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Third international Conference on Stability 
of Ships and Ocean Vehicles, Gdarisk, Sept. 1986 

SHIP MOTION SIMULATION IN A SEAWAY USING 
DETAILED HYDRODYNAMIC FORCE COEFFICIENTS 

H. BOttoher 

ABSTRACT 

A model for simulating large amplitude 

ship motions in a seaway in 6 degrees of 

freedom is presented. It. takes into 

accounti 

. Froude-Kriloff forces and moments, 

using thé actual water11ne along the 

hull 

; Raditation and diffraction forces 

including memory effects and viscous 

effects especially at bilge keels 

Autopilot settings, steering charac­

teristics -and propeller .action and 

control 

. . • • . * 

Forces and moments due to Mind 

Forces and moments due to Internal 

fluid motion in tanks 

After deriving rigid-body motion 

equations suitable for large motion ampli­

tudes, methods for the determination of 

Froude-Kriloff forces based on previously 

determined tables are presented. A unique 

method is developed for the determination 

of hydrôdynamic diffraction and radiation 

forces. It is based on higher-order differ­

ential equations relating relative motion 

between the water and the ship sections to 

the section forces. 

need for model expérimente. As rolling 

motion is coupled to some extent with all 

other ship motions, we think it necessary 

to use a simulation model, for all 6 degrees• 

of freedom of rigid-body motion. This model 

must include all of the major forces acting 

upon the . ship, such as hydrostatic and 

hydrôdynamic forcés, rudder and propeller 

forcés, forces due to wind, and forcés due 

to internal fluid motion In tanks. 

Obviously the calculation of all these 

forces cannot be covered here. Particular 

attention will therefore only be given to 

setting up the equations of motion and 

calculating hydrôdynamic forces. 

2. COORDINATE SYSTEMS 

We shall use two coordinate 'systems| 

one is fixed to the earth and points in it 

are described by the vector fj the other is 

fixed to the ship, and points are described 

by the vector x,. Conversions'-between the 

two coordinate systems can be made by the 

following equations 

î = T-B. + L° (!) 

T is a'transformation matrix, which 

incorporates the rotation of the ship 

relative to the earth coordinate system, 

and J£© is the position of the . ship 

coordinate system in the earth coordinate 

system. 

The following conventions will be used in 

this paperi a vector will be denoted by an 

underscore«, vectors in the earth coordinate 

system have an index Sj vectors in the ship 

coordinate system are without index| an 

index G indicates, that a. vector is 

expressed relative to the centre of gravity 

of the ship. 

3. EQUATIONS OF MOTION 

1. INTRODUCTION 

Our objective is simulating rolling 

motions of a ship in irregular . seas with 

sufficient accuracy to be able to . assess 

the safety against capsizing in a natural 

seaway compared to other ships without the 

The momentum fet can be written as« 

b_j =• < + -x.o + {.«>>. m <2> 

where &• are the coordinates of the centre 

of gravity and.m is the ship's fixed mass. 

The time derivative of b | is related to the 



•fo» re f. acting upon the «hip bv» • Radiation and diffraction forces 

fc'l " T-i . ' '«3> 

A s imi lo r equation e x i s t s -for- the 

angular momentum with respect t o the centre 

of g r a v i t y b.»f» 

h»| « T-d_ - <T-a.») « fef .' <3> 

Here d_ Is the moment and Ö» in a 

matrix containing the moments of inertia. 

y ii a vector, the components o-f which arm-

the three rotational velocities. 

The equations for the momentum and the 

Angular momentum (2 and 4), dérivatad by 

time, can be combined with equations 3 and 

5 to yieldi 

<T-a« • Jo) m = T-£ (6) 

<t-e«-T-» • T-«e-"f-» )•*}•• T-e»-T->.-jj » 

T-ä - <T-xj») x <T-j<» • fo) m <7> 

These equations constitute a system of 6 

equations -for the accelerations in the & 

degrees o-f freedom. 

These equations cannot be solved as 

they are, because the forces £ and moments 

d_ contain terms depending on accelerations. 

We have to split up the farces and moments 

£ and d, into 2 parts, one containing 

accelerations, the other nott 

£ » Fi-ïo + Fa-« + £* "~ <B> 

d_ » Di-fo + D > u + a» (9) 

Fi, F», D>, and Oi ara 3x3—matrices, £.» and 

d_» contain all forces and moments which do 

not depend on accelerations. 

4. FORCES AND HOHENTB 

The following components of the force« 

and moments are included In the simulation 

modelt 

. - Forces resulting from the ship's 

weight 

Froude-Kriloff forces ••'.;••. 

- Prop«») 1er force 

Rudder forces 

Forces due to wind 

- Forces due to internal fluid motions 

. The forces and moments due to internal 

fluid mottonB in tanks «re treated in the 

conference paper by F. Petey. In the 

following I will restrict mys»)f to dealing 

with the calculation of Froude-Kriloff and 

radiation and diffraction forces. The other 

forces are calculated according to normal 

practice. For the calculation of rudder 

force« I rsfer to a paper by Södlng Cil. 

3.1 Froude-Kriloff Forces and Momenta 

Froude-Kriloff forces are those which 

would act on the ship if the water pressure 

was hot disturbed by the ship's presence. 

To compute them approximately we do not use 

the actual pressure distribution. Instead 

we perform hydrostatic calculations up to a 

corrected waterline, approximated by a 

straight line in the section planes used 

for the calculation (Figure 1). 

Figure ti 
Ship section, showing actual, 
cor r ec ted and approx i mat er» water line 

Ouring the simulation the position and 

Inclination of this effective waterline is 

calculated for a number of sections, and 

section area and righting moment are inter­

polated from a table, previously calculated 

for different depths, of immersion and 

angles of inclination of the waterline. 



3.2 Radiation and Diffraction Forcés 

The radiation and diffraction fore»« 

•re determined as a function of relativ» 

motion between ship and Mater. A method 

similar to the strip method is used, which, 

however, takes account of non-linearities. 

Let us first look at the two-

dimensional flow around a partly., submerged '•' 

ship's section. In this case the pressure 

distribution can be determined by potential 

theory, the flow being represented by a 

distribution of time periodic sources and 

sinks satisfying the free surface 

condition. The relative motions between 

ship and water in the transverse and 

.vertical directions and the section 

rotation are combined to a vector u_~. A 

vector ±f is used to represent the section 

force and moment, which are obtained by 

integrating the pressure distribution along 

the section contour. The following differ­

ential equation describes the relationship 

between the force f.» and the motion ux for 

time-harmonic motions! 

- -jL m-it» + N-UX> (io) 

In this equation M is a 3x3-matrix of 

added mass, . and N is a 3x3damping-matrix. 

The right part of the equation, is equal to 

the middle part, if M and N are constant 

over time. However, we want to determine H 

and N' as functions of the motion frequency 

and of the actual time dependent immersion 

of . the section. Comparisons with experi­

ments have shown that . one can normally 

obtain good results using the right part of 

the equation. Only in those cases, where a 

rapid reduction of immersion, entailing 

flow separation, occurs, the middle part of 

the equation should be used. 

An irregular seaway can be thought to 

consist of many regular waves of different 

frequencies. If the ship's response is a 

linear function of excitation,the response 

due to different regular, waves can be 

calculated separately and added to yield 

the total response (superposition). -We 

cannot usa superposition, though, because 

we want to include nonlinear wave and 

motion effects. It is therefore imperative 

to substitute added, mass and damping, which 

depend on frequency, by quantities, which 

•re independent of frequency. To that end 

we use a higher order differential equation 

to describe the relationship between motion 

and forcei 

„S,<AN-i.>« — " - Zf (BN.£->«*» m > 

An and BH are 3x3-matrices depending 

on the Immersed shape of the section but 

not on frequency. The superscripts dencte 

time derivatives. 

For time-harmonic motions of arbitrary 

frequency we want to express the same 

relationship by equations 10 and 11. It can 

be shown, that this is the case, if the 

following equation is valid for all 

frequencies ui 

• i . . i , . - • • • 

CEBfc-<i»>*J-» . EAH.(io)N » _M<U) • 1N(Ó) 
' *•• k«* ' U - " 

(12) 

Tor illustrate the meaning of this 

rather abstract equation, I shall write it 

in another way for L •> 3i 

A© + fliiu + Aa(iui>a + Ai(iu)> 
—•_ ._.—____ _„ • i.N 

Bo + Btite + Ba(ii»>» + B«(iio)<* 

Thus AH and B« are the coefficients of 
Î • 

a ratio-of-polynomials approximating H and 

N. AM and Bt> must be determined in such a 

way, that M and N are approximated with . 

sufficient accuracy, while using as few 

coefficients as possible. Figures 2 and 3 

show an example of added mass and damping 

for heaving motion compared 'to their 

approximation with L » 4. 

- 3 -
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1 2 3 t, 5 
Frequency in 1/s 

Figure 2i 
Added mass for heaving motion 
— calculated by potential theory 
t approximated by A and B for 

C' = 4 ' - . . ' • • 

2 3 f 5 
Frequency in 1/s 

Figure 3i 
Damping for heaving motion 
— calculated by potential theory 
» approximated by ft and B for 

L = 4 

Matrices A» and B» will be calculated 

for a number of sections and for different 

depths of immersion and angles of incli­

nation. During the simulation the matrices 

will be interpolated for the actual immet— 

•sion. 

With the matrices A and B we can 

calculate the -forces due to the two-

dimensional motion of a section. What we 

want, though, is to calculate the forces on 

a ship, i.e. a three-dimensional body, 

therefore we must take into account the 

flow along.the ship's length. This is done 

in analogy to the strip method. We treat 

each section separately, but substitute 

partial time derivatives by substantial 

derlvativesi . 

<13) 

y is the chip's speed. 

By using this equation we include the 

effect of previous interaction between ship 

and water at sections ahead of the cur­

rently regarded section. 

To solve this equation it is integra­

ted substantially L times. À substantial 

integral is meant to be the inverse of a 

substantial derivative (t/Zt - v3/Jx>. It 

its indicated by a negative superscript. 

<14> 

The equation can be transformed to 

yield an expression for. f.»o 

<15> 

For L = 2 this can be written asi 

f« » Ba-»{<Ao-4M><-»> + <A»-Ü«) + 

(Aa-y») «»> - <Bo.f«> <-«> + 

-<B,-1.) <-»> J <16) 

On the right hand side of the equation 

there are a number of substantial integrals 

of <AN-&„) and <B»-£»> «the terms with 

Negative superscripts). : These are calcu-. 
lated by numerical integration; Included in 

the term (A*-y.») <*> is the acceleration y«. 

After trans-forming 4- into the earth cooi— 

dinate system and integrating f_* over the 

ships length expressions in the. form of 

equations 8 and 9 can be found for the: 

radiation and diffraction forces and 

moments. After adding all other forces and 

inserting these values into equations 6-and 

7 we. obtain a set of 6 simultaneous ordi­

nary differential equations, which can be 

solved to yield the accelerations In .the 6 

degrees of freedom, ' which, in turn, are 

integrated numerically to yield the veloci­

ties and position of the ship. 

- .4 -
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Preparing the input data for our 

simulation progrin i* a rather lengthy and 

difficult task, especially calculating the 

matrices A and B. At the moment w» mr$t 
developing methods to help us prepare the 

data in much less time than previously 

heeded. 80 far, we have only done 

simulations using a limited-set of data for 

one ship, 'with only S sections for the 

calculation of Froude-Kriloff and radiation 

and diffraction forcés and 4 different, 

depths of immersion. 

Figures 4 *nd 3 show a comparison of 

transfer functions for heave and pitch 

calculated by simulation with results of 

«trip method calculations for a ship in 

head waves. Agreement is fair for pitch, 

but less satisfactory for heave. We hope to 

obtain better results using much more 

detailed data. 

o< 

is-
*-* 
0 -
,§8 u. Simulation^' 

y Strip Method 

02 au 06 ae i 
Frequency in 1/s 

1.2 

Figure 3i 
Transfer functions for pitching 
motion for a ship in head waves, 
.Fn » 0.18 

Strip Method 

- 1 — 1 — 1 — ^ r — 1 — 1 — 1 — i " 1 1—T-

0.2 0M 0.6 OB 1 12 
Frequency, in 1/s 
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FURTHER IMO ACTIVITIES IN THE DEVELOPMENT OF 
INTERNATIONAL REQUIREMENTS FOR THE STABILITY OF SHIPS 

P. Plasat A.A. Petrov 

ABSTRACT 

In the paper presented at the Second 

International Conference on Stability of Ships and 

Ocean Vehicles in Tokyo (STAB '82) a brief 

description of the work of the International 

Maritime Organization (IMO) in respect of 

development of international requirements and 

recommendations for intact and damage stability of 

various types of ships was Riven. The paper 

summarized the work of.the Organization on the 

subject for the period 1962: - 1982. That work 

resulted in the formulating of such requirements 

for a wide range of ships which were included in 

IMO conventions, codes, guidelines and 

recommendations. 

At present, new investigations and research 

programmes on intact stability employing the best 

available hydrodynamic, mathematical and 

computational techniques have deepened knowledge 

about a number of phenomena affecting stability of 

ships. It was, therefore, generally recognized 

that a scientific approach in development of 

future stability criteria should be adopted, based 

on the results of the study of such phenomena. 

Furthermore, some international requirements 

already developed within IMO still have areas 

where uniform interpretations of stability 

criteria are still to be developed. 

This paper présenta a brief account of work 

in respect of further development of intact and 

damage stability requirements carried out within 

IMO by its Sub-Committee on Stability and Load 

tines and on Fishing Vessels Safety since 1982. 

Finally the paper'will be expanded to outline in 

general the current work of the Sub-Committee on 

the subject. 

1 PREAMBLE 

With one of the main objectives to 

facilitate co-operation among governments on 

technical matters affecting international shipping 

in order to achieve the highest practical 

standards of maritime safety and navigation the 

International Maritime Organization since its 

inception took the task of developing thé 

internationally agreed standards of stability and 

subdivision. 

Baaed on statistical analyses of collated 

stability data for capsized ships and for ships 

with satisfactory stability, stability criteria 

for passenger and cargo ships and fishing vessels 

were elaborated as a first step: These criteria 

were used as a basis in further work on stability 

requirements for other types of ships, 

modification of which were made to take account of 

specific design and operation features. At 

present recommendations on intact stability are 

developed for the following types of ships: 

passenger ships 

-. cargo ships 

- fishing vessels 

• - " dynamically supported Tàft . 

.••'- mobile offshore drilling units 

- offshore supply vessels 

- special purpose ships 

Subdivision and damage stability 

requirements were first introduced for passenger 

ships in the 1948 SOLAS Convention and then 

readopted by the 1960 SOLAS Convention (1] and the 

1974 SOLAS Convention f21. Extensive work on 

development of subdivision and damage stability 

requirements for other types of ships has been 

continued until now. For their development 

different philosophies were accepted to take 

account of specific design features and conditions 

óf operations of ships, e.g. in the case of oil 

and chemical tankers,, and gaa carriers the main 

idea was to provide the ship with the ability to 

remain afloat after damage in order to prevent 

massive spill of cargo and avoid pollution of the 

sea etc. At present, types of ships as indicated 

above and some others such as tankers, chemical 

tankers and gas carriers are provided with 

relevant subidivision and damage stability 

requirements which are stated in various 

conventions, codes, recommendations and guidelines. 



The detailed description of IMO's activity 

in development of stability requirements until 

1982 was reflected in the paper presented to the 

Second Conference on Stability of Ships and Ocean 

Vehicles held in Tokyo in 1982. With a view tö 

further promoting the highest possible level of 

safety of ships being in balance with economic 

interests and design needs, IHO has continued the 

work on the stability through its Sub-Committee öö 

Stability and Load Lines and on Fishing Vessels 

Safety. The following sections reflect the outcome 

of the work on the subject within that 

Sub-Committeè. 

2 NEW DEVELOPMENTS RELATING TO INTACT AND 

DAMAGE STABILITY 

special 2.1 Intact and damage stability of 

purpose ships 

The Code of Safety for Special Purpose 

Ships [31 includes requirements for ships engaged 

in research,1 expeditions and surveys, ships for 

training of marine personnel, whale and fish 

factories not engaged in catching, etc. and 

carrying on board more than 12 special personnel 

including passengers. As special personnel are 

expected to be able bodied with a fair knowledge 

of the layout of a ship and have received some 

training in safety procedures and the handling of 

the ship's safety equipment,, the special purpose 

ships on which they are carried heed not be 

considered or treated as passenger ships. In 

developing the safety standards for this type of 

ship, account: was taken of the number of special 

personnel being carried and the design and size of 

the ship. 

The intact stability of special purpose 

ships under 100 metres in length should comply 

with the provisions specified in resolution 

A.167(K8.IV) [41 except that in respect to ships 

of design and characteristics similar to offshore 

supply vessels alternative criteria established 

for latter ships in the Guidelines for the Design 

and Construction of Offshore Supply Vessels [51 

may be used where relaxation from requirements of 

minimum angle of heel at which the maximum 

righting arm occurs is compensated by increasing 

the corresponding area under the.curve of righting 

levers up to that angle. 

The intact stability bf special purpose 

ships of 100 metres in length and over should be 

to the satisfaction of the administration. 

The subdivision and damage stability of 

special purpose ships is mainly governed by the 

number of special personnel. In general, for 

ships carrying not more than 50 special personnel 

a single compartment, except machinery space, has 

to be assumed damaged and for ships carrying more 

than 50 but not more than 20Ó special personnel 

the damage should be assumed to occur anywhere in 

its length between transverse watertight 

bulkheads. For ships carrying more than 200 

special personnel the subdivision and damage 

stability requirements for passenger ships 

carrying that number of passenger should apply. 

2.2 Intact stability of pontoons 

To provide sufficient safety for pontoons 

especially those engaged in ocean transportation, 

there was an agreement to develop internationally 

agreed requirements for intact stability of 

pontoons. Although some administrations use 

certain stability requirements at present there 

was no sufficient knowledge in order to set a 

single standard. Furthermore, there may be a need 

for operational experience including research data 

to cover special cargo handling operations 

especially in case of crane pontoons. As it was 

felt to be premature to develop a single criterion 

to be used for the assessment of intact stability 

of pontoons, Interim Guidelines on Intact 

Stability Requirements for Pontoons f61 were set 

up which included a compilation of the national 

practices of several countries. 

These guidelines were issued for the 

information of the administrations concerned with 

the intact stability of pontoons and'provide only 

general guidance and do not contain all specific 

requirements of those administrations whose 

criteria were included in the guidelines. The 

parameters in the various criteria are applicable 

to pontoons in unrestricted service. Less 

stringent requirements may be considered for 

pontoons in protected waters. 

The guidelines also contain the provisions 

relating to the ways to present typical stability 

information and performance of calculations. 

In general, for the.purpose of guidelines, a 

pontoon is considered to be non self-propelled, 

normally unmanned, carrying only deck cargo and 

having no hatchways in the deck except small 

manholes closed with gaskèted covers. 

As to the national stability criteria for 

pontoons specified in the guidelines, the 

similarities of national practice are easily 

-8 -



identified'. Differences may be necessary to take 

account of severity of service. It was an 

intention of the guidelines that the 

administration should use a criterion that best 

suits the design and modes of operation of the 

pontoon under consideration. 

Further work is envisaged to be undertaken 

to establish a single criterion for intact 

stability.of pontoons based on evaluation of 

criteria specified in the guidelines. 

.2.3 Stability of ships in breaking waves 

The danger of the effect of breaking waves 

on safety of small ships is generally recognized, 

in particular for ships operating in coastal 

waters. The extension of range of stability, 

especially in the case of ships of less than 45 

metres in length was believed to be a measure to 

prevent capsizing in breaking waves from the 

side. As a result of deliberations within the 

Sub-Committee it was recommended that 

administrations should consider addressing this 

effect in their national standards where ships are 

known to operate in waters subject to breaking 

waves of predictable frequency. 

2.4 - Weather criterion for passenger and cargo 

ships 

The concept of weather criterion which takes 

account of the effect of a severe wind and rolling 

was introduced in stability requirements for such 

types of ships äs fishing vessels, dynamically 

supported craft, MODU's. In pursuance of the task 

' to improve adopted stability criteria for 

passenger and cargo ships specified in resolution 

A.167(ES.IV) the studies were undertaken with a 

view to developing a weather criterion for 

passenger and cargo ships. For this purpose a 

comparison of results obtained by applying 

criteria of resolution A.167(ES.IV) and the 

weather criterion according to various national 

methods of calculations to several ship types was 

carried out to produce a method of calculating the 

effect of wind and rolling. 

Eventually, a draft weather criterion was 

proposed and test calculations were carried out. 

In general the calculations showed that the 

proposed criterion when used in conjunction with 

the requirements of resolution A.167(ES.IV) 

increased the stability requirements for ships 

with a large windage area. 

The final recommendation on weather 

criterion 17.1 adopted by the Assembly in November 

1985 which takes account of a severe wind and 

rolling is proposed for passenger and cargo ships 

of 24 metres in length and over. It supplements 

the stability requirements of resolution 

A.167(ES.IV) specified for ships of under 100 

metres in length. As far as passenger and cargo 

ships of more than 100 metres in length are 

concerned the weather criterion should apply in 

addition to other appropriate stability criteria 

to the satisfaction of the administration. 

The recommended weather criterion stipulates 

that under the specified weather conditions the 

stability of ships should be such as to withstand 

the combined effect of beam wind and rolling. 

The weather criterion as adopted is given in 

the figure. 

area "b" 
-C.f * ' 

lv, • steady wind heeling lever 

gust vind heeling lever 

1,5 lv, 

sngle of roll ' 

Figure 

The criterion is applicable for each 

standard condition of loading and takes account of 

the free surface effect specified in appendix I to 

resolution A.167(ES.IV). 

To avoid excessive resultant angles of heel 

when applying the weather criterion attention ; 

should be paid to the effect of steady wind. 

Although the value of angle of heel under action 

of steady wind is proposed to be limited to a ! 

certain angle to the satisfaction of the 

administration, as a guide a certain angle is ., 

suggested. 

The present weather criterion, as developed 

for passenger, ships and cargo ships is also 

recommended for application to fishing vessels of 

45 metres in length and over in unrestricted 

service. : 
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2.5 Information on the effect of flooding 

In accordance with régulation II.—1/23 of the 

1974 SOLAS Convention as amended passenger ships 

shall be provided with damage control plans and a 

booklet containing information relating to the 

plans and arrangements for the correction of lint 

due to flooding. Resolution A.515(13) adopted by 

thé Assembly in 1983 contains inter alia draft 

regulation on damage control plans for dry cargo 

ships to be included in the future amendments to 

the 1974 SOLAS Convention. During the discussion 

within the Sub-Committee opinions were expressed 

that in addition.to damage control plans damage 

stability information could be useful. The 

purpose of such information would be to enable the 

master to investigate the survival capability of 

the ship in thé actual loading condition in the 

case of damage. However it was evident that in 

order to avoid misleading the master the 

information should not contain any specific 

instructions or recommendations. 

In pursuance of this, Guidelines for the 

Preparation of Information on the Effect of 

Flooding to be provided to Masters of Dry Cargo 

Ships f8l were developed. These guidelines are 

intended for the use of adminstrations to the 

extent they consider necessary and for assistance 

to the master in exercising his judgement in case 

of serious flooding of the ship, to make him aware 

of the capabilities of the ship. 

3 CURRKNT WORK ON INTACT AMD DAMAGE STABILITY 

3.1 Improvement of stability criteria 

Following the adoption in mid-70 of the 

long-term programme on improvement of stability 

criteria a review in recent years of theoretical 

work and analysis of the results of model tests 

carried .out by countries concerning the capsizing 

phenomena made it possible to formulate an 

approach in respect of the further work on 

improvement of stability criteria and development 

of new stability criteria. It required to 

identify and define a few of the most dangerous 

situations of all possible situations which may 

occur during the life of a ship. The possible 

situations to be concentrated on. in the work were 

defined as follows: 

•1 ship in beam seas - severe wind and 

rolling including effect of shipping 

water on deck and other possible 

external forces; 

.2 ship in following seas - pure loss of 

stability, parametric rolling and 

broaching including possible external 

forces such as water on deck etc. 

For the above situations it is envisaged to 

develop mathematical models and perform systematic 

calculations upon which probabilistic stability 

criteria should.be developed. For this purpose 

the results of analysis of casualty records and 

model tests should be taken into consideration. 

The discussion within the Sub-Committee gave 

evidence that close international co-operation in 

research efforts would be more effective and would 

shorten the time to achieve the goal. 

3.2 Stability of ships in following waves 

Having finalized the development of the 

weather criterion for passenger and cargo.ships, 

the Sub-Committee gave as a part of a long-term 

programme, further consideration to the subject of 

stability of ships in following waves. The 

opinion was expressed of the possibility of 

combining a new criterion for ships in following 

waves with the weather criterion. 

To consider the capsizing of ships in 

following seas three modes leading tó capsizing 

were identified to be analysed; 

.1 pure loss of intact stability due to a 

wave crest located amidships; 

.2 parametric rollii.g due to a periodic 

,• . . change in ship's stability in relation 

" ,' to wave frequency and ship's speed; 

.3 broaching due to the loss óf 

directional control with the waves 

. ' overtaking the ship from the stern. . 

It was agreed to proceed with developing 

methods of analysis for each of these modes of 

capsizing followed by a detailed analysis. After 

each of the modes of a capsizing ship have been 

analysed efforts should be made-to develop a 

single capsizing criterion or criteria. 

Presently, the results of tests carried out 

by countries justify the recommendation that the 

still water righting arm curve is most suitable 

for a.comparison in dealing with all types of 

dynamic phenomena. 

3.3 Stability information for thé master 

The International Convention on Safety of 

Life at Sea, 1974 and the International Convention 

on Load Lines, 1966 [91 for passenger and cargo 

ships and the Torremolinos International 

- 1.0 
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Convention on Safety of Fishing Vessels, 1977 (101 

for fishing vessels provide provision to the 

effect that the master of the ship shall be 

supplied with information to enable him by rapid 

and simple processes to assess with ease and 

certainty the stability of a ship under varying 

conditions of service. This information shall be 

kept on board for ready access at all times and be 

subject to inspection with a view to keep it 

amended, if necessary. 

Furthermore, the administrations were 

provided with guidance on the scope of data to be 

included in stability information. This guidance 

is contained in the annex to resolution 

A.167 (ES.IV) (for passenger and cargo ships) and 

resolution A.168 (ES.IV) (111 (for fishing 

vessels) which was later included in guidance on 

stability information contained in recommendation 

4 of attachment 3 to the Final Act of the 

International Conference on Safety of Fishing 

Vessels, 1977. The application of these guidances 

and considerations of national practices on 

presentation of intact stability information 

proved the views that the information as outlined 

in the above documents providing the master with 

the most essential data should be simplified as 

much as possible so that the master can estimate 

with minimum expendure of time whether the 

stability of a ship is sufficient. To fulfil the 

task further work on information for the master on 

intact stability is envisaged to be undertaken by 

the Sub-Committee on the following: 

.1 the table of contents of information 

desired for intact stability; 

.2 . method of special quick appraisal of 

intact stability of a ship suitable 

for inclusion in the stability 

information;' 

.3 the use of on-board computers for 

quick appraisal of stability by the 

.master. 

3.4 Standards of residual damage stability for 

passenger ships 

Standards of residual damage stability have 

been defined for a number of types of ships in 

various codes and guidelines (oil and chemical 

tankers, gas carriers, offshore supply vessels, 

etc.) whereas such standards are not established 

for passenger ships. The experience of applying 

the provisions of regulation II-1/8 óf the 1974 

SOLAS Convention as amended revealed the need to 

develop a guidance for the administrations on a 

minimum acceptable standard of residual stability 

after damage for passenger ships. 

A draft interpretation was developed 

specifying the stability criteria appropriate in 

determining the adequacy of the residual stability 

after damage. These criteria are given for both 

the intermediate and final stages of flooding 

after equalization. The discussion within the 

Sub-Committee demonstrated a wide range of 

opinions on the factors to be taken into account 

in the development of appropriate residual 

stability standards. The importance of any 

stability standard which may be adopted in 

relation to the economic and commercial design of 

passenger ships initiated the studies of the 

effect of various proposed criteria on typical 

ships. This would require to take into 

consideration the effect of the application of the 

proposed criteria on critical ship design, the 

need to relate the basic philosophy of passenger 

ship survival with the differing philosophies for 

other types of ships, effect óf such factors as 

application of passenger distribution moment and 

one-sided lifeboat deployment etc. The results of 

investigations of the above are subject to further 

consideration within the Sub-Committee. 

3.5 Damage stability of dry cargo ships 

As it was mentioned the first 

internationally agreed damage stability 

requirements for passenger ships were introduced 

in the 1948 SOLAS Convention. 

Since then the damage stability requirements 

.for most types of ships have been developed and 

included in various conventions, codes and 

guidelines. 

Due to other committments the Sub-Committee 

could only recently concentrate on the development 

of subdivision and damage stability requirements 

for dry cargo ships including ro-ro ships. The 

probabilistic concept of survival was taken as a 

basis for elaborating such requirements. The work 

to be undertaken by the Sub-Committee is to carry 

out sample calculations in accordance with the 

proposed draft probabilistic method for a range of 

ship types and sizes with a view to determining a 

preferred level of survival capability. This 

draft method proposes inter alia that the 

calculations should be made with the assumption 

that the ship is regarded as surviving flooding 

with certain probability if certain damage 

stability criteria, which are specified in the 

draft method, are met. For this purpose the work 

is also envisaged to be undertaken on factor "s" 

which evaluates the effect of freeboard, stability 

and heel in the final flooding condition. 
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UTILIZATION OF PHOTOGRAMMETRY IN OBTAINING HULL OFFSETS 
FOR INTACT STABILITY CALCULATIONS 

R. Latorrei A» Hudai C. Mugnler 

ABSTRACT 

The development of computer programs such as 

the Ship Hull Characteristics Program (SHCP) has 

automated the calculation of ship stability. 

Now the most time-consuming task Is the develop­

ment of a suitable table of hull offsets. The 

present paper describes the results from using 

a photogrammetry system to obtain the hull 

offsets of a large ship trawler. 

When the hull plans are available it Is 

. fairly straightforward. But when the plans 

are not avallable,direct or indirect measure­

ments to obtain the offsets are necessary. 

In this paper the use of optical imaging from 

overlapping photographs called "photo­

grammètry" is used to otaln the offsets of 

a large Gulf of Mexico shrimp trawler hull 

for the stability calculations. The hydro­

static calculations results are summarized 

along with the results from the inclining 

experiment. . 

This system using a stereo planlgraph 

allows the offsets to be easily obtained for 

the stability calculation. 

INTRODUCTION 

The development of computer programs such 

• as the Ship Hull Characteristics Program 

(SHCP) has automated the calculation of. ship 

stability. Now the most" time-consuming task 

Is the development of a suitable table of 

offset's. 

When plans are available a digitizer table 

can be used. In the case of incomplete or 

missing plans, direct or Indirect hull 

measurements are necessary. Even for small 

boats direct measurements can be difficult 

and time consuming. The use of optical 

Imaging from overlapping photographs taken 

from.different, positions has'been used for 

many years; to'produce''accurate topographic 

maps.'.' This ̂ technique called "Photor 

gràmmetry" has been proposed and used in a 

number of marine applIcattons IXII.ll: 

Since the photographs can "capture" any size 

vessel, photogrammètry Is an extremely. 

. f lèxlble-'-techriiqüev • ': "•' " 

On the G^lf Coast a large number of 

fishing vessels are outside the U . S . Coast 

Guard Inspection. Inimtny cases they are owner 

built and operated so the hull plans are 

Incomplete. The vessels are often launched and 

operated without routine stability calculations. 

Fortunately the fishermen have gained enough 

experience that vessel capsize Is a rare event 

when the vessels are operated.In the Gulf of 

Mexico. 

While these vessels are difficult to 

generalize, It nevertheless Is 

worthwhile to document a sample vessel and 

perform the stability calculations. This led 

to the UNO-Shrimp Trawler Project outlined In 

Table 1. 

TABLE 1. OUTLINE OF UNO SHRIMP TRAWLER PROJECT 

PHASE I 

Phase I Characterization of Gulf Coast Shrimp 

Trawler Hull Form and Intact Stability 

1-1 N Selection of Shrimp Trawler for Study 

1-2 Schedule of Personnel and Field Trip 

1-3 Field Trip <i/2/85, Crown Point, Louisiana 

I) Docking of Trawler 

il) Photograph of Trawler Hull 

ill) Inclining Experiment of Trawler 

\-k Analysis 

I) Inclining Experiment 

II) Photogrammètry Photos 

1-5 Development of Trawler Hull Offsets 

1-6 SHCP Calculations 

Project Team 

R. Latorre, Project Manager 

C. Mugnler, Photogrammètry 

A. Suda, SHCP Calculations 

Students: p. Rome; ••Select ion of trawler, 

'-"' : ' :V ; f leid, trip detàj is,-, 

Incl.lnjng.experiment 

J. Gunter : : Inclinlng experiment 

Sponsor: :: ':Y '•• 

University of New Orleans, (UNO) Graduate Research 

tpuricïi Grant 7/8!i-7/85 : ;' '-IK'-' -Mr/ v'!,. 'V-. 
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TABLE 2 PARTICULARS OF SHIHP TRAWLER 

Length Overal I 

Length on waterlIne 

Beam maximum 

Beam on walerline 

Draft (no trim) 

Single Screw 

Displacement A 

Block coefficient C„ 

Waterplane coefficient 

KG . 
wp 

72 f t 

70 f t 

2l| f t 

22.18 f t 

6 f t 

140 tons 

6. S'A* 
0.84* 

9.7«» f t " 

TABLE 3 UNO SHRIMP TRAWLER PROJECT 

4/2/85 FIELD TRIP 

Location: Crown Point, Louisiana 

Obtained from present analysis 

2. Objectives of the Shrimp Trawler Project -

Phase I 

The main objectives of the shrimp trawler 

project were: 

1. Select a Gulf Coast shrimp trawler for the 

study. 

2. Obtain its hüll offsets by phbtogrammetry. 

3. Perform an inclinlng experiment on the 

trawler. 

4. Perform the Intact stabiIity calculations 

using the SHCP computer program. 

These objectives were the basis for the . 

formation of the project team and the work 

summarized In Table 1. The students, In addition 

to providing manpower, were active in planning 

of the field trip. 

Mr. Rome, who at the time of the project was 

a senior In the UNO-NAME program, arranged through 

family connections the agreement of a local 

fisherman to use his 72 ft - H O ton shrimp . 

trawler for the project. He also coordinated with . 

the operator of a shipyard to arrange the hoisting 

out of the trawler and blocking for the photo­

graphs, as well as the supplies for the inclining 

experiment and insurance. 

3- Shrimp Trawler 

Table 2 summarizes the main particulars of 

the shrimp trawler. The fisherman prepared 

bulkhead drawings and sketches and built the 

vessel' from steel plate several years ago. The 

plates were purchased from a local supplier and 

the vessel was welded in the yard behind his house 

next to the bayou. The bow section plates were 

.formed by heating while the remainder of the hull 

was formed into a chine hüll. 

A trawler this size has capacity for trawling 

several weeks. The shrimp are taken from the trawl 

nets sorted on deck, iced and stored In the fish 

hold. Newer trawlers have been designed with 

refrigeration but when this vessel was built It 

was not commonplace. Since the trawl nets are 

suspended by two booms attached to the forward 

house. It is an easy matter to raise and lower 

the nets. This js one feajson for the'trawler'-

Schedule 

8:30 

9:45 

10:30 

12:00 

13:00 

16:00 

17:00 

18:00 

18:15 

22:30 

24:00 

4/2/8C 

Leave New Orleans 

Team arrives at Crown Point 

Trawler arrives 

Trawler Is hauled out and set on 

blocks 

Total cost of hauling, blocking and 

returning boat to water: $ 630.00 

Photogrammetry begins 

Photogrammetry finished 

Trawler .in water 

Trawler docks at owner's pier 

Inclinlng experiment begins, diafr marks 

tank sounding recorded, eleven 50 

gallon drums loaded on trawler deck 

Inclining experiment finished 

Team returns to New Orleans 

safety. When a bad storm comes up, the fisher­

man will lower the trawl nets over the sides 

to stabilize the vessel and ride out the storm. 

't. Field Trip • 

Coordinating the fisherman's schedule 

with the University's spring recess, the field 

trip was scheduled for April 2,1985. This 

allowed several alternate days in case of rain. 

Fortunately the weather was clear and the field 

trip proceeded along the schedule outlined in 

Table i. 

The trawler was hauled out by a self 

propelled crane straddling the hull. Belts were 

.run underneath the hull and the boat was lifted 

out and set on the blocks. The blocks were 

arranged In the yard to provide a full field 

vision to photograph the hull as shown In 

Fig. 2-

5. Photogrammetry 

5.1 Analytical versus analog technique 

The majority of literature on photo-

grammetric application to shipbuilding in the 

United States has been on the extremely precise 

methods of analytical photogrammetry IM 111. 

(Typically, the accuracies obtained Ina 

regular productive environment range from 

1:80,000 to 1:250,000 of the object covered 

distance.) The problem with the use of these 

pure analytical techniques is that the 

personnel required are senior professional 

level photogrammetrists (less than 500 

certified in U.S.). The approach used In this 

paper was the pure analogical technique using 
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TABLE 't EQUIPMENT USED IN *t/2/85 SHRIMP 

TRAWLER FIELD TRJP.AND ANALYSIS 

I. Photogrammetry Equipment 

I. Camera, Type K-22 

2'. Lens, 15" focal length 

3. Photographic film, Kodak Super Aero-
'graphlc 

Negative size for analysis, 5" x 7" 

Analyzer at University of New Orleans: 
Zeiss C-8 stereoplanigraph Universal 
stereoplotter 

Inclining Experiment 

Piano wire and washer 

Plumb 

Oil and bucket 

Eleven clean 50 gallon drums' 

Hand trolley 

a Universal stereoplotter (Ref. Table 't). In 

this project the use of an Instrument of. 

admittedly greater capital cost, allowed thé 

personnel of more modest training to obtain the 

hull offsets. The practicality of the analog 

approach Is.that It Is feasible to use personnel 

at a technician level who are comparatively easy 

to locate and employ. Thus for the trade-off 

with a one-time capital investment for the 

appropriate instrumentation (analog), the staffing 

considerations become realistically feasible for 

shipyards and other marine-enterprises^ 

It should be noted that most (If not all) 

of. the photogrammetrlc U. S. shipbuilding 

applicatIons are currently, performed by private 

consulting photogrammetrlsts of International 

reputation. 

5.2 Procedure 

Using the camera and other equipment in 

Table 4, a series of 10 overlapping photos were 

taken along a line 70 ft parallel to the trawler 

keel line as shown In Fig. 1. Additional 

photos of the bow and stern were made at points 

A and B respectively. A sample bow photo Is 

shown In Fig. 2. 

These photographs were processed and the 

. negatives were analyzed on a Zeiss C-8 stereo­

planigraph Universal stereoplotter. 

The results of the analysis are shown In 

Figs. 3 and 't. Flg. 3 shows the shrimp trawler 

hull lines white Fig. 't shows the perspective 

view of the trawler hull. As these figures 

indicate, the trawler hull has a simple form 

developed from welded flat plates. 

6. Inclining Experiment 

The U.S. Coast Guard has recommended /3/ 

that the rangé of pendulum movement be within 

0 ° 3 . Initial estimates indicated that a 

total moment of 30 ft - ton (I ton = 2240 lbs) 

would be required. In most boat yards a crane 

and Inclining weights are available for this work. 

Since the trawler inclining experiment was 

done at the owner's dock on the bayou a simple 

solution was adopted. Metal and plastic drums 

of SO gallon capacity were used. Each empty drum 

weighs approximately 10 lbs and when filled with 

fresh water (8.3 lbs/gal) each drum weights 

*»25 lbs. The drums are loaded onto the deck 

empty and shifted Into position. Then they are 

filled until topped off to obtain the required 

heel ing moment. They are dumped and moved empty 

until thé experiment Is finished. 

Doing the inclining experiment at night 

(after 18:00) avoided the disturbances from the 

bayou boat traffic,so the tests were made in 

literally undisturbed water. Throughout the tests 

the trawler booms were upright without the nets 

(nets dry and stored). 

The results of the Inclining experiment are 

shown in Fig. 5. The data is for one station 

with a pendulum suspended from the trawler's 

rigging. In Fig. 5, with the exception of 

movement 6, the moment - tan 0 results fall 

onto a straight line. At. the dock the water 

depth was over 10 ft giving a good 't ft clearance 

between the vessel bottom and mud. 

Fig. 6 shows the location of the tanks in 

the hull. Soundings Indicated that the free 

surface should be accounted for in the GrL. 

Assuming tanks 1,2, 3 and 't are the only 

locations of free surface on the vessel the 

following corrections were made. 

GKj.. = 3.72 ft inclining experiment 

TK 1 = 0.07 ft correction for free surface in 
Tank 1 

TK 2 'B O.315 • correction for free surface in 
Tank 2 

TK 3—'t = 0.25 correction for free surface in 
Tanks 3-1* 

GM^ It.355 ft 

On another occasion thé authors would like to do 

an Inclining experiment with.the booms and nets 

over the side to clarify the restoring moment during 
trawl Ing. 

.7. SHCP Calculations 

The trawler hull offsets obtained from the 

analysis of the stereo photographs (Figs. 3 and 4) 

were Input into the SHCP Computer program and run 

on the University of New Orleans VAX 8600 cluster. 

For the present calculation eleven stations were 

used each with 4 points defining the hull section 

7.1 Hydrostatic Results 

The results of the SHCP hydrostatic calcula­

tions for no trim condition are plotted In Fig. 7. 

The range of draft *. T <_" 8 was selected for 

future studies of the safety of the trawler during 

various stages of operation. For the present 

studies the conditions at the InclInlng experiment 

I » 6 ft no trim will be assumed. At J » 6 ft. the 
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TABLE 5. COMPARISON OF TAWLER INTACT STABILITY WITH VARIOUS CRITERIA [4J 

Criteria Notes Formula Satisfied 

1 GHj Criteria GKj. -.4.35 ft 
- ' • • • 

IMCO G MT - 1.148 ft Yes 

JAPAN a)Sein GM„ =((B/23.0) + 0.8858)) = 1.93 
R 

Yes 

GHR =((LWL/20) + 0.8858) = 1.47 Yes 

IHCO 

b) Fishing Vessel 

B.-'>• 23 ft 

GMR = ((B/3.28 -7.0)712.0 + .4) x 3.28 = 1.4 

GMR + (LWL/3.28 - 4.2)/72.0 + .4) x 3.28 = 2.1 Yes 

POLAND . Simplified GHR = D (0.105 - .706 FVB .+ 0.083 B/0 = 1.82 Yes 

SOVIET Simplified GMR•= D (-0.47 - 0.35 F/B + 0.35 B/0) = 3.02 Yes 

II..Dynamic 
Stability Refer Fig. 8 

Energy 0 - 30° E 30° > 10.3 ft -Deg (30.45 ft-Deg) 

Energy 0 - 40° E 40° > 16.9 ft-Deg (42.20 ft-Deg) 

Energy 30 - 40° E 30-40° > 5.6 ft-Deg (11.75 ft-Deg) 

«Max G Z H a x > 0.656 ft (1.432 ft) 

Angle of GZ M a x GZ M a x at! 6 > 30 ( 0 = 30°) 

Down flooding Insufficient data 

Yes 

Yes 

Yes 

Yes 

Yes 

value of the transversé KM- = 14.09 ft 

Using KG = IÖL - GM_, the value of 

KG =9.74 ft during the Inclining experiment. 

7.2 KN and GZ Curves 

. . . . The SHCP program was run with zero pole 

height tó obtain the value of KN using 

•-• GZ = KN-KG sine 

the GZ curve corresponding to the trawler at 

6 ft draft and KG = 9.74 was obtained. This is 

plotted In Fig. 8. ' - ; . " ' 

Referring to the GZ curve, the range of 

stability is 52° with GZ max = 1.43 ft at 6 » 30°. 

The trawler Intact stability Is shown to comply 

with the various stabilIty criteria In Table 5. : 

In a future study the different trawler operating 

.conditions will be analyzed to check If there Is ; ; 

an"operation situation which could be dangerous. 

However the present results indicate the vessel 

has more than adequate stabiIIty. 

g. Discussion and Conclusions 

This paper has summarized Phase I of the 

UNO-Shrimp Trawler project. In this phase the hull 

offsets were obtained by photogrammetry to make the 

hydrostatic and Intact stability calculations. 

The authors experience Indicates that this 

procedure js relatively straight forward and 

could be used routinely for vessel stability 

calculations. The question of accuracy could not 

be addressed since the shrimp trawler was built 

without detailed plans. Experience has shown that 

an accuracy of 1/1000 ft. could be expected from the 

photogrammetry technique used In the project.. 

With such accuracy questIonas as to the hull 

roughness, aging, as well as the hull construc­

tion, tolerance to the original lofting can be 

addressed. 

The completion of Phase I leads to the 

following conclusions: 

1. Photogrammetry represents an attractive technique 

for obtaining the hull offsets when the vessel can 

be docked and photographed. 

2. A system has been demonstrated where 

photographs are used to obtain the hull offsets, and 

the hydrostatic calculations then performed. 

Referring to the example shrimp trawler used 

In the study: 

3. The Inclining experiment indicated that the' 

trawler Gr^ is 4.35 ft. 

4. From the hydrostatic calculations, the draft 

T = 6 ft, KMj. = 14.09 ft which gives KG - 9.74 ft. 

5. Using the KN curve (Pole height = 0 ) from the 

Intact stabil ity calculation ttyj GZ-B curve In 

Fig. 8 was obtained. 

6. Checks with various stability criteria 

Indicate that thé trawler^has adequate Intact 

stabil Ity. '' '• '•'' •' "" ' ' 

these results provide a basis for future studies 

pn the safety of Gulf Coast Shrimp Trawlers. 
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STABILITY AND EXTRACTION OF GROUNDED ICEBREAKERS 

B.C. Nehrl ingi N.T. Taai 

ABSTRACT 

Whenever large and powerful polar Icebreakers are 
used for aggressive ramming there Is the distinct possibil­
ity that the ship will be driven too far onto the ice field. 
As a consequence of being driven too far aground, the 
ship can become unstable and/or remain stranded. Con­
sequently, it is important for naval architects to be able 
to predict the intact stability characteristics of a 
grounded icebreaker. as well as the force needed to 
extract it. This paper presents a summary of the work 
Involved In developing a . computer model to provide 
these predictions. ' These theoretical predictions are 
shown to compare favorably with experimental data 
obtained through model testing. 

1. INTRODUCTION 

Ice breaking operations are conducted in a variety of 
ways depending upon such parameters as hull form, 
available power and ice conditions. One of the current 
trends in icebreaker design philosophy is to attempt to 
maximize the Inherent advantages provided by forebody 
shape and weight while maintaining adequate stability 
and minimizing extraction difficulties. To help naval 
architects accomplish these objectives, the U.S. Coast 
Guard has been developing analytical methods to help 
predict the performance of various icebreaker designs. 
Design parameters such as bow stem angle, spread angle 
complement and friction coefficient have been introduced 
into a computer model in order to better predict the 
ramming and continuous icebreaking capability of a 
given hull form in terms of the standard ice thickness 
which is.to be broken. This model has also been used to 
predict extraction requirements. 

Procedures have also been developed to better 
evaluate the statical stability of an icebreaker after it has 
run'aground onto thick ice. In 1685, these procedures 
and those of the previous model were revised and incor­
porated as one additional option of the general purpose 
Ship Hull Characteristics Program (SHCP). 

In order to provide additional' confidence in the 
predictions provided by this computer program, a series 

• of tests were conducted In the stability basin of the U.S. 
Naval Academy's Hydromechanics Laboratory using.two 

.:. Icebreaker models. The experimental results, when 
expanded to full scale values, showed good. agreement 
with the computer's predictions. 

2. ANALYTICAL METHODS 

. White [1,2] attempted to calculate an icebreaker's 
dynamic icebreaking capability by developing both a 
detailed mathematical model and a.simplified implemen­
tation.,'To. use the detailed mathematical model many 

characteristics of the ship and its environment must be 
known. However, by. introducing certain simplifying 
expressions, the detail model can be converted into a 
simple program suitable for most preliminary design stu­
dies. These simplifying expressions were derived from . 
the common geometric and kinematic relationships of a 
typical operational icebreaker; Characteristics such as 
length, beam, bow configuration, transverse and longitu­
dinal metacentric heights, center of buoyancy, center of 
gravity, thrust and friction coefficients are used. With 
these simplifying expressions, the simple model may be 
used to calculate what standard ice thickness can be bro­
ken and the expected difficulty of extraction. 

The difficulty of extraction is represented by an 
index defined as the ratio of the extraction thrust neces­
sary to pull the ship off the ice to the available thrust. 
An index value of zero would mean that no extraction 
thrust was necessary. A negative value would indicated 
that the ship slides off the ice. An index value of +0.5 
with an assumed static friction coefficient of 0.6 appears 
to be a reasonable upper limit for practical designs. 

Another problem associated with icebreaking opera­
tions is that of maintaining adequate intact statical sta­
bility when the ship goes aground on an ice field. While 
the initial statical stability of an icebreaker is usually 
quite large due to a high transverse metacentric radius 
provided by a broad beam, this degree of stability 
rapidly decreases and can even become negative if the 
icebreaker is driven too far onto the ice during ramming 
operations. This problem becomes even more serious 
when topside icing and beam winds are present. A pro­
cedure to approximate the statical stability of a 
grounded icebreaker during design studies is explained in 
reference [3]. Basically this methodology considers â  
stranded icebreaker to be stable if, at any stem-to-ice 
contact position, the stern is above the water's surface, 
the transverse metacentric height is positive and a right­
ing moment is present. 

In conjunction with one of the Coast Guard's 
current design projects, namely that of a polar océano­
graphie research ship, the aforementioned models were' 
merged together and Installed as one additional option of 
the widely used SHCP. By utilizing the hydrostatic 
values computed by SHCP, many of. the simplifying 
expressions and underlying approximations used In these 
models could be eliminated. For example, with the help 
of SHCP, values for the metacentric heights and longitu­
dinal center of floatation can be easily calculated during 
each of the iterations needed to complete the grounded 
stability analysis. 

To help illustrate this model, the Coast Guard's 
Polar class icebreaker will be analyzed. A rough body 
plan for this hill is shown in Fig. 1. Fig. 2 shows the 
effect of the stem-to-ice contact position on the 
icebreaker's righting arm. As can be seen from this 
figure, the stability óf the ship steadily decreases as the 
aground position approaches the keel. Fig. 3 indicates 
that the effective transverse metacentric height is 
reduced and the trim angle increased as the aground 
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position once again approaches the keel. A typical p|ot 
of the index of extraction as a function of ramming speed 
is shown in Fig. 4. Other relevant parameters such as 
the vertical grounding force at the bow and the ship's 
effective center of gravity can be calculated and plotted 
for each stem-to-ice contact position. This ship's index 
of extraction difficulty is derived as follows. For any 
given ramming speed, the computer model determines 
the downward force exerted on the ice. This downward 
force is then used to determine the location of the stem-
torIçe«côntact point. This position is then used to deter­
mine the bow stem snigle which in turn enables the com- ' 
puter algorithm to calculate the index of extraction 
difficulty. 

Drtroction Eatimote - Polar Class 

Figure 1 'Polar Class'Body Plan 

HEBJMOANGUWOecREES 

Figure 2 Grounded Stability - Polar Glass 

' 5 

T 

Displacement *•• 13366 t 

KO - 9.14 m 

^ \ Trim (+ by the stem) 

2 4 6 8 

Distance Above Keel (m ) 

6 9 
Rammlna Speed (kte) 

Figure 3 Effective GMT and Trim .vs. Amount 
Aground - Polar Class 

Figure 4 Extraction Estimate - Polar Class 

3. EXPERIMENTAL PROGRAM 

During the summer of 1985, a series of • 
grounded stability experiments were conducted in the 
stability basin at the Naval Academy's Hydromechanics 
Laboratory for the Coast Guard. For these experiments, 
two scale models were used. One model was that of the 
USCG's Polar.class icebreaker, while the other model 
was of a proposed polar océanographie research ship (4). 

3.1 Test Procedure 

The experimental phase of this project can be sum­
marized as follows: 
[1] Each model was ballasted to the displacement (A) 

and trim specified by the Coast Guard. 
[2] An inclining experiment was conducted to determine 

the vertical position of the center of gravity. Inter­
nal weights were then shifted vertically and the inc­
lining experiment repeated until the vertical center 
of gravity (KG) specified by the Coast Guard for 
these stability experiments was obtained. 

[3] For each model, a fully afloat intact statical stabil­
ity curve at the required displacement and center of 
gravity was determined experimentally. 

[4) Individually,. the bow of each model was placed on 
the test apparatus. This apparatus was configured 
to represent.an ice field that the ship could have 
conceivably run aground on. The model's righting 
moment, vertical grounding force and trim were 
measured as a function of heel angle for several 
stem-to-ice contact positions/ Similar data was also 
gathered for one stem-to-ice contact point but with 
varying heights of exposed ice. 

[5] The experimental results were expanded to full scale 
values and plotted for each ship. These plots clearly 
indicate the detrimental effect that being aground 

. has on a ship's intact statical stability. They also 
clearly show that the farther aground the ship has 
run, the worse its stability becomes. 

[6] For reasons of brevity, only the experimental results 
associated with the Polar class icebreaker will be 
described and discussed in this paper. 

3.2 Model 

, Pertinent characteristics of the Polar class ice­
breaker (ship and model) are given in Table 1. A rough 
bodyplan for this hull is shown in Fig. 1. The model 
used in these stability tests was of wooden construction. 
It had previously been used for a variety of resistance 
experiments. 
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TABUS 1 - Polar Class Characteristics 
Characteristic Ship Model 

WA 121.62m 253.4 cm 
LDP 107.20 in 223.5 cm 

Depth 14.33 m 20.6 cm 
Draft 0.75 m 20.3 cm 

A (note 1} 13388 t 117.04 kg 
Trim 0 0 
LCG 1.35 m fwd 

amidships 
2.8 cm fwd 
amidships 

KG 7.02 m 16.5 cm 
GMT (note 2) 3.02 m 7.5 cm 
KMT (note 3) 11.54 m 24.0 cm 
Scale factor 1 48 

Notes: 
. |l] Ship in salt water at 15 C (SHCP output). Model in 

fresh water at 20 C. 
[2| Model's GMT was derived from an inclining experi­

ment. 
[3) Ship's KMT was obtained from SHCP output. 

3.3 Inclining Experiments 

The following procedure was used to determine the 
model's vertical center of gravity {KG ) . 
|1.| The model was ballasted to the required displace­

ment and trim. Included aboard the model was a 
previously calibrated electronic inclinometer and a 
set of centerline weights which could be moved to 
either port or starboard a predetermined distance. 

[2] The weights were shifted several times to both port 
and starboard to create known heeling moments. 
For each moment, the angle of heel was determined 
by converting the inclinometer's voltage to an angu­
lar value. Fig. 5 shows the acquired data and the 
least squares linear regression equation which best 
fits this experimental data. The slope of this linear 
equation along with model's displacement was used 
to compute the transverse metacentric height (GMT ). 

GAfr=l/(A 'SLOPE ) 

[3] The transversé metacentric height above the keel 
(KMT) for each model was derived by scaling full 
scale hydrostatic data provided by the Coast Guard. 

[4] The model's KG was found by subtracting GMT 

from KMT. Values for A, KMT, GMT, and KG for 
the Polar class icebreaker model are given in Table 
1 along with equivalent values for the full scale ship. 

3.4 Statical Stability Experiments 

The following procedure was used to determine 
the model's fully afloat intact statical stability curve. 
(I.) The model WHS ballasted to the required displace­

ment, vertical center of gravity and trim. Included 
aboard.the model was a pair of previously calibrated 
electronic inclinometers and a large heeling ring. 
One inclinometer was positioned so as to measure 
heel while the other one measured trim. The heeling 
ring, connected by a cable to a winch, was used to 
produce a heeling moment. The heeling force was 
measured by means of a pre*. >ously calibrated load 
cell. Fig. 6 is a schematic representation of how this 
equipment was configured. The model was slowly 
heeled over by cranking in on the winch. While it 
was heeling over the model developed a righting 
moment equivalent to the heeling moment. 

(GZ'b)=(HEEUNG FORGE * HING DIAMETER) 

The model was heeled over until the deck edge was 
immersed. 
Computed values of the model's righting arm were 
expanded to full scale. A plot of ship righting arm 
(G7, ) as a function of heel angle for the Polar class is 
shown in Fig. 7. Also shown in this figure is the full 
scale GMT that was determined during the inclining 
experiment. 
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3.5 Grounding Experiments 

The following procedure was used to defer-
tie, for the mortal under various conditions. the model's 
hting moment, tho vertical r,ioni;-fiog force ni. the bow 
I the utiRle of trim. 

The model was outfitted, j u s t ' w it had been tor the; 
freely afloat statical stability measurements. ,! 

The stem of the model was pl.accd on » horizontal 
meUil bar simulating the edge of' a .-rigid ice'field. 
The dovviruai.i force exerted on flu? met»! bar by. 
the hull was measured- by means of a calibrated. 

. force block (irmly anchored to the bottom of the 
stability bn-iin. Fig.- S shows' this equipment. Fig. tl, 
a. photo of the Polar chss model, .was taken, during-
these groumliùe'experiments. 

meta l bar 

vertical . 
ad jus tment 

base 
i p l a t e - ? 

f o r c e 
block—s. 

we igh t 

Lc 
Fig. 8 Vertical Grounding 

Forcé . Apparatus. 

il i 
f r 

.A 

i.\* 

Tiguie 0 lesting the Pol n Class Model 

]3] The model was slowly heeled o-ver usu,g the wiucl,, 
cable and heeling ring. At approximately 3 degree 
increments the voltage values from the inclinome­
ters, load cell and force, block were read and 
recorded. The model was heeled over until either 
the deck edge was submerged or the hull became 
almost unstable. The model was slowly released and 
several additional voltage readings were taken as it 
returned to the upright. 

[4] For subsequent grounding experiments, the model 
was positioned with the hull progressively farther 
aground. Otherwise, the procedure and the data 
acquisition process was the same. 

[5] The measured voltages from the two inclinometers, 
the load cell and the force block were converted to 
engineering units and then scaled up to ship values. 
Righting moment, force aground and trim have been 
plotted as a function of the angle óf heet for various 
stem-to-ice contact positions. Figs. 10',' 11 arid 12 
show this data for the'Polar class icebreaker. Right­
ing moment" was plotted rather then righting arm 
since' the' ship's buoyant displacement, which 'is a 

function of the extent aground, was changing. 
During the aforementioned experiments the water 
level was even with the upper edge of the horizontal 
metal bar which was representing the ice field. In 
other words; the surface of the simulated ice Held 
was Hush with the surrounding water, A series of 
subsequent stability tests were conducted for one 
stem-to-ice contact point but with varying heights 
of exposed ice. Figs. 13, M and 15 show, for the 
Polar class, its righting moment, force aground and 
trim as a function of the angle of heel for three ice 
heights at a constant stem-to-ice contact location.. 
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FIGURE 10 
Statical Stability - Polar Class 
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Star . Aground 11.45 m aft FP 
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Trim 8y Th« Stern - Polor Class 
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Trim By The Stern - Polar Class 

Raw Data Symbol Ship Condition 
+ (dashed line) Freely floating 

Triangle Aground 0.68 m fwd FP 
X Aground 4.51 m aft FP 

Diamond Aground 8.55 m aft FP 
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Vertical Groundin 
FIGURE 14 

e Force (High Ice) - Polar Class 
Raw Data Symbol Ship Condition 

Initial A = 13388 t 
Initial KG = 7.92 m 

Diamond Aground 4.51 m aft FP 
with the ice 0.02 m 

above the water 
Star Aground 4.51 m aft FP 

with the ice 1.22 m 
above the water 

Box Aground 4.51 m aft FP 
with the ice 2.29 m 

above the water 

Statical Stability (High Ice) - Polar Cla»» 

FIG 
Statical Stability 

URE 13 
"High Ice) - Polar Class 

Raw Data Symbol Ship Condition 
KG = 7.92 m 

Diamond Aground 4.51 m aft FP 
with the ice 0.02 m 

above the water 
Star Aground 4.51 m aft FP 

with the ice 1.22 m 
above the water 

Box Aground 4.51 m aft FP 
with the ice 2.29 m 

above the water 
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FIGURE 15 
Trim By The Stern (High Ice) - Polar Class 

Raw Data Symbol Ship Condition 
Diamond Aground 4.51 m aft FP 

with the ice 0.02 m 
above the water 

Star Aground 4.51 m aft FP 
with the ice 1.22 m 

above the water 
Box Aground 4.51 m aft FP 

with the ice 2.29 m 
above the water 
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4.0 COMPARING PREDICTIONS 

One of the primary goals of this research project 
was to evaluate the validity of. the computer's. predic­
tions. It, is now possible to directly compare experimen­
tally obtained and computer predicted values for statical 
stability, vertical grounding force and trim. These vari­
ous comparisons, for the full scale Polar class hull form, 
are shown in Figs. 16, 17 and 18. In each case the 
independent parameter is angle of heel. The reason the 
maximum heel angle is so small is because the model was 
not outfitted with a watertight deck. 

From an applied engineering standpoint there is an 
adequate level of correlation between the computer's 
predictions and the expanded experimental results. The 
quantitative magnitudes are in general agreement while 
the qualitative ranking is very good. Nevertheless, 
modifications to both the experimental process and the 
computer model are certainly warranted. However, the 
computer model, when used as an engineering design 
tool, does do a reasonable job of predicting the statical 
stability, vertical grounding force and trim of an ice­
breaker which has been driven up onto an ice field. 

. Stoticol Stability - Polar C l o u 

Expérimental .vs. Computer 

10 15 

Heel (deoreee) 

FIGURE 16 
Statical Stability - Polar Class 
Experimental .vs. Computer 

Experimental 
Point 

Computer 
Line 

Ship 
Condition 

KG == 7.92 m 
+ • Short dash Freely floating 

Triangle Solid Aground 0.68 m fwd FP . 
X Dotted Aground 4.51 m aft FP 

Diamond Long dash Aground 8.55 m aft FP 
Star Dot-dash Aground 11.55 m aft FP 

with a watertight deck the range of heel angles was lim­
ited to the angle of imminr.nl downflooding. This angle 
occurred shortly after the clock-at-edge became 
immersed. 

The grounding experiments represented an innova­
tive approach to measuring the loss of transverse stabil­
ity which is known to occur when a ship runs aground. 
The experiments, though restricted to one particular 
case, namely, that of a ship having only stem-to-ice con­
tact points, clearly showed that the ship's transverse sta­
bility deteriorated at an increasing rate as the ship was 
run farther and farther onto the ice. As expected, the 
farther each hull was driven.o-;to the ice the greater the 
vertical grounding force and angle of trim became. For 
each grounding condition, the magnitude of these two 
parameters was reduced somewhat as the angle of heel 
increased. 

For. the initial set of tests the surface of the simu­
lated ice field was flush with the surrounding water. A 
series of subsequent stability tests were conducted for 
one stem-to-ice contact point but with varying heights of 
exposed ice. As the height of the exposed ice increased 
stability decreased slightly while the vertical force 
aground and the angle of trim increased. 

Even though the results of this project indicate an 
acceptable level of agreement between what was 
predicted analytically and what was measured experi­
mentally, further validation is recommended. It. would 
be very interesting to see this validation accomplished by 
using either a larger scale model or by conducting full 
scale icebreaker tests on the Great Lakes. In cither case, 
by minimizing or eliminating the scale factor, some of 
the observed differences between the analytical and 
experimental results would certainly be accounted for. 

F 400C 

A JOOC 
g 
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Vortical Grounding Force — Polar Class 

Experimental .vs. Computer 

Heel (degrees) 

5.0 DISCUSSION and CONCLUSION 

This series of experiments established the feasibility 
of experimentally predicting the stability characteristics 
of a ship aground at the bow. The applicable theory was 
substantiated iind the anticipated trends were observed. 

The inclining experiment produced data which, 
when plotted, was extremely linear. This expected 
linearity gave a high level of confidence to thé computed 
GMT value. 

The fully afloat intact statical stability curve was 
fair and consistent through the measured range of heel 
angles. The slope, at small angles, compared very favor­
ably to the previously determined GMT value when plot­
ted at one radian. Since the model was not outfitted 

FIGURE 17 
Vertical Grounding Force - Polar Class 

Experimental .vs. Computer 
Experimental 

Point 
Computer 

Line 
Ship 

Condition 

, 
Initial A = 13388 t 

Initial KG = 7.92 m 
Triangle Solid Aground 0.68 m fwd FP 

X Dotted Aground 4.51 m aft FP 
Diamond Long dash Aground 8.55 m aft FP 

Star . Dot-dash Aground 11.45 m aft FP 
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Trim By-The Stern — Polar Cla»» 
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FIGURE 18 
Trim By The Stern - Polar Class 

Experimental .vs. Computer 
Experimental 

Point 
Computer 

Line 
Ship 

Condition 
. + •'• Short dash Freely Boating 

Triangle Solid Aground 0.68 m fwd FP 
X Dotted Aground 4.51 m aft FP 

Diamond Long dash Aground 8.55 m aft FP 
Star Dot-dash Aground 11.45 m aft FP 
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DYNAMICAL STABILITY OF SUPPORT SHIP - DIVING BELL COMPLEX 

P.A. Bogdanovi R.Z. Kietaev 

ABSTRACT 

When Investigating the interaction between the 

diving bell and the supporting ship, two basic pro­

blems arise, namely the determination of dynamic 

tensile force in the connecting line, which is di -

rectly connected with the diver's security, and the 

influence of the hanged load over the rolling mo­

tion and hence over the dynamical stability of the 

ship-bell complex. 

The Investigations in this report concern con­

figurations with stern holsters operating in low 

Intensity beam seas. The dynamics of ship-bell com­

plex is described in the frames of the linear hyd-

rodynamic theory of ship motion for different mutu­

al positions of the ship and the apparatus. The re­

sults from different experiments with similar con­

figurations are summarized, and the presence of 

transient regimes 1s; marked, during which the 

hydrodynamlc heeling angle and tensile force in the 

rópe Increase several times In comparison with the 

static values. Schemes for evaluation of the com­

plex stability are recommended with consideration 

of those phenomena and the extent of their influ­

ence on the exploitation restrictions Is shown. 

