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Prediction of the Risk of Capsize of Small Ships

E. Deakins, B.Sc. (Hons)

Abstract

The lack of a necessary rational framewaork for assessing ship slability was the main concern of
this research. The aim was to develop a rational philosophy and a logical procedure of assessing
intact stability in arder to ensure a consistent and unified approach to design for operation and for
survival,

The method uniquely brings together a linearised analysis for assessing a potentially dangerous
roll motion with a probabilistic assessment of ship performance in rough seas on a standard
test-track. This represents a significant advance on previous research.

A novel feature of the analysis was that prediction of the extreme capsize roll motion was not
attempted per se. Instead a reduced level of roll response termed “potentially dangerous® roll
motion was selected (based on discussions with seagoing personnel) beyond which there was
evidence that loss of the vessel is likely.

Validation of the linear spectral analysis used in the simulations was performed using full scale
trial results of a fisheries protection vessel. Provided that measured values of roll damping
coeflicient were used, the predicted valuas of extreme roil closely matched the maximum values
experienced on sea lrials up to the chosen value of critical rolt angle of 30 degrees.

Particular atlention was paid to the realistic modslling ol total system behaviour in rough seas.
Families of wave spectra were used 1o represent the complete range of wave conditions
encountered in nature. Avoidance and pacifying seamanship were incorporated based on the
results of available trials data and discussions with serving masters.

Independent (Bernoulli) trials procedures were used to calculate the cumulative probability of a
critical roll motion being exceeded at least once during the vessel's passage through the test-
track.

The value of critical motion exceedance obtained was 5x10~2 for the fisheries protection vessel
which has a large metacentic height and is reported to have good seakeeping characteristics.



Chapter 1

Introduction

1.1. The Need for Stability Assessment in the Marine Environment

"...in any engineering enterprise, panicularly where human life is exposed to dangerous
conditions, it is the responsibility of the designer as well as the statutory authorities concerned to
ensure that the structure, vehicle etc. is safe, -judged by the scientific knowledga of the day.”

Bird ot al (1982)
For as long as man has ventured onto the sea there has always been present the possibility
that his craft might capsize and be lost. This is still the siluation today. Shipbuilders from the
oldest times understood that in arder to survive in the hostile marine environment their ships had
to be stable. They developed, by trial and error, the practical knowledge of how to build
comparatively stable ships although there was still no guaraniee that the vessel would salely
complete the voyage. In more medern times an understanding of the basic laws of the ship’s
geometry has enabled the naval architect o make calculations of its static stability during the
design stages. Developments in ship hydrodynamics assisted the calculation of the behaviour of
the ship in a seaway and the effect of external forces on stability. Nevertheless the survival of a
vessel in heavy seas as a result of extreme motions, and rall mations in particular, remains one of
ihe fundamental requirements stili to be satisfactorily considered by the naval architect when
designing a ship.

The problem remains how to model the complex, irregular, six degrees of freedom vessel
motion with suificient accuracy to predict when a "dangerous” roll motion may be experienced.
Dangerous motion might give rise o cargo shifting, progressive flooding and damage to vessel
and crew and possibly even lo the loss of the vessel itself. Of course, the aim of the designer is
to achieve the required degree of safety economically. The vessel must be functional, reliable
and of reasonable first cost as well as being safe. Thus it is not surprising, particularly in the
absence of appropriate guidelines, that a designer will occasionally step acrass the hazy
borderline between sately on the one hand and disaster on the other. In any event perfect safety
can never be guaranieed and one is forced to consider degrees of safety, or of risk, even on the
rare occasions when there ara ne economic constraints on the design.



For more than two decades the International Maritime Qrganisation {(IMO)' has -attempled to
establish international stability requirements. In 1968 the "Recommendation on Intact Stability for
Passenger and Cargo Ships under 100 metres in length®, Resolution A167 (1968), was adopted.
Similar recommendations were adopted in 1975 for lishing vessels in excess of 12 metres
registered length with some provisions applying to smaller vessels, Resolution A168 {(1975).
However these recommendations, for reasons which are explained in Chapter 2, are generally
recognised to be not fully satisfactory and IMO is continuing its work towards development of
more rational criteria, Plaza et al {1986).

Fundamental research into vessel stability continues to attract considerable international
aftention. Since 1975 three international stability conferences have heen held to enable
researchers and practitioners in the field to meet and discuss at length research programmes and
results achieved and to consider how best to apply these rules in practice. The first of these was
held in Glasgow in 1975, entitted the "First Intemational Conference on Stability of Ships and
Ocean Vehicles”. Further conferences were held in Tokyo (1982) and Gdansk {1986). The
venue for the next international stability conferenca will be Naples in 1990. In addition there have
been several nationally funded stability projects including the United Kingdom SAFESHIP Project,
which concluded in 1986, to which this work at Plymouth was officially affiliated, and the SIS
(Ships in Rough Seas) Project in Norway.

In spite of these many efforts there is stil a lack of fundamental understanding and of an
adequate mathematical description of the basic physical phenomena which may lead to a ship
capsizing. This lack of a mathematical model (or of experimental data) upon which to base
criteria for judging the survivability of a particular design, when coupled with the philosophical and
practical problems assaciated with establishing a rational approach to the problem {based on the
assurance of an acceptable risk), has tended to concentrate research into small specialist
aspects of the overall problem.

It is this lack of the necessary rational framework for assessing stability that is the main concern
of this research.

In order to assess the severity of the capsize problem it is instructive to consider the casualty
rates of vessels and men. In this context data from the fishing industry provides useful
information to compare these mortality rates with the comesponding figures for other industries.

'The Intemational Maritime Organisation (IMO) was known as the Intargovemmental Maritime Consultative
Organisation (IMCO) until 20th May 1982.



1.2. Casualties to U.K. Fishing Vessels and Accidents to Fishermen

Commercial fishing has long been recognised as a hazardous occupation e.g. Schilling (1966).
From time lo time a disaster would occur that would cause people to focus on the risks being
faced. For instance the loss of two vessels off Greenland in 1955 due to icing led to an
investigation of this hazard and resuiled in recommended design changes to mast structures,
BSRA (1957). The loss of the Hull trawlers St.Romanus, Kingston Peridot and Ross Cleveland
during the winter of 1968 within a few days of one another, when 56 lives were lost, led to an
examination of the major factors affecting the safety of deep sea trawlers and their crews. This
Committee of Inquiry into Trawler Safety (CITS) under the chairmanship of Admiral Sir Deric
Holland-Martin (1969) reported its findings and recommendations 18 months later. These were
mainly concerned with vessels in excess of 80 feet (24.4 metres) registered length.

On 1st May 1975 as a direct consequence of the Holland-Martin report "The Fishing Vessels
(Safety Provisions) Rules 1975" came into effect covering the safety features which had {o be
incorporated into all fishing vessels in excess of 12 metres registered length -with some
provisions applying to smaller vessels.

1.2.1. Fishing Vessel Casualty Rates

Reilly (1884) analysed the salety record of fishing vessels and their crews for the period
1961-1980 1o assess whether the action that was taken since CITS was having any effect.

Chaplin (1986) has carried out a similar analysis using additional data for 1974-1985 inclusive
to see if the rates and trends noted by Reilly still apply. Chaplin's premise was that the safety
measures introduced In the mid 1970's, resulling from the CITS inquiry, did not become fully
effective until after 1980 because of the inevitable phasing-in programme to survey afl new and
existing vessels. This phasing-in pregramme was not completed until the mid 1980's and it was
suspected this would be reflacted in the casualty figures after 1980.

The principal data sources used by Reilly and Chaplin were;

1. "Casualties to Vessels and Accidents to Men® published annually by the
Department of Transport (Marine Division), hereafter referred to as D.Tp.

2. "Sea Fish Industries Statistical Tables” published by the Ministry of Agricullure,
Fisheries and Food (MAFF) and the Department of Agricullure and Fisheries for
Scotland (DAFS).

Casualty data as published by D.Tp. is of three categories. These are "lotal losses”, "serious
casualties” and "minor casualties®. The lerm "total losses” is self explanatory but "serious
casualties” is defined where:

(a) the vessel in in danger of becoming a total loss, for instance where salvage assistance is
required; or



{b) serious damage is sustained so-as to aifect the seaworthiness of the vessel; or

{c) the vessel sank, but is known to have been subsequently raised and repaired ; or
{d) human life is lost; or

(e} serious financial loss occurs in relation to the size and value of the vessel.

"Minor casualties®, although not defined by D.Tp, clearly do not meet the above criteria.

The "Seafish Industries Statistical Tables" detail the number of fishing vesseils on the UK
register but can give no indication of whether a vessel is fishing part-time or full-time. Large
variations which occur in the.number of vessels registered, particularly of those below 12 metres,
are due mainly to part-time activity brought about by better economic conditions in the industry,
Chaplin {1986). Thus any statistics in which the total number of vessels below 12 metres is a
factor should:be regarded with caution.

1.2.2, Total Losses

Figure 1.1 which was compiled from results by Reilly (1984) and Chaplin (1986) indicates a
sustained and increasing casualty rate (for Total Losses) for fishing vessels of all lengths for the
years 1960-1982 inclusive. The peak of 7.4 casuallies per 1000 vessels at risk (7.4x1073)
achieved in 1982 (Table 1.1) fell to 5.4x1073 in 1985. Subdivision of the data by vessel size
revealed that the hump after 1980 was almost entirely due o a significant increase in the rate of
loss of vessels of less than 12 metres. This arises because for vessels in excess of 12 metres
the rate of total loss has fallen from a maximum of 15.0x1073 in 1978 to 10.2x10-3 in 1985, a
reduction of 32 percent (Table 1.2 and Figure 1.2).
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REGISTERED® TOTAL LOSS SERIOUS CASUALTIES LOSS + CASUALTIES
YEAR | VESSELS VESSELS | PER 1000 | VESSELS PER 1000 VESSELS | PER 1000
1974 6916 28 4.0 8 1.2 36 5.2
1975 6691 LY 7.0 5 0.7 52 7.8
1916 6740 35 5.2 12 1.8 47 7.0
1977 6953 b 5.3 14 2.0 51 T.3
1978 T06T 38 5.4 \3 1.8 51 7.2
1979 7242 42 5.8 " 1.5 53 1.3
1980 €890 39 5.7 13 1.9 52 1.5
1981 7351 52 7.1 11 1.5 63 8.6
1982 6797 50 7.4 12 1.8 62 9.1
1983 7010 43 6.1 18 2.6 61 8.7
1984 7584 41 5.4 16 2.1 57 7.5
1985 TI54%* 40 5.4 10 1.4 50 6.8

®  8ea Pisheries Statistical Tables MAFF

&% Fatamatad

Table 1.1 Total Loss and Serlous Casualties for 1974/1985

All Vessels

REGISTERED® TOTAL 10SS SERIOUS CASUALTIES LOS3 * CASUALTIES
YEAR | VESSELS VESSELS | PER 1000 | VESSELS PER 1000 VESSELS | FER 1000
1974 2833 16 5.6 7 2.5 23 8.1
1975 2538 36 14,2 5 2.0 41 16.2
1976 2433 25 10.3 1 4.5 36 14.8
1977 2352 29 12.3 13 5.5 42 17.9
1978 2335 35 15.0 12 5.1 47 20.1
1979 2364 31 13.1 10 4.2 41 17.3
1980 23718 29 12.2 10 4.2 39 16.4
19814 2381 26 1.8 T 2.9 35 14.7
1982 2312 30 13.0 1" 4.8 41 17.7
1983 2204 23 10.4 13 5.9 36 16.3
1984 21519 21 9.8 10 4.7 N 14.4
1985 2054%* 24 10.2 9 44 30 14.6
=

#® Patimated

Sea Pisheries 3tatistical Tablea HAFF

Table 1.2 Tolal Loss and Serious Casuallies faor 1974/1985

Vesseals Over 12 metres
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Rale / 1000 Vessels
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174

N \ / :
I \'/ \'/ \ Total Loss +
' \--="" Serious Casualties

Total Loss

Serious Casualties

75 16 77 18 719 80 8 82 83 8 85
Year

Figure 1.2 Total Loss and Serious Casualty Rates for 1974/1985
Vessels Over 12 metres
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There was a corresponding reduction of 35 percent for vessels in the size range 12 - 24 metres
whera the rate was 14.3x1073 in 1979 and 9.2x1073 in 1985 (Table 1.3).

REGISTERED® TOTAL 1038 SERIOUS CASUALTIES L0S3 *+ CASUALTIES
YEAR | VESSELS VESSELS | PER 1000 | VESSELS PER 1000 VESSELS | PER 1000
1974 2378 10 4.2 3 1.3 13 5.5
1975 2139 32 15.0 2 0.9 34 15.9
1976 2087 23 17.0 9 4.3 32 15.3
1977 2023 - 21 10.4 11 5.4 32 15.8
1978 2033 26 12.8 6 3.0 32 15.7
1979 2092 30 14.3 9 4.3 39 18.6
1980 2132 29 13.6 1 3.3 36 16.9
1981 2136 26 12.2 6 2.8 32 15.0
1982 2073 28 13.5 9 4.3 37 7.8
1983 1973 20 10.1 12 6.1 32 16.2
1984 1934 18 9.3 8 41 26 13.4
1985 185548 17 9.2 6 3.2 23 12.4

% Sea ¥Yisheries Statistical Tables HAFP
&8 Patimatad

Table 1.3 Total Loss and Serious Casuaities for 1974/1985
Vessels Between 12 and 24 metres

There has been some small increase for vessels in excess of 24 metres but the number of such
vessels was so low that a difference of one loss results in a change of 5 per 1000 (Table 1.4).
Thus Chaplin (1986) concluded that any increase in casualty rates (total losses) apply to vessels
which are of length less than 12m and which therefore do not fall within the 1975 Safety Rules.
For those vessels which do fall within the 1975 Rules he concluded that the loss rate has
improved for the "major segment” of the lleet which consists of vessels in the range 12 to 24
metres. However Chaplin noted that "it is reasonable to assume that the 1975 Salety Rules are
having some impact.... this is not to say that the position is now satisfactory since the rate for
these vessels is still significantly greater than that which applied up to the early 1970's (figure 1.2)
and further improvement should be sought®. The rise in the loss rate since 1981 for vessels
below 12 metres is emphasised by Chaplin (1986). However it is noted that many of these may
be open boats used primarily for angling and that their inclusion could be distorting data as far as
vessels seriously engaged in fishing are concerned.

12



E-EGISTERED’ TOTAL 10SS SERIQUS CASUALTIES LOSS + CASUALTIES
YEAR YESSELS VESSELS PER 1000 VESSELS PER 1000 VESSELS PER 1000
1974 455 6 13.2 4 8.8 10 22.0
1975 399 4 10.0 3 1.5 7 1.5
1976 346 2 5.8 2 5.8 4 19.6
1971 329 8 24.3 2 6.1 10 30.4
1978 302 9 29.8 6 19.9 15 49.7
1979 272 1 3.7 1 3.7 2 T.4
1980 246 0 0 ‘3 12.2 3 12.2
1981 245 2 8.2 ] 4.1 3 12.2
1982 239 2 8.4 2 8.4 4 16,7
1983 231 3 13.0 i 4.3 4 17.3
1984 217 3 13.8 2 9.2 5 23.0
1985 199% A 20.1 3 15.1 1 35.2

% Sea Fisheriee Statistical Tables MAFF
o Patinated :

Table 1.4 Total Loss and Serious Casualties lor 1974/1985
Vassels Over 24 metres

Caldwell et al (1986) presented the results of a study into worldwide casualties to ships of all
types (1970-1980), Table 1.5. This table confirms the loss rate of 4.9x10~3 obtalned for all fishing
vessals using Reilly's casualty values for (1970-1980) in figure 1.1.

Class Risk

World Fleet (1970 — 1980)| 6.0x10~°
Qil Tanker 4.0x10°°
Roli—on Roll—off Ships 3.0x107°
Fishing Vessels 5.2x10"°

Table 1.5 Risk of Vessel Casualty for Warld Fleet (1970-1980)

13




1.2.3. Vessel Losses by Cause of Loss

Figure 1.3, taken from Reilly (1984), illustrates the causes of fishing vessel losses and serious
casualties (1961-1980 inclusive) and shows that Founderings (35.6%) have been the major
cause of casualty followed by Strandings (25.5%), Collisions (15.7%) and Fires (10.9%).

Other

(45)
Capsize 6.4%
{18}
2.5%
Missing
(24)
3.4%

Founderings
(252)
35.6%

Fires
(77
10.9%

Callisions
(111)
19.7%

Strandings
{180}
25.5%

Figure 1.3 Total Losses and Serious Casualties by Cause of Loss 1961-80

It is noted that Fires, Collisions, Strandings and "Other” tegether account for 58.5% of all total
losses/serious casualties. The remaining 41.5% due to Foundering, Capsize and Missing may
therefore be reasonably attributed to the vessel becoming overwhelmed by the seaway. This lack
of seaworthiness will, in general, be either due to a capsize or a foundering. Missing vessels may
reasonably be associated with a foundering or capsize in heavy weather conditions or to a rapid
explosion, fire or collision which prevents a distress message being senl.

Foundering is related to the vessel's freeboard and to itls watertight integrity; thus foundering
might be considered as a loss of the weathertight integrity of the hull. By .contrast capsizing
occurs when upsetting influences, -wind and wavas, act upon a vessel which is deficient in
transverse stability. 1t is also likely that a vessel may appear as a founder statistic even though
the initial casualty was caused by deficient stability which is not aiways readily apparent, and this
will affect the statistics to an unknown degree.

Figure 1.4 clearly indicates that the increasing lotal loss/serious casualty rate (TL/SC) when
subdivided into its seven constituent causal rates was particularly influenced by changes in the
rates of founderings, collisions and fires/explosions.
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Figure 1.4 Total Loss and Serious Casualty (TL/SC) Rates and Component
Causal Rates (Reilly, 1984)

The individual increases/decreases in the different causes of loss are detailed in Table 1.6
which indicates that 64 per cent of the increase recorded could be accounted for by the
corresponding increase of founderings alone. This compares with an increase of only 20 per cent
for collisions and approximately 17 per cent for fires and explosions. Capsize recorded an
increase of 8 percent.

Cause of luss/ Repression

casualty coethcient Increase/decrease (4,)
Foundering +o'184 +6364
Stranding + o004 + 16§
Collision +0'049 +120°1§
Firejexplusion +o042 +17-16
Missing + 0001 +o8})
Capaize +o'020 +4-26

Other - —o0-019 -9y

All causes +0:142 loo 00

Table 1.6 Rates of Change in Causal Loss Rates 1961-80 (Reilly, 1984) '

Reilly also states that the overall increase in the TL/SC rate was the product of separate irends
for inshore vessels (length less than 80 feet) and larger vessels and that the inshore vessels
accounted for much of this frend. Thus in terms of loss of vessel, combining the results of figure
1.1, "Total Losses for all Fishing Vessels", with the percentages in figure 1.3, "Total Losses by the
Cause of Loss", it is apparent that the overall risk of capsize among fishing vessels is of the order
of 10x10-% to 18x10-3 (14x10-5 average) for the period 1970-1985. The corresponding figures for
foundering are 1.4x107 to 2.6x1077 (2.0x10~3 average) for the same period.
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1_.2.4. Deaths to Fishermen

Considerable doubt exists as to the actual numbers of fishermen at risk and the death rates
must be treated with some caution. In a second paper Reilly (1985) analysed the deaths of
fishermen on board fishing vessels for the years 1961-1980 inclusive. Again Chaplin (1986) has
extended this survey and noted some encouraging trends in the mortality rates for the
subsequent years 1981-1985 inclusive.

a) Fishing Vessels of Length > 24 metres

While the death rate for personal accidents (1.47x107°) on board vessels of length > 24 melres
has shown no improvement {Table 1.7) the death rate due to vessel loss has fallen from
1.75x10-3 (1971/1980) o 0.27x1073 (1981/85), an improvement of 84 percent. This, in turn, has
reduced the annual death rate from all causes on these vessels from 3.21x1073 (1971/80) to
1.74x10-? (1981/85), an improvement of 46 percent. However vessals in this category currently
comprise only 3 percent of the total fleet {1985 figures) with only 10 percent of the total serving
manpower of 19,000 men, Chaplin (1986).

b) Fishing Vessels of Length < 24 metres.

For vessels of less than 24 metres registered length again the death rate due to personal
accidents has been virtually constant (5.6x107) since 1971 (Table 1.7). The death rate due 1o
vessel loss has improved by 13 percent from 6.7x10~ (1971/80) to 5.8x10™* (1981/85). This has
reduced the annual death rate from all causes by 8 percent from 1.23x10~2 (1971/80) to
1.13x10~3 (1981/85).

c) All Fishing Vessels

The annual risk of death due to personal accident (all fishing vessels) is currently 6.3x10~4
(1981/85) compared with 7.7x10~* (1971/80). The death rate due to vessel loss has improved by
41 percent from 9.3x10™* (1971/80) 1o 5.5x10~4 (1981/85). This has reduced the overall annual
death rate (all vessels) from all causes by 30 percent from 1.7x10™3 (1971/80) to 1.18x1073
(1981/85).

Thus the mortality risk due to ship capsize (all fishing vessels) is of the order of 3.6x10~4
assuming that the majority of "missing” casualties (Table 1.8) are due to capsize (average figure
1971/85). The corresponding figure for foundering is 2.4x10~ (average figure for 1971/85 in
Table 1.8).
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L1

CAUSE OF DEATH VESSEL LOSSES PERSONAL ACCIDENTS ALL CAUSES

GROUP 1961/70 | 1971/60.| 1981/85 | 1961/70 | 1971/80 | 1981/85 | 1961/70 | 1971/80 | 1981/85
On Vessels >24 Metres 1.33 1.75 0.27 0.98 1.46 1.47 2.31 3.21 1.74
On Vessela <24 Metres 0-44 0.67 0.58 0.84 0.56 0.55 1.28 1.23 1.13
All Fishermen 0.78 0.93 0.55 0.89 0.77 0.63 1.67 1.70 1.18

Table 1.7 Accident Death Rates Per 1000 Men At Risk

CAUSE QF LOSS ON VESSELS >24 METRES ,ON VESSELS {24 METRES ALL FISHERMEN

CONTRIBUTING IN

DEATH 1961-70 1971-80 1981-85 1961-T70 1971-80 1981-85 1961-70 1971-80 1981-85

No. Rate No. Rate No. Rate | No. Rate No. Rate No. Rate | No. Rate No. Rate Ho. Rate

Foundering 43 0.55 18 0.46 1 0.13|10 0.08 25 Q£.16 22 0.28| 53 0.28 43 0.21 23 0.26

Fire /Explosion 17 0.18 23 0.43 1 0.13 4 0.03 ‘8 0.06 1 0.01 21 0.09 31 0.15 2 0.02

Strapnding 9 0.09 g 0.00 0 0.001 8 0.07 7 0.04 0 0.00 17 0.09 T 0.03 0 0.00

Collision 0 0.00 3 0.05 0 0.00| 8 0.05 9 0.06 0 0.00 '8 0.04 12 0.05 0 0.00

Other 0 0.00 o 0.00 0O 0.00| 3 0.03 1 0.01 3 0.04 3 0.01 1 0.01 3 0.03

Missing 42 0.5t 45 0.81 0 0.00]25 0.18 53 0.34 20 0.25| 67 0-29 98 0-48 20 0.23

All causes hﬂ 1.33 B9 11.75 2 0.27]58 0.44 103 0.67 46 0.58 | 169 0.78 192 0.95 48 0.55

Table 1.8 Accident Death Rates Per 1000 Men At Risk: Vessel Losses




1.2.5. Comparison of Risk Level with Other Risks

Table 1.9 indicates the various levels of risk involved in other activities and occupations. The
concept of an acceptable level of risk is addressed in chapter 9. For the moment it is useful to
compare the risk laevels obtained in the previous section to the values given in the table.

