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This work deals with the transient hydroelastic analysis of a sandwich beam which represents a boat
hull. The beam is subjected to slamming pressure while it enters into water with constant vertically
downward velocity. A coupled hydroelastic finite element model is developed using higher order shear
and normal deformation theories for the faces and the core of the beam and the velocity potential theory
for the fluid. Transient responses of the beam for transverse deflection and stresses are studied. Dynamic
failure analysis has been carried out to investigate the initiation and cause of the failure of the beam due
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1. Introduction

Because of high bending stiffness to weight and strength to
weight ratios, sandwich structures with fiber reinforced composite
faces have become potential candidates for boat hulls and sub-
mersible vehicles [1]. When a boat or marine vessel sails at high
speed, the part of the bottom face of the vessel emerges out of the
water and reenters into the water. This induces large impact force at
the bottom of the boat hull. Such force is generally called slamming
force. This slamming force can attain very high peak value within a
very short duration and cause the boat to undergo transient
vibrations leading to damage initiation at the bottom of the hull
A good account of research has been carried out on the slamming of
bottom hulls of marine vessels. For example, Bishop et al. [2] and
Belik et al. [3] investigated the response of beam like ship structures
due to slamming pressure. Lee and Leonard [4] carried out a finite
element analysis of structures floating or moored in a wave in the
time domain. Broderick and Leonard [5] investigated the nonlinear
interaction between fluid-filled membranes and ocean waves using
boundary element model for the fluid and finite element model for
the membrane structure. Lin and Ho [6] presented numerical and
experimental analysis for the two-dimensional water entry of a
wedge into initially calm water. Rassinot and Mansor [7] presented
a method to determine the hull bending moment. Faltinsen [8]
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theoretically studied the effect of hydroelasticity on ship slamming
by developing a hydroelastic beam model. Landa et al. [9] carried out
an analytical study to investigate the effect of slamming pressure on
the interlaminar behavior of ship panels made of composite materi-
als. Mei et al. [10] presented the analytical solutions for the water
impact of general two-dimensional bodies entering into initially calm
water. Lu et al. [11] and Xiao and Batra [25] carried out an
hydroelastic analysis of beam subjected to water impact employing
boundary element method for the fluid and finite element method
for the structure. Battistin and lafrati [12] estimated the hydrody-
namic loads acting on the two-dimensional and axisymmetric bodies
entering into the water using boundary element method. Sun and
Faltinsen [13] presented a boundary element method to simulate the
water impact of horizontal circular cylinders. Korobkin et al. [14]
developed a finite element model for hydroelastic analysis of beam
utilizing the Wagner theory of water impact. Greco et al. [15]
theoretically studied the bottom slamming of a very large floating
structure. Qin and Batra [16] developed a hydroelastic model for
investigating the fluid-structure interaction during slamming of
sandwich composite hulls.

Here we investigate the transient hydroelastic response of a
sandwich beam which corresponds to one half of a symmetric boat
hull subjected to a slamming pressure. A coupled hydroelastic
finite element model has been developed using higher order shear
and normal deformation theories for each layer of the beam and
the velocity potential theory for the fluid. Failure analysis is also
carried out to ascertain the initiation, location and cause of the
failure of the boat hull due to water impact.
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Fig. 1. Schematic diagram of a boat hull entering into water with constant vertical
velocity: (a) vertical cross-section of the coupled hull and water; (b) coordinate
systems and geometrical features of one half of the hull coupled with water for
finite element model.

2. Problem description and basic equations

Fig. 1 illustrates a two-dimensional cross-section of the boat
hull entering into the water with a constant vertical velocity. As
shown in this figure, the hull is a sandwich structure having
symmetry about the vertical plane. Two Cartesian coordinate
systems are used to model the coupled system. The origin of the
coordinate system (x1,z;) for modeling the fluid is located on the
surface of the undisturbed fluid such that lines x; =0 and x; =a
represent vertical boundaries of the fluid domain while lines
z1 =0 and z; =-h,, represent the top undisturbed surface and
the bottom surface of the fluid, respectively. The origin of the
coordinate system (x, z) for modeling the beam is at the mid-plane
of the beam such that lines x =0, L represent ends of the beam.
The angle g as shown in Fig. 1(b) is called the dead rise angle of the
boat hull. The depth of the water, the free water surface and the
interface between the bottom wetted surface of the beam and the
water are denoted, respectively, by hy, Sy and S;. The top and the
bottom face sheets of the sandwich beam are composed of a
unidirectional fiber-reinforced composite while the core of the
beam is made of a foam being modeled as an isotropic homo-
geneous material. The thickness of the top face sheet, the core and
the bottom face sheet equal, respectively, h, 2h. and h.