1. INTRODUCTION 

' As a result of the total expansion of human 

activity into the Ocean, the share, of dlv.lng ope­

rations In port areas-and open sea is constantly 

increasing. This activity Is not new at all, but the 

new circumstances at which complicated undersea re­

search, mounting and rescue operations are perform­

ed, the'nonstandard diving and auxiliary equipment, 

the use of unspedalized or multipurpose support 

vessels, and last but not least - the wanted pro­

longation of operational period and hence the ne­

cessity for ensuring of damageless operation both 

in calm water and moderate waves - all these Impose 

strong requirements to the structure and especially 

to the reliable dynamic characteristics of the com­

plex, I.e. low amplitudes of motion, low dynamic 

loadings -in the hoisting structure* increased dyna­

mic stability. These requirements are purely ope­

rational as, because of the nonstandard character 

of the equipment and the operations, no particular 

classification rules exist, but only equalizational 

and not always proper and explicit estimations. 

v In most published investigations on hydrody-

remicinteraction between the ship and the hanged 

load, noteworthy examples of which are those of 

Berteaux (1) and Heller-Motherway 15), the' basic 

attention is paid to the determination of' the 

tensile force in the supporting line by reducing 

the problem to one degree of freedom spring mass 

system dynamics under harmonic excitation. In fact; 

the problem is much more complicated because of 

the presence of dynamic impulse loadings in the 

rope, which is directly connected to the security 

of divers, and because of the influence of thehang-

ed load over the rolling motion characteristics and 

transverse stability. Here, an attempt is made for 

systemat1zat1on of some theoretical and experimen­

tal results obtained at BSHC during the hydrody­

namlc Investigations of some coastal ships used, 

for supporting of rescue and diver operations. 

2. FORMULATION OF THE MOTION PROBLEM 

Consider the case of pure transverse motion 

of a ship equipped with stern-hoister for support­

ing diver apparatus, operating in small-amplitude 

regular beam seas. In addition, the ship is anchor­

ed in two points - with bow and stern anchors 

which are considered not to constrain the orbital 

movement but only the horizontal drift. 

A standard set of reference frames Is Intro­

duced according to Fig. 1, with GYZ - first mov­

able (transi atlonal) coordinate system connected 

with the centre of gravity and GZ upwards, and 

0 - local coordinate system fixed to the top of 
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Flg. 1. Definition of coordinates 

loading arm with 0 Z pointed downwards. 

: In the course of work with the diver complex, 
4 characteristic mutual positions can be distin­
guished as illustrated In Fig. 2: 

À-apparatus loaded on deck; 
'•:.'" B - apparatus hanged In air, acting as a 

pendulum load; 

G - regime of transition through water surface; 
D-apparatus deeply submerged. 

When the diving bell Is secured on deck, the 
ship motion may be described by the well known equa­
tions ôf motion, linearized at small excitation as­
sumptions: 

X- + 2V-X- = ï.agt01 s 1 n u t " 2\>2wCOS<i>t) (1) 
2 2 2 

'x,..+ 2VJX, + n,x3 = ç a - ((n3 - nuu )cosu>t "-. 
- 2v3usinut) .ƒ''• (2) 

x4 + 2v4x4 + n^x4 = Q çax4n4s1no)t (3) 

where a.-coeffIcients of exciting force reduction 

under ship body Influence on wave motion; 

n*- natural motion frequency; 

: Vi-nohd1mensional damping; 

m^-nondimensional added mass. 

As can be seen from the above equations, the 

mutual influence between the three modes of motion 

is neglected because of small ness considerations de­

scribed in detail in (2 ) . As a resul t / the three 

equations become independent. 

In the process of ship motion the point of 

hanging. 0 ( 0 , z ) wil l oscillate according to the la« 

y = zosinx4 + x2 

z = 2z„ - z„cosx o o 
(4) 

4 + x 3' 

POSITION A POSITION G 

POSITION B POSITION 0 

Fig. 2. Principle ship - bell configurations 
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When the apparatus is lifted In the air, as a 
result of the motion of the hanging point a kine­
matic excitation of the hanged load occurs, whose 
oscillation is described by the equations taken 
from (4) (see also Fig. 3a): 

Y •+•— (ycosy + (g - z)sinr) = 0 (5) 

V 
O' • - h 

-1 Y + ysinY - (g - z)cosY = - — (6) 
••'••'• . - - " b .. 

tions, equal to the motions of the hanging point 
and the line'of the rope will pass always through 
the initial position of the coordinate centre. 

According to Fig. 3b, the angle between the 

rope and the load mast will satisfy the condition 

Y"zo 
tgr + 1 2 + x4 x2 + z0 

(9) 

the mass of the bell mb 1s sufficiently- small 
( 1.5 - 2ÏD), hence the Increase of the vertical 
force, acting on the ship (T.-gmJ, is small and 
we can assume that the vertical motion is not In -
fluenced by the swinging of the load. The addi­
tional heeling moment is, consequently: 

:"T.••• zo Tb s i n< x4 + r) m 
However, especially at great angles of Incli­

nation, this moment can reach up to 20Ï of the re­
storing moment and as a result, Its Influence 
should be taken into consideration In the roll mo -
tion equation (3), which becomes: 

ErfMV 
2 " ' 2 x4 + 2v4x4 + n4x4 = -2- Çjp^n^sinut + 

+ Z ° b S l n ( x 4 + Y ) 
l44+A44 

(8) 

So, the behaviour of the ship-apparatus com­
plex will be described by the mutual solving of the 
equations (1),(2), (4),(5),(6),(8). 

When the bell is submerged into water, the 
interaction changes considerably. The flexibility 
of the rope In transverse direction and the hydro-
dynamic resistance of the apparatus give us grounds 
to accept.that It will perform only vertical mo­

in which the smallness of rolling motion angles Is 
considered. 

When the line lengthens during the submerging 
óf the apparatus, the elasticity of the connection 
begins to Influence considerably the formation of 
tensile force which,according to (1) and (3), may 
be expressed as: 

2* 
•V-PV+ ( g m b -W + - a z x 3 (10) 

where a - amplitude reduction factor, depending 
on bell's inertia and damping and on 
the natural frequency of line's elastic 
vibrations as well. 

According to the scheme of Fig. 3b, the addi­
tional heeling moment becomes: 

MT = zo Tb s1n* 

and the equation of rolling motion: 

x4 + 2v4x4 + n^x4 = ̂ .ç^4n4s1n(l.t + 

> -±±- sinr 
!44+A44 

(ID 

(12) 

where Y *S evaluated according to equation (9). 

POSITION B POSITION C-0 

Fig. 3. Tension force orientation 
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Fig. 4. Sample records of ship - bell complex responses In waves 
In this case the dynamics of the complex Is de­

scribed by the set of equations (1>,(2),{9> and(12). 

The solving of both systems of differential 

equations for cases B and D according to the known 

numerical methods is not d i f f icu l t . As can be seen, 

the solution Is 1n the frames of harmonic excita­

tion - harmonic reaction terms. 
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; 3. REVIEW\OF EXPERIMENTAL RESULTS ON TENSION 

AND MOTION 

During the last several years numerous tests 

were carried out- (6) at BSHC for Investigation of 

the interaction between the supporting ship and 

diving apparatus for different configurations of 

. the complex, different ballast weights, different 

tests conditions (number of anchors and course an­

gles), at regular and irregular seas,, at fixed 

(quaslsteady approach) and changeable depth of sub­

mergence. These parameters were not changed sys­

tematically as the tests were carried Out sepa­

rately at diffèrent times with large-scale models 

of existing ór design projects under construction. 

Some general characteristics of the behaviour of 

ship •apparatus Complex are presented In Fig. 4, 

summarizing the records of processes of vertical and 

roiling motion and the tension force In the con-

: nectlng line, measured in regular waves with cha -

racteristics chosen 1n such a way that the reaction 

of the complex corresponds to thé mean statistical 

values at irregular sea with Intensity 3 Beaufort. 

The measurements are performed with constant speed 

of submerging, with stops 1n two positions - when 

the apparatus Is on deck level (case B) and 1n ope­

rational position (case DJ. The moments of start 

and stop of the 11ft mechanism are denoted by t -ty 

The results of the experiments may be sum­

marized as follows: 

3.1. Heave Motion 

As Is evident from F1g. 4, the vertical motion 

does not depend on the bell's position, which Is In 

accordance with the theory. A complete Illustra­

tion of this independence is given in Fig. 5, which 

summarizes the results of linear theory Calcula­

tions and the measurements In Irregular beam waves, 

taken at quaslsteady apparatus positions corres­

ponding to F1g. 2. The experimental transfer fun­

ctions are directly obtained by dividing the rough 

linear «pectra of motion and waye processes. . ,. • 

u 

I.« 
/ ' • ' • • -

' IRREGULAR WAVE 
EXPERIMENT 

', LINEAR THEORY 

ro -petition A 
Jo-pos i t ion B 
1 ».-position C 
J,« -position 0 
—-posit ion A • ' . 

§1.1 
A * » * j—-5. -

1 
M 

t l . , 

' 0 

'N MtÇhlîP^^ycl. 

0.0 0.1 1.0 ' i.t 
FREO. IHZ'SI, HODEL SCAU 

Fig. 5. Heave response function 

3.2. Roll Motion 

The ship dynamics in roll mode Is more com -

pUcately connected with the apparatus's position. 

The obvious relation between the mass of sus­

pended load and ropë length, on the one hand, and 

the ship roll natural frequency, on the other, may 

cause some amplification or, otherwise, reduction 

of roll amplitudes 1n position B compared with 

those In cruise position A. That, in fact, 1s one 

of general design as well as operational problems 

to solve by means of the set of equations (l)-(8). 

Further, when the bellls submerged Into the 

water, It begins to act as a damper as a result of 

both the body's resistance and the wave action.This 

leads tö sudden Increase bf the heeling moment and 

of the rolling motion amplitude. This phenomenon, 

Illustrated 1n Fig.4, 1s nonstatlonary and quickly 

slows down, as thé results of quasi steady measure­

ments show (Fig. 6 and Table 1), but 1t is this Im­

pulse Increase of the rolling.motion amplitude that 

may lead to loss of stability. To characterize this 

process, we use the relation: 

Ke • ec / éA (13) 

called roiling motion dynamics factor. An example 
of the dependence of K. on the wave Intensity Is o . 
shown in Fig. 7 as a result bf experimental inve­

stigations because the nonstatlonarity of thè: pro­

cess does hot allow to obtain K. by harmonic excl-

tatlon"calculations 1n the frequency domain but re­

quires modelling 1n time domain. 

When deeply submerged in operational position, 

vertical wave action on the apparatus decreases and 

the motion process Is steadying, which results in 

reducing of roll amplitudes down to their Initial 

values, as shown In Table 1. 

3.3. Line Tension 

The tension In the rope strongly depends on . 

the bell's position and Is directly connected with 

the processes of motion. When the apparatus 1s lift­

ed In air, the force in the rope fluctuates uni­

formly about the statical tension force T=gmb with 

amplitude Tß, which Is not greater than 30% of T 0 

as:shown 1n Table 2. 

.': At passing through the free surface, the for­

ce begins to change independently and its. mean value 

relatively decreases because of.the lessening of 

apparatus weight during submerging. 

However, as a result of the vertical ship mo­

tions and due to the bell's platform resistance,Im­

pulse tension forces appear. When reaching the ope-
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F1g. 7. Dynamical tension forcé 

amplification factor 

o 180° 
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1.0 2.0 H1/3 .•" 

F1g. 6. Roll response functions at different 

bell positions 

Fig. 8. Tension - motion ratio as a function 

of wave conditions 

Table 1 Table 2 

Significant rol l amplitudes at stationary Dynamical tension in position B, j 

bell posit ions,©, , , , deg VJo' ^rc-
Position A B c • D Bf Experiment, 

mb/M=1.6* 
Theory, 
(eq.6) 

Bf 3 9.60 6.0 - 8,1 9.40 

Bf Experiment, 
mb/M=1.6* 

Theory, 
(eq.6) 

Bf 3 9.60 6.0 - 8,1 9.40 2 15.8 17.2 

. Bf 4 14.7 IQ.3 13.0 15.2 3 24.8 21.1 

Bf 5 ,21.3 15:3 17.4 24.8 4 : 29.3 26.7 
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ration position, the mean value of the force and 

of the shock Impulses settles down. It Is experi­

mentally shown that their value - Tn 
IMP - Is not 

Influenced strongly by the depth of submerging but 

1s several times greater than the static tension Trf 
These Impulses are of high frequency (about 7-8 u ) 

and according to the linear spectral theory are not 

considered when obtaining the mean low-frequency 

reaction TQ, which, as shown by equation (10) as 

well, Is a linear function of the vertical displace­

ment. This Is Illustrated 1n Fig. 8. 

Similar to (13), a tension force , dynamics 

factor may be Introduced: 

..; vwv <">•' 
where T ^ Is obtained as TQ + Ton»''-" 

An example of the dependence of this factor on 

the wave amplitude and wave direction Is shown In 

Fig. 9. 

The pulling of the apparatus out of the water 

1s characterized with the possibility of random 

single tension loading occurrence which may become 

equal to or greater than that in underwater posi­

tion, as Illustrated In Fig. 4. 

4. STABILITY CONSIDERATIONS 

The standard approach, recommended by the clas­

sification societies (8) for stability evaluation, 

consists in comparing the minimum capsizing moment 

at conventional motion amplitude 

exciting heeling moment: 
9-, with the 

•wv 
where K 1s called basic siability criterion. 

(15) 

The determination of capsizing moment ftp.' Is 

Illustrated 1n Fig. 10 for one of the investigated' 

ships and the values of the design amplitude, the 

arm of dynamic stability and the basic criterion 

are given In Table 3. Comparing e from Table 3 

with the values of 9,,, from fable 1, 1t may be 

concluded that the ship stability is ensured even 

at 5 Beaufort waves, when the standard require­

ments for admissible underwater operation condi­

tions read 3 Beaufort. In addition, the ship satis­

fies all other classification requirements towards 

stability. 

As was mentioned, however, at transient re­

gimes the ship suffers from significantly greater 

motion angles and In operational position impulse 

line loading occurs. Both factors lead to aggrava­

tion of the stability, which may be evaluated in 

two ways : 

- according to maximum dynamic heeling angle 8C = 

* K9 « V 
- according to impulse heeling moment as a function 

of the reference impulse velocity V. = 8z
s/t-

The determination of the basic stability cri­

terion according to the first method does not dif­

fer from the standard approach but the increased 

value of the reference angle leads to decreasing of 

the minimum capsizing moment and hence - to decreas­

ing of the basic criterion,as shown In Table 3. In 

this case the limiting operation capability of the 

complex ship - bell is evaluated to be sea state 

3 Beaufort. 

K* 

2.0 

• Hv3li»l 

Fig. 9. Dynamical roll amplification factor 

The arm of the impulse heeling moment may be 

obtained directly from the diagram of dynamical 

stability If we have the value of impulse tension 

force and using equations (11) and (14). Another 

approach for determination of the arm dIMp Is re­

commended by Lugovsky (7): 

JIMP 
= _ L ( l + A 2 2) G (L,B,Zn,Zn), 

g—0' 

where A~2 ~ sway added mass; 

G - function of the hull geometry 

holster height. 

(16) 

and 

Then the basic stability criterion 1s calcu­

lated as: 

K ° W d IMP " 4K ' (17) 
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where d ^ - dynamical stability arm corresponding 

to the statical stability diagram maxi­

mum; 

ftp://ftp.'


4K - influence of the motion on the resulting 

heeling angle calculated at the steady 

value of roll angle Op. 

The evaluations according to formula (17) are 

given In Table 3 from where it may be concluded 

that both approaches give comparable stability es­

timations which strongly decrease the limits of 

allowable exploitation conditions to not more than 

3 Beaufort sea state. 

Table 3 

Evaluation of general stabil i ty criterion 

by different methods 

Approach Conditional 
ro l l angle, 

' ! 9m 

Overturn­
ing mo -
ment arm, 

d 

General 
stabl -
l i t y cri­
terion, K 

Register rules .24.0° 0.11 2.09 

Transitional 
rol l angles 
approach 

Bf 3 

Bf 4 

23.5° 

49.4° 

0.11 

0.03 

2.09 

0.58<1 

Impulse load­
ing approach 

Bf 3 

Bf 4 

9.4° 

15.2° 

0.146 

0.048 

2.84 

0.93<1 

6. CONCLUSIONS AND RECOMMENDATIONS 

The comparison of the experimental results, 

obtained In dynamic mode of lowering and lifting of 

the bell with those from calculations and experi­

ments at quasisteady approach, shows that the latter 

may be misleading in view of the values of maximum 

heeling angle for which the stability 1s evaluated. 

For theoretical investigations of the problem 1t is 

necessary to perform analysis in time domain. For 

engineering calculations the experimentally obtain­

ed dynamic coefficients for the maximum heeling- K. 
o 

and Impulse line loading - KT, may be used taking 

into consideration their mutual connection with the 

geometric, Inertia and dynamic characteristics of 

the ship - bell complex. 

It 1s recommended that the evaluation of the 

dynamic stability for such configurations to be per­

formed according to one of the proposed methods 

with account of the maximum dynamic angle or of the 

Impulse heeling moment as a function of the avail­

able experimental or design data. It may be con­

sidered that both methods give similar exploitation 

restrictions. 

1 0.4 

•>> 
\ 

0.3 S* ^ v 

\> ^ - 2 - = 
0.2 
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Fig. 10. Graphical evaluation of complex dynamical stability 
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NOME YCLATURE 
B - breadth of ship 

à - arm of dynamical stability 

0 - weight displacement 

g - gravity accelerations 

ho - Initial metacentric height 

Hl/3 - significant wave height 

K -basic stability criterion 

K0 
- dynamic coefficient of roll angle 

"T - dynamic coefficient of U n e tension for-

1 
ce 

- arm of statical stability 

\ - line length 

L - ship's length 

•b' r mass of the diving bell 

M - ship mass 

« T :••' 
- additional heeling moment from the 

tension in connecting line . 

M 
V 

•'- heeling moment from wind action 

"MT - minimum capsizing moment 

p - relative weight of the line 

V - moments of time expressing the passing 

of the bell through different basic 

positions at lowering and lifting 

V - static line loading 

V -general line force 

TA,B.C,D - dynamic line force at every characte­

ristic position 

Vb - volume displacement of apparatus 

xr -- modes of motion 

i = 2 - sway 

i - 3 - heave 

1 = 4 - roll 

zo - height of loading arm 

h - significant value of stern vertical mo­

tion 

Z9 
; - vertical coordinate of the centre of 

gravity . 

y • • . ' - • - angle between rope line and vertical 

axis 

Yw - specific water weight 

Ca -amplitude of harmonfc wave 

9A,B,C,D - significant amplitudes of roll motion 

for characteristic positions of the ap­

paratus 

m , - maximum design heeling angle 

°1 - correction coefficients 

x - wave length 

u - course angle 

t - mean wave period 

U.. - wave frequency 
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APPLICATION OF CATASTROPHE THEORY TO NONLINEAR ROLLING 
MOTION OF SHIPS 

R.L. Roy Choudhuryj S.D. Higam 

ABSTRACT 

The equation governing the, nonlinear 

rolling motion £i} of a ship is solved by 

the method of averaging f4,51. It is 

found that the respective amplitudes in 

the main and ultraharmonic resonance re­

gions satisfy cubic equations while in the 

subharmonic case à quadratic equation with 

co-efficients depending on the parameters 

of the problem. These equations are 

studied by. the methods of catastrophe 

theory and the domains of stability and 

instability are delineated in the control-

parameter space. When a fifth degree term, 

is included in the restoring moment, the 

amplitude satisfies an algebraic equation 

of seventh degree. This is also studied 

in the paper. 

. 1. INTRODUCTION 

The rolling amplitude of ships in 

waves is large compared to other modes of 

oscillation. The governing equation is 

nonlinear. The problem has been investi­

gated extensively by model tests and also 

by analytical-numerical methods but the 

résulta are still far from being satis-, 

factory. The difficulty is two fold: 

firstly, in developing a proper mathemati­

cal model and solving it analytically; 

secondly, in the presentation of the 

results in a urified way. For example, 

even after detailed numerical computations 

over a range of the values or the para­

meters occurring in the equation it is not 

possible to make general statements about 

the effect of varying certain parameters 

on the amplitude. 

In this paper, the equation proposed 

by Cardo et al £ 1,2] is solved by the 

method of averaging L4,5jand the amplitude 

equation is discussed using the methods of 

Catastrophe Theory which makes a separate 

stability analysis unnecessary. The method 

is ideally suited for such problems and 

gives a unified picture of the way the 

amplitude varies with different parameters. 

The results obtained by this method are in 

complete agreement with those of Cardo et 

al in respect of main, subharmonic and 

ultraharmonic resonance. The equation for 

rolling after inclusion of fifth degree 

term in the restoring moment is also 

solved. 

2. SOLUTIONS OF THE EQUATION OF 

ROLLING MOTION 

The equation governing the rolling 

motion of a ship proposed by Cardo et al 

Lij in non-dimensional form is 

ë+(2(*f<S1'e
2)è+d"2é3+u)^e+«^ = A'coswt. (n 

He has.solved the equation with the 

Bogoliubov-Krylov-Mitropolsky asymptotic 

method. 

In the present paper, the equation(1) 

is solved by the method óf aver aging [4,5] . 

We rewrite (1) as 

©+U?e= -t[(2^+<51©
2)6+^29

3+^3e
3 -Acoswt] 

where € is a small parameter. The equation 

(2) is expressed as 

y = é 

y=.-to2©-«[(2ju+<51e2)ét(J2é?+<(3e3-Acoswt]. 

In the main resonance region we write 

U' -ur €JT. 

(3) 

(4) 

Since the solution in this region is 
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expected to be of frequency to, the van der 

Pol's transformation 

The phase is given by 

cosut 

-sinut 

-"" sinut 

u cosut 

(5) 

is appropriate and averaging is required 

to be carried out over T = 2 TT/«•»»'[4] •• • 

Using (5), the equations (3) can be 

written as 

û = l̂ j [-4Av-8upu - (é^<J+3Ó2b?) (u2+v2)u 

-3<<3(u +v2)v]»E/A1cos2«»t+B1sin2*Jt 

+A2c0s4wt+B2sin4uitJ (6a) 

v = | ^ [ 4 A U - 8u/*v - (S^u+ 3<J2«0 (u +v )v 

+3«(.3(u2+v2)u-4A]+<{c1cos2ut+D^sin2iJt 

+G2cos4wt + D 2 s i n 4 u t ] (6b) 

where A,B,C,D a r e func t ions of u , v and c o ­

e f f i c i e n t s i n ( 2 ) . The a s s o c i a t e d au tono­

mous averaged ( to o r d e r € ) equa t ions a r e 

u = fw [-4jw-8oy»u - (<i.w+3<f2v ) (u +v )u 

-3.U(u2+v2 )v] (7a) 

v = - ^ [ 4 A U - &<üf\v - («5.U+ 3<?2<o ) (u +v )v 

+3<<3(u2+y2)u - 4Aj (7b) 

P u t t i n g 

u = x cos<£> , v = x sinti> (8) 

one o b t a i n s 

x= l^f-eujux -(^1u+3<52w3)x3-4Asin^] (9a) 

*h f a t 4 " * + 3*3 x 3 " 4Acos^] . (9b) 

The constant solutions of (9a) and (9b) 

are obtained by setting x = 0,^= 0. Then x 

and <j> correspond to the. amplitude and phase. 
of the nearly periodic solution of (1),[s], 

—2 
The equation for R = x is 

3 2 
•m-R +m2R +m3R+m4 = 0, 

where 

m.,=9.<3
2+w2 <<*v+3<î2u>2) 2 

m2=24K3A+16w2|u( ^ + 3 ^«J2) 

m3=16A2+64c^|w2 

m.= -16A2 

(10) 

(11) 

(12) 

(13) 

(14) 

tanf= -[8u.f,+ (d"ui+3J u3)x2]/(4/i+3<,Jc2). 
(15) 

The equations (10) and (15) agree with 

those given in [1]. By the substitution 

R=y+H, h = -m2/3m1 . . (16) 

(10) reduces to 

y +dy+e = 0, 

where 

d = 3h +(2m2h+m3)/m1 

3 2 e = h +(n»2h +m3h+m.)/m... 

(17) 

(18)! 

(19) 

The results are discussed in the next 

Section. 

In subharmonic resonance U>»3CJ , the 

solution of (1) is expected to be of the 

form, [4j 

r cos(<Jt/3+^..)+Bco6utf (20) 

where r and f^' are the.amplitude and phase 

of the subharmonic component of the osci­

llation and 

B = A/ (c/o 2 - tu 2 ) . (21) 

The van der Pol's transformation in this 

case is 

u cos 
<ot 

w s i n — 

s i n ~ w c o s "Û 

8 +Bcosut 

6 -«Bsinwt 

(22) 

and the averaging is required to be 

carried out over T = 6 Tf/« . Following 

the same procedure as in the previous. 

case, the equation for the square of the 

amplitude r = x is (u = rcos ̂ >., 

v = rsin^), 

(m1 +m3 )x +[2(m1m2+m3m4)-(m5 +m, )] x 

. +(m2
2+m4

2) = O (23) 

where m's are functions of the coeffi­

cients of (1) and B. The phase is given 

by 

'tan 3 ^ = (P1P3-P2P4)/(P1P4+P2P3) . (24) 

where 

P1 = (m1r
2+m2)r , P 2 = (m3r

2+n>4)r (25) 

2 2 
P3 = m 5 r ' P4 = m 6 r " 

The equations (23) and (24) agree with 
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those obtained by Cardo et al [1]. The 

equation (23) can be written as 

x +ax+b = 0, 

where 

a = nig/m7 , b = m^/m^ 

+28«51J20)
2jJ+^(9W2-eo2) 

(26) 

(27) 

(28) 

.2, 
+ %}-(3S^Sj,') (29) 

2,2, | j{8u3W..<*1+3J2»V] 

•+ .2-[3k3.(9wo -*» )+ 2f4*/ (Jr+3<J2o»̂ ) 

• ir . i^-^yt '^. (30) 

. The case of the ultraharmonic re­

sonance O J A 3 W can be solved by a transfor­

mation similar to (22) by replacing w/3 

by 3 w and averaging over T = 2ir/w.: The 

equation'for the determination of the 

amplitude of the ultraharmonic component 

has a form similar to (17). This case is 

not discussed in this paper. 

Ä more refined version of (2) is 

considered by introducing a fifth degree 

term in the, restoring moment: 

'è+tuo
2e=-t[(2fA' + 6^ e2)ê+s^83+«<^e3-Aco8(jt] 

< 2 ^ (31) 

This equation is proposed in [1] but solu­

tions are not given. Here we find its 

solution in the main resonance region utsso^ 

by using the transformation (5). The 

averages of-order é for ù and v are given 

by (7a) and (7b) respectively. The aver-
• -2 ' 

ages of order €. are calculated by the 
method in [4]. Thé algebra is rather 
lengthy and is omitted. The equation for 

•* • 2 

the square of the amplitude r =R, is 

R7+a6R
6+a5R

5+a4R
4+a3R

3+a2R
2+a1R-a0=0.(32) 

(33) 

With R = x+h, h = -afi/7 (32)becomes 

x7+ax5+bx4+cx3+dx2+ex+f = 0 . 

The results are discussed in the next 

Section. 

3. RESULTS 
In the discussion of the results yw, 

{., and Sy are assumed positive since they 

are damping coefficients. 

3.1 Main Resonance of Equation (1) ' 

The amplitude of (1) is x =(y+h)1/'2, 

where y is obtained from (17) which is a 

Simple Cusp Catastrophe [6]. However in 

this case the manifold is restricted to 

-h$y«c, for x to be real. This results in 

a Constraint Cusp Catastrophe [3] whose 

geometry is shown in Fig. 1, obtained by 

truncating the manifold of the Simple Cusp 

by a plane y = -h and retaining the por­

tion y^-h. 

FIG.1-SECTI0N OF THE CATASTROPHE MANIFOLD OF 
THE POTENTIAL - L y ' . - L d y ' . ey by y = T h , h . v e 

While the Simple Cusp is controlled by two 

parameters d and e, the constraint intro­

duces an additional parameter h. The pro­

jection of the Simple Cüsp on the d-e 

plane is shown in Fig. 2, the bifurcation 

lines being OA and OB. y jumps up to 

large values when the control point (d,e) 

crosses OB from right to left and jumps 

down from a peak value when this crosses 

OA from left to right (Fig. 2). Large 

positive h retains all the essential fea­

tures of the simple cusp (Fig. 1); while 

truncation at y = -h, h<0, eliminates the' 

line OB completely along with the origin 0 

and retains only a portion of the line OA. 

Coming back to the solution of (1), an 

examination of (11) to (19) shows that 

m1 is always positive and hence the 

sign of h is opposite to that of m2; 

when oC, is negative the peak ampli­

tudes occur in the range of **• positive and 

vice versa. Hence the large term 24*3./iln 

m- is negative in this range of importance! 

• The other positive term is much smaller at 
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least for the case**- negative. Hence nu 

is negative generally, and therefore h is 

large positive. It can become negative 

for the case ot., positive. 

Using (17) computations are carried 

out to find the maxiimim roll amplitudes 

for the sh'p 'Lucie Schulte' [2] . The-

results are plotted in Fig. 6, curve a, 

and they agree with those of Cardo. 

Path sf control point 

^N (d, .» 

,.**•- Bifurcation linei ^ v \ 

«"/<- . 

FIG. 2-TYPICAL PATH OF CONTROL POINT. 
<•> INCREASING ( A . CONST.I AND ITS 

EFFECT ON AMPL. QEQN. ( I T l J 

The path foliowed by the control 

point (d,e) with "Vcu increasing is sche­

matically shown in Fig. 2 for the case 

A "• 0.030, along with the response curve. 

The points Q,R,S where the path crosses 

the bifurcation lines.are marked. The 

amplitude response shows a isolated region 

PQ of very large amplitude at very low 

u>/tti, . which cannot be reached either with 

increasing or decreasing w/w0. It is seen, 

from the calculations that as the excita­

tion amplitude is increased the points Q 

are1 R approach each other and coalesce 

when A is larger than 0.03 providing 

'access' to the isolated region and re­

sults in the possibility of large ampli-r ; 
1 tudes at low frequencies. This is also 

reported in[5]where it is mentioned that 

this causes the system to 'blow up', thus 

setting an upper limit of excitation 'ampli; 

tude for the system. 

3.2 Subharmonlc Oscillations of (1) 

2 
The square of the amplitude r = x is> 

given by (26). Since x^O, t h i s equation 
represents a .'Constraint Fold Catastrophe' 
[3] ; i t s manifold i s shown in Fig. 3, 

controlled by the two parameters a and b. 
Examination of (27) to (30) shows that ni­
ls, always posi t ive and hence the signs of 
a and b are same as those of nu and ih„ 

FIG-3.CATASTR0PHE MANIFOLD OF THE POTENTIAL 

— x ' • - r -ax 2 • bx (with constraint x > 0 ) 

respect ively. Further, «u(9tu 
2-J ) is the 

only term which can be negative in nu and 

mq. It is also observed that 

iru, in general, is positive because of 

the large positive terms in (30) ; ntg can 

be negative either when 

•U positive andcu^3wQ or 

J,, negative andw$ 3w . 

Hence in general, a and b are positive and 

consequently x is zero. Fig. 3. Non zero 

amplitude is possible under the very res­

tricted condition that m8 be negative and 

in addition b<a2/4; the threshold line 
2 

being given by b = a /4. The value of B 

for any point on this.line can be then cal, 

culated using (28),(29) and (30) and the 

threshold value of the excitation ampli­

tude A is given by (21). It is also to be 

noted that along the fold line b = a /4, 
a U 

x = -a/2 and hence the amplitude T=(T ^ • 

a<o. 

a and b are calculated over a range 

of ui/u) for the two cases considered by 
o 

Cardo et al [1] and they are given in 
Tables I and II. It is seen that b is 

2 

slightly less than a /4 over the range of 

W/w indicating that the control points 

(a,b) are almost coincident with the 

i 
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Table I •'- Calculated values of the co­

efficients (A, negative). u> = 1.0,A=0.2, 

dL3 = -1.75,/* = 0.005, iy = 0.01, &2=0.01. 

WH* 102a 103b 103a2/4 Ampi, 

2.40 -54.325 73.345 

2.60 -37.562 35.094 

2.80 -19.382 9.362 

2.84 -15.578 6.059 

73.781 0.521 

35.273 0.433 

9.391 0.311 

6.067 0.279 

projection of the fold line, but just with 

in the area covered by the fold (Fig. 3). 

One unstable and one.stable value of ampll 

tude can occur in this region, the un­

stable value being always less than the 

stable one. In the vicinity of the fold 

line, the stable amplitudes can be approxi 

mated by those along the fold:line and are 

shown in thé Tables. These are in agree­

ment with the results in [1]. As'w/w 

tends to 3, the,parameter a becomes posi- . 

tive and the subharmonic oscillations dis­

appear. 

Table II - Calculated values of coeffi-" 

cients (aVj positive). W = 1.0, A=0.2, •• , 

oi.3 = 4.00, f*= 0.005,. ̂  = 0.01, è2 =0.01. 

and 3 or one real root of x. Also It is 

important to note that among the sets of 

7,5 or 3 roots, the maximum value corr­

esponds to a minima of V followed alter­

nately by maxima and minima and the least 

i Simpt« Cuip(l) I 
v Simpl« CuiplI) / 

\ /^\ _ ' 
\ \ 
v y \^ 

Swallowtail 

Maaimall) 

Maiima ( 7 I 

Ma«ima 13 I 

FIG. A - SCHEMATIC ORGANISATION OF THE STAR 

CATASTROPHE POTENTIA1. V 8* *T 

5 4 3 2 

W / W 
102a 103b 103a2/4 Ampi. 

3;12 ..- 5.282 0.695 

3.20 '-..'•. - 9.044 2.036 

3.40 -18.855 ':•"• 8.868 

3.60 -29.248 21.363 

0.698 0.163 

2.045 0.213 

8.887 0.307 

21.387 0.382 

3.3 Main Resonance of Equation (31) 

The square of the amplitude, R=x+h, 

is obtained by. solving (33). Equation(33) 

is the manifold' of the Star Catastrophe, 

Fig. 4, taken from- [7]. The upper part of 

,this figure shows the order,in which the 

extréma of the potential occur with in­

creasing x and shows that the 'Star' mani­

fold can be considered as being construct­

ed by the apposition of two 'Simple Cusps' 

and a 'Swallowtail'.. The lower part of 

the figure shows schematically the arrange 

ment of the pleats of the manifold. The 

• regions of minima and maxima on this sur­

face correspond to the stable and unstable 

values of x and the fold lines are the-bi­

furcation sets. As the six dimensional 

control point (a,b,c,d,e,f) moves, it can 

be 'cc.vered' by three, two and one pleat 

or none giving rise respectively to.7,5 

value is again a minima. On the bifurca­

tion lines the successive minima and maxi­

ma coalesce. When there is only one root 

it is a minima. These facts can be made 

use of to identify the stable and unstable 

solutions of (33), Fig. 5. There is a con­

straint in the solution of (33), namely, 

x ̂ -h. This results in a constraint catas. 

trophe as seen from the earlier discussion 

o-a 

o.e -

0-« 

Excitation Mom Ampi-
• 250 tm. 

. ' L u c i e S c h u l t e ' 
\ ( Fu l l l o a d cond.) 

\ «s- 0 «809 

\ * 3 ' - 0 8201 

\ /* ' 0 01660 

\ i f 0 2852 

\ ^2" 0 1575 

\ *'" 0 0300 

1 « o -
II 

0 

1 

SOS* 

.... 1 
0-4 1-2 1-6 

FIG.5-AMPL. RESPONSE WITH ots IN RESTORING 
MOMENT. 
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of the solution of equation (1), tiecesai-

tatlng the truncation of the manifold by 

the plane x = -h. From the many project­

ions of the star catastrophe in [7], it 

can be generally said that only 3 or 1 

root of x is likely to be met over a very 

large part of the parameter space. 

Computations are carried out to find 

the maximum amplitude of roll of the ship 

'Lucie Schulte', using equation (33) and 

1.0 

.0-8 -

; o 6 -

» 0 - 4 -

0 . 2 -

50 

• 
Lucie Schulte' 

( Full load cond) 

a , / 

__&—-—< 

-' 
if a b 

_ . / * 5 0-0000 0-4909 
tf3-0-2:98 -0 -5201 

_ fl 0 01568 001568 

6\ 02952 0-2952 

_ ' Si 0. 1575 0-1575 
CO. 0-5054 0-505« 

i l l 1 I I I 
100 150 200 250 

Excitation Mom. Ampi Mm I 

FIG-6-COMPARI50N OF MAX. AMPL. WITH 
AND WITHOUT 0ts IN RESTORING MOM. 

the results are presented in Fig. 6, curve 

b. The righting moment curve is generated 

from the data-given in [ 2]. . The coeffi­

cients o(, andotc are determined by fitting 

a fifth degree odd polynomial to this cur­

ve. It shows an isolated region of large 

amplitude at low frequency, similar to the 

solution of (1), Fig. 2. The peak res­

ponse is sharper, Fig. 5; thé roll ampli­

tudes are considerably lower, Fig. 6.. 

4. CONCLUSION 

(i).Catastrophe manifolds related to 

the amplitude of rolling are presented in 

Figs. 1,2,3 and 4. They give a unified 

global picture of the domain of stability 

and instability in the control-parameter 

space. Thus, it is. possible to see the 

effect of the variation of parameters on 

the nature of the solution. 

(ii) Inclusion of the fifth degree 

term in the righting moment sharpen the 

peak response, Fig.. 5; the maximum roll 

amplitudes are reduced considerably at 

higher values of the excitation amplitude 

A. However, the advantage progressively 

reduces to Jiero as the excitation level 

decreases. Fig. 6. 

NOMENCLATURE 

A 

B 

a,b,c, 
d,e,f 

0 

*3'V 

W o ' ^ 

= Non-dim., excitation amplitude. 

= Amplitude of nonresonant compo­
nent of response. 

= Control parameters as defined. 

= Rolling angle. 

= Non-dim. coefficients of the 
cubic & fifth degree terms in 
restoring moment. 

= Non-dim. damping coefficients. 

= Non-dim. natural frequency of 
roll & excitation respectively. 
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IMPROVED SAFETY BY APPLICATION OF SUBDIVISION 
AND MEANS OF FLOTATION FOR SMALL VESSELS 

by 

Emil Aall Dahle *) and Gunnar Nisja »») 

ABSTRACT 

In recent years, mainly based on work within IMO, 
national stability requirements have come into force. For 
special types of vessels, carrying passengers, or cargo that 
might cause damage to the environment, damage stability 
requirements are already in force through international 
conventions like SOLAS and MARPOL. 

For larger cargo ships, damage stability standards 
can be adopted by the owner, thus reducing the freeboard. 
For small vessels, it is generally assumed that survivability 
after damage is difficult to obtain. 

In the paper, recent Norwegian research on 
survivability of vessels of length 30-80 feet is covered. The 
design aspects to ensure a reasonable degree of survivability 
are dealt with. Emphasis is on subdivision and/or use of 
reserve buoyance provided by horizontal division, voids or 
hard foam in the upper parts of compartments. 

The investigations have been carried out in 
collaboration with different firms and institutions. Some 
practical results are presented, mainly to point out that 
both intact and damaged stability standard for small crafts, 
which toc'ay is often iri a regrettable state, can be improved 
by fairly moderate efforts, which can. be evaluated at the 
design stage. 

1. INTRODUCTION 

Smaller vessels operate generally near to the coast. 
Consequently, they are subject to groundings. In many cases, 
the vessel will be broken up or founder, and improvement in 
vessel design is of little help. 

However, if the vessel drifts off, after a grounding, it 
has often suffered a leak, and will often sink, capsize or 
both. The. crew will, in some of these cases, have time to 
use the available means of evacuation. But in other cases, 
the sinking or capsize due to water ingress is so rapid that 
the crew perish. 

In Norway, it is now required that all vessels above 
10.35 m in length have to carry a life-saving suit for each 
crew-member. 

However, practice has shown that even with a suit on, 
the danger of drowning in even moderately confused seas is 

present. It is therefore the opinion of the authors that 
efforts to obtain floatability and stability in damaged 
conditions can serve three purposes: 

avoid fast sinking and capsize in order to facilitate an 
orderly evacuation and provide time for sending 
distress signals. 

provide a fairly safe platform for survivors, also for 
those who might have donned a life-saving suit. From 
this platform, distress signals can be sent. 

protect the vessel and equipment onboard from being 
completely lost. This might lead to a reduction in the -
insurance-fee. 

A more thorough discussion on the subject can be 
found in Dahle and Nisja (1), where also statistics is 
provided. 

2. PRACTICAL DESIGN SOLUTIONS 

In the following, practical solutions to obtain 
flootability and stability in damaged condition will be 
illustrated by 3 examples. In order to restrict the number of 
cases, the vessels will be presented as follows: 

floatability and stability without special means of 
flotation, loaded and ballast condition. All 
compartments damaged. 

as above, with selected design improvement 
implemented. 

The lost buoyancy method is used in calculation of damaged 
stability^ 

2.1. Small coastal vessel A. 

The first vessel is representative for a group of small 
multipurpose fishing vessels built in GRP operating in 
Norwegian coastal waters. The vessel was also dealt with by 
Dahle and Nisja (1). 

The vessel will sinU in both the ballast and the loaded 
condition without means of flotation, i.e. as built today. The 
vessel is shown in Fig. 1. 
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.J.Om . 

Length o.a.'. : 9.1.5 m 

Length p.p. : 8.30 m 

Dreadt.lv, moulded : 3.20 m. 

Depth, moulded : 1. (r5 m 

Loaded B a l l a s t 

D r a f t : 1 . 2 9 m 1 .08 m 

VCG : 1 .45 m .1 .54 m 

GM : 1 .12 m 0 . 8 0 m 

D i s p l a c e m e n t : 1 0 . 8 »J 
6 . 4 0 m3 

Tonnage : 1 0 . 0 CRT 

C a r g o h o l d : 7 . 0 0 
3 

ni 

F u e l o i l .. 0 . 7 0 
3 

m 

F r e s h w a t e r ' ' I). 15 
3 m 

Wheelhouse is not Included in GZ. 

Fig. 1. Vessel A. General arrangement, main dimensions and intact stabi l i ty curves for hallast and loaded 
condit ion. 

The most pract ical way o l obtaining f lo ta t ion for this 
vessel type is to : 

Insulate the hold and accommodation wi th hard foam. 

Insulate the upper part of said compartments. 

Supply the bulwark wi th hard foam where not taking 
up space needed. 

This provides needed insulation in hold and 
accommodation, while only hard foam in bulwark adds 
to the building cost. 

Amount ot reserve 

buoyancy built into 

bulwark, cargo hold 

and engine room. 

i . • 

40m . R i g h t i n g . 
' teve.4 \ 

I n t a c t b a l l a s t 

30m . 
. - - • • 

B2IÏ-H20-E20 

\--- " s. 
. - - • • 

B2IÏ-H20-E20 ~^x, 
ZOm . 

• / / 
\ 

10m . 

/ • . . 
. 1 0 ' 2 0 ' JO' 10'. SO' 6 0 ' !0' A.igie 

Hi k c c i 

S i r „ 2 0 - H Î O - E 2 0 

Compa.Jitmt.nt open to t e a 

Fünf, o-it and j<*e.*Jt luniRi 

B : Reserve buoyancy in bulwark 

H : Reserve buoyancy in hold 

'E i Reservr buoyancy in engine room 

P e n e t r a t e d C a r g o ho ld E n g i n e room 

PermeaM J I try 0 . 9 5 0 . 8 5 

Buoyancy . QO - HO - EO H20-H20-K20 

Floatability ? No V e s 

D r a f t m i d s h i p s - 1.51 m 

Trim o v e r l e n g t h -0 . ' J5 m 

GM • • ' - . . . 0.Ö9 m 

Fig. 2. Vessel A. Accommodation, cargo hold and engine room penetrated. Stabil i ty and waterline af ter 

flooding. Valid for ballast and up to part ly (50 %) loaded condition for fish and ice in hold. 
_____ . . : _ 

http://Dreadt.lv
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Amount ol reserve 

buoyancy built into 

bulwark. 

and engine room. 

'.'; 1 
4 0m . 

E î î f " y I n t a c t loaded 

', ' ~Z~-~—^—--—_ «B20-H0-E20 
30m . 

E î î f " y I n t a c t loaded 

', ' ~Z~-~—^—--—_ «B20-H0-E20 

torn . 

E î î f " y I n t a c t loaded 

', ' ~Z~-~—^—--—_ «B20-H0-E20 

E î î f " y I n t a c t loaded 

', ' ~Z~-~—^—--—_ «B20-H0-E20 

10m . 

/ 

10' 10* 30» '40' 50' 60' ?0* Angtt 
e£ hut 

I n t a c t 

frfffiH Compartiment open to ita 

\-—--:-\ Fue.1 oit and j*e*Wi watet 

Fish and ice in boxes 

B t Reserve buoyancy In bulwark 

H t Reserve buoyancy In hold 

E t Reserve buoyancy in engine room 

Penetrated ' Engine room — 
Permeabi l i ty 0.S5 — 
Buoyancy 
Floatablllty ? 
Draft midships 
Trim over l ength 
GH 

B0 - E0 
No 

B20-E20 
Yes 

1.46 m 
- 1 . 0 9 m 

0.81 m 

Fig. 3. Vessel A. Engine room and accommodation penetrated. Stability and waterline after flooding. 
Loaded condition,? tons fish and ice in boxes. 

The result of the investigation is evident from Fig. 2 
and 3. The. conclusions are: 

Providing means of flotation in the hull the vessel 
remains afloat and stable. 

The bulwark does not contribute to flotation in the 
damaged condition. 

The bulwark, if supplied with flotation, contributes 
significantly to damage stability, giving GZ 
comparable with the intact vessel. 
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2j2. Medium-sized fishing vessel J}. 

This vessel Is buil t of wood wi th an aluminium super­
structure above the main deck as shown in f i g . * . It is 
mainly intended lor purse seining and long-l ining. Tims, a 

leakage fore or a f t w i l l easily t i l l up the whole hul l through 
the space between the internal and the external hul l . 

.tOm . 

1 Accommodation 

2 Forecastle head 

3 Purse seine 

4 Store,fishing gear 

5 RSW-hold 

6 Engine room 

7 Fuel oil 

8 Fresh water 

Length o.a. 

Length p.p. 

Breath, moulded 

Depth, moulded 

Draft 

VÇG 

GM 

Displacement 
Tonnage 

RSW hold 

Fuel oil 

Fresh water 

24.96. m 

22.70 m 

6.86 m 

3.26 m 

Loaded 

3.09 m 

2.71 m 

1 .02 m 

267.00 m3 

129.00 GRT 

108.00 m3 

20.20 m3 

6.00 m3 

147.00 m 

Fig. * . Vessel B. General arrangement, main 
dimensions and in tact stabi l i ty curves Jor ballast and 
loaded condi t ion. 

(Multi-purpose f ishing vessel, wooden hull and 

aluminium superstructure above main-deck) 

tO! 
A practical way to improve the design is in this case 

Make the fish-hold watertight; 
This gives the vessel the opportunity to carry fish in 
refrigerated sea water (RSW), and will prevent leakage 
of water to other parts of the vessel if carrying fish in 
ice. 

Make a horizontal watertight division"between hull and 
poop. 
This pre-supposes a watertight door leading to the 
engine room. This only implies to install an ordinary 
weathertight door that swings inward, so that the 
water pressure from below provides tightness. 

Make the forcastle watertight! 
This is normally the casé today, if otherwise drain 
openings etc. are avoided. 

The result is shown in Fig. 5 and 6. 
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, * 0 m , 

.10 'm . 

, 20 • . 

tight 
. ttviK 

tng • 

DuD«9«d 

_̂__̂__̂  

> ** • JS 

^ 
----- . - ^ 

/ >̂  

' i ^ Angle 
o{ fiée t. 

. .. 

. Penetrated Store, fishing Void outside. Engine room (fi) 

gear W RSW-:.old 

Permeability 0.70 0.30 0.70 

Watertight door/ Yei . N o 

hatch closed ? 

Flontablllty ? Ye» Yes, but small trim or heeling 

might cause further flooding 

In superstructure 

Draft midship 3.09 m 3.09 m . " 

Trim over length - 0.5» m . - 0.5* m 

GM 0.60 m 0.60 m 

Flg. .5. Vessel B. The whole internal structure except RSW-hpld is penetrated. Stability and waterline after 
flooding. Ballast condition, 10 % fuel oil and fresh water. 

Hifiktl 
ttvt*. 

«9 .. 

/ " • 

laqed 

— --. 
> - l . 

/& Intact / v . . 

/ 
• J 

',/ 
/ 

/ • • • :— — t -
A"9*e 
•I httt 

• m . 

Penetrated Store, fishing 

gear {«) 

Void outside 

RSW-hold 

Engine room (6) 

Permeability 0.70 0.30 0.70 

Watertight door/ 

hatch closed ? 

Yes 

-
No 

F loa tablli ty. Yes, the damage Is 

bounded by the hatch 

No, the vessel will sink 

Draft midship 

Trim over length 

GM 

4.88 'm 

. 0.78 m 

0.82 m 
-

Fig. 6. Vessel B; The whole internal structure except RSW-hold is penetrated. Stability and waterline after 
flooding. Loaded condition, fish in RS W and 100 % fuel oil and fresh water. 

the result is: 

In the loaded condition, the. vessel remains afloat and 
stable, but is strongly dependent on watertightness of 
the horizontally watertight forecastle and poop'. 

Even in ballast condition in a moderate seaway in 
damaged condition the vessel will sink or capsize if 
doors/hatches are not closed. 
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2.3. Rescue vessel C. 

the vessel was delivered in April 1986, and has been The vessel ir. shown In Fig. 7. Only one loading 
subject to extensive damage stability calculations by the condition is shown, as »here are only small differences 
authors. The vessel is selfrighting by use of f>.5 m^ buoyancy between them, 
on top of the wheelhouse. 

••" / Anslt 

Fig. 7. Vessel C. Rescue vessel. Loaded condition (_ ••. • _ . _. _ - . ^ 1_' '"it 
presented. • • ••. »• «• »• <•• »• ••• •.- -• .•• ••.• n.» .»• n.° .<•• •«• u.» n.~ i~" 

Obviously, if built in ordinary GRP or metal, the This was one of the reasons for the decision of the 
vessel will sink If an extensive damage leads to ingress in all Norwegian Rescue Service to design the hull in sandwich-
hu!l compartments. built CRP. 

The result is shown in Fig. 8. 
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• .M * 

• . I t • 

' ' i l l 

feE^fcÖQ^r 

Permeability 

Watertight door/ hatch 1 

Floatablllty ? 

Draft midtship 

Trim over length 

CM 

All compartrnents 

No. water Is (ree to Hood any compartment 

Yes, due to the use oi the sandwich method 

1 7 ) m 

-0 .10 m 

0.90 m 

'l«° !•" I t" <•* M" M° » • ••• »•• 

.. Fig. 8. Vessel C. All compartments penetrated. Stability and waterline after flooding. Loaded condition. 

Clearly, the buoyancy and stability provided by the 
hull material with thickness of about 65-70 mm has 
completely changed'the picture. 

, The vessel will now remain upright and stable for a 
maximum damage. 

3. CONCLUSIONS 

The Scandinavian Boat Standard (2) gives guidance on 
how to obtain iloatability and stability for small, open 
vessel. The standard also gives advice on bulkheads for 
covered vessel.. 

However, especially for wooden vessels, a hull damage 
might easily lead to extended flooding. 

In the paper, it is shown how various measures can be 
taken at the design stage to improve the safety. The 
measures should be practical, and might in some cases serve 
also other than pure safety purposes, i.e. provide needed 
insulation (Vessel A and C), or a practical f ishhold (Vessel 
B), or lower the insurance-fee in general. 

It is the opinion of the authors that smaller vessels, if 
remaining afloat after damage, will provide a relatively safe 
platform from which an orderly evacuation can take place. 
Alternatively, the vessel can serve as a safe haven before 
rescue. . 

») Dring,, Senior Principal Surveyor, DnV, Oslo, Norway. 

»*) MSc. Research Engineer, Division of Marine 
Systems Design, The Norwegian Institut? of 
Technology, Trondheim, Norway. 
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ON A MICRO COMPUTER BASED PASSIVE CONTROLLED 
ANTI ROLL TANK SYSTEM 

/SYSTEM SIMULATION AND FULL SCALE MEASUREMENTS/ 

Y. Terao j K. Minohara 

ABSTRACT; 

The development of a new anti roll 

system of the passively controlled tank is 

presented In this paper. This system is 

widely applicable to any type of the ship , 

especially to rather smal 1 vessels. 

As the core of the system , a micro 

computer is used.A valve in the channel be­

tween both wing tanks Is governed by the 

micro computer wi th a speet fie program 

processing a newly developed phase control 

algorism. 

In addition, the servo-mechanical 

forced oscillator is newly developed for 

the estimation of effectiveness of the sys­

tem not dependent on the surrounding. The 

results: of regular and irregular oscilla­

tion test with this forced oscillator and 

numerical simulation are given here: 

In the end,ful1 scale measurements at 

sea with 12-meter vessel proved the useful­

ness of the control system . 

I^JLNIRSDUCXLÖN 

To minimize roil motion is important 

because this is the most significant mo­

tion of the ship in the waves so it is 

closely related to human comfort and work 

efficiency on board. 

Apart from the bilge keel which is 

, common 1 y used as a major roll stabilization 

device, the roll stabilization is usually 

achieved by either passive or active 

device. Passive device such as passive tank 

use no energy to control the pump system. 

It is less costly but only a limited 

efficiency/ One of the .drawbacks in the 

passiv»", tank system is that it may cause 

thj vessel to roll heavily under a certain 

sea conditIon where a resultant rolling has 

a longer period than the Inherent rolling 

period of the vessel. ' 

On the contrary , active devices, such 

as active tank or f'ln'Stabi I I zers , provide 

high effectiveness . But active tank system 

needs an addition of drive power . This is 

not practicable In rallier small vessels 

with minimal cost. It is well known that 

the fin stabilizer ha-3 a disadvantage, i'.e'. , 

its efficiency decreases rapidly with 

speed reduction. The fin stahilizer Is not 

a best solution when it Is used for fishing 

boats or pleasure craft.as they cruise at a 

slow speed most time at sea. 

From above point of view , an inter­

mediate method of these two stabilization 

devices is investigated here. 

Rapid progress of micro processor 

technology in recent years made It quite 

easy to use digital control system for a 

wide variety of applications. Using digital 

control sys tern , improvement of the passive 

tank efficiency and ship stability would be 

most interesting to naval architects . We 

evaluates the application of the passive 

tank control system. Use of high perfor­

mance CPU and system sophistication is one 

thing. Each type of CPU has certain perfor­

mance or economical features which deter­

mine Its suitability for a specific ap­

plication . Complex algorism or control 

sequence are not desirable because it 

requires more computing time and developing 

cost. We used an 8 bit CPU and developed 

simple and effective valve control algorism. 

To operate the valve system , the in­

formation on ship motion and tank fluid is 

necessary . The signal available at sea 

contains a. wide spectrum of noise which 

causes loss of reliability of the system so 

it must be reduced by the pre treatment. It 
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it must be useful and desirable if a. sensor 

Itself cancels or reduces noise component . 

In this system, we used a mean flow meter 

and obtained favorable results. 

2.BENCH TEST 

Using a newly developed servo mechani­

cal oscillator system , regular and Ir­

regular oscillation tank tests were made. 

This oscillator system is not analog table 

system .tl] 

2.1 Servo-mechanical Forced Oscillator 

Servo-mechanical forced oscillator is 

operated by a position control servo motor. 

Rotating motion of the motor is converted 

to a reciprocating motion by a ball screw 

which Is connected to a pinion gear. Taking 

the drive power from the pinion gear, the 

rack gear with a backlash adjuster turns on 

a rolling axis which generates swinging 

motion of the antl rolling tank model. Max­

imum swinging angle is 1 5 V l.ß Hz. The 

principal dimensions of the model tank are 

shown in Table 1 and front view of forced 

oscillator is shown in Photo.1 

Table 1 Principal Dimensions of Model Tank 

.40 m 

.066 m 

.40 m 

.022 vf 

7)"' îfE: il 
Photo.1 Tank an* Oscillator 

2.2 Measuring System 

2.2.1 Sensor 

Drag type flow meter was developed. 

The meter has a circular plate having a 

diameter of 10 mm , situated perpendicular 

to the flow and measures a drag force ac­

ting on the plate . The sensor measures a 

mean drag force acting as a low pass filter 

with sufficient immunity to noise . 

2.2.2 Control and Measuring Diagram 

Control and measuring diagram Is shown 

In Fig. 1. 
Floppy Disk 

Fig.l Control and Measuring System Diagram 

Control signal for rolling angle is 

calculated and stored in RAM. The reference 

oscillator produces a frequency the 40- Hz 

trigger signal which is fed into micro com­

puter through 12 bit A/D converter. Roll 

angle control signal is sent to the rolling 

control 1er'in synchronism with a trigger. 

Data of the rolling angle .rolling moment 

and velocity of the tank fluid are also fed 

to the micro computer at the same time 

through the A/D converter. Measured data 

are stored in RAM chip. Using these data 

.the computer calculate a roll period and 

tank water,peri od. 

Simultaneously, the valve on / off con­

trol timing is also calculated. We named 

this process "NEW 1/2 SYSTEM". This is a 

phase control system which has a simple 

algorism. Details are described in 2.3 . 
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2.3 New Phase Control Diagram 

Control diagram Is 'shown .In Kig.2 

using PAD (Program Analysis Diagram). ""In 

the mechanical vibration, theory , the prin­

ciple of dynamic -ïbaorber Is well known and 

widely used . Maximum damping or In this 

case , maximum roll reduction moment is ob­

tained when the phase difference between 

rol I ing.angle and fluid motion la equal to 

•7i /2 under which the roll angle is in phase 

of fluid velocity. 

: In the irregular seas, it Is difficult 

to predict a next incoming wave or ship mo­

tion . But it may not make great error if 

we assume one half of next roll period Is 

equal to the half roll period of last 

measurement. Based oh this assumption , wë 

developed algorism to match the both peak 

of roll angle and fluid velocity. When the 

tank's inherent cycle Is faster than the 

roll period ,phase matching Is possible 

using simple valve on ./ off control . As 

mentioned before,a disadvantage' of the 

passive tank lies in a rather longer period 

than the inherent rolling period of the 

vessel.' Thus we can estimate that' this 

valve control, system can improve the pas­

sive tank system . 

2.4 System Simulation 

Relationship between the roll 'angle 

and tank fluid system is described In equa­

tion 01). We discuss the effectiveness of 

the anti roll tank by using simplified 

equation - pure roll motion and linear mo­

tion model .' [21 

• • - ' . • • ' • " - . « • 

J b0 +B b0 *Kb0 +lBt0 +K t0 =mb (1) 

and roil angle 0 . 

START! 

VP=O:RP=O 
CYCLE set 
cnNnt="0PEN' 

TCYCLÊh 

M 

\NguE=o <; 

VEI.0CITV=0< 

*)0PEN.JIB 

0EI.AV=DELAV-U 

ANGLE & 
A/0 DATA 

input 

MwM 
lANC0=ll 

JËUED 

8E=B£±U 

ÊÖÜÜÖËËÜÜI: 

"MED 
l*)QPEN,JQBl 

»T 

INCLOSE. JOBl 

IRPRET=RP:RP=OI 

="n ncr"l C0NDi="CL0SE' 
ItiNEW 1/2 SYSTEM! 

CYCl.E=CYCLE-ll 

DELA.Y=(K 

VALVE OPEN 
CQND«="0PEN' 

*)CL0SE.J0B 

VP=VP+ll 

VP<21 <: 
ICÖTQ" 

VEL0=K 

VPRRT=VP:VP=ÖI 

IGÖTÖH 

VALVE CLOSE 
CONOt^CLOSE' 

*)NEW 1/2 SYSTEM 

DELAY 
=0RPRET-VPRET)/2 

PELAY<0<: 

DELAY 
=»EI.AV*RPRET 

If the f lu id motion i s f ixed,we have 
the fol lowing equation' 

Flg .2 Control Process Diagram 

J b 0 +Bb* +Kb0 =mb' 

J 8 t 0 +K t0 =-m0 0 O exp(i Co» t - S )) 

(2) 

By subtracting (2) from (1), we get the 

following equation 

(3) 

In equation (3), out-of.-phase component 

8 against 0 concerns to a roll reduction 

moment. Generally speaking , Bt assumed to 

be small and mb' to be in phase with <t> , 

we can decompose the roll reduction moment 

using Fourier analysis to roll moment rob 

Roll 

À \JX J\ JA". 

A " A " - V \ / \ / V 
! 

Wave Height 

Fig.3 Simulation of Regular Oscillation 

System simulation is shown in 

Figs 3 and 4 by using equation (3) and NEW 
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1/2 SYSTEM. Flg.3 shows a normal passive 

tank simulation test and Fig.4 shows the 

same tank with New 1/2 Method. From Fig.4 , 

we can see the rapid convergence of phase 

matching and greater wave height which 

means accumulating potential energy and ac­

celerating fluid motion. 

Open 

Close 

Fig.4 Simulation Test by NEW 1/2 SYSTEM 

2.6 Results of Oscillation Test 

2.6.1 Regular Oscillation Test 

Regular oscillation test was made under 

3 conditions with the valve opened , closed 

and under: control .Results of these tests 

are shown in Fig.5. to Fig.7. Fig.6 shows 

Time history of test record with valve con­

trol condition . We can see close agreement 

of the peaks between roll angle and fluid 

velocity which is shown in Fig.4. 

ïï'itr ».looit/ 

L_LL.i_.i_! J 

Fig.6 Time History of Tested Record 

Phase shift between roll angle and mo­

ment is shown in Fig.6 . Fig 7 shows roll 

reduction moment. Horizontal axis is non 

dimensional by the tank natural circular 

frequency « t.. From Fig.6 < we can see the 

desired phase lag up to e=1.5 when valve is 

controlled .• In Fig.7 ; rol 1 reduction mqr-

ment decreases as a roll angle increase . 

Such phenomenon can be explained as tank: 

restoring term; nonrjiniarity, Pro» Fig,7 

.this system can be expected to have a high 

roll reduction efficiency when e is less 

than I ( -regular steady oscillation ). 

nil 
o 
o 

.w 

o 
9 

S L 

_ _ . 
# Valve Open 

O Valve Control 

e 1. 3. 
[ e ] 

Fig.6 Phase Difference (Moment/Angle) 

1. 

' fr fO CM 
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.5 
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.5 
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12" 
o J 

• • o 
0 

#__ 

8 0 
o 

-O— • 

9 

o g • • 

8 1. 2. 3. 
C e ] 

Fig.7 Rol 1 Reduction Moment 

2.6.2 Irregular Oscillation Test 

To avoid too much load on the forced 

oscillator ,we imposed an irregular signal 

which has constant power spectrum of roll 

moment with fixed tank fluid motion , that 

is, valve shut condition. Signal sweep time 

is 102.4 sec. Fig.8 and Fig.9 show power 

spectrum of roll moment and roll angle 

respectively. Fig.10 shows time history of 

test record. Calculated transfer function 

Mb (w ) / * (u )-Kt real and imaginary part 

are shown in Fig.11 and Fig.12 respective­

ly. The solid line is with the valve under 

control .bold dotted line shows with the 

valve opened. From Fig.11,we can see the 

result of valve control is close to the 

valve shut condition which meant! ,this-nev. 

control system has an advantage. The rpil 
••• .•••:•. .•'.•..• • ii*••-;*-'.':. a'-jtn .an a s v w •; ̂ -j > .'.ne w :. • 

r e d u c t i o n e f f i c i e n c y is not affected by the 

ci r c u l a r o s c i l l a t i o n f r e q u e n c y . On- the 

c o n t r a r y , * e can see a d i f f e r e n c e between 

v a l v e shut and open c o n d i t i o n s . ft Is well 
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known that the double pendulum system has 

two peaks of Its response which is due to 

this.discrepancy. 

Fig.8 Power Spectrum of Roll Moment 

.8004 

.8882 

Rad*sec 

" ^ 

\rv -.. '- '•. 

- V N 

~ l 
e l 

Pig.9 Power Spectrum of Roll Angle 

Is better than the valve open condition 

when e Is equal or less than 1 . This 

tendency la shown In FIR.7 . It may be con­

cluded that the new system Is better than 

the ordinary passive tank system If cir­

cular rolling frequency is less than or 

equal to the tank's inherent frequency. In 

Fig.7, higher efficiency is observed even 

if e is up to 1.6 ,but in Fig.12 less ef­

ficiency is observed In this region . This 

must be a drawback of this new system . 

[ e ] 

Flg.12 Transfer Function Imaginary Part 

3.1 Test Ship Fitted with Anti Roll Tank 

The tank dimensions are shown In table 

2. The dimensions are selected from-para­

meter Iteration to have minimum loss of GM 

and maximum efficiency. Tank's inherent 

period is set.equal to ship's Inherent roll 

period . Even If a problem arises In this 

control system , we will be able to ensure 

the improvement for the pure passive ant I 

roll tank performance. 

Pig.lO Time History of Test Record Table 2 Principal Dimensions of Tank 

- • ; , [ e ] 

Fig.11 Transfer Function Real Part 

In Fig.12 we pan see the roll damping 

term. Damping of the valve control system 

2 . 3 0 0 m 
. 6 0 0 m 
. 2 7 8 m 

1 . 6 6 0 m 
. 0 8 *t 

Principal dimensions of thé test ship 

are shown in Table 3 . Hull section ls 

deep V . At high or moderate speed ,the 

performance of the roll motion in the wave 

is excellent but operation at a reduced 

speed and at anchor is far from good. 

Anti rolling tank is fitted in the 

deck house . Photo 2 shows .the tank ar­

rangement . 
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Table 3 Ship Principal Dimensions 

PP 
= 11.94 m 

B = 3.80 m 

d = 1.85 m 

W (Fill-!. Load) = 1 1 . 8 2 t 

GM ' .•• 1.466 ni 

KG = 1 .284 m 

T = 3 . 0 sec. 

oCiääf 
il^am^. 

Photo.2 Teat Ship Front View 

In a sea trial ,the pendulum type roll 

angle detector and controller containing 

the same control system are used. The ship 

was set drifting freely and 3 valve condi­

tions were tested. Incident wave was 

measured With a pressure type' wave probe 

af1 oat ing wlth tied to a buoy . 

3.2 Results of Full Scale Test 

Fig.13 shows a record of full scale 

tests of valve control conditton.Tank water 

height was measured by a mean wave probe. 

-5' 

Roll Angle 

npldent Have Height 

A * Tank Mater Height 

\/V/w \A7VVVAAA/VAAA7 

18cn 

•lBca 

-> Tine 51.2 sec. 

