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ABOUT THE CONFERENCE

Ship stability and avoidance of capsizing have always been of utmost
importance to seafarers and to naval architects. In simple terms,
stability determines the safety of life at sea., Impressive progress
has been made recently towards rational understanding and formulation
of the stability concept. It has become ever more necessary to study
the stability of ships and ocean vehicles in actual operational con-
ditions on the seaways., This requires not merely a profound know=-
ledge of naval architecture, operational conditions, advanced math-
ematics, hydrodynamics and statistics, but a proper physical under-
standing of all the phenomena involved.,

The field of interest is so broad that research effort, and the
adaptation that follows, has been devoted only to limited aspects of
the overall problem. But each study undertaken has attempted to
produce a better understanding of specific aspects of the general
stability problem. In the light of recent developments, it has be-
come essential to establish a means of communication between those
actively involved in research and those concerned with the applic-
ation of research findings. ’

The aim of this Conference is therefore twofold: a) to provide an
opportunity for those involved in stability work, whether for design,
. operation, research or regulatory purposes to discuss the available
research findings at internmational level; and b) to see how these
results can be applied in practice.

The Conference programme will be divided into five separate sections
to facilitate comprehensive discussion., Section 1 will consider

the Definitions of Stability which will strongly influence the future
direction of research. Sections 2 = 5 will cover: Environmental
Conditions and Experiments; Theoretical Studies; Correlation of
Theory and Experiment; and Application of Research Findings. The
final programme item will be a "Quiz Session on Stability" in which
Conference participants will have an opportunity to question direct-
1y a panel of experts from shipbuilding, shipping, regulatory bodies,
research and education,

As the emphasis of the Conference is to encourage wide exchange of
ideas, it is intended that the presentations of technical papers will
be brief to allow maximum time for general discussion., It is hoped
that the direction of future research and development efforts will
emerge from the Conference,

TECHNICAL PANEL

=iy Ay
Professor C., Kuo University of Strathclyde
Mr. J.A.H. Paffett  Ship Division, National Physical
’ Laboratory
Professor S, Motora University of Tokyo
Professor K. Wendel Hannover University

Professor F, Ursell Manchester University
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STATE OF ART: PAST, PRESENT AND FUTURE

H. BIRD ) and -
Department of Trace,

London

1. INTRODUCTION

All types of floating structues, in-
cluding ships, are designed, produced
and operated to fulfil specific func-
tions efficiently and safely. In that
respect the stability of their motions
can be of crucial importance and it
was certainly because of this that so
much interest has been shown by naval
architects with assistance occasion-
‘ally from applied mathematicians.

In this paper we have made an attempt
to review the past and the present
knowledge en stability theory and
also expressed some views on possible
future developments. In the review
of past developments we have concen-
trated on concepts rather than math-
ematical details and hope that our
account of this evolution will be in-
formative., We have also tried to
highlight the state of the art by

distinguishing between different theor-

etical and practical approaches.
Stability criteria have had a special
place in our study since they provide
us with the means for assessing ad-
equacy of stability. We have come to
the conclusion that the existing cri-
teria are not adequate both from
theoretical and from practical points

of view. We have stated our criticisms

on the existing criteria and pointed
out the necessity for basic research.

Finally, we have expressed out thoughts

on the future and suggested the need
for two different types of criteria
suitable respectively for the ship

master and for the approving authority.

In preparing this study we have used
all the material available to us and
_even with such incomplete information
it has not been possible in the

A. YUCEL ODABASI

University of Strathclyde,

Glasgow

interest of conciseness to quote
the names of all the contributors.
We could not obtain or refer to
all of the numerous contributions
from USSR, East European countries,
and Japan, either because they were
not available, or were in a lang-
uage that the authors could not
understand. Thus, we will be de-
lighted to hear more about the con-
tributions from those parts of the
world.

In this study we have avoided the
temptation to digress into problems
relating to damage stability as this
would open up a much wider field.

In avoiding discussion of those
problems, however, we are fully
aware that the damage stability cri-
teria often dominate intact stability
criteria, especially in passenger
ships. o '

2. BRIEF REVIEW OF PAST DEVELOP=-
MENTS

The development of ship stability
theory has had a long period of
evolution which still is far from
complete. Throughout this period,
numerous studies have been devoted
to the various aspects of the pro=-
blem and within the scope of this
paper we shall classify them in three
groups: .

1) Studies on conventional ship
stability that are based on
stability in still water

2) Studies on large amplitude
rolling and on the stability
of ship motions
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3) Studies on stability criteria.

This classification is perhaps arb-
jtrary but nevertheless it helps us
review the past developments system=
aticallye.

The first gréup of studies assumes

- that the stability of a ship can be

determined from its geometry and weight
distribution. The couple formed by
weight and buoyancy in still water,
when the ship is heeled, is a measure
of stability, and the lever of the
couple, GZ, is chosen as the repres-
entative quantity.

Certainly the understanding of this
concept of ship stability is very old.
The principal milestones in the devel-
opment of stability theory may be
stated as followss:’

piere Bouguer (1), in 1746, defined
the metacentric radius, BM, as the
ratio of waterplane moment of inertia,
I, to the immersed volume, V, BM =
I/V. Thus the metacentric height, GM,
which was used as a measure of stabil-
ity, was defined by

GM = KB + BM - KG

where KB is the vertical coordinate of
the centre of the buoyancy and KG is
the vertical coordinate of the centre
of gravity. The righting lever was
approximated by GZ = GM sin?d or GZ =
GM 9, where ¥ is the angle of heel in
radianse. : :

Tn 1796 Atwood, (2), derived his cele-
brated formula for more accurate cal=-
culations of the righting levers which
was given as

- BG sin ¥

w.hh,
7 = —
G v,

where ¥ is the volume of immersed or
emerged wedge, "h, is the lever of
transfer of volume, and BG is the ver-
tical distance between the centre of
buoyancy and the centre of gravity,

Canon Mosely, (3), in 1850 introduced
the idea of "dymamic stability" to
which we later refer as the quasi-
dynamic stability. He derived the ex=
pression for the work done by the ship
under the influence of some potential
external forces and expressed this
work as the area under the righting
moment curve.

According to this dgfinition, so long
as the inequality [ (
q Y J [M(8)- M (8)] ¥ 20 |

/

holds, the ship was assumed to be
stable. Here M,(#) and M(§) are the
righting and heeling moments, Tres-=
pectively, andV, is the maximum
angle of Toll. The significance ‘of
that study was its attempt to relate
the stability of ships to their Toll-
ing motion. Although this formula
has been very widely taught to naval
architects, his principle has not

been developed further till the last

decade,

Tn 1861, Barmes, (4), presented a
numerical method for calculating the
cross curves of stability and many

“other calculating procedures follow-

ed, This development opened up the
possibility of applying the theor-
etical knowledge in practice.

Seribanti, in 1904, (5), found the
expression for GZ values of wall-
sided ships as

Gz = (GM +,§;-"-tan"& ) sind

which highlighted the problems aris-
ing from zero or negative initial
metacentric height.

Later developments in this field
aimed either at modifying or est=
ablishing techniques or for applying
existing knowledge. In this respect
we may mention the introduction of
the concept of residuary stability
by Prohaska in 1947, (6), and the
influence of the variation of right~-
ing moment in a seaway by Grim,
Wendel, Kerwin, Paulling and many
others. This latter improvement

is quite important and we shall dis-
cuss it in the following section,

Simultaneous with these developments,
the second group of studies endeav=
oured to define rolling motion of
ships in a general sense but without
considering the stability of the
motion itself., Again we may summarize
the important. developments as follows:

Neglecting the damping effect, W.
Froude (1861), (7), derived the ex-
pression for rolling motion in reg-
ular beam seas, by assuming that the
pbeam and the draft of the ship are
small in comparison with the wave
length, and the presence of ship does
not alter the wave form, In 1874,

he also introduced the damping effect
by using the best empirical damping
as

- d¢ =a¥d +b&z
dn




Bird and Odabasi

where n is the number of oscillations,
and a and b are constants to be deter=-
mined from experiments, (8).

In 1896 and 1898 Krylov (9,10) gave

a more comprehensive representation
of the theory of ship oscillations
and the theory of rolling was further
developed on the basis of what is
known as the Froude-Krylov hypothesis,

Manning, (11), included the influence
of ship's speed and wave direction by
introducing the period of wave encount-
er while the various other aspects of
rolling motion were extended by
Scribanti (5), Johmns (12), Lewis (13),
Havelock (14), Serat (15), Watanabe
(16), Ursell (17), and many others.

The relevance between ship motions and
their stability was recognised a long
time ago, and through the end of the
19th century A.M. Lyapunov (18) der=
ived the conditions for stability of
motion of a freely floating rigid
body. This study, however, did not
appear to have any influence in ship
stability understanding. Though it
was quite correct what Dahlman wrote
in 1937, (19), stating that the

whole capsizing event is a dynamical
event because statical states of equil-
ibrium do not arise among waves, it
was Grim, (20), who first showed the
possible influences of nonlinear res-
onance features and the subject has
further been analysed by Vedeler (22),
Baumann (23), Grim (2%), Paulling and
Rosenberg (25), and many others. Ve
shall further discuss them in Chapter
3.

In 1953 St., Denis and Pierson (26),
presented a statistical approach for
analysing ship motions in confused
seas, This development opened up a
new field for further studies in ship
motions to which efforts have been
directed by many other authors such
as Williams (273,, Cartwright and Rydill
(28), Voznessensky and Firsoff (29),
made a statistical analysis of data
on the rolling motion of ships and

Grim (30) used the stochastic processes

in the study of nonlinear ship rolling.
Later statistical methods became more
popular and we shall see the recent
developments in the state of art,

The final group of studies were aim=-

ed at determining a safe minimum amount
of stability for devising stability
criteria, It is known that load line
rules existed as early as 1ll1lth century,
but the real efforts for establishing
rules in ship stability came after
1870, In 1870 a British warship,
"Captain", capsized and this accident
brought forward the question of safe

3.

minimum stability. At the beginn-
ing of the 20th century, Germanischer
Lloyd made a study of stability
because of a large number of founder-
ed fishing boats, Thus, fatal cap=
sizing events were the reason why

so much attention was being paid to
the question of minimum stability

at that time. Throughout the evol-
ution of ship stability criteria,
various approaches were proposed and
tried., Here we summarize them accor-
ding to type rather than in chronol-
ogical order,

One of the very first measures for
judging the stability was the initial
metacentric height. In the beginning
of the 20th century, depending on the
type and size of vessel, an initial
metacentric height between 0,2 - 0,6
ms was considered sufficient. Foerster,
(34), in that respect made his com=
ment by stating that as displacement
increases the minimum values for the
stability factors may be reduced as
the righting moment is a product of
the displacement and the righting
arm, Some of the proposed minimum
GM values were as follows:

"GM = 0.243 A (m.)
Ca AL
-
-k
M = By - _L:-BRnZk M
A s,

where A ,6 is the projected wind area,
cg is the block coefficient and A
is the displacement of the ship, k
is a constant whose value should be
in the range 2.5 - 3.0 for good
stability, is the angle for which
the maximum righting arm GZ occurs,
LMis the sum of heeling moments,
B,R_= GZ, + BG sing,. As will be
seen from its form, the second equa~
tion incorporates the righting arm
curve as well as various heeling
moments. o S

" Parallel with the criterion of in-

itial metacentric height, efforts
were also made to establish prin-
ciples based on the main dimensions
of vessels for judging stability.
This approach was adopted mainly
for the convenience of designers,
but it proved unsuccessful in prac-
tice due to various shortecomings.

The use of the righting arm curves
for judging stability was first pro-
posed by Reed, (32). Nevertheless
the use of this curve followed Denny!'s
paper in 1887, (33). This type of
stability criterion was in frequent
use in the design of vessels and
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there were various standard curves sug-
gested by different authors. Some of
these standard curves are illustrated
in Figure 1. Arguments about various
starndard curves, however, proved use-
ful and the following features were

_ considered to be significants

a) The initial part of the righting
arm curve up to a heel of 10
degrees depends on the initial
metacentric height,

b) The angle Yy at which the
. righting arm curve reaches
its maximum value is very im-
portant.

¢) The vanishing angle 9, where the
righting arm becomes zero is also
important,

d) Magnitudes of the righting arms
at 20, 30 and 40 degrees have
a strong influence on the
vesselts stability.

The dynamical lever curve which is the
integral of the righting arm curve was
also used as a stability criteriom.

In 1913, Benjamin, (35), made his pro-
posal after comparing a large number
of vessels which operated successfully.
He came to the conclusion that the
minimum dynamical levers were

1) ¢, > 0.2 m.rad for ¥ = 60°

2) €, ) 0.05 m.rad for ¥ = 30°

His suggestions were strongly opposed
because of the choice of the limit-
ing angles, Later Benjamin, himself,
modified his proposal and offered a
standard curve instead., Pierrottet,
(36), made a proposal of complete
draft criteria in 1935, In this study
he proposed a limit angle and required
that the dynamic lever at this angle
must be equivalent to or greater than
the sum of the total amounts of work
done by wind, waves, centrifugal

force and the movement of the pass-
engers on board, He also gave a pro=-
cedure for numerical computations,.

The proposal was not well recéived
because the criterion was too severe
and the limiting angle was too large.

In 1939, Rahola, in his Ph.D. thesis,
(37), made a significant contribution
towards achieving workable stability
‘ecriteria., The study was based on

the results of offical inquireies in-
to some 30 capsizes and, by making
efvective use of the state of know-
ledge at the time, he proposed the
following combined criterias

GZ 2 O.14 m for 20 degrees

2]
\¢

Z 0,20 m for 30 degrees

GZ ) 0.20 m for 40 degrees
&“2 35 degrees

and e = 0,08 m radian:for 9;

where the limit angle ¥, was defined
as the smallest of ¥, , angle of
heel for imersion of non-watertight
openings, angle of heel for shifting
of cargo, or L4LO degrees. Rahola's
work has been of great value and
formed the basis of several national
criteria, including the IMCO criteria
published in 1968.

Skinner, (38), in his paper considered
stability of small ships under the
influence of simultaneous action of
wind, waves, and shipping water. He
came to the conclusion that the mag-
nitude of maximum GZ value and the
corresponding angle were sufficient

to define the righting arm curve,

Operational factors which affect the
stability of ships were considered
by Steel, (39), in 1956. He analysed
several casualties of specific ship
types and stated that the minimum
standards should not be accepted
automatically but due consideration
must be given to the type of ship,
service and the nature of the cargo.

Yamagata, in 1959, (40), presented
the stability criteria adéapted in
Japan, The approach used was sim-
ilar to Pierrottett!s proposal and

a procedure for calculation was also
given.

Norrby, in his studies, (41=42),
offered some modification on Raholatls
dynamic stability criteriom for
coastal vessels., He proposed the
dynamic lever as e = 0.08%‘ m, rad.

at the limiting angle which was the
lowest of I , the flooding angle

.or 35 degrees, where O was the

summer load displacement and & was
the displacement considered. Iie con=-
cluded that once the stability cri-
terion was decided, the minimum
required GM could be estimated by
ship masters after measuring the
rolling period and using Katotl's for-
mula for the radius of gyration.

In 1962, INCO (Inter-govermmental

Maritime Consultative Organisation)
established the Sub-committee on
Subdivision and Stability which was

. to deal with the stability of all

types of ships, including fishing
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vessels. The progress made by IIICO
was reviewed by Nadeinski and Jens,
(43), for fishing vessels and by
Thomson and Tope, (44), more gener-
ally. The outcome of the studies were
certain recommendations for judging
the stability of ships which had very
little difference from Rahola'!'s res-
ults. We shall discuss them later.

3. PRESENT STATE OF ART

During the last decade, research in
ship stability has taken a new dir-
ection and Grim, (20), and Wendel,
(45), were the pioneers of these new
developments, They both introduced
the effects of the variation with time
of ship!s restoring moment in a sea-
way, but used this variation for dif-
ferent purposes, In fact, the basic
idea was not new, Pollard and Dudebout,
(46), and kempf, (47), had mentioned
the importance of the subject, but

the application came after 1952.

Here we shall summarize each approach
separately and for the sake of con-
venience we shall first consider
Wendel'!s approach,

Statistical analysis of casualty rec-
ords indicates that an important part
of capsized ships, especially between
30 and 60 metres in length, were under
the action of following or quartering
seas with 5=7 Beaufort wind forces,
Inspired by this fact, Wendel and a
group of naval architects led by him
concluded that the most critical sta-
ility condition arises when the ship
is acted upon by a wave whose length
and velocity are the same as those

of the ship, The amount of total loss
in restoring moment was found to be

a function of wave height, wave geo-
metry, wave steepness and the location
of the wave crest relative to the
shipt!s length, It was pointed out

- that the worst condition arises when
the crest is at amidships. The method
of calculation was first to super=-
impose a orie-dimensional wave form on
the ship's profile. drawing, allowing
sinkage and trim, and to compute the
righting arms with one of the known
methods, The results of these com-
putations yielded very severe losses
in restoring moments which were gen-
erally unrealistic., In order to modify
the results, Arndt and Roden, (48),
proposed the introduction of Smith
effect, e.,g. the effect of orbital
motion of water particles, into the
pressure computations. Their results
are #llustrated in Figure 2, Studies
in this direction were further devel-
oped by the contributions of Paulling,
(49), Upahi, (50), and many others.

‘linear rolling motion.

5.

Later contributions were on the pro-
bability of capsizing and the results
were presented in (51).

Research on this subject still con-
tinues and a Sub-committee at IMCO
has considered some proposals based
on the stability losses in follow=-
ing seas, see for example, (52),

(53).

In 1952, Grim dealt
of restoring moment
different purpose.

equation of rolling

with the variation
in waves for a

He considered the
as

I§ + A(GM+ 5GM cosart)9=0

where I is the virtual mass moment of
inertia about the rolling axis, & is
the displacement, GM is the metacentric
height, § GM is the maximum variation
in metacentric height, O is the wave
frequency, t is the time and # is the
angle of roll., By making use of the
known results on the stability of
Mathieu!s equation, he pointed out the
possible instability regions. In
1954, (24), he considered more general
rolling motion as

19 +0.G2@)=M

where M is the excitation.

The importance of his approach lies

in the attempt to relate the stability
of a ship to its motions and this idea
forms the basis of the majority of
today!s research activities. Following
Grim's study, Vedeler, (22), Bauman,
(23), and Kerwin, (545, extended the
understanding by considering more
general equations to represent non-
Paulling and
Rosenberg, (25), indicated possible
instapilities due to nonlinear coupl=-
ing effects. Haddara, (55), in his
work tried to discover some unstable
regions from the results of Hill's
equation, ‘ i

While the deterministic case was be=-
ing ‘studied extensively, the behaviour
of a ship in random sea conditions
was also examined by many research.
workers. Following the Pierson and
St. Denists introduction of the sub-
ject, Cartwright and Rydill, ' (28),
paid more attention to rolling motion,
Kato et. al., (56), presented an ex-
perimental study for irregular wind
and wave conditions. The study car-
ried out in Japan by a group of
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" scientists, (57), gave not only the

existing methods of assessing stab=-
ility, but also a summary of the com-
putational procedures for calculating
the important factors necessary for
the evaluation of stability. Hassel-
man, (58), and Vassilpoules, (59),
showed how to treat the nonlinear
systems under random excitations.
Kastner, (60), extended this applica-
tion and studied the behaviour of
phase trajectories of rolling motion
(see Figure 3). De Jong, (61), in
his Ph.D..dissertation tried to solve
the problem with the aid of Fokker=-
Planck-Kolgomorov equation and defined
the stability with the probability

of threshold crossing, Similar studies
have been carried out both theoretic-
ally and experimentally by many Tres-
earch centres (see for example, (62),

(63), (64)).

One of the most important features

of all this work was the tendency to-
wards solving the single or coupled
nonlinear rolling equations and then
searching for stability with the aid

of the determined solution. When the
equations of motion are severely non-
linear, the approximation methods
which linearise the equations, in one
way or another, may not yield reliable
solutions. To overcome this difficulty
odabagi, (65), introduced the Lyapunov's
Direct Method into the stability com-
putation of ships. Later the general
definition of stability, (66), and the
method of assessing the stability,
(67), have been further studied by

Kuo and Odabagi.

Here we have only summarised the con-
tributions which were available to

the authors and we sincerely hope that
the participants of this conference
will cover the grounds which were left
open by us and moreover will contribute
towards a more rational understanding
with their papers and discussions.

L, STABILITY CRITERIA

Stability criteria are the only guid-
ance available both to the designer
and to the ship master for judging the
stability of ships and in that respect
the necessity of having such regula-
tions or recommendations is fairly ob=
vious. Establishing the stability
criteria is however a very difficult
task since one ought to find a comprom-
ise amongst very many diverse and con-
flicting demands and factors influenc=-
ing the optimum design requirements.

A glance at>casualty records indicates
that the sizes, types, loading con-
ditions, envirommental conditions and

totally the causes of the incidents
are diverse, Table 1 which has been
prepared from a study of a recent
sample of UK casualties during the
last fifteen yvears illustrates this
fact very clearly. While this is
the case one would be optimistie to
believe that a standard GZ=- ¥ curve
or an oversimplified graphical ap-
roach is a satisfactory solution to

-the problem.

From an examination of the remarks
column in Table 1, it will be appar-
ent that difficulties are often ex=-
perienced in establishing primary and
secondary causes of loss, or of dis="
tinguishing the former, which is the
more important, from the latter.
Furthermore, there is invariably a
good deal of speculation about cases
where ships have disappeared without
trace as in 6 of the above sample..

Tn relatively few cases is the issue

a clear-cut case of inadequate stab-
ility and there are usually complic-
ating circumstances., This will be
illustrated by the summary of this
sample, which is given at the end

of the paper. (Table 2) Other samples
would no doubt reveal different dis-
tributions or additional primary and
secondary causese.

Even in cases where stability is
deemed inadequate (e.g. by IMCO stan=-.
dards), absence of a "weather cri-
terion" makes it impossible to state
what sea conditions might have been
survived. The same applies to those
ships which had stability greater
than IMCO recommendation but still
capsized, and consequently little is
learned from what is often a very
protracted and expensive investiga-
tion of the case,

In practice many altermative ap-
proaches have been proposed to over=
come the difficulties., Some of these
preferred simplicity and devised
purely empirical criteria. Some
others used idealized theoretical
computations as their basis for stab=-
ility criteria. A common feature of
all the proposals was their depend=- -
ence on practical experience.

Though different in numerical values,
today we may meet three main groups

of criteria in assessing the stability
of ships, (43), (68), (69):

1) Criteria based on certain for-
mulae for GM and freeboard
values. These types of cri=-
teria are mainly used for small
vessels and in some countries

" for tugs and fishing vessels.
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Criteria based on minimum stab-
ility requirements for, GM,
statical and dynamical righting
levers. This is the approach
adopted by IMCO and the numer-
ical evaluation of minimum -
values are achieved by the -
pillar diagram analysis of cas=
ualty records. Following the
IMCO recommendations, their
results were approved and ap~
plied by many nations,

Criteria based on the comput-
ation-of heeling levers for
comparison with righting levers.
This is the only approach which
explicitly uses a theoretical
approach, though some over=
simplifications are involved.
The users of this form of stab-
ility criteria are mainly USSR,
Eastern European countries and
Japan,

Because of their frequent use here we
shall summarise the last two methods
of assessing the stability.

IMCO requirements on statical and dyn-
amical stability are as follows:

a)

GM ) 0,15 metre for passenger and
cargo ships, GM) 0.35 metre for
fishing vessels, and GM) 0,05
metre for ships carrying a timber
cargo on deck.

9.> 25°, preferably 35)302 where
8. is the angle GZ attains its

. maximum value.

GZ) 0.2 metre at V) 30°

Dynamical lever ) 0,055 metre
radians at &= 30° _

Dynamical lever » 0,09 metre
radians at =40° or ¥=9; 4

_being the angle of flodding.

Dynamical lever difference be-

tween ¥ =40° or ¥=%& and
9 = 30° must be greater than 0,03
metre radians,

Additionally, for passénger ships:

g)

h)

Angle of heel must be less than
10" due to movement of passengers,

During the turning of ship the
angle of heel must be less than
106" under the influence of the

moment

\/;2

M= 002 2 (KG"TT)

(tonne metre)

where M, is the heeling moment,
V, is the service speed, L is
the waterline length, T is the
draft, and KG is the vertical
coordinate of the centre of
gravity. ’

As one can easily see, the IMCO rec-
ommendations are very similar to

. those obtained by Rahola (see Figure

1).

To illustrate the important features
of the third group of stability cri-
teria, we shall give the summary of
a proposal submitted to IMCO by the
USSR delegation, (70). - According to
this ecriterion a ship is assumed to
be stable if the weather criterion
K fulfils the following inequality:

K =—A"j\‘—v 3 1.0

where M, is the capsizing moment and
M, is the "dynamical" heeling moment.
M, is calculated by the formula

M = 0,001 P AZ (tonne metre)

where P, is the wind pressure, A,
is the projected lateral area above
the effective waterline, and Z is
the distance between the centre of-
the projected lateral area and the
effective waterline, The values of
P, are given in Figure 4,

Capsizing moment is determined by
means of a graphical procedure.
Before commencing the procedure, it
is first necessary to calculate the
amplitude of rolling {, by the for-
mula

where x,, x, and y are coefficients
and they are given in Figures 5, 6
and 70.

If we use the statical stability
diagram, the capsizing moment is

and if we use the dynamical lever
curve, capsizing moment is.
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The determination of OM and BE can
easily be followed from Figure 8.

As, for the time being, most of the
nations are using the IMCO recommend-

" ations as their stability criteria,

we concentrate our attention on the
activities of this Organisation. When
the IMCO made the recommendations on
minimum stability in 1968, it was
generally understood that those rec=-
ommendations were only a first approach.
Although some altermative proposals
have been made by certain delegations,
notably USSR, they have been somewhat
jinconclusive, IMCO has recently set
up a new Working Group to formulate
improved stability criteria., Further
details can be seen in Appendix I.

Here we present certain character=
istics of two ships in order to show
the desirability of improved criteria.
Those ships more than fulfilled the
minimum stability requirements of
IMCO but yet capsized, (71), (72),
(73). (See Tables 3 and 4) These
examples show that IMCO recommend=
ations, by themselves, are not suf-
ficient to provide acceptable safety
of ships, and as in both the cases
the weather conditions were not too
severe, we must look for some other
basic reasons causing the capsize.

In the United Kingdom the Department
of Trade is conscious of this situa=-
tion and issues additional dance
where considered necessary (see Appen=
dix IT) and takes an active part in
supporting relevant research.

5. CRITICAL REVIEW OF EXTSTING
KNOWLEDGE -

As has been seen from the preceding
chapters, the stability of a ship is
judged by means of the righting arm
curve which is determined from the
geometry of the ship and the vertical
location of the centre of gravity,
and by hypothetical wind and wave
forces which are assumed to be pot=
ential, Thus, the problem is reduced
to the stability of a conservative
system. As a natural consequence of
the theory or ordinary differential
equations, if there is mno additional
disturbance, the ship will settle in
her new equilibrium position., -Thus,
this is only a quasi-dynamic approach.

While appreciating the value of prac-
tical experience and accepting the
desirability of basing regulations on
a rational analysis of such experience,
we should like to draw attention to
the following aspect.