High-order shear and normal deformation theory (HSNDT)
proposed by Lo et al. [17] is augmented for each face and the core
of the beam to model kinematics of deformations of the beam
while maintaining the continuity of displacements across the two
interfaces between the core and the face sheets. Thus, the x-
displacements u;, u. and ujof a point in the top face sheet, the core
and the bottom face sheet, respectively, are given by

Up = g + hely + h2my + h2ny + Z=ho)bx + (Z—h2)ax + @ -hd)p, M

Ue = Ug + zly + Z22my + 231 )

Uy = Ug—hely + h2my—h2ny + Z + he)y + (Z2=h2)yy + (23 + 1)y 3)

Here ug represents the generalized x-displacement of a point
on the reference plane (z=0), I, is the first order rotation of the
normal to the mid-plane with respect to the x-axis, and variables
My, Mx,0x, Ax, Prr Px» 75 ANd A represent the higher order rotations of
the normal. Superscripts and subscripts ¢, ¢, and b designate the
top face sheet, the core and the bottom face sheet, respectively.
Substitution of z=h, in Eq. (1) and z=-h. in Eq. (3) yields
U = uc = u, ensuring the continuity of x-displacements at two
interfaces. The transverse or the z-displacements w;, w. and wj, of
a point in the top face sheet, the core and the bottom face sheet,
respectively, are assumed to be given by

We =Wo + helz + h2m; + @-ho)az + Z2-h2)p, )
We=wq + zl, + 2°m; (5)
wy, = wo—hcl, + h?mZ +(@Z+ho)y, + (2% —hf)ﬂz (6)

in which wy is the z-displacement of a point on the mid-surface of
the beam.
For brevity, we group the generalized displacements into the
following two vectors:
{di} =[uo wo]" and
{d,—} =[lx my Ty 6Ox ox ﬂx (/7)( Yx Ax lz mz; vy, Az oz ﬂz]T
()
In order to implement the selective integration rule for com-
puting the element stiffness matrices corresponding to the trans-

verse shear deformations, the strain at a point in the beam is
grouped into the following two strain vectors {e},} and &i:

{8;}=[€i e1" and eé:eiz; i=t.cb 8)

in which & and e, are normal strains along the x- and the

z-directions, respectively, and ey, is the transverse shear strain.

Using displacement fields (1)-(6) and the linear strain-displace-

ment relations, strain vectors {ef}, {5}, {e5}, €, ? and & can be

expressed as

(e} = {ew) +120{eh ). {eb} = {en} +121eh} and (&5} = {en} +12){e5,)
9

el =g + [Z]{el, ], ei.’ =& + [Z]{e?r} and & =eg + [Z]{5}
(10)

Matrices appearing in Eqs. (9) and (10) are defined in Appendix
A while the generalized strain vectors are given by

T
5

T
. | %o Ly [0 omx onx  d0x  dax Py
Ept = [ X O} {&br} = [ax ox ox ox ox ox X B2

T
b\ ok omy onx by O
{%r}—[a;f x  ox ox o o Iz ’12]
T ow
N [o ome  one .. _ 9o
{‘Ebr}_[B; bk mz] s Est= o
T
L oy om;  day P,
{&sr}—[gx ax P ® W R axz] >
T
al. O
{ed=[h meome 5 5]
4T
al. el 0, 0.
{ebh=[t e w0 % % % %] (1
Similar to strain vectors given by Eq. (8), stresses at a point in
the beam are described by the following two stress vectors:

{GL}Z[CT; ai1" and agzo"iz, i=t.cb (12)
where oy and o, are the normal stresses on the x- and the z-
planes, respectively, and oy, is the transverse shear stress. Assum-
ing the material of the face sheets and the core to be linear elastic,
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their constitutive relations are

{a%}:[cz]{e,ﬂ} and ol =Clel,, i=t,c,b (13)
in which the elastic coefficient matrix [C’},] is given by
e[S %]
"Gs G
(14)

Hamilton's principle
53
(8Tp—6T))dt =0 (15)
t

is employed to derive equations governing deformations of motion
of the beam. In Eq. (15) T, and T are the total potential and the
total kinetic energies of the beam, respectively, s is the variational
operator, and t; and t, are the starting and the ending times. The
first variations of the total potential and the total kinetic energies
of the beam can be expressed as

L h ~h
5Ty = b/ |:/ Z(E{EZ}T{GZ} + delal)dz +/ 3(5{SZ}T{02} + 6elod)dz
0 hy hy

-h
+/ 4(5{6§}T{o—2} + 6e§a§)dz—péwb} dx (16)
h3

6Ty = b(p'h + 2o he + pPh) /OL 5{(1[}T{dt}dx 17)

in which ' denotes the mass per unit length of the i-th layer of the
beam while p is the externally applied pressure acting normal to
the bottom surface of the beam. Note that in Eq. (16),
hi =-(h+he), hy =-h., h3 =h. and h4 =h+ h.. Here, we have
neglected effects of rotary inertia which is a reasonable approx-
imation for (h + h¢) < L. Also, a dot over a variable represents the
differentiation of the variable with respect to time.

3. The finite element model of the beam

The beam is discretized by three noded quadratic isoparametric
beam elements of length L.. Following Eq. (7), the generalized
displacement vectors, associated with the i-th (i=1, 2, 3) node of
an element can be written as
{dyi} =[uoi Woi]" and
{dn‘} :[lxi My Ny Oxi i P Dxi Vxi A Li my Vi Az @z ﬁzi]T.