Fig.13 Time History of tested Record 

Fig.14 shows transfer function 

amplitude, where, the solid line shows 

results of valve control 'condi t.-i-en. From 

this figure, we can conclude the valve 

control system Is excellent 

6 

Ce ] 
Fig..14 Transfer Function Amplitude 

^CONCLUSIONS 

We propose a new control algorism for 

the passively controlled anti roll tank 

system . From regular and irregular oscil­

lation tests with the model tank using 

newly developed oscillator , this tank sys­

tem shows a high efficiency if circular 

rolling frequency is slower than the tank's 

Inherent frequency . This was confirmed by 

the full scale test . 

NOMENCLATURE 

.Ld : Duct length 

Aj : Duct area 

Kt : 

mb : 

r : 
P : 

0 : 

Tank breadth 

Tank length 

tank water depth 

Inherent Roll period 

Tank and fluid moment of Inertia 

Bench damping coefficient 

Bench restoring coefficient 

Tank coupling term 

T • P 

Forced moment 

Fluid specific weight 

Tank free surface moment of gyration 

Bench and ship roll angle 

Fluid displacement angle 
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TOWARDS RATIONAL STABILITY CRITERIA FOR SEMI SUBMERSIBLES 
- A PILOT STUDY 

H.H. Chen; Y.S. Shinj J.L. Wilson 

ABSTRACT 

This paper summarizes the findings of the 

pilot study on the intact stability of twin-hull 

semisubmersibies mobile offshore drilling units 

(MODU'3) that the American Bureau of Shipping 

(ABS) has undertaken in the past two years. The 

pilot study was aimed at . obtaining a better 

understanding of the philosophy behind the ourrent 

MODU stability oriteria, to explore possible 

relationships between the dynamlo behavior of the 

semisubmersibies and the underlying basis of the 

static stability criteria set forth in most rules 

arid oodes, and to find areas in need of further 

studies in order to aohleve a better evaluation of 

stability using a rational approach. 

This paper first presents the statlo 

stability of three typioal semisubmersibies of 1-, 

6- and 8-column units considered in the pilot 

study. Then, a brief discussion on the 

correlation of computed motions with model test 

results is given. Findings from calculations 

using ~a time-domain simulation are highlighted. 

Suggestions on some areas needed to be further 

studied are also inoluded. 

1. INTRODUCTION ' . . . " 

The present intact stability criteria {1J for 

mobile offshore drilling units (MODU's) were 

initially introduced by the American Bureau of 

Shipping (ABS) in 1968. The oriteria, derived on 

an emplrloal basis evolving from U.S. Navy ship 

oriteria 12 J, call for a positive GM and speoify a 

minimum ratio of 1.3 for the areas under the 

righting moment and the wind heeling moment 

curves. This criteria was widely reoognized and 

adopted by the industry in ensuing years. 

In recent years, some governmental agencies 

have Imposed additional requirements [ 3 ] for the 

lntaot stability criteria, such as limited first 

and second intercept angles of heel, and a variety 

of new standards and oriteria for . MODO damage 

stability, including limited angles of heel and 

damaged area ratios (AR), Although these' new 

rules have been directed toward enhancing MODU 

safety, there has not, however, been a supporting 

study demonstrating that the overall safety would 

be JaoréasVd by 'these new rules. As' a result, ABS 

has embarked upon a pilot study to investigate 

from first principles the intaot stability of 

semisubmersible MODU's in seaways. The study was 

aimed at obtaining a better understanding of the 

underlying basis for intaot stability oriteria, 

exploring the relationships between the statio 

stability requirements and the motions of the unit 

and investigating the effects of geomebrio and 

environmental parameters on the dynamic behaviour 

of the units. 

This study lnoludes (1) statlo stability 

characteristics of three semisubmersibies, (ii) 

correlation of calculated motions of the units 

with model test results; (ill) time-domain 

simulations of the units subjected to wind, waves 

and ourrent, both alone and in combination; and 

(lv) correlations of MODU static stability and 

dynamic motion simulation. Figure 1 illustrates 

the scope of the work and procedure of the study. 
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2. STATIC STABILITY 

Three characteristic scmisubmerslbles of 1-, 

6-, and 8-oolumn were considered in the study. 

Figure 2 shows the schematLc drawing of one of thé 

units considered. For statlo stability calcu­

lations as well as the motions analysis whioh will 

be subsequently addressed, the three units were 

idealized by oircular cylindrical sections as 

shown in Figure 3 (not in same soale). In the 

calculations, the decks and superstructures were 

assumed non-buoyant and were therefore not 

modelled. However, for wind force and wind moment 

calculations, the exact configuration above the 

waterlihe was taken into acoount. 

Fig. 2 Sohematio Plot of 8-Column Rig 

The statio stability of a unit at a given 

draft was calculated for a speoified range of heel 

angles and wind directions, for which the centers 

of buoyancy, the adjusted drafts and the trim 

angles were computed. The difference between the 

center of weight and the horizontal shifts of the 

oenter of buoyancy gives rise to the righting 

'moment. When calculated for a range of heel 

angles, the righting moment curve is thus 

obtained. 

The area ratio for a particular condition is 

oaloulated from the area under the righting moment 

curve up to the seoond intercept or downflpoding 

(DP) angle, whichever is less, and the area under 

the wind heeling moment curve measured to the same 

angle. A desired area ratio oan be calculated by 

varying the height of the oenter of gravity (KG) 

of the unit. When this calculation is'oarried out 

for a range of wind directions, an allowable KO 

value for each wind orientation can be obtained. 

The critical orientation is then determined by the 

Fig. 3 Mathematical Models of the Three Units 
used for Static Stability and Motion 
Calculations 

allowable KG value that is the smallest for a 

given draft. 

This static stability calculation was carried 

out for all three units at two drafts: survival 

and operating, and two area ratios: 1.0 and 1.3. 

The wind speeds used in calculating the wind 

forces and heeling moments were 100 and 70 knots, 

respectively. The minimum area ratio of 1.3 is 

the standard ABS Rule requirement for semlsub-

mersibles. In this study, when the area ratio of 

1.3 did not provide a positive 0M, the allowable 

KG was lowered so that the additional requirement 

of positive GM was met. Shown in Figures 4, 5 and 

6 are the resultant statio stability curves at the 

required area ratios in the survival draft for the 

three units under consideration. 

From the statio stability calculation, 

findings indioate that a reduction of draft is 

acoompanied by an increase of the maximum righting 

arm value and the range of positive arm. The 

increase in these values may be attributed to the 

emergence from the water surface of one end of a 

pontoon at the shallow survival draft condition, 

resulting in a greater lateral shift of the oenter 

of buoyancy and a large inorease in righting 
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moment. Furthermore, the righting arm at the 

shallower draft oondltlon inoreases more sharply 

than that for a deeper draft as the unit 'heels 

beyond a certain angle from its upright position. 

The sharp increase 'óf' the righting arm results in 

more nonlinear stability curve, with respect to 

ib-ro tt-oa sV-oo ib-oo <k-oo tÇTï 
HEEL ANGLE (DEGREES) ' " 

WIND=100KN, DRAFT=57.4', KG»77.60', 
ORIEN.=-30.0?, AR=3.075, GM=0.0' 

Pig. 6 Static Stability Curves for the 1-Column 
Rig (Survival Condition) 

the heeling angle, in the range from zero to the 

maximum righting arm heeling angle. Thé effeot of 

draft on the shape of the stability curve can be 

better illustrated by the 8-column unit when its 

stability curve at the 95 foot operating draft is 

compared to that of the 70 foot survival draft 

(top and bottom, respectively, of Figure.1). 

The larger righting arm eitehr by increasing 

GM or by lowering draft implies that the unit 

would have a smaller static heeling angle (first 

intercept angle) in a steady wind. On the other 

hand, the increase of the righting arm tends to 

reduce the resonant period of rolling motion of 

the unit, in some cases, shifting it closer to the 

period of wave peak energy in a seaway. As a 

result, the dynamic rolling motion may be 

increased due to the increases in wave exaltation 

and dynamio magnification. Thus, this is an 

indication that the overall stability of MODU'a 

should, be assessed by both the static 

oharaoterlstios and the dynamic motion of the unit 

using a realistio environmental condition of wind, 

waves and current. 

.3. MOTION CORRELATION 

The correlation of calculated semisubmersible 

motions in waves with model test data was 

performed to verify and to calibrate the 

computational procedure with the appropriate 

hydrodynamio coefficients. In computing the 

motions of the unit, the semisubmersible was 

described as a space frame assembly of slender 

members as shown in Figure 3 for all the three 

units under consideration. The members of the 

unit were assumed to be widely separated, thus 

hydrodynamio Interference between members was 

assumed to be negligible. The members were also 
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assumed to have small cross-sectional dimensions 

In comparison to the wave length, and the 

hydrodynamlc forces were calculated using the 

Morlson equation. In the correlation study, the 

added mass coefficient and the drag coefficient 

varied, in order to investigate the effects of the 

coefficients on the motion calculation. It has 

been found that for the wave period up to 24 

seconds in full scale, the change of drag 

coefficient has little lnfluenoe on the motions, 

except in the vicinity of the natural period of 

heaving motion. By changing the added mass 

coefficient, only the natural period of heave is 

altered, while the effects of added mass 

coefficient to other motions are not as 

noticeable. Shown in Figures 7 and 8 are the 

correlations for heave and roll of the 8-oolumn 

unit. 

Overall, good correlation of calculated and 

experimentally measured motions was achieved when 

an added mass coefficient of Î.90 and the drag 

coefficient of 0.75 were used in the . analysis. 

Similar procedures were used for the 6- and 

t-column units, producing satisfactory cor­

relation. 
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Fig. 8 Effeots of Added Mass Coefficient on 
Heave Motion of the 8-Column Rig 

1. DYNAMIC MOTION ANALYSIS 

. A nonlinear time domain simulation [4] was 

performed to analyze the response of the three 

semisubmersibles to waves and other external 

exciting forces such as wind, current and mooring 

using the idealized models in Figure 3. In the 

simulation, the nonlinearities due to viscous 

damping, mooring restoration and wave forces are 

taken into account. The motion in six degrees of 

freedom is computed at each time step. In 

addition the DF-distance, which represents the 

vertical distance between the DF-point and the 

instantaneous water surface, is also calculated. 

Some of the results from the dynamic motion 

analysis are given below. 

1.1 Croup Waves and Subharmonlo Motion 

The difference In the dynamia behavior of the 

three units in group waves were investigated in 

the study. For the three units, the effeot of 

group waves causes greater heel and smaller 

DF-dlstance compared to irregular Waves that were 

considered in the analysis. ' However, only the 

responses of the 8-oolumn unit subjeoted to the 

group waves are shown here In Plgure 9 for 

illustration. It should be noted that the wind is 

applied instantaneously to a full speed at the 232 

seconds time step in the simulation. 

In the condition of large amplitude waves, 

the time-domain simulation showed an unusually 

large nonlinear roll motion of the unit. This 

large nonlinear motion is subharmonlo in nature 

and Its response frequency is one-half the wave 

exoiting frequency. ' This subharmonlo motion is 

predominantly caused by nonlinear, time variant, 

restoration charaoteristios of a unit in waves 

under the conditions of low CM and shallow draft, 

e.g. Figure 10. 
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the unsteady wind previously described. Results 

for the random sea alone and the latter combined 

with unsteady wind are also displayed in 

Figure 11. 
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Fig. 10 Subharmonic Roll Response of Semi-
submersible 

1.2 Unsteady Hind Effect 

A few preliminary calculations to study the 

effect of unsteady wind on platform motion were 

performed using the time domain simulation for the 

8-column unit. The wind forces used in this 

analysis were assumed to be proportional to the 

square of the instantaneous wind velooity 

consisting of the sum of a mean wind and a time 

varying component. The steady wind heel oompbnent 

was computed based on the exposed area and a 100 

knot wind. the time dependent component was 

simulated by using the Simiu-Lelgh wind spectrum. 

The rolling motion of the unit subject to the wind 

Just described is shown in Figure 11. 

The rolling motions of the 8-oolumn unit, were 

also calculated for . a random sea of 15-feet 

significant height and modal period of 16.5 

seconds, and the combination of random sea with 

ESS. 

1 1 

M d! 

Fig. 

g g • MW^toAlV|H>^'vv^^^AYM^ 

Unsteady Wind and Random Waves Combined 

11 Time Histories of Roll Motion for the 
8-Column Unit Subjected to Three 
Different Environmental Conditions 

It is apparent from Figure 11 that wind 

unsteadiness can have an appreciable influence on 

the motion response of a semisubmer3ible in heavy 

sea conditions. Under certain conditions, the 

unsteady roll caused by unsteady wind can equal 

that caused by the waves. Also, the unsteady 

wind-induced roll oan equal the steady roll caused 

by the mean wind. 

It is also to be noted that most of the 
\ 

available data on wind unsteadiness is based upon 

studies of wind over land 151 • The applications 

of such studies have been concerned principally 

with land structures such as tall masts and high 

rise buildings, all of which have relatively high 
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natural frequencies of response. Consequently, 

the emphasis has been on the high frequency end of 

the speotrum. Moored offshore platforms, on the 

other hand, respond to low frequencies, in the 

range of 0.01 to 0.10 Hz and this part of the Wind 

spectrum applicable to the study of ocean struc­

ture in a seaway has not been adequately studied. 

4.3 Effects on DF-distance Due to Wind. Wave, arid 
Current 

'.-. A 70. knot wind, 50 foot, 11 seoonds regular 

wave and 2 knot ourrent were applied oolinearly to 

the units to oonfirm the oritioal orientation 

determined from the statio stability analysis. 

Various combinations of wind, waves and current, 

were used in the analysis, while the heading 

angles were varied from head to beam seas. For 

eaoh heading angle, motions and DF-dlstance at the 

oritioal downfloodlng point were calculated. The 

results were particularly interesting as they 

showed that the oritioal orientation angle 

determined from the statio stability analysis is 

in good agreement with that from the motion 

simulation for oases of wind and waves alone and 

oomblned. However, for the case where current is 

applied in combination with wind and wavesi the 

oritioal orientation may vary from that calculated 

in the statio stability analysis. 

From, the analyses, it was found that the 

effect of current aoting in the same direction as 

wind and waves, acts to stabilize the unit. The 

effect of current acting opposite to the wind and 

waves was hot studied in depth. A few seleoted 

oases with opposing ourrent were.done and resulted 

in the expeoted trend opposite to that for ourrent 

aoting in thé same direction as wind and wave. 

The'effect of current from a direction other than 

the wind and waves,' • needs . to be further 

investigated. 

1.4 Mooring Effeot 

To asoertain thé effeot of the mooring system ' 

on the dynamic transient motion of 'the units 

subjeot to stepwise impulsive winds, several oases 

were Investigated 'at the operating draft In 

combinations of a 70 knot wind, waves and a 2 knot 

ourrent. Given, these conditions the units were 

studied using no moorings and Using moorings with 

the fairleads varied in the vertloal position. 

When the 8-column unit is moored in a 100 

knot wind with an eight point mooring arrangement, 

the stability of the 8-oolumn unit is slightly 

improved when oqmpared to the freely floating case 

in the sense that the transient DF-diatanoe at the 

oritlpal downfloodlng point for thé moored esse is 

slightly larger . than that of the freely floating 

.For the case of wind only, the effeot of 

ohanglng vertioal fairlead looation on the 

DF-distance at the oritioal downfloodlng point is 

small for the three units. For the cases of 

oolinearly applied wind-wave and wlnd-wave-

ourrent, the effeot of fairlead looation on the 

DF-distance becomes significant for the three 

units. 

5. CORRELATION OF STATIC STABILITY AMD DYNAMIC 
MOTION r ' : 

In order to. .explore the. possible 

relationships between lntaot statio stability and 

dynamió motion results, the condition under whloh . 

the statio stability was calculated, was simulated 

in the time domain simulation with a KO determined 

by the 1.0 area ratio In thé statio stability 

analysis and zero drag coefficient in the equation 

of motion, wherein the DF-distance was analyzed. 

A 100 knot stepwise wind was applied in the time, 

domain simulation for the three units freely 

floating at the survival draft. Time histories 

under this condition are given in Figure 12, for 

the 8-column unit. 
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The 8-column unit has a positive GM In the 

above desorlbed condition and a positive Initial 

slope of the righting moment curve (Figure 4), 

indicating initial stability. For this condition, 

the DF-dlstance nearly reaches zero under the 

stepwise wind, as can be seen from Figure 12, 

implying that the. time domain simulation cor­

roborates classical statio stability theory. It 

is therefore conceivable that the additional 0.3 

area ratio for the unit operating at a KG 

determined by the required 1.3 area ratio 

represents a 30 percent safety margin to aooount 

for disturbances other than wind. It should also 

be notioed that in addition, to the safety margin 

required by the stability oriteria, there is some 

residual stability embodied in the stability 

calculation since,, in reality, there exists 

dissipation of energy associated with the motion 

of the dynamic system, and the wind force used in 

the stability calculation is not felt 

Instantaneously. 

Similar correlation studies were also per­

formed for the 4- and 6-oolumn units, which have 

an initial negative GM value operated at KG values 

determined by the 1.0 area ratio. For these 

units, correlation between the time domain results 

and the statio stability analysis are also 

obtained as in the case of the 8-column unit. 

When the KG of the 4- and 6-oolumn units are 

modified to have a zero GM, the area ratios become 

3.075, and 1.376 respectively, at the survival 

condition. Even though these units meet the ABS 

stability requirement, and the time domain 

simulation shows no occurrence of downflooding in 

a 100 knot wind, condition, the meaning of these 

area ratios in terms of safety margin beoomes 

unclear and not readily quantifiable. This is due 

to the fact that the dynamio responses of 

different units in. a seaway are not the same, as 

discussed, in previous aeotions. 

6. CONCLUDING REMARKS 

Major findings of thé pilot study, which were 

disoussed in the preceding sections and are fully 

reported in Reference 16 J, are reiterated here: 

- It has been shown through the correlation 

with model tests that the dynamio motion 

analysis prooedure provides, a reasonably 

aoourate prediction of semisubmersible 

motion in waves. 

- Characteristics of the statio curve, 

particularly the extent and location of the 

change of slope, provide input to the 

understanding of a semisubmersible's statio 

and dynamio behavior. The important 

parameters of thé unit affecting the shape 

of the righting arm curve are GM, draft, 

column height, pontoon length, and pontoon 

separation, which directly affect the 

likelihood of pontoon emergence as the unit 

inclines. 

- Large nonlinear motion and subharmonlo 

motion in waves were observed in the time 

domain simulation of units having GM values 

approaching zero and relatively shallow 

drafts, when the variation in the time 

dependent restoring coefficient beoomes 

significant in waves. 

- Hind unsteadiness can have an appreciable 

influence on the motion response of a 

semisubmersible platform in storm con­

ditions. 

- Applying current colinearly with wind and 

waves tends to stabilize the unit. 

- Mooring effects on the transient maximum 

motion and DF-dlstance of MODU's subjected 

to stepwise wind and/or waves are 

insignificant. However, mooring effects on 

steady and slow varying motions can be 

significant. 

7. FUTURE WORK 

Correlation between stability and the effects 

of steady forces of the environment such as 

current and steady wind is, and has been, 

established. In addressing the effects of 

fluctuating forces of waves and wind gusts 

separate from, yet accounting for, the effects of 

steady foroes, it may be possible that 

semisubmersible stability characteristics can be 

identified and quantified with an acceptable 

degree of confidence permitting evaluation of 

existing stability criteria. This being 

accomplished, a rational stability criteria can 

also be formulated which will provide uniform 

margins of safety. 

In order to reach this ' goal, a more 

comprehensive study to reassess and to oonfirm the 

existing oriteria is necessary. This study should 

lnolude at least some definition and evaluation of 

pertinent parameters of the environment, 

prediotlons of stability and motions for a para­

metrio series of a generio semisubmersible, and 

correlation of calculated dynamio motions with 

model test results, in particular, to oalibrate 

analytio predictions of large nonlinear motions. 

The future study should also lnolude the analysis 

of semisubmersible stability in a damaged con­

dition, beoause this condition can be more 

critical than the intact condition in determining 

the unit's needed overall stability. 
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STUDY ON DYNAMIC RESPONSE OF SEMI SUBMERSIBLE PLATFORM 
UNDER FLUCTUATING WIND 

K. Ikegümij Y. WatRnabej M, Mateuurn 

ABSTRACT 

Experimental invest igations into the s t a t i c and 

dynamic wind loads on a semisubmersible platform of 

1/55 scale model «ere made by use of a large wind 

tunnel with measuring section 10 m x 3 m and f luc­

tuating wind generator.-. Based on the t e s t r e s u l t s , 

dynamic responses in waveB and fluctuating wind 

were predicted by use of a time domain simulation 

technique. I t i s . shown that the fluctuating wind 

induces low frequency motion which should be care­

fu l ly considered for the safety operation of a semi-

submersible platform. 

1 . • INTRODUCTION 

Safety operation of à semisubmersible platform 

under, severe environment has been one of the most 

important concerns in the course of the design, 

s ince disasters of some semisubmersible 'platforms 

occurred consecutively in th i s decade. Hind load i s 

one of the most inf luent ia l factors to be considered 

for i t s safety and r e l i a b l e operation in rough 

s e a [ l i . , ; . . 

In the rules and regulations of the c l a s s i f i c a ­

t ion s o c i e t i e s and governments, the wind load, i s an 

only environmental force for assessment of s t a b i l i t y 

of semisubmersible platform and represented as the 

steady external force[2) . However, wind load i s 

composed of not only steady component but also 

fluctuating one. ' This fluctuating component has 

s ign i f i cant e f f e c t . on dynamic response of semisub­

mersible platform, when the natural frequency of i t s 

motion i s close to the frequency of fluctuating 

wind [ 3 ] . Therefore, accurate prediction of f luctu­

ating component of wind load i s considered to be of 

primary importance for evaluation of dynamic 

response, and consequently - assessment of safety 

operation of semisubmersible platform. 

With these points as background, an attempt was 

made to, c lar i fy the characterist ics of s ta t i c and 

dynamic wind loads acting on a semisubmersible plat­

form by wind tunnel t e s t . And based on the tes t 

r e s u l t s , some computational studies were performed 

to predict dynamic response of a semisubmersible 

platform in waves and fluctuating wind by use of a 

time domain simulation technique. 

2. STATIC WIND LOADS 

In order to Investigate into the characteris­

t i c s of s t a t i c wind loads on semisubmersible plat­

form, wind tunnel t e s t was carried out in the 

multi-purpose wind tunnel in the Nagasaki Technical 

Inst i tute of Mitsubishi Heavy Industries. This 

f a c i l i t y i s of blow-down type with a tes t section 

measuring 10 m x 3 m and capable of producing wind 

of up to 28 m/s in speed. 

2.1 Wind Tunnel Test 

The wind tunnel t e s t was conducted with a large 

scaled model, 1/55 in scale , of a 2-lower hul l /8 -

coluran type semisubmersible platform. Its principal 

particulars and side view are shown in Table 1 and 

Fig. 1, respect ive ly . 

The scheme of measuring arrangement in the wind 

tunnel i s shown in Fig. 2. The model i s mounted on 

the model attitude mechanism controlled by stepping 

motor for heel , trim and yaw angle in the water 

tank. By use of this apparatus, changes of t e s t 

conditions can be rapidly accomplished. 

The shear flow prof i le of wind i s simulated by 

shear flow generator composed of a series of pipes 

ins ta l l ed across the wind tunnel nozzle. The wind 

Table 1 Principal particulars of model 
of semisubmersible platform 

Items Model Prototype 

Length Overall 2.091 m 115.0 m 
Length of Main Deck 1.364 m 75.0 m 

Breadth Oraal 1.384 m 75.0 m 

Height to Main Deck 0.691 m 38.0 m 

Draft 0.384 m 20.0 m 

Displacement 194 kg 33120 ten 

Reference Area 0.495 m» 1497 m> 

Metacentric Height 0.082 m 2.87 m 
Gyra te : Roll (K<,/L> 0.457 0.457 

Natural Period : Sway 13.2 sec 98 sac 

.RoH 7.3 sec Msec -



Flg.1 «ode I of semi submersible platform 
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Fig.2 Test arrangement of s t a t i c wind load t e s t 
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Fig.3 Wind prof i l e a t s t a t i c wind load t e s t 

prof i le i s shown in Fig. 3, and closely coincides 

with the prof i l e specif ied by the regulations of 

the c l a s s i f i c a t i o n s o c i e t i e s [ 4 , 5 ] . 

3.2 Test Résulta 

In this paper, we r e s t r i c t ourselves to the 

presentation of drag force, l i f t force and over­

turning moment about horizontal axis at the water-

l i n e . ": . ' 

In ar<|er to examine the e f fec t of Reynolds 

number on the wind loads, the tes t s were conducted 

varying the wind velocity in the range, from 4 m/s to 

24 m/s (Reynolds number based on the corner column 

diameter = 0 . 5 x 10?'~ 2.9 x i O 5 ) . ' The 'test resu l t 

i s ' shown 4-h f^9» 4 for the case of 'longitudinal 

wind direct ion. I t i s observed that Cj), Ô  and 

G|̂ p remain hearly: constant;' arid the e f fect óf 

Reynolds number 'on ' 'the wind 'loads i s small 

as already noted in reference [61. 

The polar plots in Fig. 5 indicate the effect 

of wind direction on wind loads. In the longitudi­

nal and transverse direction of the. platform, I t i s 

said that the Cn becomes smaller due to the shield­

ing e f fect of coijmns and braces. In the diagonal 

d irect ion, the projected area of main deck, derrick 

and so on become larger so that the Crj becomes 

greater. The C-^ tends to be larger in the wind 

direct ion range from 180 degrees to 360 degrees. Hie 

change of the CHp to wind direction i s comparatively 

small, where a fixed value of frontal projected area 

A i s used. 

The change of wind loads due to. the inclination 

angle of platform i s shown in Fig. 8. The 

Cj, tends to increase remarkably as the inclination 

angle becomes larger, since the l i f t force i s 

generated from the difference of pressure between 

upper side and lower side of main deck. 

Although the CQ and Cj, increase as the incl ina­

tion angle becomes larger, the Ĉ p increases with 

increasing angle of incl ination up to about 10 de­

grees, and decreases thereafter. The fact occurs, 

probably because the center of wind pressure on tJie 

deck sh i f t s downwind according to the posit ive 

inc l inat ion . 

At present, estimation of wind loads on semi-

submersible platform i s generally made by use of the 
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Fig.4 Effect of Reynolds number on wind loads 
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F i g . 6 . E f f e c t o f I n c l i n a t i o n a n g l e on wind l o a d s 

procedure proposed by the American Bureau of 

Shipping (ABS) and the Det norske V e r i t a s (DnV) [ 4 , 7 ] . 

Thus, a s shown i n F i g . 6 , comparisons are made 

between thé r e s u l t s of wind tunnel t e s t and the 

r e s u l t s e s t i m a t e d by r e g u l a t i o n s of ABS and DnV. I t 

i s observed t h a t the ABS and DnV procedures y i e l d 

g r e a t e r CQ and Cjjp v a l u e s than t h o s e from the p r e s e n t 

wind tunne l t e s t . Discrepancy between them 

i n c r e a s e s w i t h i n c r e a s e of i n c l i n a t i o n a n g l e . 

'Ill6 d i f f e r e n c e of C^p w i t h i n c r e a s e of i n c l i n a t i o n 

a n g l e may be due t o the d i f f e r e n c e of p r e s s u r e d i s ­

t r i b u t i o n on the main deck [ 8 1 . t h e r e f o r e , i t i s 

n e c e s s a r y t o c l a r i f y the c h a r a c t e r i s t i c s of p r e s s u r e 

d i s t r i b u t i o n on main deck for a c c u r a t e e s t i m a t i o n , 

o f wind l o a d . 

• ' • . , . • • • ' • ' " " • ' • ' . • • > - ' . • • ' • • ' ' • 

3 . DYNAMIC WIND LOADS 

3.1 Wind Tunnel T e s t 

In order t o i n v e s t i g a t e ; into the c h a r a c t e r i s ­

t i c s of dynamic-wind l o a d s , the wind tunnel t e s t was 

c a r r i e d out under s i n u s o i d a l and random f l u c t u a t i n g 

w i n d s . The scheme of measuring arrangement i s shown 

i n f i g . 7 . A new type of g u s t generator wi th damper 

was i n s t a l l e d a t the both s i d e of wind tunnel n o z z l e 

for g e n e r a t i o n of f l u c t u a t i n g wind v e l o c i t y . The 

damper i s composed of t h e many p l a t e s a u t o m a t i c a l l y 

c o n t r o l l e d t o change the s e c t i o n a l area of wind tun­

n e l n o z z l e . Various k inds of f l u c t u a t i n g wind, 

s i n u s o i d a l and random, can be generated by use of 

computer c o n t r o l s y s t e m . 

Examples of f l u c t u a t i n g wind v e l o c i t y measured 

a t some p o i n t s are shown i n F i g . 8 having uniform 

proper ty i n s p a c e . The phase a n g l e s obta ined from 

the measured r e s u l t s of s i n u s o i d a l f l u c t u a t i n g wind 

a t three p o i n t s i n main f low are p l o t t e d as a func­

t i o n of reduced frequency f r /V i n F i g . 9 , where r i s 

Fluctuating Wind 

Load Cell 

f K ^ .-Coll Spring 

.Load CeB 

-• Steel Frame 
y LUdu yen / \ 

: Pulse Motor ' Coll Spring Water Tank 

F i g . 7 T e s t arrangement of dynamic wind load t e s t 

Sinusoïdal Wind 
Vä5 8n>/s,fi5(l3Hz 

0 10 20 30 40 50 

Time (s) 
0 10 20 30 40 bO 60 

Time (s) 

F i g . 8 Samples of r e c o r d s of f l u c t u a t i n g wind 

60°r • • • 

O Phase Lag between © and © 

• Phase Lag between © and © 

Taylor's Hypothesis 

0.05 0.1 0.15 

fr/V 

F i g . 9 Phase c h a r a c t e r i s t i c s of f l u c t u a t i n g wind 

the'''''distance between two p o i n t s . A s t r a i g h t l i n e 

i n d i c a t e s the phase based on the T a y l o r ' s h y p o t h e s i s 

for na tura l wind. I t can be confirmed t h a t the 

f l u c t u a t i n g wind generated i n the wind tunnel has 

a lmos t the same phase proper ty as t h a t of natura l 

wind. . 

3.2 Test Results 

When a body is in wind having steady component 

V and fluctuating one u(t), wind load can be des­

cribed as follows, based on an assumption that u(t) is 

much smaller than V. 

.F = 1/2 PaV
2CA + pau(t)VC*A (1) 

where the first term is the steady wind load, and 

the second term is dynamic wind load due to fluc-

- 7V -
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Fig.13 Power spectrum of dynamic drag and 
cross spectrum betwoen dynamic drag and 
fluctuating wind 

tuating wind component. 

Dynamic wind load coefficients obtained in 

sinusoidal fluctuating wind test by use of the 

formula (1) are shown in Fig. 10 as a function of 

reduced frequency. "Die aerodynamic transfer func­

tion obtained as mean line from these results is 

shown in Fig. 11 for various test conditions. It is 

shown that the dynamic wind loads decrease with in­

creasing reduced frequency, and this tendency is 

independent of the inclination angle and wind direc­

tion. The cause for the tendency is considered as 

follows. , 

. (1) Phase lag of aerodynamic force on each point : 

There exists the phase lag of the aerodynamic 

force', on each .point on the platform; which is due 

to the phase lag of fluctuating wind, and is in 

proportion to reduced frequency fL/V. 

(2) Damping of amplitude of fluctuating wind and 

reduction of coherency : 

Once the fluctuating wind acts on the front of 

the model, the amplitude of fluctuating wind is 

'damped, and coherency is reduced because of breaking 

of wave profile. 

The power spectra of random fluctuating winds 

used in these tests are shown in Fig. 12 in compari­

son with the Karman type spectrum of natural wind. 

Wind B coincides with the Karman type fairly well. 

The power spectrum of dynamic wind load and the 

• S ' 

0.1 

0.01, 0.001 0.01 0.1 

f-L/V 

.S' 

0.01 

- Random Wind A 

- Random Wind B 

• Sinusoidal Wind 

" \ 

1. 0.001 001 0.1 

f-L/V 

Fig.14 Coeff icients of dynamic wind loads 
(Random wind) 

cross spectrum of dynamic'wind load and'fluctuating 

wind are shown in Fig. 13. 

The dynamic, wind load coef f ic ients obtained from 

the power spectrum of fluctuating wind and'the cross 

spectrum.of dynamic wind load and fluctuating wind 

are shown in Fig. 14. These figures also show that 

the dynamic wind . load decreases with increasing 

reduced frequency. 

4. SIMULATION OF DYNAMIC RESPONSE 

Based on the results of wind tunnel test above, 

some computational studies were performed on dynamic 

response of a semisubmersible platform under fluc­

tuating wind by use of a time domain simulation 

technique. 

- 7,z -



4«! Time Domain Simulation Method 

The equations of motions of a floating body 

moored in waves and wind are given as follows: 

6 . . . _ • 
Ï K M i j + »Hj)Dj + NijDj + Ne i j tDj - (Jj)IDj - U-jI 

+ Ci (D 1 t D 2 , . . . . D6) + Gi ( D j , D 2 , . . . . Dg)) 

- Fwi^t' + Fa l ( f c ' <2> 

(1 - 1 , 2 , . . . . , 6 ) 

i S u f f i x , r e p r e s e n t i n g mode of mot ion, 

i , j - 1 , 2 , . . . . , 6 . corresponding t o s u r g e , 

sway, h e a v e , r o l l , p i t c h and yaw, 

r e s p e c t i v e l y 

i T r a n s l a t o r y and angular d i s p l a c e m e n t s of 

body 

; Genera l i zed mass of body 

i Added mass 

i C o e f f i c i e n t o f wave damping 

i C o e f f i c i e n t of v i s c o u s damping 

: H y d r o s t a t i c r e s t o r i n g f o r c e 

i React ing f o r c e a r i s i n g from mooring 

sys tem due t o d i s p l a c e m e n t 

Dj i Mean v a l ue of o r b i t a l v e l o c i t y of water 

p a r t i c l e i n the d i r e c t i o n of the mode of 

motion 

F w i < t ) i External f o r c e due t o wave 

F a i < t ) • External f o r c e due t o wind 

The c a l c u l a t i o n method of e x t e r n a l f o r c e s due 

t o wind i s a s f o l l o w s . The wind v e l o c i t y V ( t ) can 

be r e p r e s e n t e d by; sum of the mean v e l o c i t y V and the 

f l u c t u a t i n g v e l o c i t y u ( t ) i I . e . 

i,j 

"ij 

mij 

"ij 

"eij 

Ci 

Gl 

V(t) - V + u(t) (3) 

and u(t) can be represented by use of power spectrum 

Su(f) of fluctuating wind as followst 

( 4 ) u ( t ) - J?\faSu(f)df c o s t 2 i t f t + e ( f ) l 

where 

e ( f ) t Random phase a n g l e between 0 and 2it 

External f o r c e s due t o wind are w r i t t e n as f o l l o w s : . 

C D i * 
F a l ( t ) - V ? PavSCniA + p a u( t )VC D i - : A (5 ) 

cDi 

(i - 1 ~ 3) 
CDi 

Eai(t) - 1/2 paV
2CDiAL t PaU(t)VCDi - ^ A L (6) 

cDi 

(i B 4 ~ 6 ) 

where Cni /CDi is aerodynamic transfer function in 

the direction of 1-th mode of motion. The dynamic 

response of body aan be. obtained by solving the non­

linear differential equations. (2) in time domain. 

The integration scheme; of thé equations óf motions 

adopted in the present analysis is the midpoint 

trapèëoidà}. method Idji! ' 
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Hydrodynamic f o r c e s a c t i n g on s e c t i o n of c y l i n ­

d r i c a l members are c a l c u l a t e d by U8e of the r e l a t i v e 

mot ion c o n c e p t b a s e d . o n .the .Morison's'. e q u a t i o n . •'••'. 

4 . 2 C a l c u l a t i o n R e s u l t s 

The/ p lat form i s assumed t o be moored by 4 s e t s 

o f l i n e a r s p r i n g , and 'the p r i n c i p a l p a r t i c u l a r s 

a f f e c t i n g the dynamic response are shçwn in Table 1 . 

r 73 -



The dynamic response of semisubmersible platform 

in random fluctuating wind i s shown in Fig. 15. It 

can be found that the large sh i f t in transverse direc­

t ion and low frequency sway and ro l l motions with 

frequency components c lose to the natural frequencies 

of motions are induced for a semisubmersible platform 

by fluctuating wind. 

The dynamic responses of semisubmersible p la t ­

form in composed external forces due to waves and 

wind are shown in Fig. 16, and the resu l t s of spec­

trum analysis are shown in Fig. 17. Two peaks of 

energy dens i t ies of motions are found in sway and : 

r o l l motions'. This indicates that the motion of a 

semisubmersible platform in waves and wind i s a , 

combined motion in high frequency range and low 

frequency range. Amount of peak in low frequency 

range i s much larger than that in high frequency 

range. The peak of the low frequency range i s due to 

not only the slowly varying wave drif t ing force but 

a l so the fluctuating wind. I t i s pointed out that, 

therefore, consideration should be given to the low 

frequency motion induced by fluctuating wind for 

safety operation of semisubmersible platform. 

5. CONCLUDING REMARKS 

The characterist ics of s t a t i c and dynamic wind 

loads on a semisubmersible platform and i t s dynamic 

response were investigated by wind tunnel t e s t and 

a numerical simulation. I t i s concluded that: 

(1) The characterist ics o f . s t a t i c wind loads on a 

semisubmersible platform' were studied experimen­

t a l l y . That i s , the e f fec t s of the Reynolds number, 

wind direction and incl inat ion angle of semi­

submersible platform on s t a t i c wind loads were 

obtained. 

(2) s t a t i c wind loads measured in the present wind 

tunnel t e s t s y ie ld smaller values than those 

predicted by the ABS and DnV procedures. Dis­

crepancies between them become greater with 

increasing inc l inat ion angle. 

(3) The dynamic wind load coeff ic ients on semi­

submersible platform decrease with increasing 
. reduced, frequency. 

(4) The low frequency motion i s induced for a 

semisubmersible platform by fluctuating wind, and 

consideration should be given to this motion for 

safety operation of semisubmersible platform. 
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NOMENCLATURE 

A - Frontal projected area above water 

(fixed value in the present test) 

C D « Drag coef f i c i ent 

C L - Lif t coef f ic ient 
CMP " Overturning moment coef f ic ient 

C D » Dynamic drag force coef f ic ient 
CL " Dynamic l i f t force coef f ic ient 
CMP " Dynamic overturning moment coeff icent 

be • Diameter of corner column 

f » Frequency of fluctuating wind 

L - Reference length (length of main deck) 

Re = Reynolds number (=VR.Dc/v) 

u(t) » Fluctuating component of wind veloci ty 

V •• Mean wind ve loc i ty 

V R - Flow ve loc i ty at the reference height 

a " » Inclination angle 

0 - Wind direction 

v " Air kinematic v i scos i ty 
p - Air density 

o) "Circular frequency 
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THE SEABRAKE 
A DEVICE FOR ASSISTING IN THE PREVENTION OF BROACHING - TO 

M.R. Renileon 

.1. ABSTRACT 

This paper describes how a broach 

in severe following seas can occur and 

shows that the ship being surged by the 

waves to approximately wave speed is a 

prerequisite for this to happen. 

In an attempt to prevent this 

• surging, a two stage drag device which 

is towed behind the ship has been 

developed. This device is described in 

detail and the results of towing tank 

experiments and a simulation study are 

given. 

2. INTRODUCTION 

! When travelling in following seas 

'.. there is a possibility of "broachinq-to" 

with its resultant loss of control and 

'danger of capsize (Ref; 1,2). The steep 

waves which occur over a bar etc. Will 

increase the risk of broaching at exact­

ly the moment at which precise direct­

ional control may be vital to the safety 

of the vessel. 

The research carried out on this 

phenomenon, by the author and by others 

. (Ref. 3, 4, 5, 6, 7) has shown that the 

dangerous situation occurs when the 

ship is accelerated to wave speed by a 

wave of ship length or greater. 

As concluded in (Ref.5) "Broachihg-

to" in following seas is caused by the 

ship being surged by the waves in such 

a way that it spends enough time in the 

longitudinal position in the wave where 

there is a laraer wave induced yaw 

moment than there is restoring moment 

available from the rudder." Thus, the 

ability to maintain a low speed and to 

prevent the large surging velocities 

which are responsible for a potential 

broaching situation is important. 

One means of increasing drag in an 

attempt to prevent this surging is to 

stream a sea anchor. Unfortunately 

this does not seem to help in 

practice and there is a school of 

thought which believes that this 

aggravates the situation. A possible 

reason for this is the sea anchor's 

lack of directional stability causing 

it to yaw violently when towed at 

speed. This initiates yawing of the 

vessel which may lead to a broach. 

Hence the search for a device capable 

of reducing the surging of the vessel 

without inducing yawing. 

DESCRIPTION OF THE SEABRAKE 

The seabrake has been developed 

over a period of about 10 years by 

Captain J. Abernethy, a charter boat 

operator in the Bass Strait. The 

early history of the project shows 

that Captain Abernethy developed a 

solid body cone, having spent 

considerable time to "determine the 

angle and shape required to provide 

sufficient drag. This cone shaped 

device proved unsuitable and further 

prototypes were developed until 

finally the cone with a hollow body 

shape with four panels cut out at 

the base of the cone with iead ports 

was found to operate reasonably 

satisfactorily. Further modifications 

were made which provided for the doors 

to be opened inwards to a pre­

determined opening actuated by a 

central shaft which was in turn pulled 

up by a central towing lug at the apex 

of the cone attached to a towing warp 

fixed to a vessel. 
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Figure .1. The Seabrake 

This resulted in a two stacre drag 

device which tracked well and which it 

was felt greatly improved a vessels 

down sea safety. (See appendix) ..' The 

speed at which the doors opened is pre­

set by a tension spring in the nose . 

cone.' ..•"•..'••,''•'..• 

4.'. TOWING TANK TESTS 

In order to quantify the force 

involved it was decided to carry out 

tests in the ship model towing tank at 

the Australian Maritime College (60m x 

3.5m x 1.6m deep - Ref. 8) on an 18" 

diameter Seabrake and an 18" diameter 

conventional sea anchor (Ref. 9). 

The Seabrake was towed at half the 

tank depth by a vertical steel rod 

connected to.a conventional ship model 

calm water dynamoeter (Figure 2) on a 

large self-propelled towing carriage. 

amum II 

Figure 2. Towing Rig 

The expected forces were much 

larger than those experienced with 

surface ship model experiments and 

so special springs had to- be man­

ufactured to take the loads. The 

dynamometer movement was measured 

by an LVDT and recorded using a pen 

recorder on the carriage. Three 

different springs were used with 

different spring constants and the' 

results were cross-checked. 

Approximately 30 to 60 minutes were 

allowed between runs to allow the 

water to settle'. 

For the tests using the Sea­

brake a 50mm x 10mm mild steel rod 

was used. At the highest speed run 

attempted (5m/s) this bent in its 

.own plane. . 

It was intended to use' the same 

towing rod for the sea anchor, how­

ever, due to the. sea anchor's 

violent lateral oscillations it 

bent sideways at a speed of 2.6 m/s. 

For this reason all the results for 

the Sea anchor were obtained using 

a heavier mild steel rod (75m x 

12mm). This finally bent sideways 

at a speed of 3.8 m/s. A number of 

results with each towing rod alone 

were obtained and thus the resist­

ance of the rod could be deducted 

from the total resistance to obtain 

the resistance of the Seabrake/sea 

anchor alone. 

Great care was taken to ensure 

that the orientation of the Seabrake 

remained constant throughout. One 

of thé stability ports was always 

at the top, and in this configur­

ation it showed no tendency to 

rotate. 

The tests showed.that.thé drag 

on the Seabrake with its doors 

closed is the smallest and that 

opening the doors increases this by 

about 70%. The drag on the sea 

anchor is greater still, however, 

it is important to note that this 

was accompanied by considerable 

lateral osciallations whereas the 

Seabrake tracked very well. The sea 

anchor also had a tendency, to rise 

to the surface while the Seabrake 

remained well submerged. From the 
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tests it was possible to conclude that 

the tracking ability of the Seabrake 

was far superior to the conventional 

sea anchor. 
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The comparison of the drag co­

efficients is given in Figure 3; This 

shows that the Seabrake in either 

configuration exhibits an almost 

constant drag coefficient (as to be 

expected from a streamlined body), 

however, the drag doefficient of the 

sea anchor is constantly decreasing 

with speed. The "two-stage" effect of 

the Seabrake can be clearly seen. 

V^ff 

.»•. 

Figure. 3. Drag Coefficient 

5. SIMULATION . ; 

As discussed in the introduction 

the prime purpose of the Seabrake is to 

prevent the ship from being surged in 

such, a way that it spends sufficient 

time on that part of the wave when the 

wave induced yawing moment is greater 

than restoring moment available from 

the rudder. 

This is best illustrated by 

figures 4 and 5 which are taken from 

reference 3. In these figures positive 

X| indicates a forward force on the 

model'for ' the wave and a positive 6 
,'•"•'.-' ';.':.-• •:.•••: • . . • • ' : equil 

required' indicates' à potential broach-.-.". 
ihq'situatiönV ' Ne'glectirig'heel angle 

is calculated from; 

where all the coefficients are taken 

to be functions of wave position and 

the values given are obtained from 

model experiments described in 

reference 3 (X/L'= 1.07 and X/h = 28) 

from figure 5 it can be seen that a 

positive 6equii exists for Ç = 0;6 

though Ç = 1.0 to Ç = 0/2. (Ç is 

the non dimensional distance from the 

wave crest to the stern shown in 

figure 6). It is important to note 

that the area of the wave with the 

largest required Ee u i l (i.e. the 

area most likely to initiate a 

broach), 0.75 < Ç < 1.00, corresponds 

to that with a positive forward 

force. . Hence it would be expected 

that the ship could spend consider­

able time in this region allowing 

large values of heading angle to the 

waves (a) to be built up thereby 

initiating a broach. This was 

investigated using a hybrid sim­

ulation technique and was found to 

be the principle cause of broaching-

to. (Ref. 4 & 5) . 

Figure 4. X! for Varying Ç 

Figure.5. 6 ... for Varying £ 
. equil . .. I • , '• 

,r 
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Figure 6. Schematic View Óf 
The Hull in a Wave; 
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Figure 8. Ç against time for vessel 
with seabrake being 
streamed doors closed. 

(Initial speed 2.5m/s) 

In birder to investigate the effect 

of the seabrake on the surging motions 

it was decided to set up a digital 

simulation based on the following 

equations:-

0 » X ,0» '+ (Xu - "J
0 + xç * xprop * "seabrake 

it [u•-. c] dt 

'•'.-. The simulation employed the 

classic step by step process and was 

carried out for a 9m long vessel in a 

9.63m long, 0.34m high regular following 

sea. Typical results showing the 

effect of the Seabrake in three differ­

ent modes (doors closed, doors open, 

doors set to open at 3.0m/s) are given 

in figures 7-10. 

\^jf f • ¥ y y v 

Figure 7. Ç .against time for vessel 

without seabrake 

(Initial speed 2:Sm/s) 

Figure 9. Ç against time for a 
vessel with seabrake 
being steamed - doors 
open. 

(Initial speed 2.5m/s) 

to tin (•> 

Mav« Cr«»t 

way« cr««k 

Figure 10. Ç against time for a 
vessel with seabrake 
being streamed-doors set-
to open at 3m/s. 

(Initial speed 2.5m/s) 

The'time.spent in the region 

0.75 < Ç < 1.0 plotted in figure 

ll against initial ship- speed for 

the four conditions tested; no sea­

brake, seabrake doors closed, sea^ 

brake doors open and seabrake doors 

set to open at 3.0 m/s. In each 

case the drag of the warp was 

neglected and the propeller thrust 

was assumed to remain constant at 

the self propulsion value. Initial 
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conditions for each simulation run were 

Ç = 0 (i.e. wave crest at stern) an Ü 

= self propulsion speed. 

X\m tptflt fn 
U» rtgton 
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Figure 11. Length of time spent in 
dangerous position for 
the four different 
conditions simulated. 

It can be seen from figure 11 that 

the length of time spent in the 

dangerous condition (0.75 < Ç < 1.0) 

decreases with decrease in ship self 

propulsion speed indicating a 

reduction in the possibility of 

broaching when speed is reduced. This 

is in accordance with the results of 

the full simulation carried out by 

one of thé authors and described in 

reference 4 and 5. It can also be 

seen that the streaming of a seabrake 

increases the ship self propulsion 

speed required to spend a given time 

in the dangerous condition for speeds 

other than low speeds when it is 

anticipated broaching will not occur 

in any case. Thus, it would seem 

reasonable to conclude that the 

streaming of a Seabrake in an 

irreqular following sea would reduce 

the tendency for the vessel to be 

surged by the waves into a situation 

when a broach could be initiated. 

CONCLUSIONS 

One of the prerequisites for a 

broach to occur in following seas is 

for the vessel to be' surged by the'" 

waves in such a way that it spends 

enough time in a position on the wave 

where the wave induced yaw moment is 

greater than the restoring moment 

available.from the rudder. 

A device which increases the 

drag of the vessel without inducing 

yawing motion has been described and 

it has been shown by means of 

simulation that this has the effect 

of reducing the time spent in the 

dangerous position in the wave. 

It is expected that this will 

reduce the tendency for a vessel to 

broach in an irregular following sea. 
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APPENDIX 

Trial 2 September 1985 (Chief Petty 

Officer G. Wilson) 

Vessel: Aust. Navy Torpedo Recovery 

Vessel "Tuna". 

Length 88' 

Displacement 100 tons 

Speed 12 knots (max.) 

Trial was conducted aboard vessel TRV 

"Tuna" under command of Chief Petty 

Officer QMG Wilson - offshore from 

Sydney Heads. 

(1) TRV Tuna was tasked with conduct­

ing trails on Seabrake on Monday 

2 September 1985. Tuna proceeded 

to sea at 0850 and thé following 

weather conditions prevailed: 

Wind - Force 7-8 (30 knots - gust-

ing to 40 knots) 

Sea State - 5-6 (2.5 to 4 metres) 

Swell - 2.5 to 3 mètres from 160° 

(2) Tuna was steering a course of 040° 

at speed 8 knots. The following 

observations were made: 

(a) Rolling through centre approx. 

20°+ 

(b) Yawing 20°+ to starboard of ' 

course 

(c) Using 25°-30° of port helm 

to maintain course. 

(3) Seabrake was streamed to approx. 

130ft through centreline fairleads 

and the following observations \ 

were made: 

(a) Rolling was damped dramatically 

to approx. 10° 

(b) Yawing was damped dramatically to 

7°-10° 

(c) Using 5° port helm to maintain 

course. 

10. NOTES 

Prior to streaming Seabrake, the 

TRV showed the alarming character­

istics of broaching, with a rough sea 

on a moderate swell on the starboard 

quarter. Excessive amounts of port 

helm were needed to counteract the 

broaching tendencies. 

On streaming Seabrake, the vessel 

"stabilised" significantly, with the 

helm being reduced to 5° or less and 

the sea riding qualities of the 

vessel becoming more comfortable." 
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THE SAFESHIP PROJECT - A BASIS FOR BETTER DESIGN 
CRITERIA AND STABILITY REGULATIONS 

H. BIRD Marine Directorate Department of Transport U.K. 
A. MORRALL British Maritime Technology Limited U.K. 

SUMMARY 1. INTRODUCTION 

Ship designers and approving authorities need to 

have guidance on what are acceptable safe minimum 

values of the stabililty properties for the many 

different types and sizes of ships. 

As in other branches of engineering, safety rules 

have grown up from cumulative experience of 

failures and in the case of ship stability such an 

entirely empirical approach has lead to simple but 

rather crude statical stability criteria which are 

of questionable value in assessing safety. 

The International Maritime Organization (IMO) known 

as the Inter-governmental Maritime Consultative 

Organization (IMCO) until 20 May 1982, has been 

working towards the development of "physical" 

criteria which would manifestly enable safety 

assessment relative to external forces and thus 

provide, for the first time, indications of safety 

margins. This is seen by IMO as a long-term, 

development. 

Considerable efforts have been made by 

Classification Societies over the years: to develop 

scantling rules based on theoretical and measured 

structural responses to sea loads. Because 

knowledge to predict dangerous rolling and capsize 

has not hitherto been available, development of 

adequate stability rules has lagged behind. 

Recent developments in ship hydrodynamics theory 

and experimental techniques also advances in 

computer technology have now made possible 

development of more realistic and effective 

stability criteria. 

The SAFESHIP project was a comprehensive programme 

of research using these modern methods to 

accelerate progress in achieving such better safety 

criteria in the foreseeable future and thus benefit 

both the shipping industry and the Department of 

Transport which has responsibility for such 

matters. , 

'This paper introduces the SAFESHIP project and sets 

the scene for this Conference. In doing so, it is 

first necessary to present sufficient historical 

information to place the project in the context of 

the existing criteria and why research is needed to 

advance our knowledge sufficiently to develop more 

realistic stability criteria. 

Until IMO Res. A167 and A168 were issued in 1968 

and incorporated respectively into the Department's 

Load' Line Rules in 1968, [1] and into the Fishing 

Vessels Safety Rules in 1975, [2] there was no 

official guidance to naval architects in this 

country on the minimum acceptable stability values 

for any type of ship. Naval architects therefore 

had to refer to text books or to what was available, 

in the Institution's Transactions, e.g. [3]'to [8]. 

Some countries had adopted Rahola's criterion which 

was published in 1939 [9]. 

The SAFESHIP project was conceived and formulated 

by the United Kingdom Intact Stability Working 

Group in the course of many and long discussions 

after the Group's formation in 1976. 

Apart from Court of Inquiry Reports which are 

published, and the wide casualty experience 

recorded in the Department of Transport files, 

there is also an extensive background to this 

research project which is documented in the 

literature of IMO. 

It is perhaps not surprising that when IMO 

commenced its work on ship stability in 1962 it 

should have followed Rahola's approach ' to 

.establishing suitable minimum parameters of the 

statical righting lever curve from an analysis of 

casualty data. The method adopted is well 

described by Nadeinski/Jens [10], and Thompson/Tope 

[11], and will not be covered in detail here. 

Essentially a comparison was made between a number 

of parameters of the statical righting lever curve, 
o 

such as GZ30 at the time of loss and for the same 

parameters in the homogeneously loaded arrival 

condition. 
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These data were presented as pillar diagrams, 
o 

Fig.l. In the case of GZ30 a dividing line was 

drawn, somewhat arbitrarily, at 20 cms, although 

some of the casualty sample had higher GZs. This 

may have been influenced ' by Rahola who also 

selected this value. Those with higher GZs were 

grouped under the heading of "excess stability or 

special circumstances" (e.g. cargo shift). 

In Rahola's criterion there was also some overlap 

between three classes of data described, 

subjectively, as adequate, critical, and 

insufficient. Fig.2. Rahola, himself, had 

reservations about proposing these standards for 

general use on the grounds, inter alia, of the 

!'unsuitabllity of the same standard stability arm 

curve both for large and small vessels". "A choice 

of a standard form for. the statical stability 

curve, so that it would suit both all sizes and 

types of. vessels, thus proves to be an 

unsurmbuntable difficulty". 

iFig.l Histogram of Righting Levers of Fishing 
' Vessels which suffered Stability Casualties 

(Based on IMO IV19 196S) 

• o***"."*«*« cm '• 

Fig.2 Histogram of Righting Levers of Vessels which • 
suffered Stability Casualties 

i • (Based on Rahola 1939) 

We might note the observation. in the 

Jjens/Kobylinski paper [12 J that "there is no 

[assurance that a ship satisfying the criteria 

iref erred to in this paper will, under all 

•.circumstances, be safe from capsizing. In the 

jstatistical analysis ah average line between 'safe' 

and 'unsafe' ships was drawn showing that a number 

of ships having stability parameters lower than 

recommended had . operated successfully over the 

years and some with higher parameters had 

capsized". Res. A167 warns Masters of their 

responsibilities for good seamanship. 

That safety from capsize is partly a question of 

seamanship as well as of good design is well known 

but in no way obviates the need for safe design 

criteria or assists us in formulating such 

criteria. The Master is limited.in the extent to 

which he can change the position of the ship's 

centre of gravity, by means of ballast or cargo, 

and he is furthermore dependent on guidance from 

.the ruiyal architect regarding safe.upper limits. 

The IMO Sub-Committee was well aware in 1968 that a 

considerable amount of research would be needed to 

provide a satisfactory basis for the improved 

criteria and information on systematic model 

experimental programmes was requested and has been 

continuously exchanged. 

2. UNITED KINGDOM BACKGROUND 

There have been quite a number of public inquiries 

into stability related losses during the last 25 

years or so. A few. of the most - important ones 

being ARCTIC VIKING (1961), ARDGARRY (1962), SAREVA 

(1963), BOSTON PIONAIR (1965), ROSS CLEVELAND, 

ST. ROMANUS and KINGSTON PERIDOT (1968), 

LAIRDSFIELD (1970), BURTONIA (1972), GAUL and 

TRIDENT (1974), LOVAT (1975). 

The most significant of these was the GAUL, a large 

stern trawler which disappeared with a crew of 36 

on 8 February 1974. The Court of Inquiry [13] 

concluded that "she capsized and foundered due to 

taking a succession of very heavy seas on her trawl 

deck" - water trapped on deck, quartering seas and 

broaching in following seas were also considered as 

possibilities. Loss of stability due to flooding 
i • • • • 

'of the factory deck was also'considered. The Court 

recommended the Department to. carry, out further 

investigations "with a view to promoting greater 

safety". 

"The Department consequently commissioned an 

extensive programme of model experiments which were 

carried out at the National Maritime Institute, (now. 

part of British Maritime Technology Ltd). These 

were carried out in various experiment tanks and in 

Jthe open waters of the Solent during the. period 

(1975 to 1977.] • The project was fully reported in 

^ 1 4 ) . 

The stability characterisitcs of the GAUL complied 

with IMO Res. A168 with a substantial margin but 

nevertheless it required a consideraMe amount of 



research to establish under what sea conditions 

such a ship could capsize. Compliance with 

Res. A168 provided no indication whatsoever of the 

degree of safety in adverse sea states. 

2.1 Fishing Vessel Safety 

As a consequence of the loss of several deep sea 

trawlers in 1968 a Committee of Inquiry [15] was 

set up to review all aspects of fishing vessel 

safety, thus covering both design and operation. 

The RINA paper "Fishing Vessel Safety" by J.H. Cox 

[16] describes how the recommendations of the 

Committee resulted in the introduction of Fishing 

Vessel (Safety Provisions) Rules 1975. 

Two years later, in 1977, IMO held an International 

Conference on Safety of Fishing Vessels at 

Torremolinos. 

.Although these efforts did hot result in a greater 

awareness of the need to develop realistic 

stability criteria, we are still in the situation 

described by the Norwegian "Safety Commission for 

the Fishing Fleet" in its report in January of this 

year: "the accident statistics for the fishing 

fleet continue to show an increasing number of 

founderings with loss of life". "Large vessel 

motion is a major cause in all types of injury to 

crews", and vessel "capsize" must be considered the 

most dangerous cause, since the majority (62.5%) of 

lives lost at sea are due to this cause". 

3. INTERNATIONAL MARITIME ORGANIZATION 

As a result of the Recommendations in Annex D to 

the 1960 Safety of Life at Sea Convention the IMO 

Sub-Committee on Subdivision and Stability was 

formed in 1962. Recommendation 7 in particular led 

to the studies subsequently carried out to achieve 

international standards for ship stability. 

An excellent review of this Sub-Committee's 

activities was given in the Tokyo "Stability 82" 

conference paper by Jëns/Kobylinski [12]. As 

stated there "-it was recognised that the 

development of international stability, criteria : 

needs to take account of external forces affecting 

ships in a seaway and also that this would be a 

!very long-term project".. 

•. i 

In order to make available usable criteria in the 

short term the Sub-Committee ' decided that "as a 

first step simple stability criteria applicable to. 

ships under 100m in length should be formulated" 

[17].' .These were • to be based on an analysis of 

. 'casualty data. 

For longer-term development of improved criteria 

the Sub-Committee agreed [18] "to continue studies 

on ships' stability, paying particular attention to 

the effect of external forces and of variations on 

displacement on stability with a view to developing 

improved stability criteria". With this proviso 

the "Recommendation on Intact Stability for 

Passenger and Cargo Ships under 100 metres in 

Length" and "Recommendation on Intact Stability of 

Fishing Vessels" were referred to the Maritime 

Safety Committee for endorsement in 1967 and issued 

as IMO Resolution A167 and A168, respectively, the 

following year. 

The "improved stability criteria" were to be based 

on comparison of the heeling moments due to 

external forces and the ship's righting moment 

[12]. As a first step in this direction the IMO 

Sub-Committee formed the "Joint Ad Hoc Group for 

the Study of External Forces Affecting Ships" 

(Chairman Prof G.J. Goodrich). This group had its 

first meeting in 1968 and functioned until 1973. 

Having completed its task as far as it could, the 

problems of preparing the "improved stability 

criteria" were passed over to a new Ad Hoc Working 

Group on Intact Stability which was formed in 1975 

after a preliminary meeting in 1974. 

4. IMO WORKING GROUP ON INTACT STABILITY 

4.1 Brief history 

The IMO Working Group has worked progressively 

towards both short-term and long-term improvements. 

The short-term efforts were directed to immediate 

problems such as presented by offshore supply 

vessels whose characteristics usually made 

compliance with Res. A167 impracticable, stability 

of ships in lightly laden and in ballast 

conditions, angle of vanishing stability (for good 

reasons not included in Res. A167 or Res. A168) and 

to the development of a weather criterion. There 

has also been much discussion about what to do. 

about the dangers of following seas but without so 

far any conclusive results. 

Until now the IMO work can, therefore, be seen as 

consisting, on the one hand, of progressive 

extensions to Res. A167, with all its uncertainties 

and on the other, towards development of "physical" 

criteria. ' 

The IMO Working Group has proved to be an extremely 

useful form for discussing ship stability but, 

because . of the complex nature of the subject, 

progress has unavoidably been rather slow. 

I 



4.2 Main tasks 

In 1975 the IMO Working Group, Chairman H. Bird 

(presently Dr. Rakhmanin of USSR), was given both 

the long-term task of developing the improved 

criteria and the more immediate problems such as 

those associated with the developing offshore 

industry. The latter were usually solved by 

adaptations of Res A.167 [19]. 

It was agreed that the means to progress its work 

were by use of theoretical and model simulation and 

detailed study of particular casualties. Various 

delegations to IHO provided information on model 

experiments, usually related to casualties. 

Since Res. A167 was developed for ships up to 100m 

in length and intended mainly for the load . 

condition there was considerable debate as to how • 

its application could be extended to larger ships 

in light or ballast conditions. 

Other matters debated in addition to the stability 

of offshore supply vessels were the range of 

positive stability, stability in following seas and 

in breaking waves and the stability of pontoon 

barges. 

Due to difficulties of progressing the long term 

more fundamental programme it was decided, as an 

interim solution, to develop a weather criterion. 

This took several sessions to complete and was 

based on a compromise between the USSR and Japanese 

regulations and has recently been issued as 

Res A562. (The bases for the Japanese and USSR 

regulations are given in Yamagata's 1959 RINA paper 

[20] and in USSR rules [21] respectively). 

The weather criterion is an adaptation of what, in 

this country, is known as Moseley's theorem [22]. 

The present view, in IHO is that this should 

supplement rather than replace Res A.167. 

These two criteria taken together would not 

however, in many cases, provide sufficient 

stability to deal with the problems of following 

seas and consideration is currently being given to 

the addition of a third criterion in due course. 

The Working Group has the long term aim of 

developing "physical" criteria which incorporate 

the dynamics of rolling in various sea conditions 

and directions. 

It was decided that the effects of beam, quartering 

and following seas ..needed to be separately 

considered and" the most dangerous conditions were 

identified as:-

(i) Beam wind and rolling and shipping water 

on deck, 

(ii) Following seas involving pure loss of 

stability, parametric rolling and 

broaching. 

The need for valid mathematical models for these 

various situations was acknowledged. 

Considering the complex nature of the subject the 

Working Group has made substantial progress. 

Nevertheless it is evident that without the 

research being carried out in many countries, 

including the United kingdom, the transition from 

statical stability to effective "physical" criteria 

that are sufficiently realistic would be 

impossible. 

5. UNITED KINGDOM INTACT STABILITY WORKING GROUP 

This Working Group, Chairman H. Bird, had its first 

meeting on 12 May 1976 and consists of 

'representatives of Shipowners, Shipbuilders and 

Fishing Vessel organisations, Lloyds Register, 

British Maritime Technology (previously National 

Maritime Institute and British Ship Research 

Association), Admiralty Research Establishment, 

Strathclyde and Southampton Universities. 

its purposes were to keep the United Kingdom 

industry informed about developments at IMO, to 

seek advice on policy, to agree priorities and 

discuss necessary research programmes. Also it 

seemed desirable to educate the shipping community 

about new developments as they progressed and to 

record the background to any future regulations. 

During the past ten years the Group has had thirty 

meetings and discussed every aspect of how to 

advance existing knowledge on large amplitude 

rolling and capsize by means of mathematical 

modelling, model experiments, full scale 

observations and casualty analysis. Also the need 

to be aware of similar work abroad was recognised. 

After many meetings and a Seminar at the National 

Maritime Institute in 1978 it was clear that the : 

only way to make progress was by means of a. 

co-ordinated research programme. Research has been 

carried out before that date independently at 

various places and had involved some duplication . 

through lack of communication. 

Model experiments had been carried out for some 

time in ' this country and elsewhere to seek an 

explanation for capsize losses [14], [23-28], 

Apart from the fact that such experiments are 

expensive, and time-consuming they yield incomplete 



information e.g. because of the number of 

parameters involved and the .lnpracticability of 

isolating their separate effects. It was believed 

'therefore that a theoretically oriented project 

would provide a more comprehensive basis for future 

•stability regulations, observing the almost 

infinite combinations of hull and environmental 

parameters at various load conditions, speeds and 

wave directions. This tends, in our view, to rule 

put a purely experimental solution. 

(v) To provide guidance to ship operators to 

assist them in avoiding dangerous situations 

when manoeuvring ships at sea. 

6.2 Formulation of Research Programme 

The intention was to establish a coherent programme 

that would address the relevant problem areas and 

which could be completed within about five years. 

The procedure adopted was as follows: 

However, the importance of using both model 

experiments and full scale data to validate 

theoretical solutions was fully realised and these 

formed essential elements in the programme. 

Other important aspects were seen to be reliable 

data on environmental forces and risk analysis 

methods which together would be needed to assess 

safety margins and establish practicable safety 

standards for the various ship types. 