Considering that most of the criteria

are based on Rahola's results with
minor modifications and additions,
the following aspects appear rather
weak even in a semi-empirical ap=
proach:

1)

2)

It seems that gl the results
are concluded from so-called
histograms, in fact only pillar
diagrams of righting levers
and dynamic levers of vessels
which suffered stability cas=
ualties were used, (43). The
statistical procedures adopted
seem questionable and are not
familiar to the authors. A

_ closer examination of these

graphs and the real records,
however, shows that

a) The types and siszes of
these vessels are very much
different and the range cone-
sidered is considerable.

b) Their loading conditions
at the time of the incidents
are different, the assumption
apparently made that the load-
ed arrival condition can be
taken as safe does not seem
justified,

c) The environmental cone
ditions for each casualty are
different, the significance
of this fact is ignored.

d) The ages especially of
so=called "existing" ships are -
different,

e) The fact that some of the
so=called existing ships (as~-
sumed to be safe) might become
casualties in the future was
neglected.,

Tor these reasons the authors
feel that if any similar study
is carried out in future it
should be based on a weighted
statistical analysis, weight
coefficients being derived
from the aforemestioned fac=
tors. Furthermore, it should
be recognised that the results
so obtained are not valid for
new unconventional ships.

A ship often capsizes while
executing certain oscillatory
motions under the influence of
varying actions of winds and
waves. The action of wind and
waves are not potential, that
is, they cannot be idealized in
order to introduce them into
GZ-f diagram, While this is
the case, a quasi-dynamic
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approach under over-simplified
assumptions cannot be expected
to be powerful enough to cover
the whole range of shipse. Our
examples in Section 4 are not
thought to be exceptional cases.'

3) There is a dangerous tendency to
extending the existing criteria
to other parts of the marine
world, The current application
to floating offshore structures
is a typical example., They, in
reality, have very little in
common with ships so far as the
stability of motion is concermed.
They certainly make their maxi-
mum rotational motions about one
of the principal axes for which
the virtual mass moment of in-
ertia is minimum, and considering
the large asymmetric superstruc-
tures this axis may not coincide
with one of the symmetry axes for
the underwater part. Furthermore,
the influence of wind and waves
on these structures are also
quite different,

4) Although many attempts have been
made to define the ship stability
mathematically, see for example
(74), (75), no stability criteria
have hitherto provided a rational
definition of stability. This,
in the authors! opinion, is the
first task to be achieved uniquely.
For various stability concepts,

see (76)

5) The last and most important com-
ment on current criteria is on
their absolute nature, When a
ship fulfils the criteria require-
ments it is announced to be stable
without any reference to environ-
mental conditions in spite of
the knowledge that there is no
absolutely stable dynamic system.
It is, therefore, necessary to
incorporate the stability criteria
with environmental conditions by
specifying, at least, some oper=
ational zones and seasons. In
practice, when analysing casualties
involving stability, the trend
is to state whether the ship com-
plies with the IMCO recommendations
and this is the final word to be
said., Thus, in that respect, no
lesson is learmt and no improve=
ment is achieved from those anal-
Yysese.

Today, efforts are increasingly being
directed towards a more explicit eval-
uation of the stability properties of
ships and floating offshore structures.
According to the general trend of these
activities, we may examine them in

9.

certain groups.

The first group of studies continues
to utilise classical stability theory
by means of some manipulations or
corrections. In the majority of
these research activities, a modifed
stability criteria is the aim and
attempts are made to achieve this by
introducing some deterministic or
stochastic corrections., The authors
think that the classical theory is
insufficient to provide safety
measures for all the diverse float-
ing structures and the studies
carried out may yield trivial res-
ults, if the motion dynamics are not
considered,

The second group examines the in-
fluence of following and quartering
seas, mostly from a statical p01nt of
view. The aim of these studies is

to devise formulae for calculating
the reduction in righting arms of

a ship tunder the action of assumed
deterministic or stochastic wave
conditions, and then to formulate

the stability criteria., Although a
study on this basis may yield some
useful results, it will be wrong to
interpret and to use the results as
statical quantities. The difference
between the statical and the dynam-
ical uses are best illustrated in
Figure 9. As is seen from the time
histories in that case, even 25% loss
in restoring moment does not give

a significant increase to the ampli=-
tude of rolling motion, This fact
has been observed in many experiments,
especially for vessels over 100 m

in length, (77). It should, however,
be emphasised that the results may
be used effectively provided that
they are incorporated with the equa-
tions of motion.

The last group of studies tries to
relate the stability concept to the
equations of ship motions., The ul=-.
timate goal of this approach is to
devise a procedure for assessing
the ship's stability from its motionms
under deterministic or stochastic
environmental conditions. In the
authors! understanding this is the
best possible way of defining and
evaluating the stability of ships.
There are nevertheless, certain
points associated with this dymamic
systems approach needing to be clar=-
ified, for the treatment involves a
broader spectrum of knowledge than -
is to be found in classical naval
architecture, and it is therefore
important to make the following
remarks:

l) Modelling, i.e., mathematical
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formulation, is undoubtedly one
of the most important parts of
the problem and deserves much more
attention in future. Thus, one
should be very careful in making
assumptions and should also know
the limits of validity of his
model, Although it is generally
possible to find the solution of
a formulated problem, it may not
correspond to the real physical
events if the formulation is not
realistic.

2) During the mathematical treatment,
efforts should be spent on relat=-
ing the mathematical symbols to
physical quantities. This certain-
1y helps to understand and to in-
terpret the mathematical outcomes
and their relations with the other
quantities involved.

3) Final results should be put in a
form that can be easily applicable
to practical problems by those not
having specialised kmowledge.

6. REFLECTIONS FOR FUTURE DEVELOP=-
MENTS -

Today we have clearer and more ration-
al ideas on the stability of ship
motions than ever before. Even a glance
at the programme for this Conference
will show how the interpretation of

ship stability has changed in recent
years. There are, however, still some
gaps in knowledge and we need to dev-
elop these ideas in order that they can
be applied in practice., In that respect
we would like to suggest concentration
of efforts on the following aspects:

1) ZTheory

There is a very big gap between
theory and practice and although
theoretical development seems to
be going in the right direction
there appears to be some importe-
ant aspects which need to be con=-
sidered firsts

a) There exists no precise def-
inition of stability in terms of
mathematics and the motion char-
acteristics, This should be one
of the first priorities.

b) Most of the studies so far
aim to achieve a quick result
and directly relate to specific
casualties, The results of such
a study yield only a point on a
milti-dimensional surface and are
far from being conclusive. Thus
there is an urgent need to spend
more effort on basic features of
the stability analysis in oxder

to gain more insight into the
relations between the ship=wave
system parameters and the
stability of ship motions.

¢) Some of the recent studies
seem to be of academic interest
and the mathematics tend to
dominate the real concepts. If
we wish to achieve progress in
the practical application of
such knowledge, we must make our
message clear and precise by
emphasising the physical mean-
ings of the formulae involved.
In the authors! opinion, the use
of somewhat more sophisticated
formulae need not make life more
difficult provided that they
are understood and properly in-

-terpreted. Application in con-

trol engineering gives a very
good example of this kind of
philosophy,.

da) Some important factors,
such as shipping water, influ-
ence of cargo movement, and -
types of cargo appear to be ig-
nored in some of the theoretical
studies, although in many cas-
ualties they have been of vital
importance. Here we may quote
the Code of Safe Practice for
Bulk Cargoes introduced by IMCO
(78), as a positive step.

e) Every effort should be
made to exploit known theory
and this may be achieved by
making some modifications and
simplifications without sacrif=
icing from safety.,

Application

Experience in applying current
criteria has revealed certain
important defects which should
be recognised when establishing
any improved stability criteria.
Examples of these are:

a) From casualty statistics

it is apparent that the majority
of lost ships are under 70 m

in length and the predominance
of fishing vessel casualties

is obvious, The reason for the
latter is no doubt the greater
exposure to risk in that type

of vessel which has to spend

a large amount of time at sea
in all weather conditiomns,

often far from a place of refuge

- and obliged at times to under=-

take manoeuvres, in order to
maintain station which can be
dangerous. Thus it is necess- .
ary to allow for this in reg-
ulations for fishing vessels.
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b) Inquiry reports indicate
that, especially in small vessels,
" ship masters are not always able
to ascertain the vesselts stab-
ility accurately, partly because
of their lack of knowledge both
on stability theory and on the
cargo characteristics, and partly
because of shortage of time,
Consequently, some altermative
form of stability information
should be provided which can be
easily and quickly used by ship
masters., This has already been
recommended by the UK Department
of Trade, (79)., Since it is very
difficult, if not impossible; to
establish very simple stability
regulations which will ensure
safety of ships under all con-
ditions, it is desirable to dev=-
elop two different forms of
criteria - one for ship masters
and one .for designers and approv~
ing authorities, the second being
more elaborate.

c) Casualty statistics will con-
tinue to have an important role
to play. It should, however, be
kept in mind that the so=called
histograms, referred to in Part

5, should not be confused with
any meaningful statistical analy=-
sis.

da) Increasing demand for marine
products and consequently sea '
transportation has created some
new and unconventional types of
vessels such as offshore supply
ships and pipe laying barges.
They may also require special
treatment and this aspect has
recently been under discussion
by the UK and other delegations
at IMco, (80).

3) Education

Another important practical as=
pect is the necessity for educ-
‘ating ship masters. This need is
urgent especially for masters of
small shipse.

Finally, we should like to emphasise
the role of maintenance and survey in
order to keep the standard of stab-
ility and seaworthiness at its in-
tended level.
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APPENDIX I

STAB XVI/8 » ANNEX III

PROPOSED TERMS OF REFERENCE OF THE
AD HOC WORKING GROUP ON IMPROVED
INTACT;STABILITY CRITERTA

i1, Examination of information con=-
cerning the casualty experience gained
so far in the application of the ’
Recommendations on Intact Stability for
Passenger and Cargo Ships under 100
metres in length (Resolution A,167
(ES.IV)).. Such examination need not
exclude ships of greater length.

2e Review of the present state of
theoretical knowledge and experimental
research corncerning capsize phenomena
and environmental conditions,

3e On the basis of 1 and 2 to identify
and summarize typical dangerous sit-
uations and. to establish theoretical
models for those situations.

4, Identify the relevant ship and :
envirommental parameters which mutually
infludnce safety relevant to rolling
behaviour.

5, Formulate suggested criteria taking
account of the parameters in 4,

6. Establish a practical calculation
procedure for these criteria.

Te Undertake comparative calculations
for a sample of ships using both the
newly developed criteria and existing
criteria (including Resolution A.167
(ES.IV)) and their relevance to cas=-
ualty experience,

8. Submit to the Sub=Committee the
Ad Hoc Working Group!s recommended cri-
teria together with any explanatory
material and other basic information
necessary for their understanding and
application.
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APPENDIX II

REGULATIONS AND RECOMMENDATIONS
CONCERNING SHIPS STABILITY VWHICH ARE
CURRENTLY PUBLISHED IN THE UNITED
KINGDOM T

1. The Merchant Shippi%f (Load Line)
Rules 1968 (HMSO 1968

Schedule &

This reproduces the standards recom=-
mended by IMCO as adopted in the
Assembly Resolution A 167 (ES IV),
promulgated in 1968,

Rule 30 and Schedule

Stability information to be provided

‘for the guidance of the Master.

2, Survey of Load Line Ships =
Instructions for the Guidance of
Surveyors (HMSO 1972

Appendix 5

This provides detailed guidance to
surveyors, as well as to ship owmers
and shipbuilders, regarding the
application of the 1968 stability reg-
ulations to ships of various types and
the extent to which they apply to exist-
ing ships, hopper barges and other

small ships. .

Amplification of the damage stability
requirements relevant to none-passenger
ships under the 1966 Load Lines Conven-
tion is also included (that aspect is
not considered in this paper).

Guidance is given on the special stab-
ility problems affecting certain types
of ships, eg.container ships, dredgers,
Floating cranes, hydrofoils, tugs, also
bulk cargoes such as coal, grain, ore
concentrates (guidance on the IMCO
"Code of Safe Practice"), timber and
other deck cargoes, Additionally allow=-
ances to be made for ice accretion are
given dependent on the area of operation.

Advice is also given to surveyors (but
not yet published) regarding special
stability standards for ships whose
mode of operation makes compli

Schedule 4 impracticable, These include
drilling rig supply ships which have
additional problems (nbw under review
by IMCO) concerning low freeboard aft
and pipe cargo on deck which tends to
trap sea water.

17,

’3. Herchant Shipping Notices SHMSO[

Numerous Notices to Ship Owners,
Masters and Shipbuilders are issued
from time to time., Several of these
relevant to stability which are cur=-
rently in force are Nos MU66, 567,
590, 599, 604, 608, 613, 618, 627, 666
670, 687 and 699.

L, Guidance on the Design and
Cons truction of Offshore

Tnstallations (HMSO 197%)

Section 4 Primary Structure

4,3.1 = Floating Intact Stability

Stability is to be adequate to withe
stand an overturning moment due to
wind of maximum velocity 100 knots.
Area under righting moment curve should
not be less than 40% in excess of the
area under the wind heeling moment
curve, Range of stability to be not
less than 350.

See also the Offshore Installations
Construction and Survey) Regulations
1974, Part IV, paragraph 3)

Authors' Note

The fragmentation of rules and rec=-
ommendations on such an important sub=-
ject is undesirable and we would rec=
ommend publication of a comprehensive
manual which could be developed from
item 2 above,



TABLE 1

No.| Type |Year Dimensions (m) Gross | Crew Cargo Date of Location of Wind| Sea GM | Free- [ Lives Remarks
Built Tons Casualty Casualty Beau (m) | board | Lost
fort (m)
No.

1 Wood ' 1935 | 14.7 x 4.5 1 2.5 25 3 | Fish 13.10.63 55°29'N; 5°51'E 9/10 Heavy 0.55] 0.3 3 Reasaon for loss not certain but
MFV | 6m waves Court concluded probably cap-

' sized in extremely heavy weather

2 |Landing | 1966 | 24.4 x 5.8 x 1,52 35 . 4 | Trailers & 11.11.66 | off Islay, 4/5 | moderate | 1.22] 0.6 2 Deck cargo shifted and she cap-
craft lorries on Scotland gized. Court blamed master for
ferry deck not securing deck cargo.

3 Fighing ] 1956 | 30.5 x 6.7 x 3.3 166 9 | Fish 14. 2.65 | Dogger Bank 10 Very 0.61| 0.55 9 Vessel disappeared while
Trawler : Rough : fishing near Western edge of

Dogger bank, Court concluded
that she was probably over-—
whelmed by a wave or succession
of waves.

4 Cargo 1969 | 30.7 x 6.8 x 3.1 195 6 | Coal 29, 6,73 | Scottish Coast 4 moderate | 0.3 0,15 5 The coal was trimmed and hatch
Coaster . boards fitted. Tarpanlins were

not fitted because some deck
cargo was to be added., Spray
penetgated covers, causing list
to 35 . Hold filled with sea
water and she sank, Court

] blamed master for not fitting
tarpaulins and criticised stab-
11ity information.

5 Cargo 1963 | 31.0 x 7.6 x 3.1 199 3 | Soya Beans 21.11.71 | English Channel 10/11 Heavy ‘0,94 ]0.37 |None |Master decided to abandon ship as
Coaster he was afraid she was going to be

overwhelmed and because of dif-
ficulties with defective steering
gear controls. Court criticised
- - maater's lack of lkmowledge of
stability data and of the ship's
ability to survive. .

6 Fishing 1958 |36.1'x 7.8 x 3.9 274 13 | - 13, 1.65 | off Orkneys 9 Severe 0,54 10.9 13 Court concluded she was over-—
Trawler whelmed by a sea or seas,

7 Bucket 1906 | 41.5 x 9.2 x 3.5 336 -1~ 26. 6,67 | Sunderland calm | calm 0.6 None |Bucket ladder had been raised to
Dredger harbour move vessel, thus reducing stab-

. ility. Vessel heeled slightly and
water entered open sidescuttles,
she flooded and capsized.

8 Sand 1955 | 43.4 x 7.9 x 2.6 278 6 | Gravel (from| 13. 3.67 | Bristol Channel 1 Heavy 1.39]0.24 }None |Operating with open hatchways,
Suction sea bed) i swell She took 2 heavy seag on s.beam,
Dredger 1st heeled her to 30 /40 , 2nd

capsized her,
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No.

Type

Year
Built

Dimensions (m)

Gross
Tons

Crew

Cargo

Date of
Casual ty

Location of
Casualty

Wind
Beau
fort
No.

Sea

cH
(m)

Free~
board
(m)

Lives
lost

.Remarks

0f fahore
Supply
Veasel

1967

45.0 x 11.5 x 4.8

666

Drill Pipes
and Stores

T. 1.70

North Sea

High Seas
and swell

1.49

0.77

None

vessel was lying off rig waiting
for weather to improve when sea

water entered engine room and hold
through improperly closed openinga
Vessel capsized.

10

Cargo
Coaster

1953

47.8 x 8.5 x 4.0

522

Steel plates

] Steel piles

6. 2.70

River Tees

-Estuary

4/5

Slight
sea,
swell
1.8

0.23

0.49

10

The steel plates had to be dis-
charged first and were therefore
loaded on top of the-piles.
Master had difficulties calcul-
ating stability which he over-
estimated, She capsized in beam
swell shortly after leaving port.

Cargo
Coaster

1958

48.7 x 8.7 x 3.5

Lead
Concentrate

30.11.72

off Suffolk
cosst, Eng]’and

52°23'N; 1 55'E

7/8

Rough
sea and
swall

1.28

0.48

During voyage vessel shipped one
or two seas g which cleared. She
then took a heavyosea o8 which
heeled her to s 5 «10 . This
gradually increased to 15° and
eventually she capsized. Court
concluded that 1list caused by
shift of cargo which became fluid
due to vibration and ship motion.
Court criticised Owners for not
properly trimming cargo. Recom-
mended research into procedure for
testing concentrates and margin of
safety relative to IMCO Code of
Safe Practice.

12

Coastal
tanker

1940

49.7 x 8.5 x 4.5

514

10

Liquid -
Ammonia

26.12.72

Irish Sea

5/6

Moderate
pea and
swell

None

List of 30° developed during
voyagé due to flooding of P side
buoyancy tank via 10 cms dia air
ripe which had broken. Almost cap
sized, saved by flooding opposite
side tank,

13

Fishing
Trawler

1937

50.4 x 8.4 x 4.5

533

19

Fish

18,10,.61

54°15'N; 0%10'E

7/8

Rough
confused
awell

0.33

Vessel in following sea took one
or two heavy rolls to p and rec-
overed. Later a large sea flood
the p side of deck and she cap-
sized. (Kost of crew saved by 1ifé
raft.)

14

Fishing
Trawler

1950

52.0 x 8.9 x 4.4

600

11. 1.68| Not lmown

7/8

3.6 m

0.65

Vessel disappeared after leaving
Hull on way to Norwegian fishing
grounds. Court unable to estab-
1lish cause of loss.
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No. Type Year Dimensions (m) Groas | Crew Cargo Date of Location of Wind Sea GM | Free-~|] Lives Remarks

Built Tons Casualty Casualty Beau (p) | board} Lost .
fort (m)
No.

‘o2

15 | cargo 1956

8 3. 565 9 | Fish meal 14.11.67 | Antwerp Harbour | calm calm A 0.09 None | Vessel was being loaded and holda.
Coaster 53.4 x 8.4 X 4

5
RQD 4 in bags } were filled. Remainder of cargo
was being added on deck to a

height of 1.5 m., Master had in-
correctly estimated GM at 0.50m.
List developed and she capsized
at berth before any deck cargo
could be taken off.

16 | Fishing | 1949 | 54.4 x 9.2 x 4.6 659 19 | Fish 4. 2.68] Isaf jord, 12 very 0.31] 0.70 18 Capsized in hurricane when master
Trawler : Iceland rough was turning to s to head into wind,
: Vessel was heavily iced. Large
quantity of water came on board p
‘gide and she lay over to P, Stab
111ty reduced by ice, consumption
of fuel and little fish cargo.
Abnormally severe weather,

17 | Fishing | 1948 | 55.4 x 9.4 x 4.6 658 20 Fish ’ 26. 1.68| North of 11/19 Very 0.74 20 Court could not establish cause
Trawler ] Iceland Rough of loss with certainty but prob-

. ably capsized in exceptionally
gevere weather., Hurricane force
winds and severe icing.

- 18 | Stern 1972

3 1106 36 | Fish 8. 2.74| North Cape Bank 9 Very 36 Disappeared while fishing off the
Trawler 8

B - | rough, North Cape of Norway. Like other

’ waves up travlers in the area she was "lay-
to about ing and dodging" to maintain stat<
15 m ion in very severe weather.
Appears to have proached to when
turning and swamped by a succes=
sion of large waves.

56.8 x 12.2 x ,57

TSeqRP0 PUB PITJ

19 | Cargo 1971 | 58.0 x 9.9 x 4.4 696 7 | Packaged 4, 7.7 Ba&tic Sea o 5 Low sea | 0.24] 0.55 | None | Voyage Vastervik to Boston UK.
Coaster ' timber in 56 21'N; 16 48'E and Rolling easily in moderate swell
holds and swell ) . then listed heavily to p, 50 rep-
on Deck ‘orted, This dus to shift of deck
' cargo and entry of water through
opén sidescuttles, Quartering
sea, possible synchronous rollin

20 | cargo | 1957 | g35.0 x 10,4 x

4.3 | 1074 ] 12 | Coal 29,12,62) 0ff Lizard 9/10 | Very 12 | Dutch coaster observed this vgssel
Coaster : ‘RQD 5.5

(anthracite) English Channel Rough pass her than turn rapidly 90~ to
port, SOS by Aldis then observed.
- Tmmediately after, her masthead
1ights disappeared. Court con-
cluded that her steering gear had
broken down and she broached to
and capsized,
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No. Type Year Dimensions (m) Groas | Crew Cargo Date of Location of Wind Sea GM | Free-| Lives Remarks
Built Tons Casualty Casualty Beau (m) | board | Lost
] fort (m)
RNo.
21 Sand 1963 | 73.1 x 11.9 x 5.3 1317 11 | Pebble 8. 9.65 Thames Estuary 8 Confused | 1,50} 0.28 4 At start of dredging operation
Suction ) Ballast 51°46'N; 01 249 High sea wveather was Force 4, sea smooth
Dredger (from sea 30'E but deteriorated during loading.
bed) Cargo distribution uneven and S
1ist developed. Master contin-
uéd to load in spite of worsen-
ing weather, Shipped heavy seas.
S. Buoyancy spaces flooded through|
air pipes and access hatch and she|
capsized. Court criticised Master
22 | cargo 1945 | 128 x 17.1 x 8.8 | 7307 | 35 | Wheat and 21, 2.64 37022'N; 48%1'w | 9/10| very - |0.T1 15 Left Philadelphia for London with
Vessel . corn in bulk Rough slight P list shich tended to
increage., Locking bars were fit-
ted to all cargo hatches except
No 3 which had cargo on top. List .
to P increased to 20 due to entry
- of water in No 3, Capsized while
under tow, Court blamed master
for not fitting locking bars, not
correcting initial 1ist and not
plugging air pipes.
TABLE 3
TABLE 2
R EDITH
. Masteris Ship M/T AYGAZ M/T ppnKoL
Stﬂb%iltyd Shift Entry Steering insufficient
considcre s En : 1ed . .
inadequate of of gear ﬁ?o:t:bgiity Date of incident 2h,3,1969 274741972
for relevant cargo water failure d
sea conditions ::d/iiading LPP (m) 55450 58.60
i , . , ' Breadth (m 9,00 (:§§:25\~___
P;:Lmary ;zuses 365 1h% 23¢% 9% 18% . rea ) ( ) .
of casualty Depth (m) . he25 4.15
Sccondary causcs Y o 9, -
of onsualty 9% 1455 9% 5% praft (m) 1.96 1.75
Trim (m) 1.25(aft) 1.52(aft)
Displacement (tonne)l  627.77 661,63
' Wind Force 7 6
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TABLE 4

Comparison with IMNCO recommendations

Item v M/T AYGAZ M/T TERKOL I.M.C.0,
1 M (m) 0.73 0.6k 0.15
GZ340 (m) : 0,292 04350 ‘ 0,20
ehaxb(degrees) 29 ' .45 25

Dynamic lever ﬁp to

30° (m rad) 0.,1016 0,071 0,055
. Dynamic lever ﬁp to

10° (m rad) 0.,1480 0,132 . 0,090
. Dynamic lever between .
i 0,0464 0,061 0,030

40° - 30° (m rad)

: \ awehz)
: 0.4 — S
e ’ BENJANIN
g 0.3 \\/-
NNY
0.2 IMC.o- B —~ %
RAHOLA
0.4 ‘ /1/ \\ \\
. L= ‘ N

o) 10 20 30 40 50 ‘60 70
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Figure 2 Variation of Figure 3 Phase Trajectory
Righting Arm Curve in Waves of a Capsizing Model, F_ = O,k
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STABILITY OF SHIPS AND

MODERN SAFETY CONCEPTS

by

O. FRRAPPINGER

Hamburg Ship Model Basin, Hamburg, Germany.

1. INTRODUCTION

The application of science to naval
architecture and shipbuilding
commencing in the 18th century has
initiated big changes in this
field: sails and cars, for thou-
sands of years the only means

of propulsion were gradually re-
placed by propellers driven by
steam engines, and wood - hitherto
solely used for the construction
of ships - had to give way to iron
and steel. The possibilities to
overcome the confinements which
navigators experienced since the
beginning of human history seemed
to be unlimited.

Of course there were still some
troubles left:; but they were con-
gsidered as teething troubles and
their conquest was thought to

be only a matter of time. The
euphoria that progress of science
and technology will solve all
problems was characteristic of

that time. This was especially true
with respect to safety problems.
The goal was not less than perfect
safety, and perfect safety was
thought to be the consequence of
the perfect understanding of the
relevant physical relationships.
The attitude of many scientists °
working now in this field does

not seem to have much changed

since those days. Working on safety
problems still means to them to
advance mathematical models of
certain physical situations. Ob-
viously they do not realise that
the creation of such models is

not sufficient in order to design
safe ships. With respect to ship
stability it seems that recent
research work is rather rising

an additional problem: Which one

or which combination of the methods
proposed to judge sufficient stab-
ility should be adopted? There is
quite a choice today. In the following
a few examples are given as illustra-
tion.

2. SOME APPROAHCES TO STABILITY

Wendel and his school advocate to
investigate the balance of righting
and heeling moments (1), (2), (3).

The righting moment is calculated
for the ship 'in following waves as
mean of the moments attained for

the midship section on the crest

and in the trough. No dynamic effects
are considered.

In Japan, USSR and other countries
the well known weather criterion

is used. It takes account of the.
rolling motion and the dynamic effect
of gusts. The alteration of righting
arms caused by following waves as
well as heeling moments (beside

that from wind) are not taken into
account,

Abicht considers the combined effect
of the rolling motion of the ship

and the oscillation cf the righting
arms caused by waves overtaking

the ship (5). His result is a prob-
ability of capsizing. In spite of
many simplifying assumptions the
method is onerous to apply. Therefore,
it seems scarcely possible to include
heeling moments etc. in a proper
(i.e. in a probabilistic) manner.