[ Class Risk
Mountaineering 2.7x10™*
Distant Water Trawling 1.7x10"°
Air Travel (crew) 1.2x10°?
Coal Mining 3.3x10°*
Car Travel 2.2x10™*
Construction site 1.7x107
Alr Travel (passenger) 1.2x107*
Home accidents (oll persons) [ 1.1x107*
Home accidents (able bodied}| 4.0x107*
Manufacturing 4.0x107*

\ Structural failure 1.0x1077

Table 1.9 Occupational Accident Rates, Caldwell et al {1986)

It can be seen that the above value for distant water trawling (1.7x10-3) is identical to the overall
fishing vessel mortality rate obtained in the previous section for the years 1971/80 {some
improvement has been demonstrated for 1981/85). These are very similar to the accident rate
figure for air crew (1.2x1073). Values are an order of magnitude larger than shore based risk
activities of both a voluntary and an involuntary nature.

The above results indicate thal there is a real need to improve fishing vessel casualty rates.
This requires a survivability framework for assessing risk to be established. Such a framework
would enable the risk of foundering and capsize for any vessel 1o be assessed and pinpoint areas
tor improvement. The remainder of this chapter briefly outlines the steps that were taken and the
methods of approach used to solve the problem of assessing a lifetime of risk.

1.3. The Present Work

In chapter 2 this work is placed into context by cansideration of the principal developments in
ship stability theory. In particular the complex nature of the capsize phenomenon is emphasised
together with how diflerent researchers have tackled the various aspects of a mulli-faceted
problem. Finally, chapter 2 concludes with a critical review of cerain of the more important
current and proposed stability criteria that have resulted from the many studies.
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Chapter 3 illustrates and emphasises the stochastic nature of the capsize problem in contrast to
the deterministic methad of stability assessment which is embadied in the current IMO stability
criteria. The need for a truly rational probabilistic motion prediction method is argued. This is
followed by a description of madern reliability and safety assessment methods which were
considered for this research with special reference made to the hindcast methods which are
being used in high risk activities such as the nuclear and petro-chemical industries. It is argued
that the lack of suitable marine casually information limits the usefulness of such studies and
leads one to conclude that the formulation of a suitable prediction method is to be preterred to
take account of the many complex interrelated parameters (including the effects of human
behaviour) which affect vessel response to the environment. '

The difficulties of assessing the actual lifetime risk of capsize are discussed in chapter 4.
Capsize phenomena are considered in some detail and the point is made that a vessel should
ideally be tested for all of these in any considered operational scenario. The present study
utilises the superpositicn principle of St. Denis and Pierson (1953) for predicting vessel response.
It is argued that the full study would consider ali of the appropriate methods necessary for
predicting the capsize phenomena. These would simply “plug into® the method which is being
proposed for evaluating risk. However, because the main aim is to formulate an overall
framework for assessing risks, this question is not pursued in detail. Finally in chapter 4 the
concept is introduced of the test-track and proving ground for systematically assessing vessei
performance. The analogy to the road vehicle test-frack is drawn and the advantages of
standardising procedures from a regulatory viewpeint are discussed. Statistical derivation of the
test-track and proving ground probabilities of critical motion exceedence are presented.

Chapter 5 considers the use of linear seakeeping theory for predicting vessel capsize. A brief
survey Is made of the theoretical models which are available for analysing large angle roll motion.
Itis argued that the capsize phenomena are non-linear in nature, -particularly at the large capsize
roll angles. The concept of a "polentially dangerous” roll motion is introduced to represent the
onsel of capsize and possible objections to this approach are presented. Finally, chapter 5
introduces the subject vessel used for the investigation and presents the results of computer-
predicted responses obtained from the Britlish Maritime Technology Ltd (BMT) "Britsea” suite of
linear seakeeping pregrams against available model and full scale sea trials in both regular and
irregular waves.

Key factors which must be included within the proposed procedure, in order to accurately
assess the risk of capsize, are considered in chapter 6. Particular emphasis is laid on their
appropriate treatment from a regulatory viewpoinl. Fundamentally each tesl-track can be
reduced into the four main considerations of route, climatology, seamanship and (resulting)
rasponse for any given vessel of a particular displacement condition. These factors are
described in detail.

Chapter 7 considers the development of the computer simulation and presents the algarithms
used, including the represention of master's action in a severe seaway. Assumplions made and
their limitations are given particular consideration. Finally a worked example is presented, for a
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particular scenaric which gave rise to a large response level, in order to demonstrate the
probability calculations.

The sensilivity of vessel molions to various key parameters is considered in chapter 8.
Parameter values used in the main simulation are described which incorporale the sensitivity
information. Resulls of the final calculation are presented for an as-built vessel condition making
use of information obtained from the serving masters whenever possible. Some possible future
improvements to the computer model are described.

Chapter 9 considers the future of safety studies which are based on achieving an acceptable
level of risk. Conclusions and details of required further work are presented which would enable
a full implementation of the risk framework proposed in this study.
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Chapter 2
Review of Principal Developments in Ship Stability Theory

2.1. Introduction

"As in other branchss of engineering, safety rules have grown up from cumulative experience of
failures and in the case of ship stability such an entirely empitical approach has led to simple but
rather crude statical stability criteria which are of questionable value in assessing safety.”

Bird ot al (1986)

Stability is a property of ships and other marine vehicles which is not amenable to simple

definition. To naval architects 'stability’ means safety against capsizing in a very general sense,

and the development of the relevant theory has had a long period of evolution which is still far
from complete.

Seagoing vessels, during their lifetime, are required to operate in a great variety of seastates
with different cargoes and with different displacements. Speed and heading to waves are
variable and are dictated both by the operating routes and the skill of the ship’s officers in
avoiding or pacifying the effects of severe weather conditions.

Dangerous roll motion could lead to cargo shifting, progressive flocding into the hull through
unsecured openings and bodily damage to the vessel and its crew. Uitimately the vessel could
even capsize (usually very rapidly) due to a complete loss of stability. The problem is further
compounded by the vessel responding to the external excilations in 6 degrees of freedom.
Essentially the problem facing the designer and the regulatory authorities is to safeguard the
stability of a ship or other marine vehicle which must necessarily operate in such a regime.

Because the overall problem is so complex there have been numerous studies into the various
related aspects of ship stability. In order to place the present study inlo context a brief review of
the principal developments will now be presented, followed by a critical review of certain of the
current and proposed stability criteria that have resulted.

One could possibly group the studies as follows:

1. Studies into 'conventional’ ship stability that are based on stability in still water
(statical stability).

2. Studies relating to the form of the roll motion equation.
3. Motion stability methods.
4, Studies into suitable stability criteria.
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2.2. Stability Studies

2.2.1. Stability in Still Water

This first group of studies assumes that the stability of a ship can be determined from its
geomeiry and its weight distribution.

The couple formed by weight and buoyancy, in still water when the ship is heeled, is taken as a
measure of stahility and the lever of the couple GZ is chosen as the representative quantity,
Figure 2.1. Certainly the understanding of this concept of ship stability is very old.

GZ

# Bugyancy

™M

|- heel angle

a 0 4o (1) \80 *

heel angle ﬁ

Weight Hemetacentre
Gucentre of gravity
B=centre of buoyancy
GZerighting lever

Figure 2.1 Stability (GZ) Curve

Pierre Bouguer (1746) defined the melacentric radius B, (shown in figure 2.1) as the ratio of
waterplane moment of inertia / 1o the immersed volume V ; BM=//V. Thus the metacentric
height, GM, which is used as a measure of stability was defined by:

GM=KB j+BM-KG

where KB, is the vertical coordinate of the centre of buoyancy and XG is the vertical coordinate
of the centre of gravity. The righting lever, GZ, was approximated by:
GZ=GMsin¢

where ¢ is the heel angle in radians.

Altwood (1796) derived his celebrated formula for more accurate calculations of the righting
levers which was given as;

GZ=vh hofV-B,Gsin$
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where v is the volume of the immersed or emerged wedge, ki, is the horizontal component of
the shift of volume, V is the underwater volume and B,G is the vertical distance between the
centre of buoyancy ang the centre of gravity.

Canon Mosely (1850) introduced the idea of "dynamical stability". He derived the expression for
the work done by the ship under the influence of some potential external forces and expressed
this work as the area under the righting moment curve, where the righting moment is simply the
value of the product of GZ and ship displacement. So long as the inequality:

¢mcu'
J'o (M,-M,0)d6 > 0

held, the ship was assumed to be stable. Here M, and M., are the righting and heeling
moments respeclively and ¢, __is the maximum angle of heel.

The significance of this early study was its attempt to relate the stability of ships to their rolling
motion although, as with previous works, the resuils obtained were a significant step away from
the case of a rolling ship in actual seawaves.

2.2.2. Roll Motion Equation

This group of studies endeavoured ta define the rolling motion of ships in a general sense but
without considering the stability of the motion itself. Again, the important developments may be
summarised as follows: -

Neglecting the damping effect, W.Froude (1861/1862) derived the expression {or rolling maotion
in regular beam seas as:

% 2. 2 )
= 00 = 0,0, SN,
where
[} is the roil angle
W, is the ship's natural roll frequency
W, is the regular wave frequency
Oprax is the maximum efteclive waveslope

He assumed that the beam and draft of the ship were small in comparison to the wavelength
and that the prasence of the ship did not aiter the wave jform. In 1874, Froude also introeduced
the effect of rolt damping by using the best empirical damping as:

%?—:ath +by?

where n is the number of oscillations and a,b are constants to be determined from experiments.
Krylov (1896) gave a more comprehensive representation of the theory of ship oscillations and
the theory of ship rolling was further developed on the basis of the Froude-Krylov equation of
motion. This assumes that the ship behaves as a "phantom hull® which is dislurbed by the
seawaves without itself disturbing the surrounding flow.
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In order to improve the estimate of motions for normal ship forms the effect of added mass was
included e.g. Lewis {1929} and Ursell {1949).

Manning (1939) included the eftect of ship speed and heading to waves by introducing the
period of encounter.

In 1953 St Denis et al presented a statistical approach for analysing ship motions in irregular
seas by a superpositon of its response to an infinite number (in theory) of regular sinusoidal
waves. This development opened up the field of ship mations. The majority of this research was
concerned with determining the longitudinal responses heave and pitch in head seas (surge
being neglected). Korvin-Kroukovsky et al (1957) presented such a strip theory based on
heuristic arguments which was later modified by Gerritsma et al (1967).

Transverse motions (roll, sway, yaw) were presenied by Vugts (1971) and Salvesen et al
(1970). These later theories were formulated with a velocity potential (Ursell(1949), Tasai (1961))
so that the effect of viscosity was not included. The roll damping coefficient thus derived was
usually moditied to account lor this by using empirical results e.g. lkeda (1978).

2.2.3. Motion Stability Studies

The relevance between ship motions and their stability was recognised a long time ago and
through the end of the 19th century A.M. Lyapunov derived the conditions for stability of mation of
a freely floating rigid body (Lyapunov (1892)). Unfortunately the potential importance of that
novel study was not recognised at that time.

During the early 1950's Grim (1952) and Wendel (1954) both introduced the effects of the
variations with time of the ship's restoring moment in a seaway, but used this variation for
different purposes. In fact the basic idea was not new, Pollard and Dudebout (1892) and Kempf
(1938) had mentioned the importance of the subject.

Statistical analysis of casually records indicated that an important part of capsized ships,
especially those between 30 and 60 metres in length, were under the action of following or
quartering seas with 5 - 7 Beautfort wind forces. Inspired by this fact Wendetl concluded that the
most critical stability condition arises when the ship is acted on by a wave which has length and
velocity the same as those of the ship, and that the worst case occurs when the wave crest is at
amidships. In order to make the magnitude ol these results more realistic Arndt and Roden
(1958) propesed the introduction of Smith effect (Smith 1883) in the wave pressure computations
to account for the orbital motion of water particles. Further studies by Paulling (1961), Upanhl
(1961} and many others have followed e.g. Hamamoto (1986).

Grim considered the equation of rolling as:
d*
I If+ A(GM +8GMcos w)¢=0

where
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I is the virtual mass moment of inertia about the rolling axis
¢ is the roll angle

A is the displacement

GM is the metacentric height

dGM is the maximum variation in metacentric height

i) is the wave frequency

r is the time

By making use of the known results on the stability of Mathieu's equation, he pointed out the
possible instability regions. Grim (1954) further considered more general rolling as:
2
1 Lraczy=m
dt=

where M is the excitation. He showed that the time dependent variation of the restoring
moment may result in severe roll motion resonance in following seas, a phenomencn known as
'parametric excitation’. This attempt to refate the stability of a ship to its motions forms the basis
of a large amount of tedays research activity e.g. Skomedal {1982), Boroday (1986).

While the deterministic case was being studied extensively, the behaviour of a ship in random
sea conditions was also examined. Following the work of St.Denis and Pierson in 1953,
Cartwright et al (1956) paid more attention to rolling motion. Kato (1957) presented an
experimental study for imegular wind and wave conditions. Hasseiman (1966) and Vassilpoulos
(1967) showed how to treat the nonlinear systems under random excitations. Kastner extended
this application (1969) and studied the behaviour of phase trajectories, Figure 2.2.
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Figure 2.2 Example of a solution for a stochastic roll motion at random parametric seaway
excitation plotted in the (¢—¢) plane.
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De Jong (1970) tried to solve the problem with the aid of Fokker-Planck-Kolmogorov equations
(Arnold 1973) and definad the stability with the probability of threshold crossing. Similar studies
have been carried out both theoretically and experimentally by many research centres, e.g.
Haddara (1971), Dalzell (1971) and Roberts (1982).

One of the most important features of all this work was the tendency towards solving the single
or coupled nonlinear roll equations and then searching for the stability with the aid of the
determined solution. When the equations of motion are severely non-linear the approximation
methods which linearise them in one way or another may not yield reliable solutions. To
overcome this difficulty, Cdabasi (1973) re-introduced Lyapunov's Direct Method into the stability
computation of ships. Later the general definition of stability has been further studied by Odabasi
(1982) and Caldeira Saraiva (1986) among others.

2.2.4, Stabillity Criteria

This group of studies is aimed at determining a safe minimum amount of stability for devising
stability criteria. It is known that load line rules existed as early as the 11th century, but the real
efforts for establishing rules in ship stability came aiter 1870. In 1870 a British warship "Captain”

“capsized and this accident brought forward the question of safe minimum stability, Brown (1981).

One of the first measures for judging the stability was the initial metacentric height. In the
beginning of the 20th century, depending on the type and size of vessel, an initial metacentric
height of between 0.2 - 0.6 meltres was considered sufficient. Efforls were also made to establish
principles based on the main dimensions of vessels for judging stability but these proved
unsuccessful in practice. The use of the righting arm curves for judging stability was first
proposed by Reed (1868) but its use followed the paper by Denny (1887). This type of stability
criterion was in frequent use in the design of vessels and there were varous standard curves
suggesled by different authors, Figure 2.3.
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Figure 2.3 Standard Stability Curves
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The following features were considered to be signiticant:

1. The initial part of the righting arm curve up to an angle of heel of 10 degrees, which
depends on the initial metacentric height;

2. The angle ¢,, at which the righting arm curve reaches ils maximum value is very
important;
3. The vanishing angle ¢, where the righting angle becomes zero is also important;

4. Magnitudes of the righting arms at 20, 30 and 40 degrees have a sirong influence
on the vessel's stability.

Rahola (1939) made a significant contribution towards achieving workable stability criteria. His
study was based on the results of official inquiries into some 30 capsizes and, by selecting a level
of stability which exceeded that of most of the casualties, he proposed the following combined
criteria:

GZ = 0.14 metres for 20 degrees
GZ 2 0.20 metres for 30 degrees

GZ 2 0.20 metres for 40 degrees
%, 2 35 degrees

and e = 0.08 metre-radians for ¢,

where the limit angle ¢, was defined as the smallest of ¢, , angle of heel for immersion of
non-watertight openings, angte of heel for shifting of cargo ar 40 degrees. Rahoia, himself had
reservations about proposing the standards for general use on the grounds, inter alia, of the
"unsuitablility of the same standard stability arm curve for large and small vessels”. However,
such statical stability criteria formed the basis for several national criteria, amongst them the
current IMO Res.A167 (1968) for ships less than 100m in length and Res.A168 (1975) for fishing
vessels of length 12m and over.

The original Rahola stability criteria are illustrated in Figure 2.4, and the cument stability criteria
for fishing vessels (Res.A168) shown in Figure 2.5.
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Figure 2.10 Criterion proposed by Caldeira-Saraiva(1986)

The main (present) disadvantages are that, while the resulling criteria are simple to apply, naval
architects are not yet familiar with the basic concepts. Such new forms of stability criteria may
need considerable validation from practical experience to be generally accepted.

Tabte 2.1 summarises the comments of this section.

32



£e

BUAUD AIqeIS Uo SlUBWWOY |'g 8|q. L

Criterion Type

Regulations

Regs.Apply To

Advaontoges ond Disodvantages

Reohola IMO Res. 167 | Shiplength < 100m Simple to understond and apply
£15681
Takes no account of external forces due
Rahola IMO Res. 168 | Fishing Vessels of to wind, waves or current
[1975) Length > 12m '
Gives no idea of Likely motions or
safety margins
Expected to apply to oll Llood conditions
ond oll shiptypes and lengths (within the
respective rules)
DifFicult to extropolate to novel ship forms
Moment Bolonce Methods | - - Simple to understond ond apply
Energy Balance Methods | IMO RES.A14 | Shiplength < 100m Attempts to account for external forces
/562 [1986) octing on the vessel in on assumed

environment

Quasi-dynamic treatment of motions
given by Strathclyde method

Lyapunov Method

Resulting criteria simple to apply
Based on principles unfamiliar to designers

Moy require much validation for acceptance

Table 2.1 Summary of Different Types OF Stability Criteria



2.3. Related Studies: United Kingdom SAFESHIP Project

Ship stability continues to attract considerable research effort. The SAFESHIP Project; to which
this work was officially affilialed, ran from April 1981 and culminated in a conference held during
April 1986 (Rina Safeship Symposium 1986). The extensive programme of work was as
indicated in Figure 2.11.
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Figure 2.11 Safeship Praject Areas
* Circled numbers were SAFESHIP project numbers

34



The SAFESHIP Working Group identified that one of the specific projects should be cencemed
with exploring the feasibility of developing and applying risk analysis methods as a basis for
assessment of ship safety from capsize. The need for such methods, which are central to this
study, are discussed in Chapter 3.
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Chapter 3
Assessment of Capsize Risk in the Marine Environment

3.1. Introduction

"Traditionally the stability is deemed adequate depending on compliance with certain parameter
values of the still water statical stability curve .....

Since these parameter values are the same for all ships regardless of size, type, oparating and
weather conditions, the margin of safety must vary considerably and is unknown".

Bird et al (1982)
The current |.M.O. Resolution A167 "Recommendation on Intact Stability for Passenger and
Cargo Ships under 100 m in length®, which recommendations have been adoptled by many
countries, embodies the current deterministic approach to assessing ship stability. This is in spite
of advances made in the various aspects of the stability problem as well as the fact that ship
stability is fundamentally a dynamic and stochastic phenomenon. To illustrate this latter point,
Table 3.1 is included. This is a non-exhaustive list of parameters which are likely to have a
greater or lesser effect on ship stability. They may cause the vassel to respond in six degrees of
freedom or may influence the vessel's ability to retum to the upright following a response (these
may be referred to in terms of 'demands’ made on the vessel and 'capability’ of the vessel fo
resist the demands respectively). It may be argued that any study which seeks to quan!lty ship
"stability” should ideally take into full account all of these parameters in a rational way. Further it
will be necessary to lake into account the variability of these as they occur In practice. For
example it is readily apparent that the envirenmental factors wind, waves and current display
great variability and prediction error is likely to be present (uncertainty) particularly when data is
sparse. Other studies indicate that certain of the factors that have hitherto been treaied
deterministically, such as the metacentric height and vertical centre of gravity, actually vary in a
random way during the life of a vessel, Tucker {1978). These types of argument have led various
researchers to suggest that the long-term future of marine safety lies with methods that may be
used 1o allow for the intrinsic uncertainties and 1o assure acceptable standards and levels of risk,
e.g. Caldwell (1983), Kastner (1982), Krappinger (1975).

This chapter examines the prospects for a rational assessment of vessel stability in the light of
the available methods and data. The subject of acceptable risk and ils assuranca is discussed in
chapter S.
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VESSEL DESIGN

ENVIRONMENTAL PARAMETERS

OPERATIONAL PARAMETERS

SEAMANSHIP

ACCIDENTAL

Principal dimension ratios, length
Beam, roll gyrodius

Age, structural deterioration
Mass cccretion

Freeboard, watertight integrity
Coaming and sill heights

Extent of freeing ports

Bow and stern form

Provision of deck shelters
Bilge keels or active fins
Extent of superstructure
Lateral orea

Provision of hold subdivision

Wave height, period, energy spread
Wind strength, gusting effects
Breaking waves, shollow water effects
Steep waves, lcing

Displacement, KG, draught, trim
Stability curve (roll stiffness)
Range of stability, angle of
vanishing stability

Free surfaces, suspended weights
Autchelm

Speed and heading to waves

Storm avoidance

Training, experience, information
available

Caorgo shift, slurries

Engine Failure

Steering loss

Sudden structural failure

Fire or collision admitting water
into the hull

TABLE 3.1 Porameters For Consideration ({deal Simulation)
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3.2. Reliability and Safety Assessment Methods

The 'corg’ of any risk analysis is to astablish the risk level. This fundamentally involves tha
assessment of the probability of hazardous events and the assessment of the severity of the
events. The evaluation of the two properties can be carried out in a number of ways.

An extensive review of the available literature revealed several promising risk analysis methods,
-promising from the point of view that they may be suitable for transfer of application to ship
stability. Although it subsequently became apparent that certain of these methods were not
appropriate (for reasons given below) they have been included for completeness. Methods have
been classified as follows: '

1. Methods used predominanily in the defence, nuclear, petro-chemical and
electronics industries which combine component praobabilities to obtain the
probability of failure of the undesirable "top event'.