6. THE SAFESHIP PROJECT 

6.1 Aims and Objectives 

During the period ,1978-1979 the group formulated a 

work programme which became known as the SAFESHIP 

Project. In the process of doing this account was 

taken of known previous research in thé United 

Kingdom and abroad. 

The aim of the SAFESHIP project was to advance 

existing knowledge of large amplitude rolling 

motions and capsize mechanisms and so to develop 

better design criteria and stability regulations. 

The main objectives were as follows: 

(1) To ascertain the present state of knowledge 

regarding ship motion stability in a 

.world-wide context. 

(ii) To. sponsor extension of current theoretical 

and experimental research in the United 

Kingdom as necessary. 

(Hi) To establish by such research how the 

influence of. the principal hull parameters 

should be reflected in future criteria. 

(iv) Prepare the basis for future stability 

criteria which are related to acceptable. 

survival probabilities and which recognise the 

influence of the parameters in paragraph 

(1) A flow chart was prepared (Figure 3) 

indicating the types of forces, internal and 

external, acting on the ship; the ship 

properties affecting response behaviour; 

theoretical and experimental techniques for 

predicting motion behaviour under these forces 

and finally to devise a practical criterion 

based on casualty experience and using risk 

analysis techniques. 
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•Numbers in circles are SAFESHIP Project 

' numbers. 

(ii) To identify specific projects, e.g. 

Environmental Demand, Risk Analysis, 

Mathematical Models, Experimental programmes. 

Full Scale Measurements and Formulation of 

Criteria. 

(iil)Havihg listed specific projects, to assess the 

approximate cost and time-scale of these 

individual projects and establish the likely 

overall cost. 

- 85 -



(iv) From this a'basic'list of what were considered 

essential projects was made and specifications 

were drawn up. ft document describing the 

SAFESHIP project and its aims was prepared and 

this together with the specifications were 

distributed to various Universities and 

research establishments. 

(v) On receipt of tenders a short list was made of 

contractors who were interviewed by a Steering 

Committee and a final selection made. 

Several different approaches to mathematical models ' 

were suggested and since all of these appeared to 

have merit we had four different projects of this 

tvPe-. 

'The projects comprising the SAFESHIP Project are 

listed Table 1. 

Project Research 
Project 

Contractor 
No. 

Research 
Project 

Contractor 

1 Environmental Demand NMI 
2 Risk Assessment Newcastle 

University 
3 Analogue Computer 

Simulation 
BSRA 

4 Mathematical Modelling NMI 
5 • . Mathematical Modelling Strathclyde 

University 
6 Mathematical Modelling BSRA 
7 Mathematical Modelling Bishop £ Price 
8 Model Experiments . NMI 
9 Full Scale Experiments NMI 

Table 1. SAFESHIP Projects and Contractors 

A Steering Committee was formed in 1979 by the Ship 

and Marine Technology Requirements Board of the 

Department of Trade and Industry. Its purpose was ; 

to supervise the.contractual.procedure, to select, 

suitable contractors and subsequently to monitor 

the technical and financial progress of the 

research. For various reasons these formalities 

delayed start of the project until April 1981. 

When formulating this programme of research it was 

decided to break with traditional "statical" 

concepts of safety and explore dangerous rolling 

motion as well as capsize from a completely dynamic 

point of view. 

It was an aim of the project that the contractors 

should co-operate with each other and wherever 

possible make use of the information generated as 

the project developed. International co-operation 

was also envisaged and to some extent this.has been 

achieved. The greatest interest to date has been 

shown by scientists in Norway working on their SIS • 

project |29] and those in the Fed. Rep. of Germany. 

r 86 

researching the stability of container vessels. 

These countries have contributed considerably to 

the fund of knowledge and we have been actively 

collaborating with them. More recently we have 

agreed to collaborate with France in research on 

small fishing vessel safety. 

:it was expected that the programme would take about 

5 years to complete. The first phase of the work 

extended from 1981 to 1984, and the second phase 

started in 1985 and has just completed. 

We had a seminar at RINA in 1982 [ 30 ], near the 

start of the work, which indicated a considerable 

divergence of opinion as to the best way forward. 

Whether we shall be any nearer now to agreement 

"remains to be seen but at least we can now see the 

results of practical application of the theories to 

some sample ships. ' . 

Presentations will be made by the various 

researchers giving their findings and their 

recommendations as to the form of stability 

criteria they prefer. The real value of this 

Conference apart from informing naval architects 

what we have been doing, will be in trying to 

establish a degree of consensus within this 

Institution regarding how to exploit the findings 

of this research in the most effective way. 

7. STABILITY STANDARDS 

7.1 Calculation Procedures 

Text books on naval architecture have traditionally 

tended to deal exclusively with the statical 

approach to stability. In the past, this has led 

to emphasis on the refinements of geometrical 

procedures and numerical integration techniques. 

Now that manual methods have been displaced by the 

computer we still have debates about accuracy 

notwithstanding the uncertain nature of the 

criteria themselves. 

The computer has relieved naval architects of the 

drudgery of manual calculations and has conferred 

the following additional benefits:-

(i) Availability of accurate data earlier in the 

design process, 

(ii) More reliable and extensive information, 

especially on damage stability. 

(iii)Removal of artificial restrictions, e.g. 

constant trim on heeling, simplifying 

assumptions about free surface moments, etc. 

(iv) Ready assessment of alternative dimensions',. 



proportions, sheer, superstructures etc. 

(v) Facility to design closer to rule requirements 
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(vi) Opportunities for on board computers to assist 

ships' officers. 

Now that the computer has established these 

benefits we believe that the time is opportune to 

direct effort to answer the real question which is 

- what is sufficient stability? [32). Only then 

can we be sure of designing ships which will be 

truly cost-effective in respect of stability. 

7.2 Types of Stability Criteria 

It will be useful tb summarise here various types 

of criteria and to classify them into several 

distinct categories. This has no doubt been 

covered more extensively elsewhere, eg Bird/Odabasi 

(33]. However the purpose here is not to present 

an exhaustive list but rather to identify 

characteristics which would enable us to group them 

into types and then to. comment on obvious 

advantages and disadvantages. 

We could possibly group them as follows:-

(i) Statical stability (or still water) methods 

involving no explicit use of external forces 

or motion characteristics. Under this heading 

we have Rahola [9], IHO Res A. 167, A. 168 and 

A.469 [1], '12], [19], respectively. Also a 

proposal recently put forward to IMO by the 

Federal Republic óf Germany (42). 

(ii) Moment Balance methods which might include 

proposals by Steel [6], Wendel [8) also 

Abicht, Kastner and Wendel [34], 

(iii Energy Balance methods such as proposed by 

Móseley [22], Pierrotte [4], Sarchin and 

Goldbery [7], IMO Res A14/562 (1986) and 

Strathclyde University [35]. 

(iv) Motion stability methods have been developed 

to cater for dynamic effects such as resonance 

with encounter frequency, jump phenomenon etc. 

Clearly static or quasi-dynamic methods cannot 

cope adequately with these. Amongst techniques 

developed are those using Mathieu equations by 

Abicht [36], Lyapunov functions by Odabasi 

137], Caldeira-Saraiva [38] and roll/yaw 

coupling by Bishop S Price [39] non-linear 

roll response, by Wellicome [40]). 

7.3 Comments on Various Criteria 

'7.3.1 

Simple statical righting lever curves will "always 

serve a useful purpose. Because of their relation 

to the hull form geometry and obvious physical 

meaning they are helpful both to n^val architects 

and to ships' officers. In future they could be 

more effectively derived indirectly from dynamic 

criteria instead of the statistical approach of 

Rahola or Res A.i67. 

Their disadvantages are that they cannot possibly 

give any indication of safety margins or of likely 

motion behaviour in any sea state except still 

water. 

This could also be seen as an advantage to rule 

makers In that it does not commit them to making 

difficult decisions about wind and wave parameters 

and possibly of giving false guarantees of safety 

in any particular sea conditions. 

7.3.2 

Moment and energy balance methods bring us closer 

to reality in discriminating between safe and 

unsafe conditions. They are at best, however, 

fairly simple models of the real world and present 

only a quasi-dynamic picture, especially of the 

influence of wave motion. 

The Strathclyde method is probably the ultimate 

form of development of such a criterion. 

In spite of their limitations such criteria vise 

conventional principles and procedures which are 

familiar to naval architects. 

7.3.3 

Because of the inadequacies in the two preceding 

'approaches attempts have been made to account for 

motion effects by using Mathieu equations and 

Lyapunov functions. 

Disadvantages of these are, firstly, that naval 

architects are not yet familiar with these concepts 

and secondly that such new forms of stability 

criteria may need considerable validation from 

practical experience, to be generally accepted. 

7.3.4 

Finally we need to consider Che influences on 

safety of the randomness in the environment. A 



truly probabilistic approach would need to account 

for random wind velocity/wave height/wave frequency 

combinations, speeds, wave directions, draught and 

.weight component distributions over a ship's 

lifetime. 

Such an approach is not only impractical from a 

computational, or regulatory point of view but would 
• ' - î 

not Indicate the ability of a ship to withstand 

extreme conditions [41]. 

This type of approach is. more appropriate to 

sea-keeping assessment of a ship's likely 
• • ' • • - t 

behaviour, but could also help to establish broad 
v 

.margins of safety, and hence safety levels which 

would be economically and socially acceptable. 

7.3.5 

Illustrations of past and current types of 

stability criteria are given in Appendix 1. 

8. SAFETY APPROACHES BY OTHER ENGINEERING 

DISCIPLINES' 

It had been our intention to study and comment on 

analogous problems in e.g. the structural safety of 

ships, bridges and aircraft and to compare their 

safety philosophies. Insufficient time has 

prevented this but we feel that some effort to 

harmonize safety rules or codes of practice is 

desirable and also because we could possibly learn 

from experience in other fields of engineering. 

9. INTERNATIONAL CO-OPERATION 

It has been the intention of IMO following I960 

S.O.L.A.S. to formulate criteria which could be 

agreed and applied internationally. 

The : United Kingdom has always advocated 

'international collaboration e.g. for the purpose, of 

establishing uniform standards, to share research 

effort and costs and to reduce the time-scale 

required to produce better criteria. 

Such co-operation can be achieved via IHO meetings, 

international conferences such as this one, smaller 

seminars, by direct contact, and by joint IHO 

papers. 

We have actively participated in all such 

activities and believe our efforts have thus made 

an important contribution. 

10. CONCLUSIONS 

The SAFESHIP project has confirmed how complex a 

subject is stability when attempt is made to 

account adequately for wind, waves and dynamic 

motions. 

Alternative new forms of stability, criteria ' have 

been developed from this research and considerable 

progress has thus been made.in preparing the basis 

for future stability criteria. 

It still remains to be decided what should be the 

form of future stability criteria. Should we 

depart from statical stability criteria or continue 

to use them in association with some form of 

physical criterion as has been proposed by IHO? 

In the event of one of the SAFESHIP criteria being 

adopted which of these offers the best solution, 

taking all factors into consideration? 

This conference is a good opportunity to debate the 

pros and cons and to establish a consensus view in 

this country. It is vital that in our relations 

with IHO that we are able to present a consistent 

policy and so to make an effective contribution 

towards agreeing criteria that will serve the 

industry for many years into the future'. 
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APPENDIX 1 

CURRENT FORMS OF STABILITY CRITERIA 

There are two basically different approaches which 

have been proposed for stability criteria. In the 

first or 'Rahola type' of criterion use is made of 

historical casualty data for a group of vessels. 

Measures of stability are chosen, such as the area 

under the righting arm curve, and the criterion is 

established by selecting a level of stability which 

exceeds that of most' of the casualties. Since 

these parameter values are the same for all ships 

regardless of size, type, operating and weather 

conditions the margin of safety must vary and is 

unknown [43 J.. Furthermore, completely rational 

criteria for stability can not be achieved by this 

. means alone for various reasons such as smallness 

of sample,, variability of ship types, loading 

conditions and sea conditions at time of loss. 

The Rahola stability criterion is illustrated in 

Fig.4 and the current stability criterion for 

fishing vessels Res. A168 is shown in Fig. 5. 

The second approach might be called 'deterministic' 

in which the meassure and level óf stability are 

defined to prevent a certain type of capsize under 

specific environmental conditions. In other words 

the criterion takes account of the external forces 

affecting behaviour of the vessel in an assumed 

environmental condition. The relationship between 

the stability and the occurrence of capsizing in 

this second approach is determined using 

theoretical, model or full-scale information. 

;The advantage of the deterministic approach is that 

specific criteria can be developed for different 

ship types' arid 'thé pârti'cularvn,az'à'rdous''situàtîons. 



Furthermore, design parameters which influence 

dangerous roll motion and the enviornmental 

conditions can be defined. This approach is also 

more suitable when some significant departures in 

design take place such as the introduction of a 

twin hulled semi-submerged ship (SWATH Ship). 

One of the simplest forms of deterministic 

stability criterion is the dynamic wind-heel or 

'weather criterion', such as the one introduced by' 

Sarchin and Goldberg in 1962 [7] and this is 

illustrated in Fig.6. This type of criterion is' 

intended to provide sufficient stability for a; 

vessel to withstand the dynamics of being subjected 

to a sudden wind gust while rolling. Unfortunately 

this criterion does not relate to the real dynamics 

of a ship rolling in gusting winds. AMY et al [27] 

found that computer simulations of capsizing did 

not relate to the behaviour assumed in the classic 

weather criterion. The capsizings appeared to be 

more of a random event which depended upon phasing 

of the roll, wave slope and wind gust. 

The recent IHO weather criterion introduced in 1985 

is shown in Fig. 7 and the more elaborate moment 

balance criterion suggested by Hendel is shown in 

Fig. 8. 

A simplified wind heel criterion developed by Amy 

et al [27] is illustrated in Fig. 9. In 

formulating! this criterion it was assumed that the 

probability of occurrence of an extreme roll angle 

is in some way related to the rms roll angle and 

that capsizing will occur when the effective roll 

angle exceeds the range of stability. Based on 

model tests capsizing was also likely to occur if 

the rms roll angle exceeded about one quarter of 

the range of stability and this was considered a 

much better prediction of capsizing than some form 

of energy balance approach. 

A stability criterion developed by Strathclyde 

Universit-/ within the SAFESHIP project [35] which 

can be seen as a natural development of the Heather 

Criterion is illustrated in Fig.10. This criterion 

is appropriate to the capsize mode known as "pure 

loss of stability" and the assessment procedure 

explicitly allows for the effects of wind, waves 

and motions in a quasi-dynamic manner. . This^ 

criterion has become known as the "butterfly 

diagram'! where the outcome of an energy balance 

between excitation and restoring effects over an 

extreme half roll cycle is used to discriminate 

between '"safe" and "unsafe", vessels. 

Another stability criterion developed within the 

SAFESHIP project' by British Maritime .Technology 

(38). The basic approach adopted is the 

utilisation of a demand-capability type analysis 

through the use of Lyapunov's Direct Method. 

Within the context of intact ship stability a 

ship's capability is defined by its region of 

stability in the phase plane. The basis of this 

method is then incorporated in a simplified 

stability criterion which is illustrated in Fig.11. 

In this approach Lyapunov theory is applied to the 

equations of motion which can be made to account 

for coupling effects, wave diffraction, parametric 

excitation, linear and non-linear damping and wind. 

The simplified stability criterion thus derived is 

based on the stability bounds for rolling motion 

which can be determined from the above method. 

Roberts and Standing [44] have adopted the approach 

of estimating the mean time for such a capsize to 

occur. By comparing this time with the exposure of 

the vessel it should be possible to judge whether 

the vessel : is safe or unsafe. Roberts also 

estimated the expected number of times the roll 

angle exceeds a specified critical level. Both of 

these approaches were used in a probabilistic model 

of ship motions using long-term statistics, for 

periods of time, commensurate with the operating 

lifetime of the ship. A diagram illustrating the 

probabilistic approach is given in Fig.12. 

A more conventional method for predicting the 

long-term distribution of ship motion is given by 

Spouge [45] which takes full account of roll 

non-linearities and voluntary changes of speed and 

heading due to the master's efforts to minimise 

critical responses in severe seas - see Fig. 13. 

From a practical point of view this approach could 

be useful in assessing the motions of vessel during 

its lifetime but it is not able" to deal with 

•parametric excitation and zero encounter frequency. 

Intact stability criteria have evolved remarkably 

slowly over the last fifty years. Even the current 

IMO regulations Res. A167 and Res. A168 are of the 

same type as proposed by Rahola in 1939. With the 

exception of the IMO Weather Criterion Res. A14/562 

(1986) no stability criteria have been introduced, 

in recent times that explicitly allows for external 

forces and vessel motion. However, examples of 

these more advanced criteria have been developed 

within the SAFESHIP project as mentioned above 

which overcome the limitations of the existing 

Rahola approach. 

Future intact stability criteria and the related 

safety of ships in extreme seas should ideally be 

rationally quantified in terms of risk of loss or 

of exceeding certain bounds of motion as a result 
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'of environmental forces. In the short-term, 

criteria that are based on a 'deterministic' 

approach would be a step forward from the current 

situation. The margins of safety could then be 

assessed in relation to the severity of . the 

environmental condition selected and the risk of 

loss assessed . from the probability of this 

condition arlsingpyer the, vessel' s^lijotime^. } j 
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LARGE AMPLITUDE ROLLING EXPERIMENT TECHNIQUES 

by J.R. Spouge, N. Ireland and J.P. Collins 

British Maritime Technology Limited 

ABSTRACT 

This paper describes the techniques used at 
British Maritime Technology Limited for large 
amplitude rolling experiments. Roll decrements, 
steady forced roll tests and transient forced 
roll tests are discussed, and sample results are 
given. The experiments at BMT make use of a 
gyroscopic roll moment generator. Which produces 
a pure sinusoidal roll moment, even, at large 
roll amplitudes. The theory and calibration of 
this equipment are presented. The associated 
instrumentation and analysis software are also 
described, which allow efficient research into 
; the non-linearities of large amplitude rolling. 

1. ~ XRTRODDCCTCN 

Model experiments to study the rolling of ships 
have a long history but, until recently,, they 
have either been unreliable or limited to fairly 
low amplitudes, and consequently the validity of 
their results as the ship approaches capsize is 
uncertain. The object of such tests has 
invariably been to measure the hydrodynamic 
damping of the roll motion, which has a major 
influence on a ship's roll response at sea, and 
has proved quite difficult to predict from 
theory. Potential flow calculations. Which have 
proved successful at predicting motions such as 
pitch and heave, are unable to estimate the 
viscous component of roll damping, . and so tend 
to over-estimate the roll motion. Theoretical 
methods have recently been developed to Improve 
this, and these need experimental validation. 
Since the viscous forces are in general 
non-linear, the validation needs to be at large 
amplitudes (i.e. .large enough for the 
non-linearities to be significant)! typically in 
excess of 15°. 

An extensive programme " of this type of model 
tests (Fig.l) has recently been completed at BMT 
Ltd, as part of a project to develop more 
accurate prediction methods for large amplitude 
rolling. The work was outlined in Ref.l, and 
sample results from the model tests were given. 
The present paper describes the model test 
techniques which were employed, concentrating on 
the gyroscopic roll moment generator, on which 
the test programme was based. The reasons for 
the choice of this type of test equipment are 
diucuBsed below. 

2 . THE TYPES OF LARGE AMPLITUDE ROLLING 
'EXPERIMENTS 

2 . 1 R o l l i n g i n waves. 

Rolling experiments in waves are the most 
r e a l i s t i c -form :of ; modelling the• ful l -scale 
probiert, but are correspondingly complicated'; to 
analyse. _;';., The presence. •: of non-linear- wave 
loading,, combined '.with non-linear damping and 
restoring, makes - i t difficult to separate the 
different forces, so '. that only the predicted 
overall rol l re&ponse can be validated. 

i 
\ 

Fig. 1. Model rolling test at BMT Feltham 

2.2 Forced motion mechanisms 

Forced motion mechanisms compel the model to 
execute a known motion. usually sinusoidal, 
while trie force of reaction 'is measured. They. 
often consist of some form of scotch yoke, in 
which a rotational drive from an electric motor 
is converted to an oscillatory motion. The 
advantage of this system is its great 
simplicity, but It is severely restricted by the 
need to physically adjust the mechanism in order 
to vary the motion amplitude. The' frequency-of 
the motion is directly proportional to the motor 
speed. 

The forced motion technique has the àluadvantage 
that it does not represent the real problem of 
trying to measure the model's response to a 
known (wave) input, although it is theoretically 
equivalent to it. In practical terms, it 
requires the roll axis to be arbitrarily fixed. 
Which makes the displacement. volume vary with 
roll angle in large amplitude tests, and 
changes the GZ curve from its free-floating 
shape (usually making it more non-linear). 
Fixing the roll axis also suppresses coupled 
heave and sway motions, which simplifies the 
analysis, but tends to reduce the overall roll 
damping. 

There is a further practical disadvantage in 
that it is more difficult to measure roll 
moments on the driving shaft of a forced motion 
mechanism than it is to measure roll , angles on, a 
model responding to a • known moment., i Roll moment 
measurements j tare ;,morei difficult;; to ..calibratev; 
more delicate to operate,, and. more liable; ;to 
suffer•-. from electrical noise and' mechanical 
vibration. < •'''••• '• •''"!'"• '. 

2.3 Rotating weight mechanisms 

Rotating weight mechanisms are commonly used for 
forced roil tests, ' in' which 'a known moment is 
applied to the model' and the resulting motion 
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measured. The simplest such arrangement is of 
two weights rotating In opposite directions in 
the horizontal plane so as to ensure that the 
yaw moments cancel out. 

At small roll amplitudes, the roll moment is 
approximately sinusoidal. It haB a static 
component whose amplitude can only be varied by 
changing the masses or the radius of rotation. 
Which is a major Inconvenience when testing. 
There is also a centrifugal component. Whose 
amplitude is proportional to the square of the 
frequency, and which also depends on the height 
of the apparatus in the model. This may be 
eliminated by placing the equipment at the level 
of the model's centre of gravity, but this is 
usually too low to be practical. 

The centrifugal forces from the transverse 
movement of the weights, which supply part of 
the roll moment, also comprise a sway, force, 
which further complicates the motion. Although 
it is possible to eliminate this by using four 
weights, placed symmetrically on each side of 
tho model and rotating in the vertical plane, 
this results in a bulky apparatus which is 
difficult to accommodate in the model. 

with the conventional apparatus, at large roll 
amplitudes the static component is reduced if 
the weights are mounted low in the model, but 
may be increased if they are mounted very high. 
The roll moment becomes non-sinusoidal, and so 
quite difficult to. analyse accurately. 

2.4 Gyroscopic roll moment generators 

Gyroscopic roll moment generators' avoid the 
problems created by the moving weight systems. 
They use gyroscopic forces produced by the 
precession of spinning flywheels, whose centres 
of gravity may be kept constant. 

An early 'arrangement is described in Ref.2, in 
which a single flywheel produced a sinusoidal 
roll -moment, together with a yaw moment Which 
had to be neglected, subsequently, two flywheels 
have been used, precessing in opposite 
directions/ so that the yaw moments cancel out 
and a pure roll moment remains) e.g. in Ref.3, 
where the precession consisted of an oscillation 
of the flywheels' spin axes. 

It is clear that this type of apparatus has 
considerable potential for large amplitude 
rolling experiments, since the moment produced 
is almost entirely independent of the roll 
angle, and the gyroscopic principle was adopted 
as the basis for forced rolling experiments at 
BMT. 

MOMENT 

TUMBLE 
ANGI.E 

rUMDI.E ( W E 

- tv n 

SPIN RATE 

Fig: 2. Gyroscopic moment from a s ingle 
flywheel 

ro l l moment and a yaw moment as the spin axis 
tumbles. In the RMO, two flywheels are used, 
tumbling continuously in opposite directions 
(Pig.3), so that the yaw moments cancel out and 
a slnuspijir;"; ro l l moment remains. 

Fig. 3. Rol l moment 
arrangement 

g e n e r a t o r flywheel 

Simple gyrodynamic theory gives the moment 
produced, i f the flywheels have inertia I about 
the spin axes, with identical spin rates n 
(rad/s ) and equal and opposite tumble rates u 
(rad/B) as • 

M = 2 I (J n sin e (1) 

where 6 is the instantaneous tumble anglei 

8 = o» t (2) 

which is zero when the flywheel spin axes are 
horizontal. 

3. \ DESCRIPTION OF TBE BMP ROLL MOMENT 
GENERATOR 

3.1 Principle of operation 

The gyroscopic ro l l moment generator (RHG) i s 
based on a fundamental p r i n c i p l e of 
gyrodynamics: that a spinning body, whose axis 
of spin i s changed, experiences a reaction 
torque equal to the rate of change of . i t s 
angular momentum;, measured in a fixed 
coordinate system.. . in, . p rac t ica l .terms, a 
flywheel spinning about one' axis and forced to 
precess. (or- \tunible) about a second orthogonal 
axis (Fig.2), generates a moment about the third 
orthogonal axis, whose- magnitude is proportional 
to- the spin and tumble rates arid ' t o the 
flywheel's inert ia about the spin axis. 

If a flywheel is mounted with a vertical spin 
axis in a ship model, and is forced to tumble at 
a steady rate in the model's centre-plane, a 
moment will be produced which changes between a 

If the flywheels are t i l t ed at an angle y to the 
model's centre plane, the moment i s reduced toi 

M = 2 I w n cos y sin 9 (3) 

3.2 Construction 

The BUT roll moment generator (Fig.4) embodies 
the gyrodynamic,; principle above in a compact and 
easilyr-contr'oiled ' 'form. Which,: is, suitable for 
model tests.'; • > - •*".:i"-"'-

!.;;'-" .''.••' \'.\}.-',' 

The flywheels are two balanced brass rotors of 
50mm diameter, 'driven • by motors spinning''at 480 
- 6700rpmV one motor is actively controlled 
While the other is slaved to follow ;it. 

The spin motor and flywheel assemblies are 
mounted in gimbals which are driven' by two 
motors at 6 - 120rpm via a single toothed-belt 
drive, which forces both flywheels to tumble at 
precisely equal rates. The use of two tumble 
motors, geared together and rotating in opposite 
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directions, ensures that their reaction torques 
cancel out. The tumble drive i s fitted with a 
rapid-acting solenoid-operated brake which 
allows sudden stops (while the spin continues) 
to commence a roll decrement. 

'The spin and tumble axes do not quite intersect, 
because the- centres of gravity of the motor, 
flywheel and gimbal assemblies are designed to 
l ie on the tumble axes, so that the overall 
centre of gravity remains fixed. The spin axes 
may be t i l t e d from their basic orthogonal 
relationship with the tumble axes by up to 55°, 
which allows a reduction in roll moment while 

. retaining the ease of control of the higher spin 
rates. 

The~ RHG uses shore-based control and power 
supply via light umbilical cables. The model's 
roll angle i s measured by an internal roll gyro. 

3.3 Control 

The spin and tumble rates are set from the 
shore-based control panel, and the achieved 
rates are sensed by optical disc encoders in the 
RMS and displayed on LEDs, as well as being 
available in digital "form for the analysis. The 
motors 'have frequency-locking feedback control, 
which keeps them to within 0.5% of the set 
speedB. The tumble angle i s monitored by a 
cosine-potentiometer on one of the tumble axes,' 
Which produces a pure sinusoidal analogue. signal 
a* the flywheel asBemblles rotate. This i s the 
sin e terra in Etpul and is proportional to the 
produced roll moment. i t i s used- to determine 
the phase between the. rol l moment and the 
resulting roll angle. •'•'.'.;. 

The roll frequency i s adjusted directly by the 
^\)^i&v.rate:;,':cóntrol. '.V ^Tihere '.l-is.V.np direct 
control of 'ihe^jcbllj ;monBnt,;ii^liiudë,:';:'Which'; i s 
proportional to foth spin and tumble ratés, but 
i t i s readily calculated using Eqn.l. . 

3.4 Calibration 

The simple gyroscopic theory used to derive 
Eqn.l assumes that the RMG is correctly 
constructed (e.g. that the tumble assemblies 
have equal Inertia) and that the equipment Is 
static. In practice, imperfections in its 
manufacture and extra moments due to its motion 
in a rolling model might be expected. A dynamic 
calibration of the equipment was therefore 
carried out. 

The calibration used the BHT rolling table to 
Oscillate the RMG, While the roll moment was 
recorded by two strain-gauged torsion bars. The 
measured roll moments in general consisted of 
the moment generated by the RMG and also the 
dynamic moments due to the moving mass of the 
RMG and the components of the calibration frame 
supported by the torsion bars. The latter were 
predominantly an Inertia moment (due to the 
acceleration of the RMG about the roll axis) and 
a quasi-static moment (due to the instantaneous 
displacement of the RMG centre of gravity from 
above the torsion bars), and were proportional 
to the roll angle for a sinusoidal roll motion. 

Since the generated moment was large compared to 
the static and inertia moments, the measured 
moment was approximately sinusoidal, so that the 
generated: moment amplitude could be found fromi 

Kg = % - (Mg + Mi) ÇOS y (4) 

where 1 

MQ = Generated moment amplitude 
Mn, = Measured moment amplitude 
Mg s static' moment amplitude 
Mj = inertia moment'amplitude 
•y = phase lag óf tumble angle behind 

.' roll:angle.'. '.'••;': • • •' 

The static moment ( i . e . the RMG centre of 
gravity position) was found from 'the measured 
moments with "the RMG and ' roll'' 'table stopped. 
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The Inertia miment (i.e. the RMG roll Inertia) 
was found from the measured moments with the RMS 
stopped and the table in motion. Then the 
generated moments with the RMG in motion could 
be found from the measured moments using Eqn.4. 

The calibration revealed no significant 
measurable differences between the experimental 
moment amplitude from Eqn.4 and the theoretical 
moment amplitude from Eqn.l, over the complete 
working range of spin and tumble rates, for any 
phase angle between tumble and roll angles, and 
for any roll amplitude up to 15°. The 
calibration frame was not sufficiently strong to 
be operated at larger amplitudes. Experimental 
errors varied. between 20% at the lowest moments 
and 0.8% at the highest moments, and so any 
deviation in the performance from Eqn.l would 
have to be below this. 

3.5 Theoretical analysis 

A theoretical gyrodynamic analysis of the RMG in 
a moving model was carried out, in order to 
Investigate any errors which might have been 
concealed by experimental Inaccuracy in the 
dynamic calibration, and to determine the 
accuracy of Eqn.l at larger amplitudes than the 
calibration could.achieve. 

the overall moment amplitude is unaffected, and 
only the total energy input is reduced by these 
percentages. This would cause a similar error 
in the damping measurements but since the 
general accuracy of damping estimates is low, 
these effects are negligible. For all practical 
purposes the roll moment may be assumed to be 
sinusoidal with amplitude given by Eqn.l. 

3.6 Performance 

The performance capabilities of the RMG are 
summarised in Table I. The maximum and minimum' 
roll moment amplitudes are. proportional to the 
selected roll frequency (i.e. tumble rate) as à 
consequence of Eqn.l. For a typical model with 
natural roll frequency. 3 rad/s, the maximum 
available roll moment amplitude is 4.1 Km. 

TABLE I. BMT Roll Moment Generator principal 
particulars 

Length 
width 
Belght (over case) 
•eight _ 

0.55m 
0.24a 
0.30m 
19kg 

The analysis" firstly 'involved obtaining an 
expression for the angular momentum vector of 
each flywheel, measured in the flywheel axis 
system, taking account of the oscillatory roll 
and pitch motion and an assumed steady yaw drift 
of the model. The torque generated by the 
flywheel is equal to the rate of change of this 
vector, and the differentiation takes account of 
the fact that the axis system is moving in 
space. Then the gyroscopic torque is 
transformed into the model's axis system. 
Finally the torques from the two flywheels are 
combined to give the roll moment on the model. 

If 'there is no model motion, Eqn.l results. 
Otherwise, complicated expressions for an 
oscillatory roll moment and a yaw moment are 
obtained, which include both steady and 
oscillatory components. The theory predicts 
that all pitch moments are cancelled out. T h e 
equations may be simplified at roll resonance, 
.where the phase between the roll angle and roll 
^moment is 90°, and the phase between the pitch 
angle and roll moment Is assumed to be 0°. 

Inertia of flywheel' about spin axle 

Spin rate range 
-Tumble rate range 
Maximum spin acceleration (approx) 
Maximum spin deceleration (approx) 
Maximum tumble acceleration (approx) 
Tumble braking acceleratie-', (approx) 

kg*2 

50 - 700 rad/e 
0.6 - 12.e rad/s 

10 rad/B2 

G rad/s2 

10. rad/a2 

20 rad/s2 

After three years' operational experience with 
the RMG, its performance may be summarised as 
generally excellent, though intermittently 
troublesome. The occasional poor performance, 
which is believed to be due to sub-standard 
electronic components, does not affect the 
quality of the experimental results, as no 
experiments are possible during such periods. 
Such problems, which are far outweighed by the 
excellent results which the equipment produces, 
are perhaps to be expected with sophisticated 
apparatus. which is continually rolled though 
angles up to 40° at fairly high frequencies. 

The roll moment in this case is equal to the 
ideal value from Eqn.l, reduced by an in-phase 
component, and a third harmonic, of similar 
magnitude which acts to distort the roll moment 
without changing its amplitude. The fractional 
distortion amplitude 1st 

4. STEADY FORCED ROLL TESTS 

ïzJLf? 
D = i n (3) 

D = Distortion amplitude as a fraction of M. 
" from Eqn. 1 

I = inertia of each flywheel about spin axis 

lg= inertia of each flywheel assembly about an 
axis normal to to the spin and tumble axes 

(j = Tumble rate 

O = spin rate 

• = Roll amplitude (rad) 

For a heavily 'damped model which is rolled to 
15° at 0.5Hz by the maximum spin rate, the 
distortion amplitude is less than l%. On a 
lightly; damp»! model rolling/at 40° amplitude, 
thé distortion; amplitude may'; "reach 2%, .. 'However, 

4.1 Test techniques 

Forced roll tests in their conventional form 
consist of applying ' a steady oscillatory roll 
moment and recording the model's steady state 
response. With the RMG, the applied roll moment 
is sinusoidal with known amplitude (given . by 
Eqn.l) and frequency (equal to the RMG tumble 
rate). If the model's restoring characteristics 
are nearly linear, the response will be nearly 
sinusoidal, and only its amplitude and phase lag 
need be recorded. Otherwise, a Fourier analysis 
of the response is needed. 

when the moment is first applied, the model's 
response includes a transient component, which 
may take a long time to die away if the damping 
is low. At forcing frequencies close to 
resonance, this appears as a slow increase in 
amplitude, towards the steady state value or a 
slight overshoot ' in amplitude. Further away 
from resonance it appears as a beating effect, 
whose the amplitude slowly decreases. At very 
high or low frequencies the model's response may 
be dominated by motion at its natural frequency. 
This takes an extremely long time to die out, as 
the damping is iow at the low amplitudes 
achieved away from resonance. ' It generally 
seems. to be causedV.byl small 'disturbances in the 
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tarde, rather than sub-harmonic or super-harmonic 
resonance. If the tank 1B allowed to settle anil 
the model is steadied by hand, a nearly 
sinusoidal response at the forcing frequency may 
be obtained. It may be monitored on a chart 
recorder until It Is steady enough for data 
acquisition to begin. A typical forced roll 
sequence, followed by a roll decrement, is shown 
in Mg.5. 

Data, is usually acquired and averaged over 
10-20 cycles. This is ample for obtaining a 
good averaged estimate of the roll amplitude and 
phase lag, and makes allowance for the error 
introduced by the practical sampling rate of 
20 Hz available with the RMG microcomputer-based 
data acquisition system. Typical results of the 
. on-line analysis of a forced roll test using the 
RMG are given in Table II. 

Since the RMG spin rate is much higher than the 
tumble rate, it is usually set at a particular 
value and measurements are taken over a range of 
tumble rates before changing to a new spin rate. 

ROLL RHCLC 

TABLE II. Typical forced roll analysis output 
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Pig. 5. Typical forced roll and decrement 
tests 

This produces a set of amplitude . and phase 
response curves such as Figs;6-7, in Which the 
moment amplitude is proportional to the roll 
frequency. Plotting all the responses at given 
tumble rates gives a set of curves such as 
Pig.e, which clearly show the effects of 
non-linearities near resonance. such curves are 
limited by the RMG performance envelope, and so 
â complete matrix of moment frequencies and 
amplitudes cannot be covered. Nevertheless, for 
any moment amplitudes which are covered at all 
frequencies of intérest, the curves in Fig.8 may 
be used to construct conventional response 
curves at a constant roll moment amplitude. This 
method, despite the plotting involved, is a more 
convenient Way of obtaining such '-curves than 
adjusting the spin rate to give a required 
moment amplitude for . each selected' roil 
frequency.'' - -

If' the frequency-dependence of the damping 
coefficients is not of interest, a reduced test: 
matrix is ; used, to produce a single curve such 
as ' pig.ft•/.•; which ; identifies the resonant 
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frequency, and then a s ingle curve as on Fig.8 
at that frequency (Which does require varying 
the spin rate for each run). This i d e n t i f i e s the 
non-l inearity up to the largest obtainable r o l l 
amplitude. For models with s i g n i f i c a n t l y 
n o n - l i n e a r r e s t o r i n g c h a r a c t e r i s t i c s , the 
resonant frequency w i l l be amplitude-dependent. 
However, provided that suf f ic ient measurements 

. of r o l l frequency, amplitude and phase lag are 
taken at some frequency near t o resonance, the 
analysis techniques ( e . g . Ref 4) can account for 
t h i s , and the t e s t s need not be precise ly at the 
resonant frequency for the current amplitude. 

4.2 Assessment 

The main advantage of forced roll tests is their 
excellent repeatability. With the RMG, large 
amplitudes may be repeated within 2%, with phase 
lags repeated within about 5%, which is a 
notable feature of the RMG and its associated 
data acquisition system. Consequently, every 
part of the response surface may be defined with 
confidence. 

Typical analysis results, shown in Pig. 9, 
reflect this accuracy. The roll damping, 
determined by a linear analysis of each run, 
shows a clear trend with roll amplitude, which 
in this case is represented almost exactly by a 
linear + quadratic damping form, obtained from a 
non-linear analysis of all the runs at this 
frequency. 

The principal disadvantage of steady forced roll 
tests is the laborious nature of defining the 
model's response» particularly if it is 
non-linear and sharply resonant, when tests at 
many . moment amplitudes and frequencies are 
required. 

5. RDIiL DECREMENT TESTS 

5.1 Test techniques 

Roll decrement tests consist of a free decay in 
the model' s roll motion, starting from some 
initial heel angle. A typical decrement 1B 
shown in Fig.5, and the peaks from a decrement 
are plotted in Fig.lo, together with fits from 
linear and non-linear damping analyses. 

The initial heel is commonly obtained by 
manually holding the model over at some''suitable 
angle and releasing lti alternatively a. steady 
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toll nay be built up by repeatedly pushing on 
one deck edge of the model in time with the 
model's natural roll period. However, these 
methods Buffer from the disadvantage that it ie 
physically difficult to heel or roll a model to 
'large amplitudes by hand without introducing 
heave or sway forces, which then result In extra 
motions which decay during the decrement and may' 
affect the damping. Furthermore, only the first 
method achieves known starting conditions, and 
these conditions (starting from rest) are not 
realistic or continuous. with the rest of the 
decrement. 
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Fig. 6. variation of roll amplitude with roll 
frequency 

for a model being rolled at resonance it is 
normal to stop the moment as it crosses zero, 
which is the point of maximum roll due to the 
90° phase lag. 

It is Important to allow the decrement to 
continue for as long as possible, since longer 
decays give greater accuracy when determining 
the natural frequency, and also since the 
oscillations may often be productively analysed 
even after they appear to have stopped to an 
observer. However, there is a problem in 
deciding exactly when the decrement has ended, 
since reflected waves may eventually return and 
excite the model. This may be distinguished by 
monitoring a chart record, and stopping the 
decrement as soon as the amplitude increases on 
any cycle. 
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Fig. 7. variation of phase lag with roll 
frequency 

/ . ~ 
The RHG enables the forcing moment in a steady 
forced roll to be suddenly removed, allowing a 
roll decrement to commence from ideal steady 
oscillatory starting conditions. The moment may 
be stopped at any point in the cycle, although 

Fig. e. Variation of roll amplitude with ' roll 
moment -
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Fig. 9. Typical forced roll damping f i t 
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Pig. 10. Typical decrement f i t 
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Fig. 11. Typical effects of starting methods In 
roll decrement tests 

5.2 Assessment 

The advantage o f r o l l decrement t e s t s I s that 
they 'are extremely quick and simple t o carry 
out . They may a l so be performed a t f u l l - s c a l e . 

Their p r i n c i p a l disadvantage I s t h e i r poor 
repeatabi l i ty , even When the I n i t i a l r o l l i s 
created at a fixed amplitude by the RMG.and the 
moment I s stopped at v i r t u a l l y the same point in 
the c y c l e . Although t h i s poor repeatabi l i ty 
seems minor in the t ime-ser ies of the decrement, 
à non-linear analysis amplifies the e f f e c t . 

A comparison of the various methods of obtaining 
the i n i t i a l heel i s shown in Fig. 11, in Which 
thé r o l l damping has been obtained from a l inear 
analysis of each successive ha l f - cyc l e . Using 
the RMB t o create the i n i t i a l r o l l produces 
damping with a trend similar t o that from a 
decrement s t a r t e d from a r o l l worked up 
manually. However, both are distorted compared 
with the damping from forced r o l l t e a t s on the 
same model shown In P ig .9 . The decrement Which 
begins with the model held over and released 
from r e s t i s s u b s t a n t i a l l y more d i s t o r t e d . 
These r e s u l t s i l l u s t r a t e the "memory e f fec t" 
from the d iscont inui ty at the s t a r t of the 
decrement, which i s bel ieved t o be the source o f 
much of the •'. u n r e l i a b i l i t y in r o l l decrement 
experiments. A non-l inear a n a l y s i s of the 
decrements in P i g . i l produces higher l inear 
c o e f f i c i e n t s and lower non-linear coe f f i c i en t s 
than corresponding forced r o l l t e s t s . 

A decrement provides very l i t t l e data at large 
amplitudes s ince the decay i s so rapid there, so 
the r e s u l t s are severely affected by even small 
errors . Omission of the f i r s t few peaks, in 
order t o minimise the memory-effect problem, 
requires the decrements t o be started at much 
larger amplitudes than equivalent forced r o l l 
t e s t s , or e l s e makes ex trapo la t ion o f the 
resul ts t o larger amplitudes much l e s s certa in . 
At small amplitudes. Where most peaks occur, the 
response i s more e a s i l y disturbed by ref lected 
waves. To mlmimise t h i s , the t e s t s should be 
conducted at the centre of a long tank with 
beaches at each end. 

Furthermore, r o l l decrements seem t o be badly' 
affected by. r o l l gyro d r i f t . Which i s perhaps 

provoked in part by the transient motion, s ince 
I t i s not usually appparent in steady forced 
r o l l data. This dr i f t produces an apparent 
sh i f t in the mean r o l l posi t ion of up to 1° , 
which var ies during the decrement. I t may be 
removed by spl ine fairing techniques, but these 
are l eas t accurate at the large amplitude end of 
the decrement. 

D e s p i t e the above d i f f i c u l t i e s , by using 
advanced analys is techniques ( e . g . Ref.4) and 
averaging of the resu l t s from at l eas t 3 r o l l 
decrements, broadly similar resu l t s to forced 
r o l l t e s t s at the natural frequency may be 
obtained. However, in the absence of forced 
r o l l t e s t s , conf idence in non- l inear r o l l 
decrement re su l t s i s always quite low. 

Roll decrements are by def in i t ion restr icted, t o 
the model's natural frequency but, provided that 
frequency-dependent analys is i s not required, 
t h i s i s in f a c t an advantage, s i n c e i t 
eliminates the d i f f i c u l t y in steady forced r o l l 
t e s t s of finding the natural frequency. 

6. TRANSIENT FORCED ROU, TESTS 

Transient forced roll tests subject the model to 
an oscillatory roll moment, which is modulated 
in amplitude and/or frequency, and record the 
transient roll response. The tests are designed 
for use with parameter estimation analysis 
techniques, for Which steady sinusoidal roll 
bornants are not necessary, as long as the input 
moment variation and the output roll angle, 
response are known exactly. This is extremely 
convenient with the RMG. 

The tests may be carried out over a range of 
moment amplitudes and frequencies Which best 
illustrate the model's response characteristics, 
and the test run continued for as long as 
necessary to complete the estimation with 
acceptable accuracy. A typical such test is 
illustrated in Fig.12, in which moment amplitude 
and frequency are. reduced together, passing 
through resonance. Work is continuing on this 
technique and it would be premature to evaluate 
it here, except to note that it has the 
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potential to overcome both the problems of lack 
of repeatability with free transient rol l 
decrement tests and of the laborious testing 
with steady .forced .roll tests . 
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Pig. 12. Typical transient forced roll tests 

7. CONCLUSIONS 

In the search for reliable roll damping 
measurements, extensive experience in conducting 
large amplitude rolling tests in calm water has 
been gained at BOT, based on. the gyroscopic roll 
moment generator (RMG). Although considerable 
difficulties were encountered in the development 
of. this equipment (mainly due to false economies 
in its construction), it has amply repaid the 
investment. in it with large amounts of 
high-quality forced rolling data. 

Forced rolling tests with the RMG have been 
found tö have excellent repeatability, and have 
been used to obtain roll damping measurements at 
up to 40° amplitude. Although roll decrement 

. tests can in principle obtain the same results 
at the resonant frequency, they have,been found 
to be prone to error, mainly from memory-effects 
arising from the starting discontinuity. Ose of 
the PMG to obtain the . initial roll has been . 
found to minimise these effects, but even this 
does not eliminate them. Nevertheless, roil 
decrements have the considerable advantage of . 
simplicity, whereas the more accurate forced 
roil' tests are comparatively laborious. 
Transient. forced roll techniques are now being 
investigated','.'.' which have the potential to 

'combine the advantages of both types of teste. 
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A PROBABILISTIC MODEL OF SHIP ROLL MOTIONS 
FOR STABILITY ASSESSMENT' 

J.B. Roberta| R.O. Standing 

Summary 

This paper describes the basic features of 

an approximate stochastic theory, based on a 

combination of averaging techniques and the 

theory of Markov processes, for predicting 

the rolling motion of a ship in irregular 

waves. The theory assumes a single degree of 

freedom equation for roll motion and leada 

to a prediction of the probability 

distribution of the roll amplitude, together . 

with related statistics. particular 

advantages of this approach are that 

non-linearities in both the damping and 

restoring moment can be taken into account 

and that the effect of the shape of the 

excitation spectrum on the response 

statistics can be assessed./ it is shown 

that the theory gives good .agreement with 

both digital simulation results and 

experimental results obtained from a model 

of the Fisheries Protection vessel 

'Sulisker', rolling in irregular beam seas 

in a wave tank, at zero speed. 

it is demonstrated that the theory can also 

be used as a basis for computing long-term 

statistics of roil motion. This involves 

computing short-term statistics for single 

sea states of a few hours duration, and then 

Integrating, in a suitable fashion, over all 

the states. Where these states have a 

distribution representing the long-term 

climate. This integration process requires 

a knowledge of the joint distribution of 

wave height and wave period. To ill'.u-; -.ate 

the metnod, the specific case of the PPV 

'Sulisker', operating in a sector of the 

Korth sea, is discussed and some numerical 

results are presented. 

1 . XWTOgPTOTÏPS 

. Largo roll motions are a serious threat to 

the safety of a ship and those on board. 

They may cause excessive loads on sea 

fastenings, shifting of cargo, shipping of 

water, loss of men and deck equipment 

overboard and possibly loss of control over 

the ship. These factors nay contribute to 

capsize, or to structural failure. The 

ability to predict the probability of the 

roll amplitude reaching a specified critical 

level, for a ship in a specified sea state, 

is thus a matter of considerable practical 

importance. since non-linearities exist in 

both the roll damping and restoring moments 

experienced by a ship, and both the wave 

input and roll response are stochastic in 

nature, it is evident that this prediction 

problem is both complex and difficult. 

In tackling the problem of predicting the 

occurrence of an excessively large roll 

angle (possibly leading to capsize) one can 

follow one of two basic approaches. The 

first of these assumes that the wave 

excitation during a single "sea-state", 

lasting a few hours, can be treated as a 

stationary random process. With light roll 

damping the roll motion is then a 

narrow-band process such that successive 

peak amplitudes are highly correlated. High 

roll amplitudes occur, in this approach, as 

a result of slowly-varying, random 

fluctuations '. in peak amplitudes, over à 

period of time covering many consecutive 

rolls. The second approach is based on the 

assumption that excessive roll motion 

results from the sudden appearance of freak, 

unfavourable, wave conditions, which occur 

over a very short period of time. it 

involves the Identification of "worst-case" 

wave motions," together with an estimation of 

their probability of occurrence. It would 

appear that both these basic approaches have 

their own particular advantages and that 

design procedures may well, eventually, 

require a synthesis of results drawn from 

each. 

In the work summarised here, which was 

carried out as part of the SAFZSHIP 

programme, the first of these two 
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averaging \ àjffistmûunations and nasKO« fsetesa -
•tftecsiy 'anâ lass» to fairly aim&Xä ßaaiyt&sal 
eagpïsssiena STOB voll «ispoftse ' s tat is t ical 
eesoriptiefts, sufin aa *0<A). Validation 
tests fox tua thcsiy ai« deceriMa, which 
involva ooKpasisone with both d i g i t a l 
simulation results and results gtoffl an 
eapariaaintel investigation OS the ifOllin« 
notion of a ffisâel ship in iiSEgaiao waves, 
Xt i e . also palnfiaû ti-rt tstat t î« thaasy may 
ba u*ed to praûlot stat&oties oe tha 
Ciifot-^aöïsaca type« ïfliïah ore epgsopslatQ 
when the lav^l oS wava eîsnl'intiun i s vesy 
high. 

Fro» a practical viewpoint ons io aften 
itrtsro3tca in tha statist ics of soi l motion 
over very long parieaa of tiara, ccastaneuzato 

J 

with tha opoiatitrg lifetlma Of the ship. 
During such long psrioüa a variety 0€ sea 
Btatoe Will îxs ersÄutttarea, thö magnitudes 
of which are unpredictable fron a 
dotosaänistic viewpoint, but which can be 
3aücïrib3<3 Btatittticaliy in totsia of a joint 
yEöiöatiility a iat tJbutlon for the wave 
&txsa&tcitis n . {«ignificant weva height ) and T 
(this cwiai\ aero up-croeaitig wava period). in 
tîta final past of this paper i t ic shown how 
ata t ió t l éa l infóxratlon «Jc-aarlblng ro l l 
est ion in a eingle eaa state can be 
ootaîiinaô «;ttn i&ng CCEIS *iavo stat ist ics to 
psoâ«c& lotig toira rol l s ta t i s t i c s . Scat« 
niio.ericol tesuifes ara presented in 
«i?ei*ieai £»s» foif a «IB&SO, specific cas«'. 

"srm wûKta isuBfflvasiead hero i s fully reported 
in Rass. i to e. 

te air a Iva at a pEüctlcal, useful cathod of 
piroräicting roll motion in ranfios waves i t i s 
essential to make a nustior of sinplifVlng 
asautaj>t ions and approKimatiôns. Those 
counted in thé psrecsnt work aire now briefly 

' discussed, Soma ara plausible on physical 
grounds whosreas other's àro œotivatud 
pïiwiîil.ï bV pragmtio cossitlorötionn ( i . e . 
tho . n s o e â s i t y . of e i ä ^ l i f y i n g tha 
nrntheacitieal description to tha point at 
which an analysis fcacaaaa feasible). 

The hydsoâynaaMo Cczaaa è^erionoed by a 
. ship in waves depend not only on tiia wave 
taotion but alco on «he óótien of thö ship, 
in çafiaral thèro « i l l ba soa» ooaplex, 
nan-lincai' intâraotion batwaan these two 
motions, which ; locöo to c&neldorable 
d iSf leul t ias in foraulating appropriate 
equation» of notion. 

For zbs epssial casa of snail raotions a 
lUmmcteiSiû Eralysis i s ga&aiblo, w>.ich i s 
votey stKâi oltrpler than the genar&l case. 
ftoaorairio to lir.aos thsory tha interaction 
efiCaatK) mantions^ above are abssnt, and the 
ia<S3lling proasäiiro can be repsusantad in 
bl^jJï diagram font, as shown in Fig. 1. 
'ihsra ara tso dist inct otagae in the 
ajK-lj'ûie 1 



a) computation of the wave forces on the 
ship, assuming that the ship 1B hot moving 
(thé Wave diffraction problem)) 

b) formulation of the equations of motion 
of the ship, treating the wave forces érom 
•tage (a) as exc i tat ion terms (wave 
radiation ana »response problems). 

such a linear calculation can be carried out 
using a general purpose computer programme 
Buch as WttWAVE (Ref. 9). 

• v . • • 

tiëre it is assumed, in the absence of 

further information, and tô render -the 

problem tractable, that the analysis can be 

carried but in the two distinct stages dhown 

in Pig; 1, . eVen When thé roil notion is 

fairly larde. A linear calculation 

procedure is used for the first stage, 

whereas non^lmear effects are incorporated 

into the second stage. The validity of thie 

approach can only be tested through a 

ctssparison vitT) expérimental observations of 

a «hip rolling in waves* such validation 

wbrx will be described in Section 4.J. 

a.a iferaulàtlah 61 the Equations..óf Motion 

It la 'assumed here, for simplicity, that, 

With à suitable öhéièe öf coordinates, it is 

possible to decouple the équation for roll 

nation Eton the other equations of motion. 

Humorleal comparisons, based on linear 

theory, indicate that, at least in the case 

of beam waves, this la indeed a reasonable 

approximation (sae Ref. 8). s 

following w a t earlier authors, a general, 

uncoupled, roll equation of nation will be a 

sacond'-order differential equation of Óta 

form 

ll * 6 C(i) + K<i») ô|t{tj ..(1) 

Where I is the roll inertia (including added 

inertia), 6 is the roll angle, c(i) is an 

arbitrary non-linear damping moment, H(t) Is 

the roll excitation moment and 0 is a 

sealing parameter. As explained earlier, it 

is assured that K(t) can be related to the 

wave notion through a linearised analysis. 

K($ y is the.' hydrostatic restoring moment 

Which can be computed theoretically or 

measured experimentally. c(i), the damping 

• moment, is assumed to be unaffected by 

incident wave motion and can thus be found, 
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exper imenta l ly , from fréè-décay or 
forced-roll tests . 

In the specific theoretical . method used 
here, and described briefly later, i t i s 
necessary to assume that the damping Is 
relatively light - i . e . , that ß i s a small 
parameter. in t h i s circumstance' the 
bandwidth Of thé roll response process Will 
be small compared with that of" the roil 
•Miment process. ' 

2.3 fravfe.feroitation »rocèas 

It i s assumed hete, init ial ly, that the wave 
input can be represented: as à stationary 
random process, with a known wave elevation 
spectrum, &w(ü). «his model la generally 
regarded as acceptable, for a single 
sea-state^ coveting a period óf time of the 
order Of a few hours. Por auch à sea state 
a standard form (euch as JottSttfcP) can be 
Used for Swdi»), With selected Values for the 
significant wave height, n, and the mean 
aero crossing period', T. utter (in section 
6 ) i t Will be shown how the analysis can be 
extended to deal with r o l l response 
behaviour over much longer periods of tine, 
in which a large ' number of successive, 
differing eea states are encountered. 

tó keep matters simple, waves are assumed to 
be . unidirectional. Thé elevation spectrum 
sw(u) i s then a sufficient description, 
slntte the proposed method (toes not require a 
Knowledge of the probability distribution of 

- the wave heights. 

2.4 fell fittftnonsa Eroaasa 

(The restoring moment, ' *<$), will reduce to 
sero at some critical roll angle, **, say. 
i t follows that there i s only a finite 
reg ion of sa fe operat ion in the 
phase-plane, which i s centred On the 
static, stable position (* = i = 0). m i s i s 
illustrated in Fig. 2 where trajectories for 
undamped, free motion are shown. with 
stationary random excitat ion the r o l l 
motion trajectories wil l eventually exit 
from' the "safe" region, resulting in 
"capsize". For . relatively Weak levels of 
excitation the probability of a trajectory 
leaving the safe region ia extremely small 
and one can, fox practical purposes, assume 
that the ro l l motion i s a stationary 
process (RS£. 1). However, for Mgh levels 



of excitation, and correspondingly sever« 
roll motion, a capsize may occur in a 
reasonably short period of tiraoi i t i s 
then inappropriate to discuss stationary 
response stat ist los , such as the standard 
déviation of roll , or the distribution of 
roll amplitude, 

Por severe r o l l motion a atüeh more 
satisfactory approach la to consider the 
probability that the roi l Röticm Stays 
Within definite amplitude limits« for a 
specified period of tiiss. This probability 
i s u s u a l l y c a l l e d " f i s a t - p a s e o g e 
probability, and i s closely related te the 
first-passage t i e s , which iß thé t u » taken 
for à trajectory with given i n i t i a l 
conditions to reach a prescribed level 
(Kef, 10). 

AöcüïiJingiy, i t ' wil l be assumed that there 
are two basic classés of proaleai 

a) nbdasateiy severe roll tsst.ion. In this 
ease n o n - l i n e a r i t i e s aire important 
(Qspeciali? lit daaping) but the probability 
of a eapslss occurring (within a tune 
interval of the_ Same order es the tide 
interval fair which the sea state my bo 
considered a« stationery) i s negligibly 

• sna l l i -•'•;. 

b) very severe roll notion. Here the 

relevant statietice are of the first-passage 

• type. . 

The theoretical approach used here is based 

on the adoption of equation' (1) as an 

appropriate equation óf notion. This ran be 

simplified sonewnat by dividing throughout 

by i. Thus 

9 + Jà ni) + o<#).» « t ) , ...(2) 

«here y =• c/i, e a K/I, x • m/i 

The total energy envelope, V(t), associated 

with the roil response nay be defined as 

V = f + XH&) ... (3) 

Where iz/2 is the kinetic energy and 

ü(*j = ƒ c-<t)d« ••' K ' 
o 

1B the potential energy. 

If the damping is sufficiently light then 
the energy dissipated through damping, in a 
typical roll cycle, »fill bè a relatively 
email fract ion of the t o t a l energy 
associated with that cycle, i t follows that 
the energy process, V(.t), will vary slowly 
with time. i t i s shown in nefs. l. and 2 
that, in these circumstances, V(t) can be 
approximated as a one-dimensional Markov 
process , governed by a f i r s t - o r d e r 

. stochastic differential equation. in - i tè 
fora (see Ref. i l ) this equation nay be 
written as 

dV a m(V)dt + D*(V)0W . . . ( S ) 

where m(V) i s the -drift coefficient", D(V) 
lo the "diffusion coefficient" and w(t) i s a 
unit wieder (or Erownlan) process. The 
derivativs of N(t) i s simply a white noise 
process. Both m(V) and D(V) can be 

expressed in terms of the spectrum, Sx(u), 
of the e x c i t a t i o n p r o c e s s , X ( t ) 
(Refs. 1. 2). 

For moderate levelc öf excitation the 
probability of capsize IS negligible (as 
pointed out earlier). One can then treat 
V(t) aa a stationary process with a 
stationary density function, p(V). Prom the 
Fokker-Vl&nck equation corresponding to 
equation (S) one obtains the expression 

«V) «.ofay'Sap {* . ƒ * { $ $ « ) - . . . (6) 

where C i s a normalisation constant. 

Fro» p(V) one can deduce several important 
s t a t i s t i c a l for example, consider the 
as&lltude envelope process, A(t), defined by 

V(tî > KtR(t)] . . . (7) 

Since é(t) ie a. narrow-band process, A(t) 

will be the envelope of the peak amplitudes, 

and the probability distribution of A(t) can 

£a used . as a good approximation to the 

distribution of these amplitudes, one has 

P(&> >» P(V> §jf = C(A) p(V> ...(B) 

where G(A) ie the restoring function. 
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tfeny other statist ical parameters (Including 
the standard deviation of # ( t ) , denoted o) 
can bö deduced from the expression (see 
Re«. i z ) i 

Plèi i> »WV)/t(Vj . . . <9) 

Where p($, 0) la the joint density function 

for the roll amplitudo; t, ana the roll 

velocity, hi and *(V> is the period of free, 

undainpôd oscillations at the energy level v. 

3.1 Hoajiia&.tnaoxtt 

It can be shown that, according to the above 

theory, in the spécial oase of a linear 

restoring moment, the gßaag of thé input 

spectrum does not play a role in the 

determination of m(V) and D(V) - i.e. the 

only value that mattere 1» that of Sjrfu) at 

w =» ÙJ0, where (Jo le the frequency of 

undamped, free oscillations. Thus, for 

linear restoring momenta, the basic 

assumptions of the theory are equivalent to 

making a White noise approximation for X(t), 

with conota .t epeotral level Sx<u0). 

For the linear case the error in 

approximating the Input as a White noise is 

readily found by using linear system theory. 

In fact one can compute a value r, defined 

as the ratio of the square of the exact roll 

standard - deviation to the square of the 

approximate, white noise result, o w - i.o.i 

o^/ov8 (10) 

She ratio r can be used to correct. In an 

approximate fashion, the theory outlined ; 

earlier, for thé general case of non-linear 

stiffness and damping. The technique is to 

replaça Sg(u), in the expressions for m(V) 

and D(V), by a modified spectrum 

SK'(U) » r Sx(u) (ID 

In the linear case this will have the effect 

that oz is now given exactly. in the 

non-linear case an. equivalent linear system 

must be constructed, to compute r. 

An appropriate equivalent linear system is 

3 + 2C(V)n(v)è + n*(v)0.= x ... (ii) 

where n (v ) » 2it/*(V) i s thé natural 
frequency at energy level V, and Ç(V) i s ah 
amplitude dependent damping factor. Thé 
ratio r,. computed on this basis, Will of 
coursa depend on v. 

A suitable definition of C(V) may be found 
by considering the free-decay of the 
non-linear o s c i l l a t o r . Por X(t) = 0, 
équation (S) /educes to 

UV) . . . (13) 

where i,(V), the "loss function" is the 

average loss per eyoie, due to damping» 

this can be readily calculated for any 

specific form Of damping (Raf. 4). In the 

linear case ' 

UV) a 2{V 

Thus, in the more general casa 

C(V) = 2V 

(14) 

(IS) 

can be regarded as an appropriate, amplitude 

dependent, effective C Value, for. use in 

equation (12). 

4. VM.IDIVtIOH.OP THE THEORY . 

4.1 comparison -With- Digital Simulation 

A d i g i t a l simulation study lias been 
undertaken using a specific form of equation 
(2) (Ref. . 3 ) . After non-dimenslonàllsation 
this equation takes the form 

£ + a* + b tr |£ | + * - V3 = H(t) (16) 

The damping in here represented as a 
combination of linear and quadratic terms, 
with a as the linear damping factor and b 
the quadratic damping factor, non-linearity 
in the restoring moment Is represented by 
the . cubic term in f, where y i s a 
non-dimensional roll angle (Bef. 3). 

in the simulation procedure, sample 
functions of the wave input process, x( t ) , 
were g e n e r a t e d d i g i t a l l y , u s i n g 
pseudo-random . numbers at equl-spaced 
intervals of time. A numerical integration 
routine (a 4th order Runge-Kutta algorithm) 
was then used to solve the equation, thus 
generating sample functions of thé rol l 
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response process, p ( t ) . Hence statist ical 
e s t i m a t e s of P ( M . the cumulative 
probability distribution of the envelops 

process A(t), and o, the standard deviation 

of lf(t) , were obtained. 

Since the objective of this study »as to 
t e s t the va l id i ty of the theoratical 
method, the sample function, x( t ) , did not 
necessari ly have to correspond to a 
specific, standard wave spectrum. ï t was 
sufficient that x(t) should have a spectrum 
with roughly the correct overall character 
- i . e . a single peak and a bandwidth 
r e p r e s e n t a t i v e of r e a l e x c i t a t i o n 
processes. Accordingly, an input process, 
jt(t), was chooan which had roughly the 
right . character* and for which sample 
functions could ba generated in a very 
rapid and efficient manner, with a minimum 
of computational effort. This approach . 

•habled long realisations of the output 
roll response to be generated, with the 
advantage that accurate estimates of the 
roil motion stat ist ics could be found with a 
reasonable computational effort. 

The input process chosen was generated from 

the relationship 

x(t) = h[a(t) cos Wpt - b(t) sin Wpt) 
. . . (17) 

Where h is a height scale, and a(t) and b(t) 

are two independent, first-order processes, 

obtained by f Uterina white noises through 

first-order linear filters. < The spectrum of 

x(t) for this process is 

»*<«) " <m ( ßz + ( w _ up)* + 02 + ( w + up^ 

... (18) 

where 0 i s a bandwidth paratsater (Ref. 3). 
For small values of 0, Sjrfw) exhibits a 
single peak at u - up, with a bandwidth 
proportional to 0. 

in this simulation study the roll response 
depended on the damping parameters a and b, 
the non-dimensional frequency ratio flp = 
Wp/w0. a non-dimensional bandwidth 
parameter, e = 0/<Jo, and a non-dimensional 
input strength parameter, oK. 

Fig. 3 shows typical results, for two sets 
of parameter values. It i s „found. In these 
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and in other results (Ref. 3), that the 

modified theory generally gives an improved; 

agreement with the simulation estimates, 

over a realistic range of damping 

parameters, and for a realistic input 

bandwidth, the modified theory was found to 

give good agreement with the simulation 

estimates of the standard deviation, a. (See 
Fig. 4, for a typical comparison of o 

values). As the assumptions of the basic 

theory would lead one to expect, the 

agreement is best when the bandwidth ratio 

R, given by 

bandwidth of XPXX response, ... (19) K n bandwidth of excitation process 

is small) this condition is achieved When 

the damping is light and also When the input 

bandwidth is large. 

4.2 comparison with Experimental Results 

In view of the lack of previously documented 

experimental results, suitable for 

validating the theory, an experimental 

programme was undertaken at BOT, with the 

aim of providing reliable statistical, 

estimates of the roll peak amplitude 

distribution for a ship at zero speed under 

controlled conditions. A li20 scale model of 

the Flâneries protection vessel 'Sullsker' 

was chosen for this study, and experiments 

were conducted with the model in the BMF 

KO. 3 tank. The model was subjected to 

unl-dlrectional, irregular beam waves, with 

spectra - of various prescribed shapes. Beam 

waves were chosen to minimise coupling with 

the longitudinal motions of surge and pitch, 

and , thus to simplify the analysis and 

interpretation of results. 