(18)

The generalized displacement vector at a point within the

element can be expressed in terms of the generalized nodal
displacement vectors {d;} and {d;} by

{di} =[NJ{d¢} and {d,} =[N,]{d} 19)
in which

[NJ=[Na N Na]', [NJ=[Nn
Ny =nile, Ny =nyl;,

(@} =[{dn}" (o} {d5}']",
(@ =[{dn}" {da}" {d}7]" 20)

It and I, are (2 x 2) and (15 x 15) identity matrices, respec-
tively, and n; is the shape function of the i-th node written in
natural coordinates. Using relations (9)—(11) and (19), the strains at
a point are given by

{eh} = Bol{df} + Z2UB1{dr . {eh} = (Bul{d; } + Zs1BL1{ ;).

NrZ Nr3 ]T,

{en} =Bwl{d(} + [ZalBLI{dr }, & =[Bes){d; } + [Z5][BL){dr }.
ef = [Bis){d{ } + [ZelBRI{dy} and e = [Bs){df } + [Z71BF,1{d} }

(21)
in which the strain-displacement matrices [Bs], [Bs], [Bes] and [Brs]
are given by
Bewl=[Bw1 B> Buwsl, [Bi1=[Bis B Byl
Bi]=[Bisi B2 Bisl (22)

The submatrices By, Bl By and Bl (i=t,c.b; j=1,2,3)
appearing in Eq. (22) are given in Appendix A. On substitution
from Eqgs. (13) and (21) into Egs. (16) and (17) and subsequently,
using Eq. (15) we obtain the following equations of motion at the
element level:

MId; |+ KEI{dE} + IKE {7} = {FF) @3)

[Bts] = [Btsl Btsz Bts3 ],

KT (de )+ RS {de = {Fe} @4

The element mass matrix [M¢], the element stiffness matrices
[K¢1, [KZ 1, [K7,], and the element load vector {F®} are given by

Le
[M] = (oth + 25¢he + pPh) /0 INJTINdx, K] = K]+ (K,
[K?r] = [I<$rb] +[K ?rs],

Le
{Fe) = /0 POINATTO 17dx

[Kir] = [Kirb] + [Kirs]’

Le
and {Ff}:/ PN, ]T[Z) dx (25)
0

Explicit expressions for the matrices in Eq. (25) are given in
Appendix A. It should be noted that the stiffness matrices
associated with the transverse shear strains are derived separately
from the stiffness matrices for the normal strains. Thus the former
can be evaluated by using a lower-order integration rule than that
employed to evaluate the latter to avoid the shear locking problem
for thin beams. The element equations of motion are assembled to
obtain the following global equations of motion:

M} + KeeliX) + Ko (X} = (Fo) (26)
and
[Krt]{x} + [Krr]{xr} = {Fr} (27)

where [M] is the global mass matrix, [K], [K] and [K,.] are the
global stiffness matrices while {F;} and {F,}are the global nodal
force vectors. The transverse stresses computed by the constitutive
equations may not be accurate and continuous at the interface
between two layers because of dissimilar material properties.
Batra and Xiao [26,27] have used a layer-wise third-order shear
and normal deformable theory (TSNDT) and shown that transverse
shear and normal stresses computed from the 3-D constitutive
relations are accurate. Here, the transverse stresses across the
thickness of the beam are computed by integrating the governing
equations of motions with respect to z as follows:

X i L. .
ol,=— / (‘)"X —p'u’> dz + Cy(x),

X

1
ol = -/ (ag—;z-pfu') dz+Ci(x), i=t.cb (28)
where CLZ and CL are to be evaluated by satisfying boundary
conditions that oy, vanishes at points on the top and the bottom
surfaces of the beam, ¢, vanishes at points on the top surface of
the beam and continuities of transverse stresses at the interfaces.
Thus the transverse stresses at a point in the bottom face sheet,
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the core and the top face sheet are given by

of==[Ch Chs | @Bi{df} + Zs1B2H{d7 ) + 20l + .
ot =—[Cir Cis|@Bil{df} + (ZiollBs{d; }) + 2pciio + C.
o= Chr Cis]@BiI{df} + ZisBal{d] ) + 2ptilo + C

o1

§=[C§1 1 ][lel[Bel{d }—*22 ‘1 0]
X[Btb]{d }—z XZ+/JZ[1 0}[Nt]{ }+C;,

0§=[C§1 C§3][218][B7]{d$}—52 pf[1 0]

aC?

x(Bsl{d; }-2 75+ oz 1 0]iNa{d;} + 2

o= [y Ol ZaNBai{ds-2 201 0]

B {E )25+ a1 ONaE )+ @)
where
Co=[Ch Chs | Bi{d]} + ZslBa1{d h-hipiio,
CL=[Ch Cis|thatBul{df} + ZolBai{d - Chy Chs ]

x(ha[B11{d{ } + [Z111B21{dS }) + ha(pP—p©)ilo + Cl,
C=[Ch Cis|(siBai{df} + ZuslBal{d - Cir Cis |

x(h3[B11{dy } + [Z14)[B31{d} }) + h3(p =p)ilo + Cy
Cl=—[Cli Cl]iZimlBol{ds) + 4 2t

x[1 OJ[Btb]{&f}+h4%§z—pfh4[1 o {d; }
Cﬁz_[cil < }[z19 [B7]{de} +%hfpf

w1 0][B,,,]{d}+hc —pCh[l 0][Nr]{3f}+[C§1 Cis |

e 3
<AZuolBe) (d} -2 211 OUBsl{d } -h %S 1

x[1 OINa{d } +cl,
G=- [C?1 C?ﬂ x [Z2])Bs){d; } + %hfﬂb[l 0][Btb]{a:}

—hc%’za+ﬂbhc x[1 0][Nf]{a‘:} + [Cgl C§3}

e 2
XZBI A}~ W1 OUBwl{d ) e %o

<1 oNa{d;} +c2
[Bi]=[B11 Biz B3]
[Bo]=[B21 B2z Bas]
[Bs]=[Bs1 Bs2 Bs3]
[Bsl=[Ba1 Baz Baz],
[Bs]=[Bs1 Bs2 B3]
[B7]=[Bn1 Bn Br3]
[Bs]=[Bs1 Bs» Bss3]
(30

