equation (2)], and the position of the body at r=1r+ Ar

Figure 1. 20. Flowchart of the iteration method [44]

1.6 Hydroelasticity effect on the slamming phenomenon

The main difference in the hydrodynamic loads between the rigid and deformable bodies is
the presence of the hydroelastic influence for deformable structures. Elastic structures with
low deadrise angles are more subjected to higher dynamic loads when comparing with rigid
structures, since a small deflection of the deformable structure could cause a large difference
in the elevation of the water surface along water-structure interface and the hydrodynamic
loads. This situation is still difficult to analyse and calculate. Therefore, few efforts have been
made to find a solution for deformable bodies [5]. Hydroelasticity occurs at a small relative
angle between the body surface and the fluid surface, thus these effects must be considered.
On the other hand, hydroelasticity is relative to the change in the local deadrise angle and the

impact velocity [42]. Therefore, the hydroelastic effect will be a function of the natural
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frequency of both the dry structure and the wetting time duration. Vessel designers must have
a clear concept of these effects before they can be included in the design specifications.
According to Bereznitski [46], in order to specify whether the slamming event has hydro-
elastic effects, the first natural frequency of the structure must be calculated in the dry phase.
The ratio between the wetting time and the dry time of the first natural vibration was
determined to quantify the hydroelastic influence. As shown in Figure 1. 21, if the value is
less than two this indicated that fluid-structure interaction was important for the structure

response.

[ Slamming Problem ]
— _-_-_-_'_'_'_‘_‘—-—-—r

1. Determination of
impact duration from
rigid body water
penetration model

2. Determination of first

period of vibration of the
dry structure

[ Ratio < 2 ]
yes no

Hydroelastic _
Mo hydroelast
problem should be appr?:sa:rh rijfeaqgulifed
solved

Figure 1. 21. Analysis of the hydroelastic problem [46]

Loads can be important factor even local pressure increased. These effects lead to
vibrations in the structure and caused cavitation and ventilation. Faltinsen suggests a non-
dimensional parameter that the hydroelasticity effects become important for a wedge shaped

cross section when:

t .
anfs < 025 (1.44)

VpL3/EI

Where EI is the bending stiffness of the structure, L is the length of the structure, p is the

density of the structure and f is the deadrise angle.
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The hydroelastic effects include both dynamic and kinematic effect. Dynamic effects
happen due to the interface between the hydrodynamic forces, inertial forces and structure
elastic forces, while kinematic effects are related to interactions between the hydrodynamic

forces and the change in the local deadrise angles when the structure is deformed [26].

The boundary conditions of the panel have an effect on the hydroelastic effects. Stenius et
al. introduced this effect to estimate the relation between the loading period and the natural

period as follows [35].

uNp)Z tanf | D (1.45)

k= 4( % np,b3

s

Where uyp is the boundary condition factor (for clamped boundaries = 4.73 and for simple
support boundaries =m ), D, p,, and b is bending stiffness, water density and the panel length
form keel to the chine edges, respectively. They suggest that the hydroelastic has an influence

on slamming event for 2 < R< 5.

1.7 Effect of the air cushioning on the slamming

In particular, the pressure rises sharply, when the deadrise is lower than 5° so that the
slamming phenomenon becomes very important and complex [15]. Occasionally some of the
air is trapped between the structure and the free water surface which cause a compression
when it cannot escape, that leads to a reduction in pressure. This is called air cushioning that
can cause a reduction in the hydrodynamic force acting on the structure. This occurs when the
angle between the water and body is too low [47], and when the structure is deformable [48,
49]. Air pressure may, in effect, cause more deformation in both the structure and the free
water surface. That is why it is still a challenge to integrate this phenomenon into analytical
approaches and therefore, this was limited in experimental studies. Chuang who performed a
series of experimental tests to define the effects of the trapped air, indicated that a small
amount of air cushioning occurred for deadrise angles higher than 3°. The experiment setup
used an electronic detection method to detect the air trapped between the water and the

impacted structure [16].
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1.8 Conclusions

In the first chapter, we have reviewed several approaches: analytical; experimental and
numerical to the water entry problem for both rigid and deformable structures. This review
helps comprehend the principles of the slamming phenomenon and identify the strengths and
limitations of methods for the assessment of slamming loads. A wide range of works have
dealt with the simple shapes of rigid bodies in two-dimensional configuration to simplify the
problem. Therefore, they have concentrated on predicting the hydrodynamic loads for fluids
rather than for structural responses. Moreover, most experimental tests have been performed
using the free drop test, which is not compatible with the concept of analytical methods which
determine the slamming loads by supposing a constant vertical velocity during the impact
event. Our comparison of the numerical methods has taken into account the feasibility,
accuracy and computational-time consumed in handling fluid-structure interaction. In
addition, some difficulties present in traditional FSI methods, such as the translation of loads
from the fluid to the structural domain and the matching/updating of the mesh in both
domains have been examined. This encourages the use of the multi-material simulation
model. Consequently, numerical methods based on the Arbitrary Lagrangian-Eulerian (ALE)
and Coupled Eulerian Lagrangian (CEL methods) built in Abaqus explicit, have been adopted
in this work as this method can simultaneously handle the structure and fluid in a single
computation. Therefore, the focus of subsequent chapters is on parametric investigations of
numerical methods based on these approaches together with damage modelling in the case of
composite materials. Finally, to provide more accurate of the numerical methods,
experimental tests were carried out at constant velocity for deformable laminate and sandwich

panels.
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Slamming Numerical Simulation
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2.1 Introduction

Due to the complication of the response of structures that experience dynamic loads such
as impacts, especially during their interaction with fluid, numerical methods are therefore
considered an effective approach to predict the structural response with more accurate results.
There are various numerical approaches which can simulate the dynamic slamming impact,
which are different in their simplification and assumptions in representing fluid/structure
interaction. As mentioned in the Chapter One, three main methods can be used for the case
under consideration: the Smoothed Particle Hydrodynamics (SPH) model, the Arbitrary
Lagrangian-Eulerian (ALE) model and Computational Fluid Dynamic (CFD). This chapter
concerns the modelling of the slamming impact phenomenon based on the ALE and Coupled
Lagrangian-Eulerian (CEL) methods. Several parameters studied to characterise their
influence on the simulation results for both rigid and deformable structures in two and three
dimensional schemes. Finally, the numerical model with optimal parameters was applied to
different panel stiffnesses for better comprehension of the flexibility effect on the dynamic

structural response as well as the hydroelastic effects of the fluid-structure interaction.

2.2 The two dimensional numerical slamming model

For the slamming event with small period duration, large deformations of the fluid occur,
which can be lead to mesh distortions. For this reason, suitable simulation models of the
interaction between the fluid and the structure are required to prevent this case. The Arbitrary
Lagrangian Eulerian (ALE) solver in ABAQUS software was used to allow the mesh
elements to move and return to the reference position during their interpolation to another
time step. The material in the ALE region flowed as it moved, therefore the mesh re-mapping
was adapted to form a new mesh and thus update the fluid nodal velocity and element states,

and thus the element mesh not distorted [1].

ALE is a mixture of Lagrangian and Eulerian descriptions. The region in the fluid which is
close to the impact area was modelled with a refined mesh size to govern the large
deformation of the fluid in this position and used ALE codes with 4-nodes quadrilateral
elements type (CPE4R), while the outer region of this domain used another mesh size with
triangular linear elements because the deformation in the outer domain of the impact position

was still moderate.
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Figure 2. lillustrates the boundary conditions and the mesh model of the water entry
problem. As modelling interaction between a fluid and a structure is very time-consuming, the
slamming model of the symmetric wedge enables the application of the symmetric boundary
condition about the symmetric plane (wedge with dimensions: length of each arm 0.25 m and
width 0.4 m). To prevent the reflected wave effect from external fluid boundaries, fluid

domain length was specified as [2]:

L>—— 2.1)

Where L is the distance between the impact position and the external surface of the water
domain, T is the time of the slamming event and Cj is the speed of the sound in the fluid. In
Abaqus explicit, the equation of state (EOS) can be defined by the linear Ug-U, formulation
of the Mie-Gruneisen equation which can be exploited for the water entry problem. The

pressure is determined as a function of the density and the internal energy:

P =f(p,Em) (2.2)

Iy n (2.3)

P:PH<1—T>+F0 PoEm

Where PH, I, ,n=1— py/p and p, are the Hugoniot pressure, material constant, nominal

volumetric compressive strain and fluid reference density, respectively.

__ PoCon (2.4)
=T =ap?
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Where s represents the linear relationship between shock velocity U and particle velocity
U, (Us = Co — sU,).
where Us, U, , Cy and s = dU;/dU,, are the shock velocity, particle velocity, the velocity

of the sound in the fluid and linear Hugoniot slope coefficient, respectively.

Thus the pressure of the fluid can be calculated as [3]:

(2.5)

C I
p_M(l_oT’?>+p0 poEom

~ (1—sn)?

Symetry

Figure 2. 1. Boundary conditions and mesh regions for the slamming of a two dimensional
wedge model

The water parameters were illustrated in Table 2. 1. For the modelling of the solid/fluid
contact, the exponential soft contact with frictionless tangential behaviour was used. The

mesh convergence was investigated in the region close to the impact position with an element

size 0.5mm for the fluid domain.

To(-) p(kg/m?)
0 1000

C, (m/sec) po(-) s(-)
1420 0.001 0
Table 2. 1. Parameters of the water in the model
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2.2.1 Effect of the hourglass control

The mesh of the Lagrangian domain deforms with the material, while the Eulerian mesh
was fixed in the space; and the material flows from one cell to another. Lagrangian is easier to
handle (particularly the definition of boundary conditions), but with large mesh deformation,
the extreme distorted leads to inaccurate calculations, or even failure. The ALE model
combines the advantage of both methods, whereas after a Lagrangian deformation the
boundaries of the elements (within an ALE-region) have moved so there is material transport
across the boundaries (Eulerian) and the distortion of the elements is controlled (does not

become considerable).

Change in length is zero
(implies no strain is detected

¥ Hourglassing at the integration point).
I_.. x

Figure 2. 2. Hourglass behaviour for a single first-order reduced-integration element with no
strain

Hourglassing is an extra deformation of a finite element mesh. It was presented as a
patchwork of zig-zags or hourglass (Figure 2. 2); some elements deform more than the others.
This deformation produces no strain, hence there are no forces to resist. This deformation

pattern is called hourglass mode, or zero energy modes.

In this section the hourglass effect was investigated. There are five hourglass controls
(combine, enhanced, relax-stiffness, stiffness and viscous) which have added as artificial
stiffness for the elements to prevent this kind of deformation, but it must be verified so the
total artificial energy which used to control hourglass is small (<1%) relative to the total

internal energy [4], as shown in Table 2. 2.
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ALLAE
contact Hourglass control Artziclii}:g;rgy Int‘zglfi *I“I::t)?rgy ﬁ *100 %
- Combine 19,288 46,878 41,145
% Enhanced 0,006 14,288 0,042
,:a Relax-stiffness 0,006 14,356 0,042
g stiffness 0,007 14,277 0,049
E viscous 43,809 67,109 65,280
o Combine 37,138 56,518 65,710
;é % Enhanced 0,017 15,571 0,109
qﬁ; $  Relax-stiffness 0,017 15,571 0,109
E ﬁ stiffness 0,004 15,795 0,025
= g viscous 44,559 59,940 74,339

Table 2. 2. Comparison of the energy histories of hourglass element controls

By comparison, the value of the energy histories (artificial and internal energy) for two
types of the contact methods with different hourglass controls was mentioned on Table 2. 2.
The total hydrodynamic forces and the hydrodynamic pressure along the length of the contact
surface were also compared for their amplitude values and oscillation as shown in Figure 2. 3
and Figure 2. 4. From those results one can conclude that the penalty contact method is more
suitable contact coupling with the best hourglass control (stiffness), while the combine and
viscous hourglass controls have less vibration from both hydrodynamic pressure and

hydrodynamic force.
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14

12
10

Energy (1)

Time (ms)

Figure 2. 3. Comparison of the energy histories for combine hourglass
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Figure 2. 4. Loading on the wedge surface with penalty contact method and deadrise angle
10°, V=8m/s

2.2.2 Effect of the penalty stiffness factor (PFAC)

The penalty coupling method was employed to define the interaction between the fluid and
the structure which is based on the spring and the dashpot were attached to the master and
slave node of the fluid and structure. The contact algorithm computes the pressure and the
force at the point interface based on the displacement d, u = ug — uy relative to the time
derivative and velocity derivative of the interface between the fluid and the structure. In the
method of both, the fluid and the body are modelling as the slave and master. These forces,
due to this contact coupling effects on the nodes on the fluid-structure interface, are prevented
the penetration of the fluid in the body structure. For each increment the displacement and
relative velocity “vg — v¢” are computed, where v represents the velocity of the structure
surface interface node and vy represents the interpolation of the velocity of finite element

fluid nodes.
In particular t = t™, d" can be updated incrementally as [5]:

1 1
A" = gn 4 (v: 7oy +2) At (2.6)

Where At is the time increment.
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The penalty coupling method works as a spring system and the penalty forces are
calculated relative to with penetration displacement and the spring stiffness as shown in

Figure 2. 5.

/

Slave node Void p
Slave node Void
Structure _
ol y T \Pk
[ i
D 2\
Fluid -

(/,' P
J ‘% - - \[Masler

Master d,
particles =7 particles

(a) (b)

Fluid

Figure 2. 5. Penalty coupling method for the nodes of fluid-structure interface [5]

The coupling force for the interface fluid-structure can be illustrated as follow:

F=Kd (2.7)
Where K and d represent respectively the spring system stiffness and penetration.

The spring stiffness depends on the scaling factor, bulk modulus of the fluid and the mesh
size of fluid were described in Equation(2.8).
kA (2.8)
K=pr—
Py v
Where pr (0 <ps<1), A and V are penalty scale factors, the average area of the

structure element and the volume of the fluid element, which are in the coupling state.

Applying a range of penalty scale factors (1, 0.2, 0.1 and 0.05), a comparative study of
slamming force and pressure distributions was performed. In this model, the default value
0.05 was applied as the optimum value according to the amplitude and profile of the total
force and pressure distribution, as shown in Figure 2. 6. This factor has little influence on the
numerical results when compared with the mesh density effect. Using a high value of scale
factor, coupling stiffness was increased between the nodes of the fluid-structure interface that
caused a high oscillation in pressure and the force without penetration. While a low value of
scale factor led to decreasing stiffness. Consequently, non-physical penetrations will appear,

therefore leakage will occur.
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Figure 2. 6. Loading on the wedge surface with different stiffness scale factors of penalty
contact method, deadrise angle 10° - V=8m/s

2.2.2 Effect of the element mesh size

The mesh density of the wedge has very significant effect on the simulation results and the
proper modelling of the fluid-structure interaction. Therefore, different mesh sizes has
assigned for the wedge and fluid help to analyse the slamming pressure and slamming force.
The analysis results have indicated that the refined mesh had yielded better results but
requires more computational time. In this study of the slamming impact on a symmetric
wedge, we used a range of mesh sizes (0.15, 2.5, 5, 10, 15 and 25 mm) for the rigid body
while for the fluid region near the impact position we used a refined mesh element size
150um of the type linear quadrilateral elements CPE4R. For the pressure along the wedge, we
can note that the best convergence of the mesh size for the rigid body is (0.15-10 mm), thus
we used the mesh size of 10 mm, as shown in Figure 2. 7. Also, we found that the fluid
penetrations into the structure occur when the structure mesh size is much larger than the fluid

mesh.
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Figure 2. 7. Pressure distribution along the wedge with different mesh sizes, deadrise angle
30” and V=13m/s

2.2.3 Effect of the deadrise angles on hydrodynamic pressure

Slamming phenomena is happens in short time duration. For this situation, a high
magnitude pulse peak pressure occurs due to this phenomenon, which is very important to
estimate when designing ships for naval applications. This phenomenon can cause damage in
the structure due to the interaction between the structure and the fluid. The pressure travels
along the panel width; this pressure is largely dependent on the velocity and angle of impact
between the structure and the fluid. Hydrodynamic effects are significant when the deadrise
angle between the body and the water surface is small [6]. The kinematic boundary of the
fluid-structure interface will change when the structure responds to the dynamic pressure.
This kinematic coupling between the fluid and the structure is one type of hydroelastic effect
[7]. For the rigid body, the pressure decreases with increases in the deadrise angle at a
constant velocity because the wedge cuts more easily through the water, Figure 2. 8. In this
figure, a good agreement is observed with other analytical methods [8, 9], which make it clear
that the coefficient pressure decrease with an increase in the dead angle, and its maximum
occurs at a deadrise angle of 10° with constant impact velocity. In Equation (2.9), a non-

dimensional pressure corresponding to the deadrise angles which was calculated as:

p
Chmax = 05%‘2 (2.9)
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Figure 2. 8. Nondimensional coefficient pressure Cp,,q, according to the deadrise angles

Figure 2. 9 shows the pressure coefficient along the length of the rigid body with constant
velocity and initial calm water. The predicated results of the pressure coefficient (Cp) based
on the Arbitrary Lagrangian Eulerian (ALE) were determined using the formula (2.9). It can
be noted at first impact, the maximum pressure was low, because the pressure was still
building up at the time that the output was generated. In the wedge shape, the pressure peak at
any penetration depth was almost the same along the wetted surface interface but it decreased
significantly after the water separation, as did the slamming force compared with that before
flow separation. The maximum pressure obtained was compared with an analytical formula
proposed by Zhao and Faltinsen that Cp is increases with a decrease in the deadrise angles
and the peak pressure becomes sharply close to the jet flow domain. In contrast, the value of
maximum pressure drops quickly for wedges with larger deadrise angles because a sharper
object cuts more easily through the water [9]. This was shown in the previous works, Figure

2.10 [9].
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Figure 2. 10. Pressure coefficient distribution for different deadrise angles for wedge entering
water [9]

2.2.4 Effect of the impact velocity

Many different impact velocities (1, 2, 3, 4, 5, 6, 7 and 8 m/sec for the vessel velocity less
than 15.5 knot) are applied to the wedge to estimate the maximum pressure for the range of
values of deadrise angle at 10°, 30° and 45°(small and large deadrise angles), respectively.
The comparing numerical result with the analytical methods for an angle of 10° was seen in
Figure 2. 11a. It shows that the maximum pressure accruing through the ALE solver increase
with an increase in the velocity impact at the same deadrise angle. It can be noted that the
model less differs from Wagner’s theory at low velocities. In contrast, the maximum
difference in the predicted pressure between analytical methods and the present model occurs
when the impact velocity becomes larger. The same thing happens with the angles at 30° and
45° as illustrated in Figure 2. 11 a-b. Below, we have adopted the formulations for the

calculation of the maximum pressure.

Analytical formula of maximum pressure proposed by Von Karman [10] and Wegner [8] is

calculated by:

Ppax = 0.5p VA 1T cot B (2.10)
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Analytical formula of maximum pressure proposed by Zhao and Faltinsen [9]:
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Figure 2. 11. Maximum values of pressures for different impact velocities and deadrise angles

The free water surface elevation and pressure histories for the deadrise angles 10° were

illustrated in Figure 2. 12. It can be observed that the maximum pressure is usually close to

the jet flow as is the maximum local velocity. Subsequently, the pressure was reduced after

the flow separation occurred.
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Figure 2. 12. Free water surface and pressure histories for angle at 10°, V=8m/s
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A range of deadrise angles was applied to determine the hydrodynamic force. Figure 2. 13
illustrates that the hydrodynamic force increase when the angle between the surface of the

free water and the body decreases.

Force [kN)

Time (ms)
Figure 2. 13. Total vertical force for the wedge for the range of deadrise angles, V=8m/s
Figure 2. 14 presents the non-dimensional hydrodynamic force (hydrodynamic force

coefficient Cy) for unit wedge length. It would appear that, analytical results and experimental

data indicate that the force coefficient decreases with an increase in deadrise angles.
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Figure 2. 14. Coefficient force (C¢ =F (tan [3)2 /(Lp V3 t)) versus the deadrise angle
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2.2.5 Effect of body shape on the slamming

The shape of the structure’s section has an effect on the peak pressure along this section,
which means that the deadrise angle between the fluid and structure is very important in the
slamming phenomenon. The peak pressure in wedge section is approximately the same value
along the wetted surface due to the deadrise angle between the free water surface and rigid
body which stays unchanged with constant velocity. Figure 2. 15 and Figure 2. 16 show the
pressure histories for three points of hydrodynamic pressure on the wedge. As undesirable
noise of the pressure curve was observed, refining mesh at the impact region can overcome

this situation.
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Figure 2. 15. Points position on the free surface of the water
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Figure 2. 16. Pressure histories for different points on the wedge, g= 30°
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For the other structure’s section, the deadrise angle changed with the penetration rate of the
structure, Figure 2. 17 and Figure 2. 18. The effect of the shape section indicates that the flow
of the pressure peaks is asymmetrical for the circular section due to the change in the deadrise

angle relative to the penetration rate.
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Figure 2. 18. Pressure histories for different points on the body with circular section

2.3 Numerical simulation based on the CEL model

In the CEL model, the coupling between the Lagrangian and Eulerian were employed in

explicit Abaqus and can use more than one material. For the water entry impact, there is the
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water domain and the structure body. The VOF (Volume of Fluid) method is attractive for
solving a broad range of non-linear problems in fluid and solid mechanics, because it allows
arbitrary large deformations and enables free surfaces to evolve [11], Figure 2. 19. The
Lagrangian phase of the VOF method is simply achieved and incorporated in an explicit ALE
finite element method [1]. Before advection, special treatment for the partially voided element

has required. As the element has been partially filled, the volume fraction satisfies 0 < Vy <

1, thus the total stress o is calculated by multiplying by the volume fraction weight [1]:
or =0.Vy (2.12)

For voided elements, the stress is zero. In the computational process, the elements loop
goes only through elements which are not voided. For free surface problems, the elements that

are partially filled (V; < 0) define the free surface.