4.2.1 Estimation of Damping 

As a first stage in the experimental work, 

free-decay tests were performed on the 

unappended model (i.o. without bilge keels, 

flius, etc), m the absence of «raves. By a 

suitable analysis (Ref. 4) of such 

free-decay data one can arrive at an 

estimate of the damping function ((V) (see 

equations (13) to (IS)) and hence at 

estimates of the coefficients in an 

explicit, parametric mathematical 

representation of the damping term, c(p), 

in equation (1). 



Flg. 9 shows the result of analysing a 
number of free-decay curves obtained from 
the 'SulisKër', with various c r i t i c a l 
conditions <Ref. 4). Here C(V) is plotted 
against roll amplitude, 0. nie pronounced 
Variation of t(V) with ro l l amplitude, 
•Vident In Pig. S, i s due to the highly 
non-llnoar nature of the roll damping. The 
llnear-plus-quadratic f i t to the estimates 
of {(V), shown by the full line, «as found 
to give a better representation than the 
linear-pluo-cubic model, and was used in the 
subsequent theoretical model for forced roll 
motion. 

4.2.2 Boiling in irregular Waves 

Vests were carried out on a naked hull model 
( I . e . , no appendages such as bilge keels, 
p r o p e l l e r s , e t c ) . i r r e g u l a r , 
uni-directional waves were generated by a 
wedge wava-esker at one end of the tank, and 

the model was positioned for beam wave 

encounter. 

With the wav. generator set of produce waves 
with a prescribed "target spectrum", 
simultaneous measurements were taken of the 
alx components of Bhip motions and the wave 
elevation at either side of the model, only 
the roll displacement and wave elevation 
records ware used In the present analysis. 

Four different wave target spectra were 
chosen, as summarised in Table 1. 

3äS!S l i Datasets and wave »pnuUa 

Dataset Target wave spectrum N K O . of Rolls 

No. ^ssRecorded 

1 JOHSWAP) H = 9.im, T = 8.58 1001 

•'.• 2 JONSKAPf B = 4.4m, T •= 6.6B 1325 

3 ITTC) H = 4.711 1249 

4 JONSKAP| B = 6,UB, T = 8.58 seo 

4.2.3 Theoretical Modelling 

With the aim of assessing the validity of 
the uncoupled roll equation (equation (1)) a 
comprehensive linear analysis was carried 
out using the ranwAVE computer programme 
(Ref. 5). The calculations were carried 'out 
with the origin of Ota coordinate system 

'- located at the centre of mass of the ship. 
With this origin, there was found to be 
significant coupling between the ship's sway 

and roll motions, but other motions were 
much less strongly coupled with roll . 

On the assumption that only the sway motion 
Is Blgnlficantly coupled with roll i t was 
found possible to decouple the roll equation 

'by moving the origin of the coordinate 
system to a new position, a "roll centre", 
v e r t i c a l l y below the centre of mass 
(Ref. 5). The effect of this shift of origin 
was to change the rbir inertia (slightly) 
and the ro l l moment transfer function 
(significantly). Calculations based on the 
resulting single-degree-of-freedoro equation 
were found to give standard deviation values 
for roll displacement within ten per cent of 
the resu l t s from the fu l ly coupled, 
six-decjrees-of'-freedom equations. 

It was concluded that, at least for small 
motions, the roll can be modelled reasonably 
well by equation (1) , provided that the 
origin Is chosen to eliminate sway coupling. 
It was assumed henceforth that the roll 
centre was also the best origin to adopt in 
the case of larger, non-linear motions. 

The following specific equation of motion 
«ras adopted for the purpose of comparison 
with experimenti 

& • a« + b*|0| + Wo*«U +.e2«2) = X(t) (20) 

As shown earlier, the llnear-plus-quadratic 
damping representation chosen here i s in 
accord with the analysis of free-decay data 
for the unappended model) a and b are 
derived from this analysis (Ref. 4). The 
linear-plus-cubic form for the restoring 
moment, 0(4), in equation (20) i s a good 
representation for the sullsker model, for 
the rol l amplitudes in the range 0-35° 
(Rof. 5), i f e2 i s chosen appropriately. The 
spectrum of X(t) was related to the wave 
e levat ion spectrum through à l inear 
analysis, using NKTWAVE. 

4-2.4 Comparison between Theory and 

BgpQgltwnt 

Figs. 6(a) to (d) show, for datasets l to 4 
r e s p e c t i v e l y , the var ia t ion of the 
cumulative probability, P(A), w i th rol l 
amplitude A, as obtained from the theory 
(original 'and modified) and from the 
experimental roll records. Also shown, for 
comparison, purposes, i s the Rayieigh 
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distribution In each case (calculated from 

the measured a value). Raylelgh probability 

paper hau been used In the presentation of 

these résultai thus a Raylelgh distribution 

appears as a straight line. 

in all four cases the modified theory gives 

a fairly good agreement with the 

experimental estimates, and the pronounced 

deviation from the Raylelgh distribution, at 

high roll amplitudes, is well-predicted by 

the theory. This deviation is principally 

due to the strong non-linearity in the 

damping, which is almost entirely quadratic. 

At high amplitudes the Raylelgh distribution 

seriously overestimates the probability of 

.reaching larger.amplitudes. 

The theory was also found to give good 

agreement with the experimentally determined 

values of the roll standard deviation, o. 

Table 2 shows a comparison between 

experimental and theoretical values of o. 

TaBLE 2i Roll standard Deviation -

Theory and Experiment 

Dataset Experimental Theoretical 

No. ó (degrees) a (degrees) 

original Modified 

1 10.1 10.1 9.9 

2 11.3 12.9 11.8 

3 10.4 11.1 10.4 

4 11.0 10.8 10.7. 

S. FIRST PASSAGE STATISTICS 

The basic theory outlined earlier provides a 

foundation for estimating first passage 

probabilities. If the Fokker-Planck 

equation for v(t) is replaced by its adjoint 

form, one can obtain a differential equation 

for the probability, W(V0,t). that v(t) 

stays below a specified amplitude limit, h, 

in a time interval 0 - t, for trajectories 

starting at V0. 

Pox largo values of h, and correspondingly 

long times to failure, it is shown in. Ref. 6 

that 

W(v0,t) -» «rH* ... (21) 

where \ \ | s an e igenvalue of the 

differential equation for W. Also 

T - x x • • • ( 2 2 ) 

where T i s the mean of the first-passage 

time. Thus a knowledge of T suffices to 

estimate W(V0, t ) , in the case of large T. A 

simple, ordinary differential equation for 'T 

can be deduced, and solved numerically, by 

incorporating a suitable boundary condition 

(Ref. 6 ) . 

In Ref. 6 a number of comparisons are given 

between theore t i ca l estimates of T and 

corresponding est imates from a d i g i t a l 

simulation study. Generally i t was found 

that the theory gave good results When the 

bandwidth rat io R was large. For smaller 

values of R the theory gave estimates of T, 

and hence w(v0 , t ) , which were conservative, 

and should, therefore, be of value for 

design.purposes. 

6. IOWG TERM STATISTICS 

We now consider the situation where a ship 

operates for a long period of time (N years) 

in a particular sea area, for a specified 

part of the year. During its operation It 

encounters a sequence of different single 

sea states, each of duration a few hours. 

Each single sea state can be regarded as 

approximately stationary, and may be 

specified in terms of the wave parameters R 

and T, referred to earlier. If, in addition, 

a specific form of wave spectrum is adopted 

(such as the JDNSWAP form), and the waves 

are assumed to be unidirectional, the joint 

specification of H and T Is a complete 

description. The long term wave climate may 

then be specified by the ' joint probability 

density function p(H,T) (Refo. 13 to 15). 

such density functions are available in 

analytical form, with parameters derived toy 

fitting the form to observed wave data 

(Ref. 14). 

The theory outlined earlier enables roll 

statistics, to be computed for a single sea 

state - i.e. for particular values of H and 

T. By computing such statistics for many 

values of H and T, and using the p(H,T) 

function for the'long term wave"climate, one 

can' obtain estlmateo' of long term roll 

statistics. Two approaches will be 

described briefly here, and illustrated by 

numerical results for the •sulisker' 



oparatlng In a sector of the North Sea in 

the winter months (see Ref. 7 for details). 

For simplicity it is assumed that the ship 

operates at zero speed, and that only beam 

waves are encountered. It is possible, with 

extra computational effort, to include the 

effects of more general operating conditions 

(Refs. 7, 16 and 17). 

6.1 Distribution of the Standard Deviation 

of Roll 

•The standard deviation of roll, o, for a 

•Ingle sea state can be regarded as a 

function of H and T. Fig. 7 shows a contour 

plot of o in the (H,T) plane, for the 

particular case referred to earlier. As one 

would expect there is a strong tendency for 

o to be greater When the peak in the input 

spectrum coincides with the natural 

frequency of oscillation, f„ = 1/T0. For 

the 'Sulisker', with the ballast condition 

used in the calculation, T 0 = 8.85 sec and 

the peak in the spectrum (the mean J0N3WAP) 

occurs at f0 = 1/1.409T. Hence the critical 

value of T, Tc, is given by T c = 8.83/1.409 

a 6.28 sec, as marked in Fig. 7. 

The cumulative probability distribution, 

P(o), of o can be found by computing the 

"probability mass" between closely spaced o 

contours (Ref. 7). Fig. 8 shows the 

resulting variation of P(a) with a, plotted 

on Raylelgh probability paper, for the 

present example. The computed points lie 

almost exactly on a straight line, 

indicating a distribution of the Raylelgh 

typei in fact the expression 

P(a) = 1 - exp t - (B?33 >* 1 ••• (23) 

gives a very good fit. 

From V(a)r related long term statistics can 

be easily deduced. For example, one can 

compute the "return period". Kg, for a given 

critical level, TJ, of o. This may be 

defined as the average period of time which 

occurs between states for which a > i). in 

the present example. Fig. g shows the 

variation of O with HR, for different values 

of m, the number of hours in each single sea 

state. The main feature of this result is 

that o varies only slowly with HR and is 

fairly insensitive to .changes in m. 

6.~ Level crossing Rates 

For a single sea state, with specified R and 

T values, one can compute the average number 

of up-crossings per "cycle", v*T!0, of the 

roll response process 0(t), for various 

amplitude levels, y (Ref. 7). Bare v+ is 

the average numer of upcrosBings, per unit 

time, of level i). If one fixes a certain 

critical crossing rate, (v+T0)crit say, as 

the limit of acceptability, from an 

operational viewpoint, then one can define, 

precisely, the region of unsafe operation 

In the (H,T) plane. In the present example, 

if (v+T0)crit = 0.001 (i.e. one crossing 

every thousand cycles, on average), and 

V = 40°, then the appropriate unsafe region 

is shown in Fig. 10(a). As v increases, the 

area of the unsafe region diminishes. 

Fig. 10(b) shows the effect of increasing i) 

from 40° to 50°. The sizes of the unsafe 

regions are relatively insensitive to the 

choice of (v+T0)crlt
 but are critically 

dependent on the choice of the 19 level. 

The long term level crossing rate (v+T0)in> 

can be found by integrating over all sea 

states, as discussed In Ref. 7. For the 

present example. Flg. 11 shows the variation 

of (v+T0)i/r with ij2, where the former Is 

plotted logarithmically. A very good fit to 

the computed points is 

(v+T0)üT = »I exp(-k2i»
a) ... (24) 

where kx = 9.14 x 10
-3 and k 2 = 2.86 x 10"

3. 

From this result one can estimate the 

probability of "survival", ps, as a function 

of the critical amplitude level, 7?. Here Pa 

represents the probability that the level v 

will not be exceeded, in the long term. 

Fig. 12 shows the variation of Pa with 13, 

plotted on Raylelgh probability paper, for 

the periods N = 1, 10 and BO years. This 

shows that Ps is very small If the critical 

response level 9 is chosen to be less than 

55°, but rises sharply with increasing 

values of v. 

In assessing the significance of these 

results it must be remembered that. the data 

has been derived from tests on an unappended 

model - i.e. with very low roll damping. 

The purpose of this calculation is to show 

how the method may be usud, rather than to 

produce operational data for a specific 

vessel. 
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The main conc lus ions of t h i s work are 

summarised as fol lows. 

a ) The Markov-averaging method gives good 

agreement with simulation estimates whan the 

r o l l damping i s l ight and when the wave 

exc i ta t ion band-width i s re la t ive ly large. 

A simple modification t o the theory, t o take 

further account óf the input spectral shape, 

leads t o improved accuracy when the input 

bandwidth i s reduced. 

b) A l inear analys is o f the small motion 

response, for the particular ship used for 

va l ida t ion purposes ( the FPV ' s u l l e k è r ' ) 

re ealod that the r o l l motion was coupled 

p r i n c i p a l l y wi th sway motion, A " r o l l 

centre1' could be found as a coordinate 

o r i g i n , auch t h a t t h é l i n e a r i s e d r o l l 

equation was approximately uncoupled from 

the sway motion equation. This resul t lends 

support t o the basic assumption of a s ing le 

dogroe of freedom equation for r o l l . . 

c ) A simple non-linear equation could be 

c o n s t r u c t e d f o r t h e r o l l mot ion by 

incorporating a lineär-plus-quadratic model 

(deduced from free-decay t e s t data on a 

naked h u l l , without appendages) for the 

.damping term and à l lnear-plus-cublc form 

for the non-linear restoring moment. In the 

present study the predominant non-l inearity 

was in the damping term, which was mainly 

quadratic. To obtain the forcing term in the 

equation of motion, a l inear relat ionship 

between wave e levat ion and wave exc i tat ion 

Bornent was assumed*. 

d) Good agreement was obtained between the 

t h e o r e t i c a l and' experimental p r o b a b i l i t y 

distr ibut ions of roll, angle amplitude, and 

the standard deviation o f the roj.1 angle, 

for the unappended hul l in four dif ferent 

beam sea« cases , In particular the theory 

correct ly predicts the. deviation from the 

R a y l e l g h d i s t r i b u t i o n , ' f o r t h e r o l l 

ampl i tudes , which was observed In tho 

experimental d i s tr ibut ions . This deviation 

I s principal ly due t o the non-l inearity' in 

the f'damping,' irtiicV". i s ' almost:' e n t i r e l y 

qutóra^ic>'iA';natuiiaV:V; ••'• ":v!r:'-S'- K,ft *''•"•'•/ 

e ) • The theory can be u>rad t o predict f l ro t 

passage probabi l i t i e s . comparisons between 

theoret ical e'gtimatos of Î (£he mean f i r s t 

passage time) and corresponding simulation 

estimates have shown that the theory g ives 

conservative r e s u l t s , which can be useful 

for design and operational purposes. 

f ) By combining resu l t s from the theory 

tilth information on the long-term weather 

climate i t has been poss ible t o predict the 

long-term s t a t i s t i c s of r o l l motion. A 

numerical example has demonstrated the 

f e a s i b i l i t y o f the proposed c a l c u l a t i o n 

method. 
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PRINCIPAL AXES FOR DAMAGE STABILITY CALCULATIONS WITH UNSYWŒTRICAL FLOODING 

N* A. Hamlin 

Abstract Discussion 

Damage stability calculations sometimes 

Ignore the angular rotation of the principal 

axes of the damaged waterplane which develops 

in the case of unsymmetrlcal flooding. The 

rotation of the axes and associated moments of 

Inertia of the Intact area after damage are 

given for several cases of unsymmetrlcal 

flooding on single hull and divided hull 

vessels. It Is shown how Ignoring the effect 

leads to large discrepancies On divided hull 

ships, and on single hull ships with low L/B 

and drastic.unsymmetrlcal flooding, but little 

error on a typical single hull vessel with a 

lesser degree of unsymmetrlcal flooding. 

Introduction .'...'• 

Damage stability calculations for single 

hull vessels customarily are made on the 

assumption that heel and trim after damage 

take place about axes parallel to the original 

longitudinal and transverse axes but shifted 

to pass through the center of flotation after 

damage. When the damage 1s symmetrical, the 

axes so shifted remain principal axes. 

Waterplane area moments of inertia are a 

maximum and minimum about these axes as are 

the corresponding metacentric radii 1H, and 

BMT; the corresponding metacentric heights 

BH L and 5 % will also be maximum and minimum, 

respectively. 

However, In the case of unsymmetrlcal 

flooding, the axes for maximum and minimum 6R 

will no longer remain parallel to the original 

axes but will orient themselves at some angle 

B with respect tb the direction of the 

original axes. Therefore, when calculations 

are made for heel and trim after unsymmetrlcal 

flooding, the corresponding moments of Inertia 

of waterplane area, and Inclinations, should 

be taken about the reoriented axes, which are 

the principal axes after damage. This paper 

addresses the degree to which neglect of the 

angular orientation of the damaged waterplane 

principal axes Introduces error ,1n damage 

stability calculations with unsymmetrlcal 

flooding. 

Hydrostatic ship characteristics are 

customarily computed using waterplane half 

breadths measured off and normal to' the 

centerllne of the vessel and a rule of 

Integration, such as Simpson's first rule. 

Table I shows the additional columns and steps 

In such a calculation In order to find the 

product of Inertia I of the Intact 

waterplane after damage about parallel axes 

through the center of flotatton after damage. 

The calculation Is shown for a passenger ship 

which has experienced drastic unsymmetrlcal 

flooding, that Is, from the bow to amidships 

but only on the port side of a longitudinal 

centerllne bulkhead, and assuming 100 percent 

permeability u . The resulting angular 

rotation B of the principal axes Is evaluated 

using the well known formula from mechanics 

tan 2 e <= 2 V ( V 'x> 

where: 

I 1s the longitudinal moment of inertia 

of the Intact waterplane area after 

damage about a transverse axis normal to 

the centerllne through the center of 

flotation after damage. 

1 Is the transverse moment of. Inertia of 

the Intact waterplane area after damage 

about a longitudinal axis parallel to the 

centerllne through the center of 

flotation after damage. It 1s assumed Iy 

Figure 1 shows the orientation of the 

principal axes after damage for several 

vessels. The axes are turned through the 

angle a such that the longitudinal axis (x 

axis) moves away from the damage area and the 

transverse axis (y axis) moves closer to It. 

Call the new axes x. and y^. 
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The minimum or maximum moments of 
Inertia of the damaged waterplane area 'Xj and 

y I may 
expressions: 

be evaluated by the following 

I 

'1 

»x cosZ ß 

lx sin
2 8 

+ Iys1n 

+ l cos2 e 

- I„„ sin (26 ) 

+ Ixy sin (23 ) 

As noted , In texts on 

materials, the variation of I 

strength of 

and I with 

ß can be represented by a Mohr's circle plot, 

as In Figure 2. 

In order to demonstrate the effect of 

neglect of the change In orientation Of the 

principal axes, several cases of drastic 

unsymmetMcal flooding have been examined. In 

four of these cases, one quarter, or nearly 

so, of the originally undamaged waterplane 

area Is assumed to have flooded ( g ? 100 

percent). The flooded area 1s al l confined to 

one side of the centerllne and one end of the 

Table I 

vessel. The vessels assumed are summarized In 

Tables II and III and Figure 1. It should be 

noted, with regard to the first case for 

Vessel A, the nature of flooding would be 

unusual for a passenger vessel Inasmuch as 

watertight longitudinal centerllne bulkheads 

are seldom fitted, 1n order to avoid the 

heeling moment which results from flooding on 

one side only. Therefore, 'the first Vessel A 

case is one of extreme unfavorable flooding. 

The I calculation for the first Vessel A 

case 1s that shown 1n Table I. 

Table III summarizes the results of the 

calculations. Included are values of 

calculated moments of Inertia of waterplane 

after damage using the two approaches, the 

angle 0, and the ratio of moments of Inertia. 

Figure 3 plots the angle ß and the ratio 

of minimum moments of inertia against overall 

length/breadth ratio. Also included 1n Table 

III and Figure 3 are values for Vessel A In 

which the flooding extends only from the bow 

to the forward quarter point, Indicating 

rather small error for this case. 

Calculation of Product of Inertia of Intact Area 

About Parallel Axes 

Through Damaged Center of Flotation for Vessel A 

Bow 

Sta 

0 

0.5 

1 

1.5 

2 

•,3 . 

• 4 " 

4.5 

Amlds 5 

y(m) y' 

0 0 

1.25 1.55 

3.14 9.86 

5.36 28.72 

7.60 57.71 

10.96 120.03 

12.01 144.17 

12.04 144.94 

12.04 144.94 

Lever 

5 

4.5 

4 

3.5 

3 

2 

1 

0.5 

0 

S.M. Prod 

0.5 0 

2 13.95 

1 39.44 

2 201.03 

1.5 259.71 

4 960.27 

1.5 216.26 

1 72.47 

0.5 _ _ j a _ 

Î. = 1763.13 

Damage I about x, y axes through £and Sta. 5 

• (1/3) x (1/2) x S(-S) x E - (-1/6) x (15.5)2 x 1753.13 = -70,600m4 

Centroid of damage area = 29.8 m forward Sta. 5; 5.0 m to port of t 

Centrold of Intact area after damage » 13.0 m abaft Sta. 5; 1.30 m to stbd. of 4. 

LCF of undamaged ship = 4.1 m abaft Sta. 5 

Damage area = 556 m Area of undamaged waterplane = 2,684 m 

Then I of Intact area after damage about parallel axes through centrold of 
xy . 

Intact area after damage 

= 2,684(-13.0 + 4.i)(1.30) - [-70,600 - 556.1(29.8)(-5,Q) + 

556.1(-29.8 - 13.0)(5.0 + 1.3)] = 106,640 m4 
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Table M 

Characteristics of Vessels 

Vessel A B c 0' 

Type Passenger Barge Catamaran Semi-submersible 

Length, m 155 60 80 79.2 

Breadth, «i - 24.08 20 28 48.8 

Materplane Symmetrical Rectangle Asymmetrical Four circles 

Table H I 

Moments of Inertia of Uaterplane After Damage 

Vessel 

Waterplane 
area before 
damage 

2,684 2,684 1,200 (552 1,051 1,051 

Area of m 
damage 

556 171 300 169 263 526 

Angular $ 
rotation of 
principal 
axes 

4 
I about m 

parallel 
axis 
through c.f. 

2.7° 0.6° 7.6° 18.4" 16.8° 26.6° 

2.286 2.643 0.248 0.146 0.6671 0.4990 

2.291 2.644 0.251 0.159 0.7163 0.6209 

V'v 1.005 1.0001 1.016 1.088 1.074 1.244 

I about . x 
parallel 
axis 
through c f . 

0.0656 0.1006 0.0275 0.0507 0.1791 0.1330 

W 

m 0.0619 0.1003 0.0235 0.0378 0.1299 0.0055 

0.944 0.997 0.857 0.747 0.725 0.041 

(Multiply I x , l y , 'xj. and \ by 106) 
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As an extreme example of error which can 

be made by falling to account for the angular' 

rotation of the principal axes, Figure 4 shows 

the same four column drilling platform as 

Vessel D. Column 3 has been flooded to offset 

the large Inclining moment which would result 

from damage to column 1. Table H I Includes 

the moments of Inertia about the principal 

axes after damage together with those 

disregarding the angular shift for this case. 

The great error which would result from the 

latter assumption Is clearly evident. 

Conclusions and Recommendations 

As a result of the foregoing, the 

following recommendations appear justified: 

Damage stability criteria for divided 

hull vessels, or vessels with unusually low 

L/B, should require that GM after damage be 

based upon moments of Inertia computed about 

the principal axes of the damaged waterplane, 

rather than about axes parallel and normal to 

the vessel's centerllne, when extensive 

unsymmetrlcal flooding occurs. 

Damage stability criteria for divided 

hull vessels, or vessels with unusually low 

L/B, which specify a particular minimum 

freeboard and/or angle of heel after damage, 

should require, In the case of extensive 

unsymmetrlcal flooding, that these quantities 

be computed as a result of Inclinations about 

the principal axes of the damaged waterplane. 

N. A. Hamlin 

Professor of Naval Architecture 

Webb Institute of Naval Architecture 

Crescent Beach Road 

Glen Cove, New York 11542 

USA 

S 

20° 

0° 

1/4 fLUOTf.l^ 

;UB^ S S : > 

|0.70 
> DIVIDED HUIL VESSELS 
• o SINGLE HULL VESSELS 

0.80 

X 
0 X 

•C 

0,90 

e 
B 

100 , 1 

I/4FLO0OF.0 » 

, i/erLo^ocoA , 

3 4 5 
LENGTH / BREADTH 

FIGURE 2 
FIGURE 4 

122 

i 



Third International Conference on Stability 
of Ships and Ocean Vehicles, Gdarisk, Sept. 1986 

SOME ASPECTS OF SEAKEEPING FOR SMALL SHIPS 

Kholodilln A.N., Trounin V.K., Ouahakov B.H. 

- 123 -



Abstract 

In evaluating the safety of ship 

navigation it is adopted as a critical 

situation that a ship with zero speed 

expects rolling with her side turned to 

the incident wave system. However under 

the wind and wave action a ship is sub­

jected to a drift which causes a varia­

tion in ship-wave frequency of encoun­

ter. In such a case the roll "transfer 

function" calculations demand the use 

of a frequency of encounter which is 

less than the true spectrum frequency. 

This phenomenon leads to displacing the 

maximum lever of the "transfer function" 

in the direction of high frequencies 

and results in an increase of the ampli­

tudes of rolling in calmer seas. The 

paper presents roll calculations and 

dynamic stability estimates for small 

vessels in shallow water which illustra­

te the above-mentioned fact. 

Evaluating the safety and seawor-

thness of a ship in a seaway it is adop­

ted from a point of view of stability 

that the most dangerous situation ex­

pects a ship with zero forward speed 

rolling in beam seas. To calculate sta­

tistical and spectral characteristics 

of rolling a definite information is 

required about wave pattern and some 

properties of the ship as a dynamic 

system. The spectral method of analysis 

is based on the use of linear model of 

rolling, though it is well known that 

when ship oscillations are intense the 

damping moment and the restoring moment 

t>ecome nonlinear functions of velocity 

and angle of rolling. This phenomenon 

had necessitated the development of 

methods considering nonlinearitles such 

as statistical linearisation /1/ or 

Markov process technique /2/. The use 

of these methods requires the knowledge 

of the diagram of static stability of 

the ship and her hydrodynamic characte­

ristics: the added inertia moment and 

the damping coefficient. While thé sta­

bility diagramm can be calculated effi­

ciently by well known method of statics, 

the question of reliable evalution of 

hydrodynamic characteristics of rolling 

sofar stands open. 

The damping of rolling being on the 

whole of viscous nature, the common way 

of obtaining reliable results is the 

model experiment. Mostly it is carried 

out by means of the free-decay method 

as a simple one and convenient for per­

formance and treating the experimental 

data. Such a method can be rather effec­

tive not only in model tests, but also 

when applied in full-scale with the aim 

of avoiding the scale effect. It is known 

that variations of damping change consi­

derably the "transfer function" only near 

the resonance peak where amplitudes of 

rolling are large and the degree of damp­

ing is in a good agreement with quadra­

tic law /V. There is a lot of formulera 

evaluating quadratic damping coeffici­

ent from a free-decay data. They ex­

press it by means of the amplitude radio 

i-i-Bi+t/Bi measured over half period 

of rolling. According to /3/ Fig.1 illu­

strates calculations performed by diffe­

rent authers' expressions. The actual 

function is formed from the solution of 

the equation 

Pig.1 shows that with the increase of 

damping when t^< 0,6 the choice of in­

vestigation will alter significantly the 

corresponding results. Such a case may 

occure for ships with bildge keels, tech­

nical means and offshore structures. The 

minimum error gives the use of the ex­

pression obtained in /*/ 

V0-A±£±- i - (2) 

The influence of the sea depth is 

important in evaluating of rolling of 

small ships. The shallow water effects 

both the hydrodynamic characteristics of 

oscillations and the characteristics of 

incident waves. The results of model ex­

periments carried out in the basin of 

Leningrad Shipbuilding Institute show 

that the increase of damping way be ex­

pressed appoximatly as follows /5/ 

(3). 
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where T represents the mean draught; 
H - the depth of the sea. Transformation 
of the wave spectral characteristics in 
shallow water may be obtained with the 
help of the function recommended by J.M. 
Kryiov in the form /5/ 

where 

>N~J&£s5oM w 
r 

* our i ~i 
H-C"scnf L" J 

Here 0 represents the^acoeleration of 
gravity| (ù - the spectral» g ^ - thé 
spectral density of wave elevation in 
the oase of infinite depth; Sç , $4 -
epeotral densities of wave elevation and 
wave slope in shallow water; (f - the 
mean angle between the direction of wave 
propagation and the line of constant 
depth; C* - wave length ratio, obtained 
from the equation 

c:ia*k(f&) (6) 
The expressions (4)-(6) can be used 

for the depths W greater than the 
depth HM «here incident waves are 
breaking. An approximate method for eva­
luating Hm has been developed in /&/. 
Being applied to the standard spectrum 
/ V together with the assumption that 
the mean wave frequency US is related 
to the wave height of Jfr probability h.^% 
as * • 

£3* US 
for the case (f e 0 it gives 

••Bit^OßBk^ 

(7) 

(8) 

This material had been the base for the 
algorithm and computer program of calcu­
lation of ship rolling and dynamic stabi­
lity in shallow water /5/, /?/. Flg.2 
Illustrates an example of estimated data 
for a 51OO tonu ship, which shows that 
the influence of the sea bottom.is Sig­
nificant when H If <• 4. 

In treating ship safety a special 
attention should be paid to the choice 
of the critical situation. The initial 
information for the spectral analysis of 
rolling in random seas is the wave height 

Zijwand the mean wave frequency^ . A 
ship with zero speed expects rolling with 
here side turned to the general direction 
of wave propagation. Prom all types of 
wave motions one considers in shipbuild­
ing only wind waves and swell waves. The 
periodB óf other waves being much greater 
than the natural periods of rolling the 
ships practically don't respond to them 
/8/. In random seas of definite force 
wave heigh and frequency vary with the 
degree of wave development.Approximation 
of océanographie data (see /1/, /5/» /9/) 
gives the folliwing interval for the mean 
wave frequencies 

(6 y _ „ P.,5 — m 0) 
4&J ^ 

Tki'/o v ny/t 

where the smaller values correspond to 
developing seas and the larger ones - for 
fading seas. In this connection the choice 
of the mean frequency the one according 
to (7) doesn't answer to the most dange­
rous conditions of seakeeping in definite 
sea force. 

Moreover under the i ifluence of wind 
and waves the ship expects transverse 
drift. The calculation of the "transfer 
function" of rolling in such a case needs 
the substitution of the spectral frequen­
cy by the frequency of enoounter. Treat­
ing the drift of ships in beam seas the 
latter is less than the true spectral 
frequency1 

V ,.2 
•flfe-û)- (10) 

where V represents the drift Velocity. 
This phenomenon leads to displacing the 
maximum lever of the "transfer function" 
in the direction of high frequencies and 
results in an increase of the amplitudes 
of rolling in calmer seas. 

Therefore in our view when choosing 
the mean wave characteristics it seems 
sensible to adopt as a guiding principle 
the closeness between the natural frequ­
ency of rolling fig and the frequency of 
encounter corresponding to the frequency 
of the maximum of the spectral density 
C0me . that is 
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For the spectrum adopted in the USSR 
/ V » 7 5 / tbö mean wave frequency i s 
connected with the frequency of maximum 
spec t r a l dens i ty as 

6)a**Q777(0 (12) 

Thus the recommended «ay of deter­
mination of wave characteristics may he 
formulated as follows» 

1. For the relevant wave foroe one 
"V? 

chooses the maximum «rave height with 3% 
probability (see l.g. /1^, 75/»79/). 

2. The minimum and maximum mean 
wave frequencies are calculated accord­
ing to (9)« 

J. The corresponding frequencies 
of maximum spectral density are calcu­
lated from (12), 

4-s Ehe frequencies ~m 

effe calculated according to (10). 
5« Comparing these values with the 

natural frequency fig according to (11) 
one accepts the frequency of encounter 

6. The frequency of maximum spect­
ral density is calculated with the help . 
of the following expression 

.«i/i may! 
(iLJ and (0me 

^ir^'T^è) (13) 

?. Finally the mean wave frequency 
is calculated from (12). 

Pig.3 illustrates the results of 
calculations made for a small 45,8-tonn 
seiner. ïhe amplitude of rolling of the 
ship drifting with velocity V devided 
by the amplitude of rolling without 
drift is plotted against the Froude 
number 

Fz^W/yQ 8l » where B represents the 

ship's breadth. 
The most difficult moment in the 

proposed method is a rational estimation 
of the drift velocity. While there are 
some recommendations concerning wind 
drift (see i.g. /5/)» the question of 
drift among waves still stands open. The 
existing data /10/ are applied to the 
forces which cause the drift but their 

application to calculations of drift 
velocities is impeded with the character 
of damping of a rather complicated motion 
including transverse drift with constant 
speed and swaying of the ship. For appro­
ximate estimation a method may be re­
commended based oa experimental evalua­
tion of the drift velocity, performed 
with a free rolling model. The mean drift 
velcity is measured near the roll reso­
nance where drift forces and velocities 
have maslmum value (Fig.*!-). The rolling 
of a ship in random seas occuring with 
a. frequency which is close to the natural 
: one, it is possible to use the Tailor 
expansion and limit oheselt with its' 
first term. 

For the last 20 years Leningrad 
Shipbuilding Institute carries out in­
vestigations on small ship stability. 
The first publication was made in the 
Proceedings of the 12th ITTC in 1969 / H / , 
when in the model basin of the Institute 
the first experiments of rolling in 
erupting waves had been performed. Lately 
attention was paid to the influence of 
drift on ships" stability« The scheme 
proposed in the present paper, in the 
authors' view, will enable engineers to 
evaluate the stability of ships in a 
ssaway more aecuratlyo 
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THE HUMAN FACTOR EFFECT ON THE SAFETY 

OF SHIP STABILITY AT SEA 

M. Gerlgk 

ABSTRACT 

This paper presents general informat­

ion on the human factor effect on the sa­

fety of navigation. 

The safety of ship's stability is descri­

bed by means of statistical data. 

The paper also presents conclusions which 

follows from the analysis of the cyberne­

tica! system Man-Ship-Environment. 

For this purpose the elements of theory of 

systems have been used. A man is described 

here as en open system of steering.The ru­

les for modelling of the system man-ship 

have been presented, which are important 

for the safety of ship stability. Finally 

the conclusions relative to this safety 

have been presented applying theory of ga­

mes and theory of statistical decisions. 

1, INTRODUCTION 

All technical systems which are ope­

rated by man are the man-systems. An exam­

ple of such a system is the man-ship sys­

tem. 

An activity of the man-ship system is 

accurately connected with the navigation 

as a part of the organized reality /see 

fig. 1./. Navigation is connected with the 

following categories of problems: politi­

cal, economical, operotioi al, technologi­

cal and human. In consideration of the sa­

fety of navigation the human problem is o-

ne of the most Important. 

In navigation the human factor effect is 

connected with [lpj i 

1. man power /recruiting, teaching, 
training/, 

2. career /qualifications.motivations, 
experience/, 

3. life at sea /adaptation, assimila­
tion/. 

The scientific survey confirms that for 

the safety of navigation the human factor 

effect and the technical factor are equa­

lly important. Statistic dotn confirm the 

above as well. 

The basis for the study of the influence 

of the human factor upon the safety of 

navigation is the theory oi' systems vie­

wed as an interdisciplinary branch of sc­

ience. In order to analyse, the already 

existing systems such as man-ship system 

the most useful are: theory of operation, 

theory of probability, theory of games, 

methods of number simulation and theory of 

making decisions. 

Danger threatening the man-ship system 

can take the shape of [3 J : 

1. self-destruction of the system, 

2. destruction of the coexisting sy­
stems . 

3. destruction of the 
of the ship. 

environment 

It is often connected with health damage 

or loss of life. Navigation safety can be 

improved by means of application of spe­

cial technological appliances /an accele-

rometer or other measuring apparatus/,the 

auxiliary appliances /auto pilot, radar/, 

ontycollision systems whose work is inse­

parably connected with man's activity,man 

being a decisive factor of the ship safe­

ty. 

2. STATISTICAL DATA 

The total number of ships exceeding 

100 DWT in the world fleet according to 

Lloyd Register of Shipping was 76 106 u-

nita for the year 1983 [11J 

In the years 1970+1983 the world's fleet, 

was suffering the loss of 300fl»00 ships 

every year. The consequences of some of 

the casualties were frightening. We can 

mention here the cases of the Polish sls-
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tar «hIps the "Kudowd Zdrój" and "Busko 

Zdroj". 

'The most Important reason« of the majority 

of the casualties according to I...It. In 1983 

are as follows! 

1. weather conditions »3,69* 

2. f 1res 3««,9^ 

3. collisions 2,85* 

h. overloads 0,î»9* 

5. squats 2»*, 02* 

6. missings 1,22* 

7. damages of construction 22,79* 

3. MODELS OF THE SYSTEM MAN-SHIP 

A. CYBEPNETICAL MODEL. 

From tho analysis of the reality it 

results the fact that man-ship system is a 

oybernetlpal system of operating /see fig. 

1./. 

System set of elements of organized 

reality remaining in the interre­

lations f2j 

In all those reasons we can trace the hu­

man factor, although there are certain di­

fficulties in evaluating and defining its 

range. The results of the researches done 

by the US Coast Guard f 12/ have shown that 

a man is the most important and decisive 

factor for the safety of ship stability, 

Th© human effect upon the ship stability 

was manifested by the ignorance of infor­

mation referring to the ship stability,the 

lack of general marine knowledge,wrong ma­

noeuvring during the unfavourable weather. 

. . The greatest number of casualties has 

been registered in case of small vessels 

/300 + kÓO/ DWT"- about 10* of the total 

number of stability casualties. 

Similar survey led by the Ship Hydro-

dynamios Laboratory in Helsinki and by Ll­

oyd Register f"8j showed that stability 

casualties resulted primarily from the wro­

ng operation by man. The majority of those 

casualties took pleoe at night between mi­

dnight and 8 o'clock in the morning and 

in tho evening,, between I» o'clook and mid­

night. This followed not only from the di­

fficulties of identifying the situation 

but also.from the predisposition of the 

crew /stress, tiredness, drowsiness/. It 

also appeared that the worst were the be­

ginning and the end of the week, as it ha­

ppens with the road traffic. 

Despite the extensive statistical in­

formation published in various periodicals 

their reliability is doubtful!. It results 

from thé fact that the reports are usually 

made on the basis of the so called casual­

ty information oharts. Taking the human 

nature into consideration the information 

about the human factor participating in 

the casualty is usually doubtfull,where as 

the information about the casualty with no 

witness alive are only hypothetical. 

1 REALITY 

s| ORGANIZED 
SI REALITY 

NO 
ORGAN/ZED 

REALITY 

STEERING 
SYSTEMS 

Z. 
NO STEERIN6 
SYSTEMS 

ARTIFICIAL 
SYSTEMS 

NATURAL 
iYSTEMS 

1 

. _ _cXQg!l'iZTica | 

Fig. 1. Division of reality. 

The oybernetioal man-ship system is chara­

cteristic for its exchange of information 

between its elements, which should result 

in coordination of those elements. 

The basio factors of the steering process 

are information and feedback, which assure 

the control of the elements within the man 

-ship system. 

B. MATHEMATICAL MODEL. 

Generally, the system can be descri­

bed with tho set of simultaneous differen­

tial équations [2] : 

afnMi,d*,..-,An) 
(1) 

where: Ai - element measures of the system 

ft - interrelations of the system. 

Tha set of equations (1} works well with 

the analysis of the general properties of 

the system without the information refer­

ring to Ai and ft . After rearrangement 

end development of the set of equations we 

obtain the following solution: 

1 3 0 -
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where: Ci" constant, 

Xi - roots of the characteristic 
equation: 

Oii~ A-
J 

On< - • 
an - Clin 

(Xnn ~A. 
0 (3) 

Stability of the system nan be easily de­

fined depending on the value of' A . The 

analysis of the set of equations (1) enab­

les introducing of the following terms: 

J.lty in definite conditions. What is mo­

re, the characteristic features of a man 

aro: 

time of reaction, shooting above the cro­

ssbar and false starts /see fig. 2./. 

1. intogrity of the system - . altera­

tion of an arbitrary element of 

the system yields the . alterations 

of the remaining elements, 

. 2. additivity of the system - altera­

tion of the whole system is a 

sum of alterations of particular 

elements, 

3. progressive segregation of the sy­

stem - interaction between the el­

ements of the system decreases wi-

• • • • thin the time passing, 

U. progressive mechanization of the 

system - loss óf oontrol abilities 

of the system results from.its me­

chanization and automation, 

5. progressive centralization of the 

system - minor alteration of one 

of the elements brings about the 

significant alteration within the 

whole system. 

Man-ship system is of an nonadditive chara­

cter in general. Its functioning is conne­

cted with the growth of complexity resul-

.ting from the progressive segregation and 

progressive mechanization. It can result 

in the loss of control abilities by the 

'man-ship system in diffioult situations. 

ht MODEL OP MAN 

Fig. i. Characteristic features 
of a man. 

The basic feature of the human body is 

dynamical internal interaction consisting 

of the growth of internal order and de­

crease of entropy [z] . Man's control a-

bilities depend on conditions dominating 

the. whole system. Gradual mechanization 

of a man within the passing timo brings 

about the situation in whioh man's con­

trol abilities are of the feedback chara­

cter typical of tho closed system. In fe­

edback the quantity of information does 

not grow in number but it often changes 

into noise. 

The correctness of decissions undertaken 

by man being the open system depends on 

form, kind and content óf information wh­

ich he acquires. The model of a man vie-

: wed as a closed system has many drawbacks 

in comparison with the model of a man vi­

ewed as an open system. The model of a 

man viewed as an.open system is more cor­

rect as it takes into account the psycho­

physiological aspect of an organism,man's 

oreativity and personality, 

5. METHODS OF MODELLING AMP 

INVESTIGATIONS 

From the classification of the sys­

tems into open and olosed ones we oan dr­

aw the conclusion that a man is an open 

system. 
def 

An open system the system which continu­
ally exchanges the ma­
teriel with its environ­
ment [2] . 

Man is characterised by his ability toper-
form a work depending on achieving ' stabi-

The most commonly applied methods of 

evaluating the influence of the human fa­

ctor upon the navigation safety are [h] : 

1. computer simulation tests, 

2. investigations in full scale. 

On modern ships a man takes the role of a 

controller-observer. 

Fullfilling the variety of functions by 
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man on B ship is connooted with receiving, 

transforming, sending ond utilising inf­

ormation.' Man's behaviour during accomp­

lishing the task is dependent, among ot­

hers, on hie ability, knowledge, experie­

nce and lews of physios governing, condi­

tions of a ship movement end the forms of 

presentation of the information concer­

ning the movement of the ship.. The best 

method for determining the influence of 

the human factor upon the navigation sa­

fety is the real-time simulation on board 

with the help of a bridge simulator with 

two peripheral, devices. Such a simulator 

enables improving the navigation safety 

due to simultaneous observation of the 

actual situation on the sea, training and 

projection of the original information in 

a form of an image, numerical data, deci­

sion eto. Knowing the mathematical model 

.of e man it is possible to make the ana­

lysis of the safety of man-ship'system by 

means of. computer simulation according to 

the scheme shown in fig. 3. £?J . 

•An 
i 
I 

COMPASS 

1* 

EXTERNAL FORCE&-

-i RADAR h 

AECHOISWPBI \SHIPA\-\ 

8*> 

AUTO 
PILOT 

HELMS 
MAN 

I? 

Pig. <*. Models of the ship safety 
system. 

Conclusions resulting from.the 

tlons are' as follows: 
calcula. 

«ÔÙQALQ3 , HELMSMAJL. 

\sm 

Fig, 3. Model of the navigator end 
helmsman. 

1. reliability of both systems /A fi­

nd B/ decreases with the time pa­

ssing, 

2. neoessity of constant and progre­

ssive observations of a ship en­

vironment, 

3. system A does not meet the requi­

rements of safe operating man-

ship system due to its minor re­

liability /after two hours of 

work the reliability goes down be­

low 0,5/, 

k. there exists the necessity of re­

ducing the human faotor effect in 

the ship operation prooess, 

5. ship safety can. be increased by 

automation of the navigation pro­

cess where man's role would be 

that of the control element. 

6. RESULTS OF COMPUTATION 

In the study [5] the enalysis of 

the effectiveness and calculation of rel­

iability of the navigation safety system 

has been made. There have been considered 

two different models of bridge navigation 

safety systems /see fig. *»./. 

The calculations take into aooount the 

random character of faults made by man 

and the random oharacter of faults made 

by the technical subsystems of a ship. 

7. HUMAN FACTOR EFFECT ON STABILITY 

OF SHIP 

Taking into consideration' the infor­

mation received from the outside the man-

ship system is the match play system fl3j 

Man's influence upon the ship stability 

oan be studied with the application of 

the theory of gomes. Roughly speaking,the 

game is governed by the rule that two 

players A and B perform the activities si-

ifruJ tfluaously. In case partner B is not in-
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terssted In the results of the same the 

role of a partner for the seoond player A 

Is taken over by circumstance» /in our 

oase It la the state of the sea/. 

In the above case the matrix of profits 

is» ; 

B(circumstances) 

A (men) 

where: 

calm 
sea 

rough 
sea 

completing 
the task "it »12 

not completing 
the.task 

-°21 -»22 
N 

°11' °12' '21» "22 - profits. 

When a man performs a task and sea is ca­

lm the probability of the stability acci­

dent is a...The greatest possibility of 

this accident /-» ,/ oocurs in case man 

does not complete the task and sea is ro­

ugh. Man often undertakes the risk in the 

situation when he has not completed the 

task, aiming at the same time at reducing 

the expected value /the least probability 

of the stability accident/. 

A pesiraist will always perform the task 

while an optimist will rather wait for mo­

re favourable situation. Although, the la­

ter would probably decide quickly to com­

plete the task if he knew the probability 

of the stability accident at that moment 

was e.g. 0,9. 

Game between a man and circumstances 

san result in zero sum or non xero sum [6], 
The basio criterion in games with zero sum 

result is the MINIMAX criterion fiJ foj. 

We can call it here the criterion of the 

smallest risk of the stability aooident. 

MINIMAX respects to the saddle point on 

the surface Zmf(x,y) which is the dist­

ribution of scores between the players A 

end B, 

The profit of player A, acoordirig to the 

matrix ft) equals: 

Z'xtyanHI-ytoiJrtl-xtyt-aMiMI-yK-anll'N 

ted value-equals Tiero tE(Z)—0l • Man's 

influence upon the value Z depends on 

his strategy (x,1~x) • Wien man employs 

strategy (1,0) he decides to undertake the 

task and employs strategy (0,11 he decides 
not to undertake the tank. 

Both strategies (i,Q) and (0,1) are called 

clear. 

If man A is not selfconfident ho may cha­

nge his strategy to prevent from the inf­

luence of the environment. The best stra­

tegy man A can employ in the game against 

the oiroumstances B is ( », n) for which 

E(Z)-0 • Games with non zero sum are as­

sociated with the prisoner's dilomma. The 

prisoner's dilemma lies in reduction of 

risk of the stability accident by man.And 

if he knows that man B has not accompli­

shed the task the matrix of profits is 

[9] 1. 

B1 
D2 

A1 °1'81 a2'a3 

V V°2 Rk'ak 

where '.2a4>at+aa>2ait aa>atlas>aal a.4>a*. 

The dilemma of both players lies in the 

question whether to accomplish the task 

what would influence directly the effects. 

The analysis of the prisoner's dilemma 

within the problems referring to the stabili­

ty accident enables the formulation of 

the following conclusions: 

1. cooperation of men is the most 
constructive in case the stabili­
ty accident is certain, 

2. man is indifferent to the safety 
of a ship when according to his 
opinion the probability of the st­
ability accident is small, 

3. the most desired strategy on the 
part of a man is the clear stra­
tegy (l,o; , 

k. the cause of man's lack of self-
oonfidenoe in the conflict situa­
tions is the lack of knowledge a-
bout the matrix of profits. 

where: (x,1~x) - strategy of man A, 

(j/,1~y) - strategy of circumstan­
ces B. 

It is assumed that the strategy of circu­

mstances for a given water regions are 

known. 

Since the circumstances B are not intere­

sted in the result of the game the expeo-

8. CONCLUSIONS 

Despite crowing process of automation 

in ship navigation man still remains a de­

cisive factor for the ship safety at sea. 

Present research has shown that*a man is 

the most important element of the ship 

safety system. The loss of control over 

a ship in a critical situation is the main 
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OBUS« of casualtieso 

The aim of further research on the human 

factor effeot upon the ship safety is 

«forking out a method of identification 

of the dynamics of man-ship system . . . 

REFERENCES 

M 

W 

J.O. Derger - Statical Decision Theo­
ry. Nov York, 1980; 

£ï$ L.V. Bertalanffy - General System The­
ory. Warsaw, 198*1 ; 

A. Brandowski '-> Effectiveness and Re­
liability of the Ship Systems. Mer -
chant Havy Academy. Gdynia, 1981»; 

£«iJ.B, Chlio, B. Delia Loggia /CETENA/, 
C.Deutaoh, M. Boutin /OPEFORM/ - Ship 
manoeuvrability aspects and human fa­
ctors. Genova, 198*»; 

[3j M. Gerigk - Reports of Ship Research 
Institute of the Technical University, 
Gdansk, 1985-86; 

£6j A.M. Gliofcsman - Linear Programming 
end the Theory of Games. Brooklyn, 

-, 19625 

[7$ R.H.M. Huijsmans, If. Spaans - Computer 
simulation techniques in a ship oont-
rol simulator. 
Conference: Automation for Safety in 
. Shipping and Offshore Petroleum Ope­
rations. Trondheim, Norway, 1980; 

f8j 

fioj 
fi!7 

fitf 

03/ 

V. Kostilainen, M. HrvArinen - Ship casu­
alties in the Baltic,Gulf of Finland and 
Gulf of Bothnia in 1971-72. The Journal 
of Navigation, Vol. 27, No 2, 1971»; 

T.B. Sheridan, V.R. Ferrell - Man-Machine 
Systems. Cambridge, Massachusetts, London. 
England, 1980; 

Ship Systems. Conference. London, 1979; 

Statics of damages. Morskoy Flot, No 6, 
1985; 

R.L. Stroch. Small Boat Safety. Marine 
Technology. July, 1980; 

S. Ziemba, V. Jarominek, R. Staniszewski. 
Problems of the Theory of.Systems. Osao-
llneum, 1980; 

ABOUT THE AUTHOR 

MIROSLAV GERIGK is employed in the Ship 

Hydrodynamics Department of Ship Research 

Institute - Technical University of Gdansk, 

He graduated in shipbuilding from the Ship 

Research Institute at Gdansk Teohnioal Uni­

versity in 198'». 

134 -



Third International Conference on Stability 
of Ships and Ocean Vehicles, Gdarfsk, Sept. 1986 

FLOATATION INSTEAD OF STATICAL STABILITY 
PROPOSAL FOR CHANGES 'IN BASIC DEFINITIONS 

J. Wiénieirski 

SUMMARY 

The aim of proposal is to separate 

the ship stability ooncepts from its sta­

tical origin, and enable on this way the 

proper dynamical deduction of it, also as 

a part of modern dynamic systems approaoh, 

positively developed in other branches of 

engineering. 

Presented aim is not only of educat­

ional effect, which may be as well impor­

tant. The scope of hydrostatics calculat­

ions for'contemporary ships has been en­

larged, end raised to the role of one of 

the main problems in methodology of ship 

design. On the other hand ship stability 

is very often approached now with the new 

tools of dynamiós systems theory, what ne­

ed» a common base with former practical 

solutions so effeotive till present time. 

For both of these practical aims proposed 

changes may be profitable. 

The main ohenge lies in proposal of 

the new definition of ship floatation.This 

is based on known conditions of equilib­

rium of floating body. There are given co­

nditions of so defined floatation proved 

by the oriterion of extreiua of the poten­

tial energy. 

.Further, the scope and methods of checking 

these conditions are reviewed generally? 

outlining the praotioal problems of sepa­

rated notion. 

At the end the new situation of ship sta­

bility definition is discussed. 

U INTRODUCTION 

Two oritical conclusions may be for­

mulated after retracing first chapters in 

naval architecture textbooks concerning 

the problems of ship hydrostatics.They co­

nstitute detailed arguments for actual ge­

neral opinion that this part of naval ar­

chitecture, being remain of history,should . 

be modernised. 

First conclusion states that almost 

all ideas of ship stability adapted and 

developed in practice,rised by IMO to the 

level of international rules,originate from 

statics, and some of them, missnamed, are 

still incrusted there. It makes difficult 

the effective application of modern dyna­

mic systems approach to stability in naval 

architecture, in spite of positive results 

in other branches of engineering, 

Seoond conclusion evaluates critical­

ly methods of formulation and solution of 

hydrostatics problems. Many differeut al­

gorithms and simplifications for separate­

ly treated problems, elaborated during the 

long yeers of desk calculations, do not su­

it now the requirements and possibilities 

of oomputer techniques and modern methods 

developed in ship design methodology. 

This paper aims to present the simple 

proposal of modernisation without detri­

ment to the past. New definition of the 

ship floatation has been formulated at the 

beginning and a general review of praoti­

oal problems and methods of solution has 

been presented in limits of the new defi­

nition, with nil traditional notations of 

naval architecture. Aa the result of this 

presentation the possibility of detachment 

of ship stability ideas from their hydro-. 

statica origin seems to be evident. 

The author hopes, that his simple proposal 

is not only of formal value. The r opinion 
of experts may answer, whether it may be 
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constructive, also for proctice. 

a. NEW DEFINITION OF SHIP FLOATATION 

Uraic proposed in his text-book [ij 

three conditions of ship floatation, which 

may be summarized in the following new de­

finition: the floatation of a ship ia her 

property to float in the position of sta­

ble equilibrium under the aotion of gravi­

ty and buoyancy foroea. The novelty lies. 

, in the junction of the two previously . se­

parately treated conditions of equilibrium 

in one notion, adding the demand of firmi-

ty to them. The new definition casts the 

problem back to the times of olassioal fo­

rmulation, when the early studies of equi­

librium of the floating body are inioia-

ted. 

Thus examined'equilibrium Bouguer'[2] 

defining the metacentric radius in the rai-

tJtile of eighteenth century. 

Like that in nineteenth oeatury Dupin 

[3] and Davidov [k] continued the study of 

the problsci. The needs of contemporary pra-

otloG neglected, their general attempt,di3~ 

joinlng in separate treatment the buoyan-

oy, trimm and transverse stability prob­

lems. Today,generalisation is more aotual. 

Lot the body form be given in body axes 

system OxtJZ /fig. 1.A N 

Fig.i 
f 

In spite of proposed conditions,the text 
of Uraio book is treating the problems of 
floatation, trimm and stability separate­
ly and in 'traditional composition. '.• 

In thia system there are defined: 

P (zw,<i>,<f ) - gravity force 

D (Zw.tfi,^) - buoyancy force 

/Çg(zw,<̂ ,f) - radius veotor of the centre 
of gravity 

A*y(Zw,<̂ ,9') - radius vector of the centre 
of buoyancy 

all of them being the funotions of coordi­

nates of the water plane ZM, *({(?. The solu­
tion of equilibrium problem in this general 

oese of three-dimensional system is rather 

laboroua and transcending the common des­

cription in naval architecture. Henoe, ob­

serving the common treatment of the problem 

like in ship hydrostatios, let the ship po­

sition towards the water level plane be 

changed separately with one degree of fre­

edom through parallel displacement along 

the axis Ot , and two rotations round the 

axes perpendicular to planes Oily and Otu 
of fixed axes system Ouwt /fig . 1./. 

Axis Ot is always perpendicular to the 

floatation plane, and the origin of the sy­

stem Ouwt lies in the same point with the 

origin of the system OxtJZ • For the ship 

in upright position the corresponding axes 

of both systems are in coincidence. The a-

nalitical geometry of the centre of buoyan­

cy in both systems of referenoe is assumed 

to be known, at least for two-dimensional 

oases. 

3. CONDITIONS OF FLOATATION 

The criterion of equilibrium of the 

floating body is the extremum of its poten­

tial energy relatively to the water level, 

for stable position the extremum ought to 

be minimum. 

.' z 

r 

. 
p f \ 
Dt-r! T 

V it^ j & _ 
0 TV 

Fig. 2 
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Potential energy of the ship Is /fig. 

2./t 

Ep-(tG-T)P-(ty-T)J} (i) 

Substituting for ty and Z? : 

V - P m u t ; B-rfs(t)ät 
f S(t)dt ' 4 

Where j> is the area of waterplane, and 

putting J"« f for simplification, the en­

ergy may be written as: 

Ep^nP-fctndt+TfilVdt .(») 
to 'to 

The first derivative of energy with res­

pect to , / is: 

EI=-P-SÏT)T+I' S(t)dttsmT=-M(3) 
• • ' • : • : • • - ' • * ? • " 

Hence, the condition of equilibrium for 

vertical displacement is the equality of 

gravity and buoyancy forces. 

The condition of firmity needs: 

Ep = S(T)>0: ..(*) 

This is always fulfilled for surface ves­

sels. x • 

When S(T]=U , the equilibrium under the 

water level is theoretically neutral /as­

suming It(t)'~ COrist/ since all fürther de­

rivatives of energy equals zero, what is 

the condition of unproper extremum, and 

therefore - the neutral equilibrium. 

In case of ideal compressive fluid the 

ahip with S[T) = 0 is vertically in stable 
position. 

For the ship inclined with balanced 

constant displacement, the potential ehe-

. rgy is: . 

Ep = iJ(tR-iJ 
Substituting /for heeling/: 

•*fi = iGc03f~yQsinlPi tv-Zy'ca$tp-yysinip 

where f = i?.i. the metacentric 
dius, the first derivative with respect 

to </? will be /fig. 3,/j 

Fig. 3 

Hence, the condition of equilibrium for 

balanced inclination needs the colineation 

of gravity and buoyancy forces. 

The condition of firmity needs: 

Ep=n(rHv-tG)=I}-GM>0 (?) 

Hence, in the position of equilibrium the 

distance between the centre of gravity and 

the centre of buoyancy ought to be smaller 

than the metacentric radius.Equivalently,the 

metacentric height must be positive. 

The discussion of the oase ffM=0 must be 

longer [5J . It is the condition of neu­

tral equilibrium for body of revolution fo­

rms only. For submerged ships the condit­

ion of firmity needs tv>£g. 

On the same way may be derived the co­

nditions for trimming, for which the check­

ing of firmity has no importance practica­

lly. 

k. CHECKING THE CONDITIONS OF FLOATATION 

Two forces and coordinates of their 

centres, coordinates of the waterplene of 

equilibrium and two metacentric radii are 

the set of thirteen variables in ,. floata­

tion problems. The conditions of the stable 

equilibrium form the four relations of the 

variables. 

Limitation to the two-dimensional problems 

reduce» the, number of variables to nine,and 

relations to three. 
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The force of gravity and the coordi­

nates of H a centre ere calculated sepa­

rately In tables of weights, if thye are 

not the unknowns in thé problem under co­

nsideration. Complementary relations for 

the rest of variables 17, f/',2y,(/v,f,T' 

/or D,^,Zv,Xv,,t , R / helping in the 

solutions of some problems, are given in 

form of geometrical characteristics,known 

under the names of cross curves of stabi­

lity, 'trimm curves, hydrostatic curves, 

etc. Many problems have to be solved di­

rectly with the help of body lines for 

direot calculations of complementary var-

. iable s. ;. 

The first condition of floatation is 

being fulfilled through the parallel dis­

placement of the waterline along the axis 

. Using geometrical characteristics, 

the solution may be obtained but for up­

right and trimmed position only. The ans­

wer oan not be obtained from the charac­

teristics for transversely inolined ship,' 

as well as for inoliced three-dimensiona-

lly. Cross ourves of stebility do not re­

présent the relation between the buoyancy 

and the height of corresponding waterline. 

In these cases the body lines must be di­

rectly used. 

For small changes of the buoyancy 

the problem may be linearised to the re­

lations: A V = S-At 

WM a Ws At ( « ) 
. CAV = t S y 2 

O i s the area , and GCJ5,U3,tg where 

-' the coordinates of the centre of actual 

•waterline. Linearised formulae are prefé-

red even if the possibility of the use of 

'geometrical characteristics exists.. • 

The second and third conditions of 

floatation may be checked grafically in re­

spect to ^ using the oross curves of sta­

bility /or trimm curves in respect to f̂ / 

from /fig. k,/t 

PyG cosf = l)(wv-zGsm({>) (9) 

where Wy ( ty) f or D s const, must be inter­

polated form the diagrams of cross curves. 

The stable angle of equilibrium is the so­

lution, and this is to recognise from the 

slope of resultant curve at the point of. in­

tersection with Off axis. There is no other 

simple possibility to control the sigh of 

metacentric height at tose angles of heel as 

no other possibility of the determination of 

metacentric, height for. inclined ship exists, 

expect as from the body lines. 

Approximating the locus of the centres 

of buoyancy with the arc described by .the. 

metacentric radius, the condition (S») may 

be formulated analytically for upright po­

sition as : 

. PyGcos(f=I)-GM0sincp (10) 

Hence, the angle of equilibrium will be: 

tg<p _ y . 
STic 

' ( " ) 

Although the metacentric approximation may 

be used close to the centre of buoyancy of 

the ship with any trimm and heel, practica­

lly geometrical characteristics in form of 

hydrostatic curves allow to do it only for 

upright position. Sometimes trimm curves in­

clude the information about the metacentric 

radii of trimmed ship. 

All the problems with combined trimm and he­

el, if not simplified by superposition,have 

to bo solved directly on the body lines. In 

particular methods special geometrical cha­

racteristics are calculated in the process 

of solution. Detailed discussion of methods 

used in three-dimensional cases excess the 

limits and needs of this paper. For the bre­

vity of main text, already the review of ac­

tual preotice for calculation the more com­

plicated two-dimensional problems of float­

ation with linuid cargo, in damaged . condi­

tion and with support is to be continued In 

appendix, To it will be also referod in fu­

rther argumentation. 

Fig. A - 138,.. 



is SHIP FLOATATION TOWARDS STABILITY BIBLIOGRAPHY 

The review of newly separated floata­

tion problems /including appendix/ using 

the notation of classical naval architect­

ure only, proves that it is possible to 

build a new chapter in it, using traditio­

nal elements. It contains solutions of the 

whole ship hydrostatic problems without a-

ny need of reference to stability notion. 

The Ship stability, free of handleaping 

with static, is open to new approach. The 

ship, as a dynamic system defined in diffe­

rential equations of her motion should be 

the object of stability investigation. 

The stability of a system is to be able to 

remain in aooepted boundaries of defined 

state under the action of predetermined ma­

gnitude and character of foroing. The sta­

te may be a stable equilibrium position 

under the aotion of gravity force, and the 

forcing-due statical ohanges of its loca­

tion or/and magnitude. 

This case, called "statical stability" is 

inoluded now in whole into floatation pro­

blems. Praotioally there are no other sta­

tical excitation forces aoting on the ship. 

Hencei stability may be started as a prob­

lem- of dynamios. Starting with the' solu­

tions of linear equations of the motion, 

discussing some nonlinear solutions, then 

introducing modern dynamic system approaoh 

based on the Lyapunov ideas,, the chapter 

on ship stability may be newly formulated 

and developed. References f 7], l"8 ], /* 9 1. 

oloser explain this opinion. 

There is also the space in this ohapter 

for what is called actually "the dynami­

cal stability" of a ship - the base of co­

ntemporary international criteria of safe­

ty in stability regulations, Moselèy deri­

ved the idea of "dynamical stability* dis-

oussing rolling motions of the ship. His 

followers linked it to the staties. How to 

derive "dynamical stability" through In­

tegration of simplified equation of motion 

see e.g. [6 ] . 

evidently, all equations of motion include 

statically defined restoring terms, end so­

me of stability regulations - additional 

statically defined conditions. But all de­

tails for this use may be quoted from floa­

tation-chapter. Those remain the only nee-, 

ded link between stability and hydrostati­

cs. . 
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Appendix 

Checking the conditions of floatation . in 

special oases. 

1. Liquid oargo problems. 

All the basic problems may be compli­

cated through ohanges of the coordinates of 

the centre of gravity with the position of 

the ship. That ' •» the case when liquid car­

go fills only a part of watertight compar­

tment. In this case the second condition of 

floatation [9J may be found from /fig. ;3./: 

Fig. 5 
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P(yGcosip+$wMyl](Wv-z6sin({>) (12) 

fV, pn 

where: p - weight of the liquid oargo, 

coordinate of the centre of 

gravity of the liquid oargo 

in' fixed syst ein of referen­

ce with the origin in point 

(Xp•-. (/p. Zp) - **»« «•«-
ire of gravity of liquid 

cargo being the component, 

in calculations of the cen­

tre of gravity of the- ship 

upright position. 

The solution may be easy obtained, 

when the characteristics in form.of cross 

curves for the compartments are previously 

computed, analogically to ths cross curves 

of stability for the_body lines. It is ra­

re the case, and mostly metacentric formu­

lae, or cross curves of simple box forms, 

approximating the shape of real tanks, are 

used. . • 

Substituting accordingly into (12) : 

'•"•If-'-' f 

zv~20=\rrsincj>ä(p; yY
=jTC0S(fdcf>: (13) 

o o 

where: "Tp-zr - metacentric radius of li­

quid oargo, then rearranging and returning 

to the fixed system of reference, the se­

cond condition of floatation changea to 

thé form: •' 

PyGcos(p*I)(wiv-zssjncp) ( « ) 

where: 

w^z^smf+y^coscp , 

zfY = f Jei-jprrt. sinfc/^z0 (to) 
<p • .'• . X ' " • • • • 

, yiy-J
 Jfl"ffir" cosipdcp 

' :p . 
The simple formal operation replaces . 

the real shifting the centre of gravity by 

apparent change af coordinates of the cen--

tre of buoyancy, with no difference, oi' the 

result. There is no spare of calculation 

when formula (15') is used. Substituting 

(16) into (6) in place of Wy .then di­

fferentiating, the.apparent metacentric 

night in the condition of firmity (7) will 

be» 

-(») 
•TT - )C 

™app V w G V 

In this form metacentric hight is commonly 

used for oolouletions with metacentric ap­

proximation, Ths other possibility /not 

practioised/ is to calculate the position 

of the centre of gravity of the whole ship, 

with the centre of gravity of liquid oargo 

rised to the point of its metaöentrum. 

2. The influence of flooding, or floata­

tion when damaged. . 

The Separate group of problems in na­

val architecture are the equilibrium con­

ditions for à ship with freely flooded wa­

tertight compartment. The seopnd oohdition 

of equilibrium in this case may be written 

as: 

pi ys<
coscf=1}ib *V, v« vn y) M 

where : 

»V vi' 

coordinates of the oe-
ntre of gravity of the 
ship with added li­
quid cargo p -, 

coordinate of the ce­
ntre of buoyanoy of the 
ship, where added bu­
oyancy d-p and Wrf 
is the coordinate of 
its oentre (fig. 6.) . 