Expressions for the submatrices By;, Boj, Bsi, Bai, Bsi, B7i and Bg;
(i=1, 2 and 3) and [Z,] («=2, 3,...23) are given in Appendix A.

4. Finite element model of the fluid domain

Assuming that the fluid is incompressible and inviscid, and its
deformations are irrotational the two-dimensional governing

equation of the fluid is given by [4]

[VI'[Vg(x1,21)] =0 (31

where ¢ is the velocity potential at any point in the fluid domain
and [V]=[9/0x1 9/0z1]". At the top free surface, the linearized
dynamic free surface condition is given by [4]
P L9

gi

ot °ozy 32)

The boundary conditions associated with the governing Eq. (31)
are [4,11]:

9P

— =0atx
0X1 1

=—h,, and % = —V cosp+wons§;

(33)

The elevation of free surface 5(x1,0) in terms of the velocity
potential is given by [18]

0"’<x1 0) (34)

0
—0anda; 9 =0atz
0z,

n(x1,0) =

where g is the gravitational constant.
The functional which yields the above governing equation and
boundary conditions can be written as

- % K ° { /!2 Vol [Vrda- L / ( ) dsi-2 /S v cosﬁ-w—v'v)ds,} dt

(35)

The fluid domain is discretized by two-dimensional four noded
isoparametric elements. The velocity potential at any point within
a typical finite element of the fluid domain can be expressed as

=[Ny1{¢°} (36)

where [N,] is the shape function matrix and {¢°} is the nodal
potential degrees of freedom of the element. Substitution of Eq.
(36) into Eq. (35) yields the functional for the fluid finite element
as follows:

:_b/ {// {0} (IVIINGDT (IVIIN (g }

dxldzl—é/oa {fﬁe} [N¢]T[N¢] i {¢e}dxl

—2/ {¢°} Ny (~V cosp+[0 1][Nz]{ }+[Z][Nr]{ })dxlj|df

(37)

where a¢, b and hj, are the length, the width and the height of the
fluid element, respectively. Extremization of /7§ (i.e. 677f = 0) leads
to the derivation of the following governing finite element
equations of the fluid domain:

IMA{3° } + KfH{ o} —RE{d; }-1Rf1{dr } = {F5 } (38)

where

dxq,
0 1

1/«

[Mf1= g/o [INsI"INy] o
a®  phi,

[KE] = /0 /0 (VIINGDT (IVIINgDdx; dz;,

{R}= [ 0 Nivade (k5= [ NI

and {Ff,,} - /0 “ N,V cosﬂ)zzh dx; (39)

The elemental governing finite element equations given by (38)
are now assembled over the entire fluid space to derive the
following global set of equations governing the fluid deformations:

M}{®} + K@) —[Ryse {X }~Rpsrl{ X, } = {Fy} (40)
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where [My] and [Kf] are the global mass and the global stiffness
matrices of the fluid, [Rfy] and [Rys] are the global fluid-structure
coupling matrices, {F, }is the global nodal fluid loading vector and
{@} is the global nodal velocity potential vector.

5. Coupled fluid-structure model

The linearized expression for the hydrodynamic pressure acting at

the wetted bottom surface of the sandwich beam is given by [16]
7l

=2 @1
where pf is the density of the fluid. Using (41) in the expression for
elemental load vectors of the beam given by (25), the elemental
slamming load at the bottom surface of the sandwich beam can be
expressed as

{FE} = —pyIRf )" {#° } and {F}} = —p/IRS, 1" {4° | “2)

where [Rf] and [R;] are defined in Appendix A.

Substituting Eq. (42) into Eqgs. (23) and (24) and then combin-
ing the resulting global equations with Eq. (40), the global coupled
fluid-structure equations can be obtained as

prl[Rese]”

M 0 0] { (X} O]  [Ou]
X pf[Rfsr]T

01" [On] [Org] b’¢ S S I (0% LI (0%

(01" [Ors]"  [M] (&) ~[Res] —[Rpsrl  [Ogy]
K ke K 00] () )
x {x} + | Kel"  [Ke]  [Or] [ X} $ ={ (O
(o) (01" [0r]"  [(Kf] | | {2} {Fy}

(43)

in which [O], [Og], [Ots], [Orr], [Ory] and [O,,] are null matrices of
appropriate sizes while {0} and {O,} are appropriate null column
vectors.

