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Longitudinal Strength of Ships in Rough Seas

by Yoshiyuki Yamamoto} Masataka Fujino** and Toichi Fukasawa***

In this paper, the longitudinal strength of ships in rough seas arve investigated taking account of slamming.
Hllustrative calculations ave performed for two ships, a fast container ship with lavge bow-flave and a full-bod:-
ed lavge bulk carrier in fully laden condition. In the former case, the longitudinal vertical bending mowment
in the main hull givder is investigated in case of bow-flave slamming, and the interactions of bottom and bow-
flare slamming are clarified. Besides the calculations, a series of tank tests is conducted in a basin to confirm
the theory, making use of an elastic model ship. In the latter case, special interests are concentrvated to the occ-
urvence of servious bottom slamming for full-bodied ships in the fully laden conditions.

1. Introduction

In order to investigate the longitudinal strength of a
ship due to slamming, the following procedure called
“two-steps analysis” has so far been employed; first, the
ship’s motions in waves are calculated by a linear the-
ory, such as the strip method, and then longitudinal
vertical bending moments are calculated using the
equivalent external forces including slamming impacts
derived from the ship’s motions.!”® The linear strip
theory has been a powerful tool for predicting a ship’s
motions among infinitesimal waves. In rough seas, how-
ever, nonlinear effects like slamming impacts become
significant, and responses of a ship differ from those
estimated by the linear theory. In case of slamming,
therefore, the hydro-elastic interactions cannot be
ignored.®—®

Recently, increasing attentions have been paid to the
measurements of bending moments of a ship in waves in
relation to the longitudinal strength and springing®~'?,
making use of the so-called segmented model connected
rather rigidly. The model, however, cannot be used for
the investigations of rapid responses to localized slam-
ming impacts, because they cause whipping vibrations.
Experiments should be done with the use of elastic
models for this purpose, to obtain the time histories of
elastic strains. The laws of similitude for elasticity
should be satisfied in this case, beside the Froude scaling
law.!V

In the present paper, the motion and longitudinal
strength of ships among waves of high wave height are
investigated on the basis of a concept similar to the strip
theory, taking account of such nonlinearities as the hull
configurations of the ship, bottom emergence, and
bottom and/or bow-flare slamming. Illustrative calcula-
tions were performed for two ships; a fast container ship
with large bow-flare in regular waves, and a full-bodied
large bulk carrier in fully laden condition in irregular

waves. A series of tank tests were carried out to
confirm the validity of the theory making use of an
elastic model of the container ship.

2. Formulation

The rectangular coordinate system (X,Y,7) is
introduced so that the X, Y -plane lies on the still water
surface and the Z-axis directs downward as shown in
Fig. 1. Let a ship travel with constant speed U in the
direction of the angle y with the X -axis, and introduce
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Fig.1 Coordinate system

the coordinate system (x,%,2) moving with the ship so
that the x, y-plane lies in the X, Y -plane and the z-axis
directs downward. Consider a wave train travelling in
the direction of positive X.

Regarding the ship’s hull as an elastic beam, the
equation of vertical motion of the ship’s hull can be
described in terms of the displacement component w in
the z-direction; that is

2 2
# aatzf T a(zcz

:fz ....... (1)
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o’ LG 5,0
where u, EL, 7, and f, are the mass per unit length,
the flexural rigidity for vertical bending, the structural
damping coefficient, and the external force, defined at

a section of the ship.
On the basis of the concept of the strip theory, the
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external force caused by the momentum changes of fluid
is given by

D

"=""Dr

[0 2wt gmt) 0} ] (2)
where M,;, vy, ¢, and v, are the time-varying sectional
added mass for vertical motion, the y-coordinate of the
acting point of pressure related to M,, the rotating angle
of a section, and the vertical component of the orbital
velocity of the incident waves, and

The damping force f, due to wave-making is in
proportion to the relative velocity as described as
follows;

fr=—Nu| -2

E(W‘f’yr(ﬁ)—?}z} ............... (4)

where N,; and y, are the time-varying sectional damping
coefficient due to wave-making for vertical motion and
the y-coordinate of the acting point of pressure related
to N,.