Fig. 6 
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'In this cas« the water in compartment 

-la treated as the added weight* Calculat­

ions of the position of equilibrium, using 

(tsYare laborous. The added weight is a 

funotion of Y , and even if the charac­

teristics )Yp ( D, U>) are in disposition, an 

iterative prooess must be used. 

Substituting formulae for ZRk , t/g. Hi 
and IV V* in (l8j and rearranging it will 

be obta ined: 

PyG cosy ='D(Wzy'Zûsintf) (19) 

where: 
W2V D 

It is seen on the fig. 6., that tVjy 

is the coordinate of the centre of buoyan­

cy of the ship without the volumen of the 

flooded oompartment. The loss of the' buo­

ys noy of watertight compartment is equali­

sed through the immersion to the waterline 

The new cross curves of stability Woy(V V') 

for recessed lines may be calculated and 

the problem (l9J i» reduced to L8j , . 

This method of "löst buoyanoy" is more si­

mple as the method of "added weight" of 

(l8J , Grafical results of both solution 

are identical. But there is. no Identity 

when in place of moments only the levers 

are calculated, what is the oomrnon practi­

ced case in naval architecture. Dividing 

(is) by Bi and (l9) by 17 and rearra­

nging gives accordingly: 

ys cosy = wy+$(%-wJ-zGsin(r(i9A) 

It is evident that both ourves differ 

in values proportionally. 

Also the metacentric highta will differ at 

every point. 

Substitution t/ff. , ZQ. and W.. from (l8J 

to (ó). and differentiation give the resu­

lt: • • ' 

and the same operations with Wzv from (19J 

; have the result : 

*">/>/> l2V J) lß M 

It makes no difference for evaluating 

the state of equilibrium, as the , sign of 

both metacentric nights will be always the 

same. But for calculations with metacen­

tric approximation, or for checking the 

requirements of thé Safety of Life at See 

Conference, proper value must be used. 

3« Floatation with support . 

Docking, launching, grounding, or in 

some oiroumstahoes rising the sunken ship 

are the problems in which equilibrium is 

investigated under conditions that the we­

ight of the ship is equal the sum of. buo­

yanoy force and supporting reaction of the 

bed : '.-.''••'' 

'P'B'+R ( » ) 

ym.7 

Potential energy of the syst.em will be fig. 

7 . / * : • ' " ' " • • 

fp- Pt6-mv- Rttt M 
Hence, for inolined equilibrium position 

it should be satisfied: 

D>VyfRw„-Pi>/s'0 ( *»> 

As the o ratio is a funotion of (f fthe 

oondition [2<«J must be. solved by trial 

and error method. 

In the position of equilibrium the se­

cond derivative of energy gives the oondi-
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tloria of flrmity In the for«! 

What gives th« condition l'or apparaat me­
tacentric night in the position of equi­
libriums 

Benóe, thé critical atate will be when« 

R 
^•<p(V t«) ( * • ) 

In particular case, when the ship is sup­
ported in plano of evmotry, and ^fm Q , 
'the apparent 'metacentric hight will be : 

y--;-fi!i^-'6M-|>«,-.; (27) 
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PROBABILITY OF NON-CAPSIZING OF A SHIP 
AS A MEASURE OF HER SAFETY 

W. Block! 

ABSTRACT 

There are views that the probability 

of non-oapsizing of a ship is a good mea­

sure of her stability safety. The paper de­

scribes shortly how to oaloülate this pro­

bability. The method used is based on the 

Coda's oonoept of the wave groups.The roll 

of the ship is simulated on a computer and 

differential equation of ship motion is so­

lved for random initial.'oonditions. The so­

lution makes it possible to calculate the 

probability of capsizing oaused by one 

group of. waves.Next,the probability of ca­

psizing is calculated with respeot to the 

aotion of any group of waves aooording to 

the formula for the entire .probability.The 

probability of non-oapsizing in a difini-

te period of time is obtained and this 

probability is reoommended as a measure of 

stability safety.. 

The results of calculations of non-

capsizing probability for small trawler at 

Baltic Sea are presented. The method of 

the oholoo of a suitable probability level 

up to whioh the ship may be regarded as 

safe is shown. 

In the history of naval architecture 

different quantities were taken as measu­

res of the ship's stability safety. 

In the 18th and 19th centuries metaoentrlo 

height, righting arms of the statioal or 

dynamical stability were used as those me­

asure«. Safety, similar like the reliabi­

lity, is a probabilitio quantity. At pre­

sent the opinion exists that the probabi­

lity of ship's non-oapsizing is a good me-. 

asure of ship stability safety. It is a co­

nvenient measure, beoauae the probability 

of ship's non-oapsizing increases nonoton-

ously with an inoreas of ship's stability 

safety. This is the number from the inter­

val [0,l] . 

For the most dangerous ship, with no sta­

bility, the probability of her non-capsi­

zing is zero, and for the absolutly safe 

ship this probability is one. 

2. METHOD OF COMPUTING THE PROBABILITY OF 
SHIP'S NON-CAPSIZINO 

The randomness of ship's capsizing is 

oaused mainly by the fact that sea waving 

is a random prooesa. The groups of high 

waves, whioh happen in stoohastio prooess, 

may cause oapsizing of a ship. The sto­

ohastio model of the wave group was propo­

sed by Y. Goda (1970) . This model defines 

the probability distribution of the length 

and frequency of groups of high waves 

C 1! C21 • I n this model of the wave group 

a single wave is considered, as independent 

random event. The wave group of length J 

is defined as a series of single waves 

whioh consecutively exceed the level O in 
( j - l) - trials and fail to exceed in the 

J-th trial. 

This length and distanoe between two wave 

groups are shown in fig. 1. 

It is assumed that the amplitude of wa­

ving is distributed aooording to the Ray-

leigh'e density funotion. 

Therefore, the probability of exoeeding of 

the level O by a single wave is given byt 

P*?(fA>$)=exp(--~b.) (2.1) 
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— The distance between tm nave groupa 

mÊt__ The novo group 
of /-length 

Fig. 1. The length and the distance between groups of high waves. 

The' probability of the ooourenoe óf the 

war« group of length J to espreesod as[1ji 

^ifi-f»1 («-rt <*•** 

(2.3) 

The memo value of this distribution is t 

j : 
Â-jQ 

©n the oiher hand» the probability of the 

«aisteöoe between two subsequent «eve giro-' 

«g>a is expressed by jYJ : 

with the following mean values 

Computation of the probability of 

ship's eepsising is based on the solution 

of the differential equations of ship «o-

tione for rendons initial conditions.Stri­

ctly spaaking this consist« in doterai- : 

ning of the orltioal initial ponditions 

which oauae «sape is lag of «ship. It is e« 

souwed thai the ship undergoes random oo-

oilationa until she Beets the wave group 

and then she undergoes determinate oaoi-

lations. At the Bornent of ooourrehoe of 

the group of waves the angular velooity <J> 

of roll ie random. 

It is aseuned that the group of high wa- . 

ves oan be approximated by means of a re­

gular wave [3} . this is schematioally 

shown in fig. 2. 

The randoia event of ship eapsising 

is denoted by symbol B„ The probability 

of ship ©opeising as a result of wave group 

of length. S, way be expressed by: 

WAVE 

random initial 
conditions 

ROLL 

capsizing 
of ship 

Fig. 2. Scheme of oapsieing of a ship 
as a result of the wave group. 

where G denotes the space of initial angu­

lar velocity of roll for which oapsieing 

of the ship ocourea. 

Whereas the probability óf ship oopsiaing 

©o a result of any single group of high 

'waves may be calculated for the entire pro­

bability by the following formulai 

(2.7) 

The random »vent of ship non-oapslelng is 

denoted by eymbol A. Of eourse, the proba­
bility of noh-sapeizing of a ahip aa a re­

sult of any single group of high waves oan 

be simply calculated as follows: 

?CA)»4-T(B) (2.8) 

. Assy group of waves is the trial which 

may oause either non-oapsiziog of o ship 

/suoeese/ or oapsieing of e ship /failure/. 
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The auooesa occurs with the probability 

P(A) and failure with the probability P(B). 

The probability of ship non-oapsizlug for 

n trials /that is for n groups of waves or 

in other words n suooesses in n trials/ is 

given by: 

fig. 't. 

?*(*)* (WT (2.9) 

This probability is related to tho safety 

of ship stability \k~\ • The relationship 

between four quantities: the number n of 

groups of waves, the mean period T. of a 

wave, the mean distance E (j„) between the 

groups of waves and the period of time t 

of stay of a ship in definite conditions 

is given by the formula : 

t " *t T4 EtfO (2.10) 

Thus, the" probability P ±(A) of ship non-

oapsizing during the poriod of time t may 

be expressed by: 

The mean E (J J) of the probability distri -

bution of the distance of wave groups gi­

ven by formula (2.5) , reaches the least 

value for p = 0,5. This value is E(j } = U. 
This is the most dangerous oase. 

Talcing into the overmentioned statements 

we can transform Cs.1l) intoi 

"Pt(A)"[4-T(V]41i (2.12) 

This is a useful proposal to take the pro­

bability P.(A) of non-capsizing of the ship 

a measure of ship stability.safety. as 

2i_ EXAMPLE OF COMPUTATION OF PROBABILITY 

OF SHIP NON-CAPSIZING IK BEAM SEA 

An illustrative computation was carried 

out for a small Polish trawler of type 

KB-21. Parameters of this fishing vessel 

are as follows: 

length between perpendi­
culars 

breadth 

draught 

volume of displacement 

height of the oentre 
of gravity . 

metacentric height 

The approximations of the curve of 

statical stability.and of the coefficient 

of. roll damping are shown on fig. 3. and 

Lpp s 1 8 , 4 m 

B s 6 , 0 m 

T a 2 , 1 3 m 
V s 116,3m 

KG s 2 ; 6 0 m 

CM s 0 , 6 5 m 

GM-0.65m 

10' 20' 30' w sor sir 

Fig. 3. The approximation of the cur­
ve of statioal reghting arms 
for trawler KB-21. 

édB±M**i 

0.1 0,2 0,3 04 0.5 OS Ó.7 0.8 0.9 1.0 1.1 

Fig. k. Non-linear coefficient of 
roll damping for trawler KB-21. 

It was assumed, that tho following dif­

ferential equation describes the roll mo­

tion of this vessel« 

+ w*1 (4- is,*)*-êjtfiï « «f iw»t 

Four states of the Baltic Sea were consi­

dered with two parameters determined - by 

significant wave height fw'* ««"• moan cha­

racteristic period of wave T.. The wave 

spe o t rum 3 (to) corresponded a suitable sta­
te of the Baltic Sea. 

The varianoe of the random process of the 

roll angular velocity was calculated by 

the formula: 

^--Mw^H^)^ (3.2) 

- 1 4 5 -
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0,85 3.8 ocov? 
1,60 J»,8 0,095 
2,50 5,8 0,139 
3,80 6,3 0,187 

The amplitude transfer function of roll ttfa) 

waa oaloulated for the ship treated as • 

nonlinear object. Computed standard devia­

tions of roll angular velooity of trawler 

KB-21 for some states of the Baltlo Sea 

are oompiled In table 1 « 

Table 1. 

Parameters of waving "f»^ and T^ for the 

Baltlo Sea and standard of roll angular vo­

looity for trawler KB-21 

11 ' 

Equation (.3.1) has been solved nume­

rically for different initial angular, ve­

locities of roll. 

The critical initial velocity of roll was 

found« 

TS»e oapsizing of the vessel oeoured for 

velocities higher than critical. One level 

of exeess was used, beoauao it was assumed 

that the probability of the ship capsizing 

is independent of it. Separate computa­

tions confirmed this assumption. Exemplary 

runs of simulation of roll with capsizing 

ef the trawler are shown in fig. 5. 

The critical initial velocities of roll 

for different lengths j of wave groups are 

oompiled in table 2. 

Table 2. . 

Critic©J. angular velooity of roll Ç^ for 

trawler KB-21 

1" Wl 
1 0,66 
2 0,35 
3 0,18 
k 0,09 
5 0 

The probability distribution of the ini­

tial angular velooity of roll ooinoides with 

tho Rayleigh's distribution. Therefore 

formula (2.6) for the probability of ship 

capsizing as a result of the wave group 

has the following formt 

KBlâheapt^) (3.3) 

Probabilities P(B|J) computed from 

(3.3) are oompiled in table 3. Probabili-

4>'K " O.oßs-' 

tfsj 
-i 4 1 » . 

4 ê « 

j-2 
<t>«. 0,35 s - 1 

J-3 
<t>'n " 0,t8arf 

fig. 5. Runs of simulation of roll 
with capsizing for trawler 
KB-21. 

ties P(j) of the ooourenoe of the wave group 

of length J computed by formula (2.2) 

for *,« "|^o 4,1 %i aro oompiled in table h. 
Next, probability P ( B) of capsi­

zing of the trawler as a result of any si­

ngle group of high waves was ooaputed ac­

cording to formula (2.7) and the results 

er« shown in table 5 and fig. 6* 

Finally, probability P*(A) of non-oa-

pslslng of t'ie trawler during the period 

of time t e l hour, 10 hours, Zk hours in 

the Baltic Sea was oomputed and are shown 

its table 6 and fig. 7. 
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Table 3. 

Probability P(BIJ) of capsizing of trawler KB-21 as a 
i-esult of wave groupa of length J (for {4= ' <2 ™ ) • 

Table 5. 

Probability p(ß)of capsizing of 
trawler KU-21 oa a result of any 
single wave group, 

"B J = 2 J * 3 

5^ 9,13-10"'*3 1,50.10"12 

7° «»,22-10"11 0,0012 

9° 1,39«10**13 0,0«»31 

11° 0,0020 0,1733 

0,0007 

9,1692 

0,I»352 

0,629'» 

J = «• J=5 

0,1653 1 

0,6*»13 1 

0,8122 1 

0,8906 1 

°B K B ) 

5° 1.00-10"17 

7° 3,^2-tO"3 

9° 0,0181 
11° 0,1992 

Table *». Table 6. 

Probability distribution P(j) of wove group(for "6.s 1,2 m\ Probability P.(A) of non-oapsi-
8* ' zing of trawler KB-21 for diffe­

rent periods of time t. 

°B J = 1 J •• 2 J = 3 3 • * J » 5 
°B 

PtCA) 

5° 
7° 
9° 

11° 

1,0000 
0,9890 
0,8<»23 
0,5505 

1.15-10"7 

1.09-10"2 

0,1328 
0,2«»75 

1,32*10" 
1,20.10' 
0,0209 
0,1112 

• il» 
k 

1,51*10" 
1,32 »10" 
0,0033 
0,0500 

.21 
•6 

1,7«.'10""28 

l . ^ - i o ' 8 

3,21 10"1* 
0,0223 

°B 1 hour 10 hours 2«) hours 5° 
7° 
9° 

11° 

1,0000 
0,9890 
0,8<»23 
0,5505 

1.15-10"7 

1.09-10"2 

0,1328 
0,2«»75 

1,32*10" 
1,20.10' 
0,0209 
0,1112 

• il» 
k 

1,51*10" 
1,32 »10" 
0,0033 
0,0500 

.21 
•6 

1,7«.'10""28 

l . ^ - i o ' 8 

3,21 10"1* 
0,0223 

5° 
7° 
9° 

11° 

1,0000 
0,9936 
0,0583 j 

1,6«» - 1 0 " 1 ' 1 

1,0000 1,0000 
0,9378 0,21«»1 

j«,55-10~13 0 

5° 
7° 
9° 

11° 

1,0000 
0,9936 
0,0583 j 

1,6«» - 1 0 " 1 ' 1 0 0 

i PCB) 

10TB number 

Pt(A) 

1.0' 

0,8-

0.6 

w \lOh \lh 

0.4 \ 

0.2 

n 1 - 1 1 — _üi)_-_-is.». S-^ Beaufort 

5' 8" number 

Pig. 6. Probability of oepsisslng of 
trawler KB-21 as a result of 
any single group of high wa­
ves. 

Fig. 7. Probability of non-capsizing of 
trawler KB-21 during the period 
of time t. 

k. CONCLUSIONS 

A graph of computed probability P. ( AJ 

of non-capsizing of the vessel has the ex-

peoted shape; i.e. this probability deore-

asoa for higher sea states and for longer 

period of stay of the ship in given condi­

tions. The same oan be said about probabi­

lity PIB). This confirms correctness of the 

presented method. Fig. 5. shows that pro­

bability P.^AJof ship non-capsizing rapid­

ly decreases after exceeding a certain spe­

cific sea state from value near to one 

to nearly zero. Thus, the capsizing of the 

ship for sea state higher than the speol-

fio one is practically certain. This agrees 

with common intuition. 

Here arises a question what an admis-
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•lbie value of probability pt(
A) should be 

assumed to regerd the ships as safe. The 

admissible sea state, up to which her ope­

ration is cdmittod, is know. How to find 

this admissible value of ' the ' probability 

is explained in fig. 8. 

The admissible 
value of 

probability Q (A) 

Pt(A) 

1000 Beaufort 

» 

number 

(A) 
\ 

0,999 The ac 
tea at 

misslble 
ite 

Fig. 8. Admissible value of the pro­
bability of ship oapnizing. 

Trawler» KB-21 operates to U-5 sea otato 

whic i oorrcpondu to 5 -6 Beaufort number, 

for this condition the probability of non-

capsizing of the trawler is about p
t(,

A) s 

• 0,99995 /for Zh hours/. 

' The above disouaion indicates that 

probability pt(A] óf uon-oapsiziag of the 

ship oan serve as a good measure of the 

•hip stability safety. 

NOMENCLATURE 

5>C*) 

KB) 

P(BIJ) 

P2(J) 

> t ( A ) 

s (ui) 
t 

V 

$A 

probability distribution of ini­
tial angular velocity of roll 

probability of non-capsizing of 
a ship as a result of any single 
wave group 

probability of capsizing of a 
ship an a result of any single WO­
KS group 

probability of a ship's capsi­
zing as a result of wave group of 
length J 

probability distribution of length 
of a wave group 

probability distribution of the 
difltanoe between two wave groups 

probability of non-capsizing of 
a ship in n trial 

probability of non-capsizing of 
a ship in the time period t 

wave spectrum 

time, period of time 

mean characteristic period of sea 
wave 

ooeffloient of roll damping 

ooefficient of non-linear resto­
ring moment 

amplitude of a regular wave which 
approximates the wave group 

significant height of sea wave 

level of exoess 

varianoe of random process of the 
sea wave 

varianoe of random process of the 
roll angular velocity 

standard deviation of the random 
process of ths roll angular velo­
city 

roll angle, angular velooity of 
roll, angular acceleration of roll 

amplitude of roll 

oritleal angular velooity of roll 

frequency of wave 

natural frequency of roll.' 

.A 

B 

random event of non-oapsislng of 
a ship 

random event of capsizing of a 
ship 

Beaufort number 
non-dimensional coefficient of 
non-linear part of damping mo­
ment 

mean value of the length of a 
wave group 

mean value óf distance . between 
two wave groups 

acceleration of gravity 

non-linear amplitude transfer fu­
nction of roll 

length of wave group-
amplitude of «ave excitation mo­
ment of roll 

number of trials of ehip'e oap~ 
sizing 

probability of exoeedlng level O 
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IMPROVEMENT OF GRAIN LOADING CAPACITY 
FOR DRY CARGO SHIP 

P.L. Feeder 

1. ABSTRACT 

This paper deals with three 

possibilities to enlarge the actual 

capacity of. grain cargoes for dry cargo 

ships and how to avoid costs for grain 

flttingB and grain securing. 

By applying a new method to calculate 

heeling moments vertical centres of cargo 

after shift can be calculated exactly 

whereas the older method called for a rough 

addition to the moment caused by transverse 

shiftlng> .Since there is actually a cargo 

shift downwards in fully loaded holds and 

not upwards as in partly f il led hol ds(the 

more accurate calculation achieves smaller 

nominal moments causing about 10% less 

heeling angles and 30% greater residual 

.area between heeling and righting arm 

curves. 

Computer programs were prepared to simulate 

the behavier of the cargo and to do the 

extensive calculations for fulI y and par11 y 

filled holds and to plot the required 

drawings of grain sections and diagrams. 

By adjusting the. steel structure 

design to the behaviour of grain, heel ing 

moments can be reduced by as much as 60 %, 

About 230 different hold sections were 

calculated to investigate the influence of 

the most important design parameters. 

By adequate cargo handling. e.g. 

using the advantages of SOLAS-74 for 

"separate loading" of upper and lower holds 

and by an Intelligent employment of the \ 

above mentioned diagrams for partly loaded 

holds the actual grain capacity also can be 

[improved. 

2. INTRODUCTION ; HISTORICAL REVIEW 

Hazards caused by shifting of grain 

cargoes were Known very early. So it was 

already in 1875,even before the first 

detailed f reebord rules were issued, when 

measurements were called for against these 

hazards in the Br 11 ish' Shipping Act. 

"Common loading* of upper and 'lower holds 

at that time was arranged with openings in 

tween decks ,with grain feeders to fill up 

the lower portions, and by securing of the 

grain surface in the upper hold using 

centreline shifting boards and bagged 

grai n. 

Since 1948 rules for loading grain in bulk 

have been issued by the SOLAS-Convent ion. 

In 1960 the requirement for shifting boards 

in tweendeck feeders was dropped for ships 

with a minimum initial stability GM=1(ft). 

Bulkcarriers were even allowed to have 

partly filled holds without shifting boards 

or seouring with bagged grain if it could 

be proved by calculation that after a 2% 

sett lemen; and 12 degree shift of the cargo 

the heeling was less then 5 degrees. 

Now SOLAS 1974 til provides rules for 

the carriage of grain in bulk. These rules 

became effective world wide by 1980. 

Requirements for dry cargo ships now depend 

on heeling moments caused by an assumed 

shift of cargo too. This enables dry cargo 

ships to carry grain in bulk without 

temporary fittings in case of good 

stabiIi ty data, 

The rules are based on IMCO's 

extensive investigation on the behaviour of 

grain cargoes and'. . i t was TOPE [2], who 

presented his substantial report on that to 

the RINA In 1971. 

The main points of this investigation 

were) 

-There is actually not a 2% settlement of 

the cargo, but there are ..spaces below decks 

which cannot be completely filled by trimm-

ming, During the voyage gar go moves from 

above to these voids.The height of the void 

spaces was analysed as function of the 

- 151 -



depth of girder hindering the loading and 

the distance to the boundary below deck. 

-A quaBI-static calculation which assumes 

a 30 degree rolling and 28 dag. angle of 

repose of the cargo results in an 8 to (0 

degree wedge angle of cargo. 

Taking Into consideration dynamical model 

tests with 10 deg. initial heeling angle 

and a margin of safety, a 15 deg.sur face 

shift in fully loaded and a 25 deg.surface 

shift in partly loaded holds was assumed. 

•A movement of the oargo from the HIGH 

SIDE to the LOW SIDE can be assumed in 

cownon loaded holds as shown in Figure.3 

This author's intention was to improve 

the methods of calculating heeling moments 

on the basis of the SOt.AS-7'". requirements, 

to investigate the properties of hull and 

structural design on heeling moments and to 

provida for a better understanding of the 

rules in Germany by expounding on TOPE's 

«o r k. i • 

The results of these investigations were 

published in 1S32 as a thesis at the RWTH 

AACHEN C3] and in the form of a lecture to 

the STG-Fachausschuss in 1983 141. 

3.0, RULES AND ARRANGEMENTS 

3.1, THE SOLAS-74 RULES FOR GRAIN CARRIAGE 

This paper is based on Chapter VI of 

SOLAS-74. Supposing that all of this 

exellent audience are more or less familiar 

with "heao rules, let me give here a very 

short t .n\mary of the items relevant to my 

invest igat ions. 

:... 3.11 ASSUMPTIONS OF VO10 SPACES 

The. shifting of cargo in "filled, 

compartments'• which have been trimmed in 

accordance with the rules,is caused by void 

spaces below all boundary surfaces having " 

an inclination to the horizontal less than 

30 degrees. 

The void depth, Vd, is calculated by the 

formula .. Vd * Vd1t0.75(d-600> =) 1001mm) 

whore Vdl • standard void depth given in a 

table as a function of b and d. 

b = distance to boundery of compartment 

» "understow distance" 

d n aotual girder depth (hindering the 

loading of the space behind the girder I. 

Figure 1 demonstrates that girder depth is 

of muoh more importance than the understow 

distance. 

3.12 SHIFTING OF CARGO 

The wedge angle at the cargo surface 

oaused by shifting is assumed to be IS 

degrees in 'filled' compartments and 25 

deg.for partly filled holds. 

In common loaded upper and lower holds 

voids shift not only transversely but also 

vertically from decks at the LOW SIDE to 

hatchway and decks at the UPPER SIDE. 

Figure 3 gives TOPE's illustration of 

principles of the static pattern of grain 

sur f B O S behaviour to be assumed when 

calculating an estimation of the heeling 

moment. 

3,13 ASSUMPTION OF HEELING MOMENTS 

(1) The heeling moment is calculated by 

the moment caused by the transverse shift. 

(2) Heeling moment caused by vertical 

shift of cargo is accounted for in two 

ways i 

12. D i n cases where VCG.the vertical 

centre of gravity of cargo, Is assumed to 

be the centre of. whole cargo space, no 

addition is made to the moment caused by 

transverse shi f t, 

(2.2)lf the calculation of the VÇG of 

oargo for a filled compartment has included 

the effect of the horizontal underdeck 

voids, an addition of 6% is made to the 

transverse moment. 

13) In partly fiiled compartments an 

addition o? 12* has to be made to the 

moment caused by the transverse shift. 

(4) Other equally effective methods to 

compensate for the aim. requirements may 

be adopted. 

The author's method is based on 

statement No 4. Consideration of heeling' 

moment caused by vertical shift iB done by 

accurate calculation of VCG of cargo after 

shift. 
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3.14 CRITERIA FOR INTACT STABILITY 

The stability characteristics shall 

meet at least the following criteria 

throughout the whole voyage,taking into 

consideration free surfaces of liquids in 

tanks and the heeling moments caused by 

Bhi f ted grain. 

Initial metacentric height: GM ) - 0.30(m) 

Heeling angle . . .. , • . fa)* 12 (deg) 

ARD » Residual area between heeling and 

righting arm curve to max residual lever 

or to 40 deg.ior to flooding angle,which­

ever first occurs. Heeling arm curve 

to be linear up to 40 degrees. 

Residual area . . . ARD >= 0.075(m rad). 

Fi g,2 StabiIity Characteristics 

Fulfilment of the a,m; requirements has to 

be proven for all loading conditions: 

by comparison with maximum safe 

heeling moment,which can be computed by a 

computer program as a function of draught 

and KS". 

- by conventional calculation of the 

stability characteristics using SIMPSON-

integration with 7 stations for ARD. 

3.15 ARRANGEMENTS TO LIMIT HEELING MOMENTS 

When heeling moments caused by 

shifting of grain are too great to meet the 

requirements, they have to be reduced by 

temporary fittings or securings according 

to Part C of Chapter VI of SOLAS-74. 

Infilled ho Ids this can be done by : 

- divisions 

( cent reline shift ing boards and feeders) 

- saucers 

- bund I ing of bulk 

- securing hatch covers of filled compartm. 

in partly filled holds it can be done by: 

- bagged grain 

- overstowing arrangements 

- strapping or lathing 

(saucers,bund I ing of bulk, strapping and 

lashing according to drawings of National 

Cargo Bureau, NY) 

All these methods of temporary grain 

fittings cause costs to suoh an extent that 

dry cargo ships cannot ocmpete with 

bulkcarriers in the carriage in grain in 

general. 

As dry cargo ships are nevertheless 

employed e.g. in grain services to shallow 

water harbours of the third world, it was 

the author's objective to improve their 

qua Ii t i es. 

4.0. IMPROVING THE CALCULATION METHODS 

4.1, HEELING MOMENTS OF FILLED HOLDS 

4.11. THE OLD METHOD 

The older method was to calculate the 

heeling moment caused by transverse shift 

by multiplying the shifted cargo mass by 

the transverse distance of shift. The 

latter was measured < • ->m »he sectional 

drawing, which is aiso required by 

author i t ies. 

This method has disadvantages : 

- it makes unfavourable assumptions, e.g. 

the centre of additional area from 2nd deck 

to hatchway is not the centre of whole void 

area in hatchway, 

- it causes a tremendous amount of work 

-it is the reason for poor utilization of 

stability criteria because the centre of 

cargo is assumed to be too high. 

4.12 THE IMPROVED METHOD 

In .1976 the author proposed a method 

for calculation of heeling moments 

including an accurate calculation of the 

VCG of cargo after the assumed shift. 

The behaviour of grain surface is simulated 

by an analytical calculation which delivers 

the shape and moments of voids after the 

assumed sh i f t. 

At the LOW SIDE the maximum retained area 

is calculated, at the HIGH SIDE the maximum 

increased area. 

From the voids heel ing moments and centre 

of the cargo can be deducted: 

VCG(cargo) = vert.moment of filled hold 

+ vert.mom.of voids within hatch cover 

- vert,moment of total voids after shift 

For a manual calculation paper blanks and 

supporting tables were prepared. 

4,13 PREPARATION OF STAB-DOCUMENTS BY CAE 

The above mentioned new method enables us 

to prepare calculations and drawings by 

means of computer aided engineering (CAE). 

This Is worth the more as it is a tremen­

dous amount of work to do. 

In the discussion of TOPE's paper in 1971 

It was mentioned that this job would take 8 

to 16 weeks, depending on whether only 

horizontal moments were taken into 
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consideration or the vertical moment of 

cargo before shifting was also considered. 

When calculating vertical moments after 

shift instead of this, it would take even 

mon» time, 

The author prepared computer programs to do 

the calculations and drawings for common 

and separate loading, each with one section 

before, abaft and behind the hatchway. 

These programs work for very many 

structural designs.includi rig single and 

tween decker, with centreline division. 

girders. feeders, etc or without • these 

elements. 

Input data refer to ' steel section, 

longitudinal distances and to volume and 

óentre of hold. 

Feasible elements can be seen in Fig.10 and 

Fig.11, the il lustrat ion of input data. 

The output of . calculations for each 

sect I oh.each hold, and summer lied for the 

whole ship is prepared in such a way that 

It can be checked in detail. 

By means of the plotted grain section 

drawings (seeFig.4) the user can quickly 

ensure that input data are correct. They 

show centres for all single vo.lds too. thus 

proving that the program also works for 

special steel design. 

Before plotting these drawings on paper 

they can be checked 3t a graphical display, 

thus saving time and paper, 

The calculation method as well as the 

computer programs were approved by GERMAN 

LLOYD In V97B. 

4.14 HARD AND SOFTWARE REQUIREMENTS! 

64 KB core, FORTRAN compiler, 

PLOT-10-softwaretCALCOMP-plotter) 

PREVIEW-routine by TEKTRONIX 

4.13 ADVANTAGES OF NEW METHOD 

SOLAS-74 gives two alternatives of 

assuming VCG of oargo after shifts 

-If the VCG of total hold volume is used, 

no addition has to be made to the heeling 

moment for,vertical shift of cargo. 

-If VCG is assumed to be the centre of 

cargo before shift,which is much more 

labourous, an addition of 6% has to be made 

to the moment caused by transverse shift, 

This achieves better stability data. 

When applying the accurate VCG of cargo 

after shift, as proposed, no addition is to 

be made to the heeling moment caused by 

transverse shift, 

This method covers thé actual condition 

best, though calling for even more 

calculations, Iv aehisves smaller nominal 

stability loads especially for ships with 

structural designs which cause large voids 

below decks. For some ships a reduction in 

heeling angle of 10% and an inoreäse of 

residual area ARD of 30\ was observed.(see 

F Ig.6) 

20- 4o" «o° 
Fig,6 Curves of 165m Semi containerShip 

By doing the calculations by means of 

computer' program the risk of failures can 

be reduced and time arid costs can be saved. . 

4.16 CONSTRAINTS ON THE NEW METHOD 

Better utilization of the stability 

oriteria by applying the new method is only 

advisable when it is aocompanied by a 

oautious choice of the input data for the 

program. Moreover, welght and centres of 

loading condition, as wel I as considering 

of free surfaces should be done for the 

worst condition to be expected during the 

voyagSiwhich is in general when ballasting 

is begun after consumption of half of thé 

fuel . 

4.2 MOMENTS OF PARTLY FILLED HOLDS 

4.21 GENERAL 

According to SOLAS-74 a wedge angle of 

23 degrees has to be assumed. Vertical 

shift le accounted for by adding 12% of the 

h««tlng moment du« to the transverse shift ; 

Diagrams or tables of vplumetVSG and 

expected heeling moment for partly filled 

compartments need to be prepared. Data 

have to be provided for levels of grain 

surface every 10 cm in height. 

These data could be determined by 

equalization the shifted areas as indicated 

in F ig.7. , 

F i g. 7 

1 

i ^ ^ l 
Y//Y////A 

j i . 
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4.22 _ANALYSIS OF VERT I CAL SHIFT MOMENT 

IN'CASE OF UNLIMITED VERTICAL SHIFTING 

According to Fig.8 the grain level 

rises or falls at the boundary by 

h-tB/2)tan(25>. 

And hence the area of the triangle A is 

A " (B«§2 / 4) f tan(25) 

,»* is the symbol for "power of' 

jiip^ 
Fig.8 Vertical unlimited shift of cargo 

When the surface shift* the oentre of the 

triangular. area changes vertically by 

(2/3)h»(B/3)tan(2S) and transversely by 

(2/3>B. 

Qiveri a heeling angle $ for inclination of 

the whole oompartment. the area moments can 

bs defir.äd as followsi 

MYA = Moment of Area due to shift to Y 

MYA '=> ( 1/1,2) (B»»3)*tan(25)«oos<$) 

MZA=Moment of Area due to shift to Z 

MZA = ( W2')(B*»3)ttant23)»sin((J> 

hencas MZA/MYÀ = 0.5§tan(25)Mantel 

if O) •» 0 tdeg) then MZA/MYA=0 

if $ = 12 tdeg) then MZA/MYA=0.0S 

if $ = 40 (deg) then MZA/MYA=0.20 

The Requirement- of SOLAS to increase the 

transverse moment by 12% results in a 

greater heel ing angle, but about the same 

ARD. 

4.23 ANALYSIS OF VERTICAL SHIFT MOMENT 

IN CASE OF LIMITED VERTICAL SHIFTING 

When"ooneidéring that any compartment 

has a bottom and a dach we are aware of the 

limitation of the heeling moment in the 

upper and lower part of hold.(see F ig.9) 

I 

TTÏTm •», I s 
F!g.9 Limited vertical shift of qargo 

As der ived in 13) 

fA/MYA. .-• •*.vrrmwjfli? -, flflV W t o . t 

h / b 

MZA/MYA 

0.23 

5% 

0.11 

4% 

0.06 

3% 

Resulti . Uniimited'shiftIng take place only 

when h is greater than 0.23xb or less than 

O.TTxb. 

That means, that for half of the loading 

height • the required addition for vertical 

shift MZA=0.12xMYA is too large so that an 

soourate evaluation of VCQ of cargo is 

advantageous. 

4.24 HEELING MOMENTS 

IN PARTLY FILLED HOLDS 

The author wrote a program to analyse 

and document the behaviour of grain in 

partly filled ship compartments assuming a 

25 degree shift. 

Results for the conditions before and after 

9hift were plotted for eaoh section 

calculated and the total hold.(see Fig.5) 

EXPLANATION OF F ig.5 

Curves 1 and 2. on the left. show hold 

volume V in cubic meter after separate or 

oommon loading to the sounding height T. 

Curves 3 through 6 ,on the left. show 

MYGETi the volumetric heeling Moment of 

Grain caused by transverse shift 

(Y-dlrection) for common and separate 

loadi ng. 

From ourve No.6 It Is apparent that grain 

will begin to flood Into the tween deck 

when lower hold is filled to about half. 

Curves 1 through 6. on the righti show the 

vertioal centre. VCG, of cargo before and 

after shift. 

These diagrams are also checked at a 

graphical display and plotted by CALCOMP 

plotter •• 

5.0 IMPROVING THE STRUCTURAL DESIGN 

5.1. PROBLEM AND MEANS OF SOLUTION 

3.11 GENERAL 

The heeling moments caused by 

shifting of grain are neither considered 

during project phase nor during structural 

design in general.The reason for this is 

that calculation of these moments seems to 

be complicated * and their results not so 

important. The preparation of safety 

documents for the carriage of grain is done 

at a later stage and brings difficulties 

very often. 

There is a demand for a simple method to 

estimate heeling moments in project stage 

and for know-how to consider the shifting 

of grain during structural design. 

It was the author's objective to improve 
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this situation. He analysed structural 

elements with regard to their influence on 

the heeling moments and gives advice below 

on how to reduce heeling moments by 

adjusting structural design to the 

behaviour of grain. Some of his points are 

also of use for ships already in service. 

3.12 CRITERION OF COMPARISON. 

ESTIMATION OF HEELING MOMENT. 

A speoifio value of the area moment 

caused by transverse shift of cargo area, 

M Y A I W B B defined as the criterion to 

compare different structural designs i 

CMYA '» 100 * MYA / B*»3 

This specific moment was calculated for 

very many structural designs, for each deck 

and for whole sect ions.For a judgement of 

the quality of total hold, specif I o moments 

were calculated also on an average of total 

hold. (B=ships bredth) 

By use of specific moments of similar 

design heeling moments of shifted grain can 

be estimated by the fol lowing formula.. 

MYGET=RHO*SUM t M i ) »CMYA< i ) *B**3 /iOOKmt) 

RHO • density of grain <t/m»*3) 

ill)» I egth with same section 

3.13 SURVEY OF DESIGNS INVESTIGATED 

Three different tweendeckers were 

investigated and the following average 

specific areamoments were .calculated for 

oommom loading. 

SI. ISSm-Semicontainership, 1976: CMYA=0.T9 

S2.. BOm-Coaster.,.,, 1937: CMYA=0.61 

S3. 126m-General-cargor.hipi 1970: CMYA*it10 

S3a 151mShip.S3iIInèar distortion CMYAM.21 

for calculation programs for filled holds 

are demonstrated. Any item can be deleted 

by: Setting it to zero. 

O.S -BI.1 

U ! 
O.S BLl BS1V 

" T 
" 4 0 

IJ 

'A 
if 
Q . BS2V 

8' «' 

Fig.10 Program input datai sectional design 

HIT LEB OHNE LEB 

•- — -

r — — 
! 
, I 

kZ. 

JA*. U1 3W 
Fig.11 Additional program input data 

Results show that specific areamoments " a're: 

of the same order for different ships. 

They depend on structural design and:' of 

ship size. Specific moments for separate 

loading are somewhat greater, as outlined 

later. 

Starting from the above three ships the 

structural design elements were varied. 

More than 230 different deck sections were 

calculated and their specific moments 

presented in Ç3J. 

In this paper only some general statements 

for the most important elements are given. 

In paragraph 5.3 a diagram shows the total 

reduction of moments to be achieved for 

sh i p S1. 

3.14 SURVEY OF PARAMETERS INVESTIGATED 

The design items investigated are 

shown .in Fig. 10 and ,11, where input data 

5.2 REDUCTION OF MOMENTS IN HATCHWAY 

Heel ing moments of filled spaces 

in and abreast hatchways can be reduced by 

using the fol lowing'measures. 

5.21 SEALING OF HATCHCOVER 

This measure is to avoid shifting 

of grain Into' the inner part of hatch 

cover. Efficiency of this measure depends 

on the relation of breadth of hatch to 

breadth of hold = BLi/B iand relation of 

height of hatchcover to breadth of hatch •= 

HLD/BL1. 

For ships with wide hatcheB <BL1/B=0.68) 

and high hatch covers (HLD=BL1/20), as 

given with ship Sir the heeling moment 

could be reduced: by 50V for common 

loading! and for separate joa'Jing. by 61% 
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, 'for, the upper'-'"end 67%;for the lower 'hold. 

For ship S3 with narrow holds (BL1/B<=0 .36) 

and . normal height of hatoh cover 

(HL0*BL1/23!, this measure is much less 

efficienti Here the reduction wasi. 2% for 

oommon loading and for separate loading 7% 

for the upper and 19% for the lower holds. 

Conclus ioni 

Since sealing of hatchcovers at lower edge 

Increases their building costs by about 5% 

.this ; measure should be considered 

especially for ships with.wide hatchways, 

and for those lower holds only, which have 

to be loaded separately In the carriage of 

heavy grain, when some upper holds have to 

remain empty> 

5.22 SMALLER HATCH SIDE GIRDERS 

The reduction of hatch Bide 

girder depth is of interest for ships with 

narrow hatches,for Instanoe S3. A 23% 

'reduction of the depth of hatch side 

girders results in a 11% reduction in 

heeling moment. A 50% height reduction 

. results a 27% reduction.of moment. 

A reduction of girder depth can be achieved 

by the following alternative designs! two 

web girder, consol braokes, double hatches. 

5.23 CENTRELINE DIVISION 

IN CASE OF COMMON LOADING 

For wide hatches. (BL1/B-0.68) a 

centreline division! which is extending 

down to the lower edge of hatch side girder 

of 1st deck,can reduce the moment by 49% 

respectively 62% if it extends down to the 

hatchside girder of 2nd deck. . 

For narrow hatchways (BL1/B=0.36) reduction 

of moment was 40% resp.16%. 

IN CASE OF SEPARATE LOADING» 

For wide hatohways and divisions down 

to hatohslde girder« reduction of moment 

waB 58% in the upper and 9% In the lower 

hold. : 

.With divisions down to 0.6 m below hatoh 

side'girder reduction of moment was 64% and 

60%i respectively. 

In case hatch covers to be : sealed, 

reduction of heel ing moment was 45% less. 

CONCLUSION 

Centreline divisions in or below 

hatchways can reduce heeling moments 

intensely. They can be realized by double 

natch design( and should extend down to 0.6 

m below 2nd deck'hatch side girder. 

In case hatohway is too narrow for double 

hatch designi centreline division may be 

realized by special hatch covers,folded up 

into this plane. 

5-24 GRAIN I cEDERS' IN UPPERW^n 

Grain feeders can reduce heeling 

moments of the lower hold 

- in narrow hatches <BL1/B«0.36) by 45% 

- in wide hatches,. .'(BL1/B«0.S6) by 38% 

The grain feeders can be arranged by 

Bpeoial side-folding hatch covers.' 

5.3 REDUCING MOMENTS. FILLED SPACES 

BEFORE AND ABAFT HATCHWAYS. 

3.31 PARAMETER OF VOID DEPTH 

Void spaces have to be calculated 

with elements shown in Fig.10 and 11. In 

space between continuation of hatch -side 

girders the depth of the hatchend beam D1QV 

and the longitudinal understow LVL1 have to 

be used for calculation of void depth. 

For the two outside parts, the greater of 

longitudinal or tranverse understow (LVL1 

or. BS1V) and the greatest depth of 

hatchside girder,its continuation or \ of 

hatoh end beam has to *>e considered for the 

void depth. •*• 

Reduction of heeling moments can be 

achieved by smaller void depth and/or 

greater longitudinal girder to prevent 

grain surface from shifting. 

Heeling moments can be reduced by measures 

outlined as follows) 

3.32 SMALLER HATCHEND BEAMS 

The relevant girder height 

depends on type of hatch, construction 

(seuFig.11) On the left side of this 

. drawing we see a hatch-end-beam-design, 

(in Germany it is called SCHELLENBERGER-

Luke). The load of the hatch is transfered 

to hatch end beams, which may be supported 

by centreline bulkheads or stanchion. 

On the right side the load of the hatch is 

'tranferred by continuations of hatoh side 

girders to the bulkhead. 

This more modern design was employed with 

ship S1. By reducing depth of hatchside 

coaming below deck, D1Q and D2Q., to. 82% 

reep. 36% of depth of side girder 01 resp. 

D2 heeling moment could be reduced by 16% 

resp. 37%. 

In case the hatohside coamings would be 

reduced to D1Q»0.46x01 resp. D2Q°0.28xD2 

and supported by consol brackets, which 

reduce shifting, reduction of moments would 

be 43% respectively 72%. 

It must be mentioned that in oase of suoh 

small hatchend coamings the tortional 

stress has to be checked. 
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3.33 LONG.GIRDER BETWEEN HATCHWAYS 

Longitudinal girders just before 

and abaft hatchways reduoe the shift of 

cargo in this region. Fig,12 obviously 

shows how shifting of void spaces is 

reduced by 5 different arrangements of 3 

longitudinal girders inboard of the 

continuation of hatchside girders. 

Fig.12 Longitudinal girder between hatches. 

Sketch 2 for No 31 hold shows 2 additional 

girders with about half of the depth of 

hatchside girder continuation. This was 

the design of the yard and achieves a 7% 

resp. 13% additional reduction in moment 

in 1st respectively 2nd deck. 

Sketch 3. shows for No.35 hold the 

functioning of additional 'centreline^ 

bulkheads (which increase reduction of 

moments In 1st resp. 2nd deck to 61% 

resp.69%. 

Sketch 4 shows for No.39 hold the 

efficiency of 3 additional girders with 

depth of hatchside girders. reducing the' 

moment by 36% resp. 76%. 

Sketch 5 demonstrates how these three 

girders work when void depth is reduced by 

smaller hatchend coamings and thus moments 

are reduced by 72% respectively 77%. 

Consideration of side girders as outlined 

above was accepted by several authorities 

with the exception of LR. This 

classification society accept longitudinal 

girders only if they extend down to .6 m 

below t;ic voids. 

5.34 CENTRELINE DIVISION 

The hatchend beam design causes 

large voids and moments. These moments can 

be reduced by 60% resp. 56% by 

longitudinal division in lower resp. upper 

hold. 

A central Ine girder below 2nd resp. 1st 

deck with depth of hatchside' girder can 

reduce moment by 12% re'-p. 25%. '~ 

5.4 SIQNIFI CAT I ON OF LONG.UNOERSTOW 

The specific areamoments before 

and abaft the hatchway are 20% to 36% 

greater than those below hatchways. 

In case of the semioontainership it was 

even 160% greater when hatchcovèrs were 

sealed. ': 

In case of ship S3 it was 85% greater if a 

oentreline division was arranged In the 

lower hold only and 21% less if bulkheads 

were arranged in upper and lower hold. 

CONSEQUENCE: The longitudinal understow 

distance should be as small as possible. 

5.5. TOTAL REDUCTION OF MOMENTS 

Total reduction of heeling 

moments for sections and full holds of 

semi containership S1 was represented in 

diagrams Fig.13 and 14. 

From these diagrams the specific area 

moments in way of hatch and before and 

abaft of it can be seen as well as their 

longitudinal extension. 

Reductions of the heeling moments by the 

different measures are presented 

graphically. The area of these diagrams 

represent the whole volumetric heeling 

moment. 

Fig.13 represents a 58% reduction of moment 

by sealing of hatchcover. reduction of 

hatchend girders and arrangement of three 

longitudinal girders Just before and abaft 

upper and lower hatchway. 

Fig.14 represents a 62% reduction of moment 

by arrangement of longitudinal divisions 

only.inside the hatchway it can be done by 

a double hold design. 
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6. IMPROVEMENT OF LOADING 

By adjustment of the loading to the 

SOLAS-74 rules and ty use of general know 

how regarding part loading, the securing of 

grain cargo oan be reduced and consequently 

dry cargo ships improved in competition. 
6•V SEPARATE LOADING FULL HOLDS 

SOLAS-74 enables dry cargo ships 

to carry grain in separate loaded upper and 

lower holds without securings. 

Sinoe in this case there is shifting of 

oar go In upper and lower holds the total 

heeling moment exceeds that of common 

loading. for instance with ship SI by 44%. 

Moreoveri separate loading causes 

additional costs in trimming the cargo. 

So the shelterdecker measurement.with clo­

sed hatches in tweendecks. will hardly be 

good for the carriage of full grain 

loadings. 

But leaving empty some upper holds is a 

very effeotive. method to improve initial 

stability! GM. to such an extent that 

securing, of cargo surfaces can be avoided. 

In caBe of ship St cargo capacity oould be 

Increased by 48%. 

6.2 IMPROVING PART IAL LOAD ING 

The actual grain cargo oapacity 

oan be improved by use of the following 

techniques for partly filled holdsi 

6.21 CLOSING OF TWEEN DECK HATCHES 

In case a lower hold is filled 

more than haifi tweendeck hatchcover should 

be closed. Curves 3 and 6 of Fig.9 

demonstrate that up r 5 75% of the moment 

.oould be reduced by that. 

6.22 LONGITUDINAL DIVISION 

A centreline division on total 

length of hold can reduce the moment by 

73%. That is indeed very effective but in 

most cases not possible. 

To have centreline divisions only before 

and abaft the hatchway is of no effect for 

modern ship3 with relatively long hatches, 

S0LAS-T4 oalis for consideration of a 

reduoed length of bulkhead because cargo 

shifts around such divisions. 

6.23 USING Nol HOLD FOR PARTLOAD 

Using No 1 hold for partly 

filling is advantageous because this hold 

is not so wide (the specific area moment is 

about 30% less) and it is not so long. 

6.24 GRAIN FEEDERS IN UPPER HOLD 

In case a feeder can be arranged 

in way of hatch in the upper hold, for 

instance by side folding hatchcovers having 

the breadth of the hatch PL1, the specific 

area moment can be reduced .. 

by the factor t BL1 / B )*»3 
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STABILITY PARAMETERS OF SHIPS INVESTIGATED 
BY MEANS OF DISCRIMINANT-ANALYSIS 

M. Jagi-?$ka 

SUMMARY 

The paper include»: 

1. A concise description of discriminant 

analysis in the range sufficient for a-

chieving the established purpose. 

2. A discussion of the results of this a-

nalysis, based on a sample of 166 casu­

alties /the cases are included in ori­

ginal IMO list/. The analysis of stabi­

lity parameters was onrrled out for the 

ships at time of loss and for the same 

ships at fully loaded arrival condi­

tion. 

3. Proposals of stability criteria as dis­

criminant functions, separately.and jo­

intly for cargo ships and fishing ves­

sels. . 

INTRODUCTION 

In 1966 delegations of the Federal 

Republic of Germany and Poland to IMCO pre­

sented the analysis of statistical data 

concerning stability accidents [l] .• 

In 198b the Institute of Ship Rese­

arch, Technical University of Gdansk : was 

offered to repeat this analysis including 

new statistical data complied by IMO. Pa­

per [2] submitted to IMO in 1985 inclu­

ded the results of this a' »lysis for the 

extended population /166 capsized ships/. 

In order to make a direct oomparision pos­

sible, the analysis was prepared in exac­

tly the same way as previously i.e. by co­

mparison of respective histograms and in­

tersecting distribuants. 

Simultaneously, having such a l~rge 

sample of casualty data at our disposal,so­

me modern methods of analysis were emplo­

yed for their treatment. ,-

At the same time Krappinger [3] pub­
lished a paper concerning the determi-

hétiçn of the parameters of the righting 

straightening arm curve by moans of the 

]discriminant analysis. This paper may be 

'considered as the first attempt to put in­

to shipbuilding practice this powerful me­

thod. 

The present pupor gives some conclu­

sions in consequence of applying the dis­

criminant method to the statistical analy­

sis ol' the abovo mentioned sample of casu­

alty records, particularly taking into co­

nsideration the question of critical para­

meters of the righting arm curve. 

1. METHOD OF INVESTIGATION 

Two separate populations of ship» are 

The population of lost ships 
(1) 

is 

in 

of 

compared 
considered to represent unsnfo ships 

The second population rep osonts ships 
(2) arrival condition . Some parameters 

these ships are chosen for investigated 

characteristics. • 

As an example an investigated charac­

teristic is the righting lever arm for 20° 

heel (*j=GZj0). The height X;J of a sin­

gle column of a histogram in the value of 

the j-th characteristic (ûZ30)for the i-th 

ship of population k (k^ 1.2)* 

R.A. Fisher /1936/ adopts discrimi­

nant « as a measure of discrimination of 

the two populations. 

« =• 

in which 

(x(2>-xf<f 

• ai' 

">k<~i *< is the mean value of 
characteristic X in 
the k-th population 

vf'^fei*^ variance of X 

l̂  - number of elements in 
the k-th population 

The compared populations demonstrate 
the.bettor discrimination the higher the 
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difference of their mean values is end 

the greater concentration of their values 

around their mean values is. 

Thus discriminant K determines the 

measure of' dlfferentetion of the two po­

pulations regarding the given parameter. 

In this way this adds a quantitative va­

lue to the discrimination and thereby ma­

kes it quantitative possible to • compare 

the analysis. 

In order to investigate simultaneou­

sly several ( m ) characteristics C"f.,«iv Vm) 

w© assume so-called criterion function 

Z» C. + *_ -, c;xi 

o »id a a x i a l z o 

»f h a ra 
;M, 

/<"). * T * ^ - « ^fw^-i-v^r^9,. / - *"»• ="<ifl2 

Aftsr comparing to zero, derivatives 

§l<r and ltspossing condition Z --Z = 

s Ä. the following system equations is 

obtained'; 

«here: 

from which one can find ooeffioients Cj , 

determining what share of *j characteris­

tic should be in the criterion function Z 

to maxiv.iice discriminant OC for the two 

populations. 

The imposed condition (a"'—2"'=|) nor­

malizes the funotion z in such a way that 

the distance between the meen values z 

end z'*1is equal'-to <X.max and results in 

z > 0 situated exactly in the middle of 

these mean values. 

SVom this it follows 

<^ 

Z « 0 may be taken as e criterion 

safe ships). This criterion may be easily 

mitigated or Sharpened just by changing 

only the free term C, . 

The value OC 'may be obtained. from 

formule: 

The analysis of the obtained discri­

minant functions is en extremely difficult 

task. Even the leaders of multidimensional 

variation analysis, whose idee is that of 

discriminant analysis, vary on the subject 

of the means of its precise interpretation. 

Hi« paper (3] includes in principle suf­

ficient description of the way of analy­

sing the obtained results applicable to 

investigate the ships stability parameters. 

The following observations are worth 

noticing ( more of them are contained in 

the author's paper [*»]) 

1/ OC increases together with the number 

of characteristics taken into acoount, 

9ipyt 

« lor' _ i'V'-^'fV' _ C£«M< >Q 

because each main determinant W in the 

equation system is also positive. 

AtVl 

2/ Although the calculation of all L dis­

criminant functions doesn t cause any 

great difficulties in the age of compu­

ters, nevertheless it. is advisable to 

limit the number of parameters taking 

part in discrimination and to seek the 

ones which are most significant. 

The test of reliability with res­

pect to the obtained information(if ta­

king into consideration <\ of vn out of 

oil available parameters ) may be a qu-

atitile for (w- ̂  ) and f w, m t . w - 4) de­crees of freedom 

yj.nt (xtx-ot^) 

In a similar way many other hypo­

theses may be verified n.g. the ones 

concerning individual coefficients of 

äisoriminant funotions. 

3/ An ine!*«ase of the number of oharncte-

- ristioa by one, changes the coefficient 

la the following manner 

- , r 
= c IP 

... %^n •0,:.,ftip,( ©»,'«••• Ô» 

Wp w. 
'pup»« 
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2. DATA FOR THE ANALYSIS 

2.f. Intact stability casualty recor­

ds at IMO sample of 166 ships. 

A sot ofv'<lsts concerning tho stability 

parameters and ciroumstcnoes of the casua­

lty/place, time and weather conditions/ 

is included in [2] . 

The parameters of the same ships at tine 

of loss and in fully loaded homogeneous a-

rrlval conditions were compared end dls-

criminated. In such an approach to the su­

bject there is no problem in choosing tho 

adequate comparable populations but there 

appears the problem of small differences 

- relatively small discrimination o priori, 

oausing certain numerical difficulties. 

The sample was divided into two cate­

gories: cargo ships and fishing vessels. 

The analysis was carried out for each po­

pulation separately and for both of them 

taken together (cât F.) . A general view 

of Fig. 1. oonf irais the significance of 

this decision. 

Furthermore, a separate analysis made 

with regard to nondimenslonal parameters 

for the same populations of ships as above 

(the effect of which is best seen in Fig. 

1. for sample 2.3). 

2.2. To draw some comparable conclus­

sions I shall present some average data 

corresponding to populations used in the 

above mentioned paper [3j • 

2.3. Also for the same purpose there 

was presented a sample from [5] diploma 

work treated in a similar way as in p.2.1. 

3. ANALYSIS OF DATA 

. Thé most characteristic property of 

the above 3 samples is the difference of 

the ship dimensions in the discriminated 

populations. As it was noted in 2.1. sam­

ple the problem does not exist because the 

same ships are subject to comparison. In 

2.2. sample the mean length of lost unsafe 

ships is <(9,2 m and for safe ships 83 tn. 

Though it cannot be stated that the 

righting arm curve parameters are in -pro­

portion to the length of ships neverthe­

less it may be considered that such a gre­

at difference of dimensions of the ships 

under consideration is the reason of a 

great a priori discrimination. 

There is quite a different relation bet­

ween the dimensions of the compared ships 

in sample 2.3. where the unsafe ships were 

larger L=62m than the safe ones Le'»2m . 

As it is to be expected the values of OM 

as well as the values of the righting arm 

curve are larger for the let ships than 

the safe ones. After dividing the GM va­

lues as well as the righting lever arm by 

the length of a ship values decrease and 

are below the similar values referring to 

safe ships. Thus to conclude the stability 

parameters would prove to bo quite opposi­

te if they were not;, non-dimoiisionr.l.On the 

other hand using the non-dimensional para­

meters for a greet rengo of ship dimen­

sions is not safe. The analysis of 2.1. 

sample made separately for cargo ships 

Ln52m and for fishing vessels L»26,3 m 

seems to bo the most reliable. As a Joint 

conclusion from tho preliminary Analysis 

for all 3 samples way be Q ramnrlt that in 

case of cargo ships smaller mstacentrio he­

ight is safer whereas for all ships a gre­

ater range of the righting arm curve. 

j». ANALYSIS OF THE RESULTS 

The analysis of the obtained results 

is on the one hand a simpl task and on 

the other e complicated ono. 

One obtains, as a result of the app­

lication of the discriminant analysis for 

each combination of characteristic ships 

and the question may he considered as sol­

ved. 

However, a more detailed analysis of the 

discriminants and the individuel coef­

ficients may be the souroe of conside­

rable qualitative conclusions very often 

inexplicit. The analysis carried out with 

reference to sample 2.1. concerned 1U cha­

racteristics - 10 stability parameters, 3 

parameters of sea states and the length of 

the ship. It seems that some parameters are 

merely of an interesting piece of informa­

tion as it is difficult to determine their 
(2) values in population . ffe know how many 

and which ships were lost, e.g. in winter 

or wind force condition but nothing can 

be said regarding the opposite population 

( the ships being in service ) 

The available data with respeot to the­

se characteristics for unsafe ships may be 

used ifiöireotly to determine other charac­

teristics, e.g. assuming an arbitrary con-
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(2 ï 
étant hoight of wave K .In population ' 

on« obtains the following criterion func­

tion» for combination with individual va­

lues of GZ 

2.= C .- 2. H GZ,.- 0.2k 
z - c„ + *.S0 6Z,,- 0,2k 
Z * c. f 0,90 GZio-0,2.k 
Z - c. + 0,16 G.2-40- 0,2k* 

Prom each of these functions we may 

draw a trivial conclusion that eaoh GZ 

value should increase while the li value 

decrease. Though after a combined compa­

rison of these functions one may note 

that.the most responsive for the height of 

waves are the values of the righting arm 

curve for small angle of heel. 

The presentation of all the obtained 

conclusions Is impossible as well as of 

no use. I confine myself only to presen­

tation of several selected discriminant 

functions, Each of these functions may 

serve as criterion of the ship stability. 

CARGO SHIPS dimensional 

z. - - C-,92 - 7,0 GM. + 73,5 G 2 M - 34,<GZ<0-

+ 0,243 e w - 0,00-168 ©v (««3,3+) 

• i » - 4,4S + 5,05 GZW-9,53 GZió+qo?«©^* 

.•. + 0,04 6,, + l?,02e (ocVUS) 

z = - 4 , S < 3 - 2 , 6 7 GM,+ 24,9 &Z„-9,0GZJ04-

> 4 , 0 G Z W + 0,0495 ö w + 0,0?Öv t2,4 e 

(oc - 4 , 4 5 ) 

CARGO SHIPS non-dimgnalonal 

2 = - 5 . 9 8 - 152,3 6M, + 4644,3 GZ,0-409? GZrf 
•..'- + 0,Ob &„ + 0,026 ôv f « = 2.3) 

z -—4.43 +23,3 GM.-H<26.6 G2W + 0,460,,, 4-

+ 48?4 e (« = - U i / . 

2 « - 6,0 .-• 286 'G2m-*onGZ«,+ 0,4430.» + 
.+ 0,039 ©/ + ties e (« = 2.04) 

z = - 3,46 - +5,38 GM. + 695,4 G'Zle + 196 GZ4+ 
-349,4 GZW • Ö.OÄG* • 0,035 9„-2?,6e 

(« = 125) 

FISHING VESSELS dimensional 

z = -0,34 ' + 3,2 6M0 M<».41 G.Zio-2,*2 GZ^t-
' • ' - . 0 . 008S '6^ -0 ,053 0v' ( * - 0 , 6 o ' ) 

z « - 2.64 +31,4 G.2„-2,08 6'Z<„- 0,023 ©*, + 
- 0,040 9V+• <H,Se ( * c û , & 7 ) 

•'-• 166 

PISHING VESSELS non-dimensional 

z = - 0,847 .+ ,104 GM0 > (86 &Z„ -

- 234 GZ»0 '- 0,025 QM~ 0,045 9 , 

Z = -4 ,36 +46.G.GM0-3ia6Z lB-»1 

•-35.6 G-Zj.-2 5,5 GZ„ + 0,02 6U+-

+•0 ,00440;+ 4-13.? e ' ( * =0,3) 

z =0,334 *400GZ,0-a,4S 6Z<„ «-0,00130^ 
- 0,044 öv + 249 c (* = 0,46) " 

The following tendencies being the 

general conclusions of the partial analy­

sis for stability parameters may be no-

' ted : 

a/it is advisable to to:id to the redu­

ction of metacentric height (the highest 

admissible value of GH,* 0,6»tor G M y ^ t O ' * 

for cargo ships) 

b/ It is advisable to increase the 

rangé of th» righting arm ourve 

c/ It is advisable to decrease the 

values of the righting arm curve for small 

angles of heel and to increase their va­

lues for large angles of heel. 

In other words conclusions b/. and 0/ 

may be summarized as a trend towards in­

creasing the static moment of the area un­

der the righting aria curve with respect to 

OZ axis. 
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EXPERIMENTAL INVESTIGATION OF A VESSEL RESPONSE IN WAVES 
WITH WATER TRAPPED ON DECK 

Bruce H. Adae, M.S. Pantazopoulos 

l y ABSTRACT 

Experiment8 «ere conducted in a Have channel to 

verify theoretical predictions of the roll respose 

of a model in naves with water trapped on deck. 

Results are included for the heave and roll notions 

of . a high deadrise fishing vessel model in waves 

with water on deck. The model had high bulwarks 

and no freeing ports to maintain a constant amount 

of water on deck. Pseudo-static heel plays a very 

important roll in the total response of the vessel 

in waves and must be included, in any theoretical 

approach. The measured pseudo-static angle is 

usually very close to the calculated static angle 

of heel although wave slope may have a small 

effect. The r.-esence of water on deck increases 

the roll oscillation when the metacentric height is 

lower. Capsizing occurs only in the tests'with 

water on deck and is associated with additional 

water overtopping the bulwark to enter the deck at 

large roll angles. 

2. iroODUCTIOS 

The series of model tests used two models. 

Both models were, close to the proportions of a 

fishing vessel. The first had a high deadrise 

hull, and the second had a flat bottom. Both 

models use the same tank on deck to represent water 

on deck. In order to provide the most useful data 

for verifying the theoretlcaJ calculations, water 

was restricted from entering or leaving the deck 

during the experiments. Consequently, the models 

were constructed with high bulwarks and no freeing 

ports so that a fixed aaount of water would be 

retained on deck. 

Preliminary experiments and s number of 

references t2,3J indicated that the phenomenon 

described as a pseudo-static angle of heel would 

play an important role in the response of the 

vessel. Most of the available research into the 

pseudo-static angle of heel was performed with the 

goal of establishing stability standards for 

vessels. Consequently, the models used in previous 

tests had realistic bulwark heights and freeing 

ports which allowed water to enter or leave the 

deck. 

At the Second International Conference on 

Stability of Ships and Ocean Vehicles, one of the 

authors presented a paper which described a method 

for calculating the sloshing of water trapped on 

the deck of a vessel til. The paper discussed a 

series of experiments in which a tank of water was 

oscillated to simulate the rolling of a ship while 

the movement of the water in the tank was monitored 

by measuring the shape of the free surface. These 

experiments showed that the calculations for the 

sloshing of water on deck were very accurate under 

almost all but resonant conditions. 

The theory for predicting sloshing when coupled 

with a theory for predicting the rolling motion of 

a vessel in waves provide a method for calculating 

the solution of the complete problem of a vessel in 

Naves with water on deck (at least in 

two-dimensions). A set of experiments' Nas 

developed so that predicted motions could be 

compared with motions measured using a 

two-dimensional model placed in a wave channel. 

The goal of the experiments conducted for this 

paper was far more modest. It was to provide 

results which could be used for comparing and 

improving the theoretical predictions of vessel 

roll in a two-dimensional test with water on the 

deck. 

3. THE MODEL AMD EQUIPMENT 

3.1 Have Channel 

The University of Washington has a small wave 

channel which is 48.8 m long, 1.22 m Hide, and has 

0.79 m water depth. The wave channel is equipped 

with a wavemaker capable of generating regular 

waves only over a range of periods from 1.2 to 0.5 

seconds. 

3.2 Motion Measurement Apparatus 

The motion measurement apparatus was situated 

24.4 a fro» the wavemaker. It uses potentiometers 

to measure the heave, roll, and sway response of 
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the nodal. The total travel of the carriage in the 

sway axis is 1.2 m, Hhich limits the duration of 

some tests where the model moves down the tank 

rapidly. 

e. Model with fixed Height equivalent to 

either 25.4 or 19.05 mm of Hater on deck 

4. MODEL TEST RESULTS 

3.3 Model Description 

The model Mas constructed of plywood over a 

solid wooden frame with ballast provided by steel 

flat bar cut to the appropriate size. Overall, the 

model Has constructed to have a scale ratio of 

approximately 40 to 1 when compared with standard 

sized fishing vessel* of the Pacific Northwestern 

United States. 

Because of Halted space, only the results for 

the high deadrlse Eodel are included in this paper. 