Void

Figure 2. 19. Volume of Fluid method (VOF)

The Eulerian being modelled as multi-material (water and air) based on the equation of
state (EOS) means that the fluid has considered to be in thermodynamic equilibrium at all
time. The EOS can be defined by linear Us - Up formulation of the Mie-Gruneisen equation
of state which can be exploited in water entry problems, and can defines the pressure as a

function of the density and internal energy as illustrated previously in Section 2.2.

The fluid has treated as Newtonian fluid flow, which means that the viscosity depends on
the change in temperature, and thus for our model as the temperature is constant the viscosity
is also constant. Coupling response was achieved by occupying initial boundary conditions in
both Eulerian and Lagrangian. The coupling was calculated by applying pressure boundary

conditions on the Lagrangian mesh from the Eulerian mesh, while the Lagrangian mesh
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boundaries supplied velocity boundary conditions on the Eulerian mesh. Based on the volume
of the fluid (VOF), the Eulerian cell was assumed to have constant pressure, since when it
interacts with the Lagrangian the cell area will change. The area centroid was calculated by
the Eulerian area that does not intersect with the Lagrangian and the reconstruction of
pressure conditions. According to Benson [12], the element volume was calculated by
subtracting the Lagrangian volume from the volume of the Eulerian element. Once these
quantities have been established, the stress and pressure were updated. The velocities of the
uncovered parts of the element have updated in the normal manner [13, 14]. Generally,
boundary conditions are applied to prevent the Eulerian elements from overlapping with the

underlying Lagrangian body.

The boundary conditions were applied to the model as seen in Figure 2. 20, and because of
the symmetry of the slamming problem, half the model was considered with only one element
that constrained all nodes in the x-axis to describe the Eulerian fluid domain. The exterior
boundaries were defined as non-reflecting boundaries to avoid reflection waves, which were
produced at the fluid boundaries as a result of the pressure influence along the interface
between the body and the water surface. The FE mesh was formed with an EC3D8R 8-node

linear Eulerian brick with one point integration and combined hourglass control.

L%

Symmetrical

Non-reflecting boundary boundary about

¥ and z axes
;:A'

Figure 2. 20. Boundary conditions of CEL water entry model

2.3.1 Mesh convergence
The main effective parameter in the finite element method is the element mesh density.

Therefore, mesh convergence was applied to the slamming model for the fluid domain which
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was close to the impact region, using different mesh size (0.5, 1, 1.5, 2.5, 5 mm), as
mentioned on Figure 2. 21 and Table 2. 3. It can be observed according to the amplitude and
the oscillations of pressure as shown in Figure 2. 22a-b, that the best element mesh size was
0.5 mm with less noise and good agreement with analytical methods as well as the non-
dimensional coefficient pressure. In the first phase of the impact, some of the high frequency
oscillations occurred due to some numerical penetration of the fluid in the body, which can be

overcome by refining the mesh in the initial impact position.

Impact

region

Full model
EaEa e
¢ H b o= : I
b 4 e e e L
(a) Impact region zoom, mesh size =0.5 mm (b) Impact region zoom, mesh size = 1mm
L L
(c) Impact region zoom, mesh size =2.5mm (d) Impact region zoom, mesh size = Smm

Figure 2. 21. Mesh convergence for the fluid domain
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Mesh size (mm) N° of element N° of nodes CPU time
0.5 4950340 9912640 09:18:20
1.0 671993 1345652 09:05:50
1.5 347504 695717 02:03:40
2.5 188834 377759 01:02:16
5.0 203653 102009 00:25:45

Table 2. 3. Mesh convergence and CPU time
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Figure 2. 22. Mesh convergence for fluid domain, #=30° and V=13m/s

2.3.2 Effect of the fluid domain

Despite adding the non-reflective boundary to the model, the convergence test was applied
to three sizes of the fluid domains to explain the effect of the reflected wave from the exterior
boundaries of the fluid relative to the slamming impact duration. In Section 2.2, the speed of
the sound in the water was Cy = 1420 m/s, and the reflecting wave travelled over a time that
had to be less than the fluid domain length. For this reason, the model was constructed with
different lengths to instigate the effect of the fluid compressibility, Figure 2. 23. Figure 2. 24
exhibited the hydrodynamic force acting on the wedge with different domain. For a small
domain, the force had great amplitude with non-linear profile due to compressibility and the

reflected wave of the fluid. With an increase in the fluid domain, the force value decreased
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with linear profile and the maximum predicted force value occurred at 0.0065s and then
decreased slightly after the flow separation. A larger fluid domain was chosen as the optimal
configuration to avoid this effect, which gave the best agreement with the analytical methods
and experiment results. Figure 2. 25 clarified the comparison between ALE and CEL with a
good correlation. On the other hand, the Abaqus CEL model was more suitable for predicting
slamming loads in three dimensions which is important when presenting materials with

different properties in all directions.
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Figure 2. 23. Different domain length of fluid
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Figure 2. 24. The effect of the fluid domain length
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Figure 2. 25. Hydrodynamic force comparison between ALE and CEL models, #=10° and

V=8m/s

2.4 Beam theory for a deformable structure

The structure in this analysis is assumed to be a beam of constant thickness and width thus

the hydroelastic equilibrium equation for the bottom of the wedge can be written as:
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d*w d*w
MB F-FEIWZP(X,W,IT) (213)

Where w is the beam deflection, t is the time variable, EI is the structural stiffness, x is the
longitudinal coordinate with x=0 in the middle of the beam, and p is the hydrodynamic

pressure as a function of the beam deflection.

The difference between the deformable structure and the rigid body wedge are that the
boundary condition on the wedge bottom must account for determining the deflection of the
beam as shown in Figure 2. 26. The boundary conditions play an important role in the
structural response, therefore conditions along the edges of the plate must be specified [7, 15].

This was expressed as:

(a) Fully clamped at both ends (CC).

(b) Cantilevered beam boundary condition (CS*).

(c) Clamped and simply supported at one end (CS).

(d) Simple supported boundary condition means that the plates are supported at the two
ends, and fixed at the other ends (SS).

e .. -

(a) (CO) (b) (CS*)
(c) (CS) (d) (SS)

Figure 2. 26. Boundary conditions of supported plates

Material Density E; E, Vi2 Va3 G2 Gy
(kg/m’>) (GPa) (GPa) (GPa) (GPa)
E-glass-epoxy 2000 45.6 16.2 0278 04 5383 5.78
Core-PVC skin E-glass epoxy 130 2.8 - 0.3 - - -

Table 2. 4. Material properties of the PVC panels
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Figure 2. 27 shows the maximum deflection of the PVC sandwich under different
boundary conditions, the material properties have mentioned in Table 2. 4 . It can be seen that
the boundary conditions (CS, CS*) have a higher deflection than other cases. According to the
structure requirement [16], the max deflection of the sandwich panel must be less than the 2%
of the span panel. For all the boundary condition cases which were studied, the max

deflection is illustrated in the Table 2. 5.
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Figure 2. 27. Deflection of the PVC sandwich with different boundary conditions

Structure requirement
Boundary condition = Max deflection (mm)

(DNV: w< 2%)
CC 3,94 0,79
SC 9,02 1,80
CS* 59,57 11,91

Table 2. 5. Maximum deflection for different boundary conditions

Figure 2. 28 shows the water flow and pressure along the interface with the wedge. This
figure indicates a clear difference in the pressure amplitude in the mid depth penetration of the
wedges, and the boundary conations with cantilevered beam (CS*) had a higher value. This
can be attributed to the structure flexibility which generates an opposite force in the same
direction of the wedge velocity that acts on the water surface. Since the deflection of the
wedge was increased, the pressure on the water decreasing consequently the hydrodynamic
force has been reduced. These effects rise to more careful study of the hydroelastic
phenomenon.
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Figure 2. 28. Pressure histories for different boundary conditions of the deformable body,
B=10° and V=4m/s
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2.5 Slamming and sandwich design

Sandwich panels are a very efficient material that provides a high bending stiffness at low
weight. Strong face skins support bending loads, while the core is resistant to shear loads, due
to the fact of that there are differences in the material properties of the core and skin, with a
high elastic modulus of the skin and a low elastic modulus for the core. The appropriate
design of sandwich panels depends mainly on their mechanical properties such as strength
and stiffness. The bending stiffness was increased by making the beams or panels thicker by
using a sandwich construction. This can be achieved by increasing the core thickness with

little increase in weight, as mentioned on Table 2. 6.

Core Core
Thickness | Thickness
3t

Stiffness 1.0 70 370
Flexural

Strength 1.0 315 92
Weight 1.0 1.03 1.06

Table 2. 6. Sandwich stiffness and strength relative to geometric variables [17]

We used ordinary theory of bending that depends on the assumption that the cross section
of the beam which represents the plane perpendicular to the longitudinal axis is remains
unchanged through bending. The equivalent flexural rigidity of the sandwich panel (EI).q

consists of the both rigidity of the skin and the core [18].

The rigidity of the core for any homogeneous cross section can be calculated as:

E.bt3

2.14
T (2.14)

Elcore =

70



CHAPTER 2~ Slamming Numerical Modelling

While the rigidity of the faces about the central axis of the cross section can be calculated

as:

EIfaces = EfIf (215)

bt3 bted?
¢y L l (2.16)

d
Iraces = 2 If+area(§)2]= 2[12 +—

Where Ef, E;, tf, t;, d and b are the elasticity of faces modulus, elasticity of the core
modulus, thickness of the faces, thickness of the core, total thickness (d = t, + tr) and width

of the specimen respectively.

The Young’s modulus varies through the cross section of the sandwich structure and thus
ordinary beam theory cannot be used to determine the deflection of the structure. Therefore,

Timoshenko beam theory predicts the equivalent flexural rigidity (EI)eq of the sandwich

beam which has given by:

(EDeq = fEZZ dz (2.17)
bt} bt;d? tec?
(EDeq = Ef =+ Ef—5—+ E.~— (2.18)

In practice, for the sandwich panel, the elastic moduli of the core are very small when
compared to the skin elastic moduli, thus the third term of Equation (2.18) can be neglected,

2
and the ratio between first term and the second term g(%) ~ 0.0001 to 0.01 . Thus the

(ED)¢q can be determined as:

btrd?
f
El ~ Fr—— (2.19)
( )eq f 2
For three points bending of the sandwich panel, as this loading condition usually happens
in the slamming impact, the maximum deflection in the sandwich was divided into two parts:

bending stress of the skin and the shear stress of the core.
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Total deflection = displacement (bending stress) + displacement (shear stress)

For the bending stiffness of the skin, the deflection can be represented as:

F I3

0=18 (ED)eq

(2.20)

As we demonstrated, when the (EI).q increases, the deflection of the panel decreases, this

is the reason for using a low-density core with a higher thickness to increase the distance
between the faces which lead to a rise in the flexural strength and the bending stiffness, as

shown in Table 2. 6.

There is another kind of deformation which cause the deflection of a panel, the shear stress

of the core were associated to the shear strain. The shear stress of the core at any uniform

section is:

T= g ,and the shear strain ¥ = ¢ 2.21)
bd G.bd

Where Q and G, are the shear stress and shear modulus of the core respectively.

° _ Y = ¢ (2.22)
L/2  ~  G.,bd '
Max deflection due to shear strain is applied by Equation (2.23)
5= FL

The max deflection of the panel due to the shear stress and the bending can be determined as:

__ P FL
T 48 (ED),,  4G.bd (2.24)

é

For different loading conditions we can express the deflection as:

_ FL3 4 FL
B Bl (El)eq BZ Gcbd (2'25)

)

Where B, and B, depend on boundary conditions and loading, as shown in Table 2. 7.
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Loading Mode B, B,
Cantilever beam with end load 3 1
Cantilever beam with uniformly distributed load 8 2
Two ends clamped with centre load 192 4
Two ends clamped with uniformly distributed load 384 8

Table 2. 7. Boundary conditions and loading [18]

Three kinds of material were tested numerically with different core materials and the same

material faces- E-glass epoxy laminate with transverse isotropy properties. The material

properties have mentioned in Table 2. 8. Figure 2. 29 shows the maximum deflection for

different panel stiffness.

Material Density E1 E2 Vi2 Va3 G12 G23
(kg/m’) (GPa) (GPa) (GPa) (GPa)
E-glass-epoxy 2000 45.6 16.2 0278 04 583 5.78
Core-PVC skin E-glass epoxy 130 2.8 - 0.3 - - -
Core-Balsa skin E-glass epoxy 151 3,518 0.05 0.5 0.02 0.157 0.157
Table 2. 8. Material properties of the panels
12
......... E‘Elass EPOXY
....... = = =Sandwich Balsa
10 Sandwich PVC
E s
c
9 -
- -~
E & 2 ~a
T .’ A
(] i # % S
= : L \ o
m 4 B Fi \ -
= i L
;o A
S %
2 i £
7 '
7 "
/ "N
L )
o N
0 0,1 0,2 0,3 04 0,5

Span of panel (m)

Figure 2. 29. Max deflection for three different panel materials, V=4m/s
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2.6 Effect of the stacking sequence

The effect of the stacking sequence on the mechanical performance of the skin of sandwich
panel was investigated. Optimisation of the ply stacking sequence in elastic phase (without
damage) has tested for the skin corresponding to the max deflection. Whereas the overall
laminate thickness in the skin and core remained constant with the same material properties,
constant velocity 8m/s and deadrise angle 10°. Due to the difference in their thicknesses and
elastic moduli, the shear forces are born by the core and the bending moments by the skin.
Thus, the effects of the stacking sequence on the skin in relation to the stiffness requirements

are shown in Table 2. 9.

Symbol Stacking sequence
SS1 (0/90/45/-45),/PVC/(-45/45/90/0),
SS2 ((0)s/PVC/(0)s)
SS3 (90/0/90/0)s/PVC/ (90/0/90/0)s
SS4 (90/45/0/-45)s/PVC/ (90/45/0/-45)s
SS5 ((45/-45/45/-45)s/PVC/ (45/-45/45/-45)s)
SS6 ((90)s/PVC/(90)s)

Table 2. 9. Skin stacking sequence and ply orientation

= B2
o Q
'

O e
[T S
|

L

Max deflection [mm]
S
8

2 kB @

551 552 553 554 555 556

Stacking sequence

Figure 2. 30. Max deflection corresponding to stacking sequence and ply orientation with
Boundary condition (CC)
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This can be explained by the fact that the fibres oriented at 0° are more appropriate to
flexural loads than the other orientations, as pointed out in Figure 2. 30. It should be noted
that the damage in the laminate and the damage between layers due to delamination were not

taken into account in this section.

2.7 Three dimensional numerical slamming model

Before validating the numerical model developed, using our experimental tests and
numerical results carried out on composite panels (Chapter Five and Six), we shall
concentrate on validating our results against those of literature. The numerical model was
compared and validated with experimental data found in [19, 20, 21]. The 3D full slamming
model was constructed for wedge section based on the CEL method that was handled in
Section 2.3. The boundary conditions with non-reflecting wave were applied to the exterior
boundaries of Eulerian fluid domain to prevent reflected pressure waves from the wall to the
impact location, as shown in Figure 2. 31a. Water domain is divided in many regions as a
result of high consuming computational time of the model. The Eulerian domain is meshed
with EC3D8R linear element Eulerian brick. A mesh density convergence study was
conducted for both the fluid domain and the composite panel as illustrated in section 2.3.1.
The mesh is refined close to the impact location between impactor and water surface and
becomes coarser toward outer edges to given more accuracy for numerical results, as
illustrated in Figure 2. 31b. the composite panel model were created with solid element type

of C3D8R.

The experimental test was performed using the servo-hydraulic slam testing system (SSTS)
to keep impact velocity approximately constant during impact duration. Biaxial E-glass
reinforced epoxy composite panels were considered in this investigation. The panel were
simply supported along their edges, as shown in Figure 2. 32, and all panels tested had a (p)
10° deadrise angle. For more details about the SSTS machine, instrumentation and panel

properties, refers to the work [19].
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(a) Boundary conditions (b) FE mesh

Figure 2. 31. Numerical slamming model
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Figure 2. 32.Panel instrumentation and setup

Figure 2. 33, Figure 2. 34 have showed the comparison between the deformation in the
centre and close to the chine of panel for the numerical results and the experimental data for
two different impact velocities: V=2m/s and V=4m/s. It can be seen that the numerical results
predicted the panel deformation well compared to experimental tests. A small discrepancy
was observed in the gauge deformation, this difference can be attributed to boundary
conditions in the experimental setup. On the other side, the impact velocity of experimental
test was not really constant throughout the penetration time as that defined in numerical

model. Figure 2. 35 presents the comparison in the hydrodynamic force between the
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experimental and numerical results for different impact velocities. A good agreement was also

noted. A snapshot of the model after the impact test was presented in Figure 2. 36.

Strain [Microstrain]

Strain [Microstrain]

2500 600
Present model
Experiment I. Stenius et al (2013) L
2000 - 1 500
= L
s 400
1500 1 >
S 300}
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1000 1 = 200!
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L ! 1 L L -100
0 10 20 30 40 50 60
Time [ms]
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Experiment I. Stenius et al (2013)

L L 1 L 1

10 20 30 40 50 60
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Figure 2. 33. Comparison of the panel deformation between the numerical results and
experimental data, V=2 m/s.
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Figure 2. 34. Comparison of the panel deformation between the numerical results and

experimental data, V=4 m/s.
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Figure 2. 35. Comparison of the hydrodynamic force between the numerical results and
experimental data
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Figure 2. 36. Distribution of stresses and water jet after impact

The pressure obtained from the numerical model of impacted panels at 2 and 4m/s presents
from P1 to PS5 is illustrated in Figure 2. 37. The initial pressure peak at the keel and the centre
of the panel (at P1 to P4) are lower than the pressure at P5 (close to the chine), which linking
to the increasing of the panel deformation in these location especially at the centre of the
panel, Figure 2. 38 . In contrast, higher pressure close to the chine has happened due to a

reduction in the local deadrise angle and changed of the local impact velocity.
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Figure 2. 37. Numerical results of pressure peak time histories
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Figure 2. 38. Numerical results of deformation time histories

2.8 Conclusions

In this chapter, the numerical simulation models of the water entry problem for both rigid
and deformable composite structures were implemented. Firstly, we have investigated the
sensitivity of the Arbitrary Lagrangian Eulerian (ALE) solver in two dimensional schemes for
the rigid body. This solver is dependent on the coupling contact, therefore, penalty contact
methods were used. By defining the appropriate parameters for this method such as the
stiffness scaling factor and mesh density, the stability was satisfied and the penetration was
prevented between the rigid body and the water. When comparing this simulation with
analytical methods, a good agreement can be observed of measured impact pressures
(deadrise angles larger than 30°). Note that pressure peaks on the wedge decreased with an

increase in the deadrise angle. For deadrise angles which less than 10°, some differences

79



CHAPTER 2~ Slamming Numerical Modelling

occurred when compared with analytical methods, and sharp peak pressure occurred close to
the jet flow region. The effects of the vertical impact velocity were also studied to
demonstrate the change in the pressure distribution along the fluid/structure interface.
However, the main disadvantage of the ALE is an excessive element distortion which can
limit the use of this approach for large deformations in the fluid-structure interaction. Unlike
the ALE, Coupled Eulerian Lagrangian (CEL) is considered to be physically more accurate
and mesh distortion is eliminated. For this reason, it was exploited to represent the water
domain as it provides more feasible modelling and allows high deformation in the fluid. The
drawback of the CEL solver is the increase in computational time which depends on the
number of elements in the fluid domain. The numerical model implemented the water entry
problem of the composite wedges that were examined and executed in the previous
experimental work, and the simulation results were in good agreement with experimental

data.

Due to the lightweight and high strength properties of composites comparing to metallic
structures, we investigated on dynamic response of laminate composites and sandwich panels
in naval applications. Understanding the failure mechanisms and damage modes in composite
materials and sandwich structures, and integrating them in the numerical model can enhance
the reliability of these structures in the presented application. In the next chapter we will look
at the identification and strive for better knowledge on failure mechanisms and damage

models of composite structures.
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3.1 Introduction

Composite materials have been used in recent years in many fields such as aerospace,
automobile and naval applications due to their properties such as high strength, stiffness,
lightweight and their performance capability in critical practical application environments.
Moreover, due to the nature of composite material structure which consists of more than one
material and principally fibres and matrix, therefore, different kinds of the damage and failure
mechanisms can be occurs. For these reasons, they are considered active challenge areas in
advanced material structures. The complexity of composite structures exhibits a variety of

failure modes and damage compared with metallic materials, Figure 3. 1.

Figure 3. 1. Damage in a naval application [1]

Naval application design is usually constrained by lightweight and strong structures. This
has led to exploration of composite materials, which have various specific mechanical
properties and low specific weight. The advantages of the composite materials can be

described as:

p—

High strength and high stiffness to density ratio,
2. Corrosion resistance,

4. Good wear resistance,

5. Low weight,

6. Fatigue life,

7. Temperature-dependent behaviour,

8. Thermal conductivity,

9. Acoustical insulation.
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For all of the above mentioned advantages, composite materials are more flexible and on
the negative side, consequently suffer from high deflection in a large frame, anisotropy,
complexity of structure, nature and variety in the manufacturing processes leading to the
presence of different failure mechanisms. Form the point of view of ship designers in
structure optimisation, the damage in composite materials requires special attention in both
the design and the operation phase. This is done by incorporating damage tolerance as a safety
factor in the design loads. For composite structures in naval applications, the damage
procedure is divided into local (panel) and global (ship) scale to estimate the reduction in

strength, as illustrated in Figure 3. 2 [2].