water plane in
still water
condition

Fig.2 Ship section and wave surface

The pressure force f, is obtained by integrating the
pressure, p, over the wetted surface, C, of the hull; that
is

fp:/; (= D) mads +roeereererrmesisiin (5)

where #; is the z-component of the outward unit-vector
normal to the ship’s hull in a section. Introducing the
velocity potential ® for the incident waves, the pressure
is derived from Bernoulli’s equation; that is

p=fp%+pg(z(,+w+yo¢) ............... (6)

where p, g, » and z are the mass density of water, the
acceleration due to gravity, y-, and z-coordinate of a
point on the hull in still water, respectively (see Fig.

2).Introducing Eq.(6) into Eq.(5) leads to

where

A:fyyr (Zo+w+yodp—En) dyo e (8)

i

The effective wave elevation & is defined as

which is the function of x, ¥ and z.
Since the weight per unit length is given by

FaI LG eeereeeereesseeniceeeteianea (10)

the total external force becomes as

Je=fmt frt fod fgrrrermemrrrmmrmrmnrennene. (11)

The numerical procedure for solving Eq.(1) is based
on the Galerkin method: Assume that the displacement
w is represented in a linear combination of four normal
functions for a uniform free-free beam; that is

w:]éom(x)qj(t) .............................. (12)

where W;(x) is a normal function of the j-th mode given
by

Wo:1.0

) Bt
w, 13 0.5 (13)
W;= cos A;x +cosh A;x —¢;(sin A;x + sinh A;x)
(7=2,3)

where

c;=(cos A; L~ cosh A;L) /(sin A;L — sinh A;L)
A2l =4.73 and AsL =7.8532 cecoveverencnes (14)

The generalized coordinate ¢,(¢)"is determined by the
following matrix equation, which is obtained by
introducing Eq.(12) into Eq.(1) and applying the
Galerkin method to the resulting equation:

MG+ [Culld S+ [Kullad={f} - (15)
where

Mi= [ (ut M) WeWidx

Cor=[mEL.W! W] dx + [Nus W W,dx

t+ [ MW Widz

~ U [Mus W W) dx + U [Mu; Wi W,dz
— UM W:W;),
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Ki=[ELW!W/dx—U[Nu;W:W/dx
- UfMHjW{ Widx

— U* [ Mus Wi W dx + U (M W W]

L
0

fe= MucoeWidzs+ [Nuev.W.dz
+fMHel)zWidx

+ U [Muev:Widx +og [uWidz ~g [AWidz

— U[MHeUz Wi]j ........................... (16)

Although they are frequency-dependent, the added mass
and the damping coefficients, M, and N, can be
assumed to take certain constant values for each mode.
The values of M,;, and N,; should be appropriately
chosen according to the mode; they are determined by
the encounter frequency for rigid-body modes (=0, 1),
and are assumed to be frequency-independent for
vibration modes (=2, 3). The subscript ¢ means the
quantity defined for the encounter frequency. The
structural damping coefficient 7z, is determined by
modifying the logarithmic decrement & observed on
type-ships in still water'?; that is

{ 7;=0 for rigid-body modes

7;=08/Rws, for vibration modes a7

where w:» is the natural frequency for 2-node vertical
vibration in water.

As for the rotating angle ¢, it will be assumed that
the ship rotates as rigid-body; the torsion of a ship is
neglected and the rolling motion is only taken into
account. Hereafter, the rolling motion will be calculated
by means of the linear strip theory.

In the following Eq.(15) will be integrated with the
aid of a Newmark-# method with g=1/4, taking
account of the nonlinear effects. The method is adopted
from the viewpoint of stability and accuracy of the
numerical solutions.

