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Abstract

A ship in waves is suffered from the various wave loads that comes from its motion
throughout its life. Because these loads are dynamic, the analysis of a ship structure
must be considered as the dynamic problem precisely. In the rationally-based design,
the dynamic structural analysis is carried out using dynamic wave loads provided from
the results of the ship motion calculation as a rigid body. This method is based on
the linear theory assumed low wave height and small amplitude of motion. But at the
rough sea condition, high wave height, compared with ship’s depth, induce the large
ship motion, so the ship section configuration under waterline is rapidly changed at
each time. This results in a non-linear problem.

Considering above situation in this paper, a strength analysis method is introduced
for the hull girder among waves considering non-linear hydrodynamic forces.

This paper evaluates the overall or primary level of the ship structural dynamic
loading and dynamic response provided from the non-linear wave forces, and bottom
flare impact forces by momentum slamming theory.For numerical calculation a ship is
idealized as a hollow thin-walled box beam using thin walled beam theory and the finite
element method is used.

This method applied to a 40,000 ton double hull tanker and attention is paid to the
influence of the response of the ship’s speed, wave length and wave height compared
with the linear strip theory.

1. INTRODUCTION

When a ship proceeds through waves, not only it executes motions but also is deformed
due to its flexibility. This deflection and distortion bring on various dynamic stresses in
hull strength members. To predict dynamic behaviors of a ship among waves, it is practical
that the hull girder is assumed as a non-uniform free-free beam. For the analysis of hull
girder strength among waves, conventional techniques of seakeeping and structural analysis
by the linear strip theory have achieved reasonable success. The basic idea of the method is
to predict responses of a rigid ship against waves and to estimate wave exciting forces and
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moments at each ship section. Integreating those static and dynamic pressures from after end
of a ship to the fore end, hull girder strength is analyzed based on these wave exciting forces
and moments.

Linear strip theory, however, in a restrict sense, has the fundamental limitation of small
wave height and small responses of rigid ship because the hydrodynamic forces associated
with hull (e.g. added masses, wave making damping forces) are calculated for the hull sections
under the still water line.

In rough seas, configurations of transverse sections below the waterline are rapidly changed
every moment due to large ship motion, and it is desirable not to ignore the nonlinear effect of
hydrodynamic forces resulted from the nonlinearities in hull surface condition and free surface
condition. As the case may be, a ship is exposed to a violent whipping vibration caused by
slamming or green water effect. Especially, accidents that occurred in rough seas, which are
probably due to slamming, have been reported [1]-[3].

The theoretical analysis of actual behaviors of a ship considering nonlinear hydrodynamic
forces and slamming impact force have been attempted by many researchers. One of the
earliest approaches to the specific problem of ship slamming from the view point of longitu-
dinal hull girder strength was made by Ochi et al[4] and Kawakami, etc[5]. They evaluated
the elastic response of a hull girder due to the slamming impact force at head seas. They
calculated the ship motion as a rigid body and wave loads including impact force, which is
estimated from relative velocity between hull bottom and wave surface. Fukasawa et al{6] and
Kuroiwa et al{7] developed the theoretical evaluation of the motion and longitudinal strength
of a ship in regular waves with large wave height taking account of nonlinearities of hydrody-
namic forces on the bases of a concept which is similar to the strip theory. They formulated
the equation of motion of a ship’s hull as an elastic beam and the sectional added mass and
wave making damping coefficient for vertical motion as a time-varying function. Their stud-
ies are only for the ship traveling in head seas, and therefore, it is difficult to apply their
method to the estimation of the actual behavior of a ship in oblique waves, because of the
nonlinearities of transverse and lateral hydrodynamic forces due to asymmetric section shape
below instantaneous waterline resulted from large roll motion. Yoon|[8] proposed more precise
theoretical evaluation of the motion and wave loads of a ship in regular waves with large
wave height taking account of nonlinearities of hydrodynamic forces. Yoon’s study, however,
has some limitation that hull bottom is not emerged, that is , slamming is not considered.
This paper attempts more precise theoretical evaluation of the hull girder strength analysis in
regular waves with large wave height considering hydrodynamic impact force using momen-
tum slamming theorem and nonlinear effects due to the change of hull transverse submerged
section, resulted from large ship motion. The elastic behavior of a ship is formulated by the
thin-walled beam theory. The developed theory is applied to a 40,000 tons class double hull
oil carrier preliminarily designed by Paik[9] and the ship motion and elastic behavior are cal-
culated in head and bow quartering waves with changing wave height, wave length and ship
speed. The computational results are compared with the results by the linear strip theory.

