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ABSTRACT

A small cargo vessel of 48 m suf-
fered from serious damages among rough
seas, and 1ts main hull was bent at 35.3.
7 by a hogging moment. The ship under
consideration was in ballast condition,
and was carrying a large amount of bal-
last water in the fore pezk tank Tn

this paper, the analysis based on hydro-
elasticity shows that this damage is
caused by a hogging moment due to bottem
slamming, although in the case of con-

ventional ships slamming causes a large
qacrc"lho‘ moment Iin the mid-nart Floatiper
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responses are calculated step-by-step
for the ship idealized asz a Timoshenko
beam taking account of slamming impact
forces determined with respect to instan-
taneous configurations. It is shown

that slamming responses give hogging

moment sufficient for the damage in an
unlucky condition of wawes correspending
to the sea state reported. Moreover,
the collapsing strength of the ship is
estimated wlth the aid of structural ex-

periments.

INTRODUCTION

A small cargec ship in ballast con-
dition suffered from serious damages
among rough seas; 1its fore-body snapped

off at 3.5, 7, forming a plastic hing
there instantanecusly., It is reported
that she failed after passing through
a palr of wave crests of U4 meters in

helght in seas of state 6. The damages

were evidently caused by hlgh hogging
moment., Although in a conventlonal ship
slamming causes large sagging moment in
the middle part of the ship’'s hull [1,
21%, the report suggests that slammlng

4 s +hia nrnerho
may play an important role forthis prob-

lem, In the case of a small cargo ship
in ballast condition, the ballast water
is concentrated in the fore- and aft-
peak fanks because of her single-bottom
structure, and this causes large hogging
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moment in her middle part when In the

still water condition., In general, 1lit-

¥ Note: Numbers in brackets denotes ref-
erences leocated on page
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tle attentlon has been paid to the fore-
draft, and she may have had a large trim

'l " =1 ur Fant +hot ahas
angle. It is a well=known fact that she

may often encounter relatively high
waves, She may frequently suffer,there-
fore, from bottom slamming in the middle
part in actual sea conditicns. This
conslderation can be confirmed by a re-

m poarricatdanae
port telliing that bottom corrugations

cceur due to slammlng pressure over a
wlde range of meore than one-half of her
length [3]. This fact suggests a pos-
8ibility of occurrence of high hogging
moment due to slamming in addiftion to

t-| T _wastar handdrne moman

+
the large Lri=Waltel OCNGLNE NMONeHU.
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In this paper, the authors analyze
the damage of the above-mentioned ship
from the viewpcint of slamming. Her
behavior in head seas moving into a wave

h 1danld hea
train is in‘v’estigated oy J.uEG.J.J.Zlng ner

as an assemblage of the Timoshenko beam
elements. Hydrodynamic impact on the
bottom 1s closely related to her instan-
taneous wave-hull configurations, and
therefore, calculations are performed by

A T o 3 ~
the Step by——Step metinoa, n0istories Ol

bending moment are compared with the
ultimate collapsing moment which has
been estimated with the help of struc-
tural experiments.

THEORY OF SHIP'S BEHAVIOR AMONG WAVES

Most previcus authors have inves-
tigated the longitudinal bending moment
in a ship among waves by the two-step
approach; that is, 1ts rigid body motion
ig caleculated first by the conventlonzl
method, and then hull vibration re-
sponses are obtalned by making use of
the impact force estimated from the
ship's relative velocity with respect

N rh_g1 Ty mealdidy  hewotuo
to waves Li=3]. ilii rea.lity, owever,

the ship's motlon 1s influenced by the
slamming impact, and this twe-step ap-
proach may give unrealistic results.
Meyerhoff and Schlachter [9] developed
a nonlinear ftheory of a ship's motion
among waves taking account of slamming
impact, and determined the bending mo-
ment by the two-step approach.