Last but not least the IMCO criterion
(the principle of which is a very
old one) shall be mentioned.

If a naval architect who tries to find



2.

out what to do in order to make
ships safe against capsizing or if
an administrator who looks for some
advice how to improve stability
regulations decides to study. the
literature on the forementioned and
other methods they will soon make -
a rather bewildering experience:
There are people who are quite
satisfied with the IMCO criterion.
Other specialists promote the
weather criterion and consider it
physically sound and sufficient to
avoid capsizing. On the other hand
we find, e.g. in (1)*, that the
method on which the IMCO criterion
is based is considered obsoleéte,
and that the author does not think
too much of the physical principles
underlying the weather criterion.
The paper of Abicht (and many others
of similar kind) gives the impression
that only much more sophisticated
methods than those general at the
disposal of naval architects would
be adequate. N 7

To me the real problem is the lack,
of a comprehensive safety concept

" which allows us to explain explicitly

the significance of physical facts

in the context of safety. In order

to explain what I mean by "gsafety con-
cept"” and to demonstrate that it
comprises more than. even perfect
knowledge of all physical relation-
ships which might be of relevance

in connection with capsizing: I will
indicate some relevant ideas.

3.  SAFETY CONCEPT

Safety problems accompanying the
development of air-and spacecrafts
as well as lacking reliability of
large electronic systems . induced
efforts to bring more rationalism
into this field. It became generally
accepted that perfect safety is not
more than a fiction and that all
attempts to reach it must lead into
a dead end. As a more realistic
approach the probability that a
certain event (an accident or a
disaster etc.) does not occur during
a given time was introduced. This
probability is a measure of merit
which makes it possible to judge
different safety provisions. As

such it aids much to improve safety.
Additionally it is a necessary tool
to optimize the safety level with
respect to some economic object of the
‘overall mortality rate. '

In order to determine the probability
that a ship is safe against capsi-
zing, the following steps would be
necessary :

. Krappinger

1. Determination of the multi-
dimensional joint probability
distribution of possible wave
formations, wind and gust data,
icing, loading conditions etc.

2. Limit beyond that the ship
’ will capsize given as function
. of the data mentioned under 1.

3. Integration over the probability
distribution mentioned under
1. up to the limit as defined
under 2. The result of the
integral is the probability
that a ship i= safe against
capsizing.

Although the principle of this
procedure is very simple, I think
that neither step one nor step

two will be done during our lifetime:
it is rather likely that a complete
solution will never be achieved.

But if it would be posaible,there
would be still another problem:

It would not make much sense to

go through all the trouble necessary
to determine the probability and :
then to choose that probability
which represents "sufficient safety".
arbitrarily. An optimization (which
would have to account for mortality
rates, economic aspects etc.) would
be in order.

It is obvious that this task would
not be much easier than the deter-
mination of the probablity itself.

The case indicated above is not
unique. It happens quite often that
the optimum solution of complex
problems is known in general but
cannot be actually reached because
information and relationships in
particular are lacking. In such
cases it has proved expedient to
abandon the goal of an overall
optimum solution and to attempt

to make relevant details "good

enough”. In order to apply this
jdea to our problems we have to
define the meaning of "to make
relevant details good enough” in
our context. '

4, SUGGESTED TREATMENT

Capsizing may occur as consequence
of each of an infinit®& number of
possible situations.¥ {8ee. following
page) As examples- I would_like

to mention reports of ships having
capsized during a turning manoeuvre,
or under wind-action in calm water,
(e.g. the Swedish man of war "WASA"),
or under the action of following
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waves either after a monotonic
increase of heel or after increa-
sing rolling motions.

It may be considered as a "good
enough detail" of the safety
against capsizing if, for example,
a ship can withstand static heeling
moments which are likely to occur
during its life time. Other "good
enough details" might be based on
the fact that a ship should not cap-
size under the simultanious action
of waves and wind. Depending on

the relative direction of waves

and wind we may have the conditions
on which the weather criterion

is based, or a similar case where
the rolling motion is excited by
following waves, or a fast ship
heeled by wind and overtaken by

a number of high waves.**

Two remarks are to be made with
regard to the forementioned examples
of "safety details".

1. 7The physical (or mathematical)
models on which the safety
details are based are neces-
sarily more or less extensive
simplifications of real situations.
This does not matter too much.
It would be practically impos-
sible to establish a model
for each possible realistic
situation. Therefore, each model

-would have to cover anyhow

a certain set of real situations,
some of them, of course, only
approximately.

2. The degree of safety with respect
to a certain set of situations
depends respectively on- the
assumption of the wind force,
wave height etc. or a combination

" thereof. Because the optimum
degree of safety (i.e. the
conditional probability that
a ship will not capsize under
the assumed set of situations)

* It will be seen later that
only a finite number of certain
sets of situations is practically
relevant.

** Tt would not be too difficult
- to develop methods similar
to those used for the weather
criterion to deal with the
two last mentioned cases.

3

is not known explicitly it .
seems good enough to assume such
values of wind forces, wave
heights etc. or combinations
thereof, which do not capsize
ships which are considered
sufficiently safe.**=*

The joint result of both. the men-
tioned circumstances would be a
random scatter of the real, but
unknown conditional probability
that a ship does not capsize under
the assumed set of situations. It
is not possible to make an estimate
of this scatter. But I do not think
it of much practical relevance.

For each ship one of the safety de-
tails mentioned above will dominate.
In general it will be the same de-
tail for all ships of a certain
type. Therefore, it could be useful
to try to define the range -~ ex-
pressed by suitable ship character-
istics - in which a distinct detail
dominates. But it would be complet-
ely wrong to infer from the exis-
tence of such a dominating safety
detail that it provides a stability
criterion which is generally valid.

It is obvious from the literature
that experts more often discuss

the advantages of a distinct criterion
than the range of its applicability.
Because thereby each expert favours
his own criterion it is so hard to
reach agreement how to formulate
safety requirements. It is hoped
that the philosophy indicated in
this paper might be of some help

in the future.

*** - 7n connection with this pro-
cedure the discriminant an-
--analysis might-prove=useful.
Examples how to apply this
tool to stability problems
are given in (6)
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MARINE STABILITY CRITERIA

W. A. CLEARY, Jr.
U.S. Coast Guards, U.S.A.

1, INTRODUCTION

While there is evidence that marine
stability criteria have been

in existence, in a practical sense,
since man first ventured on the
Oceans, some accidents which still
occur routinely indicate that

we have not yet paid enough atten-
tion to the stability aspects of
ships. This paper attemps to ex-
amine in a functional manner the
need, physical properties, and
present methods of solving the
problem. Finally, several areas
for new development are suggested.

Intact stability characteristics
of any floating system are largely
determined by the shape of the
displaced liquid and the size

and distribution of the waterplane
area. This geometrical relationship
can be given the overall term
FORM. In addition, the SERVICE

the ship enters will help define
cargo weights, external forces,

and variations in loading. Finally,
the high seas locations visited
must be considered in order to
determine the maximum EXPOSURE

to sea or weather forces that the
ship is expected to encounter.
Only with a great deal of pure
good fortune can any of these
three considerations be ignored.

Damage stability evaluation begins
by requiring the naval architect

to be rather exact with his estimate
of the intact stability in the

ship. Damage stability analysis,

to be complete, requires a two-

fold examination. First, the loss

of buoyancy needs to be checked

to determine whether reserve
buoyancy or trim is lost. Second,
transverse stability must be chec-
ked to determine whether the system
will capsize or come to rest at a
calculated heel angle. Until ree:
cently, governmentas have been con-
cerned with damage stability only
as a means of protecting passen-
gers (persons who are considered
innocent of a knowledge of the sea
so that they must depend on sea-
farers for their safety while on
the gea).

The damage stability problem has,
of necessity, been rather rigidly
handled on passenger ship design

in order to be certain that passen-
ger evacuation from the ship is
always possible. This has required
the ship to withstand the assumed
damage without heeling more than
seven degrees.

When considering damage or accidental

flooding on cargo vessels, govern-
ments should be able to state the
goal of the ship design in a manner
commensurate with the differing
reasons for damage protection.
Within the past decade, governments
have begun to require subdivision
protection as a means of protecting
the environment. Shipping firms
have sometimes provided subdivision
protection as a logical method of
protecting the large investment

in men and materials which goes
into today's ships.

However, the process of selecting
the relative severity of an assumed



accident is just beginning to be con-
sidered by the international community
of nations, and it is still not fully.
defined in terms of the degree of safety
expected.

I am sure that the Intergovernmental

Maritime Consultative Organization (IMCO)

will be mentioned many times during
this Conference as the body which
holds responsibility for developing
marine criteria satisfactory to all
nations. To date, in approximately
fifteen years of activity, IMCO has
developed several stability criteria.
The 1960 SOLAS Convention included
damage stability criteria for passenger
ships and an intact criteria for bulk
loads of grain. In 1966, the Inter-
national Load Line Convention extended
the stability assumptions of the earlier
Load Line Convention (1930) and reg-
uired that all administrations party

to it satisfy themselves that each
loadlined ship have adequate stability
and be provided with full stability
information.:

In the late 1960's, a resolution was
adopted recommending an intact sta-
bility criteria for ships less than
100 m. in length, based on the recom-
mendations of J. Rahola. (1). This
has been modified slightly to develop
another recommended standard for fish-
ing vessels. Finally, the Pollution
Convention of 1973 has damage stand-
ards depending on the type of cargo
carried.

Notice that the action to date has
been in different areas with differ-
ent solutions. Not-all conventions
have included stability criteria.
Further, the criteria for fishing
vessels is being challenged as to
its applicability above 70 m. or
below 24 m. in length.

There is a need, in this writer's
opinion, to establish a fuller plan
for development .of stability criteria.
All nations should share their exper-
iences to assure that stability crit-

eria are developed in systematic fashion,

not just for the sake of orderly dev-
elopment, but particularly to help
define the necessary goals and move
toward. them in a logical manner.

Doing so will help avoid overlapplng
criteria which bewilder ‘marine design-
ers and sometimes seem to act at cross-
purposes.

2. NEED

The need for contlnulhg (or acceler-
ating) the search for proper marine
stability criteria can be quickly ‘est-
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ablished by reciting a few recent
casualties known to the author which
can serve as examples. WNames and
flags of casualties are deliberately
omitted, since investigations may not
be completed. Additionally, we can
examine the physical differences in
the newer floating systems which need
fuller evaulation.

Several years ago, a small ferryboat
capsized in good weather with only a
small seaway. Investigators ascert-
ained that there was little or no
control over the number of peopla
allowed on board for each vovage.

Within the past year, a ship carrying
a cargo of bulk fertilizer raw mat-
erial disappeared in heavy seas only
half-day from safe harbor. This kind
of bulk cargo has recommended stowage
procedure, and there is a recommended
standard GM, but no evaluation of the
shift in cargc is necessary.

Within the past year, a small coastal
cargo ship approximately 68 m. long
was loaded with a cargo of bulk sugar
which had heen saturated with water
during a previous voyage. The sugar
was not completely dry, and it regan
to shift as soon as the ship got to
sea. The ship was not lost, but only
because its course was so close to
land that it was able to put in to
shore. It was deliberately grounded
on a beach to keep it from turning
over.

A ship carrying bulk sugar was lost
several years ago in the lacific after
the sugar got wet and a liquid free
surface was created by this hygro-
scopic cargyo.

A ‘small oceangoing freight vessel had
been fitted with an- anti-roll tank to
ease the ship mctions in a seaway.
The vessel attempted to tow another
vessel and was almost capsized when
the free liquid accumulated in the
low side tank due to the steady off-
centre pull of the towline. Fortun-
ately, the towline was slacked off and
the liquie dumpad before resuming the
tow.

Shortly after a tow1ng vessel was re-
powered with an engine almost twice
the horsepower of the former one, it
turned itself over while maneuvering
on a short towline. Apparentlj, the
new HP developed a heeling action so
quickly that it completely surprised
the experienced raptaln, who did not
reduce the thrust in time to save the
ship from capsizing.

The well decks of ships can momentarily
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contain many tons of sea water. This
has three effects:

1) It increases displacement
2) It changes KG.

3) As a free surface supported by
the floating system, it produ-
ces a virtual loss of mata-
centric height.

Depending on the size of the well deck
relative to the ship, the above
effect may be of little consequence,
or it may directly cause the loss of
the ship (usually for small ships).

Occasionally, we hear of stability
problems which could be explained by
a free surface, but the Master can
prove that all tanks are quite full.
Sometimes, an examination of the li-
quid tells us that it is not a true
solution, but a mixture of two lig-
uids which will separate, leaving the
heavier liquid on the bottom with a
surface .interface the entire width
of the tank. If a dense liquid is
involved, a large free surface red-
uction in stability occurs.

The following situation applies to

at least four recent accidents which
come to mind regarding collisions in
three different countries. Two ships
in a bow-to-bow passing situation in
a river or a harbor collide. 1In the
last-minute attempt to avoid the
collision, the alignment of the two
ships changes and one strikes the
other. The "attacking" ship is usu-
ally able to remain afloat and under-
go repairs in drydock. The "struck”
ship often sinks, capsizes, or is
beached to prevent sinking. At this
time, there are intermational sub-
division/damage stability require-
ments to withstand such accidents
only on passenger vessels. (NOTE: The
1973 Pollution Convention is not

yet in force).

So much for known stability accidents.
Let us also consider the stability
problems expected from the newer oc-
ean systems which will become the need
of the future.

One newcomer to the list of stability
problems on oceans is the problem of
lifting heavy and relatively large
objects at sea. This causes a loss
of stability while the object is sus-
pended (in addition to the change of
location and ‘adding or, subtracting
the weight itself from the displace-
ment of the ship). The recent advent
of continental shelf exploration sys-
tems has changed the naval architect's
design problems from an occasional 5-,

10-, or 15-ton lift at sea to the daily
loading or offloading of several hund-
red tons. The naval architect has many
problems with regard to safe movement
of such a lift in a seaway. If the
1ift is attempted when the supporting
siiip is reacting to the seaway system
by more than a few degrees af heel or
trim, the suspended load may develon
dynamic forces greater than the factor
of safety used in intact srability cal-
culations. Further, these dynsaic
fcrces can Le expected to be ouh of
alignment with the structure of thre
lifting equipwent, so tlhey may cause

a structural failure, ’
Zoatainerships llave introduceld not only
a new way to tramsport *he world's
goods, but also a new way to spread:
the loading diagram <f a ship. Prior
to the development of the containership,
deck loading was usually reserved for
barges on coastal routes, except in
time of emergency. Most cargoes, both
dry and liguid, were contained inside
the envelope of the ship's hull. New
it is possible to load containers to

a height of several layers above the
weather deck.

High weights can be balanced by weigh-
ted containers low in the ship so as
to obtain the same average (KG) locat-
ion as a homogenously loaded ship. But
what effect does this change in gyra-
dius have on the century old assumpt-
ions governing rolling motion? Might
it not be a sinusocidal motion in still
water, but susceptible to delay in the
cycle due to seaway action?

Thus far, designers have recognized that
severe accelerations sometimes occur
when loading is spread vertically, but
administrations have not found it nec-
cessary to offer guidance or limiting
criteria.  The average Centre of Gravity
is still the only guide used.

The newer VLCC vessels have a much sim-
plified cargo movement system, utilizing
bulkhead valves. It seems evident that
if all such valves were left open, an
unsatisfactory condition of stability
would exist. How many valves can be
left open and still allow unlimited
safe passage on the oceans? This

author has no knowledge that this has
even been investigated.

If a few valves cannot be closed prior
to leaving port, the Master should know
the extent of stability degradation

he has suffered.

The new ships that carry liquiefied
petroleum at very low temperatures must
be loaded and offloaded using a special
pipeline of quite limited flexibility.
Pumping liquid cargo and liquid ballast



at the same time causes some of these
ships to approach a condition of neg-
ative stability which could cause a
heel of several degrees. Thus, the
designer must consider an in-port stab-
ility evaluation for these vessels.

Loading variation has also become a
very critical part of the stability

of any surface effect ship (i.e., foil-
borne, air cushion, etc.). Unless the
weights are distributed with great
care, the foil loading may become too
great on one side such that the ship
cannot maneuver or cannot even support
the load on one foil. 1In the case of
the air cushion vehicle, the distrib-
ution of weight is directly linked to
the location of the Centre of Pressure
underneath the hull. (NOTE: There is
no centre of buoyancy and no K, so there
can be no KB or KG in the traditional
sense). The Centre of Pressure can be
changed by a variation in weight dist-
ribution or by a momentary change in
the seaway. The intact stability
criteria developed for this system
must consider both the loading of
cargo and the severity of the seaway
the ship will transverse.

Thus, stability criteria should be
developed for all surface effect ships
systems, which include the allowable
variations in speed in the maximum
seaway. Considerable research will be
required before the seaway limits in
which these ships can operate safely

can be accurately predicted in: terms  of
speed, resonance, angle of impact, slope,
and character of waves.

The external forces acting on a ship can
be categorized as weather forces, as
gear forces, or finally as velocity and
maneuvering forces.

With regard to weather forces, perhaps
the oldest criteria had to do with a
ship's resistance to the wind. Sailing
vessels have been judged by their ability
to stand up to a particular strength of
wind for many centuries. . Early in the
present century, the construction of
large high-sided passenger vessels made
it natural to utilize a wind criteria

for transverse stability on these vessels.

In the U.S. Coast Guard, this wind heel
criteria eventually was used as the basic
stability criteria for all ships. 1In the
light of the many different kinds of
ships built in the past two decades,the
amazing part is the realization that

the wind heel criteria actually served
very well in the roll of all-inclusive
intact stability criterie until very
recently, when many new marine systerns
began to be used worldwide.

There are, of course, sesway forces
that act upon the floating system as
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well as wind forces. ‘these fcrcas have
never been ignorad, but until recently.
it has been guites Aifficult te find an
accurate de"inition o7 such forces, so
that a meaningful criteria could be set
up as a guida for ship designers. The
mathematical and graphical expressions
governing the rolling of a ship have

been known for the last century, but

‘it has been difficult to describe the

many moods of the sea in mathematical

or graphical expressions. Indeed, at

this writing, the energy imparted into
a ship's hull by a given wave has not

been quantitatively determined.

External equipment forces acting on a
ship at sea are not few in number, but
almost all can be critical in their
effect on the floating system. There-
fore, they must he given consideration
in the design of the system. Exanples
of such equipment forces are anchors,
mooring lines, towing hawsers, fishnets,
submersible transfer vehicles, ramps,
buoy handling equipment, and structural
support legs. This is not offered as

a complete list, but it should serve to
introduce the importance of these items
on stability.

A new field of concern for marine stab-
ility is the effect of high-speed or
high-velocity hydrodynamics. It was
mentioned previously in connection with
surface effect ships. The new 30-knot
cargo ships also have to maneuver with
care when travelling at full speed.
Additionally, the very high THRUST now
being obtained by small ships with-over-
sized engines, propellors and rudders
with extra area for maneuvering in close
quarters creates a need for special
analysis by the designer.

solving the hydrodynamics involved in
these new designs involves either full-
scale or model testing to determine
force coefficients, since they cannot
be obtained from the standard naval
architectural textbooks.

3. PHYSICAL PROPERTIES

Many textbooks have been written about
the relationships between the mathemat-

ical concepts involved and the form of the

ship. What is now necessary is an up-
dating of the physical concepts in each
type of ship (or marine system).

With regard to ship FORM, there are
three categories which need recognition:

1) Displacement Hull (Single Hull) - -
Large Waterplane Area Ratio.

2) Displacement Hull - Small Water-
plane Area Ratio. ' :
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3) Non-Displacement Hull (Planing
Hulls, Surface Effect Ships,
Foilborne Ships).

The first FORM area is the so-called
"normal" ship which we naval architects
call the cargo or passenger ship with
FORM characteristics.

0.55 to 0.80

Cb
éwp = 0.70 to 0.90
Cmidship = 0.85 to 0.99

The above hull shape fits a standard
load line concept. The stability crit-
eria needed for such vessels can be
standardized as long as the ship does
not have excessive freeboard or very
large superstructure and it carries its
cargo inside the hull, not as a deck
cargo.

However, included in this first category
are ships which are not "normal® in
the stability sense above. Some are
barges, which carry cargo mainly on
deck. Some have excessive freeboard,
because a very light cargo is carried.
Some short vessels have extremely low
actual freeboard, although they meet
the minimum requirements of the Inter-
national Load Line Convention. Others
carry cargo stacked from the tank top
inside the ship to well above the
weather deck, which allows the chance
that a poor distribution of weights
will be used. See Figure (1). Others
have been proposed with very high sides
and no weather deck, whic!: would be
considered a novel form under the Inter-
national Load Line Convention. Such
ships must be specially designed so

as to survive when an aknormally large
wave puts excessive water in the well.

The second major difference of FORM
that must be considered is a very small
waterplane area displacement floating
system which does not respond greatly
to the seaway. This may be in the
form of a floating buoy or a very tall
floating tube. It may be a floating
system with a suspended weight beneath,
in which case it is difficult to speak
in terms of KG. The most common ex-
ample of this FORM is the mobile off-
shore unit.

The shape of thé righting arm curve
is often a very high value ‘in the
first 15 to 20 degrees, followed by
an equally sharp drop with a total
range of 30 to 40 degrees. 3uch a
righting arm curve does not lend it-
self to a standard richting arm eval-
uation such as is used on ships of
high waterplane coefficients (C).

- It is possible for some of the forms

in this category to achieve a condition

- wherein G is lower than B.

The third major category of FORM is that
which exists when the ship in operation
is supported either partially or comp-
letely out of the water. Included in
this category are the planing hull, the
foil-borne ship, and several types of
surface effect ships.

The chief physical characteristic of
concern in these systems when in full
operation is the absence of a centre of
bwoyancy. Since "G" and "B" are ab~-
solutely necessary for any marine system,’
we must invent some evaluation of support
to substitute for "B". Of course,
designers of these systems have been

well aware of the different types of
support. So far, no published design .
criteria have been accepted as the proper
approach for safe passage, to this ’
author's knowledge.

In order to establish criteria for these
ships, we can identify at least three
sub-groups. The planing hull and the
foil-borne ship require speed of motion
to create the 1lift and are supported by
the ‘'sea by a summation of instantaneous
pressure which equals their weight.
Therefore, we might create a criteria’
utilizing Centre of Pressure. o

The foil-borne ship is supported by hydro-
dynamic wings, the lift of which equals -
the weight of the system, and this weight
is balanced by the geometric relationship
of the foils.

The surface effect ship (air cushion type)
is supported by a distribution of air at
slightly above 1.0 atmosphere. The loc-
ation of the center of air pressure is
only partly dependent on the shape of
the ship, and more dependent on the
distribution of total weight above the
air space. A stability criteria created
for this type of ship would seem to
require a limit on the allowable devia-
tion of G from the ship's centerline at
amidships. o

Each of the systems above is meant for
high speed. This complicates the stab-
ility criteria selection for these ships,
as they may react violently to wave im-
pact, depending on the relative angle of
intercept with waves. At the present
time, they are limited operationally by
an inability to proceed in waves above

a given significant height.

The noted differences make it necessary
to consider more than GM or the Statical
Righting ZArm curve for such vessels. An
adequate criteria for these ships should
consider an assumed overturning moment
caused by the high-speed impact of a



steep wave against one side of the ship.

Thus, it is evident that every marine
system should be examined for stability
reserve to withstand loading distrib-
utions (both vertical and horizontal),
internal shifting of weights (deliberate
or accidental), addition of seawater or
change in buoyancy (temporarily or '
permanently), and explosure to severe
weather and seaway conditions in all
anticipated service conditions of
loading.

4. BACKGROUND

From the foregoing examples. we see
that the NEED for more stability crit-
eria is both increasing drastically
due to the many new oceangoing systems,
and demanding a refinement of the
judgement applied in settling on a
particular criteria. Indeed, the
variety of ocean systems presently in
use shows a need for many different
stability evaluations that have never
existed until this past decade.

Let us briefly examine the criteria
which are in use today. All such
criteria can be grouped into two major
groupe: those that examine the adeg-
uacy of the Initial Metacentric Height
and those that examine the character-
istics of the Righting Arm Curve. The
mathematics of these two evaluations
has been known for more than a.century
and thoroughly discussed in many tech-
nical papers.

The GM evaluation depends on the geom-
etrical relationships between G and B
for a floating body. Some of the form-
ulas used ard valid only at small angles
‘of heel, yet sometimes they are inad-
vertantly used for large angle calcul-
ations. The Righting Arm evaluation can
be valid at all angles of heel, but it
is NOT automatically valid. If any
change in displacement or trim occurs
with heel, the curve should be evaluated
for the magnitude of change. However,
assuming for the moment that the curve
does truly represent a correct summation
of the attitude of the ship at each

and every angle 6f heel, the Righting
Arm Curve offers the better opportunity
to ascertain the statical ability of

the ship to resist overturning.

What is the proper variation of GM and
of the statical Righting Arm Curve?

Historically, until the 1930's, stab-
ility criteria had been almost entirely
left with the ship's designer rather
than with the classification societies
or the administrations. Today the
responsibility for setting a minimum
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criteria for the designer is clearly
with the administrations.

Professor Peabody (2), writing between
1904 and 1917, stated that there were
"two distinct types of curves of stab-
ility, those for sailing ships and
those for steamers". He characterized
the sailing ship curve as extending

to or beyond 90° angle of heel, while
the steamer was acceptable at 60°.

No mentione of. downflooding was made
in this range. Also, in mentioning
these different curves, Professor
Peabody felt obliged to defend the
steamer range of 60° by pointing out
that "the stability must not be exces-
sive, as it leads to quick and violent
rolling which may be very unpleasant
or even dangerous".

The Coast Guard has a current stability
research project with Hydronautics
Corporation (3), who with Nickum and
Spaulding, Inc. (4), have conducted a
stability literature search in the
English language. They have concluded
that only three technical papers out

of 212 published between the years

1746 and 1929 had actually been bold
enough to propose a stability criterion.
One of these was by Sir John Biles
(1922),(5), who recommended that GM in
a lightship condition be not less than
1.0 feet. In 1925 Mr. C. Frodsham
Holt (6), proposed minimum and

maximum GM values and related them

to safe rolling periods at sea.

The 1930 Load Line Convention mentioned
that the stability of the vessel was
presumed to be adequate, thus est-
ablishing an undefined responsibility
for providing adequate stability and
leaving open the question of degree

of responsibility between the designer,
the ship's Master, and the administ-
ration. 7Thus, the designer has retained
responsibility for providing a ship
which can be operated safely in all
conditions of loading, the HMaster
retains responsibility for adequate
stahility a*% any particular point of
a voyage, and the administration re-
tains the resvensibility for setting
standards and reviewin; thwe applic-
ability of shins of various tyopes to

meet the standards. ..lmost All actual
criteria in use today have been dev-
eloped witl:in th= past thirty years.
the criteria used inm the T7.£.7.. since
garly in 7. 1340's has Lesn Ao
initial GV criteris LAased o wind
pressuere +n the la* :al area alove

3
*he wabterline,

Pt

M = —2
1 A tang
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P = .005 + (14 200) tons/ft Ocean

L = length between perpendiculars in
feet

A = projected lateral area in square
feet above waterline

flooding and heeling limit.
Theoretically, this concept would

not allow the deck to get wet.