2. FORMULATION OF DYNAMIC BEHAVIOR OF A HULL GIRDER USING
THIN-WALLED BEAM THEORY

2.1 Mathematical Model and Coordinate System
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In Figure 1 a hull girder consisting complex structures is idealized as a thin-walled beam
with varying section that have open section and closed sections located alternatively. The
beam is divided into the elements which has the same properties within each element.

Element coordinates are taken as a right-hand coordinate system as shown in Figure 2

2.2 Finite element formulation

Assumptions are as follows for formulation:

1) The deflections are small in comparison with element dimensions.

2) Element material obeys Hook’s law. par From Figure 3, it can be seen that for an
arbitrary point p, displacement u in z-axis and u, in tangential direction of yz plane are
given by

u = —0(z)w(s) = 0.(x)y(s) + 0,(x)z(s) + uz(x) W
us = 0(z)r(s) +uy(z) agiS) + u.(z) ag? (2)

where uz, uy, v, and 0., 6,, 6, are the displacement and rotation components in the z, y,
z direction, respectively. 6(z)w(s) represents warping of the section and w is the sectorial

coordinate defined as v
ot = [ (7= %) de ®

where 1 is torsional function and ¢ is thickness.
Therefore, the strain-displacement relations are as follows:

€ = 0, —0,y—0,2—u, (4)
_ ' ,ay Oz aw ay
Yas = ng+Uy 8s+uz5—3~+05§+825§ (5)
_ ’IZJ ' ' 6y ' 0z
= 6+ (6. —0)r + (uy 92)88 + (u, + Hy)as

The prime indicates differentiation with respect to z. The kinetic energy E., the strain
energy U, and the work done by external forces W, in an element are

1
EBe = oo [ (@ +at)av (6)
1
U. = 5[ (Be?+Gr)av (7)
v
We = /V(f:zu + fsus)dv (8)
where,
ps : density of element
E ' Young’s modulus
G : shear modulus
V . volume
fz : x — directional external force per unit volume

fs : tangential direction external force in yz plane
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Let’s express displacement {u(z,t)}? = {u,uyu.0.0,6.} in terms of the components of
displacement at the nodes using interpolation functions [N].

{u(z, 1)} = [N{q()} (9)
where,
{Q(t)} - {UII) uyl» Uz1, 0117 ayl, gzla Uz, Uy2, Uz2,s oz% 0y27 0z2}

Therefore, substituting equations (1) ~ (5) and (9) into equations (6), (7), (8) and applying
Hamilton’s principle

t
6/2(E—U+W)dt=0 (10)
3]
E : total kinetic energy of system
U : total strain energy of system

W . total work done by external force of system

gives the discretized equation of motion

(Mg} + [K{q} = {F} (11)

where [M] and [K] is the mass and stiffness matrix of a hull girder, respectively.
In order to consider structural damping effect of the hull girder, viscous damping is as-
sumed. The most common form of damping, so-called Rayleigh type damping, is given by

[C] = o[M] + B[K]

The two constants o and § can be determined by the property of material and shape
of elements. Therefore, the final motion of equation considered damping can be derived as
follows:

[(M{g} + [C{} + [K|{q} = {F ()} (12)

3. EVALUATION OF NONLINEAR HYDRODYNAMIC FORCES

Nonlinear hydrodynamic forces due to wave is evaluated by strip method, but it is assumed
that wave height is relatively larger than the draft and the configuration of cross sections
under the instantaneous water line is changed according to the ship motion. The slamming
impact force which occurs when ship bottom reenters into the water after bottom emergence is
evaluated by the momentum slamming theory. In oblique wave, coupling effects of transverse-
lateral hydrodynamic forces which are caused by large unsymmetric transverse sections due
to large roll motion are considered.

3.1 Coordinate System
The rectangular coordinate system is introduced as shown in Figure 4. Let a ship travel

with constant speed U in the direction of z in regular wave with wavelength A and wave
amplitude o (= a half of wave height). The coordinate system (o' — z'y’'z’) originated at
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midship on the still water surface is moved with the ship and the coordinate system (O-XYZ)
originated on the still water surface is spatially fixed.

