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Abstract

In the context of marine vehicles made of
advanced composite materials and of related
structural components, the present work is devoted
to the development of a dynamic hydrodastic
response model. Toward this end, a moderately
thick-walled anisotropic beam theory is used to
idealize the load-carrying structural part of the
hulls. The multitude of exotic eastic couplings
provided by anisotropy and lay-ups are
incorporated. By integrating the unsteady
hydrodynamic loading mode, the governing
hydroelastic equations in a special case of
circumferentially asymmetric stiffness (CAS) lay-up
are developed. The concept of elastic tailoring is
exploited for the alleviation of the dynamic response
of the hulls subject to damming impact. It is
demonstrated that the directionality property of
composite materials and lamination lay-ups are
efficient on the reduction of whipping response.

1 Introduction

To facilitate the design of marine vehicles,
various structural and hydroelastic models based on
beam theories have been developed to predict, in the
preliminary design stage, their dynamic behavior
and stability, see e.g., [1-7]. However, in the context
of marine vehicles made of composite materials,
there is a total absence of such studies. Compared
with the Euler-Bernoulli, Timoshenko and Vlasov's
metallic beam-like structural models (see e.g., [8]),
thelr composite counterparts, due to their inherent
material directionality and lamination lay-ups, can
bring a dramatic enhancement of their performance.
Such enhancement can be attained by the elastic and
hydroelastic tailoring. The former approach consists

in the proper use and exploitation of the anisotropy
of the involved materials and lay-up lamination to
effectively modify the distribution of the structural
diffness, while the latter one is to modify, by
exploiting the anisotropy of the materials and lay-up
lamination, the hydroelagtic coupling such that the
structural response and/or stability can be enhanced.
The objective of the first approach is to change the
diffness distribution while the second approach
benefits mainly from the enhanced fluid-structure
interaction. In the context of aeronautical structures,
the counterpart techniques referred to as the
aeroelastic tailoring has been successfully used to
address the chronic divergence problem of forward-
swept wings, as demonstrated by Grumman X-29
aircraft [8].

As a prerequisite toward implementation of
elastic and hydroelastic tailoring, a number of issues
have to beinvestigated, which include:

= Multitude of é€astic couplings, which
involves various couplings among bending,
twist, extension, transverse shearing, €tc.;

= Implication of non-classical effects such as of
transverse shear and of warping (restraint) in
the context of anisotropy of the materials and
the moderate thickness of the hull'swalls.

In this paper, a refined first-order transverse
shearable anisotropic beam theory, which was
origindly developed and validated in a number of
previous works by [9-12] will be used to modd the
moderately thick-walled composite hulls. By
integrating the unsteady hydrodynamic loads, the
governing hydroelastic equations will be fully
derived for the specid lay-up case of
circumferentidly asymmetric  giffness  (CAS)
configuration. As will be shown in the sequd, this
CAS configuration can provide two sets of

independent elastic  couplings: (Dvertica
bending/vertica transverse shear/extension; and
(2)horizontal bending/horizontal transverse



shear/twist. These two sets idealize the couplings of
motions encountered in practice (see e.g., [4, 6]).

Although an actua hull is of considerable
complexity in its shape, here we restrict ourselves to
the case of the uniform, closed cross-section beams.

The derived governing equations are then
applied toward the investigation of the hydroelastic
response of the hulls subject to bottom slamming-
like impact. It is well known that the impact can
cause both severe locd damage on the
composite/sandwich hulls [13], and simultaneously,
globa high-frequency vibrations that accelerate their
fatigue faillure. However, as pointed out by [14],
when the duration of the bottom damming-type
impact is much smaler than the low-range global
natura periods, the globad and local effects of the
impact can be investigated separately. In the present
paper, we will focus only on the global samming
response of composite hull due to bottom slamming-
type impact and investigate the effectiveness of the
tailoring on its aleviation.

2 Coor dinate Systems

The load-carrying part of the hull is idealized as a
composite moderately thick-walled beam (see Figs.1
and 2) and the hull is assumed to symmetric with
respect to z-axis.