However, when it became necessary in
1969 to define the limit of flooding
for the subdivision concepts adopted
in the 1966 Load Line Convention, which

" allowed deck edge immersion, the IMCO

h = vertical distance in feet from

centre of A to centre of under-

- water lateral area or 1/2 draft
A= displacement in long tons

§= angle of heel to 1/2 the free-

board to deck edge or 14 degrees,
whichever is less

This criteria has been used to satisfy
all intact stability requirements for
passenger ships in weather at sea, and.
for all cargo ships since 1952. of
course , Damage Stability has been
reviewed, because of well-publicized
accidents like the TITANIC and the
LUSITANIA,on passenger ships since

the 1930 safety of Life at Sea Con-
vention. Also. due to several
capsizings caused by sudden movement
of large numbers of passengers on
multi-deck excursion steamers, an
analysis of resiatance to heel caused
by the movement of passengers was
required.

e Nb
M= 24 Ate-8

where:
N = number of passengers

b = distance in feet from centerline
to geometrical center of passenger
deck area on one side of centerline

A = displacement in long tons

&= angle of heel to deck edge or 14

degrees, whichever is less

The three calculations are dotted omn a
graph of DRAFT vs. REQUIRED GM (minimum).
No maximum GM is set, this being left to
the ship's designer. If a passenger
ship is designed with excessive GM, the

‘customer would soon regulate the con-

dition.

Although it was not specifically stated
at the time, the latter two evaluations
(damage and passenger heel) were
"surprise" criteria as opposed to the

.weather criteria in which it is presumed

that the ship's crew can prepare the ship
by closing all weathertight openings in
the several hours prior to the storm.

It was not necessary to label these as
"surprise" criteria in the 1930, 1948,
and 1960 SOLAS Conventions regarding
passenger vessel subdivision because the
Margin Line concept was used as the

delegations agreed that weathertight
doors, etc. should be considered open
when evaluating a damaged condition.
Thus, a new element of judgment (i.e.,
degree of crew preparedness allowable)
has been recognised in the quest for
stability criteria.

The use of the required GM criteria
(wind, passenger,damage) in the U.S.A.
as the all-inclusive stability formmla
was reasonably successful until 1960.
After this, it became increasingly
apparent that the newer variations of
floating systems were presenting. new
problems for this criteria.

Only thirty years ago, we could classify
almost all oceangoing ships in three
broad services (e.g., passenger, cargo,
tanker) . Now, many passender ships
have become specialized cruise ships or
combination passenger-vehicle ferries:
tankers vary from 1000 tons to 500,000
tons displacement, and their cargo
density may vary from a specific gravity
of 0.5 to 1.3. Additionally the bulk
chemical ship has joined the ranks of
bulk liquid carriers with cargoes that
may vary from 0.5 to 2.0 in specific
gravity.

Cargo vessels are no longer only built
as multi-purpose vessels, Many are
built for specialized trades, such as
the container ship, the roll-on/roll-off
(no passengers) cargo ship, the grain
ship, the bulk/oil carrier, the steel
products ship, etc. Such a variety

of ships makes it increasingly
difficult to call any shape or service
the "normal" ship. Indeed, to this
writer, it seems no longer: possible to
reach an understanding with an audience
by using the term "normal or "average
ship". Some have high lateral area
which makes the wind criteria important:
others are so beamy as to make the wind
criteria no real test of the ship at all.

In an initjal attempt to compare the
initial GM criteria with the Rahola

values for Righting Arm criteria

recently accepted at IMCO, Mr. W. Magee,
former Head, Hull Scientific Branch,
Coast Guard Headquarters, examined the
righting arm curves of a cargo vessel
(LIBERTY) in the load line condition
with the minimum GM as required by the
Wind Heel formula. The result was a
righting arm curve which almost exactly
fulfilled the reecommendations of Dr.
Rahola. While this was gratifying



in view of the good stability record of
the LIBERTY, it was recognised that we
could NOT adopt the comfortable atti-

tude that the U.S. Wind Heel formula is

always equivalent to the most widely

accepted righting arm criteria. How-
ever, recognizing the great variety of
ships in service today with block

coefficients varying from 0.50 to over
0.90, some having low freeboard while

others have huge excesses of freeboard,

‘and some having two or three times the
. beam formerly associated with a speci-

fic length, it would be quite extra-
ordinary to expect that the Wind Heel
criteria would produce 0.08 metre-rad-
ians under the righting arm curve for
every ship in every condition of load-
ing.

Indeed, our recent experience has
shown us that the Wind Heel criteria
definitely has practical limits. We
are reasonably sure, for instance,
that the Wind Heel criteria for a VLCC
has very little use, since the ship
has a much greater requirement to meet
the damage stability criteria which
are increasingly evident in interna-
tional thinking.

To date, unless a unique SERVICE
condition such as grain loading, towing
service, etc. required a special analy-

ais, most U.S.A. flag vessels have been .

examined only to be certain that they

'had the minimum GM for Wind Heel, which

varies with draft. A sample Wind Heel
graph such as is provided in the
stability information to the Master is
shown in Figure (2).

The stability criteria which have been
mentioned in this section have been
utilized over the past two decades by
various administrations and by design-
ers. In the past two or three years,
however, it has become evident to some
administrations that the existing-
atability criteria are not always
appropriate for the very small vessels

.and may not be appropriate for the

very large vessels. The U.N. agency
IMCO has found it necessary to modify
slightly a recommendation which was
published as Assembly Resolution No.
167, which was entitled "Recommended
Stability Criteria for Cargo and
Passenger Ships Less than 100 m. in
Length". This criteria needed a
modification in order to be considered
proper for fishing vessels, and a
subsequent criterion especially for
fishing vessels was recommended.

. Next, it was realised tﬁat this

criteria would be inappropriate for
the ships in the oil industry which
carry pipe and supplies to the drill
rigs out at sea. Because of their
form, the statical stability curves
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for this shape vessel cannot meet the
criteria.

The fishing vessel criteria just
mentioned@ have been challenged twice:
First, with regard to the large fish-
ing vessels, 75 to 100 m. in length,
the need for this much stability has
been questioned. Secondly, as &cri-
terion for fishing vessels less than
24 m. (79 feet) in length, it appears
to be less than enough to provide
adequate stability in all operating
conditions. specifically, the )
trouble is suspected to lie in the
use of righting arms rather than a
righting moment curve. Figure (3).
compares identical righting arm
curves which look adequate, but the
small ship may be inadequate when

the actual righting moment and
available righting energy are pic-
tured against the expected energy in
a seéaway. Since the indication is
that the smaller ship reacts to a
greater degree to sea spectrum which
are present in the ocean most of the
time, it is only possible to state
the problem and not the full solution,
as the representatives have not fully
discussed the technical problems in-
volved.

At the other end of the spectrum of
marine vehicles, the VLCC and ULCC
are also testing the ability of
designers and regulatory authorities
to provide a satisfactgry intact
stability criteria, because of their
extreme size, the moment righting
curve may show a high resistance to
heeling under force of wind and sea-

. way that the present criteria may

offer very little protection and may
be unnecessary. Let us hasten to
qualify the previous sentence.

Before dropping all intact stability
criteria from large vessels, the
authorities must be satisfied that
none of the service conditions have.
an inherent stability reduction which
must be accounted for. One such
stability reducing condition which
requires continued examination is
found in large combination oil-bulk
carriers which are designed with full
free surface in the holds, or in oil
carriers with cargo tanks which may
be interconnected. For these
reasons, slosh bulkheads and tunnel
piping systems must be considered
very carefully before finishing the
design.

5. RATIONALE FOR MARINE STABILITY
CRITERIA

In order to produce a design which
is well qualified with. regard to
stability, the designer should
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examine the FORM he has chosen for the
SERVICE intended in the most severe
weather predicted for the area of opera-
tion (i.e., amount of EXPOSURE).

In addition, it is important to the
validity of his assumptions that each
event examined be clearly distinguish-
ed as either a surprise event for
which the crew may not be prepared (in
which case the ship must save itself)
or an event which the crew can be
expected to prepare for. Examples

of the "surprise" and “prepared for™"
stability events are: '

"Surprise"
1) Passenger Heel

2) Bulk Cargo Heel (Siack)
5) Towline

4) Damage (Collision)

5) Free Surface (Deck Well)

"Prepared For"
1) Storm (High Seas)

2) Bulk Cargo (Full Holds)

3) Lifting Cargo

4) Floodings (Doors or Hatches, etc.)
5) Free Surface (Tanks)

The reason that it is important to make
the distinction above is that we must
consider an angle of downflooding as

a termination of the righting arm curve.
The openings (hatches, doors, air pipes,
vents, etc.) on the deck and in the
superstructure must be considered open
in dealing with a "surprise" stability
criteria, whereas we can logically

- assume most openings secured-weather-
tight when considering an event for
which competent seamen can prepare the
ship, given several hours' notice.

with regard to the form of analysis
used for the stability examinations,
the usual choice is whether to exam-
ine a GM value or a righting arm curve.

In the opinion of this writer, ships
should be examined by the designer for
- adequate stability on the basis of the
righting arm curve, including an
analysis of the full range of stabil-
ity. '

The GM value or KG value can be just
as useful when it is used to present
the stability information to the
master of the ship. Often this can
be shown in easily read tabular format

or in graphs. ~he master has less
(or no) time to calculate stability
while %e is attending to navigation,
radio communications, personnel
problems, etc. still, he is respon-
sible for providing adequate stabil-
ity (within the capabilities of the
ship itself) at any point in the
voyage. '

Returning to the examination of
stability in the design and construc-
tion stages, all of the heeling
effects which may logically be con-
sidered of sufficient magnitude
should be plotted against the right-
ing arm curve for each loading con-
dition. '

This should always include Wind and
Seaway energy heeling moments and

the effect of shifting weights, such
as bulk cargoes, and free surface
corrections for slack tanks. Addi-
tional heeling moments to consider
are:

1. the effect of water in a deck well
2. rudder force

3. loading or offloading cérgo at sea

4. special equipment over the side of
the ship at sea

(a) fishing

(b) dredging

(c) towing
The remark above about heeling moments
of "sufficient magnitude” will natur-
ally raise the question "What is

sufficient magnitude in each case?"

In the writer's opinion, the follow-

_ing figures could serve as an interim

guide to signal the need for an exam-
ination of stability. )

Regarding deck well water momentarily
trapped on deck, we can consider

each of the three effects noted
earlier:

1. Increase in Displacement -
greater than 5%

2. Raise in KG - greater than 10%
of original KG

3. Free Surface - greater than 10%
of waterplane inertia

If any of these is high, the total
effect on stability should be
realistically examined over the full
range of stability.
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Regarding Rudder force, the condition
should be checked if the rudder area
is great or 5% of the underwater later-
al area or if the speed of the vessel
exceeds a Fronde No.=1.0. There
should also be a ratio.of SHP/Dis-
placement which could give the design-
er warning to examine steering sta-
bility, but the writer has no idea at
the moment what the threshold figure
should be. The range of this ratio
in ships now sailing varies from
approximately O.1 SHP/Ton Displace-
ment for VLCC to almost 50 times

this figure or approximately 5 SHP/
Ton Displacement for some modern tug-
boats. Hopefully, research will
provide this answer.

With regard to loading cargo at sea, .
this is at present almost entirely
within the fishing and dredging
industry, unlesa one includes the
tranafer of materials from ship to
offshore mobile unit, In each case,
the ship needs to be examined in a

beam seaway.

The offshore mobile units are often
the subject of extensive model
tests for seaway characteristics
prior to being built. The ships
which supply and receive items from
these units are less fortunate.
Also, they must be ready to moor
almost under the movile unit in
order to be within the swing radius
of the lifting booms provided on the
mobile unit.

The mooring system cannot be shifted
each day in order to remain directly
into the wind and sea; thus, the
effect of partial load removal and
load addition on the trim and heel
of the ship in a moored condition

in other than head seas must be
reviewed, Again, research is
needed to tell us the design limits

in a seaway.

With regard to dredging or mining
at sea, the ship will be subject to
extreme variations of free surface.
These should be examined against
both light and loaded righting arm.
curves.

A special note should be added here
regarding the calculation of free
surface. The normal method of
free surface adjustment has been to
use the mathematical equivalent of
a vertical change in the position
of G. This creates a new righting
arm curve. However, the new right-
ing arm curve is only accurate for
the approximate range of 0-10
degrees heel, for which the trigo-
nometric relationship of B,G, and
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M remains valid. For greater angles
of heel, an error in the righting arm
curve develops, which is often a sub-*
stantial error. The cure for this
problem is to establish the basic
righting arm curve using the "virtual"
change in G and then to adjust the
curve at larger angles of heel by cal-
culation of the actual off-center
liquid weights by the moment of trans-
ference method.

The cargo which is being dredged or
mined out of the sea may have more
than one free surface in each tank,
since it is a mixture of water and
solid material. Thus, even if the
cargo tank is filled to the top with
water, the material which is in the
hold may shift to one side and cause
capsize.

With regard to ocean towing and fish-
ing gear over the side, the righting
arm curve should be evaluated in a
beam seaway against a heeling moment
generated by the towline or fishing
gear. With regard to fishing
vessels alone, it is recommended that
the designer check the stability in a
beam seaway when the loaded gear is
suspended from the lifting boom. The
ship will respond to the sea in the
heaving mode while the load will
remain in position.

Another item in the stability evalua-
tion which appears worthy of consider-
ation on some floating systems is the
large gyradius due to either extreme
vertical dimensions such as a mobile
offshore unit or due to the ability
to load cargo equivalent to a very
high deck load. The present system
of stability analysis begins with

the determination of average centre
of gravity KG. For the purposes of
constructing the righting arm curve,
all weight is initially assumed at G.
The judgment and experience used in
looking at a righting arm curve or

in selecting an arbitrary figure of
area under the curve as the safe
limit has been under the assumption
that all cargo was inside the FORM
of the ship. In the containership
trade, this is no longer the case.
Also, in the instance of a jack-up
mobile offshore unit while in transi-
tion on the ocean, there is a great
difference in gyradius compared to
treating this unit as a barge.

When we examine only the difference
in rolling period in still water,
the change in gyradius does not
appear to affect the situation
greatly. . However, these two new
developments on the oceans (jack-up
units in transit and containerships)
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should be considered in a seaway from
several angles of heading, including

head, beam, and following seas at the
speeds indicated in each design.

It is hoped that after these designs
have been examined in the full environ-
ment, designers should gain an insight
as to which are the important features
of a righting arm curve for these ships.
Purely as a guess, we may discover that
it would be desirable for a high speed,
full displacement ship to have a sharp
rise in the righting arm curve between
approximately 15 and 25 degrees of heel.
Perhaps other features will arise which
will help the evaluation of large gyra-
dius systems and high speed/hull dis-
placement ships.

Another subject which needs renewed
discussion among naval architects is
the degree of flooding protection
required, including the stability of
partially flooded ships. '

To date, the assumptions used for
flooded ships have been a mixture of
two different philosophies. First,
the empirical approach is utilized,
assuming that the ship was flooded on
a compartment basis arbitrarily.
Second, it is assumed that the ship is
flooded because of damage. (Most
often a side collision has been envis-
aged.)

The compartment concept was originally
understood to mean the entire space
from side to side of the ship between
two adjacent transverse bulkheads.

The effect of longitudinal bulkheads
was not spoken to. Thus, the com-
partment concept has become somewhat
vague in application. Also, the use
of the compartment concept on floating
systems such as mobile offshore units
which may extend 100 feet or more
above sea level makés it difficult to
conceive the accident which will re-
sult in the assumed flooding.

The damage concept can be less empiri-
cal, provided agreement can be reached
on the most probable size and location
of damage.

There are other possible flooding
situations which could be used in a
logical damage stability criteria.

The lowest order flooding that might
be envisioned is that from the loss
of watertight integrity of topside
fittings such as doors and hatches.
This type of flooding would be of
value in a damage criteria which
_envisaged storm damage to the weather
deck area. This explanation of
flooding has not yet been used in a

unnecessary.,
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criteria, to the author's knowledge.
The next step is a minor damage cri-
teria wherein the ship is holed any-
where on the side or bottom shell,
but the damage is not extensive.

Such damage would be a logical selecs
tion for a criteria which called for
low energy collisions or dock damage.
This concept has been recently intro-
duced in the concept of damage pro-
tection for liquefied gas carriers

in the latest IMCO code.

Finally, when high-energy collisions
are envisaged for damage criteria, an
extent of damage is specified by
depth of penetration, longitudinal
extent, and vertical extent of damage.
Usually they are B/5, kL° and
base line upwards without limit,
respectively. These limits are
defendable when speaking of full dis-
placement single hull ships, but not
when addressing some newer systems.
If the designer desires or is re-
quired to protect his design against
a high-energy collision situation on
the high seas, logically, the limits
of the damage assumption should be
applied randomly anywhere along the
length of the ship. There is statis-
tical evidence that the collision’is
more likely in the forward half of
the ship, but this does not mean that
there is no danger to the stern.

It is not logical, and it is quite

in this writer's
opinion, to presume "damage" when it
has been decided to adopt a one-
compartment flooding criteria. To
do so presumes that the ship will be
struck at only a few precise loca-
tions along its length, due to the
assumed longitudinal extent of damage
overlapping the transverse bulkheads.

.The _foregoing thoughts on damage

stability rationale can be completed
by recommendations for progressive
development. In order to develop
the more logical approach of "size of
damage", it is necessary to consider
all FORMS (single hulls, catamarans,
semi-submersibles, etc.) versus
probable collision partners and to
conduct a combined stability and
structural evaluation.

Next we might turn to the rationale
for stability criteria on high-speed
ships. Included are planing boats,
foil-borne ships, and surface effect
ships. Since these ships operate

at high speed and their hulls are
partially or completely out of tke
water, the process of adopting a
righting arm criteria becomes diffi-
cult because the displacement changes.
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The approach taken by the author's ad-
ministration thus far has been a com~
bination of the full displacement
righting arm evaluation versus a wind
heeling arm, but requiring a greater
reserve area under the curve in an
attempt to provide some degree of pro-
tection for the high-speed/low dis-
placement condition.

Additionally, such a ship is limited
operationally by the human criteria
of an inspector riding the vessel and
setting a limit on the height of sea-
way in which the ship may operate.
Obviously, this approach does not
allow the ship to be used anywhere in .
the world at any season of the year.

The new marine stability criteria
should be developed for each of the
general FORMS of high-speed ship.

In each criteria, acceunt should be
taken of the overturning effect of a
high-speed impact with a short-crested
wave top on one side of the hull at
B/2 from the centerline.

Account should also be taken of the
effect of high-speed traverse of

a beam seaway, including the possi-
bility of synchronous roll leading to
capsizing.

It is evident that the clear height
above still water is significant to
the latter two types of craft con-
sidered above. If the ship operates
in a seaway of significant wave height
(Hs) equal to one-half the clearance
height, the ship will statistically
be impacted by no more than one wave
in 3000. (NOTE: Hg is taken equal
to the average of the one-third
highest wawves.)

Until research shows that closer
limits are acceptable, administra-~
tions faced with the decision as to
level of safety for passenger craft
might be tempted to limit such high-
speed ships in a probabilistic manner
such as this. Thus, if a designer
contemplates a full ocean design, he
would have to consider one with an
80-ft. clearance instead of develop-
ing these designs gradually in size.
This would cause the designer to
-Jump from the existing designs, which
are generally limited to coastwise or
semi-protected service, to hugh ships
without the benefit of experience
gained in the design, construction,
and operation of intermediate sizes.
It would be an extremely onerous
design condition, so let us open
several ideas for alternatives.

First, the designer might provide a
craft that is both light enough to
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be lifted and yet strong enough to
withstand repeated very high velocity
impact in waves, and which will not
be tripped into a capsize when impact-
ing on waves.

Another possible answer could be in
developing a real-time ocean mapping
system which had at all times a com-

‘posite view of weather and the sea-

way systems, including the effect of

a confluence of seaway storm systems,
and which could predict the develop-

ment of seaway systems for twelve

to twenty-four hours in advance along
the projected route of any such high-
speed craft. :

Third, the naval architectural, oceano-
graphic, and materials research world-
wide communities could work on the
problem from all sides and, over the
next decade, develop a combination of
the above suggestions which could
assure .the ocean passenger that such

an ocean crossing would be comfortable
at all times and assure the admini-
strations that it would be safe.

The writer feels that such ocean
travel systems are tlie next step in
high-density passenger travel as well
as high-value cargo transport, but
only after the necessary development
work has given us the answers to
proper design.

6. CONCLUSIONS AND RECOMMENDATIONS
— e e e NDATIONS

Adequate stability is dependent upon

a proper analysis of the FORM of

the floating shape in the maximum
EXPOSURE (seaway or weather) for which
the shape is intended, taking into
account whatever is unique about the
SERVICE of the shape.

None of these categories may be com-
pletely overlooked. Parts of the
latter two categories may sometimes ,
be eliminated, only if it is obvious
that another criteria governs the
shape of the desired righting arm
curve.

Looking back through recent history,
often it has been the practice to
presume that one criteria or another
was enough to provide an adequate
level of safety in all areas, even
though they may not have been examined
by the designer. It is no longer
valid to assume that one criteria will
be sufficient to cover all stability
needs of the ship if its form, speed,
or area of operation have enjoyed the
ship design innovations of the last
twenty years. It is, therefore,
incumbent upon the marine designer
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to examine his ship or system in each
of the three broad areas mentioned
above and to provide a reserve of sta-
bility so that all uses of the float-
ing system are covered.

when administrations are concerned
with establishing a stability cri-
teria of a sufficient level of safety
to assure the citizens and industry
that lives and property are safe at
sea, the above conclusions should be
stated in another way, as follows:

It is not sufficient to publish one
criteria for passenger ships, another
for cargo ships, another for tankers,
another for oceanographic ships, etc.
The error occurs ir placing all ships
of a single SERVICE in the criteria.
The most important ef the three cate-
gories is FORM.  Thus, a stability
criteria for passenger ships must be
different if the passenger ship is
100 ft. long versus 1000 ft. long,

or if the ship is a catamaran instead
of a full displacement mono-hull, or
if the ship is a high-speed, surface
effeet ship.:

The major conclusion of the discuss-
ion on Rationale is, in the writer's
opinion, the realisation that so much
research is necessary if naval
architecture is to provide the
measuring stick of safety commensur-
ate with the many new oceangoing
systems in use today.

Almost all of the ideas in the section
on Rationale indicate a need for con-
tinuing research to test newer FORMS
in both model and full-scale seaway
situations and to correlate calculated
results with actual motions of full-
scale floating systems.

The results of such tests and calcula-
_ tions must then be plotted systematic-
ally on the Righting Arm or Righting
Moment Curves to determine the proper
design parameters. Righting Moment
curves will be necessary to adequare-
ly define parameters of small ships
and high-speed ships, since the
dynamic aspedts of such ships in a
seaway are much more critical then a
static evaluation of stability.

In summary, it seems abundantly clear
to this writer that the existing,
largely empirical marine stability
actually in use have already been
severely challenged by the wide
" variety of new marine systems. It
is. time for a much bolder approach if
we are to provide meaningful criteria
for the future.

" In conclusion, the writer would like
to state that while taking full
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responsibility for the opinions ex-
pressed here, he cannot claim credit
for originality of all of the ideas
shown here. Many of the ideas
expounded here are gleaned from hours
of discussions with naval architects
of several countries, as well as other
naval architects from his own country.

What is expressed here is the author's
summation of ideas on marine stability
criteria which he has seen, heard, or
thought about, and which, in his
opinion, offer the most logical approach
to future development of marine sta-
bility criteria.
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TABLE I

INTERNAL

LIST OF FORCES

INTACT STABILITY

EXTERNAL

%

PASSENGER SHIFT

BULK CARGO SHIFT

LIQUID SURFACE EFFECT

WEIGHT MOVEMENT AT SEA

CARGO LOSS
CARGO GAIN

ICEING

LOADING VARIATIONS

WIND HEEL
SEAWAY FORCES

GEAR FORCES
MOORING
TOWING
DREDGING
FISHING

MANEUVERING FORCES
RUDDER
THRUST VARIATION

DAMAGE STABILITY

EFFECTS OF FLOODING
CHANGE OF C. G.
or

(if damage is envisaged)

CHANGE OF C. B.
plus

(when cargo is lost)

CHANGE OF C. G.

WIND HEEL
SEAWAY FORCES

GEAR FORCES
MOORING
TOWING
DREDGING
FISHING

MANEUVERING FORCES
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‘ OF CAPSIZING ’
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1. INTRODUCTION

In 1962 IMCO started its work towards
the development of stability criteria
for fishing vessels and for small
passenger and cargo vessels of less
than 100 metres in length. The work
was completed in 1968 and the criteria
were introduced by IMCO as recommend-
ations [1].

At the time IMCO had started its work
towards elaborating intermational
stability criteria several countries
introduced some stability criteria
going beyond the requirements of 1960
SOLAS Convention [2]. All national
requirements and regulations were
carefully analysed, but the main
source of inspiration for the evalua-
tion of IMCO-Criteria was an analysis '
of casualty records and a comparison
of the various stability parameters
for vessels which capsized with those
which were found safe in service [3].
From all the stability parameters '
which could be used as stability cri-
teria, the ones chosen for further
analysis were those which lead to the
lowest position of KG. This was
decided on the basis of statistics.
The details of the approach adopted
at IMCO are well known from many ref-
erences, such as [1], [2], [3], and

will not be discussed further, It

should be underlined, however, that
the approach was a pure statistical

- one, Its main drawback was that the

available data constituted only a
small population of vessels, In con-
sequence, the statistical analysis
was not satisfactory.

During the discussions at IMCO, the
view was expressed several times that
in future more rational stability
criteria are needed, Rational stab=-

ility criteria are understood to be
those that can take into account the
physical phenomena occurring during
the ship'!s service and all extermal

" forces exerted on them, The develop-

ment of such rational criteria is a
long-term task and for this reason

simpler statistical approaches are

first adopted at IMCO.

2. PROBABILITY OF CAPSIZING

Considering the rational criteria, it
is possible to come to the conclusion
that the most universal ssability
criterion should be the probability
of non-capsizing of the vessel during
its whole life,

However, in the calculation of the
probability of non=capsizing of a
vessel many serious difficulties are
encountered. In such a calculation
it is necessary to take into account:

a) the variation of stability
characteristics with time,

b) the variation of extermal
loads with time and in the,
various areas

c) the period of service,

d) areas in which the vessel
is intended to operate.

Therefore, if in the definite period
of time ti’ which belongs to the

period of service.T, there exists a
set of conditions W, which consists

of any combination of the sea state,
of wind force and direction and of
any other extermal loads, of heading
of the vessel, its speed and stab-
ility, then the probability of
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non-bapsizing of the vessel, X, can be
calculated as a conditional probab-
ilitys .

(x) =P (x/wi)

If, in the period of service T, there
exists the possibility of n sets of
conditions Wj, and each of them can
be repeated m. times, then the prob-
ability of nofi-capsizing of the vessel

can be calculated by the formula:see [hl

P, (X) = :[':11 P (x/wl)] "1

Discussing the probability concept of
stability criteria, it should be not-
iced that the probability can never
reach the value of 1.0, so the prob=-
ability of non-capsizing will never be
1.0, From the point of view of safe=:
ty a very slight deviation from 1,0
may be allowed. If we take for example
the probability of non-capsizing equal
to 0.99, it means that one vessel out
of a hundred could capsize., This can
not be accepted, Therefore, a much

- smaller deviation should be adopted:

equal to a small fraction of one per
cent,

A question now arises on whether it
is possible to calculate the probabil-
ity with such great accuracy; more-
over, in the vicinity of 1,0, the
dependence of the probability upon
stability characteristics is strongly
linear, On the other hand, occurence
of extremely severe conditions of
wind and waves is a very rare pheno-
menon, and at present the probability
of its existemce cannot be calculated
on the basis of statistics.