1
———————

_'l___T____Jr____'I 1
1 1 [ E—
—————— | I

Panel ,

Local ‘
»*

Figure 3. 2. Damage in the ship (local, panel, global scale) [2]

3.2 Composite materials

The physical behaviour of composite materials is different from other engineering
materials which are homogeneous and isotropic. Composite materials are dealt with on a
micromechanical and macromechanical scale to describe their non-homogeneity. Mechanical
properties for both matrices and fibres are combined to define the composite material

properties as illustrated in Figure 3. 3.
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Figure 3. 3. Stress-strain curves for brittle composite material

3.2.1 Composite laminates

The material type of both fibres and matrices defines the performance of the composite
material. Ship designers usually compare the material characteristics of the hybrid
composition of the composite laminate (fibre, matrix) and the sandwich structure (skin, core)
to predict the performance and safety factors of the structure in the design optimisation phase,

Figure 3. 4.

However, the variety of composite materials gives the designers more opportunities to
optimisation the design from the point of view of manufacturing, cost and performance. In
general, the complexity of the applied loads and the presence of different failure modes in the
composite materials in naval applications have prompted researchers to specify and predict
the failure criteria in composite materials, thus supporting the designer in making decisions

about damage tolerance [3].
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Figure 3. 4. Material mechanical properties [3]

3.2.2 Sandwich structure

Sandwich composite structure is widely used in lightweight applications and is becoming
valued in many fields. The basic concept of these structures is to use two high stiffness sheets
that are separated by a relatively thicker material that has a low density and more flexible core
Table 3. 1. The property of the sandwich depends on the loading conditions, geometric
configurations (faces and core) and the material type (faces, core and adhesive) [4]. Due to the
different properties of the core and skin materials, with a high elastic modulus of the skin and
low elastic modulus in the core, the resistance to flexural load is born by the skin while
through the thickness shear forces are born by the core. For this reason, the most important
mechanical properties are strength and stiffness when designing the appropriate sandwich

panel. The sandwich structures with a composite skin, PVC and balsa cores are widely used in

naval applications [5].
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Solid Composite

Sandwich
Core Thickness 2¢

Sandwich
Core Thickness 3t

Stiffness 1.0 7.0 37.0
Flexural 1.0 3.5 9.0
Strength

Weight 1.0 1.03 1.06

Table 3. 1 Mechanical and physical properties of sandwich structures with different core
thicknesses

Failure modes in sandwich structures can be classified as: core local indentation, core

shear, debonding between the face sheet and core, core cracking, face sheet buckling, face

failure and face wrinkling, Figure 3. 5.

Debonding between the

Core local indentation Core shear
facesheet and core cracking
Facesheet buckling Face failure Face wrinkling

Figure 3. 5. Failure modes of sandwich structures
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3.3 Composite material levels

For a better understanding of the failure mechanisms of composite materials, a hierarchical
level structure was used to describe multiscale models, to enhance the analysis of composite
materials as illustrated as illustrated in Figure 3. 6. A micro-structural level is used which
enables the separate treatment of the fibres and matrices and can provide information on the
behaviour of fibre-fibre and fibre-matrix interaction. It also allows the description of the
complex mechanics of stress and strain in the composites due to the different properties of the

fibres, matrices and their elastic moduli.

Structure level

Fibre Matrix

Figure 3. 6. Hierarchical composite material levels
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The micro-structure failure mechanisms include fibre breakage, fibre buckling, fibre
pullout, fibre/matrix debonding, matrix cracking and void nucleation [6]. Microscopic
damage occurs throughout composite materials which contain potential initiators of failure
due to different expansion coefficients and the manufacturing method. In fact, the
introduction of porosity is normally due to voids in the matrix produced by incorrect pressure

or vacuum bleeding of resin. These microscopic defects can lead to macroscopic damage.

This mechanism on a macromechanical scale can be incorporated at the lamina level.
However, this is considered to be a basic limitation of composite materials, and can be
interpreted as the behaviour of the laminate scale, which leads to the macromechanical

analysis treating the composite as a homogeneous material.

3.4 Defects in composite materials

During the manufacturing process of composite materials, many defects appear. These
defects consist of one or more cases as follows: incomplete saturation of the fibre, imperfect
cure of the resin and incorrect adhesion of the fibre-matrix. Moreover, many voids, bubbles
and micro-cracks are produced. These defects work as potential failure initiators and
consequently reduce the performance of the structure in service environment [7]. Other
defects may be introduced due to the machining process producing holes or corner edges or
service damage from dropped or incorrectly handling of materials. These defects are internal
damage and in most cases invisible on the external surface of the component and termed as
Barely-Visible Impact Damage (BVID), consequently degrading the strength of the composite
structure [8]. On the other hand, service defects are dependent upon the loading conditions,
material used and practical environment. The major failure in composite structures during

their lifetime service can be described as follows, Figure 3. 7:

- Interlaminar damage (delamination).
- Intralaminar damage:

- Matrix cracking,

- Fibre failure,

- Debonding fibre-matrix interface.
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Mifrix longitudinal  DMatrix transverse
Debonding o renl
interface fiber- :
malrix

Figure 3. 7. Failure in composite materials [9]

As mentioned before, defects can influence the material stiffness, strength and service
reliability. Therefore efforts are encouraged to detect these defects before the onset of the
failure criteria that dominate the damage tolerance. This ensures that this damage cannot

degrade the structure strength less than the design ultimate load.

3.5 Composite materials Failure Modes

Various researchers have categorised the failure criteria according to the stresses and the
energy formulations with non-interactive and interactive combinations, Figure 3. 8. From this
point of view, composite material failure modes depend on the fibre and matrix criterion
under tension and compression loading. In general, research has been constrained to two
modes for fibres due to their anisotropic nature on the other hand, some research studies have

identified more than one mode for matrix failure criteria due to their complex morphology.
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Failure criteria

/\

Stress-based criteria

7N

Non-interactive
Criteria

Interactive criteria Single Mode

N

Stress intensity

Maximum stress ~ Maximum strain

factor rate

Other  Tsai-Hill Hoffman

Tsai-Wu

Strain energy release Stress intensity
factor

Fracture-mechanics-based criteria

7N

Mixed Mode

N

Strain energy

Figure 3. 8. Failure criteria classification [10]

3.5.1 Intralaminar failure based Continuum Damage Mechanics (CDM)

Damage of Composite material is an accumulation of microscopic defects in both fibres
and matrices and other types of failure such as the initiation and development of micro-cracks
with different scale sizes, on the interior and exterior of the structure, which are considered to
be the main factors in the fracture mechanism. These cracks can propagate in many locations
without an increase in the applied loads. The propagation of cracks in the structure depends

on the atomic bonds, consequently the fracture of these bonds and the evolution of the cracks

through the structure produce dissipated energy, Figure 3. 9.

Continuum Damage Mechanics

Fracture Mechanics

Macro-cracks

Micro-Defects Micro-cracks Micro-cracks Macro-cracks
A 7;\ Propaga}ion / Propagati\on
e 0 g0 (’o‘\lo\k" PoLo® [P 9% e" ("O‘Loxr"
o ° o 9 %‘_/ o 0»-./"" o o ©O—
: bgee. | [s5as
g o 9° o o o o 0
oo00® o0 0 ° o o0 ® o 00 ° oo ®

Figure 3. 9. Damage mechanism and evolution
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3.5.1.2 Failure initiation models

The laminate damage initiation takes place when the true stress applied to the laminate
reaches the ultimate strength of the ply laminate. The debonding interface between the fibre
and matrix occurs due to the difference in the fibre transverse compressive modulus and the
matrix modulus which represent the main influence on initiation of the damage. For this
reason, the stresses are concentrated locally. Various failure criteria models have been
adopted to predict damage onset based on a combination of longitudinal, transversal and shear

stresses. The most satisfactory criterion is based on Hashin’s theory [11].

Tsai-Wu (1971) introduced a method that was based on the maximum stress for
transversely isotropic symmetry, since one mode dominates the material failure with seven
parameters interacting with each other .This is considered to be the simplest method for the

damage onset [12].

Hashin (1980) introduced a method of evaluating failure criteria for a unidirectional fibre
composite with second degree polynomial expansion. For more simplicity, failure modes
were divided into four modes based on the failure planes perpendicular and aligned with the
fibre direction with six parameters, hence the failure of the fibres in the main direction of the
fibre-axis, and on the other hand the main failure of the matrix in the transverse direction [13].
This criterion was widely applicable in most commercial finite element software. However,
many researchers said that this model did not accurately predict initial failure, especially

matrix and fibre compression modes [14].

Christensen (1998) applied criteria to failure under hydrostatic pressure, thereby reducing
the parameters from 7 to 5, and reducing the failure mode to three (two modes of fibre and
one mode of the matrix) applied conditions where the transverse tensile stress is equal to or

less than the transverse compressive stress [15].

Puck (1998, 2002) developed a model representing by Hashin criteria and based on Mohr’s
method applied to a brittle fibre reinforced composite. However, this approach took into
account the non-linear behaviour due to micro-cracks, matrix cracking and a change in fibre
direction, incorporating the interfibre fracture (IFF) to detect many of the failure modes, and
define the planes acting on the IFF. He believed that the inclination of the fracture plane
parallel to the fibre was the main parameter, which would influence the onset of delamination,

Figure 3. 10 [16, 17].
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Figure 3. 10. Puck Matrix failure modes: failure with crack inclination parallel to principle
fibre axis
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A suitable selection of the failure onset criteria depends especially on the structure nature
and the loading condition, however, Hashin failure criteria were applied widely in industry.
On the other hand, these criteria may not predict accurately the failure initiation, especially in
the fibre and matrix under compressive loadings [14]. In general, failure criteria are modelled
to predict the failure for particular materials, and load configurations, thus no specific criteria
can be adopted for general cases. The complexity of matrix morphology lies in the anisotropy
of these materials. Therefore, many studies have concentrated their work on defining more of

failure modes to describe the damage behaviour of the matrix, Table 3. 2.

3.5.1.3 Damage evolution

Despite satisfying the initiation of failure modes in composite materials, material stiffness
continues to degrade with an increase in the load, the phenomena called damage evolution.
The reduction in material’s stiffness is controlled by damage variables corresponding to
damage modes. The evolution of the damage progression in composite materials consists in a
degrading in fibre and matrices. At the beginning, the composite structure maintains the
original stiffness until the degradation of the matrix which happens first, since in reality the
fibres have high strength compared to the matrix, consequently reducing the stiffness of the
composite structure. The predicted fibre failure occurs second, thus reducing the composite
stiffness accordingly. The difference between all the models lies mainly in the damage modes
and the numerical degradation scheme employed. There are many failure degradation models
that are proposed by researchers, and these models depended on the mechanism of material

fracture, which can be divided into three categories as shown in Figure 3. 11 [20]:

- Instantaneous: means that the material properties are degraded instantaneously to the
zero stress value, which corresponds to brittle materials.

- Gradual loading: this means that the material property degradation is gradual until the
stress reaches to zero value. On the other hand, this behaviour is more common in
composite materials [19].

- Constant stress: the material properties degraded while conserving a constant stress

value.
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Figure 3. 11. Failure degradation models

Hahn and Tsai (1974) [21] introduced the stiffness degradation model which is considered
the first work to describe the post-failure phenomena; they applied their method to the
uniaxial behaviour of cross ply laminates, based on longitudinal modulus reduction with the

presence of damage after the onset of the failure.

R. Talreja (1985) [22] classified the transverse cracking in cross-ply laminate,
corresponding to adjacent plies were considered as constraint plies, and classified the degree
of constraint into four types to characterise the deformation response. His classification was
based on the descriptions of the oriented damage modes as vector fields and derived their
relationship from the stiffness, modulus of elasticity and the damage vector magnitude. The
model described the uniaxial and multiaxial loadings, and the strain-stress behaviour. The
reduction in the elastic modulus with applied stress showed good agreement with tests and the

ply discount method which was suggested by Highsmith and Reifsnider.

Matzenmiller et al (1995) [18] proposed a simple model for elastic-brittle composite
materials. The initiation of damage based on the Hashin criteria can be introduced in four
modes of the failure criteria depending on the failure plane in the matrix and fibres in tension
and compression. Five damage variables control reduction in the elastic stiffness properties

corresponding to the failure modes with respect to the effective stress.

Williams (2001) [19] incorporated the Matzenmiller-Lubliner-Taylor (MLT) approach in
the LS-DYNA 3D for nonlinear analysis for propagation of damage in composite materials

based on the CDM, then validity of the model for the non-penetrating impact by comparison
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with previous experimental efforts. He improved the expression of instant behaviour and
energy absorption in failure in regard to other recent models by providing the strain softening
behaviour. Ireneusz (2007) [14] proposed a model for progressive damage in brittle fibre
composite based on the dissipation energy proposed by Matzenmiller [18] and the onset of the
failure based on Hashin criteria [13]. He implemented this model in the commercial finite
element software-Abaqus, using a characteristic length to reduce the mesh size dependence.
Viscous regulation also was studied to alleviate the difficulties in the convergence of the

linear softening behaviour of initial failure state as it progressed to the damage state.

Maimi et al. (2007) [23, 24] developed a model based on continuum damage mechanics for
quasi-static brittle composite materials for onset and propagation of intralaminar damage. The
constitutive model was created based on thermodynamics of the irreversible process, which
incorporated the experimental results with the computational rules to avoid incomplete and
inaccurate modelling. Four modes of initial failure for both fibre and matrix based fracture
planes (o = 0°, 53°£3) were used under tension and compression loading. The model results
were compared with the experimental results of open-hole carbon fibre specimens under

tensile loading.

Xin and Wen (2015) [25] modelled a progressive damage model for fibre plastic laminate
subjected to impact loading. This model used the initial criteria corresponding to the failure
plane in fibre, matrix, and through-thickness delamination. Based on CDM to represent the
progression of the damage and stiffness matrix degradation, strain rate effect was considered
in this work. A good agreement was noted between the numerical and experimental results for

impact loading with high velocity.
3.5.2 Interlaminar failure (Delamination)

Delamination is considered to be a major type of damage having an influence on the
strength of composite structures. It is normally caused by imperfect and weak bonding
between the layers, the material morphology in that there is a mismatch between the fracture
strength of the interlaminar interface and the reinforced layer. With the presence of the
potential defect initiators and the dissimilar layer engineering properties, all these factors
induce a concentration of normal stresses and transverse shear. The delamination propagation

depends mainly on the matrix fracture toughness, stacking sequence, ply thickness and
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loading condition, hence many studies have focused on these factors to improve delamination

propagation resistance [8].

Most numerical models of delamination initiation and propagation are based on fracture
mechanics and energy release rate The Virtual crack closure technique (VCCT) was used to
evaluate the energy release rate using Irwin’s assumption that the energy dissipated to open
the crack is equal to the work done to close the crack with the original length. The force and
displacement element nodes located on the crack tip, thus evaluate the energy release rate
with the change in crack length [26]. Thus, the force and displacements of these nodes are

determined in two analytical steps to determine the extent of the crack (a+Aa), Figure 3. 12.
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Figure 3. 12. Modified crack closure method [27]
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The energy release rate for both mode I and mode II can be described as [27, 28]:

1
GI = mZiAWl

3.1

1
Gy = mXiAul

Where z; , X; are the normal and shear forces at a node point and ahead of the crack tip.
Aw; , Au; are the differences in the node displacements in normal and shear force

respectively.

The cohesive zone method is considered to be a powerful approach compared with other
modelling methods, which incorporates the fracture strength approaches. The stress is
concentrated on the surface which represents the cohesive zone between the layers of

laminates.

The continuum damage model takes into account the irreversible damage consistent with
the law of thermodynamics. The cohesive zone model (CZM) is considered to be an extension
of Barenblatt—Dugdale (BD) model. This model is based on the concept that stress
concentration ahead of the crack tip is constrained by the material yield strength and thus
generates a plastic strip at a constant stress ahead of the intended crack path [29]. Hillerborg
et al (1976) [30] have integrated fracture mechanics into the finite element method. The
model is similar in some respects to the Barenblatt—Dugdale (BD) model, where fracture
mechanics give the principal rules for crack evolution, and finite elements make it possible to
analyse the complicated cases. The stress in the cohesive zone decreases with an increase in
the crack width (w). Needleman (1987) [31] introduced a unified framework for describing
the evolution from debonding initiation through to complete separation for the void nucleation
based on the cohesive zone model, taking into consideration the finite geometry changes. Xu
and Needleman (1994) extended the previous model to simulate numerically the dynamic
crack growth in isotropic brittle solids, and for a wider variety of possible cracks paths,
potential surfaces of the cohesive zone were inserted into the model [32]. The main advantage
of CZM compared to VCCT, is that requires less computation time as there is no need for
mesh refinement close to the crack tip, or to determine the initial crack location and direction

to predict damage evolution [33, 34].
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The cohesive zone model can be divided into groups: continuous cohesive elements and
interface cohesive elements. Continuous cohesive elements are integrated between the
surfaces which de-cohesion, as a thin layer constructed between the stacking surfaces which
leads to a high respect ratio of element mesh in the cohesive zone. To overcome this situation,
different types of cohesive element model have been proposed based on the element type
(Solid, shell, line) with zero thickness and finite effective thickness [35, 36, 37]. However, a
very small thickness of the cohesive element leads to high initial stiffness of the interface
[37], Figure 4.13(a). The second method is based on the point (nodal) interface that is
identical to a spring element. Each node pair of the surfaces are attached together, their
connections are broken when the failure interface criteria is satisfied [38, 39]. Figure 3. 13.(b)

represents the schematic diagram of the cohesive zone approach.

(a) continuum cohesive zone model (b) discrete cohesive zone model

Figure 3. 13. Cohesive element model approach [38]

Alfano (2006) [40] introduced the influence of the shape interface law of cohesive element
behaviour. As shown in Figure 3. 14, he studied four types of behaviour law: bilinear, linear-
parabolic, exponential and trapezoidal. The same material parameters were applied in the
analysis of the above mode laws (initial stiffness K, fracture energy G and the stress traction
6p) to investigate uniquely the influence of the interface law on the relationship of stress-
strain law, based on the hypothesis that the surrounding regions close to the crack are affected
by the crack propagation. There are two substantive conclusions in his work. The first, the
shape of the interface law has a negligible influence on the finite element results, and the
second, the shape of the interface law has an influence on the degree of approximation of the
computation time. Finally the bilinear law is considered to be optimal solution in regard to the
both the approximation and time computation. Bilinear law predicted the delamination with
better agreement with the experiment results than the exponential law. However, defining a

delamination behaviour law is based on the experimental results.
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Figure 3. 14. Interface behaviour laws for cohesive elements [40]
3.5.2.1Constitutive model of the cohesive elements

The delamination model can be divided into two phases: delamination onset and
delamination prorogation. The onset of the delamination initially depends on strength based
criteria, a quadratic polynomial combination of both normal stress and shear stresses that are
applied the surface nodes interface between the layers, based on the traction-separation

softening behaviour as [41]:

AN AN A %
n s t)y _
(—> ¥ (‘) ¥ (—) -1 G2

Where ¢, is the nominal traction stress under normal stress and tgis the shear stresses
determined and corresponding to the elastic stiffness (k) in mode I, mode II and mixed mode
I/II multiple with corresponding effective onset displacements (&) as shown in Figure 3. 15.
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Figure 3. 15. Mixed Mode softening law behaviour [41]
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3.5.2.2 Delamination propagation

The delamination propagation is usually based on fracture mechanics are based criteria
which on energy release rates for the modes G;, G;; and Gy;; and fracture toughness. The area
under the force —displacement curve is equal to energy corresponding to each mode and

representing the material property as [41]:
sl
J. tSd6S = G”C (34)
0

Where & , £ and &f are the failure displacements corresponding to each mode; the crack

opening is complete and the stress has been reduced to zero:
57 =26, /t° 8 =2G,:/t0 87 =2G0/t0 (3.5)
n IC/ *n ) s 1C/ *s ’ t nic/ *t

The most widely used mode under mixed mode loading is the power law criteria which

interacts with the energy release rates in mode I and II as shown in Equation (3.6) [42] :

G \% G\
(_1) + < 11) —1 (3.6)
GIC GIIC

Where o=1 for linear, a=2 for quadratic

To take into account the variation in the fracture toughness for the mixed mode, a more
appropriate model was proposed by Benzeggagh and Kenane (B-K criterion) that ignores the
contribution of the pure modes and combines them into a single mode as shown in Figure 3.

16 [43].

Ge =G + (Gnc - Glc) <_ (3.7)
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To compute the energy release rate experimentally for each mode, test Double Cantilever
Beam (DCB) for pure mode I, End Notched flexure (ENF) for pure mode II and Mixed mode
Bending (MMB) are normally used.

(a) (h)

Figure 3. 16. Three modes to determine the energy release rate (a) Mode I (b) Mode II (¢)
Mode III [44]

3.6 Effect of the stacking sequence

The structure response is sensitive to interlaminar damage with different laminate stacking
sequences. The crack faces a different lamina with different fibre orientation (dissimilar in
Young’s modulus and Poisson’s ratio), thus the crack propagates in the interface rather than
to the neighbouring layer. However, these scenarios depend mainly on the loading condition,

the stress concentration and the deformations in local position.

Hitchen and Kemp (1995) studied the effect of the stacking sequence on the damage
impact resistance for carbon fibre/epoxy composite. Inserting the 45° fibres between the
adjacent layers and increasing the dissimilar interfaces, the delamination area and absorbed
energy increased after the maximum force occurred, noted that fibre fracture has an influence
on the delamination shape [45]. Will et al. (2002) experimentally studied the effect of the
laminate stacking sequence from point view of energy dissipation under impact loading for
carbon/epoxy tubular structure. They used a different laminate with different stacking
sequences with the same thickness of the plies [46]. Camanho and Matthews (1999) proved
that laminates with more layers stacked together (neighbouring layers) with the same

orientations have lower delamination onset loads [47].