Two set of body-fixed right-hand Cartesian
coordinate systems are adopted here with positive
X direction to be along the mean forward speed

U of the ship:

* (X,Y,2): consisting of the three intersection lines
of the three geometric symmetric planes. The
origin 0,, is a the intersection of the after
perpendicular and X -axis and located at the depth
H,, from the free water surface. This coordinate
system isused in the structural modeling;

= (£,1,¢) : the plane ¢ =0 corresponds to the
cam water level, and ¢ is positive upwards. The

origin O, is a the intersection of the after

perpendicular and ¢ -axis. This coordinate system

is used in the formulation of hydrodynamic
loading. In the sequel, the cross section of the

wetted hull surface is denoted by S(&) or S(x),
and the coordinates 7 =1(¢), ¢ = ¢(£), where
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£ is a parameter to identify the location of a point

on S(&).
3 Structural Modeling

3.1 Kinematics of a Moderately Thick-Walled
Composite Hull by the First-Order Theory

The displacement field of the hull can be
postulated as

d
001,20 =) #| 29 - 25 g, (x
dz.(s)
- | Yo(8)+n=2 = 6,001 = [F,(9) + na(9) @ (x.1)
(1a)
U, (X, Y, Z,t) = Uy (X,t) = zg(X,1) (1b)
U3(X, y! Z!t) = U3O(X,t) + yﬂx!t) (1C)
where, the prime ()'=d()/ox , ad
6, = ¥, — Uy, denotes the rotation of the cross
section  with respect to axis y , while

6, = Uy — V,, denotes the rotation of the cross

section with respect to axisz; y,and z, correspond

to the coordinates of point (x\y,2 in the locd
coordinate system by prescribing n =0 (i.e, on the
az, _ys% i Ugg s
ds ds

u, and u,, ae measures of the overdl
displacements of the cross section in X, y and
2 axes, respectively; ¢ denotes the rotations of the
cross section about X axes, respectively. The
warping function of the cross section F,, is defined

as.
Fo(s) = E[rn(r) —0(n))dr @

in which, OJ is the torsional function of the hull’s
cross section and the quantity

dz, __ dy
r(s|sy,—-z,— 3
2 (S) =Y, = > s ©)
Within the frame of first-order beam theory, one
obtains:
dy,

ds
3.2 Internal Forcesin the Hull

mid-contour), and a(s) = -z,

(4)

dz,
y=y,+tn—,z=2z-n
ds



Define the following membrane and transverse
shear stress resultants

Ng O
N, o O,
Ng t=2 [ {04 dn (5)
an ‘ n(k_l) O-Xn
N, o,

and the following stress couples

L g
o“l= “tndn 6
{Lsx} %”(L) {O-sx} ©
By virtue of the assumption related to the
transverse normal stress g,,, =0 and to the hoop

dress resultant N =0 [15], the 2-D diress

resultants and stress couples can be reduced to the
following expressions:

Nxx Kll K12 K13 K14 £>(<>(<))
N9< — K21 K22 K23 K24 y(s?) (7)
Lxx K41 K42 K43 K44 (d
LS( K51 K52 K53 K54 fi.(l)
2
No =[Ay —%]ym ©®
5

in which, K; are the reduced stiffness coefficients;

9 and y\9 are the norma and shear strain
components on the mid-surface of the beam walls,
£V is the first-order normal strain, wheress y,, is

the 2-D transverse shear strain. The expressions of
these quantities are provided by

£y =, +206,-y0,-F.¢ (99)
ro =Y -0+ (4 +6,)0(99
(9b)
& = -% g, - ‘fji g, -a.¢ (%)
o= T (= 0) = Lo (g +6) (90
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We further define the following 1-D (beam) internal
forces:

T.(x1) =§N, (s)ds, (108)
d d

Q, Ej{NSX 5’; +N,, d—ZSS}ds, (10b)

NI A

Qz _§|:N9< dS Nnx dS :ldsv (1OC)
dy,

M, E§[Nxxzs -L, dgds’ (10d)
_ _L 9%

Mz_§|:Nxxys XX ds:ldsi (109)

B, =¢[- N F, - L alds, (10f)

M, =§[Nop(s) +2L, Jds (10g)

in which and in the sequel, the closed-contour
integration is carried out along the closed mid-line
contour of thewalls.