2. Structural reliability methods which seek to evaluate the probability that the
demands {loads) on the structure will be greater than the capability (strength) of the
structure to resist the demands.

3.2.1. Failure Mode and Effect Analysis (FMEA) and Fault Tree Analysis (FTA)

Reliability methods, per se, wera originally evolved during the Second World War in connection
with electronics and guided weaponry. They became the norm in the defence and aerospace
indusltries and, particularly during the last decade, have been used extensively in the higher risk
industries, petro-chemical and nuclear for instance, where large communal databases of reliability
data were crealed e.g. Kletz (1982), Griesmeyer et al (1981).

The key to successiul failure analysis lies in the application of hasic tools which discipline the
analyst to subdivide the design and its operation into discrete parts. For a petro-chemical or
nuclear plant, particularly where there has been no previous experience in the design process,
the structural and engineering drawings are broken down Into significant parts and events which
may interact during operation. Failure Mode and Effect Analysis (FMEA), US Dept of Defence
(1973), is a qualitative analysis tool which is designed to observe the possible failure states of
components of a system and to identity all possible consequences within the design during
normal, but aiso including abnormal, operation. i is ideal for identifying the need for corrective
measures in a single random failure analysis, Aldwinckle et al (1983). Table 3.2 illustrates an
example FMEA Sheet.
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Failure Mode and Effect Analysis

System:
Subsystem:
1. Component Name: 2. Function:
Mode of Operation:
Foilure Mode:
Failure Cause:
Effect of Failure:

Failure Detection Method:

@ N O 1 A W

Corrective Action:

Table 3.2 Exampie FMEA Sheet

A FMEA is rarely adequate in projects involving large and complex arrangements of
components. In these cases Fauit Tree Analysis is used {FTA), Fussell (1976), to logically
represent the many events which lead to the system failure or 'top event'. A complicated network
of logic gates {AND or OR gates, Figure 3.1) resulls.

Top
Event

"AND’ ‘OR’
GATE GATE

a1 82 83

Ct ] ce 02 c3 D3

Figure 3.1 General Representation of a Fault-Tree
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Working downwards the failure event lree structure is created terminating at basic events
(which are usually independent). Once a tree has been created, a qualitative analysis can often
reduce it into combinations of basic events (known as 'minimal cut sets’} using Boolean algebra
sufficient to cause the undesirable top event to occur. Following this procedure a quantitative
analysis involves the transformation of the tree structure into an equivalent probability form from
which the probability of the 'top event’ may be evaluated very simply from the probability of
occurrence of the basic events.

It was concluded that the praclical value of this approach to the mpsize-problem is severely
limited by the necessity to accurately determine these basic event probabilities. The data simply
does not exist at this time. In addition this type of analysis is better suited to systems with large
numbers of relatively simple discrete compenents having litile or no interaction.

3.2.2, Structural Reliability Analysis

Structural reliability as a discipline is quite distinct from reliability engineering. Whereas FMEA
and FTA are concerned with systems consisting of a large number of small slements of relatively
simple modes of operation and with simple or no interaction, engineering structures are
characteristically made up of complex elements with complex modes of operation and
interactions, -thus in this respect there exists close analogy with the ship stability problem.
Several approaches to marine structural design are now available. In the conventional 'safety
tactor’ approach a.single valued worst demand design or working load D, is related to a similarly
dimensioned failure or upper limit capability (strength) of the structure C,; by a scalar quantity .

Cy2 FDp

In principle the strengths C, can allow for interactive failure modes but the cencept of a single
unique scalar safety factor F is then illusory, Faulkner et al (1979). It is alse usual for minimum
specified material and section properties to be used so that, for example, a limiting strength is
assumed when the stress reaches the yield stress. By direcl analogy with the current {statical)
stability regulations (Res.A167/68) the statutory ruie seclion modulus approach 1o design, Lloyd
(1976), is implicitly and explicilly based on the static wave batance principle coupled with still
water loads, Muckle (1975). No allowance is made for different mission profiles or ship motion
effects and thus no account is taken of the variability in either the strength of nominally identical
slructures or in the maximum loading to which they are subjected. The safety factor F is intended
1o account for all the unknowns in the load and strength and yields a structure that should have
an acceptable performance based on past experience, though the degree of structural adequacy
is unknown. In addition the appreach is not entirely salistactory for novel vessel forms and this, in
parallel with scienlific development, has led to the development of more rational concepts and
approaches. These all have one common feature; that is the definition of the probability of failure
Py is given by "adding’ all probabilities that the failure governing load (D) exceeds the failure
governing strength (C). Symbolically this is expressed as

p=p(C < D)
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Faulkner et al {1979). This probability is represented by the ‘area of the overlapping tails of the
load (demand) and strength {capabilily) probability distributions shown in Figure 3.2. In principle
this offers the opportunity to select an appropriate 'strength’ on the basis of acceptable risk.

Another way to view this is that the failure will occur when the margin "M" between capability
and demand is negative (pf=p(C< D)=p(C-D < 0)=p (¥ < 0)). It fcllows that provided the
probability density functions of demand and capability are known then the probability of failure
can be evaluated from:

pf=1—j:(FD(x)) felxdx

Where fix) are the probability density or frequency distributions and F(x) the distribution
functions of two uncorrelated? random strength and load variables C and D, Freudanthal (1956).

FREQUENCY
A

ol
ol

DEMAND CAPABILITY
CURVE 1 CURVE

—> ROLL ENERGY

Failure Region

Figure 3.2 Demand and Capability Curves

Because of the difficulty associated with the determination of these failure governing load and
strength functions and distributions a number of semi-probabilistic approaches have evolved:

« Safety Index Approach

Mansour (1874) used an approximate semi-probabilistic design method which required that only

the means and variances of the load and strength be known. This approach expresses the safety
index ¥ as:

2In fact it is known that certain of the demand and capability parameters which attact ship stability in Table 3.1 are not
independant of each other. For example as a wave crest passes down lhe shiplength the sealoads (demand) will vary.
So too will the capabiiity since the righting levers are modified by the varying buoyancy forces as the wave crast
progresses.
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6-1
902 2
¥o25 + 5,
where
M is the mean safety margin C-D
o:; is the variance of the safety margin
2.2
= O". + od
C o_. 8. are the mean, standard deviation and ¢.o.v. of strength respectively
D o, 8, arethe mean, standard devialion and c.o.v. of load respectively

@ is the central safety factor

Ql il

Obviously the equation will yield a different safety index for each mode of failure and, lacking an
adequate method to combine such indices, the minimum safety index ¥ should be used
comparatively as a measure of structural safety of the hull.

« Partial Safety Factors

Regulatory bodies have for many purposes adopted a slightly varied form of the above
explained pure probabilistic approach. Instead of considering the overfapping tails directly on a
basis of acceptable risk (figure 3.2), the concepls of design values have been intraduced for both
demand and capability. The relationship between the characteristic loads (D,) and strengths
{C.) will generally be of the form:

(C‘.-) 2 Y., Y (A)X(Dy) .
) froy j

-Faulkner et al (1979)

The subscripts i refer to the difterent toads factored by the correct transformation matrix (A) to
give the load-effect for load combination j in the »-dimensional space.

By ignoring interactive eftects between different failure modes and adopting a weakest-link
model tor ultimate collapse of the ships hull, Mansour (1974), and by making use of the fact that
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the probability of failure Py is dominated more by variability in load than in strength the amount of
work is dramatically reduced to one (weakest-link) case and the equation reduces to:
Col D=1 Y4 Y, (Cy/ DY

where C, and D, are design values for strength and load and are usually assumed to be equal
when applying the partial satety factor concept. Then:

Ce=Yo Dy

where y,=Y.Y,Y, i an overall parial safety factor which is very similar in concept o the
traditional (deterministic) safety factor £.

The subjective partial safety factors by which the objectively derived characteristic loads are
multiplied to obtain the design loads are:

Y4 which takes account of the variability of the applied loading and its methods
of determination.
Y, which takes account of the nature of the structure (failsafe etc.) and the

seriousness of failure in economic and loss of life terms, i.e. D,=D,Y,¥,

The partial satety factor by which the characteristic strengths are divided to obtain the design
strength is:

Y. which takes account of the differences between the sirength of the material
by testing and the effect of local defects, i.e. C;=C,/y_

The merit in using the Safely Index and Partial Safety Factor Concepts is that they rely on four
parameters only; the mean values and variances of load and strength, which can be measured or
assessed objectively and adjusted for subjective uncertainlies. No knowledge is required of the
nature of the distributions in the tails. All random uncertainties are treated unitormly through the
coefficient of variation with systematic errors affecting the mean values.

Unfortunately semi-statistical methods cannot combine the risks of failure for independent
modes of failure nor provide a rigorous procedure for propartioning a structure against different
load combinations and multi-modal failures. Only a fully probabilistic approach can do this.
Nevertheless, Kure(1979) has suggested that the Partial S.F. approach might be suitable for the
ship stability problem once the subjective safely {actors have been determined with sufficient
confidence. Such information will be mare forthcoming once 'black box' motion and stress
recorders, similar to those on aircraft, are routinely provided on ships. Lloyds Ciassification
Society is currently developing such a device, Spencer (1986).
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3.3. The Role of Availabie Casualty Information

To a very large extent the approach that was finally adopted at Plymouth was governed by the
lack of availability and the poor qualily of casualty information which is currently available.

Initially it was considered that if sufficiently detailed casualty information could be obtained then
a hindcast probability analysis could be undertaken (FMEA,FTA or Demand/Capability). in fact it
soon became apparent that where casualty data did exist it was generally poorly detailed and
was probably not very accurate, a not unexpected result given that a characteristic teature of all
forms of capsizing is the great speed at which the vessel founders, together with the fact that the
only wreckage which is found as a rule are those objects which are loosely stowed and which are
able to float to the surface after the vessel has sunk, Hanssen (1982).

Casualty data for the years 1973-1984 (inclusive) were obtained from the Department of Trade,
Marine Division, together with summary statistics provided by 'Casualties to Vessels and
Accidents 1o Men’ published annually by the department of Transport. The fact that the formal of
the published data has not always been consistent from one year to another and that large
variations in the number of vessels on the register is apparent ensures that absolute judgements
are not possible unless elaborate steps are taken to assess the actual numbers at risk,
Fortunately this is not a problem when comparative judgements are required regarding the actual
total number of casualties. For example, Figure 3.3 illustrates the breakdown of founderings and
capsizals by vessel for all years 1973-84 inclusive and shows that vessel loss through foundering
and capsize is largely a 'small ship’ problem,
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Deepsea: Length > 80 feet
Inshore: Length < 80 feet

Founderings &

Copsizals

196

Founder ings - Caopsizals

164 32

Unknown || Deepsec || Inshore || Inshore |[Deepsea || Unknown

56 22 86 17 6 g

Figure 3.3 Total Number of Founderings/Capsizals with respect to Vessel Length (1973-1984)
Similarly by examining Figure 3.4 it may be stated (regarding the environmental conditions):

* A great majority of founderings and capsizes occur in estuaries, port approaches and
coastal waters.

+ Casualties are likely o happen all year round with almost equal likelihood of
occurrence.

e Except in thosa cases ol dangerous loading or water inrush, almest all founderings
and capsizes occurred in moderate or rough weather conditions.
» Mild/Moderate wind strengths are as dangerous as strong wind strengths.

Regarding the operational conditions:

= Light load condition and ballast conditions appear to be more hazardous than the
fully 1aden condition.

Such a qualitative analysis of casualty records can lead towards a better understanding of
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capsize which will eventually guide one to the appropriate methods of stability assessment.
Unfortunately, this level of information is nol sufficient for such an analysis as failure mode and
effect analysis or fault tree analysis when information is required on the sequences of events
giving rise {o capsize as well as the probability of each of the 'base events’ occurring. Structural
reliability methods, that have been outlined, also require greater detail (means and variances of
demand and capability) than is cumrenily available in the casualty records before the safety
indices or partial safety factors may be used for (especially) new ship types - when no racourse is
possible to past design values. Indeed an extensive survey of current risk analysis methods
including Cox (1981) and Fairley (1981) leads one to the conclusion that, whatever method is
chosen, the cenfidence in the tinal estimate of output uncertainty depends on the confidence one
can place in the basic estimates of parameter uncertainties. Thus peor estimates would be
expected with the current state of knowledge.

Another approach, fuzzy set theory, has been developed to cater for significant parameters
which are ditficult to quantify, Yao(1985). Thus linguistic descriptors are used to describe the
damaged state of certain structural components in a subjective manner, such as 'the structure is
moderaltely damaged’ or 'the structure is severely damaged’. These descripiors may be assigned
numerical values (known as 'membership functions’) which are logically manipulated to provide
an answer to the question "How severely damaged is the total structure?". This would be
couched in such terms as “the total structure has a weak/moderate/strong membership of the
severely damaged set".

It was telt that, although such theory might be very useful for assessing certain values such as
damage stales or the nature of human behaviour for example, unfortunalely lack of knowledge of
the interrelationships between the highly individual critical paramelers (as evidenced by Table
3.1) would undermine the value of such an approach to the capsize problem.

46



LOCATION Port Approaches 80

Coastal 84

Open Sea 28 Unknown = 4
SEASON Spring (Apr—Jun) 40

Summer (Jul-Sep) 51

Autumn (Oct-DecJ 52

Winter (Jan-Mar) 53
TYPE Fishing Vessel ) 7’8

Commarciol )

PlLeasure 24 Unknown = 1
WIND 0-2 19

3 -6 57

7 -10 33

> 10 0 Unknown = 87
CONDITION In Ballast 34

Partially Loden 34

Fully Laden 24

N/A eg pleasure 31 Unknown = 73
SEASTATE Smooth (0-1.6°) 24

Moder, (1.6-4") 46

Rough (4+ ) 22 Unknown = 104

Figure 3.4 Casually Breakdown for Foundering and Capsize
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‘The allernative to: the alorementioned' hindcast/retrospective :approaches. is ‘to :develop. a.

prediction_methdd to- férecast the probability .of .occirferice: of; extreme: roll .motions: judged|
dangerous oriundesirable for continued safe: operation. '

Chapter 4 describes the framework. of risk that'was adopted in- this research and Chapter- 5
discusses how the problem of predicting extreme ‘roll motion in a seaway 'was lackied.
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Chapter 4

Managing a Lifetime of Risk

4.1. Introduction

"...It is essential to develop a rational philoscphy and a logical procedure of assessing intact
stabifity in particular wherain the essential steps and decisions are clearly indicated. Such a
procedure when applied to a conventional or novel vessel will not only ensure a consistent
approach to design but will show clearly where the uncertainties lie and where further research is
most nesded”.

Morrali {1982)

Most of the notewarthy papers on intact stability of ships have concentrated in recent years on

the theoretical aspects of an apparently intractable problem to predict large angle roll motion very

accurately in idealised wave conditions e.g. Roberts{1984). Little or no reference has been made

to safety and ship performance in rough seas in order lo develop a tframewerk for future design
and stability criteria.

The most universal stability criterion should be the probability of non-capsizing of a vessel
during its lifelime but as Kastner (1982) points out:

“It woutd be an almost impossible task to solve for the real actual probability of capsizing for any
ship during her liletime, because of the many parameters involved such as ship characteristics,
environment, service routes of ship elc”.

A queslion also arises whether it is possible 1o calculate the capsize probability with sufficient
accuracy since the occurrence of extremely severe conditions of wind and waves causing
extreme rall motions is a very rare phenomenon which may not be accurately predicted on the
basis of slatislics at present. Unless this Inaccuracy in the probability calculation is of a lower
order than the final predicted value of risk the usefullness of this concept in assessing stability
criteria may be questioned, Sevastionov (1970).

In spile of these observations, and in order to avoid a large safety margin which would be
inappropriate to use throughout the entire life of the vessel and would lead, amongst other things,
to pcor seawoarthiness and unsatisfactory economic factors, it has been suggested that it would
be useful to analyse chosen critical situations (scenarios) of the vessel taking into account their
probability of occurrence e.g. Kobylinski (1975). Thus, using this concept, logically the stability
criterion is motion _based - being the probability of non-capsizal of the vessel during several
selected dangerous seagoing scenarios. Such an approach requires the identification and proper
selection of the potentially capsize-causing siluations {(combining features of design with
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environmental and operalional factors) together with the probability of their occurrence and a
realistic modelling of the total system (including human) behaviour. It is felt that, provided
consistent and plausible assumplions and values are applied, the estimates of survivability which
result should have meaningful comparative signiticance, Caldwell (1983).

In any event the limitations imposed by data availability and quality, which have been described
previously in chapter 3, will inevitably lead 1o a comparative survivability assessment and it is
probably most useful to ensure that all vessels are judged comparably sate for their respective
intended modes of operation until the data quality improves.

To summarise, the probability approach to stability assessment that was finally adopted at
Plymouth comprises three distinct but interacting parts:

1. Identification, selection and treatment of the critical (potentially capsize causing)
scenarios

2. Evaluation and combination of the probabilities of the critical scenarios identified in
(1) above

3. Modelling of total system behaviour comprising primarily vessel response but also
containing aspects of human behaviour

The remainder of this chapler is concerned with the important parameters that should be
included in the analysis and the handling of the associaled probabilities to manage a lifetime of
risk.

4.2. The Capsize Phenomenon

By consideration of the capsize phenomenon some useful pointers to the dangerous situations
which are being sought may be found. Careful analysis of casualty records as well as
observations of capsizing model experiments in rough seas has provided a good picture of
capsize e.g. Boroday et al (1975), Takaishi (1982). For example Table 4.1 from Takaishi {1982)
classilies the flooding and capsizing accidents of some 448 ships into 10 modes corresponding to
ship and navigation conditions as well as environmental conditions. Similarly Table 4.2 also
taken from Takaishi (1982) reveals the main factars causing capsize in rough seas. These tables
reveal the great diversity of {actors that may contribute to a capsize and the retatively high
incidence of human factors having major contributory eflect. An ideal analysis would seek to
account for all of these factors but in praclice some means of standardising them, particularly for
regulatory purposes, is clearly both necessary and desirable.
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Casa Causes or Conditions of Casualties

Number of Casualties

Fishing Boats Cargo Vessals Total

1 gaviqating in Quartering or Follow~- 25 (19)* 26 (19} 51 (38)

ing Seas
2 Navigating in Head, Bow and Beam

Saas 49 (37 101 (64) 150 (101)
3 Navigating in Calm Water 5 {5) 15 (15) 20 (20)
4 Working as Fishing or Towing Ship 5 { 5) 25 (20) 30 (25}
5 Hull Break Down 17 (L 37 (3 54 ( 6)
[ Mishandling of Piping or Valve System 24 { 3) © 22 { 5 46 ( B)
7 g;;:g:ing in Harbour When Storm or 12 (M 12 ( 4) 24 (N
8 Misloading of Cargo 3 { 3) 47 (45) 50 (48)
9 Icing or Drift Ice 8 {8) 0 () 8 (8)
10 Reasons Other Than 1-10 5 { 2) 10 { 6} 15 ( 8)

TOTAL 153 (86) 295 (183) 448 (269)

*Note: Number in parenthesis indicatesa the number of capsizing accidents.

Table 4.1 Classification of Flooding and Capsizing Accidents
Takaishi (1982)

Factors Cousing Capsize g;::ing 5:;321 Total
Over Loaded 9 8 17
pr-Heavy 13 11 24
Insufficient Lashing 1 20 21
Inferior Loading 7 17 24
Cargo Shift 13 41 54
Open Door 9 22 31
Inferior Hatch Cover 2 18 20
Hull Break Down 2 1 3
Shipping Water on Deck 29 26 55
Breaching 1 3 4
TOTAL 52 87 139

Table 4.2 Classification of Main Factars Causing Capsize

Takaishi (1982)
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Closer examination of capsizals during model tests has shown thal several distinct capsize
mechanisms exist. These may be classified with respect to heading of vessel to the incident
waves:

4.2.1. Capsiz'ing Experiments in a Beam Sea

Experiments with models side-on to the wéves have revealed that the large heel angles are the
result of two mechanisms e.g. Morrall (1975 and 1978), Dahle et al (1980):

1. The impact of the wave as it strikes the superstructure and the huil.
2. The high front of the wave upon which the vessel may float.

It is this second factor which is the main reason for the vessel adopling large heel angles.
Experiments have revealed that these will occur on the whole irrespective of the stability of the
vessel and that the models lay at this large angle after the wave had passed. Whether or not the
vessel 'survived’ was dependent on the value of the righting lever (positive or negative) at the
large heel angle.

In addition Takaishi (1982) and other researchers have demonstrated that shipping of water on
deck and cargo shifting due to large lateral accelerafions acting on the weight are major
contributory factors o consider in the beam-sea situation.

4.2.2, Capsizing Experiments in a Following Sea

Three kinds of capsizing phenomena have been identified by experiments with models in
following seas:

1. Pure loss of stability occurs when the model is moving with a speed nearly equal to
the wave phase velocity, when a wave crest may assume a stationary pasition
amidships, Paulling et al (1972). Reduction in waterplane area reduces the initial
stability and GZ values at all angles of heel. The vessel capsizes in the same way
as an unstable vessel in calm water i.e. in a non-ascillatory manner. The effect is
exacerbated when the height ol the wave is sufficient to wash over the deck,
Takaishi (1982), Hanssen (1982).

2. Paramelric excitation {or Mathieu eHfect} accurs when the encounter frequency of
the ship to waves is around halt the natural rolt frequency. In the event of a wave
crest being located amidships the vessel's righting levers will be reduced (as
described above} and the vessel may heel over to a large angle. At complete
synchronization as the vessel reaches maximum deflection the wave has moved on
until there is now a trough positioned at amidships with consequent increase in
righting levers. The vessel will return rapidly to the upright where its righling levers
are again reduced as the wave crest approaches amidships. The vessel assumes
larger and iarger angles of heel unlil it may capsize if lhe initial stability is very low
[GM/Beam = 0.0075 according to Paulling et al (1972)]. Regular choppy waves
with a wavelength between 1 - 2.5 times the shiplength are frequently quoted for
this phenomenon to occur.

3. Broaching occurs when the ship is overtaken by a large wave, (me,e»Lsh‘-P).
accelerated on the waveslope and forced to move at the same speed as the wave.
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The vessel is forced to yaw off her course suddenly and will come about only to
heel over to leeward. Directional control is lost as a resull of the low relative speed
between the rudder and the wave and the vessel will tend to tum rapidly
encouraged by the asymmetrical flow of water past the bow. The combination of
dynamic forces exerted by the waves and the centrifugal force generated by the
lurning action produce large heel angles or capsize angles.