6. Failure criteria

The stress-based Hashin's criteria [19] are used to determine
whether or not a material point of the beam has failed and the
corresponding failure mode. According to these criteria, a material
point is considered to have failed if the following conditions are

satisfied:
Fiber failure ¢i/Xi>1or |\|/X.>1, i=tandb

Matrix tensile or shear failure : (a./Y))? + (¢%,/S')?>1, i=tand b

Matrix compressive failure : {(YL/ZS")Z—l }lail/Yi + (a /25y
+(al,/SY?>1, i=tandb

Delamination failure : (! /Z))? + (,/S)*>1, i=tandb

Core compression : |d5|/Z5>1 (44)

where Xi, Yi (XL, Y1) are the tensile (the compressive) strengths in
the x-, and the z-directions, respectively, and S’ is the transverse
shear strength of the materials of the different layers of the beam
as denoted by the superscript 9. Z: and §' are the interfacial
strengths and Z¢ is the strength of the core in compression.

7. Results and discussions

We compute results for a sandwich beam with the 15 mm thick
top and the 15 mm thick bottom face sheets composed of a layer of

unidirectional transversely isotropic T300/5208 graphite/epoxy
composite [20] while the 20 mm thick core of the beam is made
of polyurethane foam which is treated as an isotropic material
[21]. The fibers in the face sheets are aligned along the x-axis, and
values of material parameters are listed in Table 1. The length of
the beam is considered as 1 m. The number of three noded
isoparametric bar elements used for discretizing the beam is taken
as 30. We verify the accuracy of the present finite element model
of the beam by computing natural frequencies of a cantilever
sandwich beam studied by Banerjee and Sobey [22]; the two sets
of results listed in Table 2 are in excellent agreement with each
other. We have also analyzed deformations of the simply sup-
ported composite beam (0°/90°/0°), studied by Pagano [23] and
compared in Fig. 2 the through the thickness variations of the
transverse shear stress. It is clear that the present approach gives
very accurate values of the transverse shear stress. To verify the
accuracy of the finite element formulation of the fluid domain, the
first few slosh frequencies of a 2-D fluid continuum (a=2m,
hy =1 m) contained in a rigid rectangular tank have been com-
puted and compared with exact solutions available in Ref. [18].
Table 3 illustrates that such two sets of frequencies are in excellent
agreement with each other. The Newmark implicit unconditionally
stable integration method is employed to compute the hydrody-
namic and coupled hydroelastic responses in the time domain. The
fluid domain is discretized by 60 four noded two-dimensional
isoparametic elements along its length while 40 such elements are
used along its depth. Numerical responses are computed by
considering the length and the depth of water as 10 m and 6 m,
respectively. For further verification of the accuracy of the present
finite element model of the fluid domain, the hydrodynamic
pressures at the wetted surfaces of rigid V-shaped hull entering
into water with constant vertical velocity have been computed.
Figs. 3 and 4 illustrate the comparison of such slamming pressures
with those obtained by Zhao and Faltinsen [24]| when values of the
dead rise angle  are 10° and 20°, respectively. It may be observed
that the present model also fairly accurately computes the slam-
ming pressure. The normal and tangential velocities at the inter-
face between the water and the rigid hull have been computed
and illustrated in Fig. 5. It may be observed from this figure that
the normal velocity of the rigid hull is equal to that of the water at
the interface between the water and the rigid hull ensuring further
that the present finite element model accurately estimates the
responses.

For computing hydroelastic responses, the end x=L of the
beam is considered to be clamped while at the other end (x =0)
the following boundary conditions are imposed:

Up=ly =My =Ty =0y =y =fy =y =yx = I =0 (45)

Unless otherwise mentioned, it is assumed that the beam
enters into the water with constant downward vertical velocity
until the wetted length of the beam equals one half of its length
after which the beam is assumed to have zero rigid body velocity
and undergo transient vibrations. First the effect of flexible beam
impacting the water is studied and illustrated in Fig. 6. It may be
observed that the slamming pressure at the interface between the
water and flexible hull is reduced as compared to that with rigid
hull. This may be attributed to the deformation of the hull. Fig. 7
illustrates variation of the transverse displacement at the end (O,
0) of the beam with time for different values of dead rise angles of
the beam while the value of the vertically downward water-entry
velocity of the beam is 1.5 m/s. It may be observed from this figure
that the beam is set into transient vibrations after an initial time
during which the beam is wetted. The amplitude of vibration
decreases with the increase in the value of the dead rise angle. As
expected, Fig. 8 illustrates that for a particular value of the dead
rise angle, the amplitude of transverse vibrations of the beam due
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Table 1
Material properties of face sheets and the core of the beam.
Materials C11 (GPa) Cq3 (GPa) C33 (GPa) Css (GPa) X¢ (MPa) Y=Y X (MPa) S (MPa) p (kg/m?)
=Zi =2
(MPa)
T300/5208 [20] 134.68 4.73 14.38 5.7 1515 43.8 1697 86.9 1620
Core [21] 3.61 1.94 3.61 .0672 8.48 8.48 8.48 4.59 320
Table 2 Table 3

Comparison of natural frequencies (Hz) of a sandwich beam with the existing
results.