Theinternal force-displacement relation can be
represented as

T, a; 8, a3 8y a5 A ay
y a12 a22 a23 a24 a25 a26 a27
2 Q3 8p 8y 8y Ay 8y Ay
a14 a24 a34 a'44 a45 a‘46 a47
a15 a25 a35 a45 a55 a56 a57
W Qe B 8y g 85 g gy
X a:l.7 a27 a37 a47 a57 a67 a77 i

<

wOpZZ
11

<

(11)

It is noted that the stiffness matrix in Eq.11 is
symmetric, i.e, @ =a; , and the equation
constitutes the most genera representation of the
force-displacement relations of moderately thick-
walled anisotropic beams. In genera, for anisotropic
and heterogeneous materials, the stiffness matrix is

3




fully populated, among which, the off-diagonal
entries are associated with the structural couplings
involving bending, twist, extension, transverse
shearing and warping. Assessment of these
couplings on the motion of composite nava hulls
and their proper exploitation should congtitute an
important task toward a rational design of these
structures and toward the proper use of the exotic
material characteristics.

However, in the present paper, we will focus on a

specia  lay-up  configuration, namely the

circumferentially asymmetric stiffness (CAS) with

respect to the horizontal axis y (see eg., [16]).

Similar to the cases investigated by [17, 18], this

type of beams feature the following two independent

sets of elastic couplings:

= Vertical bending/vertical transverse shear/
extension (Uy,, 6, Uy,);

= Horizontal bending/horizontal transverse
shear/twist (U,y,6,,¢).

In such a case, the interna force-displacement
relations split into two groups:

M.] [as as as ay|[ 6,
Q, _ Ay A5 A5 Ay || Uy _"9z (128)
B, Qs A5 A5 g

M, a; 3 8y arn ¢

<«

Tx a:I.l a a uiO
M,r=la a a g, (12b)
Q, a a a||lu,t6,

When the transverse shears are disregarded (referred
to as the non-transverse shearable (NTS) mode

herein and in the sequel), 6, - u,, , and
6, — —Uy,. Consequently, the counterparts of Egs.
12aand 12b become:

M z a33 a36 a37 "

u 20
Qy — a35 a’56 a57 ¢I ( 13 a)
B., A A Ay o

M X a37 a‘67 a77
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T, a; & '
o { Hho } (13b)

M y = a:I.2 a22
Qz a14 a24

"
u 30

4 Governing Equationsin the Case of CAS Lay-
Up

The governing eguations and the consistent
boundary conditions can be systematically derived
by using the extended Hamilton’ s principle [19]:

t, _
[(3T - AU +AN)dt =0

4
with
Ay =N, =N, =, =06, =dp=0a
t=t,&t,
where dT and AJ denote the virtual kinetic and

strain energy, respectively, while AW denotes the
virtual work due to external forces. For the problem
at hand, these terms are defined as follows:

Lot ou ou ou ou
ST = torl |5l T | 4 [ 2 |5 T2
ﬁ%n(jk) s [(atjd(atj [at jd( atj
" (%jd(%j]dndsdx
ot ot

A = j,aijdsijdr

(149)

(kD

L
=[$> [[0,08, + 0.0/ + 0,0V, ]dndsdx
o k

nik)

(14b)
B = [[F, (%, Ol (1) + F, (Dl (x,1)

+m, (X, 1)o@ X, t)]dx
(14c)
where, u; (j =1-3) are defined by Egs. la-lc,
whereas F, , F and F,are the hydrodynamic loads

per unit span while m, is the hydrodynamic twist

moment per unit span about axis X. It is noted that
in the present paper, only unsteady part of the
hydrodynamic |oads are considered.

The governing equations of the first group, which
wewill focusin the sequel, are
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iy o agUy +a,b) +a,(u, +6,)+F —bi,, =0 5 Unsteady Hydrodastic Loads Acting on the

gyt AUy + a2453’/’ +a,,(uy + 5;) +F,-b, =0
ng : a12ufo + a225§' + a24(u§o + 5;) - a14uio - a246;
~a, (U}, +6,)-b6, =0
(15a-c)
inwhich, b, and b, are the inertia coefficients.