Therefore, the error in the calcula&
tion of the probability of non-
capsizing should be of a lower order
than the probability deviation which
could be accepted as a criterion,

So the usefulness of the probability
concept in establishment of the stab-
ility criteria may be questioned.
This was pointed out by Sevastianov

(4]

3. POSSIBLE METHOD OF DEVELOPING
OF RATTONAL CRITERIA

The 1mpract1cability of using the
probability of mnon-capsizing of the
vessel as a universal stability cri-
terien leads to the consideration of

other possible methods of estimation
of rational stability criteria.

Any "rational® stability criteria
should take into account all possible
external loads and the behaviour of
the vessel under the influence of
such loads, The view has been ex-
pressed many times that a definite
"gafety margin” should be estimated
for each situation,

From all possible extermal loads part
of them can be calculated with suffic-
ient accuracy. These loads may be
static or dynamic and they appear as
random events but not as random func-
tions. The probability of their
occurrence is rather low, but never-
theless the vessel should be able to
meet their full value and the pess-
ibility of their occurrence has to be
taken into consideration., In general,
the probability of the cccurrence of
the combination of two or more of
these loads, or the ccmbination of
these loads with loads which are ran-
dom functions, is supposed to be ex-
tremely low as compared to the prob-
ability corresponding to the remain-
ing allowable risk.

There are, however, some cases when
the probability of occurrence of two
or more different loads is supposed
to be significant, and they should
both be superimposed. It is recom-
mended that such loads should be
taken into account in way of balance
of levers, and a certain safety mar-
gin should be left in each case,

There are, however, other loads; such
as wind and sea, which are random
functions.

The necessary margin of safety for
such loads can be estimated only in
probabilistic way. This statement
can be further explained. If we

take the simple balance of heeling
and righting levers with respect to
loads which appear as random func-
tions, then the extremely severe con-
ditions should be included in the
balance.

However, this will lead to a large
safety margin which will never be
used throughout the entire life of
the vessel, Moreover, a safety
margin which is too large has many
negative effects:~ poor seaworth-
iness, unsatisfactory economic fac-
tors, etc.

Therefore, when developing stability
criteria it is more useful to analyse
actual possible situations of the
vessel, taking into account the
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characteristics of external loads.
These characteristics, e.g. wind
pressure and wave heights, always
appear together with a certain prob-
ability. Therefore, the deseription
of various analysed situations can

be made only on the basis of the con-
cept of probability. In this concept,
the stability criterion should

be the probability of non-cap3121ng
of the vessel in several selected
dangerous situations, The most im=-
portant part of the method is ob-
viously proper selection of these
situations, Once the situations are
selected, it is necessary to formulate

. a mathematical model of capsizing for

each of them, to solve this model and
to evaluate the safety of the vessel =
in terms of probability of non-
capsizing or, in simple cases, in way
of direct balancing of heeling and
restoring moments,

This procedure was partly adoﬁted in
the development of mational stability
regulations of some countries, such

.as Reference [5] it was also suggest-

ed at IMCO Conferences and by some
authors, see References (4], [6].

The procedure, although giving a chance
of completion in a reasomnable period
of time, still needs considerable res-
earch work,

Firstly, the selection of typical
dangerous situations which character-
ises a ship'!s safety is a very diff-
icult task., For this purpose it is
negessary to enumerate all possible
situations with respect to extermal
forces exerted on vessels of various
types, to evaluate the degree of risk
in each situation and to evaluate the
probability that the vessel will be
found in each situation., The perfor-
mance of such an analysis requires
thorough statistical analysis based on
a large number of data., Secondly,
mathematical models for various sit-
uations of the vessel are far from

_ perfect., Only some simple cases are

solved satisfactorily. More complex
situations are being investigated but,
in most cases, the results achieved
are not sufficiently exact,

L, CONSIDERATION OF DANGEROUS
SITUATIONS OF THE VESSEL

The dangerous situations of the ves-
sels can be selected on the basis of:

a)  casualty records and statistics,
b) model tests,

¢) nautical experience and practice.

3.

The data collected so far with res-
pect to all above three items are
far from complete, however, mater-
ials available at present enable us
to draw some preliminary conclusions
as to the selection of dangerous
situations.

The most useful in this respect are
casualty records and statistics,
There are many descriptions of stab-

"ility casualties available in world

literature; some of them are rather
detailed, see "Pamir" casualty [7].
Also available are collated casualty
statistics such as the work of
Manley [8]. The most valuable mater-
ial, however, is contained in two
reports prepared for IMCO, [2], [3],
because an attempt was made to anal-
yse the causes of casualties from
the point of view of the situation
of the vessel, 'These two reports,
supplemented by other records, can
be used for selection of dangerous
31tuat10ns.

For the purpose of this paper an
extract from both reports was prepar-
ed which is shown in form of Tables
1 and 2, Table 1 was prepared on
the basis of the Table 1 in [2].

All cases in which shifting of deck
cargo or cargo in hold occurred and
the vessel was not lost were omitted
Other cases were divided into two
groups - without shifting of cargo
and with shifting of cargo. The
same method was used in the prepar-
ation of Table 2 for fishing vessels,
on the basis of Table 1 in [3].
Although the total number of vessels
analysed is not large, and data sup-
plied are in many cases obviously
not very exact, some conclusions can
be drawn from the analysis of both
tables.

In the majority of cases, the sea
and wind were the main effects at
the time of casualty. In only a few
cases did the vessel capsize in calm
sea, and then mostly the action of
helm was observed., So the action of

‘helm should be treated as important

factor, but not necessarily in con-
nection with wind and sea effects.,

Water on deck and rTashing in of water
in connection with free surface effect
are in some cases reported as the
main causes of easualty. Both are
connected with rough sea conditions.
The last effect which should be in-
cluded in the whole picture is

icing which in one case was reported
as the cause of casualty in connecs
tion with the action of helm, in some
other cases in connection with wind
and sea effects. From other reports,
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see [7], it is known that in some
cases additional weight (caused for
example by moistening of deck cargo)
or heeling moment caused by crowd-
ing of passengers were the main
causes of accident.

With regard to the way the casualties
took place, in the majority of cases
gradual capsizing was reported. The
tables do not show that this is nec-
essarily comnnected with water on
deck. However, bearing in mind that
the majority of vessels analysed are
small low=freeboard full scantling
cargo vessels or low=freeboard fish=-
ing vessels, it could be assumed that
there was water on deck in each case,
In many cases the casualty occurred
in beam sea and as it is seen from
model tests, in such cases, water on
deck is the main cause of gradual
capsizing.

Model tests of capsizing phenomena
form a very good basis for studying
various modes of capsizing and con-
sequently for the selection of danger-
ous situations. Results of model
experiments of this kind were report-
ed several times during the last few
years, see [9], [10], [11]. The res-
ults of experiments will not be dis-
cussed here as most of them were pub-
lished. The conclusions which could
be drawn from them are of great value
in proper selection of dangerous sit-
uations. An analysis of the behaviour
of the vessel sailing amongst the
waves shows that the heading with re=-
pect to direction of wave propagation
is of utmost importance, It is poss-
ible to distinguish three main pos-
itions of the vessel with respect to
wavess

a) Tbeam seas,
b) following seas,
c) quartering seas.

The probability of capsizing in head
seas is very small and this is in
agreement with the IMCO statistics.
In model tests, the models never cap-
sized in head seas. Therefore this
condition may be ignored, If we take
beam seas under consideration first,
three possible ways of capsizing can
be observed:

a) sudden capsizing in wind gust,

b) gradual capsizing with water
trapping on deck,

¢) capsizing in breaking waves.

Sudden capsizing in wind gust may
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occcur even in comparatively calm
water, if the lateral area exposed
to wind is sufficiently large and
stability comparatively low., If
such a vessel is steaming in waves,
the conditions are even less favour-
able and capsizing may occure.

The sudden capsizing in beam waves
occurs mostly in the case of high
freeboard vessels and sailing vessels.
Nevertheless similar capsizing phen-
omena were observed for low=freeboard
vessels with high position of the
centre of gravity, see Figure 1l.

Gradual capsizing with water trapping
on deck occurs in cases of low- .
freeboard vessels. In this category
we find mostly small vessels, coasters,
fishing vessels, tugs, etc. If such

a vessel is steaming in beam seas,
subsequent waves can trap on deck
causing additional heeling moment and
progressively increasing heeling angle.
There are two possibilities - the
vessel capsizes, or after some time,
the condition of equilibrium estab-
1ishes in which. the vessel with the
deck partially flooded oscillates
around the heeled position., Both
cases are shown in Figure 2. The mean
angle of heel in a quasi-static equil-
ibrium condition is called the pseudo-
static angle of heel, Both large
pseudostatic angle of heel and capsiz-
ing are dangerous from the safety
point of view. .

The history of capsizing, as observed

in Figure 2, which was obtained from

model tests in irregular waves in the
open water of a lake, always shows

that the origin of progressive increase
of heeling angle occurs when a group

of large waves is encountered.

From this point of view, the probab-
ility of occurrence of such groups in
irregular seas is of great importance.

The third mode of capsizing is observed
in breaking waves on shallow water,

If the vessel is considered to be broad-
side to waves it is rolling on steep
shallow=water waves. Moreover, it is
observed that under the additional im-
pact of oncoming waves the vessel can
capsize, This phenomenon can be ob-
served in model scale but it is often
met in reality also.

When the ship is moving in following
seas, two modes of capsizing can be oba
served, see [11]. A low cycle reson-
ance phenomenon in which the vessel is
overtaken by a group of especially

steep waves. With the crest of the

wave amidships, stability is greatly
reduced and may become negative resulting



Kobylinski

in large heel. Then, when this wave
moves on, stability is sharply in-
creased. The vessel then "snaps" back
upright and beyond, and the second
wave again reduces stability and in-
creases the heel, The capsize may
occur if the ship is forced to roll
far enough past the upright position
when the wave crest moves into the
amidship position.

This phenomenon may be assigned to the
phenomenon of "parametric resomance"
which occurs in non-linear systems
when a parameter in differential equ-
ation is a function of time., Another
possible mode of capsizing in follow-
ing seas, as observed in model tests,
is the "pure" loss of righting arms.,

In this situation the model was obser-
ved to be travelling in following

seas with relatively little rolling
motion and was overtaken by two or
three exceptionally steep waves, usual-
1y of about the modelts length. If

the deck was immersed in the crest, the
model was observed to simply lose stat-
ic stability and to capsize without
preliminary rolling motion. Rolling
records obtained from model tests are
shown in Figure 3.

'The last mode of capsizing may occur

in quartering seas - this phenomenon

is called "broaching". It occurs when
the vessel is struck by two or three
steep breaking waves, The vessel loses
some of its directional control and
large yaw is usually observed.

The vessel capsizes under the combined
infiluence of dynamic forces of the
breaking waves coupled with dynamic
forces associated with the turning mo=-
tion of the vessel, Capsizing takes
place usually with the crest of the
wave amidships, hence in position of
reduced transverse stability.

In. proper_selection of dangerous sit-
uations a very important role- should
be assigned to mautical experience and
practice., This is mostly incorporated
in national rules and regulations, or
recommendations of various countries
as well as in many proposals of stabil-
ity criteria which can be found in
world literature.

This material was partly analysed at
IMCO [12] and will not be discussed
further, The results of this analysis
are of great importance for provper
assessment of various additional heel-
ing moments which should be taken into
account for vessels of different types.

5. SELECTION OF TYPICAL DANGEROUS
- SITUATIONS

5.

Selection of typical dangerous sit-
uations of the vessel for the purpose
of developing stability criteria can
be made as a result of the consider-
ations given in the previous paragraph.
This is very responsible work which
has not, so far, been carried out. At
this stage, some preliminary sugges-
tions can be made which are far from
complete and are limited to convention-
al cargo vessels only.

It can be concluded from the previous
considerations that the major effects
are those of wind and sea, If so,
then all situations should be categ-
orized according to the heading with
respect to the wind and wave direction.
In some cases action of helm may be

of importance. -

All other effects, such as shifted.
weights (partially filled tanks) and
additional weights (additional cargoes
and ballast, icing, deck cargoes)
should be considered as changing stab-
ility characteristics (position of the
centre of gravity) rather than as ex-
ternal heeling moments, This leads

to the selection of dangerous situa-
tions as shown in Table 3, Obviously,
icing should be considered only for
vessels sailing in high latitudes, and
situation 5 should be checked exclusive=
ly for very small vessels sailing in
shallow coastal waters. Table 3 should
be considered only as an example as
further studies will probably reveal
other dangerous situations.

For vessels other than conventional
cargo vessels, additional situations
can be selected which should take into
account specific features of construc=-
tion or type of service of these vess
sels, It is well known, for instance,
that for passenger vessels the situa-
tion must be considered in which all
passengers are crowdirng on one side of

_ the decks As it is seen from the IMCO
"statistics, in a great number of cas-

ualties the shifting of deck cargo or
cargo in holds, and flooding of the
hull have a very important effect. It
is assumed, however, that such effects
should not be included in typical sit-
uations on which stability criteria -
are to be based, It is much better to
include in stability regulations nec-
essary precautions against shifting of
cargo or flooding through non-watertight,
openings.

6. PHYSICAL MODELS OF DIFFERENT
STTuATTONs

According to the proposed procedure,
proper physical models should be
chosen for each situation of the vessel.
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This paper does not have the scope
to discuss all possible physical
models in detail, It must be said,
however, that from all situations

given in Table 3, the situations 1 and =

2 are those that are most thoroughly
investigated and included in the
national regulations of some countriese.

With respect to other situations, much
work has been done during the last few
years towards investigating them fully.
However, further experimental and
theoretical studies are needed before
specific stability criteria could be
established and based upon them.

In particular, many studies have been
done recently with respect to the sit=-
uation la, see [13], [14], which is
rather important for many types of
small vessels; however, no satisfactory
physical model has been found so far.
It is obviously a rather difficult
problem to solve because of the com-
plexity of phenomena involved. Other
non-linear probldms connected with

the situations 3 and 3a are not solved
sufficiently well although better res-
ults have been achieved in recent
years, see [11], [15], [16].

Broaching has been extensively stud-
ied by Boese [17], and shallow water
effect is being investigated by both
the University of Leningrad and the
University of Gdansk [18]. The pre-
diction of the behaviour of the vessel
in various situations under the action
of external heeling moments is not
only 4 matter of developing a proper
physical model but also of collecting
sufficient statistics and data on
external heeling moments including
wind and sea effects. While large
amounts of work have been done in this
direction, statistical data on many
heeling moments are still lacking.

In the opinion of the author, however,
the concentration of effort towards
establishing physical modeds and in-
vestigation of the behaviour of vessel
in different situations, together with
collecting necessary statistical data,
may lead to the development of stab=
ility criteria in a comparatively short
time, Obviously, these will not be
strictly "ratiomal" criteria, in the
absolute sense, but citteria which
should improve the safety of the vessel
considerably.
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POSSIBLE DANGEROUS SITUATIONS FOR CONVENTIONAL
CARGO VESSELS.

Table 3
H Changes of stability | External heeling
z Description of characteristics moments
. the situation sg e ‘“o?
s <3 g0 & ~ o
= P led] ®|3 a¥|°
g o
BsEed 2 |c 313 I°8ls
S kcos| = |~ 312 [«®|EF
Mg g 32 |52
| o [=] Aas o
<
1 High=freeboard
"vessel in beam se
No speed i x x x x X = -
1a | Low-freeboard N
vessel in beam sed
No speed x x x x x X =
2 Vessel in calm
sea, Full speed X b4 b4 = x - b'd
3 Vessel in following
sea. Full speed x x x x - - -
%a | Low=freeboard
vessel in follo=-
wing sea.Full speed x x X x - x -
4 | Gartering sea at
- | full speed x b4 x x X - -
4a Broaching at full
speed x X X x X - x
5 Vessel in beam
sea, shallow water x x x x x - -
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ENVIRONMENTAL CONDITIONS RELEVANT TO THE
STABILITY OF SHIPS IN WAVES

by

J. A. EWING,
Institute of Oceanographic Sciences, England

1. INTRODUCTION

Waves are usually the most important
environmental factor which has to be.
considered by engineers in the design
of ships and marine structures. :
Other factors such as the direct
influence of winds and currents are
of lesser importance in the context
of ship stability and they will not
be considered in detail in this short
paper except in so far as winds are
the primary mechanism for the gen-
eration ef waves and that ocean cur-
rents can cause wave refraction.

Wave data have been collected for a
number of years so that there is a
basic knowledge of wave conditions
over the world!s oceans and seas
which can and has been used by naval
architects in the structural design
of ships. Three classes of wave

data are available according to the
origin of the data. These consist

of wave data from visual observations,
data from direct measurements, and
data hindcasted from known, past,
meteorological situations, Of these
types it seems likely that hind-
caated wave information obtained from
numerical wave prediction models may
be the most important for ship stab-
ility considerations, for the analysis
of ship casualty data indicates the
existence of local sea areas where the
influence of currents and bottom top-
ography can cause steep crossing wave
systems which are especially hazard-
ous to small ships and structures,

It is very unlikely that a wave
Tecorder will have been deployed for
any length of time at one of these
locations so that the only way of des-
cribing the conditions in such areas
"ds by using numerical wave prediction
methods based on meteorological
information as input,.

'

Ship casualties often arise in sit-
uations where several high waves
occur in a group and cause ex-
cessive rolling. The statistics

of groups of high waves have been
studied in a number of recent in-
vestigations and should be of im-
portance in describing certain modes
of capseize, ’

2. SUMMARY OF WAVE DATA SOURCES

Comprehensive surveys of available
wave data have been compiled and
referenced by the Environmental
Conditions of the Intermatiomal Ship
Structures Congress (ISSC) in reports
to the 3rd, 4th and 5th Congresses
held in 1967, 1970 and 1973 res-
pectively., This paper will there=~
fore not duplicate this work, but
will be concermed with the use of
wave data in the particular context
of ship stability.

2.1 Data from visual observations

The most extensive amount of wave
data has been derived from visual
observations made by observers on
merchant ships during their passage
over the oceans. One of the most’
complete presentations, giving :
coverage of fifty different sea areas
with the exception of the North
Pacific Ocean, is the cempilation
carried out by Hogben and Lumb (1967).
Many other sources of visual wave
data have been analysed and pres-
ented in papers which are doc-
umented in ISSC reports,

Visual observations are necessarily
subjective estimates of wave height,
period and direction so that in-
dividually they are liable to large
errors, Comparisons between
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visually observed wave heights and
measured wave heights show that
visual estimates of wave height are
fairly reliable and quite well-
correlated with measurements. On
the other hand visual estimates of
wave period have low correlation
with average and modal periods ob-
tained from the spectral analysis
of wave recordings. For these
reasons there does not appear to be
a reliable way of estimating wave
spectra by fitting visual obser-
vations to certain spectral charac=-
teristics.

¥hen a large number of observations
are available visual observations
can be used to estimate the long-
term distribution of wave heights
or the twave climate!, This seems
to be the main use for this type of
wave data. :

2.2 Data from wave measurements

Data from wave measurements have
been analysed and presented in two
vays, The first and main source
of measured wave data is avadilable
in the form of statistics of wave
height and period obtained by simple
analysis techniques (for example,
Tucker (1963)) based on the theor-
etical studies of Cartwright and
Longuet-Higgins (1956)., Wave data
analysed in this way is now avail=-
able from weather ship measure-~
ments in the North Atlantic and
North Pacific oceans and an in=-
creasing number of other areas in-
cluding the North Sea. (References
are given in the various ISSC
reports noted earlier),

The second and smaller class of
measured wave data is that of
spectral measurements. The motion
of a ship in a seaway can only be
calculated accurately if the waves
are described in terms of an energy
or power spectrum, This is par-
ticularly important for the rolling
motion of a ship where the response
is confined to a marrow band of
wave frequencies mear the natural
roll period. Wave spectra measure-
ments may therefore be the best
input to use in ship stability cal-
culations but as yet they are not
available in sufficient numbers
except fer certain weather ship
stations in the North Atlantic Ocean
(Moskowitz, Pierson and Mehr (1962,
1963, 1965), Miles (1972)).

Measurements of the one~-dimensional
(frequency) spectrum of waves at
O.,W,S. tIndiat'! and tJuliett?! have
been used by Darbyshire (1963) to
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derive a spectral formula in terms of
wind speed and fetch. More recently
Pierson: and his associates have
analysed a subeset of about fifty
spectra from North Atlantic weather
ship stations to correspond to fully-
developed seas with wind speeds up to
4O knots. The resulting spectral
form, called the Pierson-Moskowitz
(P-MS spectrum (1964), is now widely
used to represent fully-developed
ocean waves in ship design calcul-
ations. It should be noted however
that ship losses and damage do not
necessarily occur in extreme con-
ditions. Indeed dangerous motions
may occur in quite moderate sea con-
ditions when the ship is in quarter=-
ing or following waves.

The JONSWAP study (Hasselmann et al
(1973)) has measured the development
of waves under fetch-limited cond-
itions off the island of Sylt in the
southern North Sea, Wave spectra ob-
tained under these conditions did not
have the same shape as the P-M spec-
trum. Fetch-limited spectra were
found to have much sharper peaks than
the P-M spectrum; the high frequency
tails of such spectra were also found
to be fetch-dependent and not comstant
as first suggested by Phillips (1958)
If empirical spectra are used in ship
stability caleculations then a dist-
inction must be made between using
spectra characteristic of fully-
developed conditions (the P-M spectra)
and spectra which describe fetch-
limited waves (the JONSWAP spectrum)
in limited areas like the North Sea.

A complete description of ocean waves
requires the measurement of the two-
dimensional spectrum, that is the

‘energy spectrum of waves with respect

to frequency and direction. Due to

to the difficulty in recording and
analysing waves in the open ocean only
a few such measurements have been
made, Furthermore the measurements
have usually been taken as part of
fundamental research on ocean waves or
special ship trials and so cannot be
considered as an adequate statistical
sample for wave data purposes., At
present there does not seem to be a
suitable way of collecting directional
wave spectra information omn a routine
bagis for wave climate studies.

In the absence of wave spectral data
for a particular area the best course
may be to retrospectively generate
the wave climate using numerical wave
models. This is discussed in the
following section.
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2,3 Hindcasted wave data derived from
numerical wave models -

Modern methods of wave prediction use
as their basis a fundamental equation
which expresses the propagation of
waves together with their generation,
interaction and dissipation (reviews
of presently available numerical
methods are given in ISSC reports).
Two main uncertainties arise in this
approach for hindcasting ocean wave
spectra and statistics. The first
limitation lies in the difficulty of
specifying the wind field to the
accuracy needed in spectral wave cal-
culations. However, with the advent
of computers large enough to handle
advanced weather models and the in-
crease in observing stations over the
oceans it should be possible to give
a more accurate specification of the
wind field., The second uncertainty
is in the representation of the terms
in the Source Function or those terms
governing the dymamics of waves.

Here our knowledge of wave growth and
interaction processes is being rapidly
advanced with studies such as JONSWAP
(Hasselmann et al (1973)).

The present statuas of deep water
numerical wave models shows that it
is possible to produce reliable hind-

. east wave heights (the r.m.s. error

of predicted significant wave heights
is about 1 m compared to measurements

‘for wave heights less than about 15 m)

and reasonable estimates of the one-
dimensional spectrum. The few com-
parisons that exist of hindcasted
estimates of the directional wave spec=-
trum . show that, as expected, this is
not easy to predict accurately.
Nevertheless it seems likely that, in
due course, hindcasted wave data (in
the form of spectra as well as the

" simpler statistics) may well super-

sede wave spectra measurements., In
many sea areas where no measurements

‘are available, hindcast wave methods
offer the only way of estimating the

long=-term distribution of extreme wave
conditions by an analysis of past
meteorological events.,

In shallow water the prediction of
waves is more difficult than in deep
water due mainly to the complications
of wave refraction and the (at present)
uncertain processes of dissipation by
bottom effects. For these reasons the
development of numerical wave models
for shallow seas, such as the North
Sea, is only now being started.

Hindcasted wave data may be especially
important in the case of ship casualty
analysie. If, as will be discussed

in subsequent sections, local effects
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are important in a particular area
where a casualty has been reported
then it is most unlikely that any
measurements will have been made at
that particular location., In this
case the only way of describing the
wave conditions at the time of the
ship loss or damage is by using a
numerical wave model based on the
past meteorological data for that
time.

3. LOCAL FEATURES OF WAVES CAUSED
BY BOTTOM TOPOGRAPHY AND
CURRENTS :

In a study of the loss of two British
trawlers in the North Sea, Pierson
(1972) believes that the circumstances
causing the loss may well have been
due to high crossing-wave systems
caused by refraction around shoal
areas, One of the ships was lost
south of the Dogger Bank and the
other ship between North Ronaldsay
and Fair Isle; in both locations wave
refraction is important. Indirect
confirmation of the existence of high
waves during strong northerly winds
in the area south of the Dogger Bank
is provided by Ewing and Hogben (1971),
In their analysis of over 500 wave
measurements taken by British research
trawlers in the seas around the
British Isles, it was found that the
record with the highest waves (the
significant wave height was 8.7 m)
was taken at a location near to that
where the trawler was lost south of
the Dogger Bank., In a situation
where northerly winds can cause waves
to be refracted around shoal areas
like the Dogger Bank, wave energy can
come simultaneously from two different
directions making it very difficult
for a small ship to take avoiding
action for the ship would experience
severe rolling and pitching at any
heading. EIxperiments in a tank by
Chao and Pierson (1972) show that
waves when travelling from shallow

to deep water are turned round omn
themselves to form an intersecting
pattern where the wave heights are
about twice as high as they were at
the point where they were generated.
The effect is analogous to the for-
mation of caustics in optics.,

Intensification of wave energy by
refraction must occur to some extent
in certain areas of all shallow seas
and is therefore a potential source
of danger to small ships., The
existence of such areas can be fore-
seen through a study of the bathym-
etry, but, as noted previously, a
thorough analysis of the waves re=
qQuires the use of a shallow-water
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pumerical wave model.