Yamamoto, FulJinc, and Fukasawa de-
veloped a nonllinear theory of a ship's
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behavior among waves, assuming the ship

to be an elastic beam. They apnplied dwg

Galerkin's method with the use cof the X

lower harmonics, as has been successful IWh

for the analysis ¢of large tanker-type TﬁZ’=¢ aw
ships and container carriers. In the X

case of small cargo vessels, however,

h'lcr'h.cnﬂ harmonics may become nf‘imnnw+9hnn
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because the large slamming impacts act

near the nodal polints of lower vibration
modes, For determining dynamic responses,
the finite element method can be conven-
iently applied, and in the present paper,

it ds formulated by idealizing the shin'g

Ierfidilatcd 2y 1Qeqll2ing Lne snip's

huil as a Timoshenko beam.

Fig., 2 Deformations of ship girder

tural damping coefficlents for bending
and shearing, and the external force,
defined at each section of the ship.
Here

W = Wg T Wy

iz the flexural deflection.

On the same concept as the conven-
ticnal strip method, the external force
caused by the momentum change of fluid,

The rectangular coordinate system fy, 1s given by

(X, Y, Z) is introduced so that the X, D Dw
Y-plane lies on the still water surface, fm = - EE{MH(ﬁ? -vz)l, (3)
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Fig. 1. Consider a ship advancing with
a constant speed, U, in the positive X- where My and vp are the time-varying

sectional added mass for vertical motion
direction. Introduce the moving ccordi-
nate system (x, y, z) moving with the and the vertical component of the orbit-

ship s0 that the x, y-plane lies in the al velocity of the incident wave sur-

Y V_nlane keonine the voaxda menallal face, and
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to the X-axis. Since the inclination of D 5 3

the ship girder is sufficiently small, 5 =30 - U 3¢ - {4)

the x-axis can be regarded as the element
axls, Assume that a wave train travels

in the negative X-direction. The most signlficant term in the expres-

sion for fy given by (3} is the impact

Deformations of the ship's hull can force
be described by the upward total dis- 3MH D
plaecement, w, and the shear deflection, fimp = - 37 (ﬁ% - vg), (52

wg. The equaticn of motion of the ship's
hull can be formulated as an elastic

hasm +talrdrno apnnunt Af cshoar Asafarmatd ~An
vealm vaadlip altiluliv U1 cacald ucluxmablun,

and disregarding the rotary inertia.
It is given by

whilch 1s in proportlion to the square cof
the relative veloclty of the ship tothe
wave surfacel[l0-12]. The damping force,
fy, due toc wave-making, 1s inproportion
to the relative veloelty, and 1s given

w

srlong (2 4 n FWoyy 4 o 2 B (1) oy

reo= - (B - v, (6)
jL[EI 3 9 {W-Wg) f 0 qu—ws))]
X ax 9 X [T ax where is the time-varying sectilonal
wave-mak?ng damping coefficient for ver-
+ pa (3%s Frs - PN tical motion,
ToTRWAMax s 3Thx’ ¥ hE

Consider the pressure force, fp.
<y N
where m, EI, Ghy, Ny, Ns, and f, are From Bernoulli's equation, the pressure,

is given in the followlng form by
the mass per unit length, the flexural D .
rigidity, the shear rigldlty, the struc— disregarding terms of higher order:
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p=-o%-pg(2o+w}, (7
where ¢, p, g, and 2z, are the veloclity
potential of the incident wave train,
the mass density of water, acceleration
due to gravity, and the z-coordinate of
a2 point on the null in the still water
condition (see Fig. 3). The pressure
force is obtained by integrating 1t over
the instantaneous wetted surface, C, of
the hull; that is,

= é (-p)ng ds, (8)

where np 1is the z-component of the out-
ward unit normal wvector cn the ship's

bl ~ LR o wm s e e T .
surface 1n a trangverss section, 1NICE0O—-

ducing Eq. (7) into Eg. (8) leads to

¥y
fp = -ogj (2o + w - §y)dy
-y
— ora A f o
S0E A \2)
where A and %y, are the effective sec-

tional area and the elevation of subsur-

face corresponding to the draft or the

effective wave elevation given by
1.0¢

Cw = .

=5 {10)

N

F—(zww"c,,)

"-/-—f—r;r"’ ¢ﬁr¥? =3

A e we
in still
W  water
.
)
C

Fig. 3

Ship section and wave surface

Since the weight per unlt length
of the shilp ls given by

fg=mg, (11)

the total external force per unit length,
fz, 15 ohtained by summing up all the

comnonentas of the forns-
compeonents Ol 1ne Iorce;

fz = fy + £ + fp + fg (12)

The displacement, w, can convenlent-

ly be divided into two parts, the linear

103

or rigid-body-motion mede and the vibra-
tion modes

(13)

W=WI1+WV¢.