The numerical procedure for nonlinearities are as
follows:

Impact Force The most significant term in the
expression given by Eq.(2) is the impact force; that is

__OMu[ D B

which is in proportion to the square of the relative
velocity of the ship to the water”. It will be assumed
that the impact force will be disregarded when the ship’
s section is departing from water; namely

My D .
{flmp:- aatﬁ{ﬁ(w+]/m¢)_l)z}, if Vie>0
if Via<0
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where

Vre|=%(w+ym¢)—vz ..................... (20)

This assumption was confirmed by the experiment of
which the results is shown in Fig. 3. The time derivative

immersed into water

section
of model
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detached from water
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pressure

\
in water \/

time

Fig.3 Time history of impact pressure

of the added mass included in Eq.(19) is evaluated as
follows;

oMy :_I_I/ILIg:_O, for bottom impact

ot 4t 1)
oMy _ oMy 02 .

% - 0z ot otherwise

where At is a discrete time interval used for time
integration.

Bottom Emergence For a ship section apart from
water, the external forces except the weight are not
taken into account.

Hull Shape Nonlinearity The added mass, the
damping coefficient due to wave-making, and the
pressure force are calculated according as the in-
stantaneous draft.

3. Fast Container Ship with Large Bow-Flare

3.1 Vertical Bending Moment on an Actual Ship

The body plan of the container ship used for the
following analysis is shown in Fig. 4, which is
characterized by large bow-flare. The principal dimen-
sions of the ship are as follows;

LXBXD=175.0mX25.2mX15.3m
daft:9.940 m, dfore:9.507m

The ship is in fully laden condition and the weight
distribution is assumed to be equal to that of buoyancy.

Structural data used are as follows!®;
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20m

15m/
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15m i

Fig.4 Body plan of container ship

8 =0.056
1,=92.0m* at midship

The regular wave trains are considered as the incident
wave. The ship in regular wave is subjected to slamming
successively, and it is noted here that unrealistically
large structural damping is assumed until the oscillatory
motions fully develop in order to eliminate whipping
vibrations due to the previous slamming.

Effects of the reduction of the ship’s speed and the
heading angle will be investigated in the following. It
is also assumed that the rolling motion of the ship is
disregarded; it is valid as far as changing of the heading
angle is small.

Effects of Reduction of Ship Speed Time histories
of vertical bending moment are shown in Figs. 5—7, for
various ship’s speeds. It can be seen that the responses
depend largely upon the ship’s speed. The hydrodynamic
impact may occur at bottom and bow-flare successively
in this case. The time interval z between bottom and

bow-flare impacts becomes important for elastic
Elastic body
® v Rigid body

0.04{Deck stress
100N/mm’ hog.
0.02 tension

compression 1072

®  Bottom Emergence Pj ~Bow-flare slam.

“Bottom slam.

Fig.5 Time history of vertical bending moment at midship
( Fn=10.261, x =180°, A)L=1.2, L/Hw=14.5)

Deck stress
0.044 ) Elastic body
100N/mm” Rigid body
. — hog.
30
3 AT
»Elo L YA
2 A \/ sag.
§ compression
0.044200 i EOttOm 15T
- 5sec. E s
e "}?E%?E?g\ ;I:/ Bow-flare slam.
0.061 "'Bottom slam.

Fig.6 Time history of vertical bending moment at midship
( Fn=0.15, x=180°, A/L=12, L/Hw=145 )

Elastic body ------------ Rigid body

hog.
tension

sag.
compression v

0.5sec K/Boév-flare slam.
.5sec.

— ]
Bottom Emergence N\
Bottom slam.

Fig.7 Time history of vertical bending moment at midship
( Fn=0.07, x=180°, A/L=12, L/Hw=145 )

responses of the ship, therefore. In case of high speed
(Fig. 5), the time interval 7 is roughly equal to 1.0 T3,,
where 7T, is the ship’s average natural period of the
2 node vibration; effects of bow-flare impacts are
superposed on those of bottom impacts. On the other
hand, vibrations caused by bottom and bow-flare
impacts are canceled out when z =15 73,, as shown
in Fig.6 (medium speed). In Fig.7 (low speed), the
impact force decreases significantly, because of low
relative velocity between the ship and wave surface. For
preventing serious structural damages due to whipping
vibrations, therefore, reduction of the ship’s speed is
recommended as an effective means in handling of
container ships. Longitudinal distribution of the vertical

Nonlinear theory

0.064  eeeeeeees Maximum bending moment by
linear theoy (rigid body)