4.2 3. Capsizing Experiments in a Quartering Sea

Model experiments indicate that when the ship navigates in steep and short quartering waves
with high speed the worst beam-sea and following-sea factors can occur simultaneously, Takaishi
(1982). It is apparent that the vessel can be subject to all of the above mentioned phenomena if
the conditions are sufficient, the difference being that the relative wave elevations on the ship's
side become large in the quartering waves at amidships so that water can enter anto the deck
easily. Because of these facts the quartering sea case deserves special attention in a motion
based stabiiity assessment.

4.3. Conceptual Model Outline

It follows that every seagoing situation should be analysed to take account of all the possible
capsize phenomena described above. This is especially true of smaller vessels under
investigation when, due to scaling effects, the ratio of exciling moment to restoring moment is
likely to be larger than for a larger vessel. Consideration should also be given to the possibility of
one phenomenon giving rise o another e.g. heavy seas from the beam causing cargo shifting or
walter ingress. With the current state of knowledge this would lead to the ideal demand/capability
assessment indicated in Figure 4.1. This would be a mixture of analytical time and frequency
domain techniques and experimental techniques to predict the occurrence of the various capsize
mechanisms. The largest roll motion oblained from consideratlion of all of these would be
recorded in this case.

Since the main aim of this study is to formulate an overall risk framewark for assessing the
satety of a vessel against capsize, only certain capsize phenomena are modelled in the present
work as discussed in Chapter 5. Eventually it is envisaged that the appropriate mofion prediction
lechniques for analysing all of lhe various capsize modes will simply 'plug-in’ to the (modular)
computer program which has been wrillen and is described in detail in Chapter 7.

Major altention has been focussed on synthesising the component parts which must be given
consideration so that a realistic assessment of the probability of extremse roll motions is obtained.
This will provide an index of survivability for each vessel given the difficuities of accurately
predicting the actual capsize probability that have already been noted.
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4.4, Short-Term versus Long-Term Analysis

There are two particular types of prediction method that may be generally considered for ship
stability as advocated for the design of an offshore structure. These are:

1. the long-term prediction method, which considers all variations of the responses for
every cycle of wave encounter in the ship's lifetime regardless of their magnitude,
Ochi (1976a).

2.the short-term prediction method which considers only certain of the wave
encounters, usually the severest which are likely to occur in a vessel's lifetime, Ochi
(1978a).

4.41. Long-term Analysis

In operability-type studies such as a fatigue analysis it is necessary to consider every cycle of
vessel response during its lifetime since all cycles contribute to structural fatigue failure.
However, for estimating extreme values this long-term methad has the serious disadvantage that
bacause a significant percentage of vessel response are of small magnitude in relatively mild
seas these do not contribute to the extreme values. The magnitude of vessel response will not
reach a critical level irrespective of how long she operates in mild seas, while the magnitude will
reach the critical level within a short period of time in moderate/severe seas. Indeed for certain
classes of vessel it has been shown that the inclusion of responses in mild seas in predicting
extreme values introduces a significant inaccuracy in establishing the probability function used for
the prediction, Ochi (1976b).

4.4.2. Short-term Analysis

It is thus considered appropriate lo consider only severe seas and several others below the
severest since quite often only the severest seastates will cause the extreme motions. Provided
that the relatively rare catastrophic responses in mild seas can be accounted for then the amount
of compultation can be reduced. Cbviously it is nat sufficient to seek the warst cases in an ad hoc
manner and some ordered approach is desirable:

4.5. Test-tracks and Proving Ground

In an attempt to 'trap’ the worst-case scenarios, the proposed method consists essentially of a
subject vessel being required to successfully (i.e. without capsizing) negotiate a series of "test
fracks" which have been designed to represent the range of critical {potentially capsize causing)
scenarios that it will encounter during its lifetime.

In the automobile industry, in particular, this type of procedure is common. A road vehicle is
caused to perform a series of manoeuvres over varying terrain in a variety of condilions
(environmental, load, speed etc.) where each test-track represents one such set of conditions.
For example there will exist a handling and stability test-track, a steep gradient test-track and so
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on. The total lest-track set is termed the "proving-ground” and its overalt nature reflects the
vehicle's intended use and type, Thus a sporls car will have a different set of test-tracks to
negoliate than an articulaled lorry, though some will be identical, Figure 4.2.
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Figure 4.2 Handling and Stability Circuit at MIRA, Williams (1983)

The main advantages fo the vehicle designer of using this approach are:

1. The full range of operating conditicns, including the very imporlant severe
conditions, can be reproduced in a manner which is difficult to achieve on the apen
road; thus making repeatability of results possible.

2. Vehicles are tested under tightly conftrolled conditions where individual
characteristics such as handling can be assessed, in isolation if necessary, and
compared against previous and other vehicles’ performances.

3. Altention is focused on individual elements e.g. vehicle suspension settings so that
if a poor performance characteristic manifests ilself on one particular test-track the
design can be precisely retested after suitable modification.

Itis believed that these are valuable procedures which can be used to assess the capability of a
seagoing vessel to perform its duty in salety. However, leaving aside the immense difficulty of
physical modeliing of severe sea conditions, expense would preclude the use of a purely physical
marine proving ground for every single vessel, aven if the conditions could be precisely and
routinely recreated. Thus it is envisaged that at first the test-tracks will be largely analytical in
nature with some experimental back-up for certain difficult aspects until, as the theory improves,
eventually no physical experimentation would be required (?)
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4.5.1. Choice of Test-Track

As with the road vehicle case, the vessel type and intended zone or zcnes of operalion dictate
the nature of the proving ground that the seagoing vessel will be required lo negotiate
successfully by regulaticn. Thus a vessel which is intended for operation in a sea-area which is
well sheltered or has sheiter to hand will not have to 'negofiate’ cerlain of the more stringent
test-tracks required of a vessel which is intended for extended operation in high icing latitudes for
example. A vessel which is intended for unlimited international operation would be subjected to
the worst possible weather condifions.

Indeed, some form of licensing {(or alternatively an appropriate equipment level) might be
envisaged lor individual operational zones since this would avoid the potentlial overdesign (or
underdesign) of vessels which the current 'blanket’ regulations may encourage.

By direct analogy with the case of a road vehicle which is made to perform a series of
manoeuvres over varying terrain, during which time various measurements of handling, vibration,
stability, power etc. may be taken simultaneousiy, the subject vessel proving ground is subdivided
with due consideration of:

a) distinct climate conditions

b) distinct wave conditions

¢) distinct operaling procedures

d) distinct displacemant conditions.

The vessel is examined over the same sea areas (the same circuits for the road vehicle) for
different capsizing phenomena and thus the concept of a "layered test-track” approach may be
considered. Figure 4.3 illustrates this for a single operation.
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Figure 4.3 Layered Test-Tracks

These test-track layers may be overlayed to give the largest roll response for any individual
scenario as indicated in figure 4.3. Alternatively, by separating the layers and considering
individual test-track performance (for pure loss of stability as an example) the effect on the
performance of selected design and operational fealures can be considered in detail. This
concept would allow detail design improvements to be made for any of the layer characteristics.

Overall proving ground performance will allow comparison of tolal perfermance and salfety
levels across a fleet of vessels for example, though this ‘average’ value should be treated with
caution.

In this study the single test-track which is concerned with "general ship rolling" is being studied
and the other test-Irack layers are not considered due to the constraints on available time. in
gensral less calculation will be naecessary for the other capsize phenomena since they tend to be
very heading/speed dependent and thus many scenarios could be eliminated on this basis at the
outset.

A typical subject vessel can be expecled to operate, over ils lifetime, in a wide range of
environmental and displacement conditions and to be subject to different masters' action. The
correct choice of test-tracks to isolate the potentially capsize-causing scenarios from amongst all
possible operating scenarios encountered by the vessel, during its lifetime, is vital if certain critical
operatlions are not to be overlooked along the way. Whereas it is computationally desirable that
the proving ground should encompass (only) all of the possible scenarios which could cause
capsize, it is obviously not possible to pre-define them all and it is thus necessary to initially
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consider that all scenarios are potentially capsize causing. However, if an initial assumption is
made that only the severest seastates cause the severest responses then the amount of
computation for any scenario is reduced if the arder of severity of seastates to which the vessel is
subjected (everything else remaining unchanged) is progressively reduced from the most severe
possible to the least severe in the operating zone being considered. It was intended that the
results of multi-variate (pattern recognition) analysis of casualty data (for the broad vessel type
and size under consideration) could be used to ensure that no proven {frequently recurring)
capsize scenarios have been missed, particularly in mild seas. These positively identified
"capsize nuclei” (each one representing a distillation of many similar casualties) form critical
scenarioé for cansideration and are embedded in the test-tracks with raspect to time and location,
Figure 4.4,
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Patrol Area

Figure 4.4 Capsize Nucleii

4.5.2. Managing the Lifetime of Risk

The process of handling all of the scenarios comprising a lifetime of risk is best described with
the aid of an example. The subject vessel being used for the present study is a fisheries
protection vessel which has an operational area encompassing the northern North Sea and north-
eastern Allantic in the region of the 100 fathom line around north west Scotland. There are also
occasional sorties of up to 200 miles into the open North Allantic.

Essentially, the adopted prediction method aims to calculate p(¢, < ¢} the cumuiative probability
of a ‘critical roll motion’ ¢_ being exceeded, at least once, during the vessel's lifetime of cperation.
This value is represented by the proving ground result,

Probabilities of motion exceedance due to the individual capsize phenomena, represented by
individual test-track performance, is also being sought.

The cumulative probability p(¢, < ¢) can be obtained from a knowledge of the underlying lifetime
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response probability density function p(¢). This in tum can be found by coemputer-predicting
independent trial samples of roll response over the vessel’s lifelime together with the independent
single trial probabilities of occurrence. These independent trial results are then combined using
Bernoulli trial procedures, Appendix A4.

A preliminary analysis is necessary to determine a vessel's intended missions (operating
practices and operating areas). From the known mission profile for the vessel which, in this case,
is already built and operating it is assumed that the vesse! will only ever operate in the sea areas
labelled 2 and 4 in Figure 4.5.
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Figure 4.5 North Atlantic Basin Climalolagy Regions
Bales et al (1981)

This figure indicates the boundaries, called domain boundaries, of the sea-areas in the North
Atlantic basin into which the chosen climatology data is divided, Bales et al (1981).

It is assumed that each sea-area has its own distinct climatology and that this is homegenaeous
{uniform) within the domain boundaries shown.

Thus the sea-areas 2 and 4 together comprise the proving ground for the subject vessel.

Typical missions indentify routes within the proving ground. One of these is shown in Figure 4.6.
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Figure 4.6 Identification of a Typical Test-track Location

4.5.3. Application of the Method

For the remainder of this chapter the term "test-track” is referring to the frequency domain
*general ship rolling” test-track unless otherwise stated.

A typical mission is involved in proceeding from the home port {Position A in the figure) to the
patrol area at position C where time is spent on station before retumning to A by the same route. It
can be seen that the intended course track is ABB'C which crosses the domain boundary at B'.
Thus this test-track comprises 2 separate spatial domains where the climatology is assumed
homogeneous. In order to reflect the varying wave conditions within the same climatology, each

domain may be divided into sub-domains. This is oniy necessary if it is required to model
different wave conditions, such as apen-sea and fetch-limited wave conditions, within the bounds
of a single domain.

Each spatial domain/sub-domain is further subdivided into domain segments which are
segments along the intended track where the vessel's displacement condition (Ak Kk, k£, )can be
assumed constant. Thus in figure 4.6 between AB and BC the displacement conditions are

assumed constant and different. (For convenience, and to faciiilate comparison of performance
with the existing slability criteria, the actual foad condilions which are used are based upon
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values given in the vessel's stability booklet to represent the complete range of vessel capability
in operational practice).

4.5.4. Independent Trial Samples

In order to be able to use lhe simple procedures for manipulating probabililies, which are given
in Appendix A4, for risk and operability studies it is necessary to ensure that all the predicted
responses (lrial samples of the underlying lifetime response probability density function) are
independent. This necessitates that the response obtained from one scenario shall not have
been influenced by any previous responses obtained in the domain segment i.e. the response
obtained should have no 'memaory’.

Thus it is required to know how many independent trial samples of the underlying response
distribution can be taken in each domain segment since this has an important bearing on the
probabilities obtained. For this purpose an independence interval was introduced by Hutchison
(1981). This ‘interval’ represents the minimum distance in time and/or space that a vessel must
travel before the seastates (and by inference the resulting responses) can be considered
independent trial samples of the underlying seastate probability density function. This is an
important concept since conditional information concerning the seastate (and thus the responses
obtained) at one instant strongly alters the probability distribution for seastates (responses) at
nearby times or localions. The influence of the conditional data diminishes as one moves further
away in lime or space until eventually the underlying seastate (response) probability distribution is
again dominant.

Hutchison proposed a simple form of melric for the number of independent ship exposure
cycles, N :

N=WTIT 2 +(VTIL,)?
where
T,=independence period, hours
L, =independence distance, nautical miles
T =exposure time, hours
vV =average vessel speed

The independence period/distance is the time/distance required between two observations for
them 1o be independent. These are indicated as a » symboi in figure 4.6. Furher work is
required in this area but values for the independence period of between 13 and 24 hours have
been quoted based on some available seastate pracess sampling rates on a scale significant to
ship routeing, Hutchison(1981). In fact a simpler measure:
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N= Exposure Distance R
VT,

is more appropriate if vessel speed relative lo the advancing weather condilions is used.

4.6. Applied Probability Concepts

A particular vessel design which is operating in a domain segment (i.e. of a paricular load
condition) will have a motion response dependent upon the combination of factors route,
climatology and seamanship. These factors are considered in detail in chapter 6.

It is apparent that the single trial probability of obtaining a roll respense level (¢) is equal to the
single trial probability of encountering the particular load condition, route, climatalogy and
seamanship giving rise to the response.

Thus the single trial probability of obtaining the predicted roll response (¢) given the domain
Location (L), Season (§) and foad condition () is: '
Pl ($/LS4)

where p! indicates the single trial probability equal to the single trial probability of encountered
seastate (H.T,), relalive heading to waves (u) and speed (V) given the domain lacation (L),
seasan (5) and load condition (a) i.e.

P (0/LSA)=p' (WVH.T, ILSA)

The value of p!(u VH;T,"/LSA) is obtained by manipulation of the component probabilities
given in Table 4.3 from chapter 6.
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Probability Description

P{L,S) Joint Probability of v/L
location and season

P(C,V, /L,5) Joint Probability of
intended course and speed| -
given the locatlion and
seagon

PtHa',Tm,F,OI Joint Probability of
L,S) ' encountered significant
! wavehelight and mean wave
period, wave family
spectrum and predominant
wave direction given
location and season

PIHS'IHSJ Probability of
encountering a seastote
of severity H_'after
taking avoidaflice action
given that H_ would have
been encount@red if no
bad weather avoidance had
been attempted

L]

PIVou/H T, Joint Probability of new

Vo‘"o’ speed and new heading to
waves after master's
alteration in response tol
excessiva motions caused
by seastate severity and
original speed and
heading

Table 4.3 Component Probabilities Required in the Alialysls

There are several ways of combining these probabilities but in the present study the adopted
procedure is as follows:-

a) For a Glven Domain Segment (A constant):

The desired relative heading lo waves p,, belore any maodifying seamanship, is given by
[pe=C -] where C is the course and @ the predominant wave direction.

Now the joint probability of seastate, desired heading, wave spectrum and speed (prior to
seamanship) given the location L and season § (for a given load displacement A) is:

(ko VoH, T, /LS)
=p(CVy/LS) . p(®H, T, /LS)
=[ PCV,ILS) . PICHG)H, T,/ LS) dC

=[ PCV,/LS) . MIC-WgIH,ILS) . p(FIL) dC
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where F is the wave spectrum family member [F=£T )] described in chapter 6.
b) Incorporating the avoidance type seamanship, p(H;I H), gives after avoidance:
g VoH. T, /LS)

= PUHIH ) . plagVoH, T, /LS) dH,

¢) Incorporating the pacitying type seamanship p(uleovoH;Tm) yields the required joint
probability of seastate, heading and speed (after seamanship action) given the location and
season.

pWVH. T, /LS)
=p(WV Vo H. T, ) . plg Vol T, ILS)

This is the single independent trial probability of abtaining the predicted roll response ¢ resuiting
from this scenario in a given domain segment for one set of conditicns. There are many such
sets or combinations of conditions which must be considered.

At this stage of combining all the possible combinations the opportunity is taken to obtain
directly the single trial probability of roil response ¢ exceeding the critical value ¢_, p'(d)c <4). To
every scenario a response level ¢ is predicted, such as the expected maximum roll angle, which
has a value dependent on the duration of exposure to each seastate. If a counting functional is
constructed from:

=J 1 forg.<¢
0 otherwise

the cumulalive single trial probability of exceeding the critical roll angle ¢, in the domain
segment (for a given load condition, location and season) is given by:

b < O/ILS)

_ {2 p2n oo foo rfF ’ !

_JO Jo jo IO - PRVINGVoH T,) . pH IH) . p(CVoILS) . pIC-pgl HILS) . p(FIL) . ¥,
dC dpg dVydH _df

If required, further counting functionals can be added to this equation, e.g.

Y" =J 1 for ¢: <d
0 otherwise

would give the cumulative single trial probability of roll angle ¢ exceeding ¢. with a roll
acceleration ¢ exceeding ¢_:

plb. <6, 4. <)

The number of independent trials in the domain segment is found from:

65



where

R is the distance along the course track between entrance and exit boundaries of a domain
segment e.q. distances AB, BB', B'C in figure 4.6

vV is the vessel speed relative to the weather speed of advance
T, is the independence period

Then the probability of (¢, < ¢) in & independent trials in the domain segment is given by
(Appendix A4):
PO, < ¢/L=1-(1-p'b. < &/LY

Since the p‘”(¢c<¢) processes are independent processes in each domain segment 4,
domain/sub-domain location (L) and season (S) the probability that ¢ exceeds ¢, at least once is
given by:

prte<=t={ [TII] 1-Y6 < oiLs)
L 5 A

This final expression yields the proving ground result i.e. the overall probability that ¢ exceeds
¢, for a lifetime of operation.

For a vessel having a mission profile which invoilves multiple sea, displacement and operational
conditions it may be more convenient to partition the operating locallons into totally separate
contiguous regicns. Alternatively it may be desired to extend the proving ground at a later stage.
In this case the required probability is given by;

pPZ Q. < o)=1-[T (L -pplo, < 0%
where @, is the number of distinct proving-ground partitions of type i.

A worked example of the prebability calculation is included in chapter 7. Quantification of the
actuat test-tracks used in the study is described in chapter 8.
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Chapter 5
Linear Seakeeping Theory for Capsize Prediction

5.1. Introduction

A complete mathematical description of the rolling motion of a ship in waves, taking all possible
factors into account, is at presant wall beyond the state of the art.”

Roberts {1984}
When a vessel capsizes, from whatever cause, it assumes a large angle of inclination from
which it cannot recover.

In order 1o proceed with the probability analysis described in Chapler 4, a reliable method of
predicting the magnitude of the large roll motion of a ship capsizing in waves is required. Indeed,
ideally the chosen method should have the following main atiributes:

+ |t should be capable of predicting the large capsize roll motion while taking account
of the non-linearities inherent in the roll damping and restoring moments, as well as
in the extreme wave excilalions.

e The stochaslic nature of the wave excilation and the roll response should be
recognised.

« Roil, sway and yaw coupling effects must be included, particularly when considering
the case of a vessel operating in following or quartering seas. Roll-sway coupling in
particular leads to significant roll damping e.g. Vugts (1969).

e In addition, for risk analysis purposes, the method should take into account the
various design leatures and oparational effects such as varying displacement, speed
and heading to waves as well as the elfecls of waves themselves.

The capability simuitaneously to predict pilch, heave and surge as well as the manoeuvring
characteristics of the vessel and the various capsize phenomena which were identified in Chapter
4, wauld enable a tolally integrated approach o capsize risk assessment. °

Consideration of human behaviour and fallibility as well as any exceptional circumstances such
as the occurrence of freak waves or equipment failure would cemplete the picture.

Unfortunately such a general theory for non-linear system respanse to stochastic processes
which is suitable lor a risk analysis does not currently exist. An extensive review was made of the
available methods which might be suitable for the extremely daunting task outlined above. At that
time there appeared to be four main methods worthy of consideration:

1. Mathematical Simulation
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2. Fokker-Planck-Kolmogorov (FPK) Method
3. Lyapunov Method
4. Linear Spectral Analysis

5.2. Theoretical Methods Available for Capsize Prediction

5.2.1. Mathematical Simulation

The most obvious approach to the problem is to use numericat simulaticn, thus including ali
relevant non-linear terms. The simulated motion history is analysed as if it were an experimental
record and the resulting histogram approximates to the motion probability density function.
Estimates may be made of:

1. Probability of a given roil angle being exceeded
2. Likely maximum roll angle (probabie-extreme roll angte)

3. Roll angle with a certain percentage chance of being exceeded in a particular
number of samples (design-extreme roll angle).

These values may be obtained by fitting an appropriate distribution, such as a double-
exponential distribution, to a histogram of a number of peak {extreme) roll angles which occur in
N samples e.g. Brook (1986).

The problems are exactly the same as with other methods in that the equation/s of motion for
large amplilude waves and motions are unknown. It is aiso very expensive to perform
simulations to represent several years of sea conditions.

5.2.2. Fokker-Planck-Kolmogorov (FPK) Method

This methoed which is not derived from linear theory is capable, in principle, of predicling the
form of the response distribution for non-linear respenses. The F.P.K. methed, Caughey (1963),
is relaled to the general theory of Markov processes and Roberts has introcduced the concept of
stochastic averaging to allow a solution with non-linear damping and restoring forces, Roberls
(1982).

This approach makes cerlain very restrictive assumptions which devalue its worth for the
proposed risk analysis procedure. For example, the conventional (single degree of freedom) roll
equation is assumed valid up to the large roll angles and coupling effects, aithough possible in
principle, would involve complex mathematics and a lengthy solution. In addition the effects of
forward speed and heading can only be approximately accounted for, Roberts et al (1983).
However, parametric excitation can be evaluated.

It was concluded that this Markov technique will require further development before it may be
used as the ceniral prediction method for the analysis. Nevertheless, for the case of a vessel at
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zero speed of advance in irregular beam seas, close agreement wilth experiment has been
demonstrated when the roll damping is light, Reberts (1984),

5.2.3. Liapunov Method

The concept of relative stability, which is particularly important for small ships, can be related to
Liapunov's theary of the stability of motion, Caldwsll et al {1986). It can be shown that a sufficient
condition of dynamic stability follows directly from a theorem on the extent of asymptotic stability
using Liapunov’s direct method, Odabasi (1978).