N. Hongkarnjanakul et al. (2013) [48] numerically performed the low velocity impact test

on the T700GC/M21 laminated plates based on switching ply location using finite element
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modelling. Seven stacking sequence configurations were studied showing the influence of the

stacking sequence on the delamination areas, Figure 3. 18.
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Figure 3. 18. Effect of the stacking sequence on delamination [48]

The thickness of the lamina is another parameter which has the effect of accelerating the

delamination in the thicker ply due to an increase in interlaminar stress, Figure 3. 19 [8].
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3.7 Effect of velocity impact

In the first step in naval structure design, engineers define the loading acting on the
structure. Normally, it is not easily to predict the loads that will act on the naval structure
without knowing the environmental marine information and such as wave loads and loading
situations, thus it is difficult to define the allowable material properties and the configuration
dimensions [3]. Structure response under impact loading depends on the velocity and the mass
of the projectile. High velocity impact is dominated by stress wave prorogation through the
material, thus the effects of the boundary conditions are ignored due to the short time it takes
the of stress wave to reach edges of the structure. On the other hand, the boundary conditions
have an important effect on the structure response under low velocity impact, since the stress
wave has a long enough time to propagate through the structure, therefore more energy is
absorbed in the elastic phase [51]. The plate behaviour can be classified into three categories
that correspond to the velocity impact and impactor mass. Figure 3. 20 (a) shows that the
stress wave 1s propagated through the thickness of the plate and does not have enough time to
reach the structure boundary edges due to local deformation which occurs with ballistic
impacts, as a result, the plate boundary conditions can be ignored. On one hand, with high
impact velocity, Figure 3. 20 (b), the structure response is dominated by the shear and flexure
wave. On the other hand Figure 3. 20 (c), under low velocity impact, the structure response
occurs due to the shear and flexure waves having a more time to reflect from the impact
location and the structure boundary. For this reason the boundary conditions and the plate size

have a major effect on the structure response [52, 53].

by

SN0

(a) (b) (c)
(a) ballistic impact (b) high velocity impact with (c) low velocity impact with
small mass large mass

Figure 3. 20. Structure response [53]
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3.8 Conclusions

Form a practical point of view in shipbuilding, all types of damage must be considered to
predict the structural performance in the presence of damage which consequently assists the
ship designers to estimate the design requirements. Currently, composite materials are widely
used in the ship structures and can sustain different modes of failure which can reduce
structural strength. Damage tolerance and damage resistance are the key to the development
of composite structures, since predicting the resistance to the initiation and spread of the
damage and conserving the strength concerns continuum damage mechanics and fracture
mechanics. Therefore, various damage modelling techniques were reviewed and some of their

advantages and disadvantages were mentioned.

In short, for the different failure modes of intralaminar damage as summarized in this

chapter, some points have been concluded:

1. Continuum damage mechanics is considered to be a powerful tool to predict failure
onset in composite materials for the fibre and especially the matrix. On the other
hand, fracture mechanics represents the link to predict microscopic damage.

2. The most suitable interlaminar failure criteria are the Hashin quadratic criteria for
fibre tension, and matrix tension. In contrast, this criterion cannot predict accurate
results for both fibre compression and matrix compression. While the most
appropriate criteria for the matrix are Puck criteria due to their taking into account the
fracture plane angle based on the fact that due to the nature of the matrix, crack
prorogation tends to occur in random directions. Although, this is not the general case
for composite materials which depend on other factors for a more authentic selection
of the failure criteria, for example: load condition, material types and stacking
configuration.

3. According to the load conditions, the cause for great concern in low velocity impact
is the matrix failure, as matrix cracks have a long time to propagate through the
material in different directions and extend over a large area. On the other hand, high
velocity impact occurs over a duration and with local deformation close to the impact

location, so that fibre failure modes are more important in this case.

Equally important, interlaminar failure (delamination) is considered to be the main

failure relating to strength reduction especially with the absence of the reinforcement
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through thickness. In summary, some important points help to explain delamination

behaviour:

1. For unidirectional laminates, the matrix fracture toughness represents the dominant
effective physical factor in interlaminar failure. Of course, there are other factors that
influence the onset and acceleration of delamination propagation such as stacking
sequences, loading conditions and laminate thickness.

2. Delamination modelling is based on fracture mechanics and energy release rates, the
cohesive element model is more appropriate for many reasons compared to other
approach. Numerically, it is not necessary to define initially a pre-crack to predict the
delamination onset and propagation, furthermore, it requires less computational time.

3. The optimal behaviour law for cohesive models is a bilinear law due to less of
computational time, in addition the exponential law is considered to be the most
suitable from the point of view of the solution convergence.

4. In our opinion, the cohesive interface element model is more applicable in numerical
simulations, with a zero thickness of the cohesive layer, thus a high initial stiffness
requires to delamination onset. In addition, a finite thickness of the cohesive layer
leads to a reduction in the mesh aspect ratio compared with the neighbouring
composite lamina.

5. Numerically, in the implicit procedure (quasi-static and static loading) with a high
time step, the solution convergence for nonlinear cohesive behaviour is difficult to
obtain, therefore artificial viscosity is added to the model. In contrast, the explicit
scheme (dynamic loading) with low step time can converge better the solution for
cohesive elements.

6. For composite structures which are more robust, it would be more appropriate to
avoid a large difference in fibre orientation of neighbouring laminas to reduce
dissimilar mechanical properties in the interface. On the other hand, reinforcement
through thickness is also a good solution.

7. To account for the variation in fracture toughness as a function of the mixed mode,
especially in the uniaxial loading, the most appropriate model is Benzeggagh and

Kenane (B-K criterion) which combines pure modes into a single mode.

Finally, for sandwich structure under slamming impact, the debonding between the core
and the faces is considered to be most common failure mode, occurring due to flexural

loading and shear stresses. To identify the intralaminar damage mode in composite structures,
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a three dimensional constitutive progressive degradation model was developed and write
using VUMAT subroutine coded in FORTRAN program, in addition to modelling of
interlaminar damage mode that implemented in the Abaqus explicit code. These would be

covered in the next chapter.
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4.1 Introduction

Damage tolerance and resistance is of primordial in lightweight structures, especially in
aerospace and naval applications. Thus, in practice, the engineering design requires
information about the material resistance properties in the elastic behaviour phase to estimate
the performance of the structure. The lack of ability to predict the damage tolerance leads to
allowing high factors of safety design requirements. In contrast, highly expensive costs, and
true that composite materials are extremely supersensitive to defects. Therefore, optimisation
of these factors must be achieved to reduce production costs and predict the maintenance
schedule. In the evaluation of the response of composite structures and to maintain their
performance subsequent to damage, the implicit residual strength should not exceed the
damage tolerance requirements. The failure mechanism of the composite materials is not yet
fully integrated in the numerical models. Therefore, it is necessary to develop accurate models
that can predict the failure modes, in order to fully exploit the potential of these structures.
Numerically, many researchers have attempted to model an appropriate constitutive law to
include damage in their models. Consequently, this provides significant assistance through
incorporating their influence in the structural design. Their efforts concentrate on handling
dynamic impacts with high and low impact velocity/energy based on continuum damage
mechanics (CDM) and fracture mechanics (FM) for both intralaminar and interlaminar
damage. In this chapter, damage modelling based on the degradation of the material stiffness
of the material used, the user material subroutine VUMAT, implemented and executed in
Abaqus/explicit finite element code, together with interlaminar damage based on the cohesive

zone model (CZM) will be examined.
4.2 Constitutive progressive degradation of composite material

Progressive failure models have been adopted in finite element simulations, to model the
onset of damage and its propagation in composite laminate based on the concept of continuum
damage mechanics (CDM). Material behaviour can be characterised in two substantial phases
namely the elastic and the failure phases. An elastic region is the area where the material can
return to its original dimensions without deformation during unloading. This phenomenon
appears because the material has an elastic energy which depends on the material nature type.
On the other hand, the second phase represents a failure region, which is subsequent to the

onset of the damage of the material, by either stress or strain-based failure criteria. Further
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loading leads to degradation of mechanical properties of the structure and subsequently a

reduction in stiffness.

Figure 4. 1 illustrates the relationship between effective stress and nominal stress. The

relationship between effective stress (6) and nominal stress (o) can be defined as :

Damage section Un-Damage section
2 o 4 ©
° o
° o
ﬂ‘ o (-1-]
o oo ®
F= AYFF o=A*F

Figure 4. 1. Effective stress and nominal stress

6=M=xo 4.1)

Where 6 , 0 and M are respectively the effective stress, nominal stress and the damage

operator which can be as follows [1]:

! 0 0
1—d,
1
M = 42
0 1¢, ° (*2)
0 0 !
1—d,.

Where df, d,, and dg are the damage variables for fibre, matrix and shear failure mode

respectively .

O-i,j = Ci,j(d)'gi,j (43)

where C represents the undamaged orthotropic stiffness matrix. This matrix takes the

following form:
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Ci1 Gz Ciz 0 0 0
Ciz Cp Gz 0 0 0
_ C13 C23 C33 0 0 0
CD=1"% o o Cao 0 0 )
0

0 0 0 0 0 Cgl

Thus the damage stiffness matrix is as follows [2]:

dCyy = (1 —df)E;(1 — vp32)T
dCyy = (1 —df)(1 — dp)Eo(1 — 0333l
dCsz = (1 —d;)(1 — dp)Es(1 — vy )T
dCi; = (1 - df)(l — dp)E1 (V31 — v31023)T
dCy3 = (1 - df)(1 — dm)E;(v3y — v12v30) 4.5)
dCs; = (1 - df)(l — dm)E1 (V31 — V21v32)1
dCyy = (1 - df)(l — dimeSme) E1 (1 — dineSine) Gz
dCss = (1 — df)(1 — deSme) E1 (1 — dineSine) Gas
dCes = (1 - df)(1 — dmeSme) E1 (1 — dineSine) G
Where df¢, df. corresponds to the fibre failure mode in tension and compression, and dy;,
d e the matrix failure mode in tension and compression. The variables s,,; and s,,. are
damage variables due to the shear stress in matrix tensile and compression failure
respectively. The values of the two variables s,,; and s,,. are estimated empirically equal to

0.8 and 0.5 respectively. The global damage variables for both fibres and matrix and I" are

given by equation (4.6)[2].

dr =1—(1-d)(1—dp)
dm =1- (1 - dmt)(l - dmc) (4.6)

r=1/1- "7122 - U232 - U132 — 2 V15V,3V13)

4.2.1 Intralaminar failure criteria

The damage initiation occurs when the true applied stress in the laminate composite
reaches the ultimate strength of the ply laminate. Explicitly, damage occurs to the interface
due to a difference between the transverse compressive fibre modulus and the matrix
modulus, which represents the main cause of damage initiation. A user material VUMAT

subroutine was coded in FORTRAN language and executed by the finite element explicit

120



CHAPTER 4 - Damage Modelling and Simulation Results

Abaqus software to characterise the intralaminar damage. The failure onset was based on
Hashin failure criteria in three dimensional form for fibres and matrices. These criteria have
been widely applied to predict the initiation of damage in unidirectional composites [3, 4]. In

the current study, these criteria were proposed for both fibres and matrices, and listed in Table

4. 1.

Failure Mode Failure Criteria
Fibre Tensile Failure 011\2
(011 2 0) Xt
Fibre Compression Failure 0y1\2
ffc = <_) >1
(011 <0) Xe
Matrix Tensile Failure 3 (032 + 033)% 0232 — 05,033 (2)2 (E)Z -
(022 +033) =0 m Y,? S% S12 Si3/
1 Y, \? (022 + 033)?
fme = 7((2; ) - 1) (022 + 033) + T a2
Matrix Compression Failure ¢ 23 23
032 — 04,0 012\2  [013\2
(022 +033) <0 222 > 2238 4 (ﬁ> + (ﬁ) >1
S33 S12 S13

Table 4. 1. Hashin Failure criteria [3]

4.2.2 Damage evolution

As previously stated, after the initial failure criteria have been satisfied, further loading
leads to regression of material stiffness. Based on the relationship between the effective stress
and displacement, damage evolution can be constituted. Therefore, damage variables for each

mode in the fibres and matrices are expressed in the form of the displacement:

87 oq(Bieq — 8Peq)

6i,eq (6{eq - 6i(?eq)

d; = , 820 S Sipq < O 4.7)

i,eq
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Where d; is the damage variable defined for each damage mode. The variables 62q,

8eq and 6£eq represent respectively the initial displacement when the failure criterion is
reached, the equivalent displacement and the equivalent failure displacement. These
displacements can be computed from the fracture energy corresponding to each damage

variable as follow:

f
&
6= [ “ode= (5" —6° )00
1 o 2 i,eq Leq Leq
6i,eq
sf _s0 — 2G;
lLeq Leq aioeq

(4.8)

61'(,)eq = Si,EQ/\/?i

0 —
Gi,eq - Ui,eq/ ‘/71'

Oieqr O'?’eq’ ,fi and G; are equivalent stress, equivalent initial stress, initial failure and the
fracture energy corresponding to each mode, respectively. These variables are computed for
each element’s integration point to describe the material’s stiffness degradation for every
damage mode, as described in Table 4. 2. This scheme is shown in Figure 4. 2. The equivalent
displacement and equivalent stress are determined for each iteration until the complete failure

(df = 0) of element occurs. At this point, the element deletes from the model and its stresses

become zero [5].

Stress

':"_:',s q

Displacement

Figure 4. 2. Typical behaviour of material stiffness degradation
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Failure mode 8ieq Oieq
Fibre tensile Le/(e11)? + (£12)2 + (£31)2 Lc(011811 + 012812 + 031€31)/61,eq
damage mode
Fibre (e33). E (€33). E

33)- £33 33)- £33

compressive Lc\](—fn - E—)z Le(E1q(—€11 — TE, )/82,eq
damage mode 1
Matrix tensile Loy (822)2 + (£12)% + (£23)2 Lc(022822 + 012812 + 023823)/ 03,64

damage mode

Matrix
compressive
damage mode

(e33). E (€33). E33
Lc\/(—gzz — B2 4 (g15)2 Le(Bza(—€22 — . T Onzér )/ 82,eq
E;, 22

Table 4. 2. Equivalent displacement and equivalent stress for each mode [5]

Where (¢;;) is the Macaulay operator and calculated as:

(&) = 5

i + el

4.9)

L. 1s characteristic length, which is defined to overcome the strain localisation when the

material exhibits strain-softening behaviour [1], and thus is integrated into the model to render

the absorbed energy independent of the mesh sensitivity. In the solid element case, the

characteristic length is obtained by the cube root of the area associated with the material

point.

The flowchart of the intralaminar damage model, incorporated in the VUMAT subroutine

is explained in Figure 4. 3.
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€y Cp Gz 0 0 O
€ Cp Gy 0 0 O
C C,y C 0 0 0
ctdy = |F13 Cz Laa
(@ 0 0 0 Cu 0 0
0o 0 o0 0 (i O
0 0 0 0 0 Cg
Fiber Tensile Failure
[T
fue(@ 21
(e, 20 :

Fiber Compression Failure

(o =0)

Matrin Tensile Failure

fro =Gt +f“:'z 4ol ;f“g“ + (%‘]Z + (?\]Z 21
(B 02) 20 % = B
Matri Compression YA L lo +ags)?
Failure foe = ?:((2523'] N 1.)(622 o)t 45,7
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= E— =R —_— =] =
(G +055) < 0 * 53 (512'] * (513'] =t
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P = = cof o0 ’ ai,sq = ai,sq = ai,sq
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Where |
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8 -8, ==+
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[ I
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Figure 4. 3. Flowchart VUMAT subroutine intralaminar damage model
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4.3 Validation of the intralaminar model

In the following sections, the intralaminar model is verified and performed in a sequence
procedure to the test validity of the results. For this reason the model implemented is single
element subjected to simple unidirectional loading, and under a high velocity impact test for

the composite plate.

4.3.1 Single element model

Firstly, validation of the intralaminar damage model must be implemented. Therefore, a
single square element of dimensions (length= 5Smm, width= 5Smm and finite thickness of
0.25mm) was subjected to unidirectional loading conditions (tension and compression)
aligned with the fibres in the longitudinal and transverse directions, to identify the failure
mode in both fibres and the matrix. The boundary conditions were specified as clamped on
one side of the plate and tension/compression on the other, with a velocity rate of Sm/s, as
shown in Figure 4.4. The plate was modelled a of glass-epoxy composite material with the
mechanical properties stated in Table 4. 3. In order to clarify the failure of intralaminar
damage in a three dimensional form (for accurate results of stress and strain), the subroutine
VUMAT was implemented. Different fracture energy values for the fibres and matrix were

applied to quantify their effect on the damage evolution.

V=5m/s

v=5m/s V=5m/s

(a) Tension (b) Compression

Figure 4.4. Orthotropic composite ply subjected to longitudinal loading (fibres oriented to 0°)
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Propriety Values
Density (kg/m?®) 1960

Young’s modulus (MPa)
Poisson’s ratio

Shear modulus (MPa)

Longitudinal Tensile strength (MPa)

Longitudinal compressive strength (MPa)

Transversal tensile strength (MPa)

Transversal compressive strength (MPa)

Shear strength (MPa)

E1 = 4‘5847, E2 = E3 = 17506

VlZ == V13 = 01, V23 = 0331

GlZ = 613 = 5000, 623 = 5600

X, = 1120

X, =900

Ve =Zy =39
ye=Z.=134

S12 =813 =583 =77

Table 4. 3. Mechanical proprieties of orthotropic layer (glass/epoxy)

4.3.1.1 Effect of damage propagation energy

The changes in model sensitivity to the fracture energy were studied by predicting its

response to the damage evolution, therefore different fracture energy enters the model

corresponding to each mode as stated in Table 4. 4. As proof, the elastic phase remains at the

same value and keeps its linear behaviour and within the initiation failure strain. In general,

the fibres has large tensile and strain strength, therefore they absorb high energy before

exceeding the strain failure level. Clearly different and inversely, the matrix has low energy

until failure. Composite materials with high critical energy have extensive damage tolerance

and this allows them a long life time and to achieve their function without catastrophic

structural failure occurring.

Fracture Energy (J/m?) High energy | Medium energy | Low energy
Fibre tension mode-1 (Gg;) 10 5 1
Fibre compression mode-2 (Gp,) 10 5 1
Matrix tension mode-3 (Gyp¢) 5 2.5 0.5
Matrix compression mode-4 (Gp.) 5 2.5 0.5

Table 4. 4. Fracture energy for damage evolution
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4.3.1.2 Tension and compression in the longitudinal direction

The composite orthotropic plate was subjected to tension and compression loading in the
direction of the fibre. As shown in Figure 4.5 and Figure 4. 6, the first initial damage happens
in the matrix (dm;) and then the fibre damage (df;) , as the stresses in the fibre direction are
predominantly carried by the fibres. It can be noted that the maximum value of the stress

correspond to the mechanical properties of ultimate tensile and compression strength of the

fibres.

Figure 4. 7 shows the force-displacement curves under tension and compression of various
fracture energies for both the fibres and matrix. Throughout the analyses, it can be observed
that the material strength under tension and compression loading aligned with the fibre

orientation, and thus it depended on the fibre strength, reflected in the plate having a high

initial failure strain and high strength.

1200 T T

Stress (MPa)
Stress [VMIPa)

0 0,02 0,04 0,06 0 0,02 0,04 0,06
Time (ms)
(b) 022,033
1 .
e e AN ]

sDv1

o 0,02 0,04 0,06 o 0,02 0,04 0,06
Time (ms) Time (ms)
(c) df, (d) dm,

Figure 4.5. Evolution of dynamic response of orthotropic ply under longitudinal tension
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Figure 4. 6. Evolution of dynamic response of orthotropic ply under longitudinal compression
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Figure 4. 7. Test of one element, longitudinal direction
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4.3.1.3 Tension and compression in the transversal direction

In contrast, Figure 4.8 and Figure 4. 9 depict that the matrix failure mode (d,,) dominates
the failure response under the transverse tensile and compression loading. It can be observed
that the material failure needed a low strength, strain and low energy. This is illustrated in
Figure 4. 10. It was noted that the fibre damage variable was not present in this case, because

the element deletion from the model occurred when it reached the condition of maximum and

minimum deformation. In this model assumed that (&,,,, = 1) and (&,,;, = —0.8).
6 50 .
! ——522
5 Rt T e o ——533
= " | |
o 4 o L ;
s 2 30 gy E—— T
e 3 S i i
0 0 : |
a VL F A Tttt T [
[ ™ 2 : i ]
b b L L
1 i i
0 . .
0 0,02 0,04 0,06 0 0,02 0,04 0,06
Time (ms)
(b) 022, 033
_________ . ——s5DV3
0 0,02 0,04 0,06
Time (ms)
(c) dm,

Figure 4.8. Evolution of dynamic response of orthotropic ply under transverse tension
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Figure 4. 9. Evolution of dynamic response of orthotropic ply under transverse compression
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Figure 4. 10. Test of one element, transversal direction
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The ultimate stress in the direction of the fibres with different ultimate tensile strength for
the fibres was compared to verify the stress-displacement curve. It was noted that the curve

kept the same linear elastic phase with the same energy (df; = 1,dsc = 1,dye = 0.5,dpyc =

0.5) in all states of loading of different tensile strength, as shown in Figure 4. 11.