Unusually steep and high waves have
been reported in locations where
strong currents interact with wind
waves., Mallory (1974) has doe-
umented the conditions off the east
coast of South Africa where some
ships have been damaged by unexpec-
tedly high waves. In this area
locally genereted waves and swell
waves from the Southernm Ocean can
encounter the opposing Agulhas cur-
rent (which may reach speeds as high
as 5 knots) with the result that the
waves become higher and steeper.
Longuet-Higgins and Stewart (1961)
have shown that the nonlinear inter=-
action between an opposing current
and waves results in a shortening
of the wavelength and an increase in
the wave height. According to their
theory the wave height becomes very
large at the critical point where
the current velocity is equal and
opposite to the local group velocity
or one-quarter of the initial phase
velocity of the waves. (In practice
the waves will break before this
point is reached) The wave periods
and current speeds characteristic

of the area off the east coast of
South Africa often occur to satisfy
this condition. :

Any local variations in the strength
and direction of the current - such
as occurs in the Agulbhas current -
can, in a similar way to bottom top=-
ography, cause the waves to be
refracted with the formation of
steep waves and caustics. Wave and
current conditions similar to those
which occur off South Africa must

- exist in other parts of the world
and can therefore cause damage or be
dangerous to small ships,

e

L, STATISTICS OF GROUPS OF HIGH
WAVES -
Groups of high waves are known to
cause severe rolling motions and are
therefore important in the study of
the capsize condition. The statistics
of high wave groups have recently
been studied by Goda (1970) and Ewing
(1973). A rTun of wave heights can be
defined as the sequence of waves the
height of which exceed a particular
level. Goda derived the mean length
of runs of wave heights described by
a random process where successive wave
heights are uncorrelated (this assump-
tion is equivalent to representing the
_waves by a spectrum with a large band-
width, that is, a typical wind-
generated sea), and compared his
results with measured run lengths

" taken from simulated wave records.

For spectra with a large bandwidth
the agreement was found to be good.

The longest run lengths occur for
narrow-band spectra characteristic
of swell waves and, in this case,
Ewing showed that the mean length
of runs of high wave heights was
inversely proportional both to the
width of the spectrum and to the
crossing-level being considered.
For swell waves values of the mean
run length (for a level corres-
ponding to the significant wave
height) are from about 4 to 10 de=-
pending on the width of the spec-
trum. Long run lengths are of
direct interest in the case of the
rolling motion of ships since it
is often in this situation, where
there are a succession of high
waves, that capsize occurs. The
phenomenon of groups of high waves
seems to be associated in some way
with the mode of capsize called
tlow cycle resomance! by Paulling
et al, (1972)

5.  BREAKING WAVES

The phenomenon of breaking waves

is of great importance in the study
of the stability of ships for it is
well known that the forces due to
breaking waves are considerable and
often exceed those in non-breaking
conditions.

Experimental studies of breaking
waves in shoaling water have lead

to a practical description of the
breaking process which has been used
successfully by coastal engineers
but in deep water wave breaking is

. more difficult to observe because

of the transient and sporadic nature
of the phenomenon. When waves break
in deep water the crest of the wave
spills forward forming a strongly
turbulent region on the forward face
and a less turbulent wake behind

the crest. Whitecaps are observed
when air is entrained by the tur-
bulence on the forward face of the
wave. An initial description of

the dynamics of a spilling breaker
in deep water, made by Longuet-
Higgins (1973a) and Turmer (1974),
is able to describe some laboratory
observations but a full description
of the breaking process is theor-
etically difficult because of the
highly nonlinear nature of the

 motion. From another point of view,

Hasselmann (1974) has considered
whitecapping to be represented by a
local, strongly nonlinear interaction
in. a random wave field. In this



case the Source Function for the
dissipation due to whitecapping can
be derived and is found to be con-
gistent with the structure of the
energy balance derived from JONSWAP,

Other related work on the limiting
form of progressive waves in deep
water and the dynamics of solitary
waves in shallow water are the sub-
ject of recent investigations by
Longuet-Higgins (1973b, 1974) and
Longuet-Higgins and Fenton (1974).

In open ocean conditions the pro-
cesses of wave breaking in a random,
three-dimensional seaway remain
largely unknown. An understanding
of the intermittent nature of wave
breaking requires the combination of
a realistic fluid mechanical model
of wave breaking together with a
stochastic model of sea waves.

6. CONCLUSIONS

Wave spectra measurements offer the
best possibility for understanding
' the motions of a ship in a seaway
but they are not yet available in
sufficient numbers to define con-
ditions over the world's oceans,

In the future it should however be
possible to use numerical wave

5.

models to hindcast wave spectra and
statistics from known past meteor-
ological conditions, This is of
particular importance in the case of
ship casualty analysis where it is
very unlikely that any measurements
will have been made at the particular
location of the casualty where wave
refraction and other factors may be
locally important. Strong ocean
currents are also of importance in
their influence on waves and can
produce steep breaking waves which
are hazardous to small ships.

The statistics of groups of high
waves have been studied recently and
may be useful in understanding the

‘mode of capsize known as low cycle

resonance.

The basic difficulty in understand-
ing the motion and stability of ships
in waves is due to nonlimnearities
both in the waves themselves and in
the resulting ship motions, Certain
approximations can be made, such as
assuming the linear spectral theory
of waves, but these approximations
may not be valid for high breaking
waves, It will require a combined
effort by both oceanographers and
naval architects to solve the pro-
blems of ship stability in extreme
wave conditions. -
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SUMMARY

In order to apply the theoretical
calculation of ship motions and wave
loads to the practical ship design,
it is necessary to confirm the agree=
ment between prediction and experi=
ment,

Tests were carried out using ship
models and the results were compared
with the theoretical predictions
based on the strip method., The kinds
of tests were forced oscillation model
tests in calm water to check the co-
efficients of the equations of ship
motions, restrained model tests in
oblique waves to check the terms of
wave excitation and free model tests
in oblique waves to check the amplia=
tudes of ship motions, '

It is pointed out that the estimation
of roll damping is the most important
and its proper approximation method
should be developed for making a bet=
ter prediction, Moreover, it is
pointed out that investigations should
be carried out for ship motions among
the waves of larger wave height so as
to be able to predict and maintain
the stability and safety of a ship in
rough sea,

i, INTRODUCTION

In view of safety of ship operations
in a seaway, it is important and
necessary to predict the ship motions
and the wave loads at the initial ship
design stage. At present, theoretical
prediction method based. on the strip
method is available and computer pro-
grams are now prevailing. Although
there still remains a certain amount

of refinement to be done, and a
need for more precise evaluation,
the strip method has been know as
one of the most reliable methods so
far for practical use.

In order to apply the theoretical
calculation to the practical ship
design, however, it is necessary to
confirm experimentally or modify
theoretically the important terms
in the equations of ship motions,
In fact, fairly good accurate ship
motion calculations will be necess-
ary, because the prediction of wave
loads is carried out on the basis
of the calculated results of ship
motions,

Experimental confirmations should
be conducted in connection with
each term in the equations of ship
motions; that is, tests are made
using models of various ship forms
and comparisons are made between
the test results and the computed
ones, Thus, the key point will be
found for the improvement of the
calculation method, The kinds of
tests ares

1) Forced oscillation model test
in calm water to check the
coefficients of the equations
of ship motions, particularly
for the lateral motions, (1),

2) Restrained model test for wide
variety of the wave incident
angle to check the terms of
wave excitation, (2), (3), and

3) Free-running model test in
oblique waves to check the amp-
litudes of ship motion corres-
ponding to the solution of the
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equations of motions.

In the present study, the above men-
tioned approach was followed and at-
tention was concentrated on the roll-
ing motion. Supplementary model tests
were also conducted in the waves of
large wave height to evaluate the non-
linearity of rolling motion.

2,  MODEL EXPERIMENTS

Three kinds of test were conducted
for models of several ship forms to
confirm the prediction method of ship
motions and hydrodynamic pressure
acting on hull surface.

2.1 Forced oscillation model test in
calm water

It was considered that there are many
points to be impmoved in the calcul-
ation method of lateral motions: sway=-
ing, yawing and rolling. A forced
oscillation test was conducted for
these lateral motiomns c=ly.

In order to carry sut forced oscill=
ation tests, it is essential to have
an oscillating mechanism in swaying,
yawing and rolling or their coupled.
motions with prescribed period and
amplitude and a measuring system for
corresponding hydrodynamic reactions.
This apparatus is called "Forced
rolling dynamometer" from the view=-
point that rolling is the most import-
ant of the lateral motions in waves.
The outline of dynamometer used is
shown in Figure 1.

Hydrodynamic reactions were measured
for each mode of motion, advance speed
and circular frequency of motion by
use of this dynamometer, Simultaneous
measurement was made for hydrodynamic
pressure, so=called radiation pressure,
acting at several points on the hull
surface.

2.2 Restrained model test in oblique
wavesa )

A restrained model test was conducted
for a wide variety of the wave incident
angle by towing the model with a con-
stant speed using an apparatus called
nWave force dynamometer”, The outline
of dynamometer used is shown in Figure
2, Hydrodynamic forces and moments
due to wave were detected in the form
of the strain of semi-conductor type
resistance gauge on the spring plate
or block gauge, The mechanism, which
allows the ship motions with suitable
combination of ship motion components,
is provided in the dynamometer so that
only the wave exciting forces and mome

ents in lateral direction can be
measured,

Wave exciting forces and moments:
heaving force, pitching moment,
swaying force, yawing and rolling
moment, were measured for differing
circular frequency of regular wave,
direction of wave incidence and
advance speed. Simultaneous
measurements were made for hydro-
dynamic pressure, so=called the dife=
fraction pressure and the pressure
based on Froude-=Kriloff'!s hypothesis
at several points, ‘

2,3 Free=running model test in
gbligque waves

A free-running model test was cone
ducted in regular oblique waves
using a self-propelled model., Six

' components of ship motion: heaving,

pitching, surging, swaying, yawing
and rolling, were measured and the
total pressures were measured sim-
ultaneously at several points,.

30 TEST RESULTS AND CONSIDERATION

Coefficients of main terms in left
hand side of equations of motiomns,
wave exciting force and moments
and amplitudes obtained by each
experiment are compared with the

 computed results based on the strip

method.

3.1 Representations of test results

Linearized equations of coupled lat-
eral motions: swaying, yawing and
rolling, are expressed as in equa-
tion. (130 .

. (1] ‘ 44
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1) Coefficients in left hand side
of equations of motiomns

Important coefficients are shown
for main terms as follows:
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virtual mass of swaying

= ay /e

damping force coefficient of
swaying

2 = (2, /9 ) NB/2e

virtual mass moment of inertia’
of yawing

-~ 2

a4 = ip,ﬂfv3L

damping moment coefficient of
yawing

G = (a,,/69 ) IB/2¢

virtual mass m.ament of inertia

rolling
A 2
a” = a,-,/?VB

damping moment coefficient of
rolling

= (3,4/695 )Y B/2¢

‘“Amplltudea of wave excitlng force

and moments

‘amplitude of swaying force, Yw

Ywa = Ywa/@eldh

amplitude of yawing moment, Nw
S

Nwa = Nwa/@gL dh

amplitude of rolling moment, Lw

Lwa = LwA/engzh

Amplitudes of ship motions
amplitude of swaying displacement,y

Ta = Ya/ha

amplltude of yawing angle, ¢?

sé’s’//

amplitude of rolling angle,yé

A @S/khfﬁ

where

L

B

d

ship length
breadth

draft

3.

‘7 displacement volume

4 ‘density of fluid

.

g acceleration of gravity
wave amplitude (= wave height/2)

wave number

The results were expressed in non-
dimensional form on the basis of
the non-dimensional c%;cular -
quency of oscillationé®d =«WB/2g
or wave length to ship length ratio
A/L,
3.2 Coefficients of equations of
dlateral motions

The calculation method of lateral
motions based on the ordinary strip
method was presented by Tasai® 1In
the present study, modifications
were made of the coefficients of
main terms in equation (1) based on
the Tasai's formulations by adding
extra terms as indicated in the
following formulae by underlining
and they were calculated using the
values of virtual mass and damping
coefficients from the table given
by Tamura, 5? :

a, = my + mydx
a;pg = Nydx +££Jlmﬂbt

L—

2
ag,= Izz + my(x-xé) dx
3y = Ny(x-x fdx +"—"—"—de“ (2)
a 372-_- Ixx +J(my1y1¢ - 20CGmyly +
0G my)dx
= VGM

Y9 =€¢
where

o, mass of ship

Ixx mass moment of inertia about
x=axis

Izz mass moment of inertia about

Zeaxis
my sectional added mass in the
y=axis direction

Ny sectional damping furce co=-:
efficient in the y-axis dire-
ection
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b4 x-coordinate of the centre of
gravity of ship

1y lever of sectional added mass
inertia force due to rolling
motion with respect to O! which
is the project of O on the transe-
verse section

14 = i/myly

i sectional added mass moment of
inertia with respect %o O!

iw lever of sectional force due to
rolling motion with respect to
ot '

The underlined terms in a; , ajzg Te-
present the effect of advance speed

_supplemented by referring to the none-

steady wing theory,

For the roll damping coefficient asg
the calculating formula based on the
ordinary strip method has remaining
amounts still to be solved and it may
be allowable to say that there is
still no prediction method established.
Therefore, from the viewpoint of prac=
tical use, the coefficient ajzgwas
assumed to be simply gomposed of three
terms, that is,

a3;'9 = a +ag, *Aze (3)

a coefficient corresponding to the
3ew damping due to wave-making cal-
culated by usual potential theory

a coefficient corresponding to the
38¥ yiscous damping, which is a part
) of N coefficient obtained experi-

mentally

a, coefficient representing the
effect of advance speed

The percentage of the damping due to
wave-making and the viscous damping
is not yet clarifiedj; accordingly it
was supposed that each component
should be multiplied by modification
factore N coefficient, proposed by
Watanabe and Inoueaand usually regarded
as roll damping coefficient, is in it=-
self effective near the point of symn-
chronism of roll and, therefore, the
effect of frequency of motion should
be introduced in it., Further, as the
increment of damping moment by the
bilge keels can be almost attributed
to the viscosity, the increment of

coefficient N due to the bilge keels
should be added. When a ship has
advance speed, the roll damping mome-
ent increases in general, but the
amount of increment can mnot vet be
clarified correctly. In the present
study, the effect of advance speed
on roll damping moment was supposed
to be the same form as the coeffic=
ients a,; and a,ge.

Adopting N§ , the value of naked
hull at = 10 degrees as the rep=-
resentative value of N coefficient,

_and Ngg as the value of increment

of N coefficient due to the bilge
keels, each term of 2:8 is expressed
as follows: :

' 2
2azgw = kijy(OG—lw) ax,

kw = 005
assv = (k'VNl; +NB“)3.37‘%A__ we’
kv = 065

' 2
aggy = ku%(OG-d/Z)j mydx
ku = 1,0 (l")

Each value of modification factors
was tentatively determined by con=
sidering the results of compazrison
of the calculated values with the
experimental omnes. Therefore, their
values have no definite physical
meaning because they are based on
many experimental data only., The
ratic of these components is shown
in Figure 3. Adopting the roll
damping coefficient defined by
formulae (3) and (4), equation of
motions can be solved by the suc=-
cessive calculation as azg becomes
the function fo rolling amplitude
3A only.

The calculation of wave exciting
terms was also carried out by using
the table given by Tamura, consid=
ering that only the lateral compon-

ents are effective as the approx-
démate treatment in oblique waves.,

3,3 An example of test results on
a tanker model

Three kinds of test were conducted
for several types of ship models,
The test results on a tanker model
are shown for example, Principal
particulars and test conditions of
the tested model are shown in Table
1.
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The quantities related to swaying
motion are shown in Figure 4 as
compared with the computed values,
and those to yawing motion in Figure
5 and rolling in Figure 6. Each

figure includes the representative

results of forced oscillation model
test, restrained model test and
free-running model test,

For the coefficients of main terms
of swaying, yawing and rolling
motion, the experimental values
show good agreement with the com=
puted one and a fairly good improve-
Eent is observed in the value of

a zg computed by the proposed for=
mulae (3) and (4),

For the terms of sway exciting force
and yaw and roll exciting moments,
the experimental values roughly co=-
incide with the computed ones, but
in yaw exciting moment some @iffer=
encesis observed, especially in
oblique waves at Fn = 0,1,

For the amplitudess obtained by free=
Tunning model tests, the experimental
values and the computed ones show
comparatively good agreement wxcept
in the case of yawing amplitude,

The computed values of yawing ampli-
tude in quartering waves differ

from experimental ones, The reason
why the yawing amplitude does not
agree so well as in the case of sway=
ing and rolling may be attributed to
the fact that for the computed values
some problems are included in the
calculation of yaw damping coefficient
and for the experimental values the
check helm was given by auto=pilot
system to keep the prescribed course
in oblique waves,

3.4 Measurement of lateral wave
exciting force and moments

In order _to measure the wave exciting
force and moments in lateral direction
(anti-symmetric motion), the restrain-
ed model test was conducted in the
condition of heaving and pitching
motions free, The test results ob-
tained for a container ship model are
shown in Figure 7 as compared with

the one obtained in the fully restrain
ed condition,

Both measured values show good agree-
ment and the assumption of the linear-
ized theory was certified that the
hydrodynamic cross coupling force
between symmetric and anti-symmetric
motions are negligibly small, However,
in the longer wave length range the
amplitudes of roll exciting moment
with heaving and pitching motions free
are smaller than those where they

are fully restrained, 'so further in-
vestigations will be necessary.

3.5 Data of roll damping coefficient

Forced oscillation test has been
known as an effective mean to obtain
the basic hydrodynamic data useful

~ for examining the prediction method;

therefore, it is being carried out

in many experimental tanks., With
this test method, in fact, it is
possible to investigate systematic-
ally and analytically the wvarious
effects on roll damping such as that
of advance speed, rolling amplitude,
motion frequency, appendage, position
of rolling axis and so on,

Nagasaki Experimental Tank has also
been carried out the forced rolling
model test for many types of ship
form from the viewpoint of practical
applications. Some data on roll
damping coefficient azg are shown in
Figure 8, comparing the cases with
and without advance speed., These are
the results for ship models of a
single screw container ship A, a
twin screw container ship B and a
triple screw ferry boat C,

Comparing'ggg with each other at the
Byint of the natural rolling period,
&= 0.3~0,4 for these ship models,
it is found that the increment of
‘333 due to advance speed at ship
models B and C are larger than that
of ship model A, This fact was also
confirmed by N coefficient obtained
from free rolling tests., That is,
the ratio N,§ with advance speed to
N,° without one is 2,54 3.0 for
ship model B and 1,541,8 for ship
model A, The. reason why &g of ship
model B with advance speed increases
remarkably with increasing frequency
may be that she has comparatively
large propeller bossing and fillet
at both sides of the stern and they
induce non-steady 1lift due to period-
ical change of attack angle of water
£}ow and, thus, it contributes to
dgg o "

Coefficient'gzs of a tanker model is
shown in Figure 9, in which the ef-
fect of motion frequency, advance
speed and rolling amplitude are re-
presented, - The effect of advance
speed on 333 is not so large because
of the camparatively low advance
speed, but the effect of rolling amp-
litude is large., Coefficient azg
increases in proportion to rolling
amplitude at = 0,73, corresponding
to the natural rolling period, and
the non-linearity in rolling ampli-
tude is obviously found,



6. Fujii and Takahashi

Observing these data, it is pointed -
out that further investigatiorn should
be carried out:

1) teo separate the damping due to
wave-making and the viscous
damping in the roll damping
term,

2)  to investigate the origin of
increase of roll damping due -
to advance speed with increasing
frequency, :

3) to introduce the appendage
effect in the prediction method.

In order to develop more rational and
practical prediction method based on
the strip method, it will be essential
to conduct basic investigations as
those mentioned above.

L, EFFECT OF WAVE HEIGHT ON ROLLING
Worton .

The strip method, which has been widely

used as an approximation expedient

to predict ship motions and wave loads,
is based on the calculation of linear-
ized hydrodynamic force, therefore,
the applicability has mainly been con-
firmed for the case where wave height
is comparatively small, The long term
predictions of the ship motions and
the wave loads have been carried out
using the data obtained by the strip
method according to the linear super=-
position principle.

In order to keep sufficiently safe
even in the extreme sea conditions a
ship will encounter in her life, it dis
necessary to improve the reliability
of long term prediction. In fact,

the ship motions and the wave loads

in rough sea are calculated using their

response function by linear extra-

.polation of which validity has not

yet been well clarified. The first
step of the improvement of reliability
may be theoretical or experimental
investigations into the response func-
tion taking account of the non-linear
effect due to wave height and the
speed drop in the extmeme sea con-
ditions, In the case of severe sea .
such as where the wave height exceeds
15m, shipment of water will be ob=-
served even on a very large tanker

and in such a case it is supposed that
the ship motions are large and sub-
stantial amount of speed drop may be
observed due to the resistance in-
crease in waves; consequently there
will be the non-linearity of wave
height in the ship motiomns.

Model experiments, therefore, were

conducted for differing the wave

height, including very high ones,
on the tanker model mentioned in
Section 3. Figure 10 shows the
rolling amplitude for wave length
to model length ratio and wave
height together with the amplitude
of relative motion at weather side
of SeS.8% for wave height., Non=-
linearity in rolling amplitude is
observed with increasing wave height
and shipment of water occurs at the
condition where the amplitude of
relative motion ;TA exceeds 5.46
cme In this condition considerable
non-linearity appears in the rel-
ative motion and also the hydro=-
dynamic pressure.

The response amplitude of ship
motions in severe waves can thus

be obtained by experiment, It is
difficult, however, to evaluate
theoretically the correct value of -
long term prediction by use of the
non~linear response function. In
fact, the long term prediction for
the range of large wave heights
would be overestimated when the
response function for the range of
small wave heights was used in the
calculation, so far as the method
is based on the linear superposition
principle. From the viewpoint of
practical use, therefore, there must
be some convenient method which can
correctly present the way to the
practical long term prediction for
the range of large wave heights.

One of the possible approaches may
be obtained from the consideration
of the maximum amplitude of roll
and the non-linearity of the response
function,

5 CONCLUDING REMARKS

As a step to the improvement of

the calculation method of lateral
ship motions 'in waves, experimental
confirmation was made by three kinds
of tests together with supplementary
experiments tc clarify the rolling
motion in rough seas, From these
investigations, the following con=-
clusions are obtained,

1) The experimental values show
fairly good agreement with
. the calculated ones for waves
with various incident angles,
and the present prediction
method is found generally
applicable to the prediction
of the ship motion.

2) To obtain more reasonable .
prediction of the roll damping
term, it is pointed out that
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some proper method should be
developed for the approximation
of the effect of viscous damp-
ing, advance speed, bilge keel
and motion frequency,

3) For the improvement of the
prediction method, it is con-
sidered essential to continue
experimental studies on the com-
ponents of the equations of ship
motions and the present approach
is one of the most effective
means for pointing out the im-
portant factors to be improved,
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Table 1

Fujii and Takahashi

Principal particulars of the tested model
Ship 210°DW T tanker
Scale 1/103.3

Lpp 3.000 M
B 0.4719 M
d - 0.1828 M
Aa 220.6 kg
Cb 0.8521
L.C.B. 46.53
TKM 0.1917 M
GM 0.0597 ™
T 1.40 S€C
Kyy/L 0.232
Kxx/B 0.311
Appendages Bilge keels , Rudder

' Tcm'ker

© Position of pressure transducers

axi$ for forced rolling
and

K wave exciting moment
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EXPERIMENTAL TECHNIQUE FOR STUDYING STABILITY
OF SHIPS ACHIEVED IN SHIP RESEARCH INSTITUTE

by

YOSHIFUMI TAKAISHEI
Ship Dynamics Division, Ship Research Institute, Tokyo,

Japan

SUMMARY

To investigate the stability of ships
operating under strong effects of
wind and waves, such as in the case
of a small fishing boat resisting a
storm, The aerodynamic forces acting
on the ship structure above water
line, as well as the hydrodynamic

. forces acting on the ship hull, have

been estimated by experiments at
the tewing tank which is equipped
with a wind blower,

This paper describes the experimental
techniques of this facility and some
examples of applications of the test
results, i.e, the directional stabw
ility of a ship in strong wind cone
sidering the effects of a sea anchor
and the transverse stability of a
ship drifting and oscillating under
combined effects of waves and wi
accompanied with gust, i

1. INTRODUCTION

To maintain safety in extremely strong
wind and waves, ships must have the
ability to preserve stability against
the effects of extermal forces induced
by wind and waves, The responses of

a ship resisting wind and waves can
be represented schematically as in
Figure 1. The responses affecting

the transverse stability are largely
governed by the ship'!s heading against
wind and waves, The ship will steer
to hold her bow as close as possible
to wind direction in order to keep

the transverse stability. The ability

.to keep the bow close to the wind is

called the directional stability or
the directional controllability and
may be considered as the first

gateway to safety. This ability-
depends mainly upon rudder and
propeller or sea anchor if used.,
The directional stability can be
estimated by considering the equil-
ibrium between extermal forces and
the controllable forces of the ship.,
The transverse stability can be
estimated by considering the
dynamical responses of the ship-
induced by the dynamical forces

of wind and waves which are super-
posed on the statical forces,

To solve the equations of equilibrium
of motions, the aero-dynamic forces -
acting on the ship body above water
line should be estimated for various
conditions of wind on the ship
together with the hydrodynamic

forces acting on the ship hull under
water line which are induced by
drifting of the ship, "

The first part of this paper will

- describe the experimental equipment

and techniques for measuring these
aero- and hydrodynamic forces act-
ing on the model ship in the towing
tank, The second part will show an
example concerned with the transverse
stability under the combined effects
of waves and wind with gust.

2.  MEASUREMENT OF THE AERO- AND
 HYDRODYNAMIC FORCES

Experimental Fquipment Since the
aero- and hydrodynamic forces acting

on the ship body are largely influ-
enced by the viscosity of fluid, the
model experiments have been carried
out for practical use ir the various
fields of engineering, (1). The
hydrodynamic forces acting on the
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ship hull can be measured by oblique
towing of the model ship in the
conventional towing tank, The aero=-
dynamic forces are usually measured
by wind tunnel tests which not only
require skilled.techniques but also
laborious and expensive procedures
for testing ship body which has.a
free surface corresponding to the
loading condition., To overcome this
difficulty a wind blower has been
installed on an experimental model
basin at Ship Research Institute,

The basin (30m long, 8m wide and 2,5m
deep) is equipped with a wind blower
in addition to a towing carriage and
a wave maker as shown in Figure 2,
The wind blower is cross—-flow type
with the nozzle 3m wide and 0, 45m
high and generates comparatively
uniform air flow above the water sur=
face, The blower is driven by an AC
induction motor with an electric
coupling for velocity regulation,

The velocity of the air flow is
6-17,5 m/sec. The blower is settled
on its own carriage which is connect-
ed to the towing carriage so as to
follow the drifting model if necessary.
The blower and the velocity distribe-
utions are shown in Figure 3 and
Figure 4, respectively.

The model ship to be tested was 2m
long and it and the superstructure

was made as similar to an actual ship
as possible, The model is attached

to a dynamometer on the towing carriage
through a commnecting rod which receives
forces to be measured, The dynamometer
has four sensing elements for three
components of forces in the horizon-
tal plane and the rolling moment,
Pitching and heaving motion are not
restricted and are measured by the
potentiometers. The dynamometer and
the model can rotate in the horizon=
tal plane around the vertical axis

of the model so that the angle between
vwind direction and the longitudinal
axis of the model is easily changed
from O to 360 degrees. The connect-
ing rod between model and dynamometer
faces the air flow which induces the
additional force to be subtracted

from the total forces measured, The
mutual aerodynamic interactions be-
tween rod and model as well as the
interference by waves and flow of
water surface according to air flow
are igmnored,

The merits of this equipment are as
follows:=

‘a) The aero- and hydrodynamic forces
- can be measured by using the
same model ship and the same
dynamome ter,
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b) The draft, trim and heel of the
: model can be easily changed.