The rigid~body-motion mode, wy, can be
expressed by
_ L
Wp = 24 + (x - —2—-) 8 s (lu)
where zp and 6 1indicate heave and

pitch. Actual heave and pitch motions
are accompanied by some vibration mede.
The vibration mode, wy, 1s expressed as
a sum of the flexural part, wyh, and the
shear deflection, wg;

(15)

Wy = Wyp + wg,

where

Wyph = Wp = Wp .

The degrees of freedom corresponding to

all the displacements, w, wp, and wg,

have three redundancies; one is for giv- ;
ing a zero base of the shear deflection,

ArmA Fha Atliaa diam maas P o SN NI
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of the rigid-body-motlon mode; therefore,

1t will be assumed that
Wg =0 at P 1
5] 1> (16)
Wy = 0 at Pj; and Po, J
where P1 and P, are conveniently taken

near the nodes of
vibhration mode in

it

the ship's two-node
ctil'l trnfnw r'll-l

Lt_J_Jw
For the sake of slmplieity, 1t will
be assumed that the structural damping
can be expressed by the equivalent log-
arithmic decrement, &y, for each vibra-

tion mode such that [cf. Ref. 147
8p = 0, (17)
Wy 5o -
Sy = 62(-615——) or Np = Ng = ﬁ'@ (18)

In the following example calculations,
§2 = 0.056 will be used [15].

The numerical procedure for solving
(1) and {2) i3 based on the finite ele-
ment analysis by discretizing the ship
girder for the Timoshenko beam element
at the nodal points, xi, (J = 1,...,N+1;
XN+1 - %1 = L) (see Fig. 4). Assume
that the displacement components, Wvbf*
"v = WS} a.l:\.l WS, G,J.C 5J.VC“. by \.u.bd‘b U.L
linear polynemials in each element, res-
pectively; they are expressed in terms
of the necdal displacements, (wWyqi - Wsis
8p3y) or wgy, (J = 1,...,N+1), where

bpy = 63 - 8 (19)
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Fig, 4 Timoshenkc beam idealization

The finite element formulation can
be derived from Hamilton's Principle

t2
} [§{I'-V) ~4éD+6W] dt = 0 , (20}
41
where the kinetile energy, T, the strain
energy, V, the dissipation function, D,
and the virtual work done by external
force, 6W, are such that

L
1 3
T = ZT[- m(ggf dx , (21)
10
L 2(v-w
Viw, wgl = %?J [EI(Q—LWETEL)Z
0
+ GA (E’,ﬁ)zj dx {22)
W' dXx
8D = Mp 6V[w=ﬁ, WS=*S 2 (23)
L
6W = f £, &w dx . (24)
/0

Let 4gp and gy Dbe the totallty of the
degrees of freedom corresponding to the
rigid-body-motion or vibration mode, res-
pectively. Then the equation of motion
derived from (20) is given in the follow-
ing matrix form(see Appendix 1):

Myr My

MR b
o b )
vl v Lo Syl lay

el L
0 0 dpr v
+ = .
O KVV qV fV
This equation can be rewrlitten in the
following form by expressing the hydro-

dynamical forces explicitly, which make
numerical computations stable:

4

[Mrr Mrv}

<

-

(25)
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*
MPP + M rr

Mpy + M*rv] {ar}
Mgy + M*VV ﬁv

C¥ry ] {ér}
CVV + C*VV dv

K¥pp, K¥py dr r#
r
am AR
K vr KVV * K*VV qv f'*V

[C¥pp

[Myp + M¥yp

C*

¥*
C¥yr

whers [MEpp M¥hy, MEyn M¥gy],
C c# C# and [K¥* K¥ K¥
rvs vr 3 rr r -
K*vv] are due gg the added water %éssfr
the wave-making damping force, and the

buoyant ferce, respectively.