1400 T T - T
! ! I =——brittle-hashin
i i i failure criteria
1200 F-----mmmmpmm o e (== 200 Mpa
i i —=—¥t=1120 Mpa
1000 [---------F---------
—_ | Xt=750 Mpa
™ i
8 i |
= 800 [--------- il ——}t=500 Mpa
- [ e
i i F i
n i F 1 i
% 600 [---------bo-—gff N R
[ i .'_- ]
A | | ! |
00 |- I\ AL A S
00 p--gFb o ity T Yo T
D i L] w—
0 0,05 0,1 0,15 0,2 0,25

Displacement (mm)

Figure 4. 11. Effect of ultimate tensile strengths for one element under tensile test,

longitudinal direction

4.3.1.4 Mesh convergence

Progressive damage modelling often tends to experience severe difficulties such as those
concerning the mesh density. The energy dissipated according to the mesh density has a
significant influence on the numerical results. For this reason, different mesh densities were
applied (1, 4, 8 and 16 elements) to the model under tensile loading aligned with direction of
the fibres, Figure 4. 12. The force- displacement curve shows that the mesh densities have
small effect on the behaviour of the studied material, Figure 4. 13. Indeed, the characteristic
length of elements reduced the mesh density influence on the strain localization and energy
dissipation. However, the characteristic length was not able to completely eliminate the

dependency on the mesh, but reduced the influence in this case [1].
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Figure 4. 12. Mesh size effect
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Figure 4. 13. Influence of mesh density on the energy dissipation

4.3.2 High velocity impact test

In this section, the intralaminar damage model was tested under a high velocity impact.
This is appropriate for high dynamic loading, as the damage is mainly due to the propagation
of cracks perpendicular to the fibres, whereas micro-cracks are growth fast under loading
conditions in the thickness direction. These cracks produce debonding between the fibres and

matrix or the fibre failure.

The composite plate of carbon fibre-epoxy was simulated that has mechanical properties
illustrate in Table 4. 5. The square composite plate was modelling with dimensions
100x100x3.6 mm, and the steel spherical projectile with a diameter = Smm and mass = 0.51g,
Figure 4. 14a [6]. The laminate consisted of 18 separated laminas with stacking sequence
[(0/90/0)5]s and 3D element type of 8-node linear bricks and reduced integration C3D8R. To

avoid high computational time consumption, a symmetric quarter plate was modelled and
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analysed. In the local impact region, a refined mesh was used which was progressively
coarser toward the external plate edges, with one thick element for each layer. The plate was
fully clamped in the outer boundaries as shown in Figure 4. 14b. this incorporated a
subroutine VUMAT in Abaqus explicit software employed to describe the intra-lamina
damage for both the onset and propagation of the damage based on the Hashin failure criteria

for the fibres and Puck criteria for the matrix.

Symmetric
v

I(_/Full clamped

(a) (b)

Figure 4. 14. Typical finite element model under high velocity impact

Elastic moduli (GPa) Poisson’s ratios (-) Shear moduli (GPa)
Ei Ex Es3 Vi2 Vi3 V23 G2 Gi3 G
235 17 17 0.32 0.32 0.45 4.5 4.5 2.5
Ultimate tensile and compression strengths Ultimate Shear
(MPa) strengths (MPa)
X Xe Y. Y. Xt Xse Si2 Si3 Sa;
3900 2400 111 290 50 290 120 137 90

Table 4. 5. Carbon fibre-epoxy material properties [7]

A good agreement between the simulation and the experimental results of Kasano [7]

demonstrates the model capability to predict the intralaminar damage in high velocity
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impacts, as shown in Figure 4. 15. Table 4. 7 indicates the percentage error of the residual

velocity between the simulation and experimental results.
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Figure 4. 15. Correlation between the VUMAT and experimental results

Impact velocity Experiment Numerical residual
Error %
(m/s) residual velocity velocity
142 0 10,17 10,17
150 45 45,52 0,52
180 102 102,35 0,35
250 184 188,15 4,15

Table 4. 6. Compare simulation results with experiment results

Optimisation of structural resistance according to the stacking sequence was performed
using a three stacking sequence [(0/90/0)3]s, [(45/0/45)3]s and [(0/45/90)3]s. Consequently, the
optimum stacking sequence was compared according to projectile residual velocity and
penetration resistance force, as to which material exhibited more resistance and low residual
velocity as illustrated in Figure 4. 16a-b. It can be observed that plates with different stacking
sequences gave approximately the same force and the residual velocity response. Note: the

interlaminar failure was not taken into account in the numerical model. Therefore, the
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following section integrated the interlaminar failure between layers using the cohesive zone

model (CZM).

300 . : . 4,5 .
| | =— Laminate [[0f90/0)3)]= — LEII'Il'III'IE!'tE .
[ . it apt ot - S P & (19300} 3}
250 g - - | = Laminate [(45/0/45) 3]s —— Laminate
—_ ——— Laminate [[¥45/90)3]= 35 = = [l45/0/45)3] 5
g — | 3minate
R i g B e ) [(0y45/90)3]s
E | 3 X 25 [--- ek 1 i B
150 - T TR P g
= i i i a3 2 -==i- B '
o i i i i
5 100 |- bomm e dmm o b e e L5 W
> L : \
SD ------- o ————— A —————— o ———
| ! | 05 g :
0 | i | &
0 0,01 0,02 0,03 0,04 o 2 4 = 8
Time (ms) Displacement (mm)
(a) Residual velocity (b) Force

Figure 4. 16. Effect of stacking sequence under impact velocity 250 m/s4.3.4.2 Interlaminar
(delamination) failure effect with high velocity impact

Due to the fact that the composite material structure was comprised of a multilayer stack,
separation of the layers could occur. Delamination is considered to be the most usual damage
type that has an influence on the strength of composite structure. Normally, it is caused be
imperfect and weak bonding between layers, a mismatch in the strength fractures of the
interlaminar interface compared to the strength of the layers, and with the presence of initial
defects in the structure. All of these factors considered the main resource of this type of
damage. Therefore, concentration of the normal stresses and transverse shear due to these

factors leads to debonding the interface between the stacked layers.

The delamination was modelled by implementing the constitutive model which was built in
the finite element model based on cohesive surface interaction with a zero cohesive layer
thickness. However, the damage onset criterion based on the strength that expresses in a
quadratic polynomial combination of both normal stress and shear stresses was applied to the
surface nodes interface between the layers. Thus, the delamination occurred when the
combination of normal stress and shear stresses satisfied the strength criterion, as illustrated

by the traction-separation law [8].
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2 2 2
t t t
_73 + _f) + —(t) =1 (4.10)
t9 £ t

Where t,, t;, t, are respectively the nominal traction stresses under normal and shear load

determined and corresponding to the elastic stiffness in mode I, mode II and mode III.

Based on the fracture criteria of Benzeggah et al. [9] for the propagation of damage; the

total fracture energy is given by Equation (4.11).

G + Gy )11 @.11)

Gre = Gie + (Gpe — Gye) ( G
T

Where Gr., Gy, Gie, Gr (G + G + Gy ) and 77 are respectively the total critical energy

release rate, mode I critical energy release rate, mode II critical energy release rate, total

energy release rate and the material parameter. The properties of the cohesive element are

illustrated in Table 4. 7.

Initial elastic stiffness (N/mmz) Strength (MPa) Energy (N/mm)
K, K, K th ts t Gre Gric Grire
1.7E+06 1.7E+06 1.7E+06 65 72 52 0.345 0.63 0.63

Table 4. 7. Cohesive properties [10]

In low or high velocity impact loading, interlaminar reduces the material stiffness and
strength due to the local strain deformation close to impact position; therefore the response
force of the structure decreased. The matrix damage density was closely related to
delamination expansion, the largest delamination taking place in the back plies of the panel
due to the saturation of the matrix cracking density damage under the tensile loading which is

shown in Figure 4.17.

The structure was sensitivity to interlaminar damage, Figure 4.17 and Figure 4. 18.
However, the delamination redistributed the stresses to undamaged lamina which caused an
increase the normal and shear stresses in these laminas. The most extensive delamination

failure mode occurred between the plies having a largely different stacking orientation which
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was directional aligned with the maximum tensile stress, that is obvious in 0° or 90° lamina

under impact loading.

7.6 x 107 ms

==

19.6 x 10°° ms

300

250

200

150

100

Impacter velocity [m/s)

50

15 x 10 ms

o

37.60 x 107 ms
Figure 4.17. Time histories for damaged laminate under impact velocity of 250 m/s

—— [[Dfd-é,-’gl}]S]s with c;:rhes'rl.rf:
e [(0/45,/90)3]s without cohesive

0,04

Figure 4. 18. Influence of the delamination on the projectle residual veleocity

The interlaminar damage has an influence on the structure resistance. When a higher

delamination occurred, this made the structure more flexible and absorbs even more energy

for delamination propagation. As a result, delamination accelerated the matrix damage close

to the impact location that aligned with its direction, and consequently absorbed a higher

amount of energy required for damage propagation, Figure 4. 19 and Figure 4. 20.
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Figure 4. 19. Effect of the stacking sequence on the structure strength
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Figure 4. 20. Damage matrix tension and delamination with different stacking sequence
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The main objective of the validation an intralaminar and interlaminar (delamination)
model is to investigate the damage of a composite structure under water slamming impacts.
Sometimes the stress wave impact causes local damage in the composite panel, especially
close to the supporter and stiffeners, and with repetitive waves can cause local indentations or
rupture of the structure [11]. Therefore, due to the damage mechanism in composite materials
under slamming impacts, it is more important to restrict the use of composite materials in

naval applications and help the designers predict the critical locations in the structure [12].

4.4 Conclusions

In this chapter, numerical damage models for both intralaminar and interlaminar failure
have implemented and discussed. To begin, we constructed a three dimensional constitutive
model to describe the progressive degradation of the intralaminar damage for unidirectional
composite materials. Thus, the user-material subroutine VUMAT was incorporated in the
explicit finite element (Abaqus) software based on continuum damage mechanics for
intralaminar damage together with CZM for interlaminar damage. However, a sequence
procedure was applied to verify and evaluate the validity of the numerical results. For this
reason, the model was tested as a single element with different loading conditions, and
different fracture energies. The test was followed with more complicated loads under high
velocity impacts, and the effect of the staking sequence of the laminates was studied to
identify the interlaminar damage effect on the global response. The Damage model correctly
predicted the damage initiation and gave accurate estimations for the damage evolution of
other failure mechanisms in the fibres and matrices. Consequently, this gave the validation to
apply it to slamming impact simulations. A summary of the main damage modes occurring in
the composite laminates is that matrix cracks and delamination propagated and developed
quickly, especially in the matrix and through the thickness of the structure. This damage
caused rupture in the fibres which led to catastrophic failure, which is the case of repeated
slamming waves [13, 14]. Subsequently, this investigation can be help the ship designer to
predict damage tolerance and give reasonable safety factors to design requirements for
composite materials. For further confirmation of the numerical model results, experimental
tests were performed for different structural rigidities of composite materials and sandwich

panels, which will be discussed in the following chapters.

139



CHAPTER 4 - Damage Modelling and Simulation Results

References

[1]

(2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

Ireneusz Lapczyk, Juan A. Hurtado, "Progressive damage modeling in fiber-reinforced
materials," Composites Part A: Applied science and manufacturing, vol. part A 38, pp.

2333-2341, 2007.

Wei Guo, Pu Xue, Jun Yang, "Nonlinear progressive damage model for composite
laminates used for low-velocity impact," Applied Mathematics and Mechanics, vol. 34,

n° %19, pp. 1145-1154, 2013.

Z. Hashin, "failure criteria for undirectional fiber composites," Journal of Applied

Mechanics, vol. 31, pp. 223-232, 1980.

S. Wang, L. Wu, L. Ma, "Low-velocity impact and residual tensile strength analysis to

carbon fiber composite laminates," Materials and Design , vol. 31, pp. 118-125, 2010.

S.H. Xin, H. M. Wen , "A Progressive Damage Model for Fiber Reinforced Plastic
Composites Subjected to Impact Loading," Impact Engineering, vol. 75, pp. 40-52, 2015.

Abaqus Technology Brief , "Projectile Impact on a Carbon Fiber Reinforced Plate,"
Simulia, April, 2007.

H. Kasano, "Impact Perforation of othrotropic and quasi-isotropic CFRP laminate by a

steel ball projectile," Adv Composite Mate, vol. 10, n°® %14, pp. 309-318, 2001.

P. P. Camanho, C. G. Davila, "Mixed-Mode Decohesion Finite Elements for the
Simulation of Delamination in Composite Materials," NASA/TM, pp. 1-37, 2002.

X. J. Gong, M. L. Benzeggah, "Determination of the Mixed Mode Delamination
Toughness Using an Imposed Displacement Cantilever Beam Test Method," ECCM 5,
Bordeaux, 1992.

[10] A. Chiminelli , B. Garcia, P. Sanchez, M. Lizaranzu, M.A. Jimenez, "Application of

Cohesive Element Simulation Techniques to Model Delamination and Fiber-Bridging in

140



CHAPTER 4 - Damage Modelling and Simulation Results

Composite materials," Anales de Mecanica de la fractura 28, vol. 2, 2011.

[11] K. Varyani, M. Gatiganti, M.Gerigk , "Motions and slamming impact on catamaran,"

Ocean Engineering, vol. 27, pp. 729-747, 2000.

[12] T. Allen, Tom David, "Mechanics of Flexible Composite Hull Panels Subjected to Water
Impacts," thesis, 2013.

[13] S. Charca, B. Shafiq, "Repeating slamming of sandwich composite panels on water,"

Journal of Sandwich Structures and Materials, vol. 11, pp. 409-424, 2009.

[14] B. Shafiq, S. Charca, F. Just, "Repeated slamming of foam core sandwich composite

panels on water," ICCM17, Edinburgh, UK, 27-31 July 2009.

141



142



CHAPTER 5

Slamming Experimental Results

Contents

ST INErOAUCTION vttt e e
5.2 Experiment S€tup CONfIUIALION. ......cccuiiiiiiiiriiiieiiee ettt ettt e e

5.2.1 ServO-tESE IMMACKINE ....eeeeeee e e e e e e e e eeaa e e e enns
5.2.3 MacChing INSIIUMEIIES ... eeeeneeeeeee et e et e e e et e e e e e e e e eeraeeeenanans

5.3 Composite Panels and fIXTUTE ..........oovcuiiiriieiniieeieeeiee et
5.4 Machines parameters calibration ...........cooceeiiiiiiiiiiiiiiiiiceete e
5.5 Composite panel teSt TESULLS ......ccccuiiiiiiiiiiiieieeeteeeee ettt

5.5.1 Flexible panels (thickness =8mm) ...........ccocuiiriiiiniiiiiiiieiieeieeeeeee e
5.5.2 Semi-flexible panels (thickness =13 mMmM) ......cocoeiiiiiiiiiiiiiiiiece
5.5.3 Effect of the slamming impact along panel width ..............ccccovviiiiiniiniinnnen.

5.6 Comparison of different impact VEIOCItIES ........cevveeeriieeriiiieiieeeiieeeie e

5.6.1 HydrodynamicC fOTCE .........ceiuiiiiiiiiiiieeiiie ettt et e saee e e e
5.6.2 DefOrmation TESPOMNSE ......eeeruveeeruieeeriieeerireeeriteeeieteestreessreesseeessseeesseeesseesssseesnnnes

5.7 PVC Sandwich material TESULLS ... .eeeeeeieeeee et e e e e e enen

5.7.1 DYNAIMIC TESPOMSE ....eeueveureenireeiieenireeteeniteereesieeeneesaeesereesieeeneesmeesreesaneesneennneeanees
a)  Sandwich panels, thicknessS=27mm.........ccccceeeriuiiimiiiiiniiiiniieeieeeeeeee e
b)  Sandwich panels, thickness=37mm..........c.ccccccevviiriiiniiniiiniiiceeeeeeeen

5.7.2 DAMAZE ASSESSIMENIL «....veeeeeuiiieeeeriiiieeeeeiitteeeeriiteeeesiteeeessatteeesssnsteeeessbaeeessnseeeessnnns

5.8 GENETAL QISCUSSIONS . .eeneeeeeieeee et e et e e et e e e e e e e e e e ae e e e aeseranaeserenaeeennns
5.9 CONCIUSIONS ..ottt e e et e e e e e e e et e e e e e ee e e e aeeeranaeeeranaeeenann

RETEIEIICES e e e e e e e e et ee e e s e e e e e e e e aaeseeeeetaaanaaaseeeeerennnnns

143



CHAPTER 5 - Slamming- Experimental Results

5.1 Introduction

The water entry problem is the impact loads between the structure and the free water
surface which is considered one of critical design issues in ship structures. Therefore, it is
recommended to determine the global and local loads. Early work in this area attempted to
predicate the hydrodynamic forces of rigid rather than deformable structures [1]. The main
difference between the rigid body and deformable structures is the presence of the
hydroelastic influence along the fluid-structure interface. This explains why the hull
flexibility has significant effects on the design of these structures, which can change the
behaviour of the fluid-structure interaction. Moreover, a deadrise angle between the water and
the structure is considered to be an important factor to presence this phenomenon, especially
small deadrise angles [2, 3]. The hydroelastic effects exert of both dynamic and kinematic
influences. The dynamic effects occur due to the interaction between the water and the
structure, while the kinematic effects are produced due to the inertia effect and the change in
the local deadrise angle along fluid-structure interface [4]. The fast development of composite
materials in the last decade has encouraged the use of these materials in naval structures, due
to their lightweight, high strength and stiffness to density ratios. For this reason, many
researchers have studied their behaviour to ascertain the performance and reliability over the
life time. Consequently, this assists ship designers to estimate and specify hydroelastic effects

and damage mechanism before suggesting a final design load.

In this chapter, the experimental study of the slamming impact was performed for
deformable laminate composite and sandwich panels. The composite panels consisted of
vinylester resin reinforced with glass fibres, and the sandwich panels were manufactured with
polymeric skins and PVC foam cores. The deformations and response forces of the panels
were investigated as indicators to describe the hydroelastic effect and the structural analysis

during water-structure interaction.
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5.2 Experiment setup configuration

5.2.1 Servo-test Machine

A high speed shock machine with a velocity control system was used to calibrate and
maintain the velocity approximately constant throughout the water impact as illustrated in
Figure 5. 1. As a result, the impact velocity is virtually unchanged due to the change in the
added mass. The performance specifications of the machine were distinct from other
traditional machines, since could apply more than 100 kN (200kN) and achieve velocities of
up to 20 m/s (10 m/s). The fixture system was made of steel 355S with a weight 58.5 kg,
which was attached to the hydraulic piston, while the total weight of flexible (t=8mm)
composite panels was 3.7 kg and semi-flexible (t=13mm) composite panels was 6.8 kg.
Numerical natural frequency analysis of fixture system based on the FEM was determined
and reported in Appendix (A). The machine came with a 1.1 m water tank (3m in length, 2m

width, and 2m depth), in which to implement the tests.

Constant velocity

Elr'ﬂ.;;" =

Compasite panals

Water

Llm

(b)
Figure 5. 1. Experimental setup and Schematic representation
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5.2.3 Machine Instruments

The impact force was measured by using a force sensor which was mounted on the
machine piston as shown in Figure 5. 2a. Due to the location of this sensor, the force did not
represent the real hydrodynamic force of impacted panels, as some inertial force of the fixture
system and panels led to some variation in the total hydrodynamic force. For this reason, an
accelerometer (model EGAS-FS-250/V12/L8M/X) was used to measure the acceleration of
velocity, as shown in Figure 5. 2a. This sensor is used to determine the inertial force during
the impact, especially, in the period of interest, in the approximate constant velocity. For more

details see [5, 6].

Data acquisition illustrated in Figure 5. 2b was used to monitor the machine (Servo-test
machine software) and data acquisition (genesis model) to receive and manipulate different
measurements of the strain gauges for the deformation, force, displacement sensor and contact
sensor for detection during the moment of fluid—structure contact. A high speed camera of the
type Photron FASTCAM (SA-X2) was used to capture images of water flow during the
slamming event, and also to clarify the phenomenon of the fluid-structure interaction. The
camera specifications were 12500 frames per second and the resolution 1.024 x 1.024. A

schematic overview of the camera set-up is shown in Figure 5. 2c.

Force sensar |

(c) High speed camera set-up

Figure 5. 2. Measurement Instruments
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5.3 Composite Panels and fixture

The wedge was composed of the two composite panels (500 x 250 mm) that had a fully
clamped boundary condition at the panel edges (keel and chine), this condition is usually
made for composite hull [7], as illustrated in Figure 5. 3. However, in order to investigate the
hydroelastic influence, glass/vinylester composite panels with different thickness namely
semi-flexible (SF) =13mm, flexible (F) =8 mm were tested. The woven E-glass/vinylester
laminate composites samples used in this work were provided by EADS composites and
manufactured for naval and aeronautic applications. The samples had 22 layers for (SF) and
12 layers for (F) panels with a vinylester resin matrix DION 9102. Each layer was of a plain
weave construction (50% weft yarns per 50% warp yarns) made of E-glass fabric, which
created orthotropic mechanical properties in three orthogonal directions. Laminate and
sandwich panels were produced using the vacuum resin infusion process, the fabrication

process is given in Appendix (B).
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Gauge reference A B C D E
Direction of the deformation X X X X X

Figure 5. 3. Diagram of panels and positioning of strain gauges, dimensions in mm
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The hydroelastic effects are greatest in the impacted wedges with a deadrise angle of 5° to
20°, while the 30° angles behave as a rigid [7]. Therefore, in this study, all of the panels
examined had a deadrise angle of 10°. The panels were mounted with strain gauges (SG) in
five different positions along the span of panel to provide the direct measurements of

structural response and cover mode shapes of natural frequency, Figure 5. 4.