0.04 4

0.02

0

0.02 4

MB//ngzBCU

0.04
0.06

0.08 1

Fig.8 Longitudinal distribution of vertical bending moment
( Frn=0.261, x=180°, A/L=1.2, L/Hw=14.5 )
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bending moment is shown in Fig.8 (high speed) in which
large bending moments occur at the rather fore-body.
Effects of Small Changing of Heading Angle
In the case when waves are in the 22.5° port or
starboard direction, the calculations show almost the
same results as in the right head sea (compare Figs. 9
and 10 with Figs. 5 and 8). If the ship has large angle

0.04 {Deck stress @ hog. Flastic body
X S [ Rigid body
100N /mm @ i tension
0.02
33 0
IS
~ ;
R 0.0212%Y
=
= (044
0.06
(5 sag-
0.08 - compression Bottom slam.
: Bottom Emergence |

Fig.9 Time history of verticalbending moment at midship

( Fn=0.261, X =157.5", A/L=1.2, L/Hw=14.5 )
Nonlinear theory
------------ Maximum bending moment by
0.04 linear theory (rigid body)
0.024
s
&0
D)
£0.02
=
0.044
0.06
0.08
Fig.10 Longitudinal distribution of vertical bending
moment
( Fn=0.261, x=1575, A/L=1.2, L/Hw=14.5 )

against waves, the whipping vibrations decrease;
however, the other problems may occur as the rolling
motions, the difficulty for keeping her courses, and
SO Om.

3.2 Experiments with an Elastic Model Ship

In order to simulate the whipping vibrations of ships
by experiments, the model ship should be made to satisfy
the laws of similitude for elasticity. For designing an
elastic model ship of linear scale a, the following
relations should be satisfied according to the laws of
similitude!*!?¥;

Lm aLs .......................................... (22)
(El) E(EI) ................................. (23)

_\/_Us ....................................... (24)
/lm QAS ............................................. (25)
(Hw)m:a(Hw)s ................................. (26)
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_« Bow-flare slam.

Tm=+y@ Ts worvrroerererrmererrvniiniiieni, (27)

where T is a characteristic time duration related to
external loads, and the subscripts s and m indicate the
full-scale or model ship, respectively. Eq.(23) is the
restrictions required at designing the model, Eqs. (24)
to (26) are the conditions required at executing the
tests, and Eq.(27) directly follows from the others if
loads are governed only by the ship-wave interactions.

It is difficult to satisfy Eq.(23) with the use of metal-
lic materials in general, particularly in the case of small
a. In the present investigation, foamed vinyl chloride is
chosen as the structural material of the elastic model to
satisfy Eq. (23). The particulars of the model are shown

Table1 Particulars of model

Length between Perpendiculars (L) 3.0000m7
Breadth Moulded (B | 04320m
Depth Moulded (D) 0.2620m
Draft at A.P. (ds) 0.1704m
Draft at Midship (dm) 0.1667m
Draft at F.P. (d) 0.1630m
Displacement (07)] 124.6000kg
Block Coefficient (G) 0.5787
Center of Gravity from Midship (X6) 1.549% L fore
Radius of Gyration for Pitching (x:) 0.2380L
GM 0.0354B
54 l 5
| i 20 T _
20
! L =3000mm
\ B = 423mm R
MIDSHIP | D= 262mm
262 ( 212
|
10 20 5 )
—‘l_‘f’ f
B | E— 30
- I R '*g—mé—*
Fig.11 Scantling of midship section of model
:S\h l Weight
=804 s Buoyancy

Fig.12 Weight and buoyancy distributions of model
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EI, (flexural rigidity for vertical bending)

3
N'E H2 "'E
Sy 2 G
= 9 Z
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X 6 %
— 1 =
N . e
& / e EI, (flexural rigidity for L3 &
1 horizontal bending) e
04— o _ [ )

o e N 3 i e

Fig.13 Distribution of flexural rigidity of model

in Table 1 and the scantling of the midship section in Fig.
11, which is a 1/58.33 model of the container ship
mentioned before. The model tests were carried out for
fully laden condition with the self-propulsive model. The
weight and buoyancy, and the flexural rigidity diagrams
are shown in Figs. 12 and 13. The logarithmic decre-
ment of the model is measured as

§=0.284

in still water. This large damping characteristics make
it possible to damp the vibrations caused by previous
slams rapidly, and the whipping vibrations caused by
respective slams can easily be recognized.