The equation of motion given by
{26) will ve integrated by the direct
integration procedure, taking account of
the nonlinear effects, and for this pur-
pose, a Newmark beta method with B = 1/4
will be adepted from the viewpoint of
stability and accuracy. Nonlinearities
of the present problem arise from the
underwater geometry of the ship and the
impact force due to slamming; since the
former is self-explanatory, the latter
will be discussed in detall hereafter,

For estimating the hydrodynamic
impact force, the time derivative of the
added mass in (5) will be evaluated by
the feollowing formula:

H|z=0
for bottom impact,
aMy AL
T M _ (27)
aag %% otherwise,

where % and At are the instantaneous
draft and a discrete time interval used
for time integration. Because of its
smallness, the hydrodynamic impact force
can be disregarded when the shilip section
emerges from water; namely,

Dw Dw

aMyg
- Wy <0
e e MoVt g
fimp ) Dw

0 if ‘.D—,'E—VZ;O .

The walidity of this assumption 1s con-
firmed by the results of the forced os-
cillation test shown in Fig. 5[11]. Aal-
though they depend upon the encounter
frequency, uwg, and the mode of motlon,
the added mass, My, and the wave-making
damping coefflcient, Ng, will be assumed
to be given by

My =270 5 for both rigld-body-
' motion and vibration
modes,

(29)
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Fig. 5 Bottom pressure of a wedge-
shaped model ship in oscillation test.

2
r557[2 sin(k¥) exp{-kz)]
Nig =I for rigid-bedy-motion mode, (30)
0

for vibration mode,

where k 1s the wave number of the

QeI

C*rv and C vy

dent waye, By

inci-
virtue of (30}, the term

can be disregarded.

El

Fer a shilp section in alr, external
forces other than the weight are not tak-
en iInto account.

UPPER DECK LOMGL
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A ship encountering a wave train
may be subjected to slamming successive-
ly. To eliminate whipping vibrations
caused by the previous slamming, unreal-
lstically large structural damping will
be intrcduced before a certain instant,
which causes the ship to response to
slams only after the instant.

NUMERICAL RESULTS FOR A DAMAGED SHIP

Principal dimensions of the damaged
ship are as follows;

L><B><D><dm11=48.0><8.5><l£.2><3.9m.

The ghip's midship section and body plan
are shown in Figs. 6 and 7. When the
damage occurred, she was advancing with
speed U = 9 knots in seas of state 6
with fere- and aft-draft given by

df = 1.15wm , dg = 2,65m.

Her weight dlstributlon is given by Fig.
8. Slamming may ocecur when the encoun—
ter frequency, we, 18 almost the same as
those for heave and pitch, or when the

wave length, A, is around 1.4L{(=67.2m),

1t was reported by the captain that the
wave helght was 4m. In this paper, the
slgnificant wave heightis azssumed to be
glven by Nippon Kaiji Kyokal's standard
value /P( =L,92 m), which is in con-

9
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Fig. & MNidship section of the damaged ship
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formity with the captaln's report, be-
cause his observed wave height 4m may be
less than the actual one in the case of
small ships. As can be seen in Fig. 7,
the damaged section (3.3. 7) is almost
the same as the mldship section., The
moment of inertia of the mlidship section,
I, is glven by

I = 606,136 mm?m? ,

and 1t will be assumed that the moment
of inertia of each secticon 1s 1n propor-
2 A A FlAa RusanAdrlh AP Fla aaadd oA aen
LWL v wile LTl vl UL iy 2oL L LUl UL
load water line. The web area of sec-—
tion, Ay, is assumed to be constant;

Aw = 8,000 mmz.
The ultimate collapsing hogglng moment
of the damaged section, My, 1s obtained
in Appendlx 2, and is given by

My = 41.5 MNm,

Ballast
W.L.