A cross-sectional view of this model is shown in 

Figure 1. Important properties of the model are 

given in Appendix A. 

293.62 

142.49 

Before proceeding to describe the results of 

tha model testing, it is important to define 

certain terms. 

Have slope = Have height/wave length 

Static heel angle = 8 = angle where the 

righting arm curve and the heeling arm curve 

due to water on deck intersect. An example of 

a plot of the 6 curves is shown in Figure 2. 

angle = 8 = angle about Pseudo-static heel 

which the model with water on deck oscillates 

during the experiments 

Maximum roll angle 8 = when the waves first 

hit the model with water on deck, it rolls to a 

righting arm of model 

stability curve 

heeling arm of water on deck 

i i i' i I i i i i I i i i i I i i i i I i 
O 10 EO 30 40 

Angle of Heel (degree) 

Figure 1. Cross-section of the high deadrise model 

3.4 Model Testing 

During the model tests, model response was 

measured for variations in wave frequency, wave 

slope, model displacement, metacentric height, and 

the amount of water on deck. For each value of 

displacement and metacentric height, five sets of 

model tests were conducted. These included! 

a. Model with no water on deck 

b. Model with 12.7 mm of water on deck 

c. Model with a fixed weight equivalent to 

12.7 am of water oh deck 

d. Model with either 25.4 or 19.05 mm of water 

on deck (depending on whether the model 

will stay upright or not) 

Figure 2. Righting arm and heeling arm due to 

water oh deck (lower displacement, high 

GM, 12.7 ira of water on deck) 

large angle and then returns to the 

pseudo-static angle. This angle is measured as 

the maximum roll angle. It is greater than the 

pseudo-static angle. 

Amplitude of roll oscillation = 8 
ose 

Model test results are presented in tabular 

form in Appendix B. These give the Incident wave 

characteristics and the model response for 

variations in the model displacement, metacentric 

height, and the amount of water on deck. 
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4.1 Selected Model Response Tine Histories 

During a model test the following sequence of 

events was typical: 

a. Model is set in upright position with Hater 

on deck. 

b. Wavemaker is turned on. 

c. Model rolls to the maximum angle as the 

first waves impinge upon it. The 

oscillations caused by the rapid heel 

quickly die out and the model assumes a 

large angle of heel (first Haves are very 

small and it takes several cycles for the 

waves to increase to a steady state). 

d. As waves reach a steady state, the roll and 

heave amplitude build to a teady state. 

: A typical time history of heave and roll as a 

function of time is shown in Figure 3. 

Heave 

iiiiilllpliiiiiliiijS^^^ 

!ilp!-RiiiR« 

Roll 

Figure 3. Typical heave and roll as a function of 

time (lower displacement, high GM, 25.4 

mm of water on deck, wave period - 1.20 

sec. Have amplitude =19.09 mm). 

Experiments were also performed with a fixed 

weight on deck equal to the amount of water on 

deck. Figure 4 shows the roll time history of a 

typical experiment with a fixed weight on deck. 

Figure 4. Typical roll as a function of time with 

a fixed weight replacing the water on 

deck (lower displacement, high CM, 

fixed weight equivalent to 25.4 mm 

water on deck, wave period = 11.20 sec, 

Have amplitude = 54.76 mm) 

At certain frequencies, the roll response was 

quite irregular. In this case, the sloshing .effect 

of the water on deck made a significant 

contribution to roll. unfortunately, these 

experiments are often time limited because the 

model moves down the tank along the sHay axis and 

reaches the maximum sway permitted by the motion 

measurement apparatus. An irregular roll response 

and the associated heave response are shown in 

Figure 5. 

Heave 

Roll 

Figure 5. Irregular roll response and heave 

response, time histories (lower 

displacement, high GM, * 25.4 nan of 

water on deck, wave period = 1.20 sec, 

wave amplitude = 54.76 mm) 

In a small number of experiments, the model 

first heels to a pseudo-static angle into the 

incident waves and after n m e oscillations it heels 

to a pseudo-static angle in the opposite direction. 

This occurred only in cases where the metacentric 

height of the model was large (smaller 

pseudo-static angle) and the wave slope was also 

large (larger roll excitation). In every case, it 

first heeled into the waves and then reversed 

itself. A time history of one of these "cases is 

shown In Figure 6. 

In several cases, the model capsized. 

Capsizing may occur into the waves or in the same 

direction as the waves are propagating. When the 

Heave 

Figure 6. Reversal of the pseudo-static angle of 

heel (lower displacement, high GM, 12.7 

mm of water on deck, wave period = 0.97 

sec; wave amplitude = 36.63 mm) 

model capsizes into the waves, it starts in the 

upright position, then rolls to the maximum angle 

and seems to settle at an angle of heel close to 

the static angle of heel. As the waves increase, 

the model oscillates about a pseudo-static angle of 

heel but water comes onto the deck over the top of 

the bulwark. The angle about which the model is 

rolling increases as the water on deck increases 
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until the model capsizes. Figure 7 shona a tine 

history of a capsize into the Haves. 

Figure 7. Capsizing into the Haves (loner 

displacement, low GM.19.05 mm of Hater 

on deck, wave period = 0.97 sec, nave 

amplitude = 36.33 um) 

Capsizing also occurred in the some direction 

as the naves propagated. In.this case, the Hater 

came "over the bulwark at a slower rate and it took 

a longer time for the model to capsize. Figure 8 

shoHs à capsizing in the sane direction as the 

Haves propagated. 

5, OBSERVATIONS AMD CONCLUSIONS 

5.1 Pseudo-Static Angle 

Fir most of the experiments, the measured 

pseudo-static angle and the calculated static angle 

are very close. The value of the pseudo-static 

angle is strongly affected by the vessel's static 

Figure 8. Capsizing in the same direction as nave 

propagation (loner displacement, IOH 

GM, 19.05 mm of Hater on deck. Have 

period = 0.90 sec, nave amplitude = 

30.42 ma) 

stability and the, amount of water on deck. The 

less stable the vessel, the greater the 

pseudo-static angle becomes for a given amount of 

Hater on deck. Hhen the amount of water on deck is 

increased, the pseudo-static angle increases. 

Although this does not hold true for every 

specific experiment, in general, increasing the 

Have slope leads to a loner pseudo-static angle. 

This is clearly demonstrated by the higher 

displacement, intermediate GM. with 12.7 mm of 

nater on deck case shown in Appendix B. 

For the smaller wave slope cases, the 

correlation between the static angle of heel and 

the pseudo-static angle is best. 

In previous model experiments C2J. with 

three-dimensional models and normal bulwarks in 

beam seas it was reported that: "model capsizes or 

is getting large pseudoatatic angle of heel to the 

"windward" side/towards the nave." In the present 

tests in a nave channel the lower displacement 

model showed no preferred direction Hhen it rolled 

to the pseudo-static angle. It rolled to a 

pseudo-static angle into the waves almost 83 many 

times as It rolled in the same direction as wave 

propagation. The higher displacement model rolled 

into the naves over twice as many times as It 

rolled in the same direction as nave propagation. 

In specific tests which were repeated under the 

same conditions, the model would often heel in one 

direction during the first test and in the opposite 

direction during the second. 

Under the format used for these experiments, it 

appears that the model which initially sits in an 

unstable equilibrium position rolls in the 

direction which corresponds to the direction of the 

initial moment excited by the waves. In the 

three-dimensional model tests in beam waves, one 

would expect Hater to come over the top of the 

bulwark oh the incident wave side resulting in a 

preference for rolling into the incident naves. 

5.2 Capsizing 

During several experiments the model capsized. 

Each of these cases was related to a large static 

or pseudo-static angle of heel, which results from 

a combination óf IOH metacentric height and/or 

large amounts of water on deck. All the capsizinga 

occurred for the incident waves of larger slopes, 

and in all cases additional water came over the top 

of the bulwark onto the deck before the model 

capsized. 

There were no capsizings in any of the tests 

nithout water on deck. That Includes tests of the 

model by itself or the model with a fixed weight on 

deck equivalent to the Height of nater. 

Capsizing generally occurred in a band of nave 

frequencies near the natural frequency of the model 

with a fixed weight on deck equivalent to the 

weight of the nater on deck. There was one 

exception to this nhich occurred for the loner 

displacement. Ion GM, 19.05 'mm of nater on deck 

case at a nave period of 0.70 seconds. During the 

first te3t at this condition, the aodel rolled to a 

pseudo-static angle in the direction of nave 

propagation and only oscillated a small amount 

around this angle. In the second test it rolled 

into the nave and a large amount of nater came over 
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the top of the bulwark, Hhich preceded and 

contributed to the capsizing. 

5.3 Response Hith Hater on Deck Compared to 

Response Hith a Fixed Height on Deck . 

This comparison is very interesting because 

tanks Kith Hater . sloshing have been used as 

stabilizers. 

For high metacentric height and a small amount 

of Hater on deck the presence of the Hater reduces 

the roll oscillations (of course one should 

recognize that in all cases the amount of Hater on 

deck Has sufficient to cause a -significant 

pseudo-static angle of heel which is not included 

in this discussion). It is nut clear from the 

tests whether the decrease in roll oscillation is a 

result of the dynamic effect of Hater sloshing or 

from the reduction of the effective metacentric 

height due to the free-surface effect. 

For the high metacentric height case where the 

amount of water on deck is- increased the results 

are no longer consistent at all frequencies. This 

indicates th*t the sloshing may be more important 

under this circumstance with a larger mass of Hater 

moving back and forth on the deck. 

For the intermediate and low metacentric height 

cases, the presence of water on deck results in a 

'larger roll oscillation than occurs when the water 

is replaced by a fixed weight.' In conjunction with 

the. roll to a pseudo-static angle, this rolling 

behavior indicated that the presence of water 

trapped on deck is a very dangerous situation.. 

Similar results are obtained when the model 

response with water on deck is compared with the 

case of ho water on deck. 
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APPENDIX A: MODEL PROPERTIES 

Table A-l. Hodel Properties and Depth of Hater on 
Deck for Lower Displacement Hodel 

High GM 

Displacement (kg) 25.45 
Radius of gyration* 91.0 
Metacentric hèight-GM* 36.7 

Depth of water-case 1* 12.7 
Height of Hater on deck 12.2 
as a * of displacement 

Depth of water-case 2* 25.4 
Height of water on deck 24.4 
as a * of displacement 

Table A-2. Model Properties and Depth of Hater on 
Deck for Higher Displacement Model 

Inter-
mwJiate 

GM 
LOH 
GH 

25.42 
104.0 

13.3 

25.42 
103.6 

5.37 

12.7 
12.2 

12.7 
12^2 

25.4 
24.4 

19.05 
18.3 

Displacement (kg) 
Radius of gyration* 
Metacentric height-GM* 

High GM 

31.03 
94.8 
27.7 

Inter­
mediate 

GM 

31.03 
93.7. 
13.0 

12.7 
10.0 

19.05 
15.0 

Depth of water-case 1* 12.7 
Height of water oh deck 10.0 
as a.% of displacement 

Depth of water-case 2* 19.05 
Height of water on deck 15.0 
as a % of displacement 

*in mm 

Table A-3. Other Model Properties 

Length of model = 1054.1mm 
Length of tank on deck = 1020.8 mm 
Beam of tank on deck «= 234.6 mm 

Low 
GM 

31.03 
92.1 
5.09 

12.7 
10.0 

19.05 
15.0 

Adeé, B., Caglayan, I.; "The Effects of Free 

Hater on Deck on the Motions and Stability . of 

Vessels," Proceedings of the Second Conference 

on Stability of Ships and Ocean Vehicles. 

Tokyo, Japan, Oct. 1982, pp. 413-426. 
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e_ 

ps 

e 
,03C 

OSC 

Haave 

(water) 

(weight) 
(no water) 

(water) 
Wave amplitude 
Heave (weight) 
Have amplitude 
Heave (no water) 
Have amplitude 
äotes 

Table Bl. RESULTS OF MODO. TESTS 
tower Displacement, High Metacentric Height, 12.7 mm Hater on Deck. 

Metacentric Height - 36.7 mm (with no water on deck) 
Have period (sec) 0.70 
Have amplitude («a) 7.64 
Have slope 0.0200 

16.6 

14.8 

0.51 
* 

0.68 

0.43 

0.15 

0.31 

0.86 0.90 0,94 0.97 1.10 1.20 1.20 
11.61 30.42 14.20 36.63 47.83 19.09 54.76 
0.0201 0.0481 0.0206 0.0499 0.0507 0.0170 0.0487 

16.6 17.5 16.6 16.6 16.3 17.3 
20.4 1st 
15.9 2nd 
14.1 1st 

14.6 14.9 14.9 15.94 10.2 14.9 12.2 2nd 
14.5 14.5 14.5 14.5 14.5 14.5 14.5 

• * ' 

• 

* . .--. V ': 1.53 
3.05 1st 
-- 2nd 

0.86 7.35 1.71 12.57 15.39 4.28 14.71 
3.39 11.19 5.85 11.28 11.19 2.04 10.01 

0.82 0.93 1.06 0.92 1.01 0.93 0.96 

0.89 0.83 1.04 0.86 0.98 1.01 0.99 

0.84 0.87 0.96 0:97 1.02 0.98 0.97 

1 1 2 3 

Lower Displacement, High Metacentric Height, 25.4 mm Hater on Deck 
Metacentric Height = 36.7 mm (with no water on deck) 

Have period (sec) 0.70 0.86 0.90 0.94 0.97 1.10 1.20 1.20 
Have amplitude (tan) 7.64 11.61 . 30.42 14.20 36.63 47.83 19.09 54.76 
Have slope 0.0200 0.0201 0.0481 0.0206 0.0499 0.0507 0.0170 0.0487 
e - « - <de*> — 39.2 . 39.5 39; 7 39.5 38.5 38.3 37.6 39.3 

«E* 32.8 32.8 28.1 32.3 27.0 26.0 31.5 27.2 

€ 33.0 33.0 33.0 33.0 33.0 33.0 33.0 33.0 
6* (water) A 1.03 — 1.81 • • . — 7.18 --
BUI (weight) A . . A 1.37 0.51 2.91 7.01. 1.20 13.17 
6°°; (ho water) 0.68 3.39 11.19 5.85 11.28 11.19 2.04 10.01 

Heave (water) 
Have amplitude 0.39 0.79 1.07 1.06 0.97 0.96 0.79 0.93 

Heave (weight) 
Steve amplitude 

0.19 0.82 1.01 1.18 1.00 0.93 1.02 0.98 

Heavè (nc water) 
Have amplitude . 0.31 0.84 0.87 0.96 0.97 1;02 0.98 0.97 

Notes 4 4 4 ... 4 

Lower Displacement, Intermediate Metacentric height, 12.7 mm Hater on Deck 
Metacentric Height = 13.3 mm (with ho water on deck) : 

Have period (sec) 0.70 0.86 0.90 0.94 0.97 1.10 1.20 1.20 
Have amplitude (mm) 7.64 11.61 30.42 14.20 36.63 47.83 19.09 54.76 
Have slope 0.0200 0.0201 0.0481 0.0206 0.0499 0.0507 0.0170 0.0487 
e
n»«

 < d e 9 ) 41.7 41.3 41.7 41.3 42.0 42.0 " 41.3 42.3 

<C 34.4 33.4 - 29.3 32.4 31.6 26.0 33.7 31.4 
eP"v- 31.5 31.5 31.5 31.5 31.5 31.5 31.5 31.5 
8 (aater) 0.69 2.41 5.34 3.44 8.52 .;- 9.04 6.20 14.2 
eosc ««eight) * * 'A 

' : * - ' • 

A 
' • . : • . * 

A . .A 

e_ s c (no water) * A A . A' A A . .A A 

Heave (water) 
Have amplitude 0.55 0;72 0.94 0.84 0.83 0.94 0.95 0.93 

Heave (weight) 
Have amplitude 0.15 0.85 0.98 ' 1.01 0.93 1.00 0.96 0.96 

Heave (no water) 
Have amplitude 0.31 0.95 0.96 0.98 0.98 1.03 0.99 0.97 

Lower Displacement, Intermediate Metacentric Height, 25.4 am Hater on Deck 
Metacentric Height = 13.3 mm (with no water on deck) 

Have period (sec) 0.70 0.86 0.90 0.94 0.97 1.10 1.20 1.20 
Have amplitude (mm) 7.64 11.61 30.42 , 14.20 36.63 47.83 19.09 54.76 
Have slope 0.0200 0.0201 0.0481 0.0206 0.0499 0.0507 0.0170 0.0487 
e „ v (deg) 54.3 54.3 54.2 54.0 54.3 54.2 54.2 53.8 

<C 46.6 46.8 43.1 45.2 39.7 43.8 43.0 44.9 

% 43.3 43.3 43.3 43.3 43.3 43.3 43.3 43.3 

6osc ( w a t e r ) 0.69 3.28 
capsize 

into wave 10.70 11.90 16.22 4.57 14.32 

eo«o ("eight) A . . '..A . 0.52 A . A . A A •'• * 

6Ü0Ü (no water) 0.68 3.39 11.19 5.85 11.28 11.19 2.04 10.01 

Heave (water) 
Have amplitude 0.51 0.90 • 0.79 0.53 0.98 0.99 6.89 0.88 

Heave (weight) 
Have amplitude 

0.27 0.81 0.99 1.10 1.06 1.05 1.01 0.97 

Heave (ho water) 
Have amplitude 0.31 0.95 0.96 Ü.98 0.98 1.03 0.99 0.97 

Motes 5 
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Lower Displacement, LOH Metacentric Height, 12.7 BID Hater on Deck 
Metacentric Height = 5.37 mm (with no water on deck) 

Have period (sec) 0.70 0.86 0.90 0.94 0.97 1.10 1.20 1.20 
Have amplitude (DEI) 7.64 11.61 30.42 14.20 36.63 47.83 47.83 47.83 
Have slope 0.0200 0.0201 0.0481 0.0206 0.0499 0.0507 0.0170 0.0487 
e
ma«

 <de9' 47.5 49.6 48.9 49.6 48.9 49.9 48.2 47.9 
39.7 39.9 39.3 39.7 39.0 38.3 39.3 38.3 

«£ 37.5 37.5 37.5 37.5 37.5 37.5 37.5 37.5 
« W < ««ter) 0.68 4.19 8.38 7.87 13.00 15.05 3.93 16.08 
eoac «Height) 
<£„! <™> water) 

A A A A A 1.20 A A eoac «Height) 
<£„! <™> water) A A A A 1.03 0.86 A 0.86 

Heave (water) 
Have amplitude 0.67 0.67 1.00 0.79 0.99 0.90 1.01 0.92 

Heave (weiaht) 
Have amplitude 0.41 0.93 1.15 1.10 1.07 1.07 1.01 1.01 

Heave (no water) 
Have amplitude 0.35 0.96 0.99 1.08 0.99 1.00 0.99 0.95 

Lower Displacement, Low Metacentric Height, 19.05 mm Hater on Deck 
Metacentric Height = 5.37 ma (with no water on deck) 

Have period (sec) 0.70 0.86 0.90 0.94 0.97 1.10 1.20 1.20 
Have amplitude (mm) 7.64 11.61 30.42 14.20 36.63 47.83 47.83 47.83 
Have slope 0.0200 0.0201 0.0481 0.0206 0.0499 0.0507 0.0170 0.0487 

<W(de9> . ! 
59.0 1st 
60.8 2nd 

55.8 57.8 57.1 55.6 55.3 57.3 55.9 

e 
pa 

48.4 1st 
52.2 2nd 

46.7 50.6 47.7 46.3 39.1 45.5 46.0 

e„ 43.3 43.3 43.3 43.3 43.3 43.3 43.3 43.3 

eosc ( M a t e r ) 
0.43 1st 

capsize 2nd 4.29 capsize 7.38 capsize 13.21 2.92 11.50 

eoac ««eight) A A 1.03 A A A A A 

6«-I <«» water) A A A A 1.03 0.86 A 0.86 

Heave (water) 
Have amplitude 

0.55 1st 
unsteady 2nd 

0.97 1.27 1.21 unsteady 1.03 0.99 0.91 

Heave (weiaht) 
Have amplitu-'e 0.53 0.96 1.02 1.15 1.09 1.06 1.03 1.01 

Heave (no water) 
Have amplitude 0.35 0.96 0.99 1.08 0.99 1.00 0.99 0.95 

Notes 6 7 

Higher Displacement, High Metacentric Height, 12.7 mm Hater on Deck 
Metacentric Height = 27.7 mm (with no water on deck) 

Have period (sec) 0.70 0.86 0.90 0.94 0.97 1.10 1.20 1.20 
Have amplitude (ram) 7.64 11.61 30.42 14.20 36.63 47.84 19.09 54.76 
Have slope 0.0200 0.0201 0.0481 0.Ö206 0.0499 0.0507 0.0170 0.0487 
e
rt=«

 <de9> 17.19 17.19 17.19 16.34 17.54 18.91 18.57 16.34 
>jBa![ 16.3 16.2 17.2 14.8 15.1 16.2 16.2 14.1 

eM 14.4 14.4 14.4 14.4 14.4 14.4 14.4 14.4 
8* <«ater) 0.69 A 1.72 A 1.20 — A — 
ellr «"eiaht) A A 2.15 A . 5.85 14.10 2.41 16.16 
eosc <no H a t e r ) 

A A 6.36 0.344 12.47 15.13 0.86 13.76 

Heave (water) 
Have amplitude 0.37 0.92 0.99 1.41 1.04 1.06 1.09 1.00 

Heave (weiaht) 
Have amplitude . 0.12 1.00 1.00 1.25 1.05 0.97 1.03 1.02 

Heave (no water) 
Have amplitude 0.21 0.87 0.98 1.20 1.00 1.03 0.96 1.00 

Notes 1 1 1,4 1,4 

Higher Displacement, High Metacentric Height, 19.05 mm Hater on Deck 
Metacentric height = 27.7 mm (with no water on deck) 

Have period (sec) 0.70 0.86 0.90 0.94 0.97 1.10 1.20 1.20 
Have amplitude (mm) 7.64 11.61 30.42 14.20 36.63 47.83 19.09 54.76 
Have slope 0.0200 0.0201 0.0481 0.0206 0.0499 0.0507 0.0170 0.0487 
eiM» <deg) 24.76 25.10 25.79 25.10 30.09 25.79 25.10 28.89 

«C 21.0 20.6 19.8 21.0 23.7 23.7 20.6 13.8 

ef 20.9 20.9 20.9 20.9 20.9 20.9 20.9 20.9 
eoBr <«ater> ' 0.43 0.52 1.55 0.77 1.12 A A 

• — 

8°*; («eight) A A 1.20 0.17 3.44 11.52 A 16.16 
6°„ (no water) A A 6.36 0.344 12.47 15.13 0.86 13.76 

Heave (water) 
Have amplitude 

A '. 0.45 0.92 1.07 1.03 1.04 1.17 1.03 

Heave (weiaht) 
Have amplitude 0.08 0.64 1.08 1.36 1.14 0.98 llOB 1.01 

Heave (no water) 
Have amplitude 0.21 0.87 0.98 1.20 1.00 1.03 0.96 1.00 

Notes * 1 1 2,4 
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Higher Displacement, Intermediate Metacentric Height, 12.7 ESQ Hater on Deck 
Metacentric Height = 13.0 ism (Mith no water on deck) 

Have period (sec) 0.70 0.86 0.90 0.94 0.97 1.10 1.20 1.20 
Have amplitude (tan) 7.64 11.61 30.42 14.20 36.63 47.83 19.09 54.76 
Have slope 0.0200 0.0201 0.0481 C.0206 0.0499 0.0507 0.0170 0.0487 
una» ( t , e ' ) 33.72 35.10 30.97' 34.41 30.46 35.79 35.10 34.41 

C 29.3 29.4 21.3 28.4 7.2.4 a.5 28.6 23.4 
3 • • • • • • • • -

27.7 27.7 27.7 27.7 27.7 27.7 27.7 27.7 

«w <water) 0.69 1.55 A 2.58 A . 
- - • 6.19 — 

9 osc ( H e i 9 h t ) A A A A A - . A A 0.69 
e ° „ (no water) A 

. • * 

A 0.17 A A A A 

Heave (water) 
Have amplitude 0.6Ö 0.81 0.86 1.06 0.99 0.97 0.75 0.89 

Heave (weight) 
Have amplitude 

0.14 0.72 1.08 1.19 1.16 1.09 0.94 1.00 

Heave (no water) 
Have amplitude 0.17 0.84 1.09 1 .22 1.09 1.11 1.03 1.03 

Notes * 2,4 2,4 

Higher Displacement, Intermediate Metacentric Height, 19.05 mm Hater on Deck 
Metacentric Height » 13.0 na (with no water on deck) 

Have period (sec) 0.70 0.86 0.90 0.94 0.97 1.10 1.20 1.20 
Have amplitude (an) 7.64 11.61: 30.42 14.20 36.63 47.83 19.09 54.76 
Have slope 0.0200 0.0201 0.0481 0.0206 0.0499 0.0507 0.0170 . 0.0487 
5 B . , (deg> 43.70 44.39 44.39 44.05 44.39 44.39 44.05 45.08 

e C " - 38.0 32.7 32.7 34.1 29.9 , 29.9 36.5 31.0 

€ 34.2 34.2 34.2 34.2 34.2 34.2 34.2 34.2 
9 o a e (water) 0.66 ~ 2.58 7.05 6.19 — 13.25 9.12 13.77 
e o s c <«ei9W> 
e ° „ (no water) 

. A - A- A- .- A - A A A 0.86 e o s c <«ei9W> 
e ° „ (no water) A 

• * 
A 0.17 A • A A • A . 

Heave (water) -' 
Have amplitude.. 0.49 0.74 1.10 0.92 0.95 0.94 0.79 0.92 

Heave (weight) 
Have amplitude 0.21 0.55 1.04 1.28 1.20 l . \ 4 1.01 1.05 

Heave (no water) 
Have- amplitude 0.17 0.84 1.09 1.22 1.09 1.11 1.03 1.03 

Eo';ea 4 

Higher Displacement, Low Metacentric Height, 12.7 mm Hater on Deck 
Metacentric Height = 5.09 mm (with no water oh deck) 

Have period (sec) 0.70 0.86 0.90 0,94 0.97 1.10 1.20 . 1.20 
Have amplitude (ma) 7.64 11.61 30.42 14.20 36.63 47.83 19.09 54.76 
Have slope 0.0200 0.0201 0.0481 0.0206 0.0499 0.0507 0.0170 0.0487 
6m», ( d e«> 37.85 43.36 . 39.92 37.17 37.17 38.89 39.40 38.71 

C 34.1 35.3 32.5 31.8 25.0 26.8 32.7 26.8 

€ 35.1 35.1 35U 35.1 35.1 35.1 35.1 35.1 
eftàr < « t e r ) A A 0.86 4.13 7.92 10.67 1.55 12.04 
e osc <"8i9ht> ' A . A 0.69 ' . ' . * • 0.35 A A • ' A 

%H (no water) A ..-.-. * . A . A A A A A 

Heave (Hater) 
Have amplitude 0 . 1 / ... 0.71 0.91 1.00 1.01 0.98 0.71 0.88 

Heave (weiqht) 
Have amplitude 0.Ö3 0.68 1.01 1.20 1.11 1.08 1.01 0.97 

Heave <no water) 
Have amplitude 0.24 0.87 1.07 1.26 1.14 1.10 1.02 1.04 

Higher Displacement, Low Metacentric Height, 19.05 na Hater on Desk 
- Metacentric Height =5.09 am (with no water on deck) 

Have period (sec) 0 . 7 0 \ 0.86 0.90 0.94 0.97 1.10 1.20 1.20 
Have amplitude (go) 7.64 11.61 30.42 14.20 36.63 47.83 19.09 54.76 
Have slope 0.0200 0.0201 0.0481 0.0206 0.0499 0.0507 0.0170 0.0487 
6. w (deg) 41.99 45.93 41.99 45.93 42.50 41.48 41.13 42.50 «c 38.4 38.4 33.6 37.7 . 34.3 32.2 36.00 36.00 
QPS 40.1 40.1 40.1 40.1 40.1 40.1 40.1 40.1 
6* (water) 1.03 4.97 ' caps ize 8.23 5.14 15.77 1;72 11.65 
6°*; (weight) A 0.17 1.21 0;52 1.03 A A A 

*Hl (no water) A A A - A A A A A 

Heave (water) 0.40 0.53 0.75 0.66 0.99 0.83 0.97 1.00 
Have amplitude 
Heave (weiaht) 
Have amplitude 

0.07 0.59 0.87 1.04 1.04 1.05 0.99 1.01 

Heave (no water) 
Have amplitude 0.24 0.82 • 1 . 0 7 1.26 1.14 1.10 1.02 1.04 

*very small oscillation 
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NOTES: 1. Model first rolls into the naves and then rolls to the opposite side (in the same direction as the 
incident naves). 

2. Model first rolls into the waves and then tends to roll to the opposite side but does not roll all 
the way before experiment is terminated. 

3. Model test conducted twice. In first test it rolla in the same direction as the waves. In second 
test it rolls in the opposite direction (into the incident waves), but is tending to roll back 
toward the same direction as the waves as the test is terminated; 

4. Model roll oscillations are quite irregular. 
5. Hater enters over top of bulwark. 
6. Experiments performed twice. In the first model, rolls in same direction as wave propagation. In 

second model, capsizes after rolling into the wav?. 
7. Model roll3 in sane direction as wave propagation. It oscillates as water enters deck over bulwark 

and then capsizes. 

Idki5,75 

- 177 -



Third International Conference ort Stability 
of Ships and Ocean Vehicles, Gdarisk, Sept. 1966 

DESIGN-REGULATIONS 

BY tf. A. CLEARY, Jft 

WITH LCDR R. M. LETOURNEAU USCG 

ABSTRACT 

The relationship of existing stability criteria of either the Initial stability (GM) 
or the righting curve type Is examined against the types of known stability accidents 
which may occur. It Is noted that there can be more than two dozen types of 
stability accidents and several damage stability accident types. Additionally there 
are variations of each one of these accidents which might require refinement of 
stability criteria. Finally, the major types ;of design which have been developed over 
the past 20 years and those which appear to be developments of the next decade will 
be reviewed against known types of stability accident for research desired. 

1. BACKGROUND 

1.1 Agreed worldwide stability standards 
are conspicuous by their absence. Many 
national standards exist but little 
agreement exists at the international 
level although we have made a major step 
toward a general Intact stability 
standard during the four years between 
the second and third International 
Stability Conferences. One advantage of 
having no comprehensive agreed Intact 
stability standard is that very little 
restriction has been placed on designers 
thus far, by administrations. Designers 
have had considerable freedom to respond 
to the economic requests of ocean 
commerce, limited only by their own 
professional judgement or by the 
requirements of the flag state. 

Until the past two decades, ship designs 
have evolved quite deliberately over many 
centuries so that the effect of any 
modification ou stability usually was 
able to be judged over a period of 
years. As late as I960, snips could be 
placed into three main groups -passenger 
ships, tankers, and dry cargo ships. 
Their form and size were matters of 
general similarity world wide. 

However, during the past 26 years, the 
types of ocean vehicles have 
proliferated. Therefore an Increasing 
danger exists that among the many new 
types of commercial ships. There may be 
some which are not as safe as is assumed 
from experience. 

1.2 The role of the Intergovernmental 
Maritime Organization in creating 
standards is misunderstood by some. The 
Subcommittee which is responsible for 
stability (both intact and damaged) is 
also responsible for four (4) 
International conventions and the 
stability aspects of a dozen codes. All 
items must be reviewed in a few hours, 

once a year. The Subcommittee cannot 
discuss research iu detail while In 
session. The SubCommltt.ee needs- to 
review the result» of stao'liity research 
In making a decision for a new worldwide 
standard and the Subcommittee has la the 
past recommended research and should 
recommend priorities In order to assist 
its program. 

1.3 Therefore, there must be another 
forum to provide full discussions of 
stability research. The several 
International Conferences on Stability of 
Ships and Ocean Vehicles (now the Third 
Conference - GydansK 86) should be that 
forum. Such an organization should navè 
an intersessions! correspondence program 
and should adopt the objective of an 
International meeting of all stability 
research persons approximately every 4 
years. If such an organization is 
possible, the following design problems 
should receive priority in research 
between now and STAB //4-1990. 

2. EXISTING STABILITY STANDARDS 
METHOUOLOGY 

2.1 To date most stability standards use 
the geometrical and mathematical 
relationship of the moaohull ship form la 
heeling (both static and dynamic heel) 
rather tnan pitch, heave or other ship 
motions. This procedure has been 
acceptable and safe because the usual 
monohull has been more vulnerable to 
capsize in the transverse heel attitude 
than in pitch or other motions. 

As late as 1940, stability standards were 
merely suggestions in the literature 
which remained quite simple, based on a 
recommended metacentric height (GM) of 
about 2 feet (0.6 meter), with no 
specific relations to ship shape or type 
of hull or size. 

However, the commercial vessels available 
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for comparison at that, tine were of a 
very few distinct types and only a very 
few were out of the normal size range for 
the ocean going vessels. 

2.2 The GM type ot standard has been 
popular because it allowed a simple 
formula to be used by a designer in 
evaluating ship safety. One of tbe 
Simplest evaluation standards is the 
provision of a minimum Urt based on a 
steady wind. 

In addition to the iuitlal metacentric 
height ((31 > evaluation, the righting arm 
curve standard has been used in many 
variations by different organizations, 
and national administrations. Ihis curve 
can not only show the initial metacentric 
height but also can' measure total energy 
needed to heel and to return upright. 
. 'Jhe righting moment curve has been less 
often used, usually with the explanation 
.that it is the same shape as the righting 
ara curve so it means the same thing. It 
is, of course, the same shape but it does 
not have the exact same physical meaning 
for ships of great differences in siee 
f oris or loading arrangement. 

2.3 However, these two methods of 
stability evaluation do not actually 
cover all the stability accident's that 
may occur. They do provide a relative 
seasure of stability for sbips of similar 
type and service. Indeed, our ignorance 
óf the seaway and its affect on sbips of 
all sizes has caused us to create many 
arguments for statical arm curves of one 
type or shape when In fact we do not know 
the full effect of seaway, and its 
variation with size, period and relative 
steepness. 

10 Î0 30 40 10 

Besjraas »I Maal Ç. MM« 

Also, whether enough reserve stability is 
contained in these formulae to account' 
for all the stability accidents that may 
occur, remains S relatively unknown 
quantity in 1986. 

2.4 Table 1 provides a- list of 34 causes 
of capsize for an otherwise undamaged 
snip. 

TaMs 1 Capelzt causas lor undamagad ship 

Causé Example of Hazard 

1. Single broadside wave 
2. Resonant rolling 
3. Steep wave system 
4. Bow/slern sleep waves 
6. Following tea 
6. Wave grouping 
7. Maas distribution (large reditu of 

gyration) 
8. Wind 
0. Wind gusts 

10. Cargo and ballast distribution 
11. Deck loads 
12. Icing 
13. Ballast shift 
14. Ballast, lack of 
16. Tree surface (interior) 
16. Free surface (emulsion) 
17. Water on deck 
16. Bulk cargo, shift 
19. Cargo shift 
20. Lifting weights with ship's gear 
21. Movement of people on board 
22. Anchor lines 
23. Moorings (general) 
24. Towing hawser—self-tripping 
25. Towing hawser—tow tripping 
26. Nets or trawls—surface 
27. Nets or trawls—submerged 
28. Neu or trawls—bottom 
29. Hauling blocks 
30. Voyaging at very light or deep drafts 
31. Partial groundings 
32. Lateral currents 
33. Maneuvering at high speed 

' 34. Wave impact at high speed 

beam single wave rollover 
beam steady period, exact frequency «'aves 
wave slope, following sea 
heaving, loss of waterplenc 
loss of waterplane 
uneven rolling 
cargo or structure outboard of hull or vertically above and 

below hull 
steadv heeling moment 
impulse heeling moment 

high center of gravity • 
high center of gravity 
•olid ballast shift, or liquid drains to off-center tank 
tanks being used, fuel oil, ballast 
water on interior decks 
baric ballast, deteriorating chemicals 

bulk cargo slides or shakes down 

heavy-lift ships 
passenger ships 
trim by bow—loss of waterplane 
pipeiaying, MODU's 
tugs—«hort hawser 
tow yaws and overwhelms tug 
ve«3sl heaves on wave 
vessel heaves on wave 
net hangs up on wreck 
power block causes excessive heeling lever 
loss of «aterplene at small angle 
change trim, waterptane, and lift* 
inland tug crossing rive; outflow 
rudder action heeler 
«inputs: heal or heave on surface-effect ships  
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FlQ. 4. SHORT- TERM PREDICTION OF ACCELERATION. 

ted formulâtton of the problem this part 

of regulations /équations to calculete oo­

ms standard values of accelerations/ beoo-

£98 out of dato. 

Ute a8E.lB8aao8s of equations for calcula­

ting the längstem prediction for the ships 

accelerations under saving condition« . 

w:i. i-'iin the framework of oontainer lashing 

regulation» does not mean to eliminate them 

from the oode at all and to diminish its 

signlfioanoe - on behalf of tha lashing 

problem in particular. It is simply . main­

tained that-such equations however, in so­

me more rational form * , should oonatltu-

te the Integral part of the oode of clas­

sification society SBIS be intended for the 

so-called preliminary desire etages. Their 

significance would oeneiat. in making it 

possible f or the designing of ship to be 

of the best seakeeping quality in general. 

In oonsequence, in an indireot way . with 

respect to the designed lashing 'system' 

there would be satisfied the condition of 

the external forces to be consciously asi-

'in form of tho eo«oalled nonstructural : 
models i.e. relatively simple expres­
sions with requirements which on one ha­
nd are the ship's designing parameters, 
and on the other governing parameters 
for the dases'ibsfS phenomenon / C2J /• . 

nimised on aooount of temporary oontrol of 

the ship in operation, while the stability 

of the load mass would be fulfilled at po­

ssibly the lowest level of these forces. 

2.'t. usefulness of the Document under the 

Title "Lashing System of Containers 

on Weather Peek" in Ship's Operation 

The stability of the load mass is de-

olded in the following three basic spheres . 

of activitiest 

- at stowage time, •* • ' ^ 
- at lashing tims and 

-while shipping the cargo. 

In other words the containers under consi­

deration will be stable if they have been 

sufficiently well stowed, properly làshed 

and th$ «ship is "guided" in the right way. 

Proper lashing is only connected with per-

fopsins some routine procedures explained 

e.g. in Fig. 2, and, first of all, check­

ing the reliable ity of carrying out that 

psnetion1', Thus there remains only to ta­

ise into consideration the stowage and na­

vigational operations, the more so,that it 

is them that the analyzed conception of 

'crews of olassieal container ships are 
rather only obliged to oheok the lashing 
which is carried out by the port service. 
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Thus functions(3)aak« it possible to dete­

rn in» the admissible acceleration a. with 

a defined mass M, or the admissible mass M 

with an assumed aooeleration a.. 

A oomplete information requires prepara­

tion of a set of diagrams as illustrated In 

Pig» 3» for a designed ship inoluding va­

rious possible configurations of stack la­

shing. 

2.3*3. To prepare an information on depen­

dence of the ship's acceleration a. upon 

the sea state and, the load condition /Fig. 

h./ seems to be the most time - consuming 

procedure and simultaneously the most dif­

ficult one. For the determination of fun­

ction a. s /sea state, load condition,ships 

•elooity/ it is necessary to carry out 

some calculations by application of advan­

ced programs and computers. 

ttoraoviar such substantial problems like 

. the description of the sea state and main­

ly the seleotion of an appropriate measure 

of accelerations call here for a careful 

examination. The point is that the infor­

mation should be, if possible univocal ' 

and as far as the value of a. is concerned 

oomparable with some equivalents resulting 

from the lashing technique /Fig. 3./. 

At prosent it is suggested that the sea 

states were desoribed by two-pârameters /e. 

g. Hy, and Ty or Hy, end 1\J% while accé­

lérations a. should be the external most 

probable values <3„p / [13 /. In this que­

stion, however, it is indispensable to ca­

rry on further investigations of some ge­

neral character than it would arise from 

the needs of preparing some oonorete. obje­

ctive information. 

The load condition and the ship's velocity 

for these requirements are best desoribed 

by the values of metacentric height MG and 

the relative hoading angle respectively. 

For the reason that the transverse .accele­

rations a. atill depend on many other fao-

• tors, they are definitely the most signif­

icant ones xx', and should be noted that 

the objective Information cannot be too com­

plicated. The information speoifled at 

this point is required to be prepared for a 

given ship for several states of the sea and 

several . states of the ship. The selec­

tion of these parameters is dependent, of 

course, upon the speolfity of the shipping 

line both with respeot to the eharaoteris-

tlo of its waving and potentially possible 

variants of ship's loadings. 

2.3.1». The set of information desoribed at 

points 2.3.1. * 2.3.3. constitutes a docu­

ment entitled "Container lashing system on 

weather deofc", whloh should be «mbjeot to 

approved by a classification society.In pa­

rticular the object of elasuifioation sho­

uld Include: 

- lashing technique in the sense of la­
shing gear certification both loose 
/rods, turnbucklos, co?;?»s>otors, eto./ 
and permanent fittissgs /«atones and 
all kinda of foundations/? 

- information on the pormlaesible exter­
nal loadings /admissible masses or ao-
oelorations/ In the sonse of conformi­
ty of calculations with the recommen­
ded by regulations algorithm. In case 
if the objeotive calculations are oar-
ried out according to one's own /the 
shipyard's/ algorithm, the algorithm 
itself should also be a subject to ap­
proval; 

- information related to the relation of 
the ship's accelerations to operating 
and waving parameters understood as 
conformity of calculations in oomplia-
noe with the recommended programme or 
acceptance of the programme applied by 
the designer. 

The above olassifioation procedures are de­

termined by requirements for the sake of 

requirements themselves, whloh in their part 

related to stowage and container lashing 

should inolude: 

- determination of standards and methods 
of testing the lashing gear! 

- algorithm of lashing strength calcula­
tions; 

- recommendation to apply.a speoifled 
oomputing programme of the short-term 
prediction of ship's aooeleration with 
identification of form presenting the 
obtained results. 

The latter requirement is a substantial no­

velty BO far as objeotive regulations are ) 

oonoerned, which in their current form de­

termined the way of calculating the accele­

rations meant eo long-term prognosis, aa 

criterion values, univooally dimensioning 

the admissible load masses. In the presen­

c e oomplete univooal meaning is impossib­
le) on account of a random oharaoter of 
see waves and ship's motion. 

^^experiments prove that in general the 
transverse accelerations a. determine ma­
inly the container lashing and . their 
dependence upon the ship's velocity with 
sufficient accuracy in relation to prae-
'tic» can be identified with the depende­
nce upon the relativa heading angle on­
ly«. 
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nar'e OKperlouoc. 

Th» information regarding the lashing te­

chnique should bo explained in graphio 

fora, as it lo shown in Fig, 2. 

boon mentioned earlier are based on the de« 

tormination of l 

M A - BRy 
fa) 

ZO'cont. 
SAY &.4.S 

W'cont. 

e 
ö£ /s 

Penguin hook «&* 

BR 02(50) \\ 

cashing rods 

BR Q] (50) 

Lashing rods @ = # = 

BR 05(50) 

Lashing rods 

TE 150.2 

Tumbuckles 
$8= 

Sf—o 
dktS 

C/-5-U 

' Twist locks 

F/O. 2. TECHNIQUE OF LASHING. 

S.3o2o Howevor, the preparat ion of d iag-
?onac so i n iteia b/„ requ ire s c a l c u l a ­

t ion» of the typo: 

M o t < A-BFW (1) 

where: 
M «• t o t a l suae3 of the ««mtalners 

otaofe, 
a.-> transvoj-ee acceleration, 

â,B- coefficients dependent upon the 
strength parameters of .leaning 
and stock s configuration, 

P - additional foroo for external 
v /OUT/ staoke. 

For internal /IN/ staoke F a 0. 

It should be noted that the form of equa­

tion (U and also the value» of coeffio-

ionto A and 3 also depend on the adopted 

msthessatioal model of lashins conatruot-

ion. Ihe idea of these calculations is a-

Iwnya auoh that ihoy lead to tho detormi-

nation ®£ tho external sdraiooiblo ina>r-

tial force a M » a. for t*hioh the o ta­

sk stability is still maintained. The up-

to-ctra tooting oeloulotiona, which have 

where on the contrary to aquation (1), aooe-

leration a. woe imposed by the olassifioo-

tlon society regulations. 

Xn this way attention was concentrated oh 

finding only the admissible stack mass M, 

but not admissible f ores F* Thus the cal­

culations aooording to equation (2)were of 

D long-term prediction oharaotor detorrai-

noted» 

Tbie followed from the way of determining 

acceleration a^, 

.The detortaination aooording to equation (1) 

of the admioo&blo fores 9'm M« a. gives a 

sor© usiivoyacU information, and thereby 

swaly utsotv.l for tbo boiaofit of the ship's 

eperstioa end whole shipping line.The uni-

veroelity of euch an Qpproach is based on 

tho fact that for determined admissible fo­

re© F r-omstant with regard to the öoflined 

Jöahiu'v to-ahaiquG and oonf iguratien of the 

ooP-ftaiuar o6aok it is possible to apply in 

o.r. iQi'3voïJffiös©sblo oay relational 

a =• M 
or M, ~ 

Qt 
O) 
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lpmènt and the method of its appli­
cation/, 

b/ Information regarding the maximum 
permissible values of accelerat­
ions resulting from lashing techni­
que and the current integrally be­
ing lashed mass of cargo, 

o/ information about dependences of 
accelerations upon the sea state, 
•hip's velocity and loading condi­
tion. 

The lashing system block soheme Is 

presented in Fig, 1. 

The lashing system understood in this 

way ahould bo a document prepared by the 

shipyard, approved by classification soc­

ieties and applied on ship's like atabi­

lity information to the master. 

a document are: 

schösse of the lashing technique and dla--

grama related to information b/ and o/. Ara 

an example here oan be Fig. 2,3 and il. 

3.3.1. The designing of the lashing tech™ 

nique is based on making a selection whioh 

lashing method should be chosen /e.g.stack 

lashing by use of two pairs of lashing ro­

ds with turnbuokles, and the like/, oholoo 

of an appropriât® loose lossJteing gear with­

in the rang» of the offered vari@ty of the 

specialised suppliera, and a project of ap­

plicable loshing catch on deck. 

•Strength of 
lashing gear 

Strength of 
container's 
construction 

Total mass 
of stack 

Configurant» 
of stack 

Port service 
reauirementi 

Functionality 
Of Lashing 

LASHING 
ÓYÓTEM 

"""I 

•Short - term 
prediction of 
acceleration 

®~J 

Design decisions 

Service decisions. 

- stowage 

-navigation 

Admissible 
parameters of 

ship in 
operation 

© 
© 

FIG. J. THE LASHING SYSTEM BLOCK ÓCHEHE. 

a.-3. Designing and Approval of Leaning 

Syateia 

The objective teaks of disigning have 

been defined in previous point and oan 

be reduced to elaboration of. an appropri­

ate document containing some information 

«s in pointa a/, b/, and o/. It is assu­

med that the esost advisable form of euoh 

The above design aotivitiee are characte­

rised, primarily, by the fact that stre­

ngth calculations intended to oheok the 

lashing gear for the referred to a« stan­

dard acceleration values are not necessa­

rily carried out. The loose lashing gear 

is eianly ehosen in compliance with the 

ship ÖTOÖSP'S requirements and the desig-
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8. STOWAGE ANP LflSHINO STSTEM OF CONTAI­

NERS SHIPPED ON WEATHER DECKS OF LO-

LP AND RO-nO VESSELS 

2.1. Slfititf ioaaoo of the Prohloa 

The 8lability of cargo la a signifi­

cant ship'« stability dateminaot in gene­

ral. Numerical data indicate that at least 

23% of oooidents connected with oepsiaittg 

aye oaueed by shifting of oes'go. However, 

it 1« likely to assume the real share to 

be greater for the reason that many inei» 

dents romain unexplained or hove -been roti— 

ghiy qualified as "due to purs lose of st­

ability" . Uvon if the breaking away of ca­

rgo does not lend to the loss of the ship 

It causes a serious threat to safety and 

undoubtedly it le e definite economical 

loss. 

.. The -stability or cargo depends not o» 

nly oa the leaning iiaelf but also on As­

ternal load magaitudes which ere dlrcotly 

«onnected with the ship's movements upon 

wav» - sainly due to roll reot.ion. .And ie 

this Bettor th«re is a oloae relation bet­

ween esrgo stability end the ship's safety 

against capsizing. In one oase-and the ot­

her there exists the same effeotive measu­

re of ris& expressed in characteristic« of 

roll motion. 

Conventional general cargo «ras stowed 

and laehed in holds and on dsok individua­

lly depending on the kind of cargo, speoi-

fity of shipping line, but primarily on 

the experience of the cargo offioers.Up-to 

-date I0-3.0 and ro-ro teohnologies consti­

tuting already an important and constantly . 

developing part of sea transport call for 

lashing the cargo end at least the techni­

que of lashing to be determined ae early 

as in the design phase of the ship. Thus 

there has appeared a new teohnioal subsys­

tem of the ship the solutions of which wo­

rked out during the design r-tago and app­

lied in oourse óf ship's opération äffeot 

both the.economics of contemporary sea trans« 

port and its safety. In view of the above 

there ars sufficient 'reasons for which 

the objectivo technical subsystem of 

the ship should become a system whose 

design ought io be: 

^tho system is the property of an approp­
riate technical structure; it le a stru­
cture of trsnaformatioaal relations and 
coupling relations related t« the opera­
tion of technical structure. 

- rationalized by tucking use of all the 
capabilities of scienoe both in the 
sphere of naval hydromechanics, and 
structural mechanics, 

~ defined, supervised, and approved by 
classification societies having at th­
eir disposal appropriate regulations. 

At present the praotice is far from suoh 

solution. However the classification soc­

ieties determine rules of designing the 

containers lashiug techniques, but solely 

the teohnique and only.ID fora of Instruc­

tions. 

Moreover, the designer is not obliged by 

anything to elaborate an instructive docu­

ment /e.g. similar to thé information on 

stability/ to be utilised by the ship's orew 

et work. The stimulated by current regu-. 

lations . designing of lashing procedures 

excludes any effeot of the ship's orew upon 

the cargo stability - its role is redu­

ced to the control of technioal state of 

lashing. The prcjeot univocally determines 

thé maxiöjura configuration /number of la­

yers and distribution of mass in layers/cf 

container stack and, what is most import­

ant, it does not give any Information for 

a rational performance of operational na­

vigation which affects the values of the 

external load of the cargo. Hence, it is 

a typical long-term solution, "insensitive' 

to oonstantly changing operational condi­

tions relating both to weather and eoqno-

• * • • • 

The proposed idea of so-called lash­

ing system is to be a solution whloh depris-

vod of the above mentioned drawbacks gives 

a ohanoe óf an optimal and effeotive ful­

filment of the safety requirements and e» 

oonoalos of the shipping trade. 

2.a. Définition of the Lashing System 

The lashing system is a oomplex set 

of information, both about the lashing te­

chnique and ths unitary dependences of ex­

ternal forces /accelerations/ affeotlcg the 

cargo as Q faoe.tioa of ship's velocity* 

for a detejraiasd state of loadicg and wea­

ther conditionso 

From a Vermel point of view the lashing 

ays test consists oft 

a/ description of the lashing teohni-
<qni» /description 9t the lashing oqu-

w ths ship's ralooity is understood here 
as n vector desoribed.both by the speed 
/length of the vector/ and the relative 
heading angle /angle between the ship's 
velocity and the main directional propa­
gation" of waves/. 
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J. StaBiak 

SUMMARY 

Tho paper 

• ooncept of e rational 

for lashing of 

presents 

. system 

!£££ carried in sea 

transport and shows partioulary • solution 

of the system for oontainers carried on o-

pen deoks. The proposed system is under­

stood here as a complète set of informa­

tion both the applied teohnios of lashing 

and about the external forces aoting on-

the ship and cargo for a given sea state. 

The rationalism of the proposed sys­

tem is based on a more complete utilizati­

on of the up-to-date achievements of ship 

hydrodynamics and on taking, in a better 

Way as yet, into aooount so oalled human 

faotor. 

The presented system of cargo lashing 

la thought, in general, as an example of 

solution to on» of the basio problems re­

lated to stability safety of the shipping. 

It follows from the foot that statistical­

ly about 25% ships which capsized in rough 

seac did 90 because of loss of cargo mass 

stability. This dangerous situation hap­

pens snore frequently due to laok of suffi« 

oient information about the all phenomena 

determining stability of cargo on board B 

ship rather than due to plain orew reniao-

ness. 

i. lUTBODUCTION 

Safety-and eoonomioa of ships often 

present in th&ir solutions some controver­

sial problems and at the same time they 

are two basic faotora determining the use­

fulness of skipping. It is msoossary for 

the shipping industry to be eoonomioal and 

safe, but not eoonomioal or safe,Tho prob­

lem of optimum reconciliation between the­

se reasons is always eoooropanylng both tho 

designers and the users. TSsa difficulty of 

solving the probien ia magnified by the 

fact that the ship as a material atruoturo 

univooally defined at the design stage,which 

operates under varie«,® conditions and 

in many cases '•he external loads exoeed the 

accepted permissible designed values. The 

reality, however, reveals that there is a 

possibility to adapt the ship effectively 

to every in prinoiple situation. It resu­

lts from the fact that the ship presents a 

closed controlled system where the fomlbnck 

element determines its horaeostatio ca­

pability*' . It indicates that every ship's 

reaction may be and is controlled and re­

gulated within some permissible limits.The 

subject of these operations is broadly un­

derstood as ship's management , which 

consequently makes it neoesaary for all the 

problems of the ship's operation, including 

the reconciliation of safety with econo-

mi 00 to be cybernetic ' problems. 

As in every oybernetio problem phenomenon 

the effectiveness of solutions is also he­

re conditioned by quality and quantity of 

information. Hals paper presents this faot 

by discussing the Idea ot rational system 

of oontolner lashing on the weather deoks 

of lo-lo and ro-ro types of vessels. The 

proposed idea is here not only an example' 

of significance of the Information for the 

accomplishment of a defined oybernetio ta­

sk, but also a utilitarian solution of a 

speoifie oar^o stability problem which to 

a great extent determines the ship's safe­

ty in general. 

^physiological term denoting the oapobi-
lity of living orestures to retain à pe-
rts/me&t Internal state in spite of some 
external variations 

xs'nr®a sa-S harbour oervioo 

xxx/oybspgjctioa - a word of Greek'origin me­
aning "ccatrol of a ship" 
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5. It is a trend new to increase the di­

mension« of bont. This is connected 

with the installation on some beaohea 

meohanioal hoists Which replace tho 

van power in pushing the boat Into the 

see. 

The bdat for open see should have the 

length not less than 7.5 «a and the fre­

eboard not less than 0.25 ra. The free­

board «t F.P. should be not less than 

0.55 <n. These values have been obtalnod 

from shlppment of water calculation« 

for sea state No 4 corresponding to 

htA s 0.6 ra and T. s 3.k sec 

The length of the boat cannot exoeed 12 

s booauoe for larger boats the tax In 

Poland is muoh higher. 

6. On the Polish sea aide the shape of the 

body created by tradition was not ohan-

ged during maay years. The average ra­

tio yr is bolow 3» block coefficient 

CB a 0,39 - 0.56, waterplane ooeffi- . 

oient C„ a O068 - O.78. 
Tha rangs of lesagth is mainly between 

L » ii.ä * 9 o and power of the engine 

mainly up to 30 HP, 

7. It Is advisable for boats other than 

wooden, to employ some buoyancy ele­

ments to improve the behaviour when the 

boat ispartially flooded. 

8. It is recommended that any hydrostatio 

aoloulations should be limited only to 

design condition. For this draught the 

displacement and the area of the wa­

terplane must be estimated whereas the 

metcesntrio ordinate may be oaloulatéd 

by the formula as follows : 
2 

KM »• d 

1 + "B 
11.7C B 

21 
d 

ae-

for 

This result in many oases is more 

curate than by a computer program. 

9. The ordinate of centre of gravity 

design displacement can be determined 

from inolining experiment or by means 

of an assessment. 

10. A good stability criterion for all open 

deok fishing boats appears the fol­

lowing requirement 

CM 
B 

JSiS.^. 0.033 
max max 

determined only for design condition,but 

min in that formula should not 
max 

be 

greater than 0.15, 

11. It is recommended that the dimensions 

for tho registration cards of Maritime 

Administration as well as in future 

rules of the Polish Registor of Ship­

ping should be given in an uniform 

way. The following dimensions are ne­

cessary. 

L Q A - length overall but without rub-
rail and permanent fittings 

B 
max 

sticking out from the hull 

construction, 

length of the design waterpla-
ne, as above, 

breadth overall without rub-
rail, 

B - Maximum breadth of design wa-' 
terplane including shell pla­
ting, 

D -depth measured from th» base ' 
plane /the keel is not inclu­
ded/ to the lowest point of 
gunwale, 

d - design draught measured from 
tho base plane. 

12. It Booms that the only known rules of 

Det Norske Veritas with many details 

are not too excellent. There are very 

strong requirements due to floating ca­

pabilities and stability when flooded. 

The Polish boats formally do not ful­

fill these requirements. 

13. Nowadays it is appropriate to provide 

the rules of Polish Register of Ship­

ping for fishing boats construction. 

The rules should not be very wide,with 

many details but should be rather sim­

ple. The rules should not intervenoe 

much into the traditional construction. 

The rules should be only limited to the 

. survey of general condition of the boat 

to oheok the correctness of design, 

to fulfill the requirement of the free­

board and to introduoe a simple - index 

number to ensure the boat a proper sta­

bility. 

The application of buoyanoy elements in­

side the boet could be reoommended but 

not ooupulsory. • 
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Table 5. 

V 

KN 

GM 

KZ 

6 

GZ 

OM sin»* m 

GM-2F/B m 

m 

m 

m 

m 

deg 

m 

Boat A 

2.475 2.750 3.025 

1.228 1.208 1.189 

0.77.1 0.753 0.73«» 

0.3'«6 0.308 0.273 

1.7. o4 15.12 13.47 

0.213 0.189 0.167 

0.227 0.196 0.171 

0.218 0.190 0.166 

Boet B 

3 607 '4.008 4.409 

1. l|13 1.387 1,368 

0 830 0.804 0.785 

0 529 0.491 O.456 

22.e7 21.23 19.75 
0, 302 0.280 0.259 

0. 323 0.291 O.265 

0 320 0.287 O.26O 

Boat C 

12.55 13.94 15.33 

I.727 1.68*1 I.667 

0.957 O.91«» 0.897 

0.470 0.397 O.325 

15.83 13.50 11.18 

O.26O O.217 0.17<J 

O.26I O.213 0.17'» 

O.260 0.211 0.175 

Boet D 

u ..78 I8.65 20.52 
2. 138 2.O65 2. Ol 4 

1. 368 1.295 1. 244 

0. 518 O.432 0. 348 

u .12 12.00 9. 90 
0. 330 0.272 0 216 

0, 33«» 0.269 0. 21«! 

0. 328 O.266 0. 213 

Boat B 

14.49 16.IO 17.71 

2.22 2.20 2.16 

I.26 1,24 1.20 

0.95*» 0.867 0.794 

26.7 24.80 23.0 

•523 ol464 0.419 

.566 0.520 0.469 

.563 O.512 0.455 

Thus the basio stability criterion is as 

follows: 

V a 

KM ra 

GM <n 

KZ IB 

i dee 

GZ m 

GM 'sin 4 m 

GM 2 P/B m 
max 

boats is about 5 ">• 

The values of pfa given at Table 6 

are a.good measure of the boat stability 

which agrees with common intuition. On the 

basis of body plons itself, without any 

calculations or experiments, boats C and D 

seem to be eleary worse than the others as 

far as their stability safety is concerned. 

From stability criterion (5) it fol­

lows that two quotient*? li/D and B/d ere of 

the basic importance for the stability of 

the boat. 

max 
>s *GL o 

and it is sufficient to apply it only at 

the design conditions 

- F/B at formula (5) should not be to-
' max x ' 

ken greater than 0.15; 

- the metacentric height GM should be eva­

luate for the design condition according 

to the plans. Xn case of laok of deta­

iled data KG may be taken as 0.6 D. 

At Table 6 there are.given the velu-

as of p / ^ in i> for the 5 fishing boats. 

Table 6. 

Boat A B C 0 E 

100 pfa 17.1 18.7 12,2 13.6 19.5 

It is suggested to take as a minimum allo­

wable value of 

(A \A/crit 
13* 

If we assume that the smallest value of p 

should not be less than about 200 kg in ca­

se of a motor-boat then the above condi­

tion yields that for such a boat the smal­

lest volume displacement should not be 

less that about 1.6 m . In this way we get 

that the length L of the smallest fishing 

4. CONCLUSIONS 

From the investigations of the Polish 

small open deck sea fishing boats tho fol­

lowing conclusions can bo drawn out: 

1. To all appearance although the boats 

operate frequently in severe conditions 

they are safe. From many years since the 

sail.was replace by the engine tho an­

nuals were not registered any aooldents 

of loss a boat and fisherman, 

2. The equipment of the fishing boats has 

great influence on their safety. - Eaoh 

boat should be outfitted at loast with) 

life-jacket for eaoh fisherman, life-

saving ring, signaling pistol, oompass 

and walkie-talkie. 

3. Because the boat construction has been 

moved to the workshops where they aj-a 

built by more people according to the 

technical drawings it is growing up an 

awareness to cover this activity by ru­

les of classification society together 

with a supervision of their perfor­

mance . 

4. If it is deoided to take such boats un­

der the supervision of the Polish Re­

gister of Shipping the rules should 00-

v«r only the motor boats. The rowboats 

should be beyond this consideration be-

ouiiaa they serve as auxiliary boats and 

operate very near the shore. 
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would be given by the following formula: 

BM" ^F^F^S) s d ( ' 
Ulla formule can be simplified further as 

the first term in it yields the numerical 

values nearly constant for the interest­

ing rang© of waterplano block coefficient 

C„ from 0.60 up to 0.85. The numerical 

values of this terra are as follows : 

Table 3. 

1 V 0.60 0.65 0.70 0.75 0.80 0.85 

1 11.73 11.68 11.66 11.67 11.70 11.75 

the Individual boats and for three volume 

displacements equal to 0.9, 1 and 1.1 of 

the design displacement. The value of KO 

is assumed the same for all these throe-

load oonditiops. 

As we can see the righting arm at the 

engle of deck immersion can bo approxima­

ted with a. good accuracy by means of a 
produot of the initial metacentric height 

and a double freeboard related to thé ma­

ximum breadth of the boat, measured oat-

side the boat shell, i.e. 

GZ s GM « - | £ — (k) 
max • 

The differences are not greater than the 

errors of numerical calculations. 

From the above calculations it fol­

lows also that with the variation of dis­

placement the righting arm changes to a 

higher degree in the opposite dlreotion,l. 

k££ - -il 
v ~ L 

where k > 1,1 = GZ and S means here a di­
fference. This means that the boat right­

ing moment at the angle of deck immersion 

always decreases with an inorease of the 

displacement. In other words, the stabili­

ty safety of the boat always decreases' 

when the freeboard of the boat decreases 

due to an increase of its loading. Thus it 

is very important that the boat should ne­

ver be overloaded during operation. This 

agrees with a good shipping practice. 

Xt is possible now to establish a ve­

ry simple stability criterion for the small 

fishing boats. Namely, the stability of 

the boat it is considered as satisfactory 

if the boat at the design condition can 

withstand the shifting respectively large 

weight p from the plane of symmetry to the 

edge of the boat side, i.e. if the edge of 

the side will not immerse or if the angle 

of heel will »at be larger than a stated 

value, say 'J5 degrees. Applying formula(Jt) 
v© get . . . 

where 
/\ - displacement of the boat at the de­

sign draught 

F - freeboard understood as the distan­
ce of the lowest point of the edge 
. of side from the deepest waterplane. 

Assuming that z(\*Cv)(t*ZCv)/Cv s 11.70 we 

get that! 

C2 2 
BM s TT-T; ' 7 r - ~ (3) 

"B 

The actual values of KB and BM for 

the fishing boats can differ from the va­

lues given by the above formule«. To get 

actual values these formulae must be there­

fore multiplied by oorreetloD coefficients 

o_ sad a«,,' The values of these coeffi­

cients fos* the 5 boats are given at Table 

k. 

Table k. 

Boat A B ;' C D B 

*B 1.021 1.031 1.018 1.010 0.987 

aM 1.002 
I 

0.99*» 1.Ö10 1.022 1.017 

As can be seen the ordinate of the 

centre of buoyancy differs from -1 to 3% 

from the values given by formula (l)whereas 

the metacentric radius - from -1 to 256 from 

the values given by formuleif3) «Thus the­

se differences are not greater than the 

accuracy of numerical calculations. Due to 

this reason it.is advisable to assume that 

«B a a 1. 

STABILITY ASSESSMENT 

The small fishing boats are of open 

type, i.e. with no deck therefore their 

stability is limited to initial stability, 

i.e. up to the angle of deck immersion-.Due 

to this reason it is ccztireuient to take as 

a measure of boat stability the righting 

ana at the angle of deck immersion. At Ta­

ble 5 there are compiled these arras for 

2QI 
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Table 2 . 

Boat A r B C 0 B 

L m 5 .97 6 . 8 3 8 . 4 0 9 . 6 0 9 .12 

B » a x " 2 .22 2 .58 3 . W 3 .90 «».00 

B • a . 15 2 .46 3 .31 3.81 3 . 9 0 

0 a 0 . 8 3 1.06 1.40 1.«»0. 1 .60 

d • 0 .55 0 . 6 0 1.00 1.00 0 . 8 0 

r m 0 . 2 8 0.«»6 O.dO O.«»0 0 . 8 0 

KO M 0 .46 0 .58 , 0 . 7 7 0 .77 O.96 

L/B 2 . 7 8 2 .78 2.5«» 2 .52 2.3«» 

B/d 3 . 9 1 «».10 3 .31 3*81 4 . 8 8 

» m « / 0 2 .68 2.«»3 2.«»7 2 .79 2 . 5 0 

P / B . « 0 .126 0 .176 0 .116 0 .103 0 .200 

°VP 0.57«» 0 .585 O.665 0 .666 0 .721 

«Nr 0 .679 0 .679 0.75«» \ 7 6 6 0 .785 

o« 0 .390 0 .398 O.501 0 .510 O.566 

On Fig. 3 there are shown body plana 

boat A and D. 
of 

Numerical calculations havo shown that 

trim ha« a negligible effeot on the hy­

drostatic magnitude« of the boat, except of 

LOB - whet la self-explanatory. 

In order to calculate the initial sta­

bility of the boat it la neoessary to know 

the vertical distanoè of the metàoèntre 

above the base plane, i.e. 