The positions of the strain gauges were predicted from the natural mode frequencies of the
dry panels using finite element code (Appendix A), as shown in Figure 5. 4. Note that the
second configuration of gauge positions was used to identify three-dimensional effects along

the panel width. The details of the panel’s mechanical properties are given in Table 5. 1.
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Figure 5. 4. Mode shapes of the dry panels
Elastic moduli (GPa) Position ratios (-) Shear moduli (GPa)
En E; Es3 V12 V13 V23 G2 G G
48.16 11.21 11.21 0.274 0.274 0.096 4.42 4.42 9
Ultimate tensile and compression strengths (MPa) Ultimate Shear strengths (MPa)
Xt Xc Yt Yc Zt Zc SlZ SIS SZS
1021 978 29.5 171.8 15 171.8 70 70 30

Table 5. 1. Properties of two composite panels with different thicknesses (8§ mm and 13 mm)

5.4 Machines parameters calibration

To prove the validity of the experimental results, a procedure was followed to calibrate the
machine performance to ensure that the robustness of test was satisfactory in terms of stability
and approximately constant velocity. All data were manipulated (post-processing) to convert

them to respective units from the voltage unit using Matlab software. To show how the data
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obtained was interpreted, an example of a flexible composite panel with a velocity of 6 m/s is

presented. Figure 5. 5 illustrates the acceleration profile, velocity and electrical signal for the

moment of contact. It can be observed, that the acceleration profile (Figure 5. 5a) at the

beginning of the test rises until it reaches the desired velocity, then maintains a more stable at

approximate zero value (Figure 5. 5b) before and during the impact duration, after which it

tends to decelerate. The interesting velocity period (Figure 5. 5c¢) is recognized from the

results of the contact sensor which detects the instant of the fluid-structure contact, Figure 5.

5d.
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Figure 5. 5. Calibration of the machine with flexible composite panel, V=6m/s

The responses of the composite panels were estimated form both force and deformation,

the hydrodynamic force was determined by subtracting the inertial load from the total

experimental load to take the inertial load effect of fixture system and composite panels,
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Figure 5. 6a-b. The deformation detected by the gauge sensors in different locations on the

panel is shown in Figure 5. 6c.
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Figure 5. 6. Structure response with flexible composite panel, V=6m/s

5.5 Composite panel test results

In order to investigate the influence of hydroelastic behaviour, a series of tests was
performed with two different rigidities of composite panels as mentioned in Section 5.3. The
dynamic impact of the deformable structure means that the local velocity and the local
deadrise angle along the fluid-structure interaction change due to the structure deformation,

therefore the hydrodynamic force and pressure differ from those observed for the rigid body

[8].
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5.5.1 Flexible panels (thickness =8mm)

For the composite laminate panel, we can note that there is a good repeatability in all
measurement tests. In velocity 4 m/s (Figure 5. 7a), stability in the force distribution over time
(0.005, 0.0176 sec) can be observed. This can be attributed to the fluid flow separation and
loss of contact between the water and panel surface due to hydroelastic effects. After that, the
water flow keeps in direct contact with the panel surface, causing a more rapid rise in the
force magnitude close to chine. At higher velocities (Figure 5. 7 c-b), this phenomenon

manifests itself as an increase in the impact velocity.
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Figure 5. 7. Repeatability of tests for flexible wedge

As far as the recorded deformation is concerned, all panels sustain various vibration modes
that obviously have negative and positive strain values. Consequently, a change in local
pressure can occurs, Figure 5. 8. In the acceleration period, all the gauge sensors have the

same profile as the mode, and then will be keep the same mode and increase towards the
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chine edge. The maximum strain occurs between gauges C and D approximately at 320 mm
from the keel. While the longitudinal strain at gauge A is much lower than the strain at other
gauge sensors because the panel does not have enough loading to be deflected. For different

velocities, more variation in the strain has observed that relates to increase the velocity.
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Figure 5. 8. Deformation measured by strain gauges

The strain mode shapes of a wet panel can be generally assessed from the fitting measured
dynamic deformations of the strain gauges which are mounted along the panel span, relative
with the submerged depth (d;) (initial water contact dij= 0 m, complete submerged d;= 0.0868
m). At the first moment of contact, the panel deforms in opposite direction of impact velocity
due to the inertia effect, and with rise of the penetration rate of the composite wedge, one
single mode of deformation was dominated the panel deflection due to increasing of the
hydrodynamic loads. According to these shapes, one can observe that an increase in the
impact velocity leads to a reduction in the impact duration and appears more than one

vibrating mode, Figure 5. 9. In this case, the hydroelastic effect becomes more significant [9,

3].
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Figure 5. 9. Mode shape histories from strain gauges along wet panel

Figure 5. 10 and Figure 5. 11 show the images captured by high speed camera during the

water entry for velocities 4 m/s and 6 m/s. These images correspond to time periods in the

hydrodynamic force curve:

The first image shows the moment of impact on the keel edge.

The second shows the contact between fluid and structure in the panel centre.

- The third image shows the penetration of the impactor.
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The fourth image shows the formation of a water jet before flow separation.
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t=10.5 ms t=21 ms

Figure 5. 10. Camera images, V=4 m/s
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Figure 5. 11. Camera images, V=6 m/s
5.5.2 Semi-flexible panels (thickness =13 mm)

In the panel with more stiffness, a higher impact velocity was implemented to allow more

deformation. This led to a reduction in ratio between the duration of impact and the first
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period frequency mode of the dry panel [2]. The hydrodynamic force has a linear profile at
low impact velocity, V=6m/s, as that happen in rigid wedge, while it behaves an exponential
profile along the span of panel at higher velocity (8 -10 m/s) due to the nonlinear behaviour of
the water-deformable structure interaction. It is also important to mention that the oscillations
on the load curves increased as velocity increased. These oscillations were caused by the
kinematic effects related with the panel flexibility, Figure 5. 12. For the Sandwich panels, we

can note that there is a good repeatability in all measurement tests.

70 T T T T T T T 70

Test 1 Test 1
60 Test 2 4 60 F Test 2
—_ Test 3 —_— Test 3 \
< st < sof |
2 8 !
5 40t 5 40t
' [T
2 30t g %
o ‘/ g 14
> 20} > 20 I i W
8 " /)M\/fm B WJ ALYl
S 10} i )(,M\ S 1of N\ |
= WAy £
0 0 % ‘
10 ! ; ! ! ; i ! 10 ! ! ; ! !
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0 0.002 0.004 0006 0008 001  0.012
Time [s] Time [s]
(a) V=6 mv/s (b) V=8 m/s
140
Test 1
120 F Test 2
— Test 3
i 100
8 sor
e
s 6of
E
g 4or nfw M
s il
S 20f
©
£ ORtY \ W u’
-20
-40

0.002 0.004 0.006 0.008 0.01
Time [s]

o

(b) V=10 nv/s
Figure 5. 12. Repeatability of semi-flexible wedge tests

Concerning the deformation, negative values of the strain appeared less in the highest
stiftness panels (SFP) due to less inertia effect and more frequent with an increase in impact

velocity. Elevation of the wet surface, thus the shape of the deformation in all locations takes
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the same form, as shown in Figure 5. 13. Note that the maximum deformation is always at

gauges C and D that occurs corresponding to the maximum hydrodynamic force.
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Figure 5. 13. Deformation in strain gauge

Figure 5. 14 shows the effect of the impact velocity on the strain mode shape of panels
relative to the submerged depth (d), which is the same situation as for the flexible panel as
explained previously. In contrast, the inertial effect of the panel appears less at the initial time
of impact and becoming significantly more frequently observed with the highest impact

velocity.
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Figure 5. 14. Mode shapes histories from strain gauges along wet panel, t=13mm

5.5.3 Effect of the slamming impact along panel width

To be specific, for the three dimensional effect of the deformation through width of the
panel in the gauge locations (GC, GB, GD) in the semi-flexible panel, gauges B, D exhibit a
difference in deformation of about 20% and 13.4% respectively from GC as illustrated in

Figure 5. 15. This effect can arise with an increase the impact velocity and panel width.
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Figure 5. 15. Three dimensional effect, t=13mm and V=8m/s

5.6 Comparison of different impact velocities
5.6.1 Hydrodynamic force

It can be seen that the flexibility of the panel has a great influence on the profile and
amplitude of the maximum hydrodynamic load. Therefore, more flexible panels have higher
peak force and a clear imprint on the structural oscillations along the impact direction, Figure
5. 16a. These effects increase by increasing impact velocity as shown in Figure 5. 16b. Panels
with more rigidity have less peak force and lower vibration in the force histories. This can be
attributed to less appearance of the hydroelastic effects. In all the tested panels, it can be
observed that the maximum force is near the chine as the wetting surface of the panel-water
interface has been increased. This leads to the generation of high hydrodynamic pressure in
this location which may be intensive enough to cause damage (local delamination in the
fixture support and micro-matrix cracks near to the chine) in composite material as illustrated

in Figure 5. 17.
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Figure 5. 16. Hydrodynamic load for different rigidity and impact velocities

Figure 5. 17. Damage in the flexible composite panel

5.6.2 Deformation response

The maximum strain in different gauges for both flexible (FP) and semi-flexible (SFP)
panels is summarized in Figure 5. 18. On the other hand, Det Norske Veritas (DNV)
classification societies [10] for the structural requirements of naval vessel have been
considered. This DNV classification requires that the allowable strain does not exceed
€allowable = 0.3 € yitimate- In this study, the ultimate strain for woven E-glass/vinylester
laminate composites =~ 2%, therefore the allowable strain equal to 6000 micro-strain. This

corresponds to the velocity 6m/s in the flexible panel and 8 m/s in the semi-flexible panel.
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Figure 5. 18. Maximum experimental strain for different gauges in (FP) and (SFP) panels

For more details on the panels deformation, Figure 5. 19 shows the deformation of panels
with different stiffness at different gauges under a velocity of 6 m/s. It can noted that the
deformation that occurs at GA, GB and GC has almost the same values, and becomes more
significant in the flexible panel at gauges GD and GE, which are close to the chine edge. This
sudden increase is attributed to the high pressure in these locations due to the change of the

deadrise angle and fluid local velocity.
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5.7 PVC Sandwich material results

Sandwich material structures have been widely used in marine applications due to their
properties such as high weight/strength ratio. In contrast, the failure mechanism of these
structures has a significant effect on the stress state, the most common failure modes in these
structures are skin/core debonding and core shear. In this section, the dynamic response of
composite sandwich panels is analysed. Figure 5. 20 illustrate the sandwich experiment setup.
Sandwich structures consist of polymeric skins and PVC foam cores. Static characterisation
of these specimens has been presented in previous works [11, 12]. Details of the mechanical

properties of the panel are shown in Table 5. 2.

Fixture system
o

Sandwich pan

Figure 5. 20. Sandwich experiment set up configuration

Density t(mm) Elastic moduli Poisson’s ratios Shear moduli
(kg/m” (GPa) ) (GPa)
Ei E» Es;3 Vi2 Vi3 V23 G, Gis Go3
Skin | 1960 ty=7

48.16 11.21 11.21 0.274 0274 0.096 4.42 4.42 9

tC
Core 80 0.077 0.077 0.110 0.3 0.3 0.3 0.029 0.029 0.029
20 and 30

Table 5. 2. Sandwich panel mechanical properties [11, 12]
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5.7.1 Dynamic response

a) Sandwich panels, thickness=27mm

For each panel, the repeatability of the measurements was performed more than one test,
which seems to be a good repeatability for all tests, Figure 5. 21. As in composite panels, it
can noted that the flexibility of sandwich panels has a significant influence on the dynamic
noise and the peak force. The dynamic noise can be attributed to kinematic hydroelastic
effects such as the change in the local deadrise angle and the panel deflections along the fluid
structure interface. Moreover, the lower hydroelastic effects appear in these panels which
behave like the rigid body in the velocity range (4-8 m/s). The damage begins to occur in the

core and skin/core interface at 10 m/s.

30 30
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Figure 5. 21. The repeatability of tests on PVC sandwich, t=27mm

163



CHAPTER 5 —--mmmm oo Slamming- Experimental Results

The panels withstand greater deformation response as the impact velocity increase, as
shown in Figure 5. 22. It should be mentioned that sandwich panels exhibit a similar
deformation profile response at impact velocity of less than 10 m/s and exhibit elastic
deformation, but the responses of deformation in the strain gauge (GE) at V=10 m/s diverge
and increase rapidly. This can indicate that the panel was exceeded the elastic deformation
and it exposed to damage. Indeed, we can also note that the gauges B, D and C give almost
the same rate of deformation. This shows that we do not have the phenomenon of 3D
deformation; all points on the width of the panel follow the same deformation and thereafter

see the same strain.

1500 T T T T 1500
Gauge A Gauge A
Gauge B Gauge B
T ] 1000t cauge ) 1
c Gauge E £ Gauge E
3 2 g 500¢
8 L2
= =3
c c OF
» »
-500 1 -500 |
-1000 : : : : -1000 : : : :
0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025
Time [s] Time [s]
(a) V=4 m/s (b) V= 6 m/s
7000 T T 10000
G A | G A
6000 Cauge B ] 9000 Cauge B
Gauge C 8000 Gauge C
G D G D
T 5000 [ |~ cauge 1 T 7000 | | cauge €
s s
% 4000 % 6000
o o
5 & 5000 -
= =, 4000
c c L
s s 3000
3 & 2000 t
1000 -
0
-1000 : . -1000 - !
0.005 0.01 0.015 0 0.005 0.01 0.015
Time [s] Time [s]
(c) V=8 m/s (d) V=10 m/s

Figure 5. 22. Deformation in the strain gauges, t=27mm
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Figure 5. 23. Mode shapes histories from strain gauges along wet sandwich panel, t=27mm

b) Sandwich panels, thickness=37mm

Higher stiffness sandwich panels (t=37mm) sustain lower hydrodynamic impact as impact

velocity increases, Figure 5. 24 . However, the same behaviour has observed for less stiff

panels as presented previously which have less dynamic noise due to the lower flexibility of

the panel during the interaction with fluid. Figure 5. 25 shows the deformation of the

sandwich panel for a range of the impact velocities.
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Figure 5. 24. The repeatability of the tests on PVC sandwich, t=37mm
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Figure 5. 25. Deformation in strain gauges of PVC sandwich, t=37mm

5.7.2 Damage assessment

Work on the damage modes of the sandwich panels is especially important for marine
vessel design, especially on predicting the structure performance under slamming impacts.
This enables the ship designers to estimate and optimise the design configurations in the
critical regions. Core shear damage mode is considered a common damage for sandwich

structures, which depends on the density of the core.

Figure 5. 26 shows snapshots during the slamming impact at the velocity of 10 m/s (from
initial contact t=0). The damage development history of the sandwich panel and the water jet
elevation can be observed. Generally, the damage firstly appears in the ends of the panel in
the clamped zone, and progresses in the core that directly affects the stress state and leads to

debonding of the skin/core interface [13].
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Figure 5. 26. Damage history in sandwich PVC t=27mm

In Figure 5. 27, we can see the different failure modes which have appeared in the
sandwich panels with the different configurations represented by the separation of the
interface between the core and the skin, micro-cracks and propagation of cracks in the core
due to the shearing force. The initiation of cracks in the core seems to occur first.

Consequently, this causes the skin/core debonding to initiate and propagate, as in reality
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where the failure always occurs in the weakest regions. A large deformation of the structure
exposed the core to a high bending tensile shear stress and compressive shear stress above and
below the neutral plane. Thus, the crack cannot be easily propagated vertically through the
thickness. For this reason, the crack propagates at an oblique angle due to a large difference
between the skin and core shear stresses. On the other hand, the shear stress in the core is

higher compare to normal stresses. Therefore, failure in the core due to shear stress occurs, as

shown in Figure 5. 27 and Figure 5. 28.

Keel Chine
Impact direction i

Figure 5. 27. Damage modes in sandwich panel

Figure 5. 28. Damage in PVC sandwich t=27 velocity= 10 m/s
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5.8 General discussions

This section discusses the experimental tests, which provide clearer guidance in marine
structural design by taking into account the change in hydrodynamic loads due to the
interaction of different structural rigidities with water surface. In summary, the more flexible
structures can take higher hydrodynamic loads which exceed the expected loads in the rigid
body, Figure 5. 29 . This could be attributed to the interaction of the elastic structure with the

fluid as illustrated in the previous sections. Table 5. 3 illustrates the experimental results of

the panels with different stiffnesses and impact velocities.
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50

40

0

Flexible panel t=8 mm
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Figure 5. 29. Hydrodynamic loads for different structural stiffnesses

170

0.012



CHAPTER 5

Slamming- Experimental Results

Composite Sandwich
Impact
velocity specimens (FP) (SFP) Panel panel
(m/s) t=8mm t=13mm t=27 mm t=37 mm
Hydrodynamic force kN
Test 1 16.75 - 11.08 11.65
Test 2 17.95 - 11.50 11.17
4 Test 3 19.15 - 11.20 10.30
Mean 17.95 - 11.26 11.04
Std. 1,2 - 0,21633308 | 0,68432448
Test 1 40.03 27.85 24.66 25.63
Test 2 33.75 30.47 25.28 25.16
6 Test 3 32.32 31.02 23.25 25.25
Mean 35.36 29.78 24.39 25.34
Std. 4,10 1,69 1,04 0,25
Test 1 - 61.77 47.77 42.27
Test 2 - 68.84 48.14 44.08
8 Test 3 - 64.26 51.04 43.77
Mean - 64.95 48.98 43.37
Std. 3,59 1,79 0,97
Test 1 - 1354 - 55.58
Test 2 - 133.30 61.62 63.34
10 Test 3 - 122.90 67.34 73.86
Mean - 130.53 64.48 64.26
Std. - 6,69 4,04 9,17

Table 5. 3. Hydrodynamic force for different panel stiffnesses and different velocities

To show how the hydroelastic effects depend on the impact velocity, bending stiffness, a
nondimensional parameter has been used. Faltinsen introduced the nondimensional parameter
as the ratio between the wetting time and the lowest natural frequency of the structure. He has
considered that the hydroelastic effect had become significant for a wedge shaped cross

section when [3]:
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t
w025 5.1)

vp L3/EI

Where EI is the bending stiffness of the structure (Chapter One), L is the length of the

structure, p is the density of the material and [ is the deadrise angle.

According to this parameter (according to obtained results), experimental tests for different
rigidities of composite and sandwich panels corresponding to velocities over 4 m/s for
flexible and semi-flexible composite panels, while this parameter has influence on sandwich

panels over = 6m/s, as shown in Figure 5. 30.
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kel \'-\ o
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0,1 e
"'*-...‘ 0,15
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0 o
o 2 4 6 8 10 o 2 4 5 8 10
Velocity (m/s) Velocity (m/s)
(a) Laminated composite panel (b) Sandwich panel

Figure 5. 30. Non-dimensional hydroelasticity relative to impact velocity and different
rigidities

5.9 Conclusions

This chapter discussed the experimental results of the slamming impact for composite
laminate and sandwich panels. Different velocities and panels rigidities were tested to identify
the hydroelastic influence. The structural response including the hydrodynamic force and the
panel deformation were analysed to identify the maximum structure resistance, according to
increasing impact velocity. According to these tests, some important observations are

summarised as follow:
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1. The inertia effect was noted in the early stage of the impact event and its influence
depends on the loading rate. Therefore, it appears more at a lower impact velocity,

which has a longer wetting time than the first natural frequency of the dry structure.

2. Kinematic effects along the water-panel interface exerted a great hydroelastic
influence due to structure flexibility and the change in local deadrise angle.

Consequently, these effects can reduce or increase the slamming loads.

3. Kinematic effects notably appeared at higher impact velocity, especially in the

centre and at the end edges of the panel.

4. The Flexible panel had a higher peak force and significant dynamic noise than the
highest stiffness panels. This indicated that water-structure interaction has an

influence on the hydrodynamic response.

5. Maximum force and deformation occur near the chine have sufficient capacity to
cause damage in the structure and lead to catastrophic failure. Consequently,
repetition of the slamming impact leads to a reduction in the material stiffness
properties. For this reason, more attention must be paid to this location during the
design phase, such as reinforcing the structure (for example, transverse stiffeners,

heavy core density and high bending skin).

6. Additionally, this study gives quantitative data which provides clear guidance in

design phase and lifetime performance, for marine structure designers.
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In general, slamming experimental tests are expensive and time-consuming to be achieved.
Therefore, this is not appropriate for ship construction when designing the hull section needs
to solve complex shapes. Additionally, several of constraints have to be considered in the
experimental tests such as the unavailability of some measurement instruments and low
capabilities of their performance under dynamic loading. Therefore, many researches
concentrated their work on analytical approaches and numerical methods. Numerical methods
are mainly used for complex, physically or geometrically problems. In chapter two, it was
found that the Coupled Eulerian-Lagrangian Model (CEL) was capable of simulating the
water entry problem for both rigid and deformable structures. Subsequently, this chapter
presents the validation of the numerical results compared with our previous experimental
results (Chapter five) to confirm the validity of this model for estimating slamming loads. On
the other hand, failure modes (Chapter 4) in composite laminate and sandwich panels were
incorporated into this numerical model to predict and understood the damage mechanism of

composite structures subjected to slamming impacts.

6.1 Three dimensional numerical slamming model of deformable composite

panels

The numerical model was based on the Coupled Eulerian-Lagrangian Model (CEL), due to
the symmetry of the slamming problem, the full 3D slamming model, Figure 6. 1la, was
reduced to a 3D quarter model, Figure 6. 1b, this minimise the computational time. The length
and width of the fluid domain are 3 m and 1 m, respectively, and the depth of the water is
0.86 m, while the depth of the air domain is 0.14 m. The support fixture was clearly observed
in the void part. Only the translation movement of cylinder of the hydraulic machine along the
Y-direction was considered, Figure 6. lc. The exterior boundaries of the Eulerian fluid
domain are defined as non-reflecting boundaries to avoid reflection pressure waves. Due to a
high time consumption spent on calculation, the water domain is divided into many regions.
Furthermore, it is meshed using the element type EC3D8R linear element Eulerian brick. A
mesh density convergence study was conducted for both fluid domain and elastic wedge panel
as we have discussed in Chapter two. The total mesh of the water model was composed of
1078000 cubic elements. It should be noted that the mesh had to be refined uniformly in all
directions close to the impact location between the impactor and the fluid surface and its

became coarser toward the extremes, Figure 6. 1b. The composite panel was meshed with 8-
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node linear reduced integration solid elements (C3D8R), each lamina had a solid element in

the through-thickness direction.