Filg. 7 Body plan

‘_‘2 0 ~— Weight -~=- Buoyancy
E
c ~—
2 N
S ~
Y
N =
L— I
N
N
N\
N

Fig. § Weight and buoyancy dis-
tributions
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For the sake of simplicity, it will
be assumed first that the ship encoun-
ters a regular wave train., Let Hy, w,
and Kk be the wave height, the frequency,
and the wave number, of the wave train,
respectively. Results obtained are
shown in Figs. 9 and 10 in which the
same numerals encircled indicate an in-
gtant common to these figures, They
show that the maximum hogglng moment is
lower than the ultimate collapsing mo-
ment, M,. This situation 1s caused by
the fact that the slamming impact trav-
els forward from near the midship first,
and after a certain time interval anoth-
er impact travels aftward from her fore
end. A considerable part of the hogging
moment caused by the former 1s cancelled
by the latter. Calculated bending mo-
ment results for the various wave heights
are shown Iin Fig, 11. It is shown that
the calculated peak hoggling moments at
5:3. 7 in regular waves never attain the
ultimate collapsing moment even in un-
reallstically high waves; therefore, the

- Slomming impact travelling backward

rguiar wave

30 Mhy=amm
E M=14
=l
-~ 104
o VY
E o ) U v time
:-w- %9 <£ V 05 sec
é J Ern?:;m- .y - Slamming impact travelling forward
@ 20

o e] Times hictary Af handine mamant
fLg. 3 Lime lstery ol Dending moment
at 5.5. 7 in regular waves
in waves
30 ==~—in still water

]
e

L= ]
L

FP

L
i

Bending Moment ( MN-m )
(=]

Fig, 10 Longitudinal bending moment

distribution
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Ultimate hogging moment
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Mg. 11 Maximum hogging moment wvs.
wave helght

Actual rough seas are not regular,
but have a stochastic structure. Cor-
responding tec the spectrum given by Fig.
12, the wave 1s assumed to be given in
the two-term expression for ¢ such that

£ = hy cos{kiX + wit)
* hp cosl{2¢X +/Zut) + al, (31)

where

KL = 2n/Xh, Ay/L = 1.4, o =g ,

2h1=u.92m, 21’12:1,4811'1.
Here a 1is defined by the phase angle at
the instant when the ship's midship sec-~
tion acorsses the crest line of the long-
e€r wave component of wave height 2hy
Jjust before the occurrence of a glam;

a/m = 0.566 has been used as the stand-—
ard value for the present calculations,

1
3 n
N I\
I
/|
I\
I\
f
1 N
A P o
0 w

Flg. 12 Wave spectrum for an
irregular wave
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Fig. 13 Time history of bending moment
at S.3. 7 in waves given by (31)
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2w =492 M o/ = 0.568
2hy = 1.48M i =0.213
M = Wb
1™ r-""“'@‘,"

Fig. 16 Motion of ship relative to
waves

In this sea condition, the ship's slam-
ming impact travels forward from the mld-
ship fer a sufficiently long time inter-
val before a bottom slam occurs in the
fore end, The ship's bending moments
obtained are shown in Figs. 13-15, its
configulations are shown in Fig. 16,

and behaviors of the slams are shown in
Fig. 17. The peints or curves with the

eame numerals encircled corresnond to

P EIUT  liumnis i G as (S R =20 ) i dn =)= 810

each other. PFlgs.l3 and 14 show the time
history of bending moment at S.8.7 and
midship, and Fig. 15 gshows their longi-
tudinal distributions. As can be seen
in Fig. 16, the wave profile is flat
around S.3. 6- 5.8, 7 at the instant cor-
responding to @ , and at this moment
significant slamming occurs arround S.S5.
7 causing a large hogging moment there
of up to My{= 41.5 MNm), which suggests
the possibility of the cccurrence of the
damages at S.3. 7. Fig. 17 indicates
that the bottom lmpact force takes a
peak value at 35.3.7 earller than the
hogging moment,

E' 2hyt 492™ | M= 14 , Fr=0.213

S 4 2he= 148™ | Bfhr= 0566 ,

b3

L 7] 4

g 3 R

e

g 2

g 2

E

£ 11

."?- Bagrold type

(=] Siamming

m 0- ; — P
ap | ID ! Ep

starting point of
forward fraveiling
slamming

starting point of
backward travelling
slamming

Fig. 17 Travel of bottom impacts

Effects of the phase difference, o,
and the wave height, 2hs, of the shorter
wave component are shown in Figs, 18 and
19. The decrease of the phase angle
results in a complicated ship-wave con-
figuration at the moment of slam, and
the dotted line in Fig, 18 indicates
estimates for the maximum hogging moment
at 9.8, 7, which are obtained by dis-
regarding minor effects of slamming.
Fig, 19 shows that the peak value of the
hogging moment increases beyond the
ultimate collapsing moment, My, with the
wave heilght, 2hp, of the shorter wave
component. These results suggest that
the ship's sectlion under consideration
could be collapsed by a high bending
moment due to a slamming impact.