Comparison of sloshing frequencies (Hz) of two-dimensional fluid contained in a
rigid tank (a=3 m, h, =1 m)

Source 1st mode (Hz) 2nd mode (Hz) 3rd mode (Hz) Source 1st mode (rad/s) 2nd mode (rad/s) 3rd mode (Hz)
Present solution 33.62 198.6 510.2 Present solution 3.7546 5.5210 6.7863
Ref. [23] 33.74 198.8 511.4 Ref. [18] 3.7594 5.5411 6.7986

0‘5 100 |I |I |I |I ) 1 1 L §

o = Present Solution
S | Exact Solutions [23] :
U1 == e e T s B =
03 esniisanniaaas i nn haren Ll
-0.5
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
cn.»“q o

Fig. 2. Comparison of the transverse normal stress across the thickness of a three-
layered (0°/90°/0°) simply supported beam of L/H =4 with the exact solution of
Pagano [23]; H equals the beam thickness and the amplitude of the distributed
sinusoidal load equals ;.

to coupled hydroelasticity increases with the increase in the value
of the water-entry velocity of the beam (V). For a particular value
of water-entry velocity (V=1.5 m/s), the variation with time of the
distribution of axial normal stress (¢2) at the bottom surface of the
bottom face sheet of the beam has been illustrated in Figs. 9-11
when values of g are 10° 15° and 20°, respectively. It may be
observed from these figures that since the transverse motion of
the end of the beam (x=L) is restrained, the magnitude of the
axial normal stress is maximum at this fixed end. Also, the
magnitude of normal stress decreases with the increase in the
value of the dead rise angle. Although not presented here, similar
variation with time of the distribution of axial stress (s%) at the top
surface of the top face sheet of the beam has been obtained.
Figs. 12-14 demonstrate the distributions of transverse shear
stress across the thickness of the beam at the fixed end of the
beam for different values of g while the beam enters into water
with V=15 m/s. It can be observed from these figures that the
transverse shear stress is continuous along the thickness of the
beam and maximum at the middle of both the top and the bottom
faces of the beam. The transverse shear stress also decreases with
the increase in the dead rise angle. For investigating the initiation
of the failure due to slamming pressure, the failure index

: | === Ref. [24]
: | =™ Present Solution

-

P/(0.5p V")

0
-1 08 -06 -04 -02 0 0.2 04 06 08
z];‘(Vt)

Fig. 3. Distribution of slamming pressure over the wetted surface of a rigid hull
with g=10°.

20 T T T
== == = Ref. [24]
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N"\
2
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=
= -
=) -——--———_——-——"’
5
0

-1 -0.8 -06 -04 -0.2 0
zl/(Vt)

Fig. 4. Distribution of slamming pressure over the wetted surface of a rigid hull
with g =20°.

corresponding to each failure mechanism as described by Eq.
(44) has been computed by varying the value of the water-entry
velocity (V) of the beam. It has been found that the initiation of the
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Fig. 5. Normal and tangential velocities at the interface between the water and the
rigid hull.
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Fig. 6. Comparison of distribution of slamming pressure over the wetted surface of
rigid and deformable hulls with g =10°.
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Fig. 7. Transverse deflection at the end (0, 0) of the beam for different dead rise
angles of the beam (V=15 m/s).

failure in the beam occurs first due to the core compression at that
portion of the interface between the core and the bottom face
which is located at the clamped end of the beam as shown in
Fig. 15 for p=10°. For causing this failure the beam enters into
water with V=1.88 m/s and the time to cause this failure after the
beam starts entering into water is 56.5 ms. It may also be observed
from Fig. 15 that except at very small portion of the clamped end of
the beam where damage occurs first, the failure index is negligibly
small elsewhere due to core compression. For this water-entry
velocity which causes core compression failure, the failure indices
corresponding to other failure modes are also very small as shown
in Figs. 16 and 17 based on the delamination mode of failure and
the fiber failure in the bottom face sheet, respectively. Since,
Y =Z; for the materials being considered here, the matrix tensile
or shear failure criterion yields same value of the failure index.
Also, although not shown here, the value of the failure index based
on the matrix compressive failure criterion is also very small.
Hence, in order to investigate the further load carrying capability
of the beam (i.e., the ultimate failure of the beam), the stiffness
coefficient of the 10% length of the core starting from the clamped
end is degraded and the failure indices corresponding to different
failure modes are further computed with gradually increased value
of water-entry velocity of the boat. Fig. 18 illustrates such failure

001 ! ! !
H : : === V=-0.5m/s
H | =——=-V=-10m's
0.006 f-------- RN H- - T V=S s
‘ I
. [
g o002 i}
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< 0002 '
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0 0.1 0.2 03 04 0s 0.6

Time (s)

Fig. 8. Transverse deflections at the end (0, 0) of the beam with p=10° for
different values of water entry velocity.
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Fig. 9. Variation with time of the axial stress at the bottom surface of the bottom
face sheet of the beam (8=10°, V=1.5m/s).
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Fig. 10. Variation with time of the axial stress at the bottom surface of the bottom

face sheet of the beam (p=15°, V=1.5m/s).
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Fig. 11. Variation with time of the axial stress at the bottom surface of the bottom
face sheet of the beam (5 =20°, V=1.5m/s).
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Fig. 12. Variation with time of the transverse shear stress across the thickness of
the beam at its clamped end (f=10°, V=1.5m/s).