A series of tank tests were conducted in the
Seakeeping and Maneuvering Basin in the University of
Tokyo. The following data were recorded; wave
elevations, angles of pitch, roll, and yaw, vertical bow
acceleration, pressure at bow-flare, and deck strains in
the longitudinal direction. The locations of the gauges
are shown in Fig. 14. The tests were carried out in

m Strain Gauge

s1 S3 S5 ST S9 \
-
’¥ - - -
sz S& S6 S8 SI0

® DPressure Gauge [JAccelerometer 4———*%7
- - = - - a

L
3

AP, 1 2

T T —err—t

4w 6 7 8 9 F.P.
Fig.14 Locations of gauges

regular waves of various conditions: Encounter angle x,
length A, and height H., of waves were as follows;

x=180°, 157.5°, 135°, 90°, 45°, 0°
A/L=0.8, 1.0, 1.2, 1.5
L/H,=30, 20, 15

The number of the propeller revolutions were adjusted
so that the Froude number was 0.15, 0.24, or 0.33 in still
water; in reality, significant speed losses were observed
in waves (see Fig. 15).

speed loss(%)
T

10— -
) Fn in
L/Hw :
still water

o— 30 0.33
o— 30 0.15
7 SRR 20 0.33
TS 20 0.24
N —— 15 0.37

Fig.15 Speed loss in head sea

Since the interests of this paper is the longitudinal
strength of ships in slamming, the results are confined
to the characteristics of deck-strains only when
slamming may occur.

Head Sea  Theoretical and experimental time
histories of deck-strains are shown in Figs. 16 and 17
Cal. tension Exp.
—_— T 1 1T
fo 400 TT 1 I 2z2s
X 2001 \/\/ ichease A
R /—F | <225t
g compression time
“ 2004
0.5sec. Fn=0.062
Cal. tension Exp.
& 400 SaEssisssasssassancs
< g Yaanam
= 0 oy ISR I
S compression T ime
2200 -~
0.5sec. Fn=0.140
Cal. . Exp
tension T . HH
£ 400 e
= g a8 e sal
% 200
£ 0 ’ :
s v u compression ‘ time
® 200 Fn=0250 - HHH
P T I T
0.5sec. Starboard side
Fig.16 Time history of deck strain at midship

( x=180°, A/L=1.2, L/Hw=30 )
for three kinds of the ship’s speed. With the increase
of the ship’s speed, slams become heavier, which are
observed in both experiments and calculations. The
absolute values of deck-strain amplitudes obtained by
the calculations show good agreement with experiments.
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Cal.
< 400 tension Exp.
= FEH P
% 20, S
~ TN Se— -
£ 0 . s 5
S compression L ST fime
@ 200 -~ Py — >

0.5sec. Fr=0.062
-~ 400+ Cal. tension EXD'R
= 200 i e
O Vot = = 155
= 0 I‘Lv I 1 Tt .
s compression — time
g 2004 P Fn=0.140

0.5sec. =0

Cal.

e 400+ tension Exp.
= 2001 FHH
X A hazve
E 0 ~ BEilr) SSERESEES s amERS|
5 compression [H1T] i £ H time
% 200 — P IEcsajRasnceRaceess

0.5sec. Frn=0.250 B

Starboard side
Fig.17 Time history of deck strain at S.S5.8

( x=180°, A/L=1.2, L/Hw=30 )

The difference between calculations and experiments at
Fn = 0.250, as shown in Fig. 16, is related to the phase
lag between bottom and bow-flare impacts; the dynamic
swell-up of water is disregarded in the calculations.

------------ Linear cal.
Nonlinear cal.