The associated free-free boundary conditions
expressed in terms of the displacement quantities
can be summarized as:

At x=0or L
Ayt Ayl + a126)'/ +ay, (uy, + 6y) =T, (1)
AUy, t @yl + a245>'/ +a,, (U, + Gy) =0

a—ey : a12u10 + a226; +ay, (u;.o + gy) =0

(16ac)

In the NTS mode, the corresponding governing
equations reduceto

Ayt Ayl —ay,Uz bty =0 (17ab)
d*'30 : a14u1,0 - azzuéé)\/) + Fz - blUSO + bsu;:o =0

and the associated free-free boundary conditions
become:

At x=0or L

Ayt 8yl ~a,Uy = Ty (1)
Ay, AyyUig ~ 8yl —bglizy =0
Ay, : AUy —a,Uy, =0 (18a-c)

In the norma operational conditions, due to the
much higher ratio of force over hull stiffness in the
longitudinal direction as compared to the vertical
and lateral ones, the deformation of the hull in the

longitudina direction U, can be completely

disregarded. As a result, the governing equations
reduce to

Ay, : 8,0 +a,,(Uy +6)) +F, —bly, =0(19b)
30,1 8,0, +a,Us —a,(uy +6,)-bb, =0

y

The associated free-free boundary conditions
aea Xx=0or L

Ay, @ A0, +8,,(uy +6,)=0 (20a)
96, a,t, +a,(u,+6,)=0 (20b)

y

Hull

We consider the case that the wetted surface of
the hull is symmetric about the z-axis. Details of the
derivation are omitted here. The final expression of
the unsteady hydroelastic load F, can be summarized
as.

F.(xD) = -pay(x.) [dp-p | XerP)qy
S(x) 5(x) t
= Qo (X,8) = U (%, ) ()
@

in which, pis mass density of the water, g is the

acceleration of the gravity, m,, is the added mass of
the hull’'s cross section when the oscillating
frequency goes to infinity, ¢, and ¢, are the
velocity potentiad associated with diffraction and
incident waves, respectively; whereas h,, denotes
the unsteady hydrodynamic impulsive function,

which can be obtained either via experiments or
numerical calculation.

6 Solution Approach

Due to the nonconservative nature of the
problem and the complexities arisng from the
anisotropy of the constituent materias and the free-
free boundary conditions, spatial semi-discretization
techniques is adopted and the governing equations
are cast into state-space form. The spatial semi-
discretization is based on the modal analysis of the
corresponding dry hull, while the conversion of the
governing equations into state-space form is
prompted by the fact that for a genera
nonconservative system, the solution requires a
state-space  description  ([19], pp 206-210).
Moreover, such arepresentation can be conveniently
used in the case of the incorporation of an active
control capability. In the sequel, we will present the
description of the modal analysis, while the state-
space approximation will be presented el sewhere.

Define  the  dimensionless  longitudina
coordinate X=X/L . For the andysis of free
vibration of the dry hull, one assumes the solution in
the form:

Ugo (X, 1) = Uy, (X) exp(i at) (229)
6, (X,1) = Hy()?) exp(iat) (22b)



in which, i =+/=1, while & denotes the vibration
frequency.

Substituting these expressions in Egs. 224, b, the
following ordinary differential eguations are
obtai ned:

P8~ (- pipip)E, Ty =0 (239

Uy, + PPl +LO, =0 (23b)

inwhich, (+)' =a(s)/0%, and the dimensionless
parameters p,, p,and p, are defined as:

_ [ ay, _ | b _ [pL*
= o = Py = w(24
ps a44 Lz p ble Iob a22 ( &c)

Following the approach by [20], after
eliminating Uy, (X) in Eq. 23aor 8,(X) in Eq. 23b,

the governing equations for U,,(X) and gy(f() are
obtained as.