3.2 Nonlinear Hydrodynamic Forces

The forces applied to ship transverse sections can be represented by the sum of hydro-
dynamic forces and hydrostatic forces. But the forces in z direction is neglected in this
formulation.

Therefore,

6Fy = 6Fyy + 6Fsy
6Fz 6FH: + 6FSz (13)
M, = My, + 6Ms,

where subscripts H and S denote the hydrodynamic force and the hydrostatic force, respec-
tively.

3.2.1 Hydrodynamic Forces

Based on the momentum theory, the hydrodynamic forces and moments applied to the
section at £ = z can be expressed as follows:

6Fy, = —% [mssD—DﬂtE + mSHDTﬂtZ + mszz%%'] (14)
[Nss% + Nsn DDT;Z + NSRDDH_:]

6Fy, = ‘"D% :mHsBD%E + mHH% + mHRlzf:] (15)
[NHSDDQ:I + NHHDDI_;Z + NHRll))H_:]

oMy, = —gz :mﬂsgg% +mRH13;7: +mRR1)D§:] (16)
[NRSP% + Nry DDTL; + NRRDF%}

where H, S and R denotes the heave, sway and roll motion and m;;, V;; is the time-varying sec-
tional added mass and wave damping coefficient of the ith-mode motion due to the jth — mode
motion.
Differential operator D/ Dt is defined as
D 0 o)
U

Dt ot oz

Uy, @. and 6, is relative transverse, lateral and rotational displacement of an arbitrary point
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in the section.
3.2.2 Hydrostatic Forces

The hydrostatic force can be represented by the force resulted from the pressure of incident
wave including the change of hydrostatic pressure. As shown in Figure 5, if the transverse
section configuration below instantaneous water line at any time is determined, then the
hydrostatic forces are evaluated by integrating internal pressure of incident wave along the
girth of the submerged section.

The pressure can be expressed by the generalized Bernoulli’s equation as follows:

p= pg(z'=¢)—p [%% E [%‘%ﬂ]z:(] (17)
Lo ((Veul’ - [Voul’.)
In equation (17), wave surface ( is
¢ = acos(k cos xz' — ksin xy' — w,t) (18)

where, k is wave number, w, is wave encounter frequency, e is amplitude of wave and ¥ is
incident wave angle. Incident wave potential ¢,, is

b = _2 exp[—kz'](k cos xz' — ksin xy' — wet)
w

where, g is acceleration of gravity and w is incident wave frequency. Therefore equation (17)
can lead

p= pg(z' = ) — pg(exp(—k2') — exp(—())
x cos(k cos xx' — ksin xy' — wet) (19)
3P0%w*((exp(—2k2") — exp(—2k())

Using equation (19), hydrostatic force and moments in z’, 3’ and z’ direction can be
expressed by

B
§F, = p /A pdz (20)
6F,, = W+/AB(~p)dy’ (21)
M,y = W(Z,/ - Z,")sinf + /AB p(—ydy' — 2dz’)

Where W is weight of hull girder per unit length, and A, B is instantaneous water line at
starboard and port.

3.2.3 Force Vector Due to Wave

Let nonlinear hydrodynamic forces apply to a thin-walled beam element with length [ as
distributed force. Then force vector can be obtained by integrating along element length { as
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follows:
, X ' 0 )
? §Fity + 6F,,
Fy 1 6FHZ+6FSZ
L F = ¢ 6Fy. + 6F,, ?da:
Mz [t}
0
My
0
\ Mz 7 { 0 )
1 .. 1 0 1 0
= (B [ {i}dz + [By) [ {a}dz — 20[B)] [ {i}da
1 1 n
+U[By) /0 {«'}Ydz + U?(Bi)] /0 (" }dz
1 1
+ [ Bi{wn}dz - [ [Bi{wp}de
1 1
+ /O (Foldz + /O [Fial{u}de
where
[0 0 0 0 00 0]
0 mgs msy —zgmgs+msg 0 0 0
0 mys myyg —zgmys+msg 0 0 O
[B]]“‘—" 0 Mprs MRH —2sMRs + Mgr 0 0O
0 0 0 0 00 0
0 0 0 0 0 00
[0 0 0 0 000
[0 0 0 0 00 0]
0 Css Csp —25C5s+Csp 0 0 O
0 CHS C}{H —250;15‘}‘0113 0 00
[Bg]‘——‘— 0 Crs Crpy —25Crs+Crp 0 0 O
0 0 0 0 00 0
0 0 0 0 0 00
0o 0 o0 0 00 0]
) 0 0 000
0 Css Csy Crs 0 0 O
0 Cys Cyuy Cuxr 0 0 0O
[B3]= 0 CRS CRH CRS 000
0 0O 0 0 0 00
0 0 0 0 0 00
_O 0 0 0 0 00