Ultimate hogging moment { estimated )
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Fig, 18 Effects of phase difference
of component waves on the maxi-
mum hogglng moment at S.S5. 7
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Fig. 19 Effects of helight of the
shorter wave component on the
maximum hogging moment at S.5.7
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CONCLUSTONS

Structural damages of a single-
pottomed small cargo ship due to slam-
ming are analyzed with the aid of the
finite element method by idealizing the
ship's hull as a Timoshenko beam. Con-
clusions obtained are as follows:

17 2mall cargoe ships usually have a
large trim in ballast conditions and
often encoulter relatively high waves
compared with their dimensions. Among
rough seas, more than half of the bot-
fom may emerge from the water surface,
and may be subjected to serious slam-
ming impacts. Since the ballast water
in the fore-peak tank works as a con-
centrated inertia, high hogging moment
occeurs around S.S, 7 due to 1ts iner-
tia force just after the instant of
of serious bottom slamming.

2° Bottom corrugations, which may be

caused by previcus slams, reduce the
ultimate strengih of the bottomplates
and accordingly the effectlve section
modulus for hogging, Therefore, the
ultimate ccllapsing gtrength agalnst
hogging at the damaged section is re-
duced to zbout half that of the orig-
inal design.

3° In regular waves, hogging moments
caused by a slamming impact may be
cancelled by a sagging moment caused
by another, and therefore, large hog~
ging moments do not ocecur, In irreg-
ular waves, however, the hogging mo-
ment becomes significantly large; the
small cargo ship considered in this
paper might suffer from structural
damages due to high hogging moment
caused by slamming amochg irregular
waves.

4° To aveid this kind of damage, it is
recommended that the fore-draft be
Increased. Double-bottomed structure
is also effective for this purpocse,
because 1t increases the ultimate
collapsing strength after bottom cor-
rugation is generated.

5° The method used in this analysis, in
which the ship's hull is treated as
an assemblage of Timoshenko beam ele-
ments, is effective for the analysis
of the behavior of the ship whose
shear deflecticn or higher harmonic
vibration cannct be disregarded.
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APPENDIX 1 TIMOSHENKO BEAM ELEMENT
Let xi, j =1,..., N+1, be the x-
coordinates of nodal points of beam ele-
ments such that
X1 = 0 and xy+1 = L .

The total and shear deflections, w and
Wz, can be expressed in each element by

w = [Ny19iq®H (32)
wg = [Ng1° ("M, (33)

where

(g1 =11, &, €2, €37«

[ 1 0 0 0 0 0 ]
1 1
0 - 1 0 o}
T T
A _ X ) ) » (38)
3 3. _2 3.3 _1
B T A L
2 2 1 2 2 iy
S L et R 1 R
T '|,-| r - = —2 -3"
Lig ] ® =LJ-’ ‘E_-, 3 3 g J X
o} 1 0 0 0 0 7
¢ -3 0 o X 0
x - s (35)
0 0 0 0 0 0
L 0 0 0 0 0 0
i
ij
. ]
e d
e g £ (36)
Wi+l
Wai+l
fb3+1

th

= Xyp T Xy o
Tt can be confirmed that the dlfference,
W - Wg, ylelds the flexural deflection,

wh. The rigid-body-motion mode of def-
lection, wyp, 13 expressed by

Wp = 25 + (x -~ L/2) @

= [¥.] {ap}, (37)
where
I -
LNIﬂJ = Llj X [ J 3 (38)
0 1
1 xJ—L/E
) ) 0 1
=[1, &, &7, £°] [0 0 J , (39)
o] 0
z
{ar} = { “} . (40)
a