4004 O  Experiment(port)

o  Experiment(starboard)

(o4
2004 /_‘—\O\\S/ o
o hAY
iz \\d
/d \\‘\xd
04— ==

strain( x 10~ %)

T T
AP. [00) F.p.
Fig.18 Longitudinal distribution of deck strain amplitudes
( Fn=0.062, x=180°, A/L=1.2, L/Hw=30)
------------ Linear cal.
Nonlinear cal.
¢} Experiment(port)
—~ 400+ «  Experiment(starboard)

0 T 1 T
AP. oo} F.p.
Fig.19 Longitudinal distribution of deck strain amplitudes
( Fn=0.140, x=180°, A/L =12, L/Hw=30 )
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------------ Linear cal.

Nonlinear cal.

16 Experiment(port)
o Experiment(starboard) =
O
600+
g\ o
& lef
= o
x 400~
= o
g o8
w
200+ ~s
0
Fig.20 Longitudinal distribution of deck strain amplitudes

( Fn=250, x=180°, A/L=1.2, L/Hw=30 )

In Figs. 18 to 20, longitudinal distributions of peak-
to-peak values of deck-strains are shown. At high speed
(Fn =0.140, 0.250 ), strains in the fore-body are more
than twice those obtained by the linear theory, but they
are in conformity with the nonlinear theory. On the
other hand, both linear and nonlinear theories show good
agreements with experiments at low speed (Fn=0.062).

Oblique Waves Slamming was observed only in bow
waves (x=157.5°,135"), and the angle of the rolling
motions were very small in this case. This concludes
that the effects of rolling motions can be disregarded
when the longitudinal strength of ships due to slamming
are considered.

The deck-strains in the longitudinal direction are, of
course, caused by the vertical bending and horizontal
bending in oblique waves. The horizontal bending
moments are calculated by the linear strip theory in this
paper, and the calculated time histories of deck-strains

Cal. )

- tension B }j:)‘p‘ o

(? 400 TT7IT T I {

X RV i

200 NI |

z T &

£ 00 —~ — Shaazaure:

£ r compression H time

w

200 0.5sec. Weather side
Cal. tension Exp.

IERRERERSNANEESESERREE T

= 400 A T

= TR

e 200_ % * ESan

,E 0 f Eaunaas

5 J compression time

u

0.5sec. Lee side
Fig.21 Time history of deck strain at midship

( Frn=0067, 2=1575", A/L=12, L/Hw=30 )
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C : Exp. Cal. .
—~ 400 al. tension P —~ 400 a tension Expvm ’
¢ guun T ‘
= TN A e = AN N & YH TR
< 200 W e \ ~ 200 T =
E 0 f— B 0 — NS SasteaasseEan
e compression time g compression time
@ 200 - @ 200 - X
0.5sec. Weather side 0.5sec. Weather side
Cal. ) Exp.
Cal. tension Exp. 400 tension
[ I A ©
400 [
= = 200 NN\ :
— X n T
= d T I £ 0 / f T -
£ 0 { ——1 } t - £ compression time
g compression time @ 900 -
200 O?vs:c Lee side 0.5sec. Lee side
Fig.22 Time history of deck strain at midship Fig.25 Time history of deck strain at midship
( Fn=0152, x=1575", A/L=12, L/Hw =30 ) ( Fn=0.164, x=135, A/L=12, L/Hw=30 )
Cal. tension Exp. S . Exp.
400 F H d = Cal. tension
0 it AL T jﬁ c 400
(=] 1Y @ (=3 A 1
— 200 — .
0 { T o ~———FE - = 0 i
© compression time s corﬁpression Hme
% 200 gaskzaas % 900 | L
N I T NEEEE]
0.5sec. ! ! 0.5sec. , .
e Weather side w
Exp.
Cal. tension i *p
Cal. tension Exp. - 400 o HHH
< 400 : = : :
= " A < 200 W ikiaada vy
x 200 A A =
Z R, ' £ 0 — 8 m———
% 0 . o) g compression time
2 U V' compression . time “200 e =
200 - : -oSec. Lee side
0.bsec. T —_—
Lee side Fig.26 Time history of deck strain at midship
. - . . i ( Fn=0.262, x=135, A/L=12, L/Hw=30 )
Fig.23 Time history of deck strain at midship / /
( Fn=0232, x=1575", A/L=12, L/Hw=30 ) are shown in Figs. 21 to 26 with the results of
Cal Exp experiments. The general characteristics of deck-strains
o 400 tension ' are the same as those in head sea, and it can be seen
E 200 N i Sathan that the dack-strains in bow waves are slightly
R PRNEEE! o influenced by the horizontal bending moment in case of
— 4 Il 1
£ S time slamming.
@200 -~ compression
0.5sec. )
Weather side 4. Full-Bodied Large Bulk Carrier in Fully
Laden Condition
. It has been accepted so far that the serious bottom
Cal. tension Exp. ; ) ;
o 400 SsSsotes : slamming does not occur on ships in fully laden
§ 200 /\/\/ WEBRES ssaEne SeSRAR conditions. It is revealed, however, that serious bottom
E 9 e slamming may occur by chance in full-bodied ships even
5 ) OA . compression time in the fully laden condition.'>'® The occurrence of the
0.5sec. Lee side