(a)3D model with non-reflective wave (b) Y4 Reduced model
conditions

Constant velocity

Il

4

E
E \w{—
| e

3 Void dire,:”m Compaosite panels
o

E

o

w

o

(c) Full model

Figure 6. 1. Schematic representation of numerical slamming model

The numerical model was constructed as that performed in experimental test which
previously identified in Chapter Five. Composite panels (500 mm x 250 mm) have fully
clamped boundaries conditions as illustrated in Figure 6. 2. Glass/vinylester composite panels
with different thicknesses were tested: semi-flexible (SF)-(t=13mm), flexible (F)-(t=8 mm)
and the stacking sequence of [45/-45] and [0/90]¢ respectively. In addition, sandwich panels
with glass-fibre-vinylester laminate (tr =7 mm) and PVC cores (t. =20 and 30mm) were
studied and analysed. Steel panels (t=13 mm) with high stiffness (Young’s modulus of E=
210 GPa and Poisson’s ratio of v =0.3) were considered as a rigid wedge. Faltinsen observed

that hydroelasticity effects greatly appears in impacted wedges with deadrise angles of 5° to
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20°, while the 30° behaves as if rigid [1]. Therefore, in this study, all of the panels examined
had a deadrise angle of 10°. The strain gauges (SG) and the pressure sensors were located in
three different positions along the span of the panel to cover mode shapes natural frequency.

The details of the panel’s mechanical properties are given in Table 6. 1 and Table 6. 2.

-
-

<

Clamped support
Clamped ;uppart

5G-low 5G-Middle 5G-High

125

93.8 ‘ 152.5 152.5

Keel Impact direction Chine

Figure 6. 2. Model configuration: model boundary conditions, panel dimensions and strain
gauge location

. Elastic moduli (GPa) Poisson’s ratios (-) Shear moduli
Density t

(kg/ms) (mm) En Ex Es; V12 Vi3 V23 G2 G Gas

Skin 1960 7 48.16 11.21 1121 0.274 0274 0.096 442 442 9

Core 80 20 0.077 0.077 0.110 0.3

Table 6. 1. PVC sandwich and composite panel properties considered [2, 3]

Initial elastic stiffness (N/mm?) Strength (MPa) Energy (N/mm)
K, K, K tn t t, Gic Grpc Grrie
2E+06 2E+06 2E+06 2.5 5 5 0.484 0.296 0.296

Table 6. 2. Cohesive properties of the skin/core interface sandwich [4]

As shown in Figure 6. 3, we have determined analytically the max deflection relative to the
impact velocity, equation (2.25 in Chapter two) and uniform average pressure calculated

using by Wagner’s theory [5].
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p mv?
Pwagner,ave = m 6.1)
Therefore, according to DNV [6] the structural requirements for max deflection were

required not exceed 2% of the span length. Consequently, the maximum velocity applied to

each panel could be approximately predicted analytically.
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Figure 6. 3. Analytical Quasi-Static maximum deflection (B-CC) vs. impact velocity, f=10°

6.1.1 Hydroelastic effects along the water-structure interaction

The structures used in the ship building sector have different forms, different materials and
different stiffnesses. As regards the stiffness of the structures, one finds those have greatest
stiffness are generally assimilated to rigid bodies, while the structures which have more
flexibility are categorized into two cases as semi-flexible and flexible structures. The
slamming phenomena of rigid bodies have been widely investigated. On the other hand,
relatively few efforts have been dedicated to the other two classes. Firstly, we investigated the
effects of structural flexibility. Therefore, composite panels were tested: semi-flexible (SF)
and flexible (F) cases as mentioned in previous section and previous chapter. The hydro-
elastic response was affected by the flexibility of the panels, in that the boundary conditions
of the water structure interface changed due to the variation in the local deadrise angle, Figure
6. 4. In the case of flexible panels, Figure 6. 5 shows more flexibility of the panel leading to
an increase in the panel deflection and local deadrise angle. This can explain the reason
behind high pressure near the chine due to the change in kinematic influence and loading of

the fluid particles close to the interface.
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Figure 6. 4. Histories of kinematic effect of semi-flexible panel, V=6 m/s
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Figure 6. 5. Histories of kinematic effect of flexible panel, V=6 m/s

The hydroelastic effect increases relative to the impact velocity that leads to a variation in
water pressure and the local deadrise angle. This gives a clear perception of increasing of the
deflection and longitudinal strains in the centre of the panel. The longitudinal strain indicates
that the panel sustained different vibrational modes, consequently high local water pressure
can be occur. In the initial impact, the inertia effect of panel dominates the structural response
that can caused high pressure. For this reason, negative values of the strain have seen in the
first wedge impact on the free surface. Increase of wetted area, the deflection dominates the
hydroelastic influence leading to positive values of strain at the centre and the edges of the

panel, Figure 6. 6 and Figure 6. 7.
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Figure 6. 6. Strain at different positions along span of the panel and max deflection for
flexible composite material

In order to understand the effect of vibration mode, we consider the time history of max
pressure for semi-flexible and flexible panels. Pressure-time histories along the panel-water
interaction of semi-flexible panel at different velocities were compared to those of the rigid
body. The results of semi-flexible composite panels were reported in Figure 6. 8 and Figure 6.
9 for 4 m/s and 6 m/s, respectively. From these figures, it appears that the inertia effect
obvious in all pressure time histories corresponds to that of the rigid body. Pressure amplitude
close to the keel has a lower value than the rigid pressure, and continues to decrease
especially in maximum panel deflection. This reduction was attributed to the change of
kinematic conditions along the fluid-structure interface, increase of the local deadrise angle
and decrease of the local impact velocity. In the position close to the chine, a high peak

pressure is observed which occurred due to great variation in the kinematic effects.
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Figure 6. 7. Strain at different positions along span panel and max deflection for semi-flexible
composite material

On the other hand, the hydroelastic inertia effects appear more in a more flexible panel and
increase relative to a decrease in rigidity of the panel. Therefore, a more flexible panel with
lower bending stiffness suffers great hydrodynamic loads. However, the pressure close to the
chine edge has high amplitude and exceeds the pressure in the rigid body, which implies that
the high hydroelastic influence has been occurred. Figure 6. 10 illustrates snapshots of the
max pressure (at pressure-high) for the flexible composite panel and rigid body close to the
chine edge. Note that the water flow for the flexible panel reaches panel edge slower than in

the rigid body case due to the flexibility of the panel.
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-

(b) Flexible composite, t= 12 ms

-

(c) Rigid body, t= 10.2 ms

Figure 6. 10. Pressure distribution during a virtual slamming test, V=6 m/s

Maximum pressures close to the chine in both flexible and semi-flexible composite panels
were compared with the theoretical approaches of [5, 7] and experimental results of [8] to
identify the hydroelastic effects relative to the impact velocity. Mathematical expressions of
analytical approaches were given by Equations (6.2) and (6.3). A comparison of the different

approaches is presented in Figure 6. 11.

e Analytical formula of maximum pressure proposed by Von Karman [7]
Ppax = 0.5p V2w cotp (6.2)

e Analytical formula of maximum pressure proposed by Wagner [5]

71'2

tan 2

Bnax = 0.5p & (6.3)
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6.1.2 Hydroelastic effects and structural response

The structural response was analysed with regard to stresses and force acting on the panel.
A high pressure at the end of the panel edge has regarded as a significant source of local
damage in composite panels due to normal and transverse shear stress. Hence, it was
generally considered to be a critical region in the marine structural design. Stress
concentration in local positions can cause different failure modes in composite materials [9].
Figure 6. 12 illustrates stress concentration induced by the slamming impact on our composite
panels. Therefore, repetition of the slamming impact leads to a reduction of the material’s
stiffness properties. Damage is mainly due to the transmission of cracks perpendicular to the
fibres, since micro-cracks grow rapidly under thickness loading conditions. These cracks
produce debonding between the fibres and matrix or rupture the fibre. It seems that the
damage can propagate rapidly in flexible panels confronted with the semi-flexible case. This
can be linked to the flexible nature of panels which encourages crack propagation. In order to
predict damage initiation precisely in composite panels, Hashin’s damage criteria should be

applied as failure criteria. This was examined in Chapter four.

187



CHAPTER 6 —------mmmmmmmmmm oo Numerical Validation with Experimental Results

S, 522 §, €23
(Avg: 75%) (bvg: 75%)

+6,240e+07 +4.434e+07
+5.332e+07 ,/

-1.801e+06
-9.491e+06
-1.718e+07
-2.487e+07
-3.256e+07
-4.025e+07
-4.7942+07

-4.661e+07

(a) Flexible composite panels

S, 522 S, 523

(Ava: 75%) (#Avg: 759%)
+2.144e+07
+1.752e+07
+1.359¢+07
+9.669e+06
+5.7468+06
+1,8238+06
-2.100e+06
-6.023e+06
-5.945e+06
-1.387e+407
-1.77%9e+407
-2.171e+407
-2.5645407

+2.676e+07
+2.350e+07
+1.822e+07
+1.294e+07
+7.655e+06
+2.374e+06
-2.907e+06
-B8.18%e+06
-1.347e+07
-1.875e+07
-2.403e+07
-2.931e+07
-3.460e+07

(b) Semi-flexible panels

Figure 6. 12. Stress concentration close to the chine edge, t=12 ms

As for the total hydrodynamic forces that obtained during the impact duration, more
flexible panels have a great peak value of the force comparing with high stiffness panels, T.
Allen and M. Battley [10] have been recently investigated this situation experimentally. It can
be seen that in the early impact stage, the time-force histories in different panels have the
same profile, they consequently behave like a rigid body. In contrast, more divergence in their
forms and amplitudes relative to the development of panel deflection toward the chine can be
observed, as shown in Figure 6. 13. In brief, this situation of the force peak can be interpreted

as occurrence of greater presence of hydroelastic influence in low stiffness panels.
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Figure 6. 13. Slamming force of wedge

6.1.3 Hydroelastic influence

In order to show how the hydroelastic influence depends on the impact velocity, the
nondimensional parameter was used to frame the impact velocities caused by hydroelastic
effects (Eq (1. 44), Chapter one). This nondimensional parameter is dependent upon the
change in the velocity and the relative deadrise angle. On the other hand, Det Norske Veritas
(DNV) classification societies [6] for structural requirements of naval vessels were
considered. This standard requires the allowable deflection of the panel does not exceed 2%
of the shortest panel span and for the strain: €3)jowable = 0-3 € ultimate- Figure 6. 14 shows the
variation in the deflection vs impact velocity for flexible and semi-flexible composite panels,
respectively. In this figure, we can conclude that the impact velocity is in accordance with
hydroelastic criteria and the DNV classification. In the present study, two velocities were

applied, namely 4 m/s and 6 m/s.
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Figure 6. 14. Deflection design limit and strain versus impact velocity for composite material

6.2 Composite panel

6.2.1 Force response

Varying panel rigidity demonstrates the effect of hydroelasticity on the hydrodynamic
force. Figure 6. 15 and Figure 6. 16 exemplify experimental data and the corresponding
numerical results for composite panels with different stiffnesses. The results have presented
for different impact velocities with a 10° deadrise angle. In general analysis, it can be
observed that the maximum peak force in more flexible panels has higher values and the
dynamic noise increase as the impact velocity increases. The results well agree with those
observed in other studies [10]. The numerical results show good agreement in estimating the
maximum force and its shape, in spite of slight differences compared to the experiment
results. This can be attributed to the instability of the experimental velocity during the impact
duration of interest that is considered to be approximately constant velocity, Figure 6. 17. The
profile of the velocity shows a small difference in the impact velocity. In contrast, the

numerical model assigned initially retains a constant velocity.
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Figure 6. 17. Experimental impact velocities

Figure 6. 18 shows the comparison of time histories for the water jet elevation and the
deformation of the flexible wedge (V=4m/s) for both the numerical model and the
experimental test. Good agreement can be observed in predicting the water jet flow compared
with experimental data for different time histories. In the initial time of the impact, the panel
inertia caused the panel to deform (=5ms). The maximum deformation (=14ms) occurred
approximately in the centre of the panel and then the panel began to bend in the opposite
direction leading to an increase in the local impact velocity and decrease in the local deadrise
angle. Therefore, the maximum force at (=21ms) occurs when the wedge was completely

submerged in water and before the water separation occurred.
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(b) t=I4 ms

(c) t=21 ms

Figure 6. 18. Time histories of water jet elevation in the flexible panel, V=4m/s

6.2.2 Deformation response

The measured longitudinal strain in composite panels at in gauges C and E was predicted
(as a maximum deformation) for the different velocities which is shown in Figure 6. 19 and
Figure 6. 20. The numerical deformations and experiment data were generally in good
agreement. On the other hand, negative values in experimental test at the initial contact can be
observed, which implies a vibration mode appeared in the panel during the acceleration phase
due to the inertial effect of the panel weight, as shown in Figure 6. 21. The structural
flexibility of the panel was very influential on this situation. The correlation between the
experimental and numerical results could also be bettered acceptable by defining the
acceleration phase in the numerical model. Moreover, the effect of the boundary conditions in

the experimental setup had an effect on the test data compared with the numerical model.
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Figure 6. 21. Total signal

6.2.3 Damage assessment

In this section, the implementation of the intralaminar failure (VUMAT-subroutine) that
was discussed in Chapter four was specified for the laminate composite. In the case of semi-
flexible and flexible panels, numerical predictions indicated that the matrix damage initially
occurred near the edges of the panel (keel and chine) due to high peak pressure. The snapshot
of damage has presented in Figure 6. 22 and Figure 6. 23, respectively. However, damage

increased relative to an increase of the impact velocity and the panel flexibility.

However, damage is raised as the results of changing in local deadrise angle and local
impact velocity. These effects caused stress concentration in the centre of the panel and near

the ends of the panel, Figure 6. 24.
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(b) V=4m/s

(a) V=6m/s

Figure 6. 22. Damage in the matrix tension and compression for semi-flexible laminate

(b) V=4m/s

(a) V=6m/s

Figure 6. 23. Damage in the matrix tension and compression for flexible laminate
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Figure 6. 24. Stress concentration distribution in semi-flexible panel, V=10m/s

On the other hand, matrix damage appears to be the first damage mode occurring in
composite laminates under slamming impact loads, especially in the panel centre and panel
ends, as illustrated in Figure 6. 25. This is happening when the allowable deflection of the
panel exceeds 0.02 of the shortest panel span and the ultimate strain under single slamming
impact = 0.0035 [11, 12]. The matrix tensile damage intensifies in the top layers of the panel
centre and the keel and chine locations due to a combination of the in-plan and out-of-plane
loads. Therefore, with a repetitive slamming wave, matrix cracks develop and propagate in
the direction of the fibre and along the delamination in the different laminate plies. These

cracks can cause rupture of the fibres which leads to catastrophic failure.
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Figure 6. 25. Damage in semi-flexible panel, V=10m/s
Figure 6. 26 illustrates the variation in depth, or displacement of the impactor (composite
panels), and the formation of the fluid jet in the water domain in the slamming test. It should
be mentioned that the jet flow shows correct development and corresponds to slamming

impact and non-surprising phenomena were observed.

Figure 6. 26. Signature of the slamming problem: impacted zone by composite panels and
formation of the water jet
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Figure 6. 27 illustrates the damage history in different impact time. From these images, it
appears that the damage directly related to the flexibility of composite panels. In most cases
when the impact has occurred, at same time, the damage has been minimal for semi-flexible
panels compared to the flexible panels (for example at t=6.525 ms). We also have note the

formation of a pile-up region and water jet where the composite panel is completely

submerged in water.
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Figure 6. 27. The capture of damaged panels under slamming impact and formation of the
fluid jet flow
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6.3 Sandwich panel

6.3.1 Force response

The comparisons between experimental and numerical curves of the hydrodynamic force
versus time have illustrated in Figure 6. 28 and Figure 6. 29. A good correlation between the
experiment and numerical results in the elastic phase can be noted, with a small difference in
the peak force. This can be attributed to the experiment impact velocity which is not really
constant throughout impact duration compared with the numerical model in constant velocity.
For an impact velocity of 10 m/s, the numerical results diverge from the experiment results, as
a result of the structure damage due to shear force in the core PVC as the damage threshold
velocity has exceeded. This damage mode is not included in the numerical model, therefore
damage criteria must be implemented in the numerical model to achieve a good correlation
with the experimental data, and this will be discussed in Section (6.3.3). The acceleration
phase is also not taken into account. Indeed, this acceleration phase to achieve the desired

velocity is accompanied by vibration of the structure and of the fixing system.
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Figure 6. 28. Comparison of hydrodynamic force between numerical and experiment results,
t=27 mm
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For a thicker sandwich panel (t= 37 mm), it behaves like a rigid body for impact velocities

lower than 10 m/s, and a small dynamic noise was noted in the hydrodynamic force especially

in the elastic phase. The numerical results overpredict the load that found in the experimental

results at impact velocity 10 m/s, which can be explained by structure damage due to shear

force in the core and the debonding of the skin/core interface of the sandwich panel. This

indicated that the velocity limit value exceeded the ultimate flexing capacity.
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Figure 6. 29. Comparison of hydrodynamic force for sandwich panel, t= 37 mm

2 Deformation response

In general, the sandwich panel has less deformation than occurs in the laminated composite

panels, as shown in Figure 6. 30 and Figure 6. 31. This comes from the fact that the sandwich
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panel has a high in-plane and flexural stiffness. It should be noted that the sandwich panel

gives more resistance in hydrodynamic force, a lower deformation response and is light

weight compared with composite panels. These own advantages lead to the widespread use of

these structures in marine applications.
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Figure 6. 31. Comparison of gauge deformation between numerical and experimental results,
t=37mm

6.3.3 Damage comparison of sandwich panels

The failure modes in sandwich structures are defined by two main damages modes,
namely: debonding between the skin/core and core shear. In the numerical model, cohesive
zone model was implemented to predict the debonding of skin/core, Figure 6. 32. This is also
obvious from the visual correlation between the numerical and experimental results of
impacted panels, which gives a good vision of the dynamic behaviour and debonding failure
of the skin/core interface. 3D snapshots of sandwich panels after testing are presented in
Figure 6. 33. In this figure the debonding of the skin is observed. The failure starts with core
shearing and debonding followed by total buckling and debonding of skin. In spite of that, the
core shear damage was not integrated in the numerical model. For a good estimate of the

damage in sandwich structures, failure criteria must be identified for the core shear stress.
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Figure 6. 32. Comparison of damaged zone between numerical and experimental results,
V=10 m/s

204



CHAPTER 6 —------mmmm oo Numerical Validation with Experimental Results

Experimental Numerical

Figure 6. 33. Damage of core and debonding sandwich panels after test

In addition to the definition of the debonding skin-core failure and the intralaminar failure
of skin laminate, a core shear failure was predicted based on the Christensen criteria (for low
density cores) and integrated in the numerical model, which is defined by the interaction

between the uniaxial and shear stress in a single mode as follows [13]:

011022 022033
(01))?  (03)? ~

(011 + 022 + 033)% —

1 (6.4)

1 1
(—T - _c> (011 + 032 + 033) +
011 011

01Tl|01C1|

It can be noted that the effect of the out of the plane stress has added to the formula, which
takes into consideration the three-dimensional effect that happens under dynamic impact.
Figure 6. 34 shows a satisfactory agreement of the numerical results comparing with

experimental data once the different failure modes were applied in the numerical model.
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Figure 6. 34. Comparative hydrodynamic force between experimental and numerical results
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Figure 6. 35 shows the damage in the sandwich panel due to the debonding and core shear
in both experimental and numerical approaches. It demonstrates that prediction of the
beginning and location of the core shear in the numerical model gives a good correlation with
the experiment data. On other hand, the intralaminar damage in the skin occurs slight in the

matrix tension and compression that has not influence on the panel response.

A s P . ; —a =
(a) Experimental (b) Numerical

Figure 6. 35. Failure modes comparison of numerical vs. experimental (debonding and core
shear) results

6.4 Discussion, non-dimensional slamming force

A Summary of the experimental tests and numerical results is depicted in Figure 6. 36,
could be concluded that the present numerical model could be efficiently used to estimate the
structure response subjected to the slamming impact. Table 6. 3 is summarises the
experimental data and numerical results (hydrodynamic force and non-dimensional slamming

force) for different panel stiffnesses and different impact velocities.
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Figure 6. 36. Comparison of hydrodynamic force for different panel stiffness, V=6 m/s

The non-dimensional slamming force (Cs) for the wedge shape with constant velocity was

calculated as follows:

___F (6.5)
S = =
05pV2A

(A =2W = Vt/tanp) is the projection of the panel area on the water surface. It should be

noted that the experimental impact velocities were not really constant, therefore the mean

velocity through the impact duration was used in this estimation.

The comparison of the non-slamming forces is mentioned in Figure 6. 37. The flexibility of
the panel is an important factor in slamming loads as there is change in the local deadrise
angle and the projection area of the panel on the water surface. Therefore, it can be observed
that when the flexibility of the panel increases, the force coefficient value begins to deviate

from that of more stiff panels.