Liapunov's so-called “second” method of investigating the stability of non-linear dynamic
systems, without solving the differenlial equation, requires the formation of a function of the state
variables having a special property such that its time derivalive is negative along the trajectory of
the system. If such a function can be found, then it can be said that the system is stable, since it
is known from the properties of the function that the energy of a stable system will decrease after
a disturbance. This function is termed a "Liapunov Function®, V(x), and is often represented as
the sum of the kinetic and potential energies of the system. Hence it can be used to determine
the explicit bounds on a perturbed motion from an energy point of view.

From this is defined an energy bound as a stability margin ‘M’ for a system under transient
excitation. This is a measure of the disturbance in the exciting force that a ship in an equilibrium
state can withstand before thal state becomes one of unstable equilibrium. A is defined, using a
Liapunov function expressed in energy terms, as an energy bound determined in relation to the
relative positions of two equilibrium points (one stable, one unstable) at which the static stability
curve is intersected by a steady heeling moment. The latter is taken here to be a constant wind
moment; the additional excitation could then be due to wave and/or wind gust moments.

As an example consider Figure 5.1, from Caldwell et al {1986), which illusirates the results for a
vessel under a steady wind heeling moment.
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Figure 5.1 Stability Boundaries

It the single degree of freedom roll equation is, for example, that shown at the top of figure 5.1
and the static stability curve as in figure 5.1 (a), then figure 5.1 (b) is the potential energy V =G(X)
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corresponding to any displacement Y1. A subdomain of asymptotic stability is drawn in the phase
plane, figure 5.1 (c), in which trajectories of the metion (initiating at various positions) are shown
to illustrate the usefulness of the energy bound concept in stability problems. Here the use of the
two functions V1 and V2 gives similar resulls, which also agree closely with that abtained using a
Runge-Kutta solution of the roll equation.

From the definition of marginal stability at the stable equilibrium paints, the reserve of energy of
the ship can be determined, using the Liapunov function, as the difference between the nearest
unstable equilibrium state (B) and the stable equilibrium state (A) in figure 5.1 (a). This energy
value, which is the minimum energy the system must acquire to escape from the equilibrium
state, can be regarded as the reserve stability corresponding to point A. Comparisen of this
reserve energy with the energy of wave excitation provides a measure of the stability margin "M"
for the ship at this point A on the curve l.e.

_energy requiredto make the ship unstable
excitation energy

M

Unfortunately, mathematical stability theory also depends heavily on the equations of motfion for
stability assessment. In its present form it is not really suited to a probabilistic assessment of
capsizing since it is mosily concerned with condilions under which an initial perturbalion becomes
unbounded e.g. Odabasi (1982), whereas in the present study of capsizing we are concemed
with conditions under which motion exceeds a prescribed practical bound. This aspect is
currently being addressed by Caldeira-Saraiva (1986). There are further drawbacks to the use of
Liapunov functions, including their lack of uniqueness {giving a sufficient but not necessary
condition for stability) and the absence of a general method for their construction.

However, more recently, work has been reported which is addressing the problems of non-
linear damping, parametric excitation and coupling with the other modes of motion, Caldeira-
Saraiva (1986), Phillips (1986). This will make Liapunov methods a very powerful tool for
assessing stability of motion, once the unfamiliar methods on which the above procedure is
based become understood and accepled by naval architects.

5.2.4. Linear Spectral Analysis Approach

Although extensive efforts have been made in recent years lo develop a more realistic theory
for rolling motion, by lreating the wave input as a stochastic process, e.g. Salveson et al (1970)
and Schmitke (1978), the linear spectral analysis is not reaily suited to predicting the large
capsize roll angles. This is due to the non-linear nalure of the roll damping and restoring
moments with changing roll angle as weli as non-linearities in the wave excitation. Since the
analysis is performed in the frequency domain, certain capsize phenomena such as broaching
and parametric resonance cannot be predicted - being more suited to a time-domain analysis.
Unfortunately, a general theory for non-linear system respanse to stochastic processes, having
the same scope as linear theary is not yet available.

Linear lheory can include motion coupling terms together with the effecis on response of
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underbedy hull features and sectional properties and operational features such as load condition
and vessel speed and heading. The importance of roll-sway coupling in following and quartering
seas has already been mentioned and, in addition, the ability to {accurately) predict coupled
vertical {pitch and heave) motions is important from the viewpoint of predicting excessive sea-
loads and motions. For example slamming may influence the master to subsequently aiter
heading or speed to seek acceptable motion/sea-loading limits.

The linear approach can yield useful information on the probability distribution of roll angle
{(usually obtained by assuming the response is a narrow-band process) but not on extreme
motions. ‘

To summarise this review it is apparent that motion prediction methods which are available tend
to either give accurate predicticn of uncoupled large roil angles for an intact vessel stopped in
beam seas, or else {0 have the scope for a risk analysis study but not the capability to predict the
large rell angles. The linear superposition principle of St Denis and Pierson falls into the latter
category. Whilst it can give reasonably good resulls for coupled pitch and heave motions the
prediction of large amplitude coupled lateral motions is less satisfactory because of the inherent
motion non-linearities.

5.3. Basis for the Investigation

5.3.1. Potentially Dangerous Motion

It is apparent, from the preceding discussion, that a great deal of work is necessary belore
large-amplitude rolling motion can be routinely and accurately predicted. The development of
mare advanced theory for fluid active and reactive forces that vary with amplitude, together with
mathematical models describing the coupled roll-sway-yaw motions is required. This wouild
appear likely to take a very long time. '

Thus a further important feature of the present analysis is ihat the prediction of the actual
large-angle capsize is not attempted per se. Instead a lesser roll angle termed the "potentially
dangerous” roll angle is selected, beyond which it is assumed that a capsize is likely. Thus the
potential for disaster is being predicted rather than the disaster itself. This novel approach can be
justitied for the following reasons;

» Long before the vessel reaches its capsize angle there is often great likelihood of
cargo shifting.

= Simultaneously there is great liketihood of water downflooding into the hull as well as
water trapped on deck,

s Large changes in the hydrodynamic coefficients occur as the deck edge is
immersed. Further changes occur as the superstructure becomes immersed.

The distinction is exiremely important because, now, there is no necessity to describe the large
motions themselves and the use of a linear theory may be defensible in certain circumstances. It
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is being proposed that linear theory be stretched to its prediction limits in order to estimate the
occurrence of a roll motion judged to be potentially dangerous.

5.3.2. Value of Potentially Dangerous Roll Angle

For many vessels the range of statical stability, as evidenced by the GZ curve, typically takes
the form indicated in Figure 5.2.

GZ
5
"

where
& is the flooding angle

9, is the angle of vanishing stability

Figure 5.2 Typical Stability Curve

If the heel angle ¢ exceeds 6, & > ¢,, the vessel will theoretically capsize and probably tum
over to the stable position at ¢ =180 degrees.

It d=d,<d, and the opening in question s allowing farge quantities of water to flood into the hull
there is no longer a case of intact stabifity. The further turn of events depends on several factors
but the ultimate result may well be a capsizing if the ingress of water cannot be controlied,
Hanssen {1982). The prospect of having to predict accurately large angle damage stability In
these circumstances is extremely daunting, bearing in mind the state of the art for the intact case.

Similarly, the possibility of cargoe shifting, which can be the direct cause of the capsize has great
implications for accurately predicting actual capsize angles. At the present time little is known
about the dynamics of cargo shifting, particularly for the case of slurry cargoes, and urgent
research is required, Green et al {1981).

The angle of downflooding is c¢onsidered an imporant factor in the requlations, Res.A167
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(1968). Unfortunately the value aof this parameter is unique for every vessel as are the values ol
rall angle/lateral acceleration which would cause cargo to shift. In addilion the cargo shifting
values are frequently unknown and will vary from one cargoe to the next.

Thus from these considerations it was felt difficult to justify adopting a single critical roll motion
based on strict analytical considerations.

The alternalive was to consult with seagoing personnel in order that (possibly) some realistic
subjective measure of vessel performance could be obtained based on experience. During
lengthy discussions with Mr. J. Tvedt, an ex-trawler skipper aclive in the SAFESHIP project
arena, it was concluded that attained anglies of roll up to about 60 degrees (i.e. 30 degrees from
the upright, Figure 5.3) were not considered too serious for the ship's satety provided that:

« openings into the vessel leading to large spaces are not submerged for too long
before the vessel rights itselt

» alf loose objects are adequalely lashed and the (fish) cargo properly pounded
« motion is not too severe for the crew, Tvedt(1983).

(g

0
A

Figure 5.3 Potentially Dangerous Roll Angle

Beyond this 30 degree threshold value it was felt that there is increasing cause for concern.
This was not to say that roll angles less than 30 degrees were treated with complete impunity.
Indeed it was felt that there was increasing unease to the skipper and crew around the 30 degree
level, aithough this may be compounded by the eftects of lateral acceleration acting in
conjunction with the roll. As the number of occurrences of roll angles greater than 30 degrees
from the vpright increases there is increasing cause for concern.

In these discussions no distinction was made between apparent roll values which, due to lateral
acceleration, would be greater at the bridge position than in the engine room, say. Thus 30
degrees is assumed the value at the ship's centre of gravily.
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Far the purposes of the present work, and in the absence of solid evidence 1o the contrary, it
was decided to make this roll angle of 30 degrees the threshold value beyond which it may be
assumed that ‘a large potential for danger’ exists. Thus the reliability of the vessel
(R=p(capability > demand)) is given by {he probability that the attained roll angle is less than 30
degrees, p(¢ < 9,)=p(¢ < 30°), during a litetime of operation.

It was necessary to consider a limiting roll angle rather than a limiting roll velocity or
acceleration because no references could be found which even indicate what these values might
be.

5.3.3. Possibie Objections to the Approach

Bishop et al {1982) presented a paper concerning the role of encounter irequency in the
capsizing of ships at the 2nd international stability conference. In their rather specialist area of
research, they oo advocated predicting when capsizing can become a possibility using linear
theory and cited the following criticisms of their approach by others:

1. that no attempt is made to describe the process of actual capsize is held to be a
basic weakness of the approach;

2. since actual capsize is governed by non-linear equations it is possible that some
crucially imporiant behaviour is altogether missed by a linear analysis.

At this stage for the research investigation the author can only be reassured to same extent by
the response lo these questions:

1. "The first objection seems to be little more than an injunction net to try what was set
out to be done”.

2. "The theoretical possibility is accepted that something vital is missed. However in
the apparent total absence ol any solid evidence on the point the authors could do
no more than keep open minds”.

The nexl problem was to assess the suilability of using a coupled-linear system for the risk
analysis. The advantage of the spectral technique for predicting the threshold value is that it can
account for motion cross-coupling, varying displacements, speeds, headings to waves etc. Thus
it can readily provide the necessary scope sufficient for it to be the central core of a reatistic
stability risk assessment, even though certain of the 'time domain' capsize phenamena will
require incorporalion at a later stage. A further important advantage is that the method is widely
undersicod and is readily available to the profession.
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5.4. Application of Linear Mation Theory

Previous papers have described how the operability of ocean-going vehicles and structures may
be assessed using the linear superposition principle e.g. Huichison {1981).

By predicting ihe magnitude of the vessel motions/sea-loads in seas which are representative of
the selected operational site or route the probability of motions and loads remaining within
acceptable limits, throughout a period of time suflicient to permit completion of the operation, can
be estimated e.g. Hofiman et al {1978).

A valuable extension of these techniques, if viable, would be the ability 1o use the same linear
spectral analysis techniques to assess the ultimate survivability of the marine vehicle.

The ultimate survival of the vehicle would be assessed by predicting the probability of a
polentially dangerous motion being exceeded during a wholly contrived 'proving voyage’
comprising a series of lest-tracks, as described in chapler 4. Thus it was first necessary to
consider the accuracy of linear theory fof estimating the occurrence of dangerous roll motions:

5.4.1. Britsea Seakeeping Computer Programs

Britsea is one example of a strip theory computer program. The ship, which is treated as a rigid
body, is represented by a number of transverse strips. Each strip is considered as a part of an
infinitely long cylinder with constant cross-section, whose axis lies initially on the still water
surface. Two-dimensional hydrodynamic coefficients of added mass and damping for each strip
are calculated based on results by Ursell (1949a, 1949b) and Tasai (1959, 1961) for a cylinder
which is executing simple harmonic oscillations in slill water. Stripwise integration is used to
deduce the hydrodynamics of the whole ship {aking due account of speed and heading to waves.

The equations of motion for the ship in regular waves are formed by combining the added mass
and damping coefficients with the forces or moments created by sinusoidal waves moving past
the ship and the hydrostatic restoring forces (or moments) due to the instantaneous heave , pilch
and roll of the ship. The equations are solved in two sets with the vertical plane motions, pitch
and heave, assumed to be independent of the lateral plane motions, sway, roll and yaw.
Interactions within each set are taken into account. The effects of appendages such as bilge
keels, fins and rudders may be taken into account in the lateral motions by using empirical data
e.g. lkeda (1978).

Soluticn of the equations of motion yields the heave, pitch, roll, sway and yaw of the ship in
regular waves of unit wave amplitude.
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These so-called transfer functions are combined with wave spectrum values to give motion
spectra using:
Op (@)= H(w)*. O (o)

where
|H(w,)|* is the Respanse Amplitude Operator (RAO)

|H(w,}| is the Transfer Function defined as the ratio of motion amplitude to unit wave amplitude
(unit waveslope for rotational motions)

. -1

w, is the encounter wave frequency (rad sec™’)
@, is the response spectrum ordinate

<1:'c is the encountered wave spectrum ordinale

Britsea is described in detail in Appendix Al.

5.4.2. Version of Britsea used in the Analysis

The Britsea programs are commercially available from British Maritime Technology (BMT) Ltd.
As originally supplied they were not suitable for research application because of their ‘black-box’
nature which prevented variation of all but the most frequently used parameters such as vessel
speed and heading. In addition it was necessary to create five data files containing details of hull
and appendages, lightship condition, comparimentation and displacement conditions for each
program run. Responses were only available to a long or short-crested Pierson-Moskowitz
'seaway’ and the response range was limited to RMS motion values which were preéented in
normalised form.

Extensive dialogue and correspondence with staff at BMT was aimed at reworking Britsea for
the risk analysis, ailhough greatest emphasis was placed on improving the quality of the lateral
responses and on streamlining the programs for ease of use in order to render them more
commercially attractive, Gedling (1983-1988).

Suggested improvements to the suite of programs included:

+ Changes to hull definition to improve quality of hydrodynamic coetticients

» Extensions to the range of wave spectra to cover felch-limited seas in particular
¢ Extensions to the range of spreading functions

» QOutput of wave and motion spectrum moments and spectral bandwidth

+ Ability to change coordinate origin to enable de-coupling of motions

+ Exiend range of wave frequencies and allowable headings to waves
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+ Diract input of key parameters to speed up program runs
« Impravements to output to include graphics output

» Extension of resulls into slamming and deck wetness calculations.

In fact many of these suggestions have subsequently been incorporated into the new suite of
(BMT) programs known as SEADAS , Gedling (1988).

Eventually, in August 1987, following several improvements to the quality of the lateral
responses (these were checked at Plymouth against model tests and full scale trials results), a
modified set of lateral response computer programs was made available to the author. The
vertical pitch/heave programs were found to give reasonable prediclions and were not updated.
Thus it was now possible to input directly to the lateral response calculations global values of:

» Displacement

s Vertical Centre of Gravity

» Longitudinal Centre of Gravity

¢ Rali gyradius

* Yaw gyradius

« Metacentric height

« Bilge Keels/Fin details.
This avoided the necessily to prepare lengthy input data files for different load conditions. In
addition measured roll damping values were input directly. This is an important consideration
given the tendency of current strip theory programs to underestimate these values (Section 5.5.4)

For the present research purposes a post-processor program has been written at Plymouth.
This uses only the basic transfer functions (amplitudes and phases) from Britsea and operates on
them to derive motion spectra. These are used in further simulation routines within the main
program RISK.F77 described in Chapter 7.

5.5. Correlation of Linear Motion Theory (Britsea) with Model and Full Scale
Seakeeping Trials

5.5.1. F.P.V. SULISKER

The Fisheries Protection Vessel "SULISKER" has been the subject of an exlensive series of
lult-scale seakeeping trials conducted by NMI Ltd (now part of BMT). The same ship was used
for model experiments and theoretical work under the SAFESHIP project and subsequent
research into ship rolling for the Department of Transpont.

SULISKER is one of the newest ships in the DAFS fleet, which undertakes the fisheries
protection task in Scottish waters. She was designed by Hall Russell Shipbuilders, and was built
by Ferguson Brothers at Port Glasgow in 1981. She is shown shortly after commissioning in
Plate 5.1,
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The SULISKER's principal particulars are given in Table 5.1. The ship has a 1.4 m designed
rake of keel so that the zero trim condition has a 1.4 m aft keel trim. A simplified general
arrangement is given in Figure 5.4. The body plan is shown in Figure 5.5. The bilge keels are
8.86m leng and have a span of 0.38m. The ship is also filted with a 0.16m deep bar keel, which
runs along the length ot the keel. '

SULISKER has a complement of 9 officers and 14 crew. She is powered by two turbo-charged
Ruston V12 diesels, with a 2820 bhp continuous rating, driving two 4-bladed Ulstein CP
propellers. The shafis are supported by two large bossings and A-brackets, and the ship is
steered by two large spade rudders. Her maximum service speed is 16.5 knots, with a cruising
speed of 14 knats.

Length averall 71.33m
Length B.P. 64.00 m
Beam mid. 11.60 m
Depth mid. to upper deck 7.32m
Depth mid. to lower deck 4.95m
Tonnage 1176.7 GRT

Designed lcaded departure condition

Displacement 1532.00 tonnes
Draught (tull) 4595 m
Draught (mid) 4.435 m
Trim of baseline (bow up) 0.055 m
Trim of keel (bow up) 1.455m
KG _ 4.630m
GM (solid) 0.849m
GM (fluid) 0.778 m
LCG (aft of midships) 1.527 m

Propeller dimensions

Propeller type Ulistein twin 4-bladed CP
Diameter 290m

Hub diameter 0.85m

Mean pitch 2.66m

Blade area ratio 0.50

Table 5.1 F.P.V. SULISKER General Particulars
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Figure 5.6 GZ Curves

The curve for the designed GM is markedly linear at low angles, and ali the curves may be
accurately represented up to about 30 degrees by linear pius cubic sliffness coetficients.

5.5.2. Correlation Tests

BMT Ltd has performed a series of model tests and full scale trials on the SULISKER to enable
corrglation of model measurement, thecretical predictions and full-scale measurements to be
made for this vessel. Thus there are several sets of resuits available tor comparison:-

» Model Scale trial in regular waves [designated 4SK-overweight, Freaman (1986)
« Model Scaie trial in iregular waves [designated 4SK-overweight, Freeman (1986]
« Full scale trial in irreguiar seas [designated 4SK, BMT {1986a)]

« Full Scale trial in irregular seas [designated 8SK, BMT (1986b}]

The 1:30 scale model ot F.P.V. SULISKER used in the rolling and seakeeping research was
made to the moulded lines in ligure 5.5, fitted with all appendages and ballasted to the scaled full
displacement. The model was made of GRP with wooden decks. The hull was modelled up te the
top of the bulwarks on the weather decks for use in the seakeeping experiments.
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a) Model Scale Comparison

The 1:30 scale model that BMT used in the experiments was radio controlled and used radio
telemetry to send the measured motions ashore. Speed and course were monitored using an

ultrasonic tracking system.

it was not possible to obtain the same model displacement as used in both full-scale trials
examined. The departure in displacement for the two trials from the achieved model candition is
given in Table 5.2. The model was given the correct trim and metacentric height {equal to the
ship's metacentric height including the effect of iree-surfaces), and consequenlly had the wrong
centre of gravity. The errer in this is also given in table 5.2. The eflect of these errors on the
model motions was assessed by theoretical predictions and roll decrement tests, Freeman
(1986).

SHIP MODEL SCALE MODEL
Designed Jloaded departura condition
Displacement (tonnes) 1532
Draught (full) {m) 4,595
Trim (bow up) {m) 0.055
XG (m) 4.630
GH (s0li1d) (m) 0.849
M (£luid) {m) 0.778
45K condition
Displacemant (tonnea) 1456 0.057 1578
Draught ( full) (m) 4,447 0.155 4.65
Trim (bow up) (m) 0.280 0.010 0.30
KG (o) 4.754 0.162 4.85
GM (s0lid) (m) 0.723 0,02186 0,656
GM (fluid) (m) 0.646 0.02186 ¢.656
BSK condition
Displacement ( tonnes) 1500 0.057 1578
Draught {full) (m) 4.527 0.155 4.65
TEim (bow up) (m) 0.357 0.010 0.30
KG (m) 4.690 0.159 4.77
@1 (solld) {m) 0.805 ©,0245 0.735

GM (£1luiq) {(m) 0.732 C.0245 0,735

Tabie 5.2 Achieved Model Condition
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Stationary and forward speed roll decrements were analysed by BMT {1986c) using the ROLAS
suite of analysis programs, BMT (1986d), to give linear and quadratic or linear and cubic
coefficients. Linear and quadratic damping coeflicients used with Britsea are summarised in
Table 5.3.

CONDITION SPEED LINEAR QUADRATIC
(m/3) COEFF Ky COEFF K, -
45K QOverweight o] 0.029 0.190
0.3 0.039 0.186
0.6 0.063 0.193
0.9 0.102 0.146
1.2 0.115 0.129
1.5 0.115 0.126
ask 0 0.030 0.240
4Sk Correct Disp 0 0.055 0.198

Table 5.3 Roll Damping Summary

Damped natural roll frequencies are shown in Table 5.4 which indicates a clear increase with
increasing spead. Roll gyradius calculated from the GM and natural frequency values are also
given in {able 5.4. The roll gyradius decreases with increasing speed .due to the decrease in
added mass. The correct displacement 4SK condition had a roll gyradius 1.9% lower than the
4SK condition used for the forward speed tests.
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CONDITION SPEED G
(m/s) (M)
45K Overweight o 0.02186
0.45 0.,02186
0.75 0.02186
1.05 Q.02186
1.30 0.02186
1.40 0.02186
l.680 0.02186
85K Q 0.02450
45K Corrcct Q 0.02186
Disp

PALRED
NATURAIL,
FREQUENCY
(rad/s)
3.274%
3.274
3.282
3.314%
3.3648
3.400
3.513

3.561

3.337

GYRADIUS
BEAM

0.366
0.366
0.365
0,361
0.356
g.352
0.341
0.356

0.359

Table 5.4 Nalural Roll Frequency and Radius of Gyration Results
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5.5.3. Data Requirements for Theoretical Seakeeping Tests

Ideally, details of the following parameters are required for Britsea so that best accuracy may be
oblained:-

a) General Particulars:
Length Overall and B.P.
Beam mid.
Block coefficient
Drafts and Trims Mid.

b) Hull Particulars:
Table of hull offsets and stem/stern profile data.
Rise ot floor and hall siding
Bilge keel/Fin extent
Shell plating thickness

c) Lightship Weight Distribution:

Ideally required as a weight distribution diagram, in order that the disposition
of all structure can be taken account of, i.e. the program considers the
lightship weight to be comprised of a whole series of 'fixed items' and the
following information for each fixed item is required.