serious bottom slamming necessitates the following

Fig.24 Time history of deck strain at midship conditions;

( Fn=0.081, x=135, A/L=12, L/Hw=30 ) a) bottom emergence due to rather high wave crest,

b) high relative velocity of the ship to the wave
surface, and

¢) small inclination between the bottom and the
wave surface at the instant of bottom impact.
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For the realization of those conditions, the pitching
motions of the ship should be in resonance in nearly

regular wave train. The wave model shown in Fig. 27,

which satisfies those conditions, is suggested by an

—— ~ ———— Regular part - - ]Om

M
I[
4260 T
1

'Fig.27 Modelled waves for serious bottom slamming

actual ship’s disaster; the regular part of waves may
induce the pitching motions, the bottom emerging in the
crest C, and impacting on the trough T with high
velocity. Due to dispersion, the waves take the model
pattern only at a certain instant: they are expressed in
the form of the superpositions of regular wave
components by virtue of Fourier analysis, and its con-
figurations in space are changed time to time.

The body plan of the bulk carrier used for the analysis

20m- +20m
15m- F15m
] H10m
5m—) -5m
10m 15m

Fig.28 Body plan of bulk carrier

is shown in Fig. 28, which is characterized by the flat-

bottom in the fore-body. The principal dimensions of the

ship are as follows;
LXBXD=216.4mx31.7mXx17.3m

dare=11.550 m, diore=11.578 m

T
>

T
w

EI;

T
oo

EI,(x10%on-m?

T
—_

T T T T T T T

AP. 1 2 3 4 m 6 1 & 9 Fp

Fig.29 Weight and flexural rigidity distributions
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The ship is in fully laden condition, and the weight and
the flexural rigidity distributions are shown in Fig. 29.
The logarithmic decrement of this ship is assumed as,'”

6=0.032

The surface elevation & and the velocity potential @ of
the incident waves are given by

&= ‘ﬁ ticos(x: X —wit+€:)
= (28)
o=~ gl (wi/x:) Cie= ™ sin(xix —wit +e€1)

were &, x,w; and &; are the amplitude, the wave
number, the frequency, and the phase of the i-th
component of the incident waves. According to the
report with regard to the disaster of the ship,'>'® the
dimensions of the modelled wave for serious bottom
slamming are chosen as,

_ _ 0.9L _0.8L
{A_OgLy lc* 2 y lt- 2 y
Hy,=9m, h;=9m, k,=11m
in Fig. 27.The wave length /L-<=£_r~= 27[5 ),the ampli-

tude &, and the phase &; of the wave components can be
obtained by the FFT method as shown in Table 2.