indices and it may be observed from this figure that the further
initiation of the failure of the beam occurs again due to the core
compression when the water-entry velocity of the beam is as high
as 23.8 m/s. Note that this failure occurs at the end of the beam
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05 005 01
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Fig. 13. Variation with time of the transverse shear stress across the thickness of
the beam at its clamped end (f=15°, V=1.5m/s).
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Fig. 14. Variation with time of the transverse shear stress across the thickness of
the beam at its clamped end (5 =20°, V=15 m/s).
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Fig. 15. Variation with time of the failure index due to core compression (5= 10°,
V=188 m/s).

other than the clamped end. Also, for V=23.8 m/s the beam is safe
as far as the delamination failure is concerned as shown in Fig. 18.
Thus the ultimate failure of the boat hull with sandwich construc-
tion is also due to core compression failure. Das and Batra [28]
used the commercial software LSDYNA to analyze finite
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deformations of a sandwich structure due to water slamming
loads and found that the deformations of the core due to
transverse shear strains dominate over those due to transverse
normal strains. Similar results were obtained by and Qin and Batra
[16] who used, respectively, the TSNDT and the {3,2} plate theory.
Values of material and geometric parameters used in this paper
are different from those employed in [16].

8. Conclusions

Transient hydroelastic analysis of a sandwich beam which
represents a boat hull has been performed. The beam enters into
water with constant vertically downward velocity until its half of
the length is wetted. Thus the beam is subjected to slamming load
and undergoes transient vibrations. One end of the beam is fixed
while the axial motion of the other end of the beam is restrained
for approximate simulation of the boat hull. A coupled hydro-
elastic finite element model is developed using layer-wise higher
order shear and normal deformation theories for the face sheets
and the core of the beam and the velocity potential theory for the
fluid. Hydroelastic responses of the beam indicate that for a
constant water-entry velocity, the amplitude of vibrations of the
beam impacted by water increases with the decrease in the value
of the dead rise angle while for a constant dead rise angle the
amplitude of vibrations increases with the increase in the water-

004 1 it ETs D
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Delamination Failure Index (x, hz’ t)

0.04
0.03

0.02
0.01
0 o Time (s)

Fig. 16. Variation with time of the delamination failure index at the interface
between the bottom face sheet and the core of the beam based on delamination
failure criterion (8 =10°, V=-1.88 m/s).

e
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Fig. 17. Variation with time of the fiber failure index at the interface between the
bottom face sheet and the core of the beam based on fiber failure criterion (5= 10°,
V=1.88 m/s).

1.2 T T T T
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====Fiber Fracture :
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Failure Index
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Fig. 18. Variation with time of the failure indices at the interface between the
bottom face sheet and the core of the beam after 10% degradation of the core from
the clamped end (x = L) of the beam (p=10°).

entry velocity. For a constant water-entry velocity, both axial
normal stress and transverse shear stress in the beam increase
with the decrease in the value of the dead rise angle. If the boat
hull with sandwich construction is subjected to slamming load at
the bottom surface of the bottom face sheet of the boat, the first
failure occurs due to core compression at the interface between
the core and the bottom face sheet and the damaged interface is
located at the clamped end. The ultimate failure of the boat is also
due to core compression at the interface between the core and the
bottom face sheet of the boat while the location of the failure is at
the end of the boat other than its clamped end.
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Appendix A

Various matrices appearing in expressions for strains given by
Egs. (9) and (10) and in the expression of {F}} given by Eq. (25) are
as follows:
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Expressions for various stiffness matrices are given by
K= | Bl (k) + D]+ Dy DB,
K] = /0 BTGB + (BTG, TIBS) + (BT [0 Ty,
Kyl = /0 BT B -+ B IDS, B+ (85 T EDL TS e
(K51 = /O . [Bs]" (D51 + [Df] + [DiD[Brsldx
(K5 = /0 " (B DB + (B 1D 1B ) + (B TID 1B e

Le
[Kfsl = /0 (BRI [P + [y 1D IBf] + (B 1 (D} Br D

References

[1] Smith CS, Koizumi M. Design of marine structures in composite materials.
London, UK: Elsevier Applied Sciences; 1990.

[2] Bishop R, Price WG, Tam PKY. On the dynamics of slamming. Transaction of
the Royal Institute of Naval Architects 1978;120:259-80.

[3] Belik O, Bishop RED, Price WG. Influence of bottom and flare slamming on
structural responses. Transaction of the Royal Institute of Naval Architects
1988;130:261-75.

[4] Lee JF, Leonard JW. A finite element model of wave-structure interactions in
the time domain. Engineering Structures 1988;10:229-38.

[5] Broderick LL, Leonard JW. Nonlinear Water-wave structure interaction. Com-
puters & Structures 1992;44(4):837-42.

[6] Lin MC, Ho TY. Water-entry for a wedge in arbitrary water depth. Engineering
Analysis with Boundary Elements 1994;14:179-85.

[7] Rassiot P, Mansour AE. Ship hull bottom slamming. ASME Journal of Offshore
Mechanics and Arctic Engineering 1998;117:252-9.

[8] Faltinsen OM. The effect of hydroelasticity on ship slamming. Philosophical
Transaction of the Royal Society A 1997;355:575-91.