85

(22)
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(0 0 0 0 000
0 mss Mygs TNRS 0 00
0 Msyg Mygg MRH 000
[B4]= 0 Msr Mygr MRR 000
0 0 0 0 000
0 0 0 0 000
o0 0 0 0 00 0]
( 0 3

Ow exp|—kd;]{cos Qy — cos Q. }/ksin x(yy — Yur)
—Ow exp[—kdy|{sin Qy — sin Qo }/k(yy — Ya')

{wp} = Ow exp|—kda|{sin @y — sin Qa}/ (Y — Ya')

0

0

0

{ O 5
dw® exp[—kd;|{sin Qp — sin Qo }/k sin z(yy — Yar)
Ow? exp|—kdy]{cos Qp — cos Q. }/k(yy — Yar)

(wp =] 09" explkal{eon @ —cosQu} /(o — ue)

oo oo

pg [7(2 = a((1 + exp(—kz') — exp(=k()) ]
cos(k cos xz' — ksin xy' — wet))d2’
~1/2pga’w? [7((exp(—2k2") — exp(—2k())dz’
p9Aso + pg [; —2' + a((1 + exp(—2kz')
—exp(—k()) cos(k cos xz' — ksinxy — wet))dy’
+1/2pa’w? [} ((exp(—2kz") — exp(—2k())dy’
pg 2(=2' = a((1 + exp(—kz') — exp(—k())
cos(k cos xz' — ksin xy — wet))(y'dy + 2'd2’")
+1/2pa2w? [P(exp(—2k2') — exp(—2k())(y'dy’ + 2'd2")

v

{Fsl} -

0
0
0 )
[0 0 O 0 0 0 0]
000 0 000
0 00 wl—2,) 000
[Fo]=]0 0 0 0 000
0 0 0 0 0 00
000 0 000
000 0 000
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C,']' = r'n,-j — Um,-j’+N,-j(i,j =S,R, H)
Q. = kcosxz' — ksinxy, — wet
Qs = kcosxz' — ksinxy — wet

di,d; : representative draft of section

Representing the force vector of equation(22) as a nodal force vector using relation of
equation (9), the nodal force vector in equation (12) can be expressed as follows:

F@)y = [[ NN ()
+ [ N IBAINIGE - 20 [N (Bila/delVldz] {d(0)}
+ [—U/()I[N]T[Bg]d/d:c[l\’]d:v + U? /OI[N]T[Bl]d?/de[N]da:
+ ['INFIFINGs] a0)

+ [ [FINT 1B} - NP B {wg} + N {Fa)] de
M7} + [C/){dota(®)} + [K/){a(®)} + {Fe) (23)

4. ESTIMATION OF RIGID BODY MOTION AND VIBRATION RESPONSE

4.1 Equation of Motion

Using the mass matrix, damping matrix and stiffness matrix as mentioned in chapter 2
and 3, the equation of motion for entire system can be expressed as follows:

IMGH{G()} + [Cal{Q()} + [Kel{Q(1))
= [Myal{Q(0)} + [CrallQ()} + [K/al{Q) + (Fra) (24)

where, let assume that displacement vector Q(¢) can be divided into a rigid body displace-
ment @, and an elastic displacement Q.. For simplicity, added mass for the elastic vibrating
modes is used that for hull section in still water at infinite frequency, and its 3 dimensional
correction factor is taken the value of second mode of vertical, horizontal and torsional vi-
bration respectively. The wave damping and hydrostatic restoring force for elastic vibration
are neglected. Based on the above assumption, the right side term of equation (24) can be
written as follows:
right side term =

[Mpglwe{@r} + [Crolwe{@:} + [Kpglwe{ @r} + {Fo} + [Myoloo{Qe} (25)

where, w, is encountering frequency, and oo denotes infinite frequency. [My,o] is the hydro-
dynamic force matrix which is called added mass for elastic vibration. Because it is assumed
time-invariant quantity, this matrix can be moved to the left.