Now the deflections are expressed in
each element in the following form:

w=[Ng19 a3 + [Npliap},. (41)
Wg =[NS]J{qu}j s (42)
wp = [Ny 19 {a g1+ [N, 1Mq,), (43)

where
[Nyp1d = TNy - (ng1d
rwv‘j
WSJ
. 8 .
g, 51 = {0 (44)
Wi+l
Wail+l
“Op 541

Introducing {(41) and (42) into (20)
leads to the elementwise equation of
motleon, whose coefficient matrices and
constant vector are given in the follow-
ing form:

e e

& e
Mpp™ + M¥EL Mpy ™ + M¥ny

=

e e e
Myp +M¥LS 0 Myy® + M

__m&]r
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K rr K rv

e
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}[NP N, Mag
Ny

e e
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2 s .
= [ ol 9,090y wyae

s ORI ‘7 .
{ } =J [Ny NV]J {{-% + Uw" + v, Mg
o
+ (Uw' + )My + (Uw' + vy )Ny

+pg(A - B¥yw) - mgldg ,

where prime indicates differenciation
wlth respect to x or £, and B¥ is the
breadth of water line in each section in
still water condlticen, The total mat-
rices and vector can be obtalned by as-
sembling those obtalned elementwlse,

In the present computations, the
number of elements for the ship girder
1s taken as N=20 which corresponds
to & = L/20, and the discrete time in-
terval, At, is determined by taking ac-

AAINtE AT Fha natiamnl masd aAd a8 2T oo
count c¢f the natural pI:.LJ.uu of i:J.t:Iub‘nEb

such that At = 0,0005 sec.

APPENDIX 2 ULTIMATE COLLAPSING MOMENT

The ultimate collapsing moment of
the ship at 3.3, 7 in the hogging condi-
tion will be considered herein. Accord-
ing to the report, the ship's bottom and
side shell structure were seriously buck-
led, which may result in a significant
decrease of thelr structural efficlency.
Pressumably the side shell was buckled
after the bottom. As can be seen in
the midship section shown in Fig. 6, the
mlddle part of the ship is single-bottom-
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ed with transversely stiffened plating
of 10-11mm in thilckness, and her sec-
tion at 3,5. 7 1s almost the same as at
the midship section (see Fig. 7). Ac-
cording to the inspection data of a sis-
ter ship, the bottom plating has been
corrugated up to 18 mm over a wide range,
which may peossibly be caused by previous
bottom slamming as can be expected from
Kawzkami and Muramoto's investigation
(3]. In the following, the 1nitial
deflectlions in the beottom plating of the
ship under consideration willl be assumed
to be two times the thickness. The ef-
ficiency of the bottem plating may there-
by be decreased to a certain extent, and
this situation will be investigated on
the basis of experiments.

p—
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Fig. 20 Test model

Photo 1 Collapsed model B
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Fig. 21 Test results for compressive
locad vs. contraction

The models of the single bottom
structure are as shown in Fig, 20, The
initial deflections were formed by press
beforehand for Mcdels B and C, The model
was compressed longiltudinally under a
testing mechine., Photc 1 shows one of
the models (Mocdel B) after the collaps-
ing test. Fig. 21 shows test results
for the compressive load versus contrac-
tion curves, and the ultimate collapsing
of the inltial deflections, which are
investigated from the thecretlical point
of view [16, 17].

Consider a simply supported resctan-
gular plate, (axbx1t), as shown 1n Fig,
22, The formulas can be derived by as-
suming that initlial and addition deflec~
tions are expressed in the form

VLTI,

f)
=

0O X

or

ARy
I

ARRRTR——.

§

Fig, 22 Simply supported rectangular
plate

Woecos(mx/a) cos{ny/b) ,  (51)
W -cos{mx/a) cos(my/b) . (52)

Yo

n

w

Introducing these expressions into the
von Karman eguation modified by taking
aceount of 1initlal deflections leads to
the formula for the mean compressive
stress, p, given by

_ W P1 -2
=g tooge (N 2WVo) (53)

te

T

w
o

The average edge compressive straln, e,
becomes as

e=%+§§(w2+2wwo). (54)

Thug the efficlency of plating, n, 1is
defined by

_ be _
n = T; = é% . (55)

Here be 1s the effective breadth, pp is
the buckling stress of the plate; ppg,
Dys and py are given by