[9] Landa BP, Vlegels S, Obivares F, Clark SD. An analytical study of the effect of
slamming pressure on the inter laminar behavior of composite panels.
Composite Structures 1999;46:357-65.

[10] Mei X, Liu Y, Yue DKP. On the water impact of general two-dimensional
sections. Applied Ocean Research 1999;21:1-15.

[11] Lu CH, He YS. Coupled analysis of nonlinear interaction between fluid and
structure during impact. Journal of Fluids and Structures 2000;14:127-46.

[12] Battistin D, Iafrati A. Hydrodynamic loads during water entry of two-
dimensional and axisymmetric bodies. Journal of Fluids and Structures
2003;17:643-64.

[13] Sun H, Faltinsen OM. Water impact of horizontal circular cylinders and
cylindrical shells. Applied Ocean Research 2006;28:299-311.

[14] Korobkin A, Gueret R, Malenica S. Hydroelastic coupling of beam finite
element model with Wagner theory of water impact. Journal of Fluids and
Structures 2006;22:493-504.

[15] Greco M, Colicclio G, Faltinsen OM. Bottom slamming for a very large floating
structure: uncoupled global and slamming analyses. Journal of Fluids and
Structures 2009;25:406-19.

[16] Qin Z, Batra RC. Local slamming impact of sandwich composite hulls.
International Journal of Solids and Structures 2009;46:2011-35.

[17] Lo KH, Christensen RM, Wu EM. A high-order theory of plate deformation Part
2: laminated plate. Journal of Applied Mechanics 1977:669-76.

[18] Arafa M. Finite element analysis of sloshing in rectangular liquid-filled tanks.
Journal of Vibration and Control 2007;13(7):883-903.

[19] Foo CC, Chai GB, Seah LK. A model to predict low velocity impact response and
damage in sandwich composites. Composites Science and Technology
2008;68:1348-56.

[20] Reddy YSN, Reddy JN. Linear and nonlinear failure analysis of composite
laminates with transverse shear. Composites Science and Technology
1992;44:227-55.

[21] Swanson RS, Kim ]. Failure modes and optimization of sandwich structures for
load resistance. Journal of Composite Materials 2003;37(7):649-67.

[22] Banerjee JR, Sobey AJ. Dynamic stiffness formulation and free vibration
analysis of a three-layered sandwich beam. International Journal of Solids
and Structures 2005;42:2181-97.

[23] Pagano NJ. Exact solutions for composite laminates in cylindrical bending.
Journal of Composite Materials 1969;3:398-411.

[24] Zhao R, Faltinsen O. Water entry of two-dimensional bodies. Journal of Fluid
Mechanics 1993;246:593-612.

[25] Xiao ], Batra RC. Local water slamming of curved rigid hulls. International
Journal of Multiphysics 2012;6:305-339.

[26] Batra RC, Xiao J. Finite deformations of curved laminated St. Venant-Kirchhoff
Beam using layer-wise Third Order Shear and Normal Deformable Beam
Theory (TSNDT). Composite Structures 2013;97:147-1614.

[27] Batra RC, Xiao ]J. Analysis of post-buckling and delamination in laminated
composite St. Venant-Kirchhoff Beams using CZM and layerwise TSNDT.
Composite Structures 2013;105:369-384.

[28] Das K, Batra RC. Local water slamming impact on sandwich composite hulls.
Journal of Fluids and Structures 2011;27:523-551.


http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref1
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref1
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref2
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref2
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref3
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref3
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref3
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref4
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref4
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref5
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref5
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref5
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref6
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref6
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref7
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref7
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref8
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref8
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref9
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref9
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref9
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref10
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref10
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref11
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref11
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref12
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref12
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref12
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref13
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref13
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref14
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref14
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref14
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref15
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref15
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref15
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref16
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref16
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref17
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref17
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref18
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref18
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref19
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref19
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref19
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref20
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref20
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref20
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref21
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref21
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref22
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref22
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref22
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref23
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref23
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref24
http://refhub.elsevier.com/S0263-8231(13)00147-X/sbref24
http://refhub.elsevier.com/S0263-8231(13)00147-X/othref01231
http://refhub.elsevier.com/S0263-8231(13)00147-X/othref01231
http://refhub.elsevier.com/S0263-8231(13)00147-X/othref012312
http://refhub.elsevier.com/S0263-8231(13)00147-X/othref012312
http://refhub.elsevier.com/S0263-8231(13)00147-X/othref012312
http://refhub.elsevier.com/S0263-8231(13)00147-X/othref01233
http://refhub.elsevier.com/S0263-8231(13)00147-X/othref01233
http://refhub.elsevier.com/S0263-8231(13)00147-X/othref01233
http://refhub.elsevier.com/S0263-8231(13)00147-X/othref01241
http://refhub.elsevier.com/S0263-8231(13)00147-X/othref01241

	Transient hydroelastic analysis of sandwich beams subjected �to slamming in water
	Introduction
	Problem description and basic equations
	The finite element model of the beam
	Finite element model of the fluid domain
	Coupled fluid–structure model
	Failure criteria
	Results and discussions
	Conclusions
	Acknowledgment
	References