Uy + (02 + p?) PiUs — (1- P27 P5) PiUs, = 0
6" + (0 + p7)p30) - (1= plp!P) P8, = 0
(25a,b)

It is noted that Ty(X) and &,(X) fulfill the

same governing equation. As a result, we only focus
on the solution associated with Uy, (X) . Assume in

Eq.24a the solution form Ty (K) = Uso eXp(JR) ,
wherefrom one obtains
=P P+ P (P - 7)ol + 40

2

(26)
Within the practicd low frequency range
encountered by the globa hydrodastic andysis, we
have

P03+ p7) <(P2 = ) 5 + 405 (27)
As a result, two roots of Ain Eq. 26 should be

nonnegative. Consequently, the four roots of A can
be written as

- J('D - g
12 -

2
5 5 ]ﬁ+ﬁ
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1/2

2/ .2 2 2 _ 2?2
Asa :ii[—pb(p52+pr)+\/(ps Zp'j p§+p§}

(28a,b)
Asaresult, the solution form of U,,(X) can be
represented as
Uy, (X) = ¢, cosh(A,X) + ¢, sinh(A,X) + ¢, CoS(A,X)
+ ¢, Sin(A,X)
(29)
where, the parametersC (i =1-4) need to be

determined by the fulfillment of the boundary
conditions. Subgtituting Eq. 29 into Egs.23b, the

solution of &, (X) can be represented as:
8,(%) = d, sinh(A,%) + d, cosh(,%) + d, Sin(A,)
+d,sn(A,R)
(30)
in which, the coefficients d, (i =1-4) are defined
as

2 52 2 52
dlz(_ﬁ_pspbjclv dZE(_i_pspbjcz

L LA L LA
2 -2 2 2
dSE ﬁ—% C3,d45 _ﬁ_i_pspb C4
L LA, L LA,
(31ad)

Fulfillment of the boundary conditions Egs.
20a, b and the condition of nontrividity of the

parameters ¢, lead to the following transcendental
characteristic equation:

2 - 2cosh A, cosA, +% x[ o p?
1-p; 07 p;

x(p? = p2)* +(3p7 - p2)]sinh A, sinA, =0

(32)

The nth eigenmode corresponding to u,, and
6, can be represented as
Ug(n, X) = ¢, cosh(4,,X) + ¢,, sinh(4,,X) (333)
+ €, 001, %) +C, SiN(A;, %)
6y(n, X) = d,, sinh(A,,X) + d,,, cosh(4,,X)

: . : .. (330)
+d,, sin(A,,X) +d,,, Sin(A;,X)
By the expansion theorem [19], the genera
hydroelastic response in Egs. 19ab can be
represented as



Ugo(X,1) = iUso(n’ X)q, (1)
n=1 (34a)

,(x.1) = £, (n.9q, (1 (34b)

In the practical implementation, the infinite series
in the expressions Egs. 34a,b will be truncated to a
finite number.

7 Results and Discussion

Strictly spesking, bottom slamming impact is a
nonlinear phenomenon, the amplitude and its time
variation of the pressure are sensitive to the details of
the impact, such as relative velocity between the hull
and the ambient wave, wave dope, impact angle,
loca hull deadrise angle, etc.(see eg., [21-24]).
However, it is beyond our scope to deal with such
details of the damming impact. Instead, we restrict
ourselves to the time-history of the slamming impact
pressure in the case when its peak value and spatial
digtribution are given. More specificaly, the
following widely accepted empirica model (see e.g.,
[25, 26]) will be adopted:

Fe(R1) = Fmax(f()(_;jexp(l—;J

where, T, denotes the pressure rise time, while
F . (X) denotes the maximum slamming impact

pressure per unit of X.

In the following numerical calculation, it is
assumed that the damming impact uniformly acts on
the 4th quarter of the hull, i.e, X=0.75. The
material and geometrical properties of the hull are
supplied in Table 1. In the following calculation, the
ply angle on the websistakento be 8 = 0.

When a hull is subject to a damming impact,
high-frequency vibrations will be induced, which are
referred to as whipping. It is well known that they
can not be quenched easily either by the
hydrodynamic damping (see eg., [1]) or by the
structural damping (see eg., [26]). This is clearly
demonstrated by Fig.3, in which the pressure rise
time of the damming impact is taken to be a typical

one T, = 0.033sec. (see eg., [27]). Furthermore, it
is  assumed here  that L=100m
F .(X)=10°N/m, the added mass coefficient

m,, and the added damping coefficient N,, are

calculated on a wetted surface of the hull oscillating
on the free surface.
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During the past years, both passive and active
mechanisms have been attempted for whipping
reduction, see e.g., [26]. It is remarked that in these
two approaches, additional devices on the hull
dtructure have to be incorporated and additional
energy input has to be made in the active one. In the
present paper, without weight penaty (in the context
of composite hulls) we investigate the efficiency of
elagtic tailoring on the alleviation of the whipping
response. As discussed at the beginning, one basic
variable enabling one to achieve elastic tailoring
stems from the directionality property of composite
materials.