{Mc] + ng]oo}{Qe(t)} + [Cal{Qe(®)} + [Kal{Qe(t)}
= [Myglwe{ Q- (1)} + [Cralwe{ Qe (1)} + [Kpolwe{Q: } + {Fyg} (26)
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Since the coefficient matrices of the left in equation (26) are independent of the time, the
modulus can be obtained by solving eigenvalue problems using equation (26).

Let the response of forced vibration expressed as a linear combination of the eigen vectors
with rigid body modes and elastic modes. Then the displacement vector Q(t) can be written
in the form

@ - 7|
(BICEY + (P @)

where
[P,] : rigid body mode
[P.] : elastic mode
{I,} : weighting function of rigid body mode
{I.} : weighting function of elastic mode

Since the rigid body displacements do not affect the elastic displacements and structural
damping forces, following relations can be obtained.

[P [Ke] =0
[P [Ke] =0
Using the orthogonality condition between modes and the above relations, equation (26)

can be divided into following two equations (28),(29) according to premultiplying equation
(26) by [P,]" and [P.]”, respectively.

(IMr] = [ DA} + (SICDALY + (LKD) = (£} (28)
(MD{Le} + (~[CN{Le} + (—[KeD{Le}
= ([meD{L:} + (= [CD{L} + ([T} + {fe} (29)
where,
[M.] = [PTIMG][P]  [m.] = [P [Mpclwe| Pr]
[C;] = [B[CrelwelP]  [K:] = [P]T[Ksclwe|P)
(fi] = [B)[Fsel
[M.) = [P]"[Mj6loo[Pe] + [P [Mc)[P.]
[C] = [P]T[CelIP] (K. =[P]"[Kc]IP
(me] = [P [Myclwe[P] [Ce] = [Pe]"[Crolwe| 1]

(K] = [P [KrclwelP]  [fe] = [P]"[Fycl

Since the coeflicient matrices are dependent of time, the equations are nonlinear. To solve
these equations, Newmark-5 method, one of the time stepping analysis methods, is used.

4.2 Numerical Calculation

The element of matrices in equation (28) and (29), the added mass and the wave damping
coefficient, are calculated by the close-fit method proposed by Frank{12]. The hydrodynamic
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impact force is estimated by the change of added mass with the time. Ship side shell is
assumed to be extend infinitely because the green water effect is not considered. The rigid
body responses at any time are calculated by solving equation (28) and the elastic responses
at that time are calculated by substituting rigid body responses into equation (29).

4.3 Shearing Force, Bending Moment and Torsional Moment

To calculate shearing force, bending moment and torsional moment, we used the equation
as follows:

My, = —ELi
F, = -—ELii,
M, = -Elj,
F, = -ElLji,
1, GJ, + ELb:
where, B
M, : Horizontal bending moment
% . Horizontal shearing force
M, : Vertical bending moment
F, : Vertical shearin force
M, : Torsional moment
EI, : Horizontal stiffness
EI, : Vertical stiffness
GJ : Torsional stiffness of saint — venant

El, : Warping stiffness
5. NUMERICAL CALCULATION AND CONSIDERATION

5.1 Verification of the Proposed Dynamic Strength
Analysis Method

To verify the analysis theory developed in this study, we selected the model ship which
Fukasawa has experimented [26] and compared the numerical results of this analysis with those
of the model experiment. The principal dimensions of the model ship are listed in Table 1.
Numerical calculations were carried out under the condition that Froude Number(F,,) is 0.154,
incident wave angle(x) 157.5°, wave length( A/L ) 1.2, ship length/wave height(L/H,,) 30.
The results are compared with the measured strain value from the strain gauge attached on
the main deck of the midship section as shown in Figure 6. From that comparison, we could
conclude that the theoretical analysis method presented here gives good agreements with the
estimation results and is illustrated in Figure 7.

5.2 The Investigation of the Response Characteristics of
a 40,000 Ton Double Hull Tanker by Changing the Wave
Height, Wave Length and Wave Speed.