¢) The relative direction of wind
or drifting can be easily changed.

d) . Dynamic forces by waves or gust
can be measured under various
conditions of the restriction of
the motions,

e) Dynamic responses of the model
under simultaneous actions of
waves and wind accompanied with
gust can be simulated, if all
restrictions for force measure-
ments are loosened,

It is observed that the cross-flow
type blower is suitable for generat-
ing uniform air flow throughout

the entire range of the nozzle, The
velocity gradient of the air flow

on the water surface depends upon

the height of the lower end of the
nozzle., It suggests that the velocity
gradient of natural wind at sea can
be reproduced in the tank,

Test Results The wind forces as
well as the hydrodynamic forces were
measured for various vessels in this
tank, (2). The results are shown
here only for three Japanese fishing
boats which will be dealt with in
the next -chapter, The forces and
moments are defined in Figure 5 and
represented by the non-dimensional
coefficients as in Equation (1).

Cr, R,/(%ﬁ U‘2B) Cry = Ry/(% [ 0213)

1 Mg
CMq = Ma/(-z' Pa UZBL> CMR& = -J-.——U—Z—Ba—Bo—\-
- 2Pa 2
CLy = Lx/(%-ﬁ;‘l’zs ) Cuy = Ly/(-é—fuvzs)
- .].'. e e = MR“’
Orte = M"‘/<2~&ﬁUL) MR = T PRSI
BN AN
. !
Cp = D/(%KD‘I?AD) Kr = T/ (P 8°Dp")
1 >
Cq = FR/(Ewazl’?ARS) (1)

The dimensions of the tested ships
are shown in Table 1, and the results
are shown in Figures 6 and 7., The
wind forces of ship B are also '
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measured by the wind tunnel test
using a mirror imaged model for com=
parison, Both results agree rather
well with each other, with some
slight fluctuations in the centre of
force.

" 3. CAICULATION OF THE DIRECTIONAL .
STABILITY OF SHIPS WITH SEA
ANCHOR

The equilibrium equations of the
forces and moments in three directions
in the horizontal plane can be rep-
resented as in Equation (2),.

o - Ry + T + D cosp =>O

Ly + Ry + Fg = D sinp =0 (2)
=Mw = My + Fpelg + Doly sin8 =0

or as the non-dimensional formulas (3)
~CLx = (C1Cr, = C4B)E -Mcosa= 0

=CLy + (CaCq + CrT)E =0 sine= 0
~CM,, = (C1CMs =AR C.5)E + ﬂ.'A{.-ind= 0

(3)

where
b2 \
Cy =£%-;S§ Ct —_LSPET (o} =?Cg8
g\ A Np \*
E=(v) n=3%C g=(f;-)
K}:l}/l..
KR = LR/L
(4)

Assuming that K, § and /7 are variables
and 3 and § or N are given as the
controllable quantities, Equation (3)
can be solved numerically by applying
the experimental values for the coeff-
icients which are shown in the previous
section, The calculated results are
presented in Figure & for the relative

3.

direction of the wind, Consequently,
a simplified formula has been derived
for estimating the necessary size

of a sea anchor which will keep the
shipt!s bow within a certain heading
angle to the wind, that is:-

Ap = (kB/C)){0.0055(90-p) + c,c,/L}
(5)
where

k = 1,9 for ships A and B, 1.5 for
ship C

(o] is the drag coefficient of the
sea anchor, and

E:Ea is the horizontal distance
between the centres of the
area B and A

4, . EXPERIMENTS ON THE TRANSVERSE
STABILITY

A concept of the dynamical stability
of ships in waves and wind accompanied
with gust has been adopted for the
criteria of the transverse stability
of ships in Japan. Watanabe and
‘others have described this concept

as follows (see (4)):=~

"Let us assume that, as shown
in Pigure 9, a ship is listed
6s under the statical transverse

heeling moment (due mainly to
steady wind), and rolls e, and

e; from side to side about es,

and then the ship is subjected
to a gust when the ship is at the
maximum angle of roll‘eo wind-

warde In order that the ship
does not capsize,

Area ABC > Area BFGD or
Area AK!'C > Area K'FG!

Let area AK!C = b, and area
K'FG! = a, and C = b/a (6)

It follows that this C must be
greater than unit, if the ship
is not to capsize."

In the application of this concept
for general use, the wind forces and
ship responses should be practically
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determined for all sorts of ships.
Some simplified formulas have been
given in Reference (h) for passenger
ships.

"The experimental equipment described

in this paper can be applied to est-
imating the forces as well as to
similating the responses to such a
stability concept. Figure 10 shows

a record of simulation of the trans-
verse stability of a ship in wind and
waves. The ship is escillated by
waves having a period synchronous with
that of the rolling and is listed by
a steady wind. The gust is supplied
by suddenly opening the screen mesh
covering the nozzle of the blower at
the moment that the ship rolls maxi-
mum to windward.

The ship inclined leeward and the
maximum angle of heel reached approx=-
imately the estimated value by the
stability criteria but did not cap-
size. '

Figure 11 shows an experiment of the
statical stability of the model in
strong wind with and without the
effects of shipping water on deck as
well as drifting by wind.

5. CONCLUDING REMARKS

In this paper, the experiments on
the stability of ships carried out
at Ship Research Institute are pres-
ented, These experiments were
originated by the research which was
carried out on the occasion of the
large scale sea disaster involving
modern Japanese bonito pole fishing
boats and which was caused by a
typhoon in October, 1965, in the
Mariana Islands, Seven ships among

"ten sank and 209 human lives were

loste It has been deduced that the
main cause of the capsize or founder-
ing of the ships was that they had
lost their controllability due to
the extremely strong wind which
exceeded 70 m/sec and were inclined
so heavily by the wind and the add-
itional effects of shipping water on
deck that the end of the bridge of
the ships Teached wave surface, and
the ships then foundered by flooding.

After this urgent research, the re=
search projects concermed with the.
stability of fishing boats in rough
weather and the guidance of applic=
ations of sea anchor for improving
the directional stability were per=-
formed by the committees organised
at the Japan Association for Prevent-
ing Marine Accidents.
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In the author'!s opinion, future
research activities should include
stability experiments in irregular
waves, in heavy following or quarter-
ing seas, as well as in shortcrested
seas or in multi-~directional waves.
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LIST OF SYMBOLS

Area of sea-anchor

Drag of sea-anchor

Se

Transverse rudder force

Longitudinal water force

Transverse water force

Wind moment

Water moment

Number of revolutions of propeller

Pitch of

propeller

Longitudinal wind force

Transverse wind force

Thrust of propeller.

Velocity

of wind

Velocity of drifting ship.

Position of the centre of area of ship!s profile
above the water-line

Position

of the centre

under the water=line

Constant
Distance
Distance

Distance
midship

Distance
midship

of the rudder
of the centre

of the centre

of the towing

Drift angle of ship

of area of ship's profile

from the midship
of wind force from the midship

of drifting force from the

polnt of sea=~anchor from the

Towing angle of sea-anchor

Rudder angle

Distance between the centres of wind and water force

A at & and = 90 degrees

Relative wind-direction

Density of air

Density of water
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Table 1. Dimensions of the tested ships

ITEMS | SHIP-A  SHIP-B . SHIP-C

LENGTH Bet P.P. L (m) 27.800 29,300 29.000

BREADTH MLD. By (m) 6.100 6.300 6.360

DRAFT FORE . dy (m) 1.370 2,188 1.430

DRAFT AFT de (m) 3.240 1.366 3.330

i DRAFT MEAN dm (m) - 2.305 2.77T 2.405

i DISP. VOLUME r (md): 272 65 ] 308
| PROJECTED AREA :
L (ABOVE WATEL LINE)

FRONT VIEW A (md) 31.7 34.3 31.6
PROFILE : . B (m) 90.2 100.0 100.9
L E (UNDER WATER LINE) :
t PROFILE S (m) 64.3 81.8 69.9 -
§ DIA. OF PROPELLER Dy (m) 1.64 ¢ 174 1.71
PITCH RATIO OF PROP. p 0.5 0.3 0.56
: RUDDER AREA Ap (m?) 2.64° i  2.08 ©  2.28

Ship A: Drift netter

Ship B: Bonito pole fishing boat

Ship C: Two-boats stern trawler

]
. wind . waves
E' - : | bounder
e sea anchon—{ghip body+prop£+rudder flooding

;. | I T 1 T
] drift = incline oscillate

| '_‘[_—'

: shipping water

P

lwrecking i capsize
]
]

Fig. 1. Responsés concerning stability of ship

in rough weather
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Fig. 7. Hydrodynamic forces and

moments
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U(m/sec)
5 O

1(m)

n||

® OOO

V =2.3 (mi/sec) v=0

Ship is up-right without wind. 6= 0°

Shlp is inclined by wind but no drifting. 6= 17°

Ship is inclined by wind and shipping water on deck
but no drifting. @=21°

Ship is inclined by wind and drifting after @ . §=30°

Fig.ll. Stability experiment in strong wind



A SCALE MODEL INVESTIGATION OF THE INTACT STABILITY
OF TOWING AND FISHING VESSELS

by

EUGENE R. MILLER, Jr.
Hydronautics Incorporated, Laurel, Maryland, usk

SUMMAR'

A scale model investigation of the
intact stability of towing and fish-
ing vessels is described. The program
was based on four models of typical
U,S, towing and fishing vessels, The
tests included tripping of towing

- vesgels in calm water and towing and
free route operation in head and
following seas and in beam seas at

zero speed., The objective, rationale

and background of the test program
are described., The test program are
described. The test equipment, test
procedures, and model dimemsions and
stability characteristics are given
in detail, Selected results from the
model tests are presented.

1. INTRODUCTION

Bach year there are a number of
casualties in the U.S. towing and
fishing vessel fleets which can be’
attributed to a lack of sufficient
intact stability. In general, these
casualties are of two types. The
first is the towing vessel tripping
‘casualty in which the towing vessel
is capsized by the towline forces
generated by its own actions or the
actions of its tow. The second is the
seakeeping casualty in which the
vessel is capsized by wave induced
forces,

The United States Coast Guard is
currently sponsoring a major research
programme aimed at developing better
intact stability eriteria with the
objective of reducing the number of
stability related casualties., This
programme includes studies on the
capsizing of cargo liners in follow=
ing seas, the analytical calculation

of capsizing in following seas, the
capsizing of deck cargo barges in
beam seas and the development of
stability criteria for towing and
fishing vessels. The program to
develeop improved stability criteria
for tewling and fishing vessels is
being carried out for the Coast Guard
by Hydronautics Incorporated with
major subcontract support by Nickum
and Spaulding Associates,  This
programme is divided into three
major tasks, The first is programme
formulation which includes a liter=-
ature survey, a census of the U,S,
towing and fishing vessel fleets,
detailed stability calculations on
some 51 representative towing and
fishing vessels and the formulation
of a model test programme, The
results of this task are reported in
(1) The second task, which has
just been completed, is an extensive
model test program to investigate
capsizing due to tripping and wave
action, The third task, which is
now in progress, is an evaluation
study leading to the formulation of
improved criteria based on the results
of the first two tasks.

This paper presents a limited report
on the model test programme which
was conducted as the second task of
the total project, The objectives
and scope of the test programme are
briefly discussed and followed by a
description of the test equipment,
the test procedures and the models,
The results of the seakeeping and
tripping tests are then presented in
general terms and followed by con=-
clusions and recommendations,
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2, OBJECTIVES AND SCOPE OF THE
TEST PROGRAMME

The objectives of the model test
programme were to define the nature
of the capsizing phenomena and to
obtain quantitative data for a range
of vessel characteristics, stability
levels and environmental conditions:
for use in the formulation of improve
ed criteria, The test programme in-
cluded four models, an ocean tug’
guodel T=Zh;, an offshore supply boat
Model S-04), a U,S, West Coast
fishing vessel (Model F=34) and a
harbour tug (Model T=14)., A number
of different types of tests were
conducted with one or more of the
models, Tripping tests included:

a) Tripping due to actioms of the
towing vessel, i.e., self-
tripping.

b) Tripping due to actions of the
tow, i.e., tow tripping.

Seakeeping tests included the follow=
ing:

a) Free running in regular following
waves, '

b) Towing in regular following waves.

c) Free running and towing in reg-
ular head waves, .

d) Zero speed in regular beaﬁ waves,
No tests were conducted in irregular

waves.

3. TEST EQUIPMENT AND PROCEDURES

Facilities; Models and Instrumentation

The model tests were carried out in the
Hydronautics Ship Model Basin, HSMB,

in the pceriod between May and September
of 1974, The HSMB is 308 ft long,

24 ft wide and 12 ft deep with a wedge
type wavemaker at one end and a beach
at the other, The wavemaker, which
has an electric hydraulic drive sys-
tem, can generate both regular and
irregular waves., It has sufficient
power to generate breaking regular
waves with lengths between about 3 and
20 £ft. The tests were conducted with
the large (No. 1) towing carriage.

This carriage is about 40 ft long

‘"with an open bay type construction.

The speed is variable between O and
20 ft/sec in either direction., The
carriage provided a platform for all
of the power supply, recording and
photographic equipment,

The four models were constructed with

wood hulls and with alumimium decks

and bulwarks. The model lengths ranged
between 6,9 and 10,2 ft., Each of the
models was selfe-propelled and remote-
ly controlled. The power and contrel
signals were transmitted <o the models,
and instrumentation readings were
returned from the models through an
umbilical cable systems The propeller
RPM and rudder angle were continuously
variable within the range of the
equipment. The rudders turned at a.
constant rate which was selected to
represent typical full scale conditions.
The model rudder angle was controlled
by the test engineer on the towing
carriage, Figure 1 presents a typical
arrangement drawing for one of the
models.

Table 1 presents a list of the measure-
ments made, the type of sensor used
and the location of the sensor,

Time histories of all these data,
except propeller RPM, were recorded

on magnetic tape., Final time histories
of each run were then recorded on
paper strip charts from the magnetic
tape. In addition, all of the runs
were recorded on video tape., Time
sequenced still photographs and motion
pictures were taken of selected runs.

Test Procedures

During the test programme, six different
types of tests were carried out on one
or more of the models, The procedures
used are described in the following

paragraphs:

Self-Tripping This test was intend-
ed to simulate the case in which a
towing vessel trips itself by use of
power and rudder action. The test was
conducted in calm water at zero carriage
speed with the model pulling against

a towline which was attached to the
carriage. The bollard pull or prop=
eller RPM was set and the model was
oriented by use of the rudders with .
the towline leading over the stern or
the aft quarter. The maximum possible
change in rudder angle was then intro-
duced causing the model to pivot under
the towline and to "walk" across the
tank with the towline leading over the
beam. The model either reached a
steady heel angle or capsized in a
short time.

Tow Tripping This test was intend-
ed to simulate the case in which a
towing vessel is capsized by the
actions of its tow. Two conditions
were investigated., The first was a
pure tow tripping in which the model
was at rest with the towline leading
directly over the beam to the towing
carriage, The carriage was then



accelerated slowly to a predetermined
speed and the model was pulled side~
ways. The model would reach a steady
heel angle or capsize. In variations
of this procedure, power and rudder
actions were applied to the model,

as the carriage started to move, in
an attempt to swing the stern under
the towline. The second condition
was a combination of self-tripping
and tow-tripping, This test was
conducted with the model and towing
carriage underway at a speed~length
ratio of about 0.5, with the model
pulling against the towline which
was attached to a winch fixed on the
towing carriage. The winch could
haul in the towline at a predeter=-
mined speed. The model was oriented,
using its rudders, with the towline
leading over the aft quarter to the
winch on the carriage. This sim-
ulated a towing vessel with its tow
yawed off to one side. The towline
was then hauled in at a known speed
using the winch, This simulated the
tow shearing off further to ome side.
In both types of tow-tripping tests
the spring constant of the towline
was adjusted to a realistic value.

Free Running in Following Waves
Seakeeping tests were conducted with
the model free running in regular
following waves, These tests were
conducted with the model under the
open bay of the carriage. Safety
lines were attached to the model to
restrain it before the start and

at the end of each run or to right
it after a capsize had occurred.

The wavemaker controls were set and
the test runs were started, from the
wavemaker end of the tank, after the
first several waves had passed,

The carriage was accelerated slowly
up to a constant speed and the
safety lines were slacked off, The
average speed of the model was
adjusted to the carriage speed by
adjusting propeller RPM. The model
was steered by the test engineer om
the towing carriage, This required
considerable skill in steep follow=-
ing waves, Fortunately the models
were ruggedly built, Tests were
made with the model running straight
down the tank or zig-zagging to
simulate quartering seas, The 3un
continued until the model capsized
or the end of the tank was reached,

Towing in Following Waves A test
procedure similar to the free rune

ning case was used for towing in
following waves except that the
towline from the model was attached
to the carriage, The propéller

RPM was held constant at a value which

would produce the properly scaled

3.

bollard pull in calm water. The
spring constant of the model towline
was adjusted to a reasonable vaiue.

Free Running in Head Waves

The same procedures were used in
these tests as were used in the
following wave tests, However, the
tests were started from the beach
end of the tank, '

Zero Speed in Re ar Beam VWaves
These tests were conducted with the
model at zZero speed and oriented beam
to the waves., The position of the
carriage was adjusted to stay over
the model as it drifted down the

tank due to the action of the waves,
The run was continued until it was
clear that the model would not cap-
size or until capsize occurred.

L, DESCRIPTION OF MODELS

The models used in the test programme
were selected from the sample of 51
vessels compiled in Task 1 of the
study. The vessels chosen for mod-
elling were representative of typical
vessel types and hull form proportions
found in the fleet., They represent
fairly modern vessels in that all
were built between 1966 and 1969,

The characteristics of the models

and prototype vessels are given in
Tables 2, 3, 4, and 5. The stability
characteristics of the models for
typical test conditions are given in
Figures 2, 3, 4, and 5. These fig-
ures also include a profile sketch
of each model showing the load water-
lines and the extent of superstruct-
ure included en the model. All of
the models were fitted with bulwarks
which contained freeing ports equal
to the IMCO recommended area.

5. RESULTS OF SEAKEEPING TESTS

Selected results of the seakeeping
tests are presented and discussed
in the following paragraphs:-

Free Running in Following Waves

Tests were conducted in following
regular waves with the models running
free, Typically, tests were conduct-
ed with two values of GM for each -
displacement, In general, the GM's
were chosen so that in one case the
model would be near to capsizing
only in the most extreme conditions
and in the other capsizing would
occur in more moderate conditions,
Typical test results are presented
in Figures 6, 7, 8, and 9 in the

form of boundaries for wave con-
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ditions which caused capsize. No
data are presented for Model T-1l4
since it would not capsize in follow=
ing seas for the two GM .conditions
tested., ' e

In all cases, the capsize and extreme
rolls were due either to a direct .
loss of stability with the model
poised on the wave crest or to unstable
rolling with a period twice the wave
encounter period. These phenomena
have been described in detail in Ref=-
erence 2, In order to capsize by ..

these methods, it was necessary to

have both a long encounter period and
a long effective roll period, In no
case was a model capsized in follow-
ing waves while running €free at a low
speed length ratio., It was necessary
to have waves long enough (\/L >145)
and the model speed high enough

(v /T ~1) for the model to surf for
some time with the wave crest near
amidship., . Because of this, rTunning in
direct following seas was more hazard-
ous than zig-zagging or running in
gquartering seas. )

For capsize to occur, it was also
necessary to have the apparent stab-
ility reduced and roll period increas-
ed by water on deck. It is of interest
to compare the case of Model S-0Qk4,
load I=C, with Model T=14, load I=-B.
For these conditions, the two models
have very similar curves. of GZ/B vs
heel angle with a range of stability
of about 42 degrees, Model S-Ok4, as
shown in Figure 7, would capsize
easily but Model T-1l4 would not cap=-
size for any of the wave conditions,
The difference was that S-O4 shipped
large amounts of water and T-14 did
not. In several cases, tests were
run with the freeing port area
doubled, but this had no significant
effect.. ‘

It is also of interest to note that

‘in no case did a model capsize by

broaching, All of the models were
sufficiently controllable to avoid
serious broaching even in the steepeust
following seas at high speeds.

Towing in Following Waves Tests

‘were conducted in following regular.

waves with the models towing at a
speed length ratio of O.5. The pro-
peller RPM was set to produce the

“estimated scale bollard thrust ofthe

prototype. In the case of F-34, a
bollard thrust typical of a towing
vessel of the same size was selected.
The stability levels were the same as
were used in the free running tests.
The test results for Model S=-04 and
F=34 are presented in Figures 10 and
11, Model T-14 would not capsize

towing in following seas for the two
GM values tested, Only limited

following seas towing tests were con=-

ducted with Model T=-24 in load con-
dition I-A. In this case, with a
wave length/model length of 2,1 and
a wave height/model length of 0.225
the model did not capsize.

The capsilze mechanism which occurred
while towing in following seas, was
completely different from that which
occurred while free running at high
speed in following waves., In the
towing case, water tended to pile up
on deck from waves coming over the
stern and sides. This caused a slowly
increasing heel which would reach an
equilibrium value or result in cap-
size., The towline was an important
contributing factor since it would
cause an initial heel and roll moment
when lead over the aft quarter., Also,
the towline seemed to reduce the
surging of the model and, possibly,
the pitching. This tended to promote

" the buildup of water on deck. It

may be noted that capsize when towing
occurred in shorter waves than cap~
size when running free at higher
speeds. This was because water piled
up on deck when the encounter period
was short and relative motions were
were large, It should also be noted
that capsize will not occur running
free at the same speed and in the same
wave conditions which would cause a
capsize when towing. However, for
each model a stability comdition
which would result in a capsize when
free running at high speed would also
result in a capsize when towing at
low speeds, The converse was also
true, i.e., a stability condition
which would not result in a capsize
when free-running at high speed would
not result in a capsize when towing.

Beam Seas Limited beam'sea tests
Wwere conducted at zero speed and in
certain cases capsize did occur,

These capsize cases included Model
T-24 at load I-B and Model F=-34 at
load 3-B. The capsize mechanism was
the pile up of water on deck in short
steep waves which broke on deck. This

. resulted in a slowly increasing heel

into the waves with little rolling.
Eight to twelve wave encounters were
required for a capsize, IModel T-24
would capsize only if it were held
beam to the sea with the safety lines
since it had a strong tendency to
head bow into the waves.

Model S-OL in load condition I=C
would assume a large steady heel into
the waves in some beam sea conditions
but it did not capsize. Variations
in the freeing nort area were itried
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. on Models F=34 and S-04, 1In each
’ casa the freeing port area was ine

éreased to twice the’ ImMco required
value, In both cases the ‘larger

Mfreelng port area made it easier for
“water. to get on deck and, if any-
'thing, made the steady heel large

or caused a. caps:l.ze to occur sooner.

Head Seas ** Hedd sea tests were con-
ducted with Model T-14 running free
and'%owing. The results are presented
in Figure 12, Although this model in
load condition I-B would not, .capsize
in following or beam seas, capsize

in head seas was possiblé, The cap-
size mechanism was the rapld buildup
of water on deck due to wavés break-~

.ing over the bow or forward quarter

in rapid succ¢ession, This would
result in a rapidly increasing heel
angle which could result in a capsize,
In the’ cases in wh;ch ‘a capsize
occurred as’ many as 30 to 50 waves
were encountered although the. final
large increase in heel which tresulte
ed in a capsize would .occur in about
three wave encountera. " In general,
thé ‘towliné would ‘assist in the cap-

-.8ize by preoviding an injitial heel

and roll moment, However, for the
shortest waves the towline tended to
right the model. In many respects
the capsize mechanism in head seas
is similar to the capsize mechanism
when towing in following waves and
when in beam seas,

A limited number of head sea tests
were conducted with Model T=24 in
load I=A and Model S-=O4 in load I-C.
In these cases there was no tendency -
to capsize,.

6. RESULTS OF TRIPPING TESTS

The general results of the tripping
tests are presented in Table 6, The
data for the self tripping tests apply
to. the case of a rapid application
of maximum rudder angle (about 45
degrees) under bollard conditions,
Table 6 lists the loading condition,
incidence of capsize, and the scaled
bollard thrust for the capsize con-
dition., In the event that no capsize
occurred, the maxium scaled bollard
thrust that could be generated by

the model propulsion system is given.,
The installed horsepower assuming 75
HP per ton of bollard thrust, is also
given,

Models T=24, load I=-A, F=34, load 3=A

‘and T-1l4, load I-B, exactly satisfy

the Murphy criteria (3) used in the
past by the U.,S. Coast Guard as a
measure of the GM required to prevent
self tripping. The prototype powers

>

5

used in evaluating the Murphy cri-
teria are 3635 SHP for T-24, 1200 SHP
for F=34k and 1960 SHP for T-1l4, .
For this test, F=34 was treated as
a towing vessel with the fleet
average power for this -size vessel.
It is evident that power in excess
of the actual installed power is
required to cause a self tripping
capsize. However, the margin is
small for Model F=3L,

The results of the tow~tripping tests
conducted by pulling the models lat=
erally from rest are also presented
in Table 6, In all cases capsize
would occur and the required speeds
are listed. These data apply to

the conditions with the tow post

at the nominal design position., Some
tests were conducted with the tow
posts moved aft. This showed that,
with the tow post further aft, a tow-
induced tripping capsize could be
prevented.

Some tests were conducted in which
power and rudder action were used to
swing the stern under the towline,
In all cases this did not prevent a
capsize and, even, seemed to cause
a capsize more quickly.

The author knows of only one criter-
ion for the initial stability of
towing vessels which is intended to
prevent a tow induced tripping cap-
size., This criteria, proposed in
Norway by Getz and Bakke (4), is
based on the assumption that a tow-

ing vessel should be able to resist

a lateral towing speed between 4
and 5 knots., This assumption may
be compared with the actual lateral
towing speed required to capsize
the models in this study. With a
GM defined by the Murphy criteria
(3), P=3%4 will not satisfy a 4 knot
requirement and T-14 will not sat=-
isfy a 5 knot requirement, A great
deal of quantitative model data now
exists in the time history records
concerning the forces acting on a
towing vessel during a tripping
capsize., An analysis of these data
is beyond the scope of this paper.

7 CONCLUDING REMARKS

The model test programme described
has provided considerable insight
into the various capsize phenomena
which can occur with towing and
fishing vessels, It has also pro-
vided a base of qualitative and
quantitative data for use in the
development and evaluation of im-
proved intact stability criteria
for these types of vessels,
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Efforts are now underway in Task 3
of this study to develop improved
criteria using the detailed test
data and other tools developed as
part of the U.S. Coast Guard re-
search on vessel stability.