_ £ TE 12
PE = (1 * §) f37=vey F o

_m*E ¢
Po = g~ =&F >

-1 4+ &y TE £
LS o il &

3
[

The effective breadth, be, of a
rectangular plate depends largely upon
the initial and additional deflections,
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Fig. 23 Reduction of in-plane effi-
ciency n due to corrugation
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Wo 2and W, and it 1is obtained in the fol-
lowing form after Murray's consideration
[17]:(see Fig. 23}

_ be _ Po,, PE W

In the case of suffieciently large Wo/t,
n may be approximated by

n=ne= 1/(1 + pp/p1)
= 1/[1 + 2/{1 +a*/p*)] . (57)

The bottom plating 1s stiffened longitu-
dinally and transversely wlth spacing
1,325mm {(=Db) cr 600mm (=2}, and there-
fore, ne equals 0,343, HNamely, the in-
plane rigidity of the deflected bottom
plate is reduced to almost one third
that of the f{lat plate.

In order to estimate the ultimate
compressive strength, P, of the plate,
it is assumed, according to von Karman,
that the mean compressive stress attains
its maximum value P, when the compres-
sive stress along the edges y = +b/2
arrives at a fraction of yield stress,
¢Oy, where oy 1s the yield stress of
materials and ¢ 1s a carrection factor
to be determined by the help of experi-
ments, MNow the following formula 1s
cbtained:

Py =nc oybt , {58}

where 0 1is a funection of Py /bt . By
virtue of (55}, it is evident that the
maximum compressive load 1s calculated
by multiplying the effective sectional
area of the plate, n+«bt, by a fraction
of yleld stress, coy. The ultimate com-
pressive strength can easily be egti-
mated for a thin walled structure. In
the case where stiffeners are rather
weak, ¢oy can be regarded as the later-
al vtuckling 3tress of the stiffeners.
The ultimate collapsing load for a thin
walled structure 1s estimated by

Py = cOy L nh, (59)

where A 1s the sectional area of com-
ponent plate, and the summatlon is taken
over all the components.

This procedure can be applied for
estimating the ultimate load of the test
models. The measured maximum initial
deflecticns are as followsg

Wo/t = 0.2 (Model A), 1.2 (Model B},

2.0 (Model C) for vottom,

I

Wo/t 0.2 {Models A, B and )
for girders.

As for the flange plate, 1t 1z assumed
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to have no initial deflections. By
using oy =287 N/mm obtained by tests,
the ultgmate load, Py, of a model can be
determined with the use of (59). Assum-
ing that ¢=0,83, 1t is given by

P,=1.19(a), 1.11(B), 1.08(C) MN,

which corresponds to that obtained by
gxperiments

P, =1.13(A), 1.12(B), 1.11(C) NN,

In this case, cOy may be regarded as the
buckling stress of the flange plate by
erippling (see Photo 1). The collapsing
moment of a thin walled sftructure can
&lso be calculated by

M, = coy 2y, , {60)
where Z, 1s the section modulus ob-
tained by the use of the effective sec-~
ticnal area of plate components.

The ultimate collapsing moment, M,,
of the actual ship can be estimated: As-
suming the initlal deflections of the
bottom plates are more than two times the
thickness, n becomes 0.35 . For the
hottom girder and side shell under com-
pression, the initial deflection of
Wo/t = 0.2 was used for the calculatilon.
The flange plates were assumed to have
ne initial deflections. Now the effec-
tive section modulus becomes as follows;

Z, = 212,500 mm’m ,
which is some 50% of the designed value,
7 = 432,600 mm m. Correspondingly, the
height of the neutral axis above the
base line ralses significantly from
1,607 mm to 2,065 mm. Wow the ultimate
collapsing moment can be cbtained by the
use of oy =235 N/mm and ¢ =0.83 derived
from the compressicn tests;

My =41.5 MNm .

The wvalidity for adopting this c~-value

is asserted from the following fact: The
ship had a deeper double bottom In the
fore part of 1ts long hold, and the dam-
age occuryred at the fore end of the reg-
ular single bottom structure; therefore,
the flanges of keelscons in the damaged
section were subjected to the additional
compressive force due to local bending

of the bottom structure.

Yoreover, if the shlp is double-
bottomed, the effective sectional modu-
lus may be influenced but slightly by
bottom corrugation,.