Weight

Length of the weight distribution

LCG and VCG

Distance of the after end of the fixed item from A.P.
d) Load Condition Delails:
For each loaded compartment the foilowing information is required:

~ Weight

VCG (Vertical centre of gravity)

L.CG (Longitudinal centre of gravity)

FSM (Free surface moments)

The body sections of the ship are required at a sufficient number of stations to allow for
curvature in the hull at the fore and aft ends. Manual digitisation was used fo obtain sectional
values of cross section area, beam, draught and vertical centre of buoyancy. Details of the weight
distributions were obtained from DAFS Support Unit, Corse (1984).

This dala is required to calculate the added mass and damping coefficients and also the wave
exciting forces and momenis in regular seas for a range of wave frequencies.

5.5.4. Results for Regular Wave Tests, Model Scale

N.B. The derived response curves for model scale and full scale trials in both regular and
irregular waves are presented in Appendix A2.

BMT Lid performed a series of seakeeping tests in regular waves on the model which was
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ballasted to the 45K (overweight) condition. The model was run at 7.1 knols (full scale} at a
range of 5 headings (0,45,90,135,180°) to the waves. The wave height was chosen to give
reasonable motion amplitudes without significant non-linearities, Freeman (1986).

The regular wave response curves for the measured and theoretical {Britsea) roll, pitch and
vertical accelerations are presented in Appendix A2, Figures A2.1 - A2.20 inclusive. Presentation
is in terms of motion amplitudes for a 1 m wave amplitude. Error bars for 95% contidence limits
are also indicated. Details of the error analysis are given in Freeman (1986).

Figures A2.1 and A2.2 show the effect of using empirical roll damping values on theoretical
(Britsea) roll response. Peak rall amplitudes of 70 degrees and 40 degrees were obtained using
Inoue roll damping and lkeda (1978) roll damping respectively, at the natural roll frequency (0.6
rad sec™!). Measured roll damping coefficients are presented in Figure A2.3. When these were
used in the theoretical predictions a much better fit to the measured response values was
obtained, peaking at a value of 10.4 degrees, Figure A2.4. Thus for roll motions, provided the
measured roll damping values were used, good agreement between model results and theory
was abtained for all headings.

The pitch theoretical resuits show good agreement with experiment for head and following seas.
Reasonable agreement for bow and quartering seas was also obtained with most deviation from
experiment at higher wave frequencies. It was demonstrated in a similar study that this
discrepancy was due to differences between the model track and heading, Freeman (1986).

The measured accelerations show good agreement with theory for head, bow and beam seas
although, as with the pitch results, some discrepancy due to leeway angles are present. For
olher headings at lower encountering frequencies the measured accelerations are grealer then
theorelical predictions. Freeman nated that additional errors due to shaft/motor vibration might
have a significant effect on the (small valued) measured accelerations. In general bow
acceleration results were closer to experiment than stern acceleration results, especially for
incident waves forward of the beam.

Heave motion at amidships was calculated from the measured acceleratiens and these are
shown in Figures A2.21 - A2.23 inclusive. Theoretical heave values using Britsea show good
agreement wilh measured values at ail headings.

5.5.5. Results for Irregular Wave Tests, Model Scale.

Freeman(1986) carried out a series of mode! seakeeping tests in irregular waves for the 4SK
(overweight) condilion. The wave spectrum used in the model {ests was the idealised spectrum
which most closely malched the actual wave spectra measured in the sea trials. This was the
ISSC spectrum with the identical significant waveheight and modal period. A comparison with the
measured trials spectra is given in Figure A2.24.

The model was run at 7.1 knots (full scale) over a range of 7 headings in both long-crested and
shori-crested seas (with cosine-squared spreading).
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The RMS motion amplitudes for the 43K tests are plotted against ship heading in Figures A2.25
- A2.30 inclusive. Error bars for 95% confidence limits are included on the measured data from
Freeman (1986). The figures also show the Britsea theoreticatl predictions, for which the roll .
motions were obtained using the measured roll damping.

Theory and experiment for the 4SK (overweight) condition show good agreement for roll motion
in long-crested waves. Theorelical predictions for pitch are in close agreement for waves on or
abalt the beam and rather less agreement for waves forward of the beam (at high encounter
frequencies), showing similar trends to the regular wave results previously discussed.

The accelerations are not in such good agreement. They demonstrate similar trends to the
regular wave results i.e. good agreement is obtained at high encounter frequencies but high
model resulls are obtained at low encounter frequencies (quartering waves).

The 4SK (overweight} resulls for short-crested waves are presented in Figures A2.29 and
A2.30. The effect of wave energy spreading on responses can be seen by the increase in roll
motion in head seas and the increase in pitch motion in beam seas. A large amount of scatter in
the model rasults was noted by Freeman (1988). This is typical of predictions in short-crested
waves when longer run times are required for consistent resuits. Again the roll resulls are in
close agreement at all headings and the pitch resuits not so goed, but reasonable agreement for
waves abalt of the beam were obtained as for the longcrested case.

5.5.6. Results for Irregular Waves, Full Scale Trial (4SK)

The seakeeping manceuvre 4SK was carried out on 20 September 1984 in the North Minch
between the Butt of Lewis and Cape Wrath. There was a regular swell from ENE from a recent
storm in the Aflantic with a wind-blown sea component running at 20 degrees to the swell
direction BMT (1986a). Subsequent analysis revealed that the ship responded almost exclusively
to the swell, Freeman (1986). Two wave buoys were deployed on a N-S line 1.7 miles apan, to
monitor the variation in wave height that was apparent over the trials area. The degree of wave
energy spreading was not monitared. A speed of 7 knots was chosen and a pattern of headings
set in order to give head, bow, beam, quartering and following seas without moving too far away
from the buoys, Figure A2.31. The fin stabilisers were turned off for the irial and the ship was
steered manually.

The ship condition during the trial was calculated from the known state of the tanks and was
given in table 5.2 (labelled "4SK" condition).

The variations in significant wave heights from the two buoys during the trial are reproduced in
Figure A2.32 and the variations in wave period for buoy 1 is reproduced in Figure A2.33 (buoy 1
and buoy 2 measured periods were almost identical). Comparison of a sample wave spectrum
with a theoretical {ISSC) spectrum having the same significant waveheight and modal period as
the mean values is given in Figure A2.24, and demonstrales a good agreement.
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Full scale results for the 4SK condition are presented in Figures A2.34 - A2.39 inclusive.
Although no error bars are shown for the full scale data it was expected that they would be of a
similar magnitude to the model errars, i.e. £ 10% on motions and + 5 degrees on heading,
Freeman (1986).

Despite the scatter in the results due to variations in waveheight (in particular) the 45K full scale
Iriais resulls for RMS roll, sway, pitch and heave show good agreement with theory at all
headings to the waves when a cosine to the power 4 wave spreading envelope is used. Resulls
for RMS yaw are less good and a program emor is suspected to be responsible for this.
Comparison of the maximum roll angle obtained on trial, taking account of duration, shows good
agreement with the theoretical probable-extreme values calculated for the same time interval,
Figure A2.39. '

5.5.7. Resulits for Irregular Waves, Full Scale Trial (8SK)

Seakeeping manoeuvre 8SK was carried out on the 16th November 1984 in the North Sea 60
miles east of Pelerhead. The fetch length was approximately 250 miles with water depth of 100
m. Conditions were quoted as being very rough with a gale force 8-3 wind with an associated
long-crested seaway, BMT (1986b). A plan of the manoeuvre is given in Figure A2.40 and this
also shows the position of the single (non-directicnal) wave buoy which was deployed. The ship
(condition 8SK in Table 5.2} was run with the fin stabilisers off. A triangular pattern of 3 headings
was manually steered to give head, beam and quartering seas and this was repeated twice at
different speeds. Variation in significant waveheight and wave period for the single wave buoy is
shown in Figures A2.41 and A2.42 respectively. Comparison of a sample wave spectrum with a
theoretical (mean) Jonswap wave spectrum (significant waveheight 6.27m, modal period 12.22
sec.) is shown in Figure A2.43 and the fit is seen to be quite close, being more sharply peaked
than a comparable ISSC spectrum (figure A2.24).

Full scale results for the 8SK condition are presented in Figures A2.44 - A2.55 inclusive. No
errar bars are shown but again these are expected lo be of the order of + 10% on motions and +
5 degrees on heading, Freeman {1986). In spite of the limited amount of full scale data the RMS
roll, pitch and heave resuits indicate close agreement with theoretical (long-crest) values for the
trial speeds at the chosen headings to waves.,

Comparison of the maximum roll angles obtained on trial taking account of duration are
particularly encouraging when compared against the theoretical probable-extreme values
calculated for the same exposure time to the seaway, Figures A2.53 - A2.55 inclusive. The
largest value obtained on trial was 27.5 degrees.
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5.5.8. Motion Results Summary

The results of a series of model tests and sea Irials on the F.P.V. SULISKER have been
compared with theorelical predictions for the same vessel using the Brilsea suite of computer
programs. The model tests were performed in both regular and irregular waves. The model
experiments and sea trials have shown that the theory accurately predicts roll mations and heave
motions to within experimental error provided that measured roll damping coefficients are used in
the prediction of roll motton. Empirical formulae tend to underpredict the damping values. It
should also be noted that the regular waveheights were chosen to avoid non-linearities, Freeman
(1986). The theory accurately predicts the pitch motion provided the leeway angle due to wave
drift is small.

The measured accelerations, particularly bow accelerations, are in good agreement with theory.
Freeman reported that where differences do occur it is of a similar magnitude for all
measurements and is thought to be due to the accelerometers picking up stray motion/shaft
vibrations.

Wave energy spreading was not measured during the trials on the SULISKER and roll motion is
particularly sensitive to this. Nevertheless the RMS roll values show good agreement when -
calculated using cosine to the power 4 wave spreading (4SK trial). Of course the relevance of
this choice of spreading function is open to question in the absence of measured data. For the
8SK trial the seas were reported to be apparently long-crested and this is bome out by more
accurate theoretical resuits being obtained without the spreading function.

It is worth noling that the restoring moment curve of this vessel is particularly linear up to about
30 degrees (figure 5.6). For many vessels the restoring curve is non-linear at much lower angles
and consequently for these vessels the agreement between seakeeping and simulation results
may not be as good for large angles of roll. However, for the SULISKER which does have a
linear restoring moment curve it has been shawn that, provided measured values of roll damping
coefficient are used, the calculated values of probable-exireme vaiue closely match the maximum
values of roll obtained on trial. It was on this basis that the simufation was able to proceed with
some degree of canfidence.
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Chapter 6

Important Factors for Consideration

6.1. Introduction

The approach to risk analysis, which was outlined in Chapter 4, is preferred because it enables
a vessel's risk cycle to be assessed by the use of the test-track concept. This chapter is
concerned with the treatment of key factors which must be included within the outlined procedure
in order to facilitate the accurate determination of risk. Fundamentally each test-track reduces
into the four considerations of route, climatology, seamanship and (resulting) response for any
given displacement condition. These together define a particular scenario, A vessel actually
encounters a large range of operational scenarios during ils lifetime. Thus a consistent and
plausible prdcedure for treating the key aspects is required so that the proposed method may be
equally applicable to all seagoing vessels. Since a full treatment ol these aspects is beyond the
scope of this research the pracedure finally adopied was governed by the desire to render it most
useful for regulatory purposes {through simplification without undue lass of realism) and to
provide a base for further work. In this way an acceptable stability assessment_procedure might
be developed to supplement the existing statical stability criteria.

6.2. Displacement Condition
Under this global heading, for convenience, may be grouped due considerations of:
a) Hull design features
b) Displacement
c¢) Cargo characleristics/loading condition,

a) Hull design features

This important area of the invesligalion is one of the most difficult to quantity. It is feasible that
ullimately a form of indexing might be developed and the design parameters accounted for,
possibly by the use of a semi-probabilistic procedure, Kure (1979). In this way if a vessel
displays certain design featuras that improve its capsize resistance e.q. by the provision of bilge
keels or flins to increase roll damping or has features that contribute to its recovery from the
extreme roll motion e.g. by the provision of freeing ports to clear deck water, it will be "credited”
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within the analysis by appropriate adjustment of the partial safety factors (section 3.2). In this
study the benelits of bilge keels are included within the motion prediction method and also only
one vessel is being studied. For these reasons the above "semi-probabilistic™ approach is noted
but has not been incorporated at this lime.

b) Displacement,

Variation In the loaded condition of the vessel will affect the welted underwater surface of the
hull as the draught and trim are aitered. In addition different loading contigurations influence the
vertical and longitudinal centres of gravity, and to a lesser extent the various motion gyradii.
Values of the righting levers are further influenced by the presence of free surfaces within the
fuel, fresh water, ballast and cargo tanks.

Some element of poor seamanship may be present, possibly due to inexperience (or motion
fatigue in the case of a lishing vessel which loads its cargo at sea), which leads to conditions of
vessel stability outside of the acceptable limits.

In this study a relatively narrow range of displacement conditions is considered because the
fisheries protection vessel under study has only a narrow range of load configurations, compared
wilh say a fishing vessel, as evidenced by the vessel's stability booklel. To facilitate comparision
of simulation results the load conditions actually used in the study are taken directly from the
stability booklet, with the actual values of draught and trim used whken deriving the hydrodynamic
particulars.

c) Cargo.

Cargo shifling can be the direct cause of a capsize. It is necessary to consider the range and
frequency of cargoes {o be carried in order to asceriain typical loading condilions as well as to
study the possible onset of a cargo shift. This latler aspect has a direct bearing on the choice of
critical roll mofion which should therefore ideally contain a lateral acceleration term.
Untortunately litlle is known about the magnitude aof the critical values. While it is reasonably
easy to set limit values of acceleration for cargo lashings, e.g. Varheim et al (1982), it is no simple
matter to do the same for bulk cargoees, in particular those which demonstrate sliding liquetaction
instability, Green et ai(1981). Again it is noted thal the semi-probabilistic approach may be
ultimately appropriate but because the fisheries protection vessel has modes of operation more
reminiscent of a naval vessel than of a merchant vessel, this aspect is not considered further
since no cargo is actually Iransported. Although the vessel used in the study is not representative
of a typical merchant vessel or fishing vessel it was felt that this disadvantage was outweighed by
the large amount of full scale and model scale trials data which would enable some verification of
simulation resuits lo be made. -
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6.3. Route

The route embadies consideration of the gecgraphical location (L), season (3), inilial intended
course (C) and initial speed (V,). The problem of delermining the route is to determine the joint
probability distribution of the location, season, initial course and initial speed p(CV,LS).
Consideration of the test-track segment being used governs the joint probability of localion and
season, p(L 5), where L is actually representing a distance along the vessel's intended track for
which the displacement condition can be assumed constant. The test-track segment also
governs the conditional probability distribution of initiai course and speed given the location and
season, p(CV,/LS).

Then the required probability is given by :

p(C V4L S)=p(C Vy/LS) . p(LS)

Chapter 8 describes the database values used in the final calculation.

6.4. Climatology

Environmental demands made on the vessel are an essential element in any ship motion
performance assessment, particularly when smaller vessels are being considered, Hanssen
(1982). During their lifetime certain seageing vessels will operate in a wide variety of sea areas
while others will be confined to a single area. In all cases some coastal seastates will be
encountered and these may be influenced by refraction and diffraction of waves by the coastline
and seabed, Varheim (1982). This suggests that some differentiation by operating zene is
possible and that certain vessels may be licensed to only aperate in designated areas il desired.
This would be an improvement on the current "blanket” regulalions which take little or no account
of likely areas of operation. Hogben et al (1967) divided the oceans into wave daia collection
areas and it is proposed that these areas could be extended and used for licensing purposes.

6.4.1. Spectral Representation of the Seaway

Since 1953, when the wave spectrum concept was first introduced 1o the ship design
community, it has been most common to use idealised wave spactra {as opposed to measured
spectra) in analytical studies of ship performance, due to their inherent simplicity and ease of
calculation. These idealised spectra are used lo represent the variety of shapes of wave spectra
measured in the ocean” which may be present at the desired sea severity. Wave spectrum
formulations due to Pierson et al (1964), Bretschneider (1959) and Voznesenski et al (given in
Mirskhin et al (1975)) may be used for evalualing reéponses in the open oceans. Allernatively,
Darbyshire (1961) and Hasselman et ai (1973) among others have presented spectral
formulations appropriate for coastal, fetch-limited seas. In realfity the shape of wave spectra
observed in the seas and oceans varies considerably (even thaugh the significant wave heights
are the same). This is dependent on the geographical location, duration and fetch of wind, stage
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of growth and decay of a slorm, and existence of swell. Because a ship encounters an infinite
variely of wave conditions, which in turn significantly influence the magnitude of the respoense,
there is some reservation on the reliability of the predicied responses unless the variability of
wave conditions is reflected in the prediction technique. One way to cover the variety of spectral
shapes is to develop a systemalic series of wave spectra consisting of several members {called a
family of wave spectra) for each sea severity. This concept of a family of wave spectra was
considered by several researchers, e.g. Hoftman et al (1976), however Ochi et al {1978) derived
three families of wave specira using a statistical analysis of available data whereby each member
of the family was weighted according to the frequency of its occurence. Two of these are

~appropriate for use with open sea areas and one is intended for use with coastal, fetch-limited
sea areas, Ochi et al (1976c), Ochi et al (1977), Ochi (1979). The derivations of these wave
spectral families will now be considered and the chief advantages for the present risk analysis
study highlighted.

a) Two-Parameter Wave Spectrum Family.

The idea of expressing wind-generated wave spectra in terms of two parameters was first
presented by Bretschneider (1959}. The original spectral formulation was given as a function of
the non-dimensional average wave height and period:

2]
Fl g2
Op(w)=3.437— L. =067/ FyUe)
Fg w
(1)
where
d.‘»g(co): wave (frequency) specirum
F = non-dimensional wave height =gH/ U2

F,= non-dimensional wave period =gT /2 U

H= average wave period
T o (D
T

J'o"%m e
@ ()= wave (period) spectrum
U = wind speed
g= gravily constant

The wind speed U in equation {1) essentially disappears and the spectrum can be expressed by

two parameters, average wave height # and average wave period T. If T is defined from the
wave frequency spectrum then:
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where  @= average frequency =2
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The spectrum can be further moditied to be expressed in terms of significant wave height A,
and modal frequency w,,. From the narrow-band spectrum assumption, in general:

H,=V8.0/n H=1.60H

1
@, =(0.8)"/T(0.75))@=0.77® thus

1.25

4
d’g(ﬂ)): Hf e-[.ZS (mmlo.\)

& £

2
3
(@)

In reality the magnitudes at the modal frequency and number of occurences in a given sea are
random therefore statistical data on wave height and period are required to determine the madal
period in a given sea. Wave statistics given in references by e.g. Hogben et al (1967) and Draper
et al (1967) are extremely valuable for this purpose, however data for severe seas are sparse and
no reliable information can be obtained. Ochi et al (1977) established the conditional probability
of the modal frequency for a given signilicant wave height derived from stalistical analysis of
North Atlantic data. His resulls pertained to records taken al Wealher Slalion India (59°N, 19° W),
Draper (1967), and Weather Station Juliet (52°n,20°W), Draper (1965), and to Walden's
information obtained at nine weather stations (A,B,C,D,.E,|,J,K and M) in the North Atlantic shown
in Figure 6.1, Walden (1964).

it was found that the statistical properties of both wave height and period can be evaluated
based on the log-normal probability distribution and this law appears fo be valid in the range of
the cumulative distributions up to 0.99 for both measured and visually observed data. This result
contradicts the view held by some that the data can be better litted by the Weibull distribution,
Ochi (1976b), although Jasper obtained the same log-normal distribution resuit, Jasper (1956).
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where p is the correlation coefficient belween wave height and period. This equation makes it
possible to evaluate the joint probability ot occurrence of a specified significant wave height and
modal period particularly for severe seas (which is in contradiction to the statistical information
given in the original dala).

The conditional log-normal probability distribution gives the statistical properties of the modal
period T, for a specified significant wave height /4 i.e.
or_ 5
AT H) ~ Ay +p——(InH ~py ), N1-p?or )
m -'I k) m

O
5

{7}

6.4.2. Derivation of family of spectra

It was mentioned in the last subsection that the joint probability of significant wave height and
modal period follows the bivariate log-narmal distribution of equation (6) which carries five
parameters. Ochi deduced values of these five parameters Wy 1Oy My _.Or .P al each of the
weather ships mentioned earlier. He found that the results of the statistical analysis indicated the
sea severities at Stations A,B,C,D,i,J, and K were not significanlly ditferent bul that the severities
at Stations E and M are substantially low by comparision, Table 6.1. For this reason the results
of the analysis obtained from data at Stations A,B,C,D,l.J and K are averaged and refered to as
the "mean North Atlantic” data.

Weather Station A B ¢ D £ l J K M
Significant | Ya || 0.946| 0.910 | 1.024 [ 0.968{ 0.671 | 1.112| 1.053 | 0.748 | 0.605
Helght 9,1 o.619| 0.588 | 0.571| 0.578 | 0.577 | 0.562| 0.565 | 0.680 | 0.571
Hodal Be || 2.505| 2.462 | 2,494 | 2.483 [ 2.415 | 2.588 | 2.594 | 2.600 | 2.516
Period
9; || 0.218| 0.218 |0.216| 0.209 | 0.228 | 0.142| 0.147 | 0.174 | 0.202
C Tatl -
oetticient P |l 0.498| 0.594 {0.578] 0.586 ] 0.508 [ 0.358 | 0.339 [ 0.331 | 0.686

Coefficient

Table 6.1 Statistical Analysis - Wave Data North Atlantic

In order to generate a family of wave spectra through the probability density function of the
modal frequency given in equation (7), the modal frequency which is most likely to occur (most
probable value) and the upper and lower values of modal frequency for a specified confidence
coefficient were aobtained:

Most probabte modal period, T, (m)
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Or,
T (m)=exp (pr +p0—m(lnH:—l.lH )={1-p> (o )%}
m J i3 5 m

5
(8)
Upper and lower values of the modal period, T, (y) for a given confidence coefficient v.
or_ —
T, (M=eplur +p—(nH, ~uy )t VNl~p? or |
m OH 3 m
5

(9)

where

Specifically:

¢ =1.96 for y= 0.95
c=1.44fory=085
¢=1.15tory=0.75
c= 0.67 for y=0.50

Thus by choosing confidence coefficients of 0.95, 0.85, 0.75 and 0.50 a total of nine modal
periods {including the most probable value) is determined for a specified significant wave height
(Table 6.2). This table also indicates the weighting factors for each medal period from the
analysis, which are applicable irrespective of sea severity.

rCo:)nl‘idence A
Coefficlant ¥ Modal fraquency p(F/L)
0.95 0.048 (8.75 — In Hs) | 0.0500
0.85 0.054 {8.44 - In Hs) | 0.0500
0.75 0.06 1 (B.07 — In Hs) | 0.0875
0.50 0.069 (7.77 - In Hs) | 0.1875
Most Probable] 0.079 (7.63 — In Hs) | 0.2500
0.50 0.099 (6.87 — In Hs) | 0.1875
Q.75 0.111(6.67 - In Hs) | 0.0875
0.85 0.119 (6.65 — In Hs) | 0.0500

 0.95 0.1 34 (6.41 - In Hs) | 0.0500

Table 6.2 Modal frequencies and spectrum weightings for a given confidence caefficent for the
(mean) North Atlantic as a function of significant wave height {w,, in radians sec!, H, in metres).
Stations E and M are not included in the data.
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Figure 6.3 Decompaosition of Wave Spectrum

Although the wave energy al the higher frequencies is usually much less than at the lower
frequencies its contribution to responses of marine vehicles may be significant, thus it is highly
desirable 1o follow the shape of the enlire spectrum as closely as possible and this may be
achieved by separating the spectra into two parts. Thus the wave specirum is decomposed into
components representing the lower and higher frequency contributions to the wave energy, figure
6.3.