A number of specific cenclusions
can be drawn from the test results
presented. They include:

a) Some towing and fishing vessels
with stability levels which
may realistically occur are
vulnerable to a capsize by wave
induced forces, The offshore
supply boat type is a partic-
ular example,

b) Capsize when running free in
following seas will occur only
if the speed length ratio is
high, i.e., about 1,

c) Vessels which tow at sea will
require more stability than
those which do not,

d) The pile up of water on deck
is a primary or contributing
factor in all of the seakeeping
capsizes observed in the test
programme, This is a dynamic
phenomena and is not simply
eliminated by lowering bulwark
heights or increasing freeing
port area, Any improved intact
stability criteria should rec=-
ognise this phenomenon and,
as a result, include freeboard
requirements as well as some
direct measure of the stability,

e) The current criteria which are
intended to prevent self trip-
ping capsizes of towing vessels
may be conservative for this
type of casualty but may not be
conservative for the tow induced

- tripping capsize.
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. Table 1

Instrumentation List

Measurement

Roll Angle

Pitch Angle
Wave Height
Rudder Angle

Towline Tenslon

Towline Angle Relative to Model
Towing Carriage Speed ‘

Relative Motlon Between Model
and Wave at Midships

Propeller RPM
Towline Haul in Speed

- Sensor

GYRO
GYRO

Capacitance Wave Probe

Potentiometer

2-inch Variable Reluctance
Block Gage

Potentiometer
Carriage Control System

Capacitance Wave Probe

Magnetic Tachometer

Pulse Counter

Location

Model

Model

Towing Carrlage

Rudder Actuator in Model
Model |

Towing Bit on Model
Towing Carrilage
Model |

Model

- Towing Carriage

S I8TTTW
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Table 2 Table 4
Characteristics of Model T-24 Characteristics of Model F-34
Item Prototype Model Item Prototype Model
Vessel Type Atlantic Coast Twin Screw Ocean Tug, 1'969 Vessel 1ype Pacific Coast Single Screw Crab Boat, 1969
Hull Form Round Bilge with Ship Stern ) | Hull Form Single Chine Hull with Transom Stern
Scale Ratio 17‘.39 Scale Ratio 11,16
Properties at IMCO Standard Draft Properties at Lca¢ Condition 1
INL, ft 116 .02 i 6.67 WL, ft 86 .65 7.76
Beam at Section of Max Area, ft 31.548 1.81 Beam, f% s 2.3
Displacement Tons/lbs 8u1.3 358.3. Displacement Tons/lbs 367 660.9
P . 5,750 . Trim, % ) 1.50 0.14
Depth, ft 18.671 1.07 Depth, ft 14.18 ‘1.27
Draft, ft 15.871 0.91 Draft, ft 12.80 1.15
cy 0.5069 Minimum Freeboard, ft 1.38 0.12
[o 0.450
Cp 0.6182 B
Cp 0.662
Cy 0.8229
. 0.825
/B 3.678
B/T 1.988 LB 3.37
Propeller Dia £t 10.00 0.575 B/ 2.0
Total Rudder Area £t° 89.12 0.294 Propeller Dia ft . 6.25 0.560
Load Condition 1 Total Rudder Area ft 32.8 0.263
Displacement Tons/lbs 884.89 376.9 Properties at Load Condition 2
Trim, £t 1.859 0.106 Displacement Tons/lbs 267.2 . 430.6
Draft, ft 16.286 0.9% frim, £8 135 0-123
Minimm Freeboard, £% 1.435 0.083 Draft, ft 10.81 0.969
- Minimum Freeboard, ft 2.9 0.265
Table 3 Table 5
Characteristics of Model S-Ok Characteristics of Model T-1h4
Item Prototype Model Item Prototype Model
Vessel Type Gulf Coast Twin Screw Supply Vessel, 1969 Vessel Type Pacific Coast Twin Screw Harbor Tug, 1966
Hull Form 2 Cndne Hull with Transom Stern Hull Form 2 Chine Hull with Transom Stern
Scale Ratio 17.47 Scale Ratio- 12
Properties at IMCO Standard Draft . Properties at IMCO Standard Draft
WL, ft : 171.07 9.79 WL, £t : 85.62 7.135
Beam at Section of Max Area, ft 38.00 2.18 Beam at Section of Max Area ft 28.46 2.371
Displacement Tons/lbs 1529 .4 642.52 Displacement Tons/lbs 375.9 487.3
BHP -- -- BHP 2,000 --
Depth, Tt 15.00 0.859 Depth, £t 12.96 1.08,
Draft, ft 12.75 0.730 praft, ft 11.02 0.918
Cy 0.6458 C‘B 0.490
Cp 0.7277 cp 0.592
Cy 0.8685 Cy 0.794
L/B 4.502 L/B 3.01
B/T 2.980 B/T 2.58
Propeller Dia ft 8.00 0.457 Propeller Dia ft 7.25 0.604
Total Rudder Area ft° 82.5 0.270 Total Rudder Area ft? 80.58 0.559
Load Condition 1 Load Condition 1
Displacement Tons/1bs 1507 633.1 Displacement Tons/lbs 308.1 \ 399.3
Trim, ft 1.19 0.068 Trim, ft 0.0 0.0
Draft, ft 12.11 0.693 Draft, ft 9.76 0.813
Minimum Freeboard, ft 1.83 0.105 Minimum Freeboard, tt 2.922 0.243 |




Full Scale Tripping Characteristics

Table 6

Self Trippin

g
Bollard
Displ. GM : Thrust Approximate.
Model [,oad Condition Tons ft Capsize Tons - SHP
T-24 1-A 889.9 3.30 Yes 99 | 7,425
1-C 889.9 5.70 No 112 8, 400
‘" 2-B 630 2.17 No 120 ' 9,000
S--04 1-A 1507 6 .00 No 78 5,850
F-34 3-A 367 2.96 Yes 17.9 ’ 1,342
3-B 367 1.97 Yes 10.7 800
T-14 1-B 308 2.65 No 33 ' 2,475
Tow Tripping
Displ. GM Sideways Towing Speed
Model Load Condition Tons ft Capsize at Capsize, Knots
T-24 1-A 889.9 3.30 Yes 6.2
1-C 889.9 5.7 Yes 7.4
2-B 630 2.17 Yes 7.4
S-0l 1-A 1507 ' 6.00 Yes 4.9
F-34 3-A 367 2.96 Yes 3.9
3-B 367 - 1.97 Yes 2.9
T-14 1-B 308 2.65 Yes 4.75

I8TITN
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g::' SAFETY OF A VESSEL IN BEAM SEA

by

, J. DUDZIAK
Ship Research Institute,
Gdansk Technical University, Poland.

1. INTRODUCTION : 2. JAODELS'-PARTICULARS'AND TEST
' PROGRAMME )

To estimate ship safety in
waves, as many conditions as are
likely to be encountered in ser-

vice must be taken into consider-

ation. In heavy seas all ships,
in particular, the small and med-
ium sized should try and avoid
running in quartering, following
and beam waves which may endanger
their safety. But it can happen,
due to damage of the rudder or
propulsion system that the master
loses control of the ship and she
begins to drift in beam waves.
Such a situation causes heavy rol-
ling motions, at least, around a
certain mean value of the roll

- angle due to the wind forces act-

ing on the ship. For ships with a
low freeboard this phenomenon is
generally combined with the ship-
ping of water on the deck which
can be particularly dangerous.

It is rather difficult to des-

cribe and investigate such a case
by means of mathematical methods.
Therefore in the Ship Research
Institute of the Gdansk Technical
University a programme of experi-
ments for studying this phencmenon
was planned and model tests were
carried out both in regular and
irregular waves. The tests in
regular waves were conducted in the
model tank, and tests with irregu-
lar waves in a lake under the ac- .
tion of natural wind waves. In the
present paper the model test results
of the behaviour of low freeboard
fishing vessels in regular waves are
presented.

Two models were tested, one
of a side trawler (model A) and the
second of a stern cutter (model B).
The models' particulars are given
in Table 1. Figure (1) shows the
bedy and profile plans of the mo-
dels. Those parts. of the models
above the water were made according
to the full scale form of the hull"
with the forecastle and the poop,
deckhouses and bulwarks with. freeing
ports. - ‘ T

The tests were made for a- con-
stant displacement. On both models
the ordinate of the centre of gra-
vity KG was changed to obtain the.
near critical or lower values of
the parameters characterizing the
righting arm curves. ' . '

Besides this the tests with
model A were carried out in the fol-"
lowing conditions:

(a) For two freeboard heights:

(b) With and without bulwark (the
freeing ports were open or
closed); :

(c) For two lengths of the deck-
house., o

Por the tests in regular waves
the wave parameters were varied
within the following ranges:

wave length A = 0.75 to 4,50 m

wave height §w= 4 to 12 (10) cm



The following quantities were
measured:

(1)

Wave parameters,

(ii) Rolling angles,

iii) Heaving and swaying accelera-
tions,

(iv) Relative water motions on the

windward and leeward sides
amidships.

The models' parameters varied
during the tests are given in Table 2.

Figures (2) and (3) show the righting
arm curves of the models tested.

3. MODEL _BEHAVIOUR IN REGULAR WAVES

The experiment was carried out in
such a way that an approximate con-
stant wave height was maintained as’
the wave length was varied. Behaviour
of the model at a given construction
condition (freeboard height, bulwark,
length of the deckhouse) and given
loading conditions (ordinate of the
centre of gravity) depended on the
length and height of the wave. It
will be illustrated in details by
means of tests with model A provided
with the low freeboard (F = 22.5 mm),
bulwark with freeing ports and long
deckhouse.

In Figures (4) and (5) are shown
the tests results of the amplitudes of
the relative motions of water at amid-
ships of the windward side for two
positions of the centre of gravity :
KG = 147.0 mm and KG = 157.0 mm. The
amplitude curves show two distinct
maxima: the first one near the rol-
ling natural frequency and the second
one near the heaving natural frequency.
Also at frequencies higher than the
rolling natural frequency, an addi-
tional magnification appears. It is
observed both on the windward and lee-
ward sides and always at the same wave
frequency although it is independent
of the KG value. 1In the case of
KG = 147 mm the magnification appears
at frequencies a little higher than
the natural frequency. It is not very
prominent for low wave heights although
it increases with increasing wave
height. )

At first it gives a distinct
additional maximum Oy = 8 cm) and
further, begins to exceed the maxi-
mum caused by rolling motions

= 10 and 12 cm). When KG = 157 mm
the additional magnification appears
at frequencies-much higher than the
natural rolling frequencies and does
not reach very significant values.
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. When the wave frequency is
approaching the heaving natural fre-
quency, the relative motion ampli-
tude quickly increases. Due to this
the deck is seriously flooded over.
the edge of the bulwark. The amount
of water on the deck and the fre-
quency of its shipping are so high
that it cannot flow down off the
deck and remains first of all be-
tween the bulwark and the deckhouse
on the windward side. It creates a
heeling moment on the windward side
which causes motions of the model
near the angle called the “pseudo-
static angle of heel". The pseudo-
static angle of heel exists for
sufficiently high wave frequencies.
The frequency changes with wave
height and the ordinate of the
centre of gravity as other construc-
tion parameters remain constant.
Above the limit frequency as the
frequency increases the pseudosta-

_tic angle of heel rapidly increases
approaching a limit which depends
first of all on the model stability
and to a lesser extent on the wave
height.

In particular experiments the
fixed pseudostatic heeling angle
appears relatively soon: - after two
waves in the case of KG = 157 mm,
and_four to five waves in the case
of KG = 147 mm. The maximum values
of the pseudostatic angle of heel,
even when there is sufficient sta-

" bility (when KG = 147 mm) ,are so
high that they constitute a serious
danger to the ship's safety. Roll-
ing motions of the model for this
range of frequency, at which the
pseudostatic angle of heel appears,
are usually very low. Only in the
case of X& = 157 mm, at the lower
range of the frequencies at which
the pseudostatic angle of heel begin
to appear,were jintense rolling mo-
tions corresponding to subharmonic
resonance observed.

Further increases of the ordi-
nate of the centre of gravity
(K& = 168 mm) caused the model to
capsize even in waves which at lower
values of KG only induced a pseudo-
static angle of heel. Capsizing of
the model which had poor stability
was always connected with the pre-
sence of the water on the deck and
capsizing occurred quickly,after the
encounter of two waves on the wind-
ward side.

on the basis of the experi-
ments carried out it was possible to
establish for the model considered
the dangerous range of beam waves.
It is shown in Figure (6). )
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Effects of Bulwark

To explain the role of the bul-

wark in establishing the pseudosta-
tic angle of heel additional tests
were conducted with the model having
the same freeboard and the deckhouse
but without bulwark. Figure (7)
shows the relation between ampli-
tudes of relative motions at the
windward side and the wave frequen-
cy for two different wave heights

at G = 147 mm. In comparison with
the curves for the model with the
bulwark there is no maximum in the
vicinity of the rolling natural fre-
quency. This is connected with the
increased damping caused by submer-
gence of the deck edge. With.RG

KRG = 147 mm the pseudostatic angles
of heel were not observed. It can
be concluded that they are to a
large extent caused by the bulwark.
The tests made on the model without
the bulwark at RKG = 168.5 mm show
that waves,which in the case of the
model with the bulwark,caused the
model to capsize now induced only a
pseudostatic angle of heel depen-
dent on the wave height (approxi-
mately linear). In this case the
bulwark was a cause in the capsiz-
ing of the model.

Description of the above pheno-
mena by means of approximate theory
is rather difficult. The magnitudes
of pseudostatic angles of heel can-
not be directly related to the sta-
tic heeling angle, which appears
when the freeing ports are closed
and the deck well is filled with
water. In Table 3 the maximum
values of pseudostatic angles of
heel and the maximum values of
static heeling angles caused by
water on the deck are given. The
pseudostatic angles of heel cannot
be explained by rolling in the
nonlinear part of the righting arm
curves because rolling motions at
- the maximum angles-of -heel are
rather small.

Effects of Freeboard

Similar experiments at diffe-
rent X€ values with and without the
bulwark were carried out on the mo-
del with the increased freeboard
(F = 42.5 mm). The purpose of the
experiments was to explain the infl-
ence of freeboard on model behaviour
in beam waves. As it was expected
the range of the dangerous waves,
causing large pseudostatic angles
of heel and capsizing the model,
decreased to a large extent (see
Figure (6), in such a way that the

-

dangerous wave length also de-
creased. In the case of very poor
stability (RG = 168 mm) and without
bulwark the pseudostatic angles of
heel, which with the model of low
freeboard (F = 22.5 mm) reached
maximum values of the order of

30 deg., with the higher freeboard
(F = 42,5 mm) were rather small and
did not exceed 6 deg. It is shown
in Figure (8). In developing fur-
ther this phenomenon by changing the
location of the centre of gravity
the pseudostatic angles of heel or
capsizing of model always appeared
on the windward wide.

Effects of Deckhouse Length

Because, in the experiments
carried out, the influence of water
between the deckhouse and the bul-
wark on the pseudostatic angles of
heel and on the capsizing of the
model was significant, addition-
al experiments were carried out with
the shorter deckhouse and low free-
board and bulwark. The experiment
showed that in the condition of in-
tense deck flooding the influence of
the deckhouse length is significant.
It was observed for the case of a
shorter deckhouse and sufficient
stability (RKG = 146.4 mm) that in
spite of intense flooding and large
amount of water on the deck, there
were no pseudostatic angles of heel
on the windward side and only small
angles on the leeward side. This
situation was also observed at
smaller stability (KRG = 158.0 mm).

- The comparison of the pseudostatic

angles of heel of the models with
long and short deckhouses is shown
in Figure (9). At very poor sta-
bility (R€ = 163 mm and KG = 168.5mm)
the model capsized due to flooding,
but the mechanism of capsizing was
different to that of the model hav-.
ing a longer deckhouse. Waves of
higher frequencies than the heaving
natural frequency caused the model
to capsize always on the leeward
side and they were higher than waves
capsizing the model with long deck-
house. But waves of fregquency below
the heaving natural frequency caused
the model to capsize on the windward
side in spite of the fact that at
lower wave heights small pseudo-
static angles of heel appeared on the
leeward side, (see Figure (10).)

The tests with the model B were
carrled out in a narrower range.
This model in comparison with the
model A had different forms of trans-
verse sections ("broken frames") and
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a different form for the above water
part of the hull (long forecastle).
It was observed that this form of
transverse sections effectively pro-
tected the deck against flooding,
(see Figsre (11), even for very steep
waves (A= 1.0 m, 5y = 16 cm). The
model was not flooded over the bulwark
edge but only through the bulwark
openings. Such small amounts of wa-
ter on the deck without a deckhouse
did not have much effect on the mo-
del behaviour and even at poor sta-
bility (KRG = 183 mm) the model did
not capsize. It capsized only under
additional external impulse.

4. CONCLUSIONS

The experiments carried out
demonstrated the complexity of the
phenomena associated with the be-
haviour of low-freeboard models in
regular beam waves, with intense
flooding over the bulwark edge.

The phenomena which appeared
with intense flooding can be des-
cribed with sufficient accuracy by
means of theoretical methods taking
into account the nonlinear damping
moments of the rolling motions and
the wave caused by relative motions
of the ship (in particular heaving
and swaying motions). Once the deck
experiences intense flooding, the
pseudostatic angles of heel appear or
‘the model capsizes. These phenomena
cannot . be described by known mathe-
matical models. The proper mathema-
tical model should take into account
such elements as the bulwark and
eventually the deckhouse.

The experiments showed that the
intense flooding of the deck in beam
waves appears at frequencies higher
than the natural rolling frequency of
the ship. The flooding depends on,
among other things, the form of the
transverse sections. The bulwark as
long as it protects the deck against
flooding increases the safety of the
ship. But when water is shipped on
the deck with high frequency over the
bulwark it traps water on. the deck and
endangers the safety of the ship. In
the condition of intense flooding the
bulwark and deckhouse together reduces
further the ship's safety. Therefore
the long deckhouse on the main deck
with low freeboard should be avoided
and the ships should be provided with
superstructures.
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10.
TABLE 1
Model A B
Scale 1 : 25 1: 14
LuwL m 2.154 1.158
B m 0.360 0.393
D m 0.198/0.218 0.214
A Kg 76.0 41,7
Cg - 0.560 0.485
CwL - 0.800 0.777
M m 0.177 0.191
F m 0.0225/0.0425 | 0.0410
Hy, m 0.044 0.065
TABLE 2 -
MODEL A MODEL B
deckhouse, long 1/L = 0.42|short 1/L=0.22
F ' with
m with bulwark without |with bul- bulwark
freeing ports /| 4 wark freeing. F
: ulwark
~ open closed ports open mm
RC=147.0mm | KG=147.0| KG=147.0|RG=146.4mm KG=0.158mm
! mm mm
22.5| =157.0mm =168.5| =158.0mm =0,173mm
. mm 41.0
=168. 5mm =163,0mm =0,183mm
=168, 5mm
RG=149.5mm | RG=149. 5| RG=168.5
mm . mm
42.9 =159, 5mm
=168.3mm
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TABLE 3

Model with bulwark

Model without. bulwark

i& m 147 157 147
Max pseudo-

static angles 15/17% 26 0
of heel

Max static ’

heeling ‘angles 7.5 12.5 o

‘* with open and

closed freeing ports

11.
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AN ANALYTICAL STUDY OF THE MECHANISM

OF CAPSIZING

J.F. WELLICOME

Department of Aeronautics and Astronautics,

University of Southampton, U.K.

1. INTRODUCTION

A ship can capsize either as a result
_ such as a shift of
cargo or flooding following structur-

‘al damage, or it can occur as a con-
- sequence of the ship's roll response

to extreme sea conditions. Pre-
venting the first kind of capsize is
largely a matter of providing a
sufficient margin of statical sta-
bility to cover all reasonably for-
seeable damage situations and this
aspect of stability is fairly well
understood by Naval Architects. As
yet the mechanisms which lead to a
capsize due to wave action alone are
not well understood and there is

+.8till a lack of either an adequate

analytic model or of adequate experi-
mental information upon which to base
criteria for judging the survivabil-

ity of a particular design of ship

. from this view point.

“This paper describes some rather
vlimited investigations of the pro-

-.blem of ship response to extreme wave

conditions carried out at Southampton

- under the author's supervision. The

investigations concerned comprised

- the solution of a plausible equation
for the roll motion, using an analogue
- computer and a digital computer to

provide time histories of roll, and
the comparison of such solutions with
-‘an approximate analytic one. The
broad conclusions from these com-
parisons were that the analytic solu-
tion gave a very good estimate of the
‘steady state response to wave excita-
tion in roll, but that it failed to
describe the situations in which the

computed solutions produced a capsize.

This paper discusses the formulation
of the equation of motion used to
descrlbe a rolling motion in these
studies. The approximate analysis
of the steady state response to

\

regular wave excitation using per-
turbation methods is given together
with a similar treatment of the
variational equations defining the
stability of this steady atate
response and the comparison of these
analytical solutions with those de-
rived from the computer studies.

2. FORMULATION OF THE EQUATION OF

MOTION FOR ROLLING.

Of the six modes of motion for a
ship, the rolling motion is the most
difficult to model mathematically.
Like the pitch and heave modes the
major part of the forcing function
and the hull stiffness is due to
buoyancy forces acting on the hull,
but unfortunately in the case of
rolling the relation between the
righting moment due to buoyancy is
far from being a linear function of
roll angle. Indeed any study of
capsize must acknowledge that at a
certain roll angle the static sta-
bility will wvanish. The damping
moments acting on the hull are also
non-linear especially at low forward
speeds since a large part of the

. damping comes from the formation of

eddies behind bilge keels and hard
bilge corners. Moments caused by
these eddy formations will be pro-
portional to the square of the roll
velocity.

It would seem natural to express
the moments acting on the hull as
functions of roll angle relative

to the wave surface (¢(t)) and the
relative roll velocity Gb(t)) etc.
rather than as functions of absol-
ute motion measured from the verti-
cal (O(t)). These are related to .
the wave slope (%(t)) by the
equation.

s P+



Thus the roll restoring moment may be
written as M(®) and the roll damping
moment as D(g). There will also be,
a virtual inertia term of the form If.
In choosing to represent the moments
in this way it is assumed that buoy-

* ancy forces act perpendicular to the

constant pressure free surface and
that wave orbit velocities are small
compared to the fluid velocities
generated by the rolling hull. Both
assumptions are reasonable for long
waves.

The equation of motion now takes the
form .

d -~ M@ -0¢)-T ¢

where mk2 is the roll inertia of the
hull.

Thus, since 9=¢+g‘ ,
(mk? + 1)8+D(P) #M(P) =-mk'& (2.1)

This equation describes t+he relative
roll motion & . By choosing differ-
ent functions D agnd M a wide range
of roll characteristics can be re-
produced., The simplest model which
contains the essential non-linear
features mentioned so far would take
the form

¢+&¢+l¢z¢l¢l s ¢ ‘3¢ "2" (2.2)

This form includes a linear damping
term k #'notionally associated with
waves produced by the,hyll, a quad-
ratic damping tenmkaﬁl ! - notionally
associated with eddy making and a
static restoring moment of cubic form
which vanishes at

gh = + wo/(3
It is common in the literature on
rolling to meet a similar equation to
describe the abselute roll motion
which takes the form:

Lid L ®, © 5 '
-9#“,9-#!‘2919!4‘“’:9’39 =53 (2.3)

Although these two equations are of
similar form they are by no means
equivalent, as a straight forward
substitution will show. There is
room for discussion as to which of
these two equations best represents
the physical process of rolling and
although the author has a preference
for the relative roll equation (2.2)
it is possible to see aspects of the
physical problem that may be more
suitably expressed in terms of the
absolute motion.

So far the discussion has been formu-
lated in a way which implies that the
parameters involved could be regarded

‘as constant (at any rate at a fixed

Wellicome

encounter frequency) as would normally
be the case in, for instance, pitch and
heave motions. However, this would
imply the neglecting of important
coupling effects between roll and the
other modes of motion, notably heave
and sway.

The heave coupling effe t is interest-
ing in that it can lead directly to
unstable rolling in head and following
seas in which direct roll excitation
by the waves is absent. The effect
arises because of changes in the
height of the transverse metacentre
associated with changes of draught.

In the usual notation of hydrostatics:

KMz KB+ I1/V

.t
GM = 6""*[":1? aT r)J e

where 2z is the instantanen~us heave
relative to the wave surface. Since
the linear stiffness term is directly
proportional to the GM the effect of
the heave coupling implied by egquation
(7.4) can be introduced by modifying
(2 2) to read

¢+l¢ ¢4-H,¢‘ ¢’“’: (1+pPW)P- “¢' 2% (2.5)

In this form an estimate of the time
dependent stiffness term W g Pit)
can be obtained by considering the
heave response of the hull and the
corresponding changes in both dis-
placed volume ¥ and transverse second
moment of waterplane area Ing.

A final physical effect to be taken
into account is the difference be-
tween the pressure distribution within
a wave and that which would be expected
on a hydrostatic basis. Because the
disturbance caused by the wave decays
exponentially with depth the effective
wave slope measured, for example, in
terms of the pressure changes occurr-
ing at the mean draught of the hull

is somewhat less than the wave surface
slope at the free surface, especially
in the case of waves of shorter lengths.
This can be taken into account in an
equation of the form of (2.5) if & .

is regarded as being the effective wave
slope and as the roll motion rela-
tive to the effective wave slope.

The relation between effective and

true wave slopes will be detailed when
considering. the formulation of the
wave spectrum used in predicting

‘motions in an irregular sea.

3. GENERAL COMMENTS ON STEADY STATE

RESPONSES OF NON-LINEAR SYSTEMS

With a non-linear system such as that
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represented by equation (Z2,§) the
response of the system to a periodic
wave excitation can be expected to
be some form of periodic roll motion.
It is a characteristic of such a
system however tHat it can have
several possible steady state
responses to the same basic wave
excitation. For instance, taking
the case k:%39 and Ps0in equation
(2.5), the roll equation reduces to

$+wj¢-3¢3=—2§ (3.1)

On substituting a response ¢: Alos wt
we have

(wi- ’9Acaawt-dA3Co:’wt z-A&
3 L Cme
but Ca:wtfz aniv#&h Zit
so that .As&= «J:-J-%at)ACouﬁ
- -“; 3 A3Cos 3wt
h 1 2
whence 1 (wyF e ad JAcoswt

PN UPAY 3603 ) Cos 3t (3.2)

This effective wave slope would
produce the response @= Alawt:
Now in the particular case where

wg- - w". 3 aA%0 equation ‘3'2)

4 a3
reduces to os = C‘”m and

in this case the Yoll response at
frequency ®w would be taking place
in response to a regular wave at an
encounter frequence of 3. This
kind of response is called a sub-
harmonic response and is a kind of
response not met with in a linear
system. In this case the hull is
rolling with a frequency w which is
close to its own natural roll fre-
quency in response to the relatively
high wave encounter frequency of 3w.
Effective wave slopes at this fre-
quency are in most cases small.

A second particular case arises when

the roll amplitude A is small so

that the term proportional to Cos 3uit
is small and the roll response

at frequency & is a result of a

nearly regular wave excitation at

that frequency. In this case we

have

;& Lg Z}. t,
f\zaocag3“£ﬁaiagﬂb-uﬁ1;3A5)ALo?u)

Thus the amplitude of the roll re-
sponce for a given maximum wave
slope ag is found from the cubic
equation

L . _
3 a4l - Wy AT W 8 =0 (3.3)
%

L PO aYlt)

It follows from eguation (2.3) that
there can be three possible ampli-
tudes of roll motion at the given
encounter frequency for any given
wave slope. Appendix I develops

an analysis of the roll response in
regular waves from (2.5) for the case
where the response is at encounter
frequency and Figure (1) shows the
form of the response curves obtained
from this solution together with a
subharmonic response curve. The
existence of three solutions at low
frequencies can clearly be seen.
Again this situation is not met in a
linear system in which there is only
one response to a given excitation.

4. THE STABILITY OF STEADY STATE
MOTIONS

It is necessary to consider the sta-
bility of each steady state motion in
a truly dynamic sense. This can be
done by considering what happens in
circumstances where the motion is
slightly disturbed from the steady
state eith<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>