To analyze the effect of the hull vibration response and wave load characteristics by chang-
ing the wave height, wave length and wave speed, we selected a 40,000 ton double-skin tanker.
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And all of this calculation results are compared with calculation results by linear strip theory,
changing the wave length A\/L = 1.0, 1.5, 2.0 and the wave height L/H,, = 25, 20, 15 and
speed F, = 0.1, 0.15, 0.2 in head wave(x = 180°) and oblique wave condition. The wave load
is nondimensionalized as follows:

F, = F,/pgLba

M, = M,/pgL%*a

F, = F,/pgLba (30)
M, = My/pgL*ba

M, = M,;/pgL%a

where,

density

gravitational acceleration
ship length

ship width

wave amplitude

ISEEES I G I

5.2.1 Ship for Numerical Calculation (Test Ship)

The principal dimensions of the test ship is listed in Table 2 and the general arrange-
ment plan is shown in Figure 8 and the body plan and the configuration of midship section
and shearing force distribution curve, bending moment distribution curve in the still water
condition of ship are shown in Figure 9, Figure 10, and Figure 11 respectively. As shown
in Figure 11, by assuming the load condition to be 2/3 of the full load condition, it can be
known that there arises about 7,000 ton-m still water hogging moment in the vicinity of the
midship section by alternatively distributing cargoes in cargo area one by one.

5.2.2 The Behavior in Head Wave (z = 180°)

(1) rigid body response

In Figure 12 and Figure 13, the compared results of the rigid body response in head wave
(z = 180°) -heave and pitch- with the result of the linear strip theory is shown. As shown in
Figure 12, for the heaving motion, the non-linear calculation gives larger values than those in
linear calculation at the position A\/L = 1.0 for F,, = 0.1 and A\/L = 1.5 for F,, = 0.15,0.2.

The excessive changing rate of the draft of the hull section, in other words the exposure
of the bow and bottom in the air, has seemed to increase the non-linear fluid force effect. In
Figure 13, by contraries in heave motion, the non-linear calculation results for pitch motion
are lower than those of linear theory and this difference increases at the high wave height.

(2) wave load

1) The distribution of wave load along the ship length

In Figure 14, and Figure 15, the result of the wave load distribution along the ship hull at
the smallest wave height (L/H, = 25) and A/L = 1.0 in head wave(x = 180°) is compared
with that of linear strip theory. As shown in Figure 14, the maximum value of vertical shear
force is close to that of linear calculation but there are some differences in distribution shape
along the ship length. This means, as comparing with the linear calculation, that the position
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which the maximum vertical shear force occurred was shifted forward at the bow part and
afterward at the stern part. And this shift grows as the ship speed increases.

This means that if the draft of bow and stern rises up to the bow and flare and deck led
to changing abruptly the wet section shape, it increases the non-linearity of the fluid force.
Also, as shown in Figure 15, the position of the maximum bending moment is shifted forward
to the bow compared to the position of linear calculation.

2) Maximum wave load

The maximum wave load calculation results of non-linear theory comparing to those of
linear theory are shown in Figure 16 and Figure 17.

Now, for the case that the bottom is emerged and is acted by the fluid impact, we can
understand, that the maximum load of non-linear calculation is higher than that of the linear
theory and hogging moment is larger than the sagging.

The reason is that due to the emergence of the extensive part of the bow in the air, the
weight of bow brings out the hogging moment. But, when the bottom exposure is not so
severe, the calculation result of both linear and non-linear approached becomes similar and
the dimensionless vertical wave load increases as the wave height and ship speed increase.

3) The time history of vertical bending moment

To estimate the characteristics of the wave load with time, the position of the maximum
bending moment distribution and its time variance along the ship length with the varying
ship speed is shown in Figure 18. As shown in Figure 18(a), the bottom impact arises during
the period that the bottom is changing from hogging to sagging condition and in Figure 18(b),
there are some complex shapes for the distribution of the vertical bending moment along the
ship length for the case of bottom exposure and the bottom impact. But in that case, it
reveals that the maximum bending moment gives two-node vibration pattern mainly and the
three-node and the higher node vibrations are relatively small in magnitude and the speed of
damping is higher.

5.2.3 The Behavior in Oblique Wave (y = 120°)

(1) Rigid body response

In Figure 19 ~ Figure 23, the results of the rigid body response in an oblique wave(yx =
120°) -heave, pitch, sway, yaw,and roll motion- are compared with the result of the linear
strip theory. The heave and pitch motion show the similar pattern in head wave and give
little difference in nonlinear and linear calculation results.

For the nondimeunsional response of the yaw motion, the linear calculation is higher than
that of the non-linear one and is getting higher with the increase of wave height. But for the
sway and roll motion, as for the linear calculation, the effect of non-linearity caused by draft
change is much more sensitive than for other motions.