Following Ochi et al (1976¢) the spectrum of each part is expressed by a mathematical formula
with three parameters - significant wave height /_, modal frequency ,, and shape parameter A.

1
Dp(@)=3.((A+ 0.25)w M T(A) .

h;\a

e~ (A+025) (w0, /)

4 A

w 1

+

(10)
where ["(A) is a gamma function.

The parameter A controls the shape (sharpness) of the spectrum, when the other two
parameters are held constant, and the spectrai shape becomes sharper with increasing A. In
paricular, by letting A = 1 this equalion reduces to the Bretschneider 2-parameter spectrum of
equation (2). By combining 2 sets of 3-parameter spectra, cne represenling the low-frequency
components and the other the high frequency components of the wave energy the following
six-parameier spectral representation can be derived:

a
! s 7 4
wg(m)n; ((A+0.25) @, PITA) . -t &= R+ OB (ol )

m-ll}-i-l

(11)
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where j = 1,2 stands for the lower and higher frequency components respectively. The six

parameters H ,H,,®,,®,,* and A, are delermined numerically such that the difference

between theoretical and observed spectra is minimal.

A total of 800 available spectra observed in the North Atlantic (Bretschneider (1959) and
Moskowitz et al (1962)) were classified into ten groups depending on severity and then for each
" group a statistical analysis was carried out on the parameters H ,H,,,w,,, @, A, A, in equation

(11).

Table 6.3 indicates the values of these parameters, for the tamily consisting of eleven members,
expressed as functions of significant waveheight.

Ra1 Ha o “u1 “a1 Y Y
Hont oroeatte | oem, | o.sem, | 0.70 470048 B, | g 45 ,70.030 B,y g 0p | g 5q 470-062 B,
o.esg [ 0.8 | o.70 §70:048 H, 50 « -0 H, | ) au| a2.48 470-102 B,
0.658, [ 0.70 8, | 0.81 o700 U, | g g g70-038 B | gy | 3.4 o010 A,
0.84 8, | 0.54 8, | 0,93 a 0038 H, [ 4 59 ;<0048 B | 4 45| 5,97 470113 8,
oisan, | o.sem, | 0041 o700 U, [ g pg o=0-028 ¥, | g gq | | g 470-088 B,
0-83 Coatidonce | gsom, | o408 | 0.81 0"%0%2 8, | ) g0 070033 B, | | 5o | 2,95 470-103 7,
0.7768, | .60 8, | 0.34 o000, o.61 .30 | 1.83 070-002 1,
0.73.u, | o.e8 1, | 0,10 o-0-048 B, 09 =3930 B, | o 0| | 45 g-0-082 B,
0.s3m, | 0.39 8, | 0.70 ¢70-048 8, a7 ¢ 0-030 B [ ool o -0.088 W,
0.808, | 0.3¢4 B | 0.74 870033 H | ) 39 o70-09 8, | 5 g5 | 3.0 670-08 H,
o.8¢ 8, | 0.54 8, | 0,02 07003 B, | 1 03 70030 B, | 5 40| 0.53 47000 B,

Table 6.3 Values of six parameters given as
f (significant wave height (m) )

The weighling factor for each member of the family, the probability ot the wave family member
occuring given the location, is p(F/L)=0.50 for the most probable spectrum and 0.05 for all other
spectra. These values arise from the derivation of the parameters which is detaited in Ochi et al
(1976c). An example of a 6-parameter wave spectrum family is given in Figure 6.4. This family
covers a wider variety of spectral shapes than other commonly used spectra and the co-existence
of swell and sea waves is admitted by the presence of spectra with double peaks.
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Figure 6.4 Ochi 6-Parameler Wave Spectrum Family, H =3m

c) JONSWAP Wave Spectrum Family.

A similar analysis has been performed for a family of JONSWAP wave specira, which are

suitable for fetch limited seas, to cover the variation in expected spectral shape.

The original JONSWAP spectrum was derived from the analysis of data observed in the North

Sea and was given by:
a
Qg(m) =0, _g_- . e—‘.zS (mmlw)4 . Y—(m—mm)zl 2 sz'zn
o’
-Hasselman et al {1973)
where
v is the peak shape parameter [3.30]
o=g, for v S w,, (0.07]
o=a, for w > w, [0.09]

w is the scale parameter [0.076(X) 022

w,, is the moadal frequency [T % ( X)-o.n]
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w is the wave frequency (rad sec™!)

FLis the fetch length
U is the wind speed.

Values in brackets [ - ] are the average values for each parameter and the resulting spectrum is
called the mean JONSWAP spectrum. The peak shape parameter was found to vary
considerably in the JONSWAP measurements. Ochi (1979) showed that the histogram of the y
values follows the normal probability law and hence various y values with appropriate weighling
tactor were determined, Table 6.4. The peak shape parameter is delined as the ratio of the
maximum spectral energy to the maximum of the corresponding Pierson-Moskowitz spectrum
(1964) for the same o and w,, value, Figure 6.5. Figure 6.5 also shows an example of the
resulting family of 5 JONSWAP wave spectra for the severest seastate expecied at station N-2 in
the North Sea. It can be seen that the range of modal frequencies is smaller and the peaks are
much sharper for the JONSWAP family than lor the open-sea spectral families,

- ¥Feighting
Y -Value Factor
1.75 0.081
2.64 0.256

Hean
3.30 (JONSWAP) 0.326
3.96 0.256
4.85 0.081

Table 6.4 y-Value and Weighting Factor for the Jonswap
Family of Wave Spectra
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number of visual (aerial) observalions and directional measurements of the sea, Forristall et al
(1978). However it is unlikely that the seas are symmetrically defined and at a dispersion of +90
degrees, since the effect of land mass to one side of the operating area or the presence of swell
from a distant or locally decaying storm would perturb the symmeitry of the cosine-squared model.
Bales et al {1982) presented the analysis of the relative contributions of energy from each 30
degree band during a storm near Station India (59 deg. N,19 deg. W) in the North Atiantic. These
contributions ware computed from the 20 year hindcast climatology which is being developed by
the U.S. Navy, Lazanoff (1975}

Bates concluded that the cosine-squared spreading funclion may be an adequate model for the
North Atlantic near Station India, although the use of cos? spreading with the Bretschneider 2-
parameler spectrum generally gave over-predicted responses compared with the hindcast
responses, Bales et al (1982). This over-prediction was heavily dependent on the type of vessel
being considered. It was also suggesied that the cos? spreading function should be used with the
JONSWAP wave spectrum for fetch-limited seaways until the data improves.

Roll motion is highly sensitive to wave direction. Figure 6.7 gives a comparison of roll motion
for long and short-crested seas for the SULISKER. There is a distinct variation in roll motion over
ship-to-wave relalive headings in long-cresled and short-crested seas. This has clear
implications for the accurate assessment of extreme roll motion probability.
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Figure 6.7 Comparison of Roll Motion For Long/Shaort-Crested Seas
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'6.4.5. Climatology Probability Aspects

It is required to determine the conditional probability of significant waveheight (#,), modal period
(T,,) and predominant wave direction (@) given a location (L) and season (S) i.e.
p(H. T, ®ILS)=p(H &, /LS).p(T,/H.L)

However, because the spectral weighting for a wave spectrum family member (F) is a function
of modal period, we may write:
p(H, T, ®/LS)=p(H ®/LS). p(FIL)

The necessary climatological data p(H, ®/LS) are to be found in many sources e.g. Hogben et
al {1967), Andrews et al (1983). An extensive database, which is convenient and contains
climatological data for ditferent geographical areas and seasons, is documented in Bales et al
(1982), and this has been used in the present study:

6.4.6. Spectral Ocean Wave Model (SOWM) |

The Spectral Ocean Wave Model (SOWM) is based on the work of Pierson et al (1964) who
produced an empirical déepwater model providing a prediclion of the directional wave spectrum
for locations called grid points spread throughout the northern hemisphere. Numerical predictions
are based upon the driving wind field, the prediction from the previous time step and the
propagation of energy into the area from distant storms.

The open ocean spans the North Atlantic from the latitudes of the northeast Trade Winds (up to
about 30 deg. N) through those of the prevailing westerlies (30 deg. - 60 deg. N) and into the
Polar northeasterlies (above 60 deg. N), so that it is not surprising that the climatology of the
cperational area is strongly a function of latitude. Additionally the influence of land mass,
currents, continental sheil, and local storm tracks each cause a similar climatology variation with
longitude. Hence the open ocean area has been subdivided into sub-areas which are identified in
Figure 6.8.
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DATETIME LOCATION WIND DIRECTION AND SPEED, WHITE CAP
WAVE A em— PERCENTAGE, FRICTIONAL WIND VELOCITY

FREQUENCY SZ 31 MAR 68 M!E!N 12.20TW /
\ WIND OIR 267.6 WIND 5PD 22.6 WHITECP50 USTR 89|

REQ  30p 208 958 133 .37 103 082 081 012 Q067 DGl 056 D050 044 038 DI (FROMI
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HZ 00 00 o011 00 00 01 00 02 06 00 00 00 00 00 00 A 8.59
0 o8 I8 46 47 07 00 03 .00 00 00 00 00 00 .00 3 336,58
VARIANCE .05 .6 .27 325 30 22 01 .04 .00 00 00 .00 00 00 00 13 206.50
ENERGY 08 21 38 3B 56 .42 3 00 00 06 00 00 00 00 .00 23 276.58
06 8 34 a0 40 .06 48 31 00 00 00 00 00 00 .00 16 24658
04 12 4B 4 4 00 Q1 03 00 00 00 00 00 .00 .00 J 21658
N
POINT [ 24 96 134 122 1§27 .78 51 23 05 00 00 00 00 .00 00 6.7 WAVE
SPECTRAUM DIRECTIONS
HIA 1035FT TOTAL
r——————

ENERGY
SIGNIFICANT WAVE

HEIGHT

Tabie 6.5 A Typical SOWM Wave Spectrum
The parameter sets daveloped from the hindcast spectra are:

1. Significant wave height vs modal wave period.

2. Significant wave height vs wind speed.

3. Significant wave height vs primary wave direction**
4. Wind speed vs wind direction.

5. Significant wave height vs wind speed (WMQ),

6. Persistence of significant wave height.

7. Persistence of signiticant wind speed.
** Values used in this study.

Both annual and seasonal dislribulions are provided. Partial verification of SOWM has been
carried out, Cummins et al {1980) and Chen (1979), which appears to indicate a reasonable
standard of accuracy, although the hindcasting methads on which it is based have been criticised
by oceanographers because they do not take account of the wave/wave interactions which play
an important role in wave spectral development. It is diflicult to develop a general conclusion
regarding the validity of these resulls for all conditions and ccean regions. However, statistical
comparisens with other data sets generally indicate good correlation and the U.S. navy has
adopted SOWM data as a design standard since 1981, Bales (1986).
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6.4.7. Frequency of Encounter with Extreme seas

Informatian of the frequency aof encounter with seas for each sea severity is necessary in order
to evaluate the extreme responses. This information on the frequency of accurence of each sea
state may be oblained from hindcast (SOWM) data as previously described. Ochi {1978b) has
shown that the occurence of sea severities can be obtained based on the log-normal distribution
for the cumulative distribution up to about 0.99 and then the asymptotic extreme distribution is
used for gstimaling ihe frequencies of extreme seas. On this basis the frequency of occurence of
various sea states in the {(mean) North Atlantic is presented in Table 6.6 for each one-metre
interval of significant waveheight (#,). Information from Ochi (1978b).

wave Height |Treauency of || giCiaSnt | Froqueney of
(in Meters) ccurrence {in Meters)
<1 0.0503 9 - 10 0.0079

1 -2 0.2665 10 - 11 0.0054
2-3 0.2603 11 - 12 0.0029
3 -4 0.1757 12 - 13 0.0016
4 -5 0.1014 13 - 14 0.00074
$-686 0.0589 14 - 15 0.00045
6 -7 0.0346 15 - 18 0.00020
7-38 0.0209 16 - 17 0.00012
8 -9 0.0120 17 < 0.00009

Table 6.6 Frequency of Occurrence of Seastates

6.5. Seamanship

This factor can have a large influence on both the motion probabilities abtained and the motions
themselves once the severe seastates have been encountered. Firstly, by manoeuvring to avoid
a storm area or (in the case of small vessels in particular) by not sailing at all undil the storm has
passed, the vessel is exercising avoidance seamanship. This is a function of the accuracy of
weather forecasts and the skill of the ship’s officers. Secondly, a vessel experiencing excessive
motions and sea-loads may be manceuvred o reduce these to perceived acceptable levels. The
vessel is exercising what might be termed pacifying seamanship which is a function of the

motion/sea-loads information available to the ship's officers and their skill in reducing these
motions and sea loads.

Avoidance type seamanship can be represented by a Markov mapping, Hutchison (1981) i.e.
plilj} - the probability of encountering each seastate in the absence of avocidance seamanship to
the probability of encounter with avoidance seamanship. An example transition matrix p(H;/HJ) is
given in Table 6.7 whare H; is the seastale encountered after avoidance action and H, the
seastate which would have been obtained in the absence of avoidance action.
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Seastate which would have
been encountered

i 2 3 q E)
Encountered 1 1.0 0 0 0 0
seastate
after 2 0 1.0 0.2 0 0
avoidance
seamanship k] o 0 0.8 0.5 0.1
H ' q 0 0 0 0.5 0.6

— — o— —— —

Table 6.7 Avoidance Seamanship Transition Matrix

Pacilying seamanship consists primarily in changes of speed and/or heading once a severe
seastate has been encountered. These can be represented as conditional properties of speed V
and relative headmg to waves p given the seastate aclually encountered aﬂer appropriate
avoidance (H T,), unaltered speed V, and relative heading p, i.e. p(uV/u,V, H T,) where p,, p
are functions of the ship course C and wave direction @.

The achieved speed V and heading p for each case of encountered seastate (H;Tm) and initial
speed V, and heading u, may be assembled from a pair of transition matrices:

(VIRgVoH,T,) and (u/pug VoH, T,)

i.e.
PRVINgVoH T, =pu/ug Vo H,T,) . p(VIng Vo H, T,)

Ship speed in a seaway comprises the involuntary speed reduction due to the added resistance
and reduced propulsive elficiency in waves together with the voluniary speed reduction due 1o the
master's action to reduce excessive motions and sea-loads. The present study is primarily
concerned with higher seastates where the master's voluntary action overrides any consideration
of natural speed reduction. Thus added resistance is not accounted for within the simulations.
This is an area requiring turther refinement,

The problem of voluntary change of speed/heading criteria to reduce motions and loads is no
less difficult. it is inevitable thal any proposed criteria will be subjective and based upon the
master's previous experience. They will also depend upon how well the master perceives the
mations and sealoads from his conning position, and will also be vessel dependent.

Once the criteria have been agreed. a more objective response from the master should be
possible when suitable instrumentation is provided to indicate the motions and loads being
imposed, together with suggested optimum courses of action to reduce these 1o acceptable
levels, Chazal (1980Q).




In the meantime, and for the purposes of the present study, it has been necessary to assign a
set of criteria which it will be assumed the master will adhere to in order that his vessel will be
rendered more seakindly. The master is likely to take action to avoid damage to his vessel's
structure, engines or cargo and lo avoid undue discomfort to his passengers and crew. There
have been several studies with both merchant and warships including Aerissen (1366), Kehoe
(1973), Bledsoe et al(1960) and Conolly(1975) into limiting-motion criteria for different types of
vessel. Several of the proposed criteria suffered from the drawback that they could not be readily
assessed from the master's conning position and were also not relevant to the environment being
experienced by the crew. For example Conolly (1975) proposed a criterion based upon slamming
at 0.2 Lbp abatt the fore perpendicular and Aertssen (1966) used the amplitude of acceleration at
the fore perpendicular. To address these deficiencies LLoyd et al (1977) proposed the following
measures of ship behaviour in connection with predictions of voluntary speed loss in rough

weather:

i) Slam-induced whipping vibration acceleration at bridge not lo exceed 0.05 g in a 15 minute
sampling peried.

ii) Subjective motion magnitude (SM) weighted according to personnel location and averaged
along the ship length not to exceed a value of 15.

iii) Average deck wetness interval at F.P. to be not less than 100 secs.
iv) Average propelier emergence interval to be not less than 30 secs.

The actual estimates for the limiling conditions were based on seakeeping trials with destroyers,
Kehoe(1973), and the cargo ship "JORDAENS", Aertssen (1966).

The silamming criterion (i) has been subsequently amended because it is possible, by using the
original criterion, to apparently improve the seakeeping performance by moving the bridge to the
region of a node where there is no whipping response and thus no speed limitation. The
amended slamming criterion refers 1o the "average whipping acceleration experienced over the
entire ship” which should not exceed 0.18g and is based on full scale trials with 2 frigates,
Andrew et al (1981). Aertssen meanwhile, in the discussion to this paper proposed a value of
0.20 g for the bridge whipping acceleralion based on trials wilh the trawler "Belgian Lady",
Aertssen (1965).

The Subjeclive Molion Magnitude (SM) concept attempls to quantity the maolion environment
within the ship experienced by the crew and to relate this to the human respense tc motion, Lloyd
et al (1977). The original concept was proposed by Schoenberger (1975).

Subsequent full scale trials and results of questionaires have barne oul the originat proposed
SM Vaiue of 12-15 over a 12 hour period in head seas and it is therefore expected that higher
values might be tolerable in the short term. N is generally agreed that a subjective magnitude
criterion should not be based solely upon vertical accelerations in head seas but that rolling and
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lateral plane motions should also be accounted for in one single SM value if possible. It was
reported by Lloyd et al (1985) that Hosoda et al (1983) have proposed a method based on
reliability engineering techniques. By trealing the human being as a series system an overalt
"human effectiveness"was obtained by multiplying individual effectiveness appropriate to each
motion level being experienced. Baitis et al {1984) have aiso reported studies !o determine
criteria for limiting motions based on vertical-with-lateral forces though tew details were available.

The average deck wetness interval has been changed to 40 seconds following full scale trials
although this figure takes no account of sensitive equipment or men on deck, Lioyd (1981).

The above represents a great deal of ongoing work which, for the reasons oullined, are
inconclusive except for some particular full scale trials results, which were obtained mostly with 2
frigates. For this reason the limiting motion criteria in Table 6.8 wiil be assumed in the present
study.

Fisheries Stern
Criterion Protection Trawler
{64m) {(58M)
No of slams 60 per hour 60 per hour
SMe 12 15

No of deck

90 per hour

30 per hour

wetness +

No of
propeller
emergences

120 per hour 120 per hour

Table 6.8 Limiting Motion Criteria Used in the Study

(All of these values reflect the calculation assumptions and do not therefore necessarily reflect
the physical situation observed).

N.B. For this length of vessel stamming whipping is not considered a problem. A siam is
deemed to occur when the impact velocity exceeds 0.093 (g/L}*, Ochi (1973a).

* Especially relevant in a survivability study when the master will tend to keep the seas on the
bow if possible.

+ Method of calculation takes no account of distortion by hull of incident waves nor
static/dynamic swell-up.

If the subject vessel exceeds one or rmore of these motion criteria it will be caused to alter
heading/speed conducive to the continued "success” of the mission, which will reduce the
motions to acceptable levels.
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6.6. Responses

6.6.1. Introduction

In Chapter 5 the concept of a "potentially dangerous” roll motion was introduced. This was
stated to be a pre-assigned roll angle (30 degrees in the present case) beyond which it can be
assumed that the vessel will be considered patentially unsafe from a capsize point of view.
Before the required probability of exceedance of the potentially dangerous roll motion ¢_ can be
ascertained, p(¢,. < ¢), an appropriate response statistic ¢ is required. For operability studies this
¢-response is likely to be an average-type process such as the significant roll respense, whereas
when considering survivability some measure of the expected maximum is required.

The approach being advocated is now being more widely adopted in the design of oftshare
structures to take account of the whole range of sea conditions encountered by the structure,
-rather than using a single severe wave which has been the procedure until now, Standing
(1982). There are three design values which are considered to be most useful. These are the
probability that a certain value will be exceeded (the “threshold value” which was discussed
earlier); the ‘probable-extreme value' which may be compared with experimental resuits since it is
the most likely value expected in a series ol experiments and the 'design-exireme value’ which is
the value which would not be exceeded with a preassigned probability. This last value is held to
be particularly uselul in design and rule formation work e.g. Morrall(1982).

6.6.2. Short-Term Prediction Method

It was discussed in Chapler 4 that it is appropriate to apply a short-term prediction method
rather than a long-term methad for the estimation of extreme values. Indeed Ochi (1978b)
demonsirated that the estimation procedure for the exireme values is simpler and leads to more
accurate results when using the short-lerm method provided that responses in seas up to the
severest expected in the service area are considered.

In previous sections the severity and duration of sea states in the North Atlantic and sustained
ship speed in each seaway have been discussed. Extreme values of ship responses may now be
evaluated by applying order statistics to the probability function which represents the statistical
properties of ship responses for a given speed/heading in a given sea.

6.6.3. Choice of Probability Function

in general, the Rayieigh probability distribution has been used for evaluating the staltistical
characteristics of the maxima (peak values) of ship responses in a seaway. This assumption is
valid if the following conditions are satisfied:

(a) Random sea is a steady-state Gaussian (normal) process with zero mean.
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(b) Ship response to waves is linear.
(c) Spectrum is narrew-banded.

Conditions (a) and (c) are usually satistied. Seawaves, for example, are usually represented as
a Gaussian -random process, Longuel-Higgins {1952), and the bandwidlh parameter ¢ of
Cantwright et al (1956) allows the narrow banded assumption to be relaxed.

e=Vit —m%lmo.m“
where m, = moment of the spectral density function

For a narrow-banded spectrum € is equal to zero and the p.d.f. is of Rayleigh form. For a
wide-band spectrum ¢ is equal to one and the p.d.f. has a normal distribution.