Table 2 Wave components

l Ai/L &:(m) e:(rad)
1 3.6 0.580 2075
2 1.8 0.992 2.475
3 1.2 0.874 -~ 1611
4 0.9 5.702 0.0
5 0.72 1.620 0.790
6 0.6 0.965 1.705
7 0.514 0.401 1.696
8 0.45 0.322 2.019
9 04 0.281 3.086
10 0.36 0.175 —3.080
11 0.327 0.177 2.031
12 0.3 0.141 1.934
13 0.277 0.057 —2.659

The sequence of the ship motions in the waves is
shown in Fig.30. The high wave crest appears just before
encountering with the ship, and the bottom emerges
from the wave surface. In the course of bow-down, the
trough becomes deeper, and the bottom plunges into the
waves with the small inclination to the surface. The
time history of the vertical bending moment at S.S. 8-1
/2 is shown in Fig. 31, where £ means the instant when
the sagging bending moment comes to its maximum.
The longitudinal distributions of bending moment and
shearing force at & are shown in Fig.32. These results
manifest the occurrence of the serious bottom slamming
in full-bodied bulk carriers even in the fully laden condi-
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t =—14.16sec.
t = —11.74sec.
t =—9.32sec.

= —6.90sec

—_— =S
t = —4.49sec.

— T I
—_— t=—2.07sec.

—0.13sec.

————

t =0.35sec.

Fig.30 Ship motions in waves
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Fig.31 Time history of bending moment at S.S. 8:1/2

tions, due to an unhappy superposition of waves.

10

Fig.32

3

5
Shearing force (X10ton)

Sag. bending moment ( x10 ton-m)

AP. o] F.P.
Longitudinal distributions of bending moment and shearing
force at ts

5. Discussions
The theory developed above gives satisfactory values
for bending moments and shearing forces in general. As
can be noticed, however, Eq.(1) is solved by the
Galerkin method; Eq. (1) is satisfied in the sense of the
weighted mean, and accordingly, it does not necessarily
hold exactly in a certain region. This difficulty can be
improved to some extent by minor change of the
procedure.
The bending moment M is obtained by the formula

N A A1
MB—EIZ[ et ] (29)

in the above standard procedure, which may have
numerical errors because w is assumed to be a linear
combination of only two terms. As an alternative
method, bending moments can be obtained by integrat-
ing the sum of the external force and the inertia force
two times along the ship’s length; the results thus
obtained are not in conformity to Eq. (1), but bending
moments in the fore body will be improved to some
extent.

In the present formulation, the wave bending moment
is not derived directly, and this shortness can be
improved by introducing the still water external force
fes and the corresponding displacement ws;

a(z: [Elz aawzs]—fes ................ ........ (30)

Introduce the complementary displacement and external
force, w, and f.. such that

{wd=w—ws

fed:fe_fes

Then w, satisfies Eq. (1) if £ is replaced by f., which
is derived from w and the wave configurations. The
wave bending moment can be obtained by differentiating
w, or by integrating the sum of /., and the inertia force.

In reality, ws is not definitely known for ordinary
ships. Therefore, it is preferable to use an approximate
method without using the displacement ws correspond-
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ing to the still water bending moment. Let w% be the
solution of the following equation by the Galerkin
procedure with the use of the same coordinate functions;

The corresponding bending moment is obtained by

ws

ﬂ[&:zﬁﬂ}ﬁgii—

................................. (33)
Then the wave bending moment Msw is approximately
given by

MowsSMp— M= Mby oooeeeeenrmmeeeeeeeeees (34)

and accordingly, the total bending moment is approxi-
mately given by

where Mys is the still water bending moment obtained
by the conventional method.

6. Conclusions

The longitudinal strength of ships in case of slamming
were investigated taking account of nonlinearities.
Calculations were performed for two typical ships; a fast
container ship with large bow-flare in regular waves,
and a full-bodied large bulk carrier in fully laden
condition among irregular waves. As for the container
ship, tank tests were carried out with the use of an
elastic model to confirm the validity of the present
theory. Conclusions obtained are as follows:

(1) The validity of the proposed nonlinear theory
was confirmed by the experiments, and the theory
is effective to clarify the responses of a ship due
to slamming.

(2) As for a container ship, whipping is largely
influenced by the interaction of bottom and bow-
flare slamming. Serious slamming may occur for
high speed, and the significant whipping vibrations
are induced. Reduction of the ship’s speed, however,
decreases the whipping moments.

(3) In the case of full-bodied ships with deep fore
draft, serious slamming may occur in swell-
dominant seas even if the significant wave height
is not extremely high.
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