KM a KB « BH 

If the curve of wnterplàho araa was 

a parabola then the ordinate of the oen-

tre of buoyanoy would be given by a formu­

lai 

KB 
d 

1 • °VP 
0). 

If the moulded weterplnne was a para­

bola then the initial laetaeontrio radius 

M V " V'V 

- ^ 

\ t_ 
'2 /3 

(A \*» 
a / / /"v^ 

i -597 n, 
B-2.IS n, 
of' 055 m 

L-ae m 
B'iBIm 
d.lOOm 
D'tAOm 

2 3 4 S C 7 6 

Fig. 3. Bode/ plana of boat A and D. 

n a is 
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projects were still the existing boats. 

During next years this poroentage will be 

growing up. 

There are various materials used for 

building the boats. Table 1 complies the 

Polish fishing boats according to the 

stuff fron which the boats are made of. 

. Table 1. ' '. -

On Fig. 1 and Pig. 2 there are presen­

ted distributions of lengths end breadths 

both for motor-boats and row-boats. 

As far as the power of engine is con­

cerned 86$ of motor-boats are fitted with 

the engine of power.up. to 3<>nP. 

There were carried out linear regres­
sions of Lrt»/B , versus L- and B___ ver-

OA max OA max 

Ma t e r l a l o a k steel l a m i n a t e a lumin ium l a m i n a t e • 
oak 

t o t a l 

No of boats 1008 81 «i8 7 5 11«>9 

• .5* . • 87.7 7 . 1 k.2 0 . 6 O.Ji 100 

As oan be seen a considerable . majo­

rity of boats in Poland, i.e. 87.7$ is 

made of oak. It is neoessary to expeot, 

however, that in the nearest future the 

percentage of boats made of steel or la­

minate will be growing up. 

Generally speaking, the boats can be 

regarded as safe. During the 5 recent ye­

ars there have been no reports on the loss 

of boats or lives. It oan be noticed that 

boat casualties have in praotioe disappe­

ared at all when th© sail was replaoed by 

She engine. There are many reasons for 

this. Firstly - no sail, no heeling mo­

ment due to wind, seoondly - due to engi­

ne the boat'oan hurry back to its haven 

in oase of bad weather, thridly -the pro­

per shape and proportions of the boats 

developed by the.aged, tradition.. 

sus LQ. for 111*9 Polish boats. They are as 

follows: . 

OA a 2.85 • 0.03 • L, 'OA 

0.Ï3 • 0.3? • L, OA 

with the ooeffioient of correlation r=0.82. 

Quotient B _/D appears to be not de-
nox 

pendont statistically on VQ. what agrees 

wxfji' a basic stability criterion for small 

fï^hing boats. The average value of B _/D 
mas 

is equal to 2.52. 

Below at Table. 2.there are given par­

ticulars of 5 Polish fishing boats. It is 

worthwhile emphasing that quotient L/B is 

less than 3. Boat A and B are made of oak, 

whereas three other boats - of steel. 

ZOO 

D motor boats 

n • 899 

L • if * its m 

I • 7.27 m 

ej . 1.30 m 

Number n • 1M9 

Length rangt L '• 30a*n.30m 

Average length L • 6.B4 m 

r-. Standard deviation e*- /.47m 

ran boats 

n '250 

L ' 30 *BP m 

I • 3.32 m . 

ft».* »99 m 

£M» r-Tr-, 
2 4 o 6 » a l (m) 

Fig 1 - Histogram of lengths for fishing boats. 

c "[motor boats 
— 

too c J 

— 

n- ere 

8' t.30H.l2m •— 
(50 

S'2.43m 

g . 049m 

It» 

\ 
~ 

30 

1 Ï 1 
J& S Ï ̂ ^ k z 

Ml boats n • 1149 

0 : 110 * 4.12 m 

8 > 2.26 m 

p.. ass m 

ran boats ' '• ' 

n '230 

B • HO é 2.70 m 

5 • ».63 m 

6 • 0.75 m 

S (m) 

Fig. 2- Histogram of breadths for fishing boats. 
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THE SAFETY OF SMALL: OPEN DECK FISHING BOATS 

M* Frrçckowiak,, M. Pawlowaki 

ABSTRACT 

Th© paper is based on statistical da» 

.*.« ecncsrning the fiehing boat being . In 

essr̂ iae in Poland, There »re given some 

gaeiastriosl characteristics of theo© boats, 

. their propulsion power and tho stuff 

tss«d ï'öt- their ccBstruotion. The stability 

caift'<ilatic-n3 have been carried out end 

a method for their sœfaty neoeestnant hau 

fctae'5 proposed« There has been proposed al-

so Magnitude» of freaboarci et bow and mid- ' 

ships ï>areç-î on shipping of water calcula­

tions in irregular head seas. 

It is pointed out that the boats aro aofo 

due to their shapes created by agelong 

tradition. 

t„._ INTRODUCTION 

There are tremendous amount of small 

open decît fishing boats all over the world 

and t&blr outohes ara significant when 

compared with the whole fisheries. In some 

oountries such boats are the only crafts 

which supply the fish market. They operate 

qulfco often in heavy weather conditions. 

In addition to this their cafety depends 

also on dimensions and shape, on load con-» 

dltlons and navigating skill of fishermen. 

Notwithstanding the above these small coa­

stal fishing orafts are beyond the rules 

and regulations of classification socie­

ties. The only exception known to the au­

thors -aro the Rules of Dot Horske Veritas' 

£?] wherein however, the wooden boats are 

not inelîsdod. Fîven in these days the boats 

are built according to the agelong tradi­

tion related to a specific region and exi­

sting conditions. Very often they era bu­

ilt without any drawings and oolculations. 

Also in Pelend the oysen deck fishing beats 

are apart from thé rules of tho Polish Re­

gister of Shipping. 

Besides the description of such boats 

being in service in Poland with the stabi­

lity and seaworthy features the paper . is 

going to give an answer whether such rules 

not being in use for ages are necessary 

now or not. mien the boats came under the 

inspection there would be a question what 

kind of parameters of the boot were the 

most important to ensure the sufficient 

safety at sea. On the basis of these In­

vestigations it is possible to establish 

some criteria related to stability and flo­

ating capabilities. 

The Norwegian rules oonsider the mi­

nimum freeboard and the stability for a 

particular heeling moment. The boats under 

3,5 m in length and desired freeboard sho­

uld be fitted out with the buoyancy ele­

ments. It means that for larger boats the 

buoyancy tanks are hot neoessary but here 

ie a contradiction because there is also 

a requirement that all boats fully outfit» 

ted with additional load and completely 

flooded are not to sink and have positive 

righting arms up to 60 . for steel and la­

minate boat without additional buoyancy 

elements such requirements cannot be full-

filled.. 

a. GENERAL CHARACTERISTIC OF THE POLISH 

SM/XL OPEN DECK FISHING BOATS 

In the pest, even'not long ego, the 

boats were built by singular eraftssseh or 

oval) fisherman mostly without any teohni-

osi drawings according to the existing 

agelong tradition. These days the boats 

ars built mere öfters by not large work­

shops end the individual oraftsmon are va-

»Ishicg. Up today 37$ of boats in service 

have been built in workshops according to 

technical drawings but the pattern of such 
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surface condition [K* + -A ra0. a {p, (?) 
da s given 

0 ( P » 
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tf)e 

2 = 0 

= -2 lira 1 
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e 

Ojn'(0) is the density of source distri­

bution along the section's contour Cj,» when 
m»2, 3 and 4, the velocity potential pro­

vides radiation waves generated by the os­

cillation of the section; m»7 denotes the 

velocity potential of diffraction waves. 

0m(<?) in this equation has to be deter­

mined such that the'Velocity potential sat­

isfies the following boundary conditions on 

the contour ih<its equilibrium. 

For radiation problemi 

iv-'«,.*'1"'. 

For diffraction problem: 

where n is the outward normal to the contour. 

Actually (A-l) is rewritten in the form 

of the stream function instead of the veloc­

ity potential for computational convenience) 

the section contour is approximated by a 

polygon with 30 sides on each of which om(0) 
is assumed to be constant. 

With o^d?) thus determined, the dynamic 

swell-up, that is, the wave elevation due to 

both thé radiation and diffraction is ex­

pressed by 

•{X, 
• CaaD<0>12[nie-

Ka'-iK(''-"') 

CRD(tf, 0 , t ) - Re\ t2KXmoR(0) 

ƒ 
k COS kz' - K Bin kz' g-K(y~y') d k . 

k* + K' 

8 ] 
x dB e1"* L (A-2) 

We have the dynamic swell?up on the 

weather or lee side of the ship with sub­

stituting tf.=*B/2 or y»-fl/2 into the equa­

tion (Ar-2> . 
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deck with deck wetting oocured only once to 

let the ship capsize (Fig.15). 

Thus critical wave amplitude of cap­

size for those models, generally supposed 

to be different from that of deck wetness, 

is determined for each frequency of the in­

cident waves. Dotted lines in Fig.3 "» 6 

are such critical wave amplitude of capsize 

which agree fairly well with the experimen­

tal results particularly around the rolling 

natural period. 

5. CONCLUDING REMARKS 

We gave a correct frediction of criti­

cal wave height of deck wetness for ship 

models having simple configuration in re­

gular beam seas. In this prediction our 

approach is computation of relative motion 

of the free surface to the ship in frequen­

cy domain in which are incorporated accur 

irately effects of radiation and diffraction 

waves particularly including local waves 

prominent in the vicinity of the hull sur­

face. 

Frequency domain analysis provides us 

only with informations whether deck wetting 

occurs or not. Time domain analysis is re­

quired to predict how it happens, once or 

repeatedly and"how much, which we know from 

observations, is crucial to investigate ef­

fects of deck wetting on fatal condition of 

a ship. 

A rather simplified time domain analy­

sis clarified dynamics of the ship that 

deck wetting does not occur in some cases 

repeatedly even in regular waves; however, 

in other, it is possible that rapid accumu­

lation of shipping water on deck caused by 

repeated deck wetting leads to capsize. 
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APPENDIX 

2-D flow field around a section of the 

ship, forced to oscillate in the m-th mode 

of motion (m=2: swaying, 3: heaving, 4: 

rolling) of amplitude xm and frequency to, 

or fixed (a=7) in the incident waves 

ç =• sacos(Ky + wt) 

coming abeam as shown in Fig.7, is express­

ed by the velocity potential: 

«ra{», z, t) » Reiiuxa f am(0) 
Jch 

x G(P, 0)ds e U t } (A-l) 

whsro G(P, o)eiwt is the velocity potential 

at p(x, y) of a pulsating source located at 

QU', y')» which satisfies the linear free 
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under deck wetting 
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Fig.14 Transient responses 
under deck wetting 

have similar results as shown in Fig.14 and 

15. Shipping water as a result of deck 

wetting occured two times reduces the roll­

ing angle to make the relative water sur-

Fig.16 Transient responses 
under deck wetting 

face lower than thé bulwark even if waves 

are a little higher than the critical of 

deck wetness (Fig.14). However much higher 

wave pours sufficient amount of water on 

197 -



some coefficients of the equations of mo­

tion due to the shipping water and also the 

rate of variation in the mass of the ship. 

Heeling angle newly computed gives a sec­

tional form under the water leading to new 

wave exciting forces and moment. Then re­

turn to the equations of motion at the next 

step. 

Several results of the simulation un­

der the influence of shipping water are 

presented in Fig.10 «> 16: wave elevation 

at the center of the ship« relative motion/ 

freeboard f, amount of shipping water/the 

ship's displacement w, heeling moment due 

to the shipping water/we«, and rolling an-

gle. 

Results for Model 1 are shown in Pig. 

10 •*>. 13 at a f requncy very close to the 

natural rolling period but three different 

amplitudes of the incident waves. Wet deck 

does not occur with waves not sufficiently 

high in Fig.10j waves a little higher than 

the critical induce deck wetting once, but 

rolling angle decreases as the natural roll­

ing period xa away from that of the inci-
i 

dant waves (Fig.11); waves much higher than 
the critical are able to make the ship cap­

size even after deck wetting occured only a 

few times as shown in Fig.12. 

When wave period is short and far away 

from the natural roiling period, deck wet-
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ting occurs repeatedly even for small roll­

ing angle, Then the ship capsizes under 

tha effect of accumulated shipping water 

(Fig.13). . 

With different condition (Model 2), we 
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forces are considered to remain to be con­

stant through the transition. 

A3 already stated, shipping water gets 

on deck if the relative motion of water surr 

face exceeds the bulwark top height; if the 

deck has already been filled up with ship­

ping, water, it overflows as a result of a 

large rolling angle. Then a portion cf the 

momentum variation rate with time of the 

ship is proportional to a product of the 

variation rate in the' mass or the moment of 

inertia and the motion velocity. Therefore 

such increase or decrease of the shipping 

water produces the variations in the damp­

ing forces as well as in the mass and the 

moment of inertia. 

We have the equations of motion for 

the ship in the regular beam seas, based on 

considerations described so far, as follows: 

«HH* + NHHZ + MRwZ - rze(t) 

»3S'y
 + " S Sy

 + A î - * + **«.* = Fue ( t )' ' 

IH R(P + «Rfl<p + H Gz(<p) + A , , j y + BUSLy 

= M(pe(t) + m(w, t ) 

where 

"ffH . = " + ^ 3 3 + "<«=>/? 

(11) 

(12) 

•>KU * S 3 3 - 3 t < » < t > / » > 

Ï - , « M + A,. + w(t)/g 

*RR " Z + * « . * + A l 

. "RR - B * * * d t ( û l ) 

The amount of shipping water w(t) stay­

ing on deck.is computed by equation (8); in­

crement or decrement of w(t) is determined . 

according to equation (9) for the rolling 

angle at each time instant. 

Increment of the mass moment of inertia 

ÛI due to shipping water is approximately 

Ai = w(t)/g * U* + l\) where S, and %z are 

horizontal and vertical distance between 

the center of gravity of the shipping water 

and the ship. Hydrodynamic coefficients 

A11 Blj *•*' •* = 2 ' 3 ' 4' a r e t o ^ e c o m P u t e d 

on the sectional form immersed under the 

water in its mean position even though we 

assume the frequency of motions is constant.. 

In another words, the hydrodynamic coeffi­

cients might be different for each heeling 

angle of the ship. Shin [11] and Kobayashi 

[13] concluded that there is no considerable 

change in the hydrodynamic coefficient from 

the upright condition to the heeling angle 

less than 20°, unless the bulwark top is im­

mersed under the free surface. In our com­

putation, we employ the hydrodynamic coef­

ficients at the upright condition, if the 

bulwark top is above the water and otherwise 

those at the actual heel angle. 

In our ship models whose GM is not so 

high, the horizontal displacement of the 

center of gravity is not considerable as to 

induce the coupling between the heaving mo­

tion and other lateral motions. So we ig­

nored the coupling to formulate the equation 

of heaving motion separately from the other 

motions. 

cz(tp) on the left hand side of equation 

(12) is given in Fig.2 and the heeling mo­

ment m(w, t) on the right hand side is de­

termined considering the free surface effect 

due to the rolling angle and the accumulated 

shipping water on deck. 

Damping coefficient *,,„ determined in 

the free rolling ,test of the models at up­

right condition is substituted. 

Gradual increase or decrease of heeling 

angle affects the wave exciting force 

through not only different exciting force on 

the inclined ship but also change in the 

vertical and horizontal distance between the 

point o and the center of gravity G (Fig.9). 

Wave exciting force is computed for every 

inclined position of the ship with Haskind-

Newman formula as used in the derivation of 

the equation (5). Ä and e must be different 

for right and left side'of the inclined 

ship. Those on the waves coming side, of 

course, should be substituted into the equa­

tion (5) to have the wave exciting force on 

the inclined ship. 

The equations of motion (li) and (12) 

are integrated step by step by the 4-th 

Runge-Kutta method. Initial condition of 

this integration is very gradual increase, 

say, 20 seconds for the model, of the wave 

amplitude from zero level to the stationary 

one; size of the time step in the integra­

tion is 0.1 second. 

The relative motion of water surface 

nRff(t) is computed by equation (7) with sub­

stituting the instantaneous values of ship 

motions y{t), z(t) and cp(t) at each step of 

the integration. With the relative motion 

lower than the critical value to cause deck 

wetting, 'computation proceeds to the next 

stsp. Otherwise, first compute w(t), the 

shipping water accumulated during At, then 

£„(>*, <p) and 55• We get the variation in 
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to estimate the amount of accumulated ship­

ping water w on deck during the time tj and 

tj on the analogy of the flow over a dam 

with the equation, 

2 " 

% 
/ö.6{np„(t) - f) dt RW' (8) 

where the integrand is naturally zero if 

1RW(t) £ £• " given by equation (8) must 

net be beyond a limit even though we assume 

no free ports on deck, since more water 

ovarflows the bulwark. The limit of the a-

mount of shipping water "max(t) to be able 

to stay instantaneously on deck is depend­

ent on the rolling angle <p(t) (see Fig.8). 

That is given by, 

"_-„(t) 
max ' 

a £• tan <p(t) 

0 < |<p(t) | < tan"l(f'/i0) 

•"mas**) = e' Vl2tan (p(t)} 
• (9) 

J«p(t) | > tan" U'/i,) 

No dynamical effect is included in 

this formula. It implies that we assume 

the over flow happens instantaneously if 

the amount of the shipping water exceeds 

the limit. But thiB assumption hardly af 

fects results of simulation in time domain 

of the ship behaviours. 

.0<«p.É.tonWl)- y >.tan(0*)-

.fi. 

iHk 4^M± 

è g 

Fig.8 Skech'of shipping water on deck 

4.2 Effect of Shipping Water on the Ship 

Motions 

The shipping water has various dynami­

cal effects on the ship motions as well as 

statical ones. The latter, well known as 

the free water effect, has been studied in 

detail even including effect of the finite 

rolling angle by several authors. Tamiya 

[3] discussed on the former of shipping 

water deep enough on deck to conclude that 

it has a big influence on the ship motions 

when the natural rolling period of the ship 

is very close to that of the shipping water 

surface. Dillingham [41 and Adee and 

Caglayan 15] studied also the dynamical ef­

fects of very shallow shipping water on deck 

with numerical approaches. Dillingham ana­

lyzed thé behaviours of shipping water on 

deck in time domain to find that the ship­

ping water's motion works sometimes as damp­

ing of the ship motions. 

In our mathematical model to simulate 

the ship's behaviour.when some amount of 

shipping water gets oh deck, the statical 

effect computed instantaneously is consider­

ed on the center of gravity, the mass and . 

the moment of inertia of the ship. 

In Fig.9 is illustrated shipping water 

staying on deck at the rolling angle of cp(t). 

Heeling moment due to the shipping water, 

then is given by 

m(w, t) « w(t) x fy{w, cp) (10) 

where £y(w» <p) is the horizontal distance 

between the centers of gravity of the ship 

and the shipping water w(t) when the rolling 

angle is cp(t). When wet deck occurs and 

shipping water gets on deck repeatedly,^then 

the position of the center of gravity of the 

whole body including both the mass of the 

ship and the shipping water change gradually. 

This effect is taken into the equations of 

motions in time domain. 

trrrarrfkfä 

Fig.9 Definition of i. and fc2 

4.3 Time Domain Analysis of the Ship Motions 

We simulate the gradual variation of 

the ship's natural rolling period and the 

development of large rolling motion leading 

to its capsise as shipping water is accumu­

lated. We need convolution technique to 

analyze the ship's motion in time domain 

even with the linear assumption, since the 

hydrodynamic fecce on the ship is generally 

dependant upon the frequency. 

However we are concerned with very slow 

transition of sinusoidal motion of the ship 

in regular waves; consequently it is possi­

ble to consider the characteristics of the 

ship's motion vary very gradually. So we 

assons that the coefficients of hydrodynamic 
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"<Pe 

> (5) 

- ~ Ca / is s i n (we + e s ) 

P? — 
~~K X*A" s i n < u t + •eir>-' 

Par , _ 

— Ça{AsOG sin(wt + es) 

+ Äßd sin (tot + eR)} 

•jy:i»tr*a+*ar\Bj<«tWCjI) a n d jRd 

x g-i (wt-Ky+eR) a r e w a v a B propagating into 

the y direction when the cylinder's section 

is forced to oscillate in sway, heave and 

roll modes of unit amplitude on otherwise 

calm water surface with the frequency to. 

3.2 Computation of Relative Motion 

We assumed hydrodynamic flow field a-

round the cylinder to be 2-D ignoring end-

effects in formulating the equations of mo­

tion. 

Radiation ploblem of every section for 

the velocity potential to determine A± , 
Bi1 R, e and so on was solved by the close-
fit method [3] that singularity distribu­

tion o(ff) on the section's contour, satis­

fying the linear free surface condition, is 

determined such that the boundary condition 

on the section is satisfied (see Appendix). 

Diffraction problem is also solved in 

a similar way to find the singularity dis­

tribution giving the normal fluid velocity 

on the section with the same magnitude but 

the negative sign as that of the incident 

waves. 

Dynamic swell-up, then, is expressed 

with making Use of the solutions of equa­

tion (4) as followst 

r\RU at weather side and nRL at lee 

W±T, °, t] \L -el / l2KXmaRiy; *') 

+ CaCD(„V *-))2lVie-"*,-iK{*-»,) 

-1. k coeke' - K sih*z' „„f .5_.,> \ 
: : e

 K<±? » 'a*] 
*" + K' 

x äs e 
iiùt 1 (6) 

where, xn s amplitude of the m-th mode 

motion 

aR : density of the source distribu­

tion giving the radiation po­

tential 

aD : density of the source distribu­

tion giving the diffraction po­

tential 

The relative motion of the water sur­

face 

side, then, are 

<RW * + f <P- ç(»-f) 

8 
<P 

fl 

ÇRD<i»-§> 

B. 
ç(y=r-) - ÇDn<y=_TÎ 

(7) 

"RL - 2 " ~*^~ï "'RB*» 2' 

In these equations z and (p are the heaving 

and rolling motion given as the solutions 

of equation (4); ç is elevation of the in­

cident waves (3)? çR0 is the dynamic swell-

up given by equations (6). 

Solid lines in Figs.3, 4, 5 and 6 show 

theoretically predicted critical wave height 

of deck wetness obtained with equation (7). 

Agreement between the predicted and the ob­

served critical wave height is almost com­

plete. This is achieved by the inclusion 

of the dynamic swell-up computed accurately 

even within the limit of the linear theory. 

4. TIME DOMAIN ANALYSIS OF SHIP MOTION UNDER 

THE EFFECT OF REPEATED DECK WETTING 

4.1 Amount of Shipping Water 

As already stated in section 2, it 

seems that once shipping water gets on deck 

it suppresses wet deck occur repeatedly par­

ticularly around rolling natural period. 

This might be accounted for by the reduced 

rolling motion resulting from the reduction 

of the GZ due to shipping water. We can 

not describe this transient phenomenon with 

the frequency domain analysis a3 given in 

section 3. We need time domain simulation. 

In order to simulate the ship motion, 

incorporating the effects of shipping water 

accumulation on deck caused by repeatedly 

occured wet deck, it is crucial to have a 

mathematical model describing the flux of 

shipping water over the bulwark. We know 

we can predict accurately whether the wave 

surface exceeds the bulwark top or not with 

a procedure shown in the previous section. 

However we have no theoretical methods to 

give how high the water surface goes above 

the bulwark top. It is because we do not 

know how the wave field is, when the wave 

crest is away from the body boundary in 

such case as the water surface rises up a-

bove the bulwark top, with the linear theo­

ry assuming infinitely small wave motion. 

Shin [10] proposed an empirical formu­

la giving the relationship between the actu­

al thickness of fluid flow above the bulwark 

top due to wave elevation higher than it 

particularly at weather side of the ship and 

the excess of the theoretically predicted 

relative motion over the freeboard. 

With this empirical formula we are able 
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capsize. This is why the critical wave 

heights of deck wetness coincides with that 

of capsize in regular waves at most fre­

quencies of the incident waves. However 

wave high enough to cause wet deck is not 

necessarily able to cause it in succession 

even in regular waves when the wave period 

is close to the natural rolling period, 

since shipping water reduces GH, lengthens 

the natural rolling period to lead to re­

duction of the rolling motion and stops wet 

deck occur repeatedly. Of course very high 

waves can cause wet deck in succession and 

the model capsizes even after the reduction 

of the rolling motion resulting from the 

shipping water. 

3. THEORETICAL PREDICTION OF CRITICAL 

WAVE HEIGHT OF DECK WETNESS 

3.1 Critical Wave Height 

Condition for sea water to get on deck 

is that motion of water surface relative to 

the ship Is larger than actual freeboard 

(here we define it as the bulwark top 

height from the level of calm water surface 

in equilibrium). So in regular waves, 

'RW 

'RL 

> f (1) 

is the condition of wet deck. r\RW RL are 

amplitudes of the relative motion of water 

surface at weather or lee side of the ship; 

f the freeboard. This condition also de­

fines critical wave height of wet deck in 

regular waves as follows: 

rr 1 f ' 

X Ï, 
(2) 

'.'Rfcf, H i * 

Where H denotes height of the regular inci­

dent waves; X the wave length; T\nw RL =• 
nRW RL /fl whose values are independent of 

u, since we assumes the linearity of the 

relative motion. 

The relative motion is a sum of all 

the effects, assuming the linear superposi­

tion principle, due to the elevation of the 

incident waves, the ship motions, the radi­

ation waves generated by the ship motions 

and the diffraction of the incident waves 

on the hull. 

Theoretical prediction of the latter 

two effects, which,are called dynamic swell-

up, needs a rather lengthy computation. 

Ganno'(6] took the effects of dynamic 

swell-rup into the computation of the rela­

tive motion; however diffraction waves he 

included in his computation were approxi­

mate ones in which the diffraction waves 

are expressed in the same form as the radi­

ation waves but with the ship section's ve­

locity and acceleration replaced by the re­

lative motions of the incident waves. Shin 

17], [8J concluded that unless the diffrac­

tion vaves are computed correctly, the re­

lative motion prediction in beam seas is not 

accurate even when the wave length is as 

five times long as the ship's breadth. With 

inclusion of the diffraction waves computed 

exactly as well as the radiation waves, the 

prediction of the relative motion in beam 

seas becomes accurate enough to be available 

for the prediction of deck wetness. 

Restricting our attention to the cylin­

drical body moving in beam seas, 

ç = Ç. cos (try + wt) (3) 

where ça is the amplitude, K the wave number 

and ui the frequency, we have the equations 

of motion (Fig.7): 

• (4) 

Fig.7 Coordinate system 

(» + Ass)z + B33a + pgAwx 

= F ae 

= F 

( I + AkJ<P + B„„<P '+ tf GÏ + » , - j j + B„2tf 

- »«* 
where, », I : mass and moment of inertia 

of the ship 
A11 B11 ! hydrodynamic coefficients 

of the section oscillating 

on otherwise calm water 

i'. : specific density of water 

g : acceleration of gravity 

•aw ! watarplane area 

•'! i displacement 
es .s righting moment arm 

The subscripts 2, 3 and 4 denote sway, heave 

and roll motion respectively ; Pze F and 

a,„ on the right hand side the wave exciting 

forces and moment. Haskind-Newman's rela­

tion gives their exact expression as fol­

lows : 
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Fig.4 Critical wave height of 
deck wetness and capsize 

the model does not capsize; black circles 

show the model capsizes after the shipping 

water is accumulated on the deck and under 

the influence of the vertical plate. 

It is to be noticed that the critical 

wave height of wet deck is almost coïnci­

dant with the critical wave height of cap­

size except at the frequencies of the inci­

dent waves close to natural rolling period 

indicated a3 R,R.; at this frequency the 
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Fig.6 Critical wave height of 
deck wetness and capsize 

critical wave height of capsize is not so 

low.as expected from the very low critical 

wave height of deck wetness which is at­

tributable to large rolling angle. 

Wet deck occurs in succession natural­

ly in regular waves when.the wave height is 

higher than the critical of deck wetness. 

Accumulated shipping water due to the wet 

deck Gccuring in succession reduces signifi­

cantly stability of the model and makes it 
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to the reduction of the rolling angle and 

stops wet deck occur repeatedly, in order 

to understand this rather transient process 

we propose a simplified time domain simula­

tion of the ship motion in waves exceeding 

the critical height of deck wetness. In 

the formulation of the time domain simula­

tion, we use an empirical formula proposed 

by Shin [10] relating the amount of water, 

flowing into on deck every time deck wet­

ness occurs, to the excess of wave height 

over the predicted critical wave height of 

deck wetness. 

Results of the simulation describe 

well the observed process on the model 

tests from the start of deck wetness to 

capsize or to suppression of the deck wet­

ness. 

2. EXPERIMENT ON CRITICAL WAVE HEIGHT OF 

DECK WETNESS 

Wet deck occurs on a ship in beam seas 

when amplitude of incident waves exceeds a 

critical magnitude. The magnitude is de­

pendent on the period of the incident waves 

as well as the ship motion characteristics. 

We conducted experiments on two models 

of cylindrical configuration; they are of 

an identical cross section through their 

fore to aft ends. The experiments are to 

find out the critical wave height of deck 

wetness — :—the lowest wave height to cause 

wet deck for various frequencies of the 

incident waves. Model 1 is of rectangular 

cross section like a ship's midship section; 

Model 2 of elliptical cross section similar 

to the fere or aft section of a fishing 

boat (Pig.l and Table lj. We provided each 

of them with two different bulwark heights 

above the water line; different bulwark 

heights correspond to different GZ vs. heel-

anglé curves as shown in Fig.2. Those GZ 

curves aire supposed to be those of fishing 

boats at overloaded condition often possi­

ble to happen. We attached a vertical 

plate to the model deck on the center line 

through the fore to aft ends. This is to 

provide them with a substitute for deck 

house which might make shipping water not 

Tib le. 1 

J. 
71" 

"8 a 

I J . 
Model 1 Modal 2 

MODEL 1 MODEL 2 

L. (rra) 1.60 150 

B (cm) 30 30 

D (cm) 15 . 

14 
15 
14' 

d (cm) 12 12 

f (cm) 6 
4 

6 
•4 

W (kg) 54.23 44.33 

•GM(cm) 1.65 2.04 

Tr(sec) 1.378 1.32 

MODEL 1 

- IM*. F-4 (o») 

0-15. F-6 (en) 

MODEL 2 

0>14, F-4 to«) 

0-15. F-8 (on) 

Fig.l Cross sectional forms of models 

Fig.2 GZ-curves 

movable laterally from one side to another 

of the deck. No' freeing port openings 

through the bulwark to let shipping water 

flow out are provided on purpose to investi­

gates effect of the accumulated water on 

ship's behaviour in waves. 

We observed the models' motions in 

beam seas for several different wave heights 

at every frequency of the tested incident 

waves. Less wave height' does not raise 

water ap to the deck as marked 'by open cir­

cles in Figs.3, 4, 5 and 6 where H/RAMBDA 

denotes wave height-to-length ratio, Kd 

wave number non-dimensionarized with the 

model's draft; half-black circles indicate 

that shipping water gets on the deck but 

190 



Third International Conference on Stability 
of Ships and Ocean Vehicles, Gdarisk, Sept 1986 

3 O/Aß* 0 ! 

THE EFFECTS OF DECK WETTING ON THE STABILITY 
OF SHIPS IN BEAM SEAS 

C. Shin, M. Ohkusu 

ABSTRACT 

We show that accurate prediction is 

possible of critical wave height of deck 

wetness for. ship models of cylindrical con­

figuration in regular beam seas, in which 

are incorporated effects of diffraction 

waves including J.ocal waves predominant in 

the vicinity of the ship as well as radia­

tion waves. The predicted critical wave 

height agrees with the measured in experi­

ments. Although we are able to predict 

with frequency domain analysis whether deck 

wetness occurs or not at given frequency of 

waves, we.are neither able to know how it 

does, once or repeatedly, nor how it leads 

to more fatal condition such as capsize. 

We clarify with a simplified time do­

main simulation why deck wetness causes 

capsize at some frequencies or not at other. 

1. INTRODUCTION 

Considerable attention has been given 

to the problem of the effect of shipping 

water on the stability of a ship in waves. 

A simplified assumption of great use is 

that the effect is a statical one well 

known as the free water effect. An exten­

sive review is given in Caglayan and Storch 

[1] of recent.studies on the dynamical ef­

fect of the shipping water as well as stati­

cal one; it is also studied by Rakhmanin 

[2] . 

Tàmiya [3] investigated on dynamical 

behaviour of the water on deck deep enough 

to conclude that it has a considerable ef­

fect on the ship motions when the natural 

rolling period of the ship is very close to 

that of the motion of the shipping water. 

Dillingham [4] and Adee and Caglayan [5] 

studied dynamics of very shallow water on 

deck and its effect on the ship stability 

with numerical approach. Dillingham found 

that the shipping water's motion works some­

times as damping of the ship motions. 

To see whether deck wetness occurs or 

not to cause shipping water, we need to pre­

dict correctly the relative motion of the 

water surface to the ship. Ganno [6]- point­

ed' out that dynamic swell-up, namely water 

surface elevation due co the radiation and 

the diffraction of incident waves should not 

be ignored to have correct prediction of the 

relative motion. Shin[7],[8] and Grochowalski 

[9] gave theoretical predictions of the re­

lative motion. 

To know really the ship's behaviour in 

waves under the influence of deck wetness 

and shipping water as a result, it is not 

sufficient to predict whether the deck wet­

ness occurs or not. It is crucial to see 

how the deck wetness occurs, once or progre­

ssively. Moreover we have to know how much 

amount of water flows into on deck. We need 

to predict how the shipping water, due to 

the deck wetness occured once or repeatedly, 

changes the ship motions to lead to more fa­

tal condition like capsize. In another 

words we need to know a transient process 

through from the start of deck wetness to 

capsize. 

We give in this paper a prediction of 

critical wave height of deck wetness, which 

agrees well with the experimental one, for 

ship models having simple configulation in 

regular beam seas. Experimental observations 

teach us that wave high enough to cause wet 

deck is not able to cause it repeatedly even 

in regular waves when the wave period is 

close to the natural rolling period. We 

guess that the shipping water caused by 

first one or two waves exceeding the criti­

cal wave height of deck wetness reduces GW, 

lengthens the natural rolling period to lead 
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- multihull ships or ocean vehicles 
.. high speed (greater than 20 knots) In 

any ship 
- zero speed and no manuevering while 
at sea • . 
submerging portions of the ships. 

When the new shipping modes became 
popular, there was no official reminder of 
the degree of safety provided and the 
shipping Industry went into the new. 
nulti-node shipping without including the 
'previous safety levels. ïhls situation 
needs to be reversed, particularly when 
rapid sinking, increased danger to life 
and increased damage to the environment 
are considered. 

6. Acknowledgment 

6.1 The authors state that the opinions 
expressed In this paper are tbelr own and 
are not necessarily the views of the U.S. 
Coast Guard. 

6.2. The authors wish to acknowledge 
Mr. H. A. Chatterton and LT R. Gilbert 
for their valuable assistance in 
critiquing the paper and for assistance 
in the Tables & Figures. 
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Also combinatloua ai: stability hazards may 
occur. A few, such as rudder heeling 
occur routinely in conjunction with other 
hazards! much as following sea, steep wave 
slope stability reduction etc. 

Accurate determination of stability 
hazards In a seaway requires better 
knowledge of the seaway Itself but much 
more Is required, the seaway spectrum Is 
not enough. In order to accurately 
explore the Instantaneous variation in 
stability, the exact sea slope, velocity,_ 
momentum, direction relative to a ships 
course and the exact ship attitude at each 
moment in time Is necessary. 

Alternatively, It needs to be proven that 
Instantaneous differentials are not large 
enough to cause capsize either directly or 
through sequences óf Increasing roll 
velocity, acceleration or greater roll 
angles. 

4.7 For several years during the 1960's, 
one of the committees of the World 
Meterological Organization regularly 
offered seaway data to the 
IMCO-SubCommittee on' Subdivision and 
Stability, but finally announced that 
until the naval architects started to use 
seaway Information more, there did not 
appear to be a need to continue the 
Interaction. This friendly challenge also 
pinpointed the weak link in stability 
analysis. There are several steps between 
pure seaway information and pure ship 
design by which both sets of experts must 
interact in a manner that will assist eacn 
other. 

The interac.ion steps between 
oceanographers and ship designers can be 
categorized as follows in lable 3. 

Both groups are presently in step 1 or the 
early activity in step 2. At present, the 
interaction between physical . 
oceanographers and ship designers is less 
than adequate. 

Table 3 

Oceanographer/Naval Architect 
Interaction 

Step 1 - Oceanographer 

Study physical characteristics of 
waves, wave spectra, wave groups, rogue 
waves, - all oceans. 
Provide spectra, seasonal variations, 
extreme wave characteristics. 

Step 1 - Naval Architect 

Balance ship form in individual waves; 
head-beam and following seas; 
Determine restoring moment; Determine 
rate of change of restoring moment; 
Determine spectral ship motions, 
probability of immersion and emersion 

Step 2 - Oceanographer 

Provide actual wave sequences In 
regular and irregular seas. 
Provide data on rogue wave occurences ; 
size, velocity, number of occurrences. 

Step 2 - Naval Architect . 

Study changing stability from wave to 
wave, establish limits of roll motion, 
roll velocity, roll acceleration. 
Determine rate of change óf restoring 
moment. I 

Establish maximum variance between 
statical moment curves from wave top to 
trough 

Step 3 - Oceanographer 

Provide size, steepness, period, 
velocity, frequency and location of 
occurrence, of specific waves and wave 
groups. 

Step 3 - Naval Architects 

Study stability variations in all.types 
of waves, wave systems, wave groups, 
wave spectra. 
Identify good and poor stability 
reactions. 
Establish maximum permissible variances 
by limiting accelerations, velocities, 
and motions. 

5. SUMMARY 

5.1 In summary, since there Is an obvious 
lack of adequate stability standards to 
cope with all stability accidents, there 
must be more stability research. Research 
should be undertaken to understand the 
limits of both static and dynamic 
stability changes that a specific hull 
form may undergo. With a full 
understanding of the limits of stability 
the tasks of selecting a standard and 
deciding how to provide information to the 
crew become more logical and possibly 
simpler. 

5.2 The research can be undertaken on 
specific hull forms but must assume 
operational loading conditions. 'The 
research must include seakeeping 
analysis. The research on ship stability 
must include parallel research in physical 
oceanography. Specific seakeeping 
problems or geographically similar seaway 
conditions may be Jointly studied. 

5.3 Since administrations are responsible 
for selection of stability standards, they 
should consider requiring basic seakeeping 
analyses by designers for all ship designs 
which have unique features such as: 

- cargo distribution on deck or outside 
of hull 
- mono hulls with blunt ends 
- unequal disoritatlon of 
superstructure along hull bulk. 
Transfer of large weights 
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beea explored thoroughly, even for 
monohulis. Indeed the offshore Industry 
haa done more toward discovering the 
Interaction of a single MODU design with 
various waves, wave groups and wave 
spectra than the monohull ship designer. 
Ihe same wave which will not bother a very 
large vessel may overturn or founder a 
smaller one. 

Referring to Figure 3, the differential 
curve marked "Large Seaway" may also be 
the result of a poor hull form for the 
seaway or of excessive gyradius due to 
poor loading or a combination of similar 
factors. To our knowledge little ship 
research.has been comprehensive In this 
regard. 

Buuu niitm 

«UT1W WBMTHB 

IftKt StMM 

sou «AM 

FIG 3 

Ihe seaway related stability accidents 
.'.'..'in Table 1 are: 

a-Single Broadside wave 
b-Resonant rolling 
c-Following or Quartering Sea 
d-Steep wave Systems 

; ë-tfeve groups 

Of these, resonant rolling (b) is covered 
in standard naval architectural literature 
and is perhaps the least likely accident 
to occur because of the random nature of 
the seaway and because it takes several 
rolls to capsize which gives the master 
tine, In most cases, to take corrective 
action. 

Ihe following sea situation (c) has been 
described and examined in model tests but 
has not 'yet been reduced to easily used 
design mathematics for the designer. 

Stéép wave systems (d) are also capable of 
causing à capsize in head seas. This 
phenomenon haa been examined' in model 
tanks but has not yet been quantified 
enough to provide the naval architect with 
design guidelines to prevent it. 

Wave groups (e) which could cause an extra 
large roll, series of rolls, or direct 
capsize is possibly a more likely 
occurence than resonant rolling because of 
the random seas which predominate. 

4.6 Stability by gravity (center of 
gravity below the center of buoyancy) Is 
enjoyed by very few floating structures. 
Form stability of every floating object 
changes continuously: Cargo loading for 
each voyage, Fuel and Ballast changes 
dally, and the seaway changes Moment by 
Moment, this la not fully appreciated by 
many of those Involved In marine 
transportation. 

The establishment of stability standards 
include: 

(a) a recognition of a stability hazard 
(b) calculation of the effect of the 

hazard 
(c) selection of a reserve to offset the 

hazard 
(d) instructions to the crew on 

maintaining the stability reserve 

For research purposes, the effect of each 
stability change Is a valid subject for 
review and discussion; for regulatory 
purposes, the list must be limited to the 
larger changes of stability. Ihe 
administration issuing the safety 
certification must be assured that all but 
a minor percentage of possible casualties 
are either prevented or mitigated to small 
magnitude. It Is possible (and often the 
case.) that the regulatory standard used 
may not actually relate"directly to the 
hazard; yet if the reserve Included in the 
standard is large enough, the standard may 
considered valid for each ship for the 
particular hazard. One objective of all 
maritime persons and agencies should be to 
acquaint the general public with the fact 
that the stability standards that exist . 
are supposed to be conservative enough to 
cover all similar hazards. 

Since so many stability accidents are 
possible (per TABLE 1) and the amount of 
reserve stability necessary to save the 
ship from a particular hazard varies with 
each ship in each hazard occurrence, it 
often occurs that a Ship may have a 
greater reserve than necessary for the 
accident that is about to occur. However, 
it may also occur that less than enough 
reserve Is available. .-.•.' 

The principal benefit of research is It 
will show which hazards require the 
largest reserve. 

Since the stability curve changes 
constantly In a seaway, there may be newer 
ship hull forms or ship loading 
arrangeants which have a wide, seaway 
induced differential righting moment curve 
such that excessive rolling, pitching, and 
heaving moments may be created. (Fig 2). 
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a shape coefficient of 1.25 and assuming 
the wind acta over 60% of the leg area. 
No credit Is given, for any shielding 
effect of the legs. Many in industry 
feel this approach is overly conservative 
and have gone so far as to conduct wind 
tunnel tests on specific leg section 
designs. 

For both Independent leg and oat-type 
unite, there is also a feeling that the 
1.4 area ratio is too severe. The 
criteria for barges is cited as being 
sufficient and note that submersible 
heavy-lift vessels need only meet a 
aodified Rahola criterion when carrying • 
MOOUa on deck. A time domain simulation 
type of analysis with supporting model 
testing would help clarify the adequacy 
of the current criteria. 

Damage stability standards for 
self-elevating units are another area 
that should be Included in research. Die 
current standards assume minor damage 
from side penetration only and not bottom 
damage or flooding from over the top, 
resulting from damaged ventilators or 
Improperly secured openings. They 
require that a transverse extent of 
damage of 5 feet be assumed between main 
transverse bulkheads. This has resulted 
in a virtual re-design of these units so 
that pre-load tanks are now located 
around the periphery of the unit and 
extend 5 feet into the hull, as assumed 
in the damage penetration. There are 
also now larger compartments inboard of 
this 5 foot penetration, the flooding of 
which has not been accounted for in many 
designs. v.t, toe world wide casualties 
indicate that flooding from over the top 
is a major factor in the loss of these 
units. Research is needed to determine 
the extent to which flooding from over 
the top is responsible for casualties and 
propose revised standards wnere necessary. 

4. NEXT GENERATION STABILITY STANDARD 

4.1 Relating each stability hazard to the 
righting curve picture (whether arm or 
Moment) is necessary to quantify 
stability and is the best mathematical 
way to provide similar levels of safety 
assurance from each accident. There may 
exist some types of ship, among the many 
new ones in evidence in 1946, which are 
vulnerable to specific stability 
accidents because of the fact that 
stability regulations were developed for 
different types of Bhips. 

The mathematics necessary to evaluate have 
been available for mauy years. They are 
the statical righting moment curve and the 
dynamical moment curve. Yet only the 
statical arm (not moment,) curve Is 
presently in general use. 

We naval architects are quick to explain 
that the statical arm curve is identical 
to the statical moment curve but we have 
not yet begun to appreciate for our own 
professional needs, the difference between 
two ships of greatly different size having 
the same STATICAL ARM curve but perhaps 
vastly different reaction to the same 
seaway. 

The 34 potential stab.) Uty hazards in 
table 1 can be grouped Into four (4) 
general categories: 

a. Internal changes-VCG,free surface, 
cargo shift etc. 

b. Cargo Stowage and Security 

c. Wind and other direct external forces 

d. Seaway action 

4.2 Internal Changes 

The internal change moat requiring 
research Is the effect of the shift in 
gyradius on roll and roll dynamics, on 
particular, to establish limits for 
various hüll forms (containersliips, RO/RO, 
RO/RO Pontoons ) in order to help avoid 
excessive roll accelerations. 

4.3 Cargo.Security 

The cargo stowage problem most requiring 
research attention is the 
physical/chemical problem of examining 
bulk cargo materials for the tendency to 
liquify and become a fluid or semi-viscous 
cargo under specific ranges of temperature 
and humidity. 

4.4 External Forces 

External forces such as wind, anchor 
lines, mooring forces, wind gusts, towing 
hawsers, nets or trawls, hauling blocks, 
and wave Impact at relatively high speeds, 
are also known accidents causes, capable 
of capsizing the ship. However these are 
not well defined in the mathematical sense 
so that the same degree of confidence 
exists for the designer in producing a 
ship that is equally resistant to capsize 
in all the situations named. 

4.5 Seaway Evaluation 

Not all seaway stability accidents can be 
evaluated or prevented by either GM or the 
shape of the stability curve. The ship 
changes stability with every wave in the 
sea, as well as daily with changes in 
consumables, per voyage with different 
cargoes, etc. Also the size relationship 
óf every ship to every wave has not yet 
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research should be performed to discover 
the threshold of mlnltmua stability for 
this type of ship. 

• 3.5 Offshore Ocean Vehicles 

3.5.1 Die OFFSHORE Industry, developed 
over the past 25 years, Includes many new 
types of ocean vehicles which fit 
awkwardly into regulations derived for 
the more traditional ship. Since the 
major types of offshore equipment 

(I.e.-oil drilling units, pipeline 
installation barges, deep sea 
Boorlng/towing craft; are subject to all 
of the ICiX 66 regulations and various 
codes (ie MOUUJ, they must meet a 
freeboard concept, a hull integrity and 
strength concept, and must provide for 
safety of personnel working in open 
weather conditions. 

The freeboard concept of mobile drilling 
units has no direct relation to the 
concept of approx 20% intact reserve 
buoyancy which is the foundation of the 
load line rules. 

3.5.2 Self-elevating Mobile Offshore 
Drilling units 

ïhere are two basic types of 
self-elevating units, the independent leg. 
type and the mat type. Xhe former 
typically has a triangular shaped hull 
with three legs on which trie hull moves 
up and down, 'fhe leg length ranges 
between 75a' for older units and 130m. 
for the newest units. The legs are 
usually a truss arrangement and have spud 
cans at the end of the legs to support 
the unit on the sea bottom. The spud 
cans are nortaally free flooding to 
prevent implosion and thus contribute no 
buoyant volume to the unit. The 
stability of these units is readily 
improved by lowering the legs. 
Surprisingly, the most vulnerable state 
of these units with regard to stability 
is during the inclining test. The 
absence of any liquids below deck and any 
variable load on deck means that the 
vertical center of gravity (VCG) is at 
its highest point, the VCti is typically 
above the deck house because of the 
effect of the legs. 

Màt-typè rigs have a oat which supports 
the unit on the bottom. These units are 
favored in areas where the bottom bearing 
pressures are limited. The mat has 

, several compartments which are 
permanently ballasted and others that are 
.permanently empty to provide buoyancy. 
The legs are attached to the mat. The 
platform is positioned up or down on the 
legs depending on the water depth in , . 
which the unit is drilling and the 
desired air gap. 'Xhe stability of the 
unit is greatest when the separation of 
the mat and platform is at a minimum. 
Stability is reduced as the separation 
between mat and platform is increased. 
Diese units are sometimes operated in 

this fashion when completing a field 
move, that is, a short move of less than 
12 hours duration, although the V W is 
reduced, the position of the center of 
buoyancy is also changed. The net effect 
is a reduction in the righting ann. As 
the mat and platform are separated thé 
wind heeling arm is also affected. 
Although the wind force Is reduced, there 
is an offsetting increase in the moment 
arm because the center of underwater 
resistance has changed. 

Die stability criteria applied to both of 
these types of self-^elevatlng units Is 
the familiar 1.4 area ratio of the 
righting arm curve to the heeling arm 
curve. The legs contribute upwards of 
80% of the total heeling moment. 

Stability research is needed In several 
Jack-up MODU areas. One area Is to 
determine loading and seaway combinations 
which cause roll and piton motions of 
these Units which impose high roll 
accelerations. Ihese can:cause severe 
atres3es on both the legs and cantilever 
securing arrangements. One casualty In 
the U.S. ha8 been attributed to high 
rolling accelerations which caused the 
securing devices on the cantilever beam 
to fail. 

Anotiier area is the accurate 
determination of lightship data. The 
current use of the Inclining experiment 
has led to known differences in vertical : 
center of gravity of.2 meters for 
identical rigs. One explanation for thin 
is that most units have a transverse 
height of metacenter (KM) close to an 
order of magnitude greater than the 
vertical center of gravity. Thus, there 
is a great sensitivity of the transverse 
and longitudinal KM to changes in draft 
and trim. Xhe triangular shape of the 
independent leg units often means they 
have transverse KM values nearly equal to 
the longitudinal KM valjes. Some are 
inclined in the longitudinal' direction 
using the cantilever beam as the 
inclining weight. The cantilever is 
weighed prior to the inclining experiment 
using jacks and evaluating the pressure 
readings. 

One alternative to the inclining 
experiment has been a detailed weight 
summary and deadweight survey to verify 
the calculated displacement and 
longitudinal center of gravity. Another 
suggestion has been to induce a free 
surface during the Inclining experiment 
to reduce the transverse or longitudinal 
metacentric height. This may not be 
desirable because of the already tender 
condition during the inclining. 

Research is also heeded to determine more 
realistic shape coefficients, 
particularly for legs since they make the 
largest contribution to the total wind 
heeling moment. At present, the wind 
force on the legs is derived by assuming 
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Statistically, the accidenta to RQ-RO 
ships are not rauen more numerous or 
frequent than ottier type» of shipping. 
However, the RO-KO has several features 
whictt mane it more vulnerable to total 
loss. In the Intact stability mode, such 
ships have the disadvantages of: 

..Most cargo carried above the freeboard 
decK wnich automatically causes a 
significant reduction in static 
stability. 

..Cargo carried on wheels or carriages 
which make secure lashing a major 
difficulty. 

..Heavy cargo weights carried on wheels 
are higher than ordinary container 
cargo and take much more storage room. 
Thus tne opportunity to stow such cargo 
low in the ship is less when on 
multiple port voyages than the 

•: dedicated cohtalnership. 

... After liull form and Stern. Dqqr 
configuration may cause following sea 
instabilities 

The damage considerations which ought 
to be covered by present design 
practices are largely absent and not 
required in regulation. However, 
design practice in flooding protection 
of dry cargo vessels has actually 
retreated from safety considerations 
since I960. At that time, both design 
practice and the rules of the major 
classification societies required 
watertight bulkheads up to the weather 
deck spaced evenly throughout the ship. 

3.4.4 Heavy lift Ships 

Heavy lift ships are another unique 
variation of dry cargo ships which have 
developed mostly in the past 10 years. 
These ships also have possibilities for 
unique stability problems. In the intact 
stability conditions the several possible 
problems are: 

1. the lifting operation itself 

2. the vertical variations in cargo 

3. carrying cargo on deck 

4. removing hatch covers in order to 
carry large single pieces of cargo. 

5. the possibility of captured sea water 
in the well or holds when encountering a 
severe storm. 

6. The effect of pendulum motions of a 
suspended weight on the roll motion of 
the ship. 

The lifting operation has always been one 
to be carefully controlled. Thus far, 
there are few known instances of capsize 
by mishandling of the load or of ballast 
shifting while a load was suspended, 
this we attribute to the fact that the 
heavy lift is a special, carefully 
managed operation. 

There is one particular heavy Hit 
operation which may catch even the most 
careful management by surprise because it 
Involves small ocean swells rather than 
seaway. This accident would occur eithec 
because the roll characteristics of a 
ship with a suspended load are much 
different from the same load stowed In or 
on tue ship; or because a swell which 
causes a minor angle of heel also causes 
an instantaneous major pendulum change in 
the heeling moment due to the suspended 
load. 

To defend against this accident the ship 
design should Include model tests to 
discover the limits or threshold of roll 
movement at which catastrophic capsize 
would be Inevitable. 

It is not as likely to occur in a harbor 
as in an estuary or open sea situation. 
Still it seems possible that the 
propeller wash from one vessel might be 
enough to cause such an accident. 

There is both research and operational 
control needed to prevent such an 
accident. With regard to research, the 
ship form and lifting geometry should be. 
modeled in roll due to a single low 
amplitude, long period swell. The object 
of the reaearcrt should be to establish 
the maximum pendulum weight (heavy lift) 
as a percentage of tne snips displacement 
which can be lifted without danger of 
capsize by a small swell. Various 
restraining tackle on the pendulum will 
of course assist the ship to handle the 
heavy lift safely but should not be 
counted on to permit a heavier lift. 

Unpublished engineering studies done in 
the USA have indicated that if the heavy 
lift is more than 10% of tne total 
displacement of ship and heavy lift, the 
system may be subject to a sudden capsize 
by a single long period swell. 

3.4.5 Semi-Submersible Heavy lift Ships 

Semi-submersible heavy lift ships are 
perhaps the most recent design innovation 
which have been only slightly' affected by 
regulations; The International 
Convention of Load Lines 196b states that 
the load line shall not be submerged. It 
has been accepted by most parties to the 
convention that these ships must be given 
an International Exemption Certificate 
because of this regulation. All 
Exemption certificates are reported to 
the International Maritime Organization 
noting efforts to achieve an equivalency 
witn load line regulations. The 
presumption is that this will encourage a 
continuous international review which 
should lead to modifications or new load 
line standards. 

Semi-Submersible Heavy Lifts Ships may 
also be vulnerable to a very small 
specific wave occurrence during the 
lifting operation. Model tests or other. 
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The specialized combination ship type 
called 080 - (Oil, Bulk, Ore) might 
suffer an intact ataDility accident In 
those ships which cargo free surface 
across the full beam of toe ship. 

Additionally, those, specialized ships 
carrying liquids of specific gravity 
greater than 1.0 might suffer a larger 
than usual loss of intact stability when 
some cargo tanks are only partially 
filled. 

. The naval architectural calculations 
necessary to show free surface correction 
do not require difficult research or 
model studies. Only straightforward 
engineering evaluations using known 
methodology are needed. Such 
calculations are only necessary to show 
that, with the full free surface of cargo 
tatcèn into consideration, the stability 
evaluation meets a given standard. At 
this time there is no international 
agreement on what that standard should 

. be, especially for large ships. 

Each tank ship will respond differently 
to seaway motions depending It relative 
size compared ship to the seaway. Many 
nations use as a governing stability 
standard for tankships up to 100 meters 
in length XMO Res. 167 even though most 
Tanker ar much larger than-100 meters and 
aay.be penalized for using this standard 

in selecting a criteria for very large 
Tankships,the righting arm curve required 
areas may be modified depending on size 
of tanks.and the influence of the free 
surface on the overall ship motions. 

3.4 Dry Cargo Ships 

Three decades ago, dry cargo ships were 
almost all of the mixed cargo, break bulk 
type carrying barrels, crates, sacks and 
palletized cargo. The single major 
specialty ship was the.bulk cargo ship 
carrying ore, coal, or grain. 

- Now much of the palletized, boxed, crated 
cargo is placed In "containers" and 
carried intermodally on ships of several 
distinct types. These are the very large 
long distance containership, the 
combination R0/R0 containerahip and the 
vehicular R0/R0 for short International 
voyages. 

3.4.1 Contalnershlps 

The evolution of contalnershlps has' 
included several significant stability 
variations. The earliest contalnershlps 
were tankships which carried containers 
on deck and corrected for the high center 

, of gravity of cargo by carrying high 
density ballast in the cargo tanks. 
Although this corrected the vertical 
center of gravity, it created a larger 
vertical gyradius. Some of these ships 

. bad difficulty keeping containers on 
board due to high roll velocity (and roll -
accelerations). 

-.182 

When the 'purpose bi.ij-t' containerahip 
became popular the shipping system 
evolved permanently into a shipping 
system including cargo carried on deck. 
Thus the stability of the containerahip 
can potentially be varied much more than 
the older system with 'tne cargo inside. 
To the author's knowledge, the stability 
limits of these loading variations in a 
seaway have not been researched. Several 
stability problem areas need to be 
researched. Some of these are: 

'Stability limits based on size 
relative to the seaway. 60m - 250m 
should include an examination of roll 
characteristics, roll velocity, and 
acceleration. 

*The effect of the variation of 
gyradius (vertical and longitudinal on 
rolling and pitching motions due to 
possible variations of cargo loading and 
centers of gravity. 

Because the loading patterns can 
vary so much.ships may.have a VCG which 
meets current stability standards but the 
cargo distribution may cause a variation 
of gyradius (vertical and longitudinal) 
sufficient to cause wide variances 
in rolling, and pitching motions. 

One advantage of tne containerahip is 
that it can easily be designed to meet 
future flooding resistance standards. 

3 .4 .2 Combination Ro/tto-Containership 

The combination contalnership/R0-R0 has 
much the same possibilities for stability-
variation as the single purpose 
containership. However, it is quite 
likely that it will have different limits 
of roll, roll velocity and roll • -
acceleration because of the greater 
difficulty in providing efficient cargo 
lashings for wheeled cargo. Tnis 
possibility provides a completely 
differeut need for stability research 
than the purpose built containerahipj 
because the same ship hullforut, tested in 
a model tank, will have closer limits of 
acceleration and roll velocity than the 
purpose built ship. 

With regard to subdivision, this type of 
vessel will be subject to some 
modifications when meeting an 
international standard. The lack of any 
design standard at this time has 
permitted existing ships to have a 
completely unknown degree of safety 
against flooding. A very few have been 
required by owners to be designed to the 
one compartment standards of flooding 
resistance. The designers had little 
difficulty Including flooding resistance 
when considered early in design. 

3.4.3 Ro/Ro ships 

The lto/Ro ship is the most maligned of 
the newer types of ships from both intact 
and damaged stability points of view. 
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2.5 Table 2 Damage Stability Causes 

Flooding may occur through; 
1. Lack of or loss of wiia the t tight 

Integrity of topaides. 
2. Loss of watertight Integrity of the 

main hull. 

Flooding may lead to loss through; 
1. Founderlag 
2. Plunging (loos of buoyancy at bow 

or stern only) 
3. Capsize (when form stability is low) 

3. SHIP-SPECIFIC STABILITY CONSIDERATIONS 

3.1 The three principle ocean ship types 
of previous.decades (passenger, tanker, 
and dry cargo ship) have evolved in the 
past 30 years into more than a dozen 
specialized ship types. Additionally the 
offshore Industry has become a new 
category of ocean endeavor with many 
special ship types for exploring the raw 
materials in the ocean bottom. Fig. 2 
names the most prevalent of these types 
and approximates their date of 
Introduction into world commerce. 
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In the following paragraphs, the more 
obvious stability design features of each 
type are noted and briefly discussed with 
a view to whether or not naval 
architectural development should be 
undertaken to uncover possible design 
limitations. 

It should be noted at the outset of this 
exercise that this proliferation of 
different types of ocean vehicles has 
occurred before the naval architecture 
community had fully evaluated the 
stability limits of the original three 
ship types, especially with regard to 
actions in a seaway. 

3.2 Passenger Ships 

Although passenger ships have changed 
less iu the past few decades than the 
other types, there have been several 
unique developments which may affect 
their stability evaluation. 

The first development is the change in 
large passenger ships from luxury liners 
to much higher passenger numbers carried 
on a relatively shorter cruises . The 
large size of such ships permits them to 
retain the ability to withstand wind and 
sea. However, the greater number of 
passengers makes the handling of 
passengers more difficult in damage 
situations and the designer must allow 
much greater stability reserves for their 
evacuation, ltow much stability reserve . 
Is necessary when several thousands of 
passengers are moving toward safety or 
being evacuated has not yet beeu 
discussed at IMO. 

Another development is a, change in route 
which appears to be affecting the safety 
of some large passenger ships. Instead of 
maintaining a specific route, these ship» 
change routes with seasons and tourist 
desires. Some are now venturing into 
floating ice to glimpse glaciers which 
offers greater possibility for another 
"TITANIC" type casualty. Others have 
followed special sea routes because of 
astronomical happenings or to observe the 
migrations of whales. Such voyages may 
lead tne ship into unfamiliar waters. 

Large passenger ferry boats on short . 
International routes have iacreased in 
size, speed, number of passengers. 

The need for research in passenger ships 
lies principally in damage situations 
wherein it is necessary to Handle much 
larger numbers of people and maintain 
protection from capsizing in new route 
situations such as floating ice and in 
new designs with open vehicle decks. 

3.3 Tankshlp3 

The class of ships dedicated to liquid 
cargoes or liquified gases has not 
historically had intact stability 
problems nor intact stability 
casualties. Yet, it is not that such 
ship designs are immune to stability 
accidents. Serious intact stability 
accidents might occur if the free surface 
reduction of stability by the liquid 
cargoes were over to become large enough 
to adversely affect roll motion in a 
seaway. 
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am 11y it is based oa the principles of oy-
bernetie circulation of information,lu su-

batanoe however, it is rsduoed: to reconci­

liation of the so-called long-eud-short-

t*rm predictions.From utylitarlan point: of 

vi«» its mia i.» to obtain the maximia eoo-
noalool effects for a epeolfied ship. It 

seeies that the above general features of 

the presented concept potentially where 

to a nuiaber of other problems related to 

assigning end service of ships. In other 

words the features are present everywhere 

there where "tho human factor" is indis­

pensable element of an offioiont an effe­

ct ivo activity of a definite systam. The 

factor for which, as a ship of m olosed 

system with feedback, lis identified with 

the activity of th© elements « comparing 

«nd correcting. The factor, by nature dif­

ficult to tm measured oan however, be mo­

re affeotlve. depending on the • quantity 

af information it is supported by, 
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the lashing system is referred to. 

To à certain degree some relations are 

denoted by means of diagrams in Fig. 1 ; 

They will be given further 'detailed at te« 

ntion, here. 

Z.k.\. Stowage operations. 

These Operations are based on the 

information included in diagrams as shown 

in Figs. 3. and k. They can proceed in 

the following way« 

a/ At first there is assumed to be e 
state of completed loading on the 
ship /MG/ and the worst waving con­
ditions during the voyage are anti­
cipa ted resulting in determined va» 
lue of the permissible transverse 
acceleration. It should be the lo­
west value which with the adopted 
sea state, will not be exoeeded at 
eaoh relative heading angle. This 
estimation is made on the base of 
Fig. J». 

b/ Defined at point a/ the velue of 
acceleration determines the admissi­
ble mass of the lashed container 
stack depending on its position/ IN 
or OUT/ and its configuration. Ad­
vantage is taken here of diagrams 
presented in Fig. 3. 

o/ Having a ready plan of loading both 
containers and the whole ship, the 
current values of fiS and the admis­
sible transverse acceleration mag­
nitudes are determined. These va­
lues as resultant may vary from the 
assumed ones at point a/ due to ma­
ny reasons. 
Defined in suoh a way they are the 
fundamental and obligatory informa­
tion for the ship's oommand about 
the load condition. 

Z.h,2, Navigational procedures. 

The navigational procedures are main­

ly connected with the seleotion and main­

tenance of suoh ship's velocity that the 

ooouring transverse accelerations do not 

exoeed the admissible ones defined by the 

.information of the ship's load oondition. 

The basio tools are here the diagrams as 

in Fig. h. on the basis of which one can 

determine the range of the admissible re­

lative angles. It would be extremely good 

if the ship's command had moreover a pos­

sibility of making a direot measurement 

or estimating the value of the real tran­

sverse accelerations. In suoh a situation 

the diagrams as in Fig. h. oould only be 

used as a base for choosiog another hea­

ding angle, ia case if for the current o-

ne the measured accelerations exceeded the 

permissible level. However, if there is 

not an appropriate apparatus at the ship's 

disposal for measuring accelerations it 

is always possible at least to estimate 
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the transverse accelerations by measuring 

the angle of roll motions. It would be in­

dispensable in thi3 cose a graphic infor­

mation with regard to relation n = f(^jM§), 

which would perfectly be comp­

lementary to the lashing system. In this 

way its usability will be the more profit­

able, the more aocurate calculation model 

ia applied. Thus this relation may have be­

en .prepared by the shipyard in the some 

way, as for example, diagrams in Fig, h. 

The document entitled ''Lashing sys­

tem ..." of the outlined here structure-

enables to include the ship's operation in 

the broad meaning of the word into the ra­

tional activities for the beraofit of the 

safety of the load itself and the - whole 

ship. The nature of the short-term predic­

tion, whioh oharàoterizes the information 

it contains makes it possible to increase 

the economical effectiveness ef the ship 

and tha whole shipping .line. One can "ado­

pt" the mass of the transported cargo to . 

the weather condition«! at least by diffe­

rentiating the seasons of the year, e.g. 

for North Atlantio - suaaaer and winter, 

on the base of rational - measurable pre­

mises. The stimulated approach by the cur­

rent regulations does not provide such a 

possibility. Therefore ono can say that it 

eliminates the whole sphere of the ship's 

operation from the activities not only oon-

neoted with a tendency to cargo shipping 

maximization, but it does not enable to u-

ndertake rational operations to secure the 

cargo safety either. The ship's command 

not knowing explicitly tha values of ac­

celerations for whioh the» admissible mas­

ses have been, according to the present re­

quirements, determined, it can be sugges­

ted that lashing is absolutely safe. For­

tunately, the practica of the ship's ope­

ration is suoh, that there are almost al­

ways undertaken activities aimed at mini­

mization of the external loadings, but the 

master is doomed to its own experlenoe in 

view of the laok od some rational informa­

tion. 

3. CONCLUSION 

The presented in chapter 2 concept of 

the lashing system of containers transpor­

ted on the weather decks by ships is, as 

has î»«en indicated in the introduction,both 

an Sample and an authentic solution of 

a promise! of optimum reconciliation of 

economies add the cargo ships • safety. For-