For the roll motion, we thinks that the difference between the linear and non-linear cal-
culation results from calculation method. Especially linear theory, it is assumed that the
restoring moment is proportional to the hull inclinement, but in non-linear theory, the restor-
ing moment is evaluated by integration over instantaneous transverse sectional area below
water line.

(2) Wave load

1) Distribution of wave load along the ship length
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In Figure 24 ~ Figure 28, the distributions of wave load along the ship at the smallest
wave height (L/H,, = 25) and A/L = 1.0 in oblique wave(x = 120°) are shown.

For vertical shear force and bending moment, magnitude and distribution shape have
similar pattern in linear and non-linear calculation. But,it is similar to the result in head sea
that the position which has maximum value is moved to afterbody.

For horizontal shear force and bending moment, distribution in linear and nonlinear cal-
culation have some differences, especially these are some differences in + and —.

We can say that the configuration of underwater section is rapidly changing and increment
of the relative position between the ship and wave is larger in starboard than in port for the
effect of incident wave angle, ship speed and ship motion.

For torsional moment, we know that the difference of distribution shape is large. The
reason of this is that in horizontal shear force and horizontal bending moment, the linear
computation evaluates wave load by integrating to the direction of ship length, on the contrary
in this paper, we evaluate torsional moment from the rotational displacement curve. Thus we
can say that the difference between these methods of calculations affected too.

2) Maximum wave load

In Figure 29 ~ 33, the magnitudes of the maximum wave load are shown. When bottom
emerges, the difference between linear and nonlinear calculation is large in vertical shear force
and vertical bending moment.

But the effect of slamming is much smaller than in headwave because the relative velocity
between the ship and water surface is small due to the small heave and pitching motion.

And the hogging moment is larger than the sagging moment as similar as in headwave.
And the same trends appear when there is no emerge of the ship bottom.

The nondimensional wave load of horizontal shearing force and torsional moment increases
at large wave height and short wave length compared with linear calculation.

The ship speed does not affect largely on vertical wave loads. But in small wave height,
we think, the difference between linear calculation and nonlinear calculation will be resulted
from the difference of the rigid body response(refer to Figure 21,23).

6. CONCLUSION

A theoretical evaluation of the hull girder dynamic behavior, in regular waves of large
wave height, considering hydrodynamic impact force due to slamming and nonlinearities by
ship motions is attempted. And numerical calculation is carried out for a 40,000 ton oil
tanker by varying parameters such as wave height, wave length and ship’s speed in head wave
(x = 180°) and oblique wave (x = 120°). The results of this study are summarized as follows:

1) The theoretical evaluation attempted in this study is verified its usefulness by comparing
with Fukasawa’s experimental results.

2) Since the rigid body response and wave loads do not greatly differ from the results of
linear calculation at no bottom emergence condition, the linear strip method, in practical, is
reasonable.

3) Nonlinear hydrodynamic forces and elastic response charac- teristics have to be consid-
ered when the ship bottom emerges and slamming occurs because of the increase of nonlinear
effects.

4) In this study, numerical calculations are carried out only in head wave(y = 180°) and
oblique wave(x = 120°), so it is necessary to analyze in beam wave and following wave.
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Especially, we think that research on nonlinear effect for various types of ship has to be
continued.
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Table 1: Particulars of model

Length between Perpendiculars (L)
Breadth Moulded (B)

Depth Moulded (D)

Draft at A.P (d,)

Draft at Midship (dp)

Draft at F.P (d;)

Displacement (A)

Block Coefficient (Cy)

Center of Gravity from Midship (Xg)
Longitudinal Gyradius (k)

GM

3.0000 m
0.4320 m
0.2620 m
0.1704 m
0.1667 m
0.1630 m

124.6000 kg

0.5787
0.0154 L
0.2380 L
0.0354 B

Table 2: Particulars of ship

Length between Perpendiculars (L)
Breadth Moulded (B)

Depth Moulded (D)

Draft at Full Load Condition

Draft at Half Load Condition
Displacement at Half Load Condition
GM

180 m
32.2m
19.5m
12 m
8742 m
35468 m?

34m

Y T i e T N
Ry s
t (a) Top view of a ship hull
I e

(b) Mathematical model of the ship hull

Figure 1 : Example for the simplification

of a ship hull

Figure 2 : Beam with thin walled cross-section
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(b) Non-linear

Figure 28 : Distribution of torsional moment in oblique wave(A/L = 1.0)
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Figure 33 : Maximum torsional moment in oblique wave