This helps the ship designer to take this coefficient into consideration throughout the

design phase. Actually, this coefficient differs in deformable structures from that in rigid

structures, according to the Wagner (f(8) = 37”) and von Kdrman models(f(g) = n) [5, 7].
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v Hydrodynamic Non dimensional
Specimens force kN slamming force Cs
(m/s)
Exp Num Exp Num
Composite(FP) t=8mm 17.95 22.19 12.62 12.54
Composite (SFP) t=13mm - - - -
4
Sandwich panel t=27 mm 11,26 16.33 7.24 9.89
Sandwich panel t=37 mm 11,04 14.29 6.08 8.65
Composite(FP) t=8mm 35.63 47.77 9.62 11.14
Composite (SFP) t=13mm 29.78 40.12 8.60 7.48
6
Sandwich panel t=27 mm 24.39 36.84 7.20 6.53
Sandwich panel t=37 mm 25.34 37.33 6.57 6.73
Composite(FP) t=8mm - - - -
Composite (SFP) t=13mm 64.95 64.94 9.21 8.69
8
Sandwich panel t=27 mm 48.98 64.54 7.08 9.36
Sandwich panel t=37 mm 43.37 59.93 7.11 8.42
Composite(FP) t=8mm - - - -
Composite (SFP) t=13mm 130.53 108.3 10.87 8.78
10
Sandwich panel t=27 mm 64.48 90.4 6.77 7.68
Sandwich panel t=37 mm 64.26 97.61 6.17 8.71

Table 6. 3. Summary of experimental and numerical results
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Figure 6. 37. Comparison of the non-dimensional slamming force (=10°) with different
materials and velocities

6.5 Conclusions

In this chapter, the comparison between the experimental data and numerical results has
been achieved. The hydrodynamic force and dynamic deformation responses were predicted
numerically for both laminate and sandwich panels (with different stiffness) under constant
velocity. The slamming model was constructed in three dimension scheme based on the

Coupled Eulerian-Lagrangian Model (CEL) built-in the finite element code
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(Abaqus/Explicit). The pressure distribution, deflection of the panel, local deadrise angle and
the deformation of panels have been investigated as indicators to describe hydroelastic effects
during the water-structure interaction. Thus, this assists ship designers for predicting global
and local hydrodynamic loads. Different damage modes were incorporated in the numerical
model using continuum damage mechanics (CDM) and fracture mechanics, including the
intralaminar and debonding damage (skin/core interface). Two failure criteria (Hashin criteria
for the laminate composite materials and Christensen criteria for the core in sandwich
structure) were defined and integrated into the VUMAT subroutine to better estimate the
failure mechanism. In addition, the cohesive zone model (CZM) was used to predict the
debonding skin/core in sandwich panels and interlaminar damage in skin. The numerical
model showed convincing results in judging experimental data but exhibited some differences
in the time and the peak force. This was due to variations in the experimental velocity of the
impact duration which was not constant as in the numerical model, also other possible
damage mechanisms may be happen that are not integrated in the present numerical model.
We believe that it is possible to improve the numerical results to be more satisfactory with the
experimental data. This can be done by identifying the actual velocity profile in the numerical

model, however, this increases computational time significantly.
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Conclusions

The main objectives of this work are to study experimentally the response of deformable
laminated and sandwich structures subjected to the water-entry problem, in addition to
establishing an appropriate modelling and validation of the numerical approach for slamming
impacts and composite behaviour. The thesis consists of two aspects to analysis the slamming
phenomena which are fluid structure interaction and the structure response. In marine
structural applications, the slamming phenomenon is considered critical impact load in the
design requirements for both rigid and deformable structures. To this end, Chapter one gave a
wide ranging state of art and assessment of the different approaches to aspects including

analytical, numerical and experimental methods to predict these loads.

Numerical methods based on the Arbitrary Lagrangian Eulerian (ALE) and Coupled
Eulerian Lagrangian (CEL) have adopted to simulate the fluid structure interaction in the case
of the slamming impact. The main advantage of the latter technique is that it is appropriate for
non-linear problems, where large deformations occur, and it can handle simultaneously the
structure and fluid in a single computation. Although, the numerical results are in good
agreement with the experimental data, this method also requires a high computation time to
resolve the problem. In addition, good simulation results depend on the mesh density of the

fluid domain. Therefore, the model parameters (Chapter two) must be selected carefully.

The slamming of the composite vessel with single and multi-repeating impacts cause a
reduction in the material resistance which leads to the occurrence of effective damage and
even catastrophic failure. Therefore, damage modelling based on the degradation of the
material stiffness was constituted using the user material subroutine VUMAT implemented in
explicit finite element code (Abaqus) for both the intralaminar and interlaminar damage of the

laminate composite, and the debonding skin/core of sandwich panels based on the cohesive
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zone model (CZM). The damage model was validated in sequence procedures including the
one element test, high impact velocity loading and slamming impacts. The one element was
tested under tension and compression dynamic loading and varying fracture energies (fibre
and matrix) were applied to evaluate the model and estimate the damage evolution. In the
high impact velocity, the numerical results estimated correctly the damage initiation and gave
accurate estimations for the damage evolution of the failure mechanisms for fibre and matrix
when compare with experimental data. So, we can note that main damage modes happen in
the composite laminates which are matrix cracks and delamination that propagates and
develops quickly, especially in the matrix and through the thickness (out-of-plane) of the
structure. To validate the application of the presented model to slamming impact simulations,
we simulated the water entry problem of composite wedges which was performed in the
previous experimental works. Subsequently, this investigation could help the ship designers to
predict the damage tolerance and given appropriate safety factors to design requirements

when using composite materials.

A series of experimental tests (Chapter five) were performed for different panel rigidities
under various impact velocities to demonstrate the hydroelastic effects and the structural
response including the hydrodynamic force and panel deformation. The main points of the test

results could be summarized as follows:

1. The inertia effect was noted at the early stage of the impact event and its influence
depends on the loading rate. Therefore, it more appears more frequently at a lower
impact velocity, which has a longer wetting time than the first natural frequency of

the dry structure.

2. Structure flexibility has an effect on the hydrodynamic loads due to the change in
local deadrise angle and local velocity of the fluid flow. These effects can reduce or

increase the slamming loads.

3. Under a presented boundary condition (full camped conditions), the most critical
locations that induce high hydrodynamic pressure are usually in the centre and
close to chine edge of the panel. Therefore, great attention must be paid to these

locations during the design stage.
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4. More Flexible panels have a higher peak force and significant dynamic noise
compared to higher stiffness panels. For this reason, flexible panels behave

differently from the rigid bodies when impacting water.

5. Maximum force and deformation occur near the chines which are substantial
enough to cause damage to the structure and leading to catastrophic failure.
Consequently, repetition of the slamming impact leads to a reduction in the

material stiffness properties.

In Chapter six, a numerical model gave a reasonable correlation between the experimental
and numerical results in the elastic phase with a small difference in the peak force. This can
be attributed to the experiment impact velocity, which is not really constant throughout the
impact duration compared with the numerical model that maintains a constant velocity. The
acceleration phase before the initial water/structure contact was also not taken into account.
Indeed, the acceleration phase could be defined in the numerical model. However, the

computational time would increase significantly.

In addition, the numerical deformation was slightly different from the experimental data in
all velocities. This difference can be attributed to the boundary conditions effect as in the
experimental tests and due to the panel vibrating before the initial impact contact. By
incorporating different damage modes including the intralaminar and debonding interface
skin/core damage (Hashin criteria for the laminate composite materials and Christensen
criteria for the core in sandwich structure) using Continum damage mechanics (CDM) and
fracture mechanics, the magnitude and shape of the numerical results were compared well
with experimental data. We can see that the main damage modes in the laminate composite
panels are the matrix tension and compression in the centre and close to the chine edge. In
contrast, the core shear and debonding interface dominated the damage modes in the
sandwich panels. However, the prediction of the beginning and location of the core shear in

the numerical model gave a good correlation with the experimental data.

Finally, it can be concluded that the present numerical model is capable of predicting the
slamming event and the structural response. Therefore, it can be extended to simulate other
forms of complex structures and implemented to include large-scale vessel structures to

estimate the global and local effects of the slamming phenomenon.
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Perspectives and future works

According to the above-mentioned summaries and in order to improve the results of this
work, the following perspectives are recommended to be treated both slamming phenomenon

and structural behaviour:

Future aspects of the slamming phenomenon

= Developing a numerical model that can predict the global response of the hull to the
slamming impact rather than panels or local analysis. In addition, the strong
coupling of the fluid structure interactions (as two separated computational
domains for fluid and structure), and other numerical approaches may be needed to
reduce the computational time for solving the problem. Some of the slamming
impact results for our material structure were obtained using a smoothed particle

method SPH, which is shown in Appendix (C).

= The influence of fluid compressibility and trapping air must be taken into account
and integrate into the numerical model. These factors may cause a significant effect
on the hydrodynamic loads, especially for high impact velocities and small deadrise

angles.

= For more clarity of, the hydroelastic effect, pressure sensors can be useful in
predicting of the pressure distribution (increases or decreases due to structural

flexibility) along the interface between the structure and free water surface.

= The effect of the deadrise angle and the structural boundary conditions can play an
important role in the hydrodynamic loads and the hydro-elastic effects. Therefore,
experimental tests could be carried out for various deadrise angles and boundary

conditions.

Future aspects of the structural behaviour

* Multiple slamming impacts need to be performed experimentally to estimate the
post-structural strength and damage tolerance which would give a better indication

of ship’s service.
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* To enhance the capability of the damage model in predicting the failure
mechanism, multi-scale modelling could be improved the numerical damage model

to deal with the microstructure scale.

* In addition to the above, new measurement techniques can be exploiting in
experimental tests such as the Fibre Bragg Grating (FBG) that can measure
deformation and detect internal as well as external damage in composite and

sandwich panels in several locations.
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Appendix A

Natural frequency analysis of Fixture system and panels

S, Mises U, Magnitude

(Avg: 75%) +1.246e-03
+1.793e+08 T1.143e-03
+1.6456+08 +1.039¢-03
+1.4966+08 +3.348¢-04
+1.348e+08 +8.309e-04
+1.1996+08 +7.271e-04
+1.051e+08 +6.232e-04
+9.019e+07 +5.19%e-04
+7.534e+07 +3.155e-04
+5.048e+07 +3.116e-04
+4.5626407 +2.077e-04
+3.0766+07 11.039¢-04
+1.591e+07 +0.000e+00
+1.048e+086

Von Mises Stress Displacement

Mode 1 Mode 2

Frequency

Mode 1 Mode 2

Buckling
Figure A. 1. Fixture System with angle of 10°
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E, Mises U, Magnitude

(Avg: 75%) +8.210e-04
+1.329e+08 +7.526¢-04
+1.219e+08 16.8428-04
+1.10%e+08 +£.158e-04
+3.990e+07 +5.474e-04
+8.88%e+07 +4.789-04
+7.788e+07 - +4.105e-04
+6.687e+07 +2.421e-04
+5.586e+07 +2.7376-04
+4.485¢+07 +2.053e-04
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Figure A. 2. Fixture System with angle of 15°
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Natural frequency analysis of Fixture system and panels

System
4 MPa 4 MPa
characteristics
Max dis Max Frequency Buckling Panel
System
Deadrise angle | system stress Mode Mode - mass
Mode 1 Mode2 mass (Kg
(mm) (MPa) 1 2 (Kg)
10 1,2 179,3 33,146 48,034 3,6289 3,8396 48,45 6,58
15 0,8 132,9 23,298 42,95 4,0429 4,2446 52,67 6,58

182.14 Hertz

777.2 Hertz

Table A. 1. Fixture system analysis

322.9 Hertz

978.74 Hertz

1222.4 Hertz

718.2 Hertz

1282.4 Hertz

Figure A. 3. Natural frequency analysis of composite panel, thickness =13 mm
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147.5 Hertz 268.36 Hertz

693.73 Hertz 791.76 Hertz 1012.4 Hertz 1083.2 Hertz

Figure A. 4. Natural frequency analysis of composite panel, thickness =8 mm
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Figure A. 5. Mode shape of composite panel, thickness =8 mm
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Appendix B

Manufacture and specifications of composite materials

The composite material panels were manufactured using the vacuum resin infusion
process. Firstly, the preparation of layers to be fit the desired thickness and stacking sequence
of the panel was achieved, Figure B. la. After that, the stacking is cutting to the final
estimation dimensions (25 mm), Figure B. 1b. In the middle of the panel, the stacking was
covered at the top side by using texture of the cloth which has capable to isolate the resin
infusion tubes from the stacking layers, that easily to remove from the stacking when pulling
the panel from the mold, Figure B. lc. The resin infusion tubes were distributed in the
configuration which allows injecting the resin in uniform manner and can improve resin flow
at different locations of the stacking, as the resin will always travel in the path of least

resistance.

(a) Stacking of composite layers (b)Cutting of desired panel dimensions

Figure B. 1. Preparation of the stacking sequence and cut of panels
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Once the dry materials are laid in place, the vacuum bag was constructed using plastic film
and attaches tubing for the resin and vacuum lines, Figure B. 2. The vacuum is applied before
the infusion of the resin, and then the resin was injected through the stacking composite. The
duration of polymerization is more than 8 hours at room temperature after the resin injection
was completed. After that, the vacuum bag and the breather cloth are released and the panels
are removed from the mold. The stacking composite is cut to the desired size of the panel

(500 x 250 mm).

(a) Vacuum bag before infusion (b) Injection of the resin

(c) Removed the vacuum bag after polymerization (d) Final composite panel before cutting

Figure B. 2. Vacuum bag and infusion of the resin

224



Appendix B ------mmmmmm oo Manufacture and specifications of composite materials

Manufacture of Sandwich panels
The same procedure for the manufacture of sandwich panels was carried out as that
performed in laminated composite materials, Figure B. 3, but PVC foam core is closed to

avoid the absorption of the resin by the core pores.

(c) Complete the injection of resin and polymerization (d) Final sandwich panel before cutting

Figure B. 3. Manufacture of sandwich panels
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Appendix C

Smooth Particle Hydrodynamic method SPH

The Smoothed particle hydrodynamic method is performed to simulate the slamming
event. This offers alternative method to confirm the results of the coupled Eulerian
Lagrangian approach (CEL) that was adopted in this work. The same numerical model of the
CEL was used to represent the SPH model. However, the meshed elements of the fluid

domain were replaced by particles.

The SPH method was based on the interpolation of the points [1]. That means that these

points could be described by differential equations without any mesh. The Lagrangian

. .d dv’ . 1 . . o .
derivative d—‘t) and d—‘; for each points of the fluid is determined relative to the time integration.

. - - v P : : .
The quantities of the pV.v and - are determined for each point, thus the spatial

derivatives are determined using the Kernel function between the point and the domain

surrounding of the other points. Then each point has discrete quantities of p, P and V.
The integral interpolation for any function f () can be defined as [2]:
fO)=[f) W —x,h)dx (C. 1)
The gradient of any function can be written in the form:
Vi@ =[Vfx)Wr —x)dx (C.2)
Where W is the Kernel function, h is the smooth length.

For the slamming event with free surface flow, the classical Navier-Stokes equations need
to be solved. Assuming the fluid is non-viscous and the shear stress is neglected then the

system reduces to the Euler equations as follows [2]:

E:g__ (C.3)
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E = _pv%.‘u9 (C. 4)

Where g%, p, P and v are the body forces, density of the fluid, pressure and velocity of the

fluid respectively.

With interpolation of the points through the domain D, the particle can be introduced:

ff(xﬁ)dx = z fiw; (C. 5)

Where i represents each interpolation point with the domain D, w; weight term and has the

dimension of a volume.

Using the Lagrangian derivative and Euler equations, the formulation of the momentum

equations can be written [2]:

dvﬁ_ - Pi PJ VﬁW _) > h

==y _ij AN ARG (C.6)
J

dp; - N c

E=zm"(vi — 1))V W(x; — x;, h) (C.7)

Some of the results obtained for sandwich panels subjected to the slamming impact in our
cases, as shown in the figures below, which were implemented using a smoothed particle

hydrodynamics (SPH) approach in the commercial code ABAQUS/Explicit.
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Figure C. 1. Sandwich panel, t= 27 mm
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Design and Optimisation the Composite Material structures for Naval

Applications: Effects of slamming
Abstract:

Generally, when marine vessels encounter the water surface on entry and subsequently re-enter the
water at high speed (slamming), this can subject the bottom section of the vessels to both local and
global effects and generate unwanted vibrations in the structure, especially over very short durations.
In marine design, the vessel speed has become an important aspect for optimal structure. Therefore,
design requirements have been optimized in relation to the structural weight. In other hand, the
appearance of the composite structures in the last decades has encouraged the exploitation of these
structures in major construction projects for lightweight marine and aerospace applications. This is due
to the nature of their mechanical properties which shows a high stiffness-to-weight ratio. In contrast,
the interaction between deformable structures and free water surface can be modified the fluid flow
and changed the estimated hydrodynamic loads comparing with rigid body, due to appearance of
hydroelastic effects. Moreover, these structures are always subject to different and complex damage
mechanisms under dynamic loading. For these reasons, the flexibility and the damage failure modes in
composite materials introduce additional complexity for predicting hydrodynamic loads when
interactive with water. This considered a key challenge to use these materials in marine applications.
Therefore, special attention must be taken in the design phase and the analysis of performances during
lifetime use. The main contributions of this work are the experimental and numerical study of the
dynamic behavior of composite panels and the quantification of the effect of the flexibility of these
structures on the hydrodynamic loads and the resulting deformations. To study these effects, laminate
composite and sandwich panels with two different rigidities and subjected to various impact velocities
have been investigated experimentally using high speed shock machine with velocity control system.
The dynamic resistance was analysed in terms of hydrodynamic loads, dynamic deformation and
failure mechanisms for different impact velocities. The general analysis of experiment results were
indicated that more flexible panel has a higher peak force as velocity increases compared with higher
stiffness panels. On the other hand, the slamming model was implemented in Abaqus/Explicit
software based on Coupled Eulerian Lagrangian model approach (CEL). In addition, different damage
modes are developed and constructed using a user-defined material subroutine VUMAT and
implemented in Finite element method, including the intralaminar damage, debonding in skin/core
interface, and core shear to cover all possible damage modes throughout structures. The numerical
model gave a good agreement results in judging with experimental data for prediction of the
hydrodynamic force and panel deformation. Additionally, this study gives qualitative and quantitative
data which provides clear guidance in design phase and the evolution of performances during lifetime
of composite structures, for marine structure designers.

Keyword: Composite structures; Marine Application; Fluid-Structure Interaction; Slamming
effect, Dynamic loading; Constant velocity; Experimental and numerical investigation; Structural
response; Hydroelastic effects; Damage mechanisms.



Conception et Optimisation des Matériaux et Structures Composites pour
des Applications Navales: Effets du tossage

Résumé:

L'interaction fluide-structure vise a étudier le contact entre un fluide et un solide. Ce phénomene est tres
présent lors de I’impact d’une vague sur une structure ou I’inverse. La réponse de la structure peut étre
fortement affectée par 'action du fluide. L'étude de ce type d'interaction est motivée par le fait que les
phénomenes résultants sont parfois catastrophiques pour les structures composites ou constituent dans la
majorité des cas un facteur dimensionnant important. Le fluide est caractérisé par son champ de vitesse et
de pression. Il exerce des forces aérodynamiques ou hydrodynamiques sur l'interface de la structure qui
subit des déformations sous leurs actions. Ces déformations peuvent affecter localement le champ de
I'écoulement et donc les charges appliquées. Ce cycle des interactions entre le fluide et le solide est
caractéristique du phénomene de slamming. Pour une conception optimale des structures marines, la vitesse
du navire est devenue un parametre important. Par conséquent, les exigences de conception ont été
optimisées par rapport au poids structurel. D'autre part, 1'apparition des structures composites au cours des
dernieres décennies a favorisé I'exploitation de ces matériaux dans les grands projets de construction pour
les applications marines et aérospatiales. Ceci est di a la nature de leurs propriétés mécaniques, car elles
présentent un rapport rigidité / poids élevé. En revanche, 1l'interaction entre les structures déformables et la
surface libre de I'eau peut affecter le flux du fluide en contact avec la structure ainsi que et les charges
hydrodynamiques estimées par rapport au corps rigide, en raison de 1'apparition des effets hydro-€lastiques.
En outre, ces structures sont toujours soumises a des mécanismes de dommages différents et complexes
sous un chargement dynamique. Pour ces raisons, la flexibilité et les modes de défaillance dans les
matériaux composites présentent une complexité supplémentaire pour prédire les charges hydrodynamiques
lorsqu'il y a une interaction avec un fluide (I'eau). Ceci a présenté un défi majeur pour utiliser ces matériaux
dans les applications maritimes. Par conséquent, une attention particuliere doit étre accordée dans la phase
de conception et l'analyse des performances pendant I'utilisation a vie. Les principales contributions de ce
travail sont 1’étude expérimentale et numérique du comportement dynamique des panneaux composites et
la quantification de 1'effet de la flexibilité de ces panneaux composites sur les charges hydrodynamiques et
les déformations résultantes. Pour étudier ces effets, des panneaux composites stratifiés et sandwichs avec
deux rigidités différentes sont soumis a diverses vitesses d'impact a 1'aide d'une machine de choc équipée
d'un systeme de contrdle de la vitesse. La résistance dynamique a été analysée en termes de charges
hydrodynamiques, de déformations dynamiques et de mécanismes de défaillance pour différentes vitesses
d'impact. L'analyse des résultats expérimentaux a montré que I’effort maximal augmente avec
I’augmentation de la flexibilit¢ des panneaux. D'autre part, le modéle numérique de tossage a été
implémenté dans le logiciel Abaqus / Explicit basé sur l'approche du modele Couplé Euler Lagrange
(CEL). En outre, différents modes de défaillance des matériaux composites ont été développés et
implémentés a l'aide d'une subroutine « VUMAT » définie par I'utilisateur et mis en ceuvre dans le code de
calcul éléments finis. Pour couvrir tous les modes de défaillance possibles dans les structures composites,
I’implémentation de I’endommagement comprend : la rupture intralaminar, la décohésion de l'interface
peau / ame et le cisaillement de ’ame. La confrontation des résultats expérimentaux avec les modeles
numériques sur la prédiction de la force hydrodynamique et de la déformation du panneau valide
I’approche adoptée. En outre, cette étude fournit aux concepteurs de structures maritimes des données
qualitatives et quantitatives qui donnent des conseils clairs sur la phase de conception et 1’évolution des
performances mécaniques des structures composites pendant leur durée de vie.

Mot-clé: Structures composites; Applications marines; Interaction fluide-structure; Effet du tossage;
Chargement dynamique; Vitesse constante; Investigation expérimentale et numérique; Réponse
structurelle; Effets hydro-élastiques ; Mécanismes d’endommagement.