Figures 4 and 5 compare the whipping responses

of two cases: [304] and [90,] . It is remarkable to

notice that significant reduction of the whipping
intensity can be achieved by applying the tailoring
technique. It is noted that the only difference within
these two cases are on the ply angle. Using the results
from Fig.6, it is concluded that such reduction is
achieved by the dramatic increase of the stiffness
coefficient a,, .

Another design variable for eagtic tailoring is
the lay-up. The corresponding design space is huge
and many practica constraints have to be considered
and optimization has to be used. Here, we compare
only two cases: [90/45/—-45], and [45,] . The

results are shown in Figs.7 and 8. Again, notice the
significant reduction of the whipping intensity by the
lay-up [90/45/-45]..

8 Conclusions

In the context of dender marine vehicles made
of advanced composite materids, a refined first-order
transverse shearable anisotropic, moderately thick-
walled beam theory is adopted to model the global
dynamic behavior of the hulls. Exotic elastic
couplings, transverse shear and warping are
systematicaly incorporated. In the case of
circumferentially asymmetric stiffness (CAS) lay-up
with respect to the horizontal axis y, by integrating

the unsteady hydrodynamic load, the comprehensive
hydroelastic governing systems are derived. Exact
modal solutions of some specia cases are obtained.
These anaytical results can be used to cdibrate the
accuracy of numerical approaches and to facilitate the
understanding of the role played by the materia
anisotropy and lay-ups on the change of dynamic
behaviors of dry hulls.



It is further demonstrated by two simple cases,
that the dagtic tailoring can be effectively used to
reduce the whipping intensity.
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Table 1. Material properties and geometric specifications
of the idealized composite hull used in the investigation

of damming impact.

Material Value
E. 1.42x10"N / m?
E,, =E, 9.79x10°N / m?
G,=G,, 6.0x10°N /m?
Gp 4.83x10°N / m?
(Lo s Mz Uos) (0.24,0.24,0.5)
P 1.60x10°Kg/m®
Geometric Value
Width* 10m
Depth? m
Wall thickness (h) 0.5m
Number of layers 6

#The length is measured on the mid-line contour
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Fig.1. An advanced composite marine craft in wavy
sea.
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Fig.2. An idedlized profile of the composite marine
craft in Fig.1. The CAS lay-up configuration with
respect to the axis y is used, i.e., the ply angle i on
the flanges (top and bottom walls) and the webs
(right and left walls) fulfill 8(-y) =-6(y).

0.006 [+ §
& 100000
| . Boooo
NI E
50000
0.004 - [b]| =
Mg j sonoe
RILRIAER B 20000
L\
desuml L 0 —
SRET I 0 0.05 0,1 0.15 0.2 0.25 0.3
] J Time (Sec)
Ll
| I
| | m (il ETNIRINT
Ihe i
o 1 R Tl Ui |
TR A | S R RS
| i :
0 10 20 0 40 50 60

3
Time {sec)

Fig.3. Hydroelastic response U, (X/ L =0.5,t)
amidship subject to asingle dam impact.
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Fig4. Influence of elastic tailoring on the
hydroelastic response U,, ( X/ L =0.5,t) amidship
subject to aslam impact.
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Fig.5. Influence of elastic tailoring on the
hydroelastic response 6, (x/L =0.5,t) amidship
subject to aslam impact.
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Fig.6. Cross-sectional stiffness versus the ply angle.
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Fig.7. Influence of eastic tailoring on the
hydroelastic response U,, (X/ L = 0.5,t) amidship
subject to a dam impact.

0.00075

0.0005 [

5 [90/45/—45],

0.00025

0

-0.00025

-0.0005

-0.00075 |

-0.001 |

O | emmara e g

llO Time BO(SGC ) 40 S‘U ’5‘0
Fig.8. Influence of elagtic taloring on the
hydroelastic response 6, (x/L =0.5,t) amidship

subject to a dam impact.