However for estimating the extreme values of ship rolling in a seaway there may still remain a
sericus problem regarding the linearity assumption because, as was described earlier, rolling
motion is distinctly non-linear by nature. This may not completely exclude a linear treatment and
thus the use of conveniently assuming Rayleigh distributed peak responses. Rather it should be
realised that (for any trial) as the probability of exceedance of 30 degrees of roll increases, the
absolute values of the probability obtained reduces in accuracy?.

To illustrate this, consider a typical roll response spectrum which may be transformed into an
"amplitude” spectrurn as shown in Figure 6.9.

This argument assumes that roll angles up to 30 degrass can be computed with complete accuracy for the SULISKER.
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where @, (»,) is the response spectrum ordinate and «pi. is the amplitude spectrum ordinate.

Thus, as dw, — 0
V2 @, (wydw, =9,
Figure 6.9 Amplitude Spectrum

It can be seen that certain of the contributions to the variance (variance denoted by m,, the area
under the response spectrum) cannot be predicted with accuracy by the linear superposition
principle. Indeed the Rayleigh distribution over-predicts the probability of occurence of larger

amplitude roll motions of the subject vessel, Roberts (1984), since the Rayleigh distribution is
given by:
p(g)=2 e=0712mg
Mo
and

plo > ¢ y=e ¥ 12m
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Pr.

In order that the degree of confidence in the predictions may be assessed the idea of a
"confidence level” is introduced. This is simply a metric for describing the level of confidence in
the probability ablained. As far as the author can ascertain, the partitioning of responses into
regions of linear and non-linear behaviour for a marine vehicle has not been apportioned in quite
this way. It is only applicable if the accuracy of the response prediction can be assured up to a
certain response level.

Thus if p(¢ > 30)=0 then consider that C.L.{canfidence limit) = 1 i.e. one can be 100% sure that
the probabilities obtained are accurate.

Similarly if p(¢ > 30)=1 then consider C.L. = 0 i.e. one can be 0% sure that the probabilities are
accurate.

Thus C.L. =1 -p(¢ > 30} as illustrated in Figure 6.10.

" C.L.=1-p(g>30°) Pr. C.L.=1-p(F>30%)

.C.L.=I1

ﬂ 30' 30- ﬂ ﬂ 30.

Figure 6.10 Definition of Confidence Limit

Thus it a Rayleigh distribution is assumed for the rolling response of a vessel it is suggested
that this simpte concept of "confidence limit" can be used to give a feel for the probabilities
obtained since an indication of the proportion of the contributions to the variance, which are

correctly predicted, can be obtained.

In the shont-term prediction method used in this study, encounlers with each seastate of a
particular severity (characterised by significant waveheight, H,) are considered and the peak
values fitted to the Rayleigh distribution through the slatistical variance (area under the response
spectrum). The lifetime probability of response is not being calculated because of the use of the
counting functional of section 4.6 to record only the occasions when 30 degrees of roll is
exceeded.
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The alternative, which will not be pursued here, is to carry out a series of experiments for the
non-linear responses and 1o then fit a function to the histogram of the responses obtained. Many
such functions have been proposed such as a generalisation of the Rayleigh or gamma
probability function, Ochi (1978c). It should be noted that all the parameters for these
distributions are obtained from the data observed and have no relationship with spectral analysis
in the frequency domain. At present no theory exists for expressing the exireme values in a
simple closed form, as for the Rayleigh distribution, hence the exireme values are evaluated only
through numaerical computations.

Various other researchers have proposed distributions fitted to observed data. For example
Jasper(1956) fitted the measured data using the- theory of extremes as developed by
Gumbel(1954) lo records of rolling under the assumpticn that the underlying distribution is of the
log-normal type. In all of these fitting procedures the ditficuity is in knowing where the underlying
assumptions fail,

6.6.4. Prediction of Extremes

Figure 6.11 is an explanatory sketch of a random process x(¢) for which the maxima could be
anywhere in the range (--, +e) and several maxima could occur during one cycle as dstined by
ZEero Crossings.

HAX1RA
{POSITIVE) EXTRERE YALUE

O A
/ /

LN

TIKE

/

HAXIMA
{NEGATIVE)

MirGM A
{NEGATIYE)

Figure 6.11 Random Process x(r)

The probability function of the maxima of a random process having an arbitrary bandwidth
spectrum is given in Cartwright et al (1958), while the prabability funclion of the positive maxima,
defined as the peak value which will occur throughout the range of 0 to = is discussed by Ochi
(1973b). Let x be the motion response in a seaway and let ¥, be the exireme value of the
response in n-encounters with waves. By applying order statistics the probability density function
for the extreme value, Y,, denoted by g(v,) becomes:

8O

-Ochi(1973b)
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where f(r) is the p.d.f. of the respanse and F(x) is the cumulative distribution function of x.

From the above equation the extreme value which is likely to occur {the probable-extreme value
denoted by ¥,) is the madal value of the p.d.f. of g(y,) and is cbtained {Figure 6.12) by letling the
derivative of g(y,) with respect to y, be zero, thus:

d . d 3 3 -
E(g(y,,))—[ Eﬂ-‘)-F(IH(n (A0} IF,_,," 0

PROBABILITY
DISTS;BSTIUN PROBABILITY
"\ / DISTRIBUTION
l 1\ OF EXTREME X
| .
| PROBABILITY
l T-e-1
|
|
| N

]
f
Uy (CHARACTERISTIC
LARGEST VALUE)

¥y (PROBABLE EXTREME VALUE]

Figure 6.12 Explanation of Probable-Exireme value

On the other hand the expected number of positive maxima in the observed data which are
grealer in extreme value than the most probable is rather higher. Indeed, it can be proved that if
the number of wave encounters is large then the prabability that the extreme value will exceed y,,
is theoretically 1-e~! = 0.632, regardless of the spectrum bandwidth, Ochi(1973b). It appears
therefore that the most probable-extreme value y, is too low to be considered for engineering
design consideration. A certain margin above the expected largest value is required, and this can
be obfained by estimating the exireme value, y:, which is unlikely lo be exceeded with a
preassigned probability o, 1.e. y: can be found by obtaining the solution (Figure 6.13) of:

_[ 5y, )dy, =@
Yn
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Figure 6.13 Explanation of Design-Extreme Value

Under the assumption that » is large and that the peak values of responses follow the Rayleigh
probability law, as previously discussed, the amplitudes of extreme values are as follows, Ochi
(19730).

Most Probable-Extreme value:

Fo=V2in(2V1-*y/ (1 +VL-eD) n . Ym,

Design-Extreme value:

Ya=V2n(2VE-€2)/(1 +V1 =€) n/ ot Vmg

where ¢ = bandwidth parameter and m,, m,, m, are the zero'th, 2nd and 4th moments of the
response spectrum respectively.

For the present purpase it is more convenient if the number of observations is expressed in
terms of time hence:

Most Probable-Extreme Value:

¥,z V2in (60 T/(2r) V’mzl mgy) . \/r?r;

Design-Extreme Value:

Yo =V2In (602 T/ 2 ety Vomg/mg) . Vimg
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Where T is the time in hours. These formulae include the effect of the bandwidih ot the
response spectrum € on extreme values.

The risk parameter, ¢, represents the probability that the extreme response in a given sea will
exceed the predicted value. If a is chosen by the designer 1o be 0.01 it implies that the extreme
value experienced in a certain specified time will exceed the predicted value once in 100
accurences of a storm of the same severity.

In general the storm duration and frequency ol ils occurrence have 1o be considered in
determining the a value. If a ship may encounter seas of the same severity  times in her lifetime
then it is necessary to divide @ by & to maintain the percentage assurance in the calculation.
Hence the Design-Extreme vaiue becomes:

o= V2in((60)2 T/ (2 m(cet k) Vmylmg) . Nimg

These aspects require individual attention in the actual calculations.

6.6.5. Operation (or exposure) time

The extreme values of responses are a function of the number of encounters with waves and
hence the persistence of each sea stale has o be considered in the estimalion.

Figure 6.14 taken from Ochi et al (1974) shows the persistence of every 1.52m (Sit) interval of
significant wave height estimaled from an analysis of North Atlantic data given in Moskowitz et al
(1965). For example a sea of significant wave height 10m would not last more than 20 hours
during one storm: hence it is sufficient o evaluate the extreme responses for 20 hours of ship
operation in this sea severity.
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Figure 6.14 Significant Waveheight and ils Persistence
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The eifect on the exireme roll angles of seastate duralion is shown in Figure 6.15 tfor the
Bretschneider 2-parameter wave spectrum (H_ = 5m). The (SULISKER) extreme values increase
significantly during the first 10 hours approximately and thereafter at a slower rate.

EXTREME ROLL ANGLE vs SEASTATE DURATION

DESION-EXTRINE ROLL ANOLE

-
Q
i
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______
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-

EXTREME ROLL AMPLITUDE (DEG.)
t ]

0 30 P ' ]
SEASTATE OURATION (HOURS)

Figure 6.15 Effect of Seastate Duration on Extreme Roll

6.7. Chapter Summary

The treatment of the important factors described in this chapler which are considered in this
study may be summarised as shown in Table 6.8. Any short-comings are also highlighted.

123



et

siope4 uolejnung juepodw) jo Juawieal] g'g a|qe]

Factor

Treatment

Commenis , N

Hull Design Features

Strip theory & empirical
formulae using measured values

No modelling of above—water
features occurs

Displacement Conditon

Range of values taken

No values used oulside
of operating norm

from stability booklet

Cargo - No cargo carried
Route Domain segments chosen to Method is iterative and

give worst expected responses seeks worst cases

Statistically derived open—sea

and fetch limited families Covesrsegt?gleg:‘gogge of
Climate of wave spectra used P P
(Waves) Cosine squared wave Extreme values of wave height
enerquspreading and probabilities of occurence used

Climate _ Wind effects and gusting are
(Wind) not considered

Seamanship

Avoidance and Pacifying—type
seamanship are considered

Empirical values of critical

motion are assumed

This area is somewhat subjective
with reasonable values used
based on correspondence

Responses

\-

Based on Statistics of extremes

Rayleigh distributed process assumed
Corrected for bandwidth)

Upper and lower bound
responses obtained with 95
percent confidence

Assumes that roll response
is accurately predicted up to
30 degrees




Chapter 7

Description of the Simulation Computer Program

7.1. Introduction

In chapter 4 it was described how the probability of exceeding a potentiaily dangerous roll
motion can be estimated by making use ol independent (Bernoulli) trial concepts. It was
proposed that every new vessel design be subjected lo a set of analytical test-tracks. These,
taken together, comprise the proving ground appropriale in nature to lhe particular vessel's likely
operating cycle. This chapter is concerned with the practical applicalion of such concepts. It
brings together the motion prediction aspects of chapter 5 and highlights the treatment of the
important factors -climatology, seamanship and resulting response which were previously
described in chapter 6. Any limitations and assumplions are given particular attention.

A computer proagram RISK.F77 has been wrillen in Fortran 77 for the analysis. Structurally it
comprises a main pregram which may further access up to eleven subroutines depending on:

« user requirements set externally to the pregram;

« decisions taken within the program (for example simulation of the the master’s likely
courses of action)

The complete program logic is presented in Appendix A3 as a set of flowcharts. Reference will
be made to these throughout the chapter but Figure 7.1 is reproduced here to show the overall
logic flow of the main program.

It can be observed that the main program of figure 7.1 may be conveniently divided into two
parts. The first and major part is concerned with the realistic prediction of vessel motions when
subject to various factors including climate and master's action {which when taken together
comprise a scenario). The second part is concerned with calculating the asscciated probability of
occurrence of these factors in order to calculate the scenario probabilities which gave rise to the
motions.
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7.2. Motion Prediction

7.2.1, Wave Spectra

Responses to the following wave spectra are available within the program (numbers in brackets
[-] indicate the number of wave spectra in the family):

« Pierson-Moskowitz (ISSC formulation) [1]

« Bretschneider 2-parameter (with optional Ochi North Allantic data) 9]
» JONSWAP (Narth Sea dala by Ochi) [5]

¢ Ochi 6-parameter {North Atlantic data) [11]

For the present study the last two spectra are predominantly used, with families of spectra being
considered for the reasons discussed in chapter 6. A difflcuity which is associated with using the
response amplitude operators (RAQ's) derived from Britsea is that they are cnly available lor the -
range of frequency (w) of between 0.3 rad sec™! and 1.3 rad sec™' (0.04 rad sec™! increment).
This truncated frequency range was judged by the original ‘author' of Britsea to contain most of
the wave energy for the Pierson-Moskowilz point spectrum (the only spectrum available to users
ol Britsea). However, for the present purposes this may lead ta the truncation of the wave
spectrum from which the extreme responses are eventually calculated. Figure 7.2 illustrates this
for an ISSC spectrum. The effect of this truncation on computed responses will vary depending
on the shape of the wave spectrum as well as on the shape of the RAO curve with respect to
frequency, Figure 7.3 and Figure 7.4.
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Figure 7.2 Truncated ISSC Wave Spectrum
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Figure 7.4 Truncated Response Spectra

Since the roll response amplitude operator curve tends to be very highly peaked, figure 7.3, at a
frequency value close 1o the ship natural roll frequency (0.6 rad sec™! for the SULISKER) and
fatls away sharply on sither side, this is not judged too much of a problem for roll, provided that
values of roll velocity or acceleration are not considered. These values are proportional to w? and
w* respectively.

The effect is likely to be more pronounced for pitch, heave and the associated vertical
responses, figure 7.4, but it is extremely difficult to quantify this given the large number of runs
through the program, thus a systemalic error is assumed in the present study.

7.2.2. Response Ampiitude Operators

These are pre-computed using Britsea and held in a database for access by the main program
{using subroutine DATAIN). The dalabase contains both transverse and longitudinal respanse
amplitude operators {amplitudss and phases) for different frequencies and headings to waves. A

typical entry for roll is outlined in Table 7.1. There is a separale entry relating to each
displacement condition and speed.
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( Heading to Waves 1
Wave frequency w | 0 30 60 90 120 150 180

Amplitude
0.30
0.34

Roll Amplituda

1.30
Phase
0.30
0.34

Roll Phase

130 - P

Table 7.1 RAO Database for a given Speed ¥, and Displacement condition A

The computer inlerpolation of the RAO values, with respect to heading, uses a Lagrange
technique based on Everett's formula, Froberg (1969), with a finite difference error estimation.
The net result of this is that motions may be computed to within a 3 knot speed resolution and a
15 degree heading resolution. This was fell to be a reasonable tradeolf between practical 'real-
life’ accuracy and the potentially enormous increase in computing lime and storage that would
result if the speed/heading resalution were made any finer.

7.2.3. Response Spectra

The superposition principle of St Denis and Pierson (1953) is used throughout i.e. the
responses are assumed linearly related to wave amplitude or wave slope. This may not be the
case (even for vertical responses) when the seaway is very severe but this was felt to be not oo
great a problem as the actual capsize roll angles themselves are not being predicted. Only the
exceedance of the threshoid value of potentially dangerous roll motion is being monitered in this
study.

The following responses are available in subroutine RSPONS:
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» Roll motion, velocity and acceleration

« Sway motion, velocity and acceleration

« Yaw metion, velocity and acceleration

« Pitch motion, velocity and acceleration

« Heave mation, velocity and acceleration

« Pitch/Heave coupled absolute motion, velocity and acceleration *

« Pitch/Heave coupled relative motion and veiocity *

« Pitch/Heave/Roll coupled absolute motion, velocity and acceleration *
« Pitch/Heave/Rall coupled relative motion and velocity *

¢ Added resistance

*Vertical responses are available for up to 5 positions of interest on the hull, measured from the
centreline and amidships. These are the bow, bridge and propeller positions at which vertical
motion values are required lor subsequent evaluation of critical motion/sea-ioad values.

Responses to both long and short-crested seas are available. In the latter case, which is the
case usually considered for realism, cosine squared or cos* spreading of wave energy is
generally used. ’

Subroutine INTEGR performs the necessary integrations of the long and short-crested respense
spectra to obtain RMS values and broadness correction factors. A third order difference
technique, with error estimates according to a method by Gill and Miller (1972), is used for this
purpose. Again it is noted that the respanse spectra are necessarily truncated.

7.2.4. Responses Critical to Master’s Action
(a) Deck wetness (subroutine CRITRS)

It was stressed in chapter 6 that the maximum number of deck welnesses of 90 per hour is
assumed to be acceptable to the master of the SULISKER.

(i) The actual number of deck immersions/hour (V) is obtained, Bhattacharrya (1978), from:

"

Probability of Deck Wetness

= . 3600
Average Rel.Motion Period at Fpp

w

P, . 3600

~
A
Sl3

e )
-3600 /M2 exp=/a!@mg .CFY)
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where  /,is the effecliveifreeboard at the bow accountingitor-static and dynamic:swell-up

CF=(1-¢%%3 is the spectrum'bandwidth correction.factor

my m, m; are moments of the relative:motion spectrum.
(i) Effective Freeboard (f,):

-Shipping of greén waler, is caused. primarily by deck moltion relative to: Ihe wave surface. It Is:

‘therefore a.function of the itreeboard-of the ship. The actual freeboard of the ship is madified by

both static and dynamicisweli-up to-give:the:effective tr,eeboard'.(f;).
(iii) Statical Swell:up at the bow.
This is caused by.2 phenomena; bow waves;generated by ‘the vessel. whileimaving 'in still water

and sinkageof the bow whileirunning:at speed. The effect is aireduction of the freeboard i.e:

r

fot-i
‘where:
fi.islthe.(r‘_eeboa_rd corrected for. statical swell-up
fis the aclual freeboard in:still water {bowhaight -forwardidraughit)
A is the statical swell-up
h‘.="§3 *C.s.
Gg is the elevation:due to the:bow wave

Lsis:theisinkage due to. speed
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An approximate formula for statical swell-up is given by:

L b
h=075B — F;
' L

n
e

-Tasai{1263)
where
B is the ship breadth
L is the length between perpendiculars
L, is the length of entrance
F, is the Froude number

thus

f,=f~0229 B Li F (m)

€

{iv) Dynamic Swell-up of Water at the bow

This phenomenon is not considered because of a lack of reliable data pertinent to the subject
vessel.

(b) Stamming

The maximum number of slams that the master will accept is assumed to be 60 per hour for the
subject vessel.

Slamming is the impact experienced when the forefoot hits the waler surface during a severe
pitching motion. This most sudden change in the acceleralion takes place at the bow and stern
where both acceleration and motion are greatest. Slamming causes excessive pressure on the
bottom piating with the possibility of stress-whipping in the main structure.

Although it may occur without forefoot emergence, there is a greater probability of slamming
with emergence of the forefoot. Thus there are three kinetic conditions to be investigated in the
study of slamming:

» Does forefoot emergence occur in a given seaway?
« Value of phase diftference between wave motion and bow motion

» Magnitude of relative bow velocily. Is it greater than a threshold value necessary to
cause a slam fo occur?

(i) Probability of Slamming

The probabiiity of forefoot emergence is the probability that the relative bow displacement
exceeds the forward draught i.e.
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3 2
p(Forefaot Emergence )=¢~T 7 2mg CF))

where
T is the draught at the bow
my is the zero'th moment of the (relative) bow motion spectrum
CF, is the motion spectrum bandwidth correction factor
Similarly the probability that the relative bow velocity exceeds the threshold velocity is given by:
p(Rel.Vely > V) =e'(V§’ Imy CF%’
where
V_is the threshoid velocity
m, is the second moment of the relative bow (vertical) motion spectrum
CF, is the vertical velocity spectrum bandwidth correction factor
If it is assumed that bow emergence and retalive bow velocity are statistically independent then:
3 22 2
p(Slam)= =T/ 2mgCFy +V /2my CFy)
{ii) Number of Slams

The number of slams per hour, N is given by:

Probability of a Slam

= . 3600
¥ Average Rel.Motion period at F op

2 2 32 2
, e—(T"I ZmOCFl +Vt_l ZmZCF._,)
where, for the SULISKER, it is assumed in the absence of available data:

v_=0.093 VgL=V9.81.64=2.33 msec™!, Ochi(1964)

It is noted that this formula does not hold for all full scale trials results e.g. Aerissen (1966).
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{c) Subjective Motion Magnitude

In arder to predict voluntary speed loss in rough weather it is important that the captain’'s
perceplion of the ill-elfects on his ship and crew are considered. Thus it is important to relate

criteria to the way in which the caplain detects the occurrence and severity of slamming, ship

motions, deck wetness and propeller emergence. The subjeclive motion (SM) magnitude is given

by:
_ e
SM=(3.087+1.392(In (uzn){-;—“)zl my"
4
-Lloyd et al (1877)

where

my, mg are absolute (vertical) motion variances

SM is calculated at the bridge posilion. If SM > 12 it is assumed that the master will choose to

alter speed and/or heading.

N.B. Involuntary speed loss is not covered in this work since it is assumed that, in the main,
severe seas cause the largest respenses and the master will have over-ridden added resislance

affects in these circumstances.

(d) Propeller Emergence

Assuming that the propeller has emerged when one quarter of its diameter is exposed above

the water surface the number of emergences per hour N is given by:

Py
Tg

23600 M2 (Tp-Dihyi2myCFR
where
Pis the ﬁrobability of propeiier emergence
T, is the average relative (vertical) motion period at the propeller
T, is depth of propeller shaft below still water level
my is the variance of the relative moticn at the propeller

m, is the variance of the relative velccity at the propeller, Figure 7.5.
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Figure 7.5 Propeller Emergence Definitions

If the number of propeller emergences exceeds 120 per hour it is assumed that the master will
alter speed and/or heading.

{e) Roll Motion

It is assumed that if the average roll motion exceeds 15 degrees the master will alter speed
and/or heading - aithough this is a secondary effect for the subject vessel because there is no
cargo which might break loose. It is a figure based on consideration of crew comfart only, which is
generally not exercised on the SULISKER, Dickson (1984}.

7.2.5. Master's Action

When one or more of the motion or seaload criteria of section 7.2.4 are exceeded the master
will adjust ship speed and/or heading to try and bring levels te within acceptable limits.

The principle adepted within subroutine MASTER is that speed/heading will be adjusted in an
attempt to bring motions and sea-lcads to just within acceptable limits while simultaneously
maintaining 'best progress' in the desired direction. Thus the assumption being made is that
‘least time on passage’ is a primary concern of the master. While this is certainly true ot cerain
vessel types, such as centainer ships, it may be questionable for other vessels such as naval
ships or fishing vessels. In fact it is apparent that in a true survivability situation the reduction of
motions and sealoads is paramount and the actual choice of heading/speed to attain this is
largely irrelevant provided that the vessel does nat stand into further danger, - from risk of running
aground tor example.
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'Best progress’ may be adjudged by simple geometric considerations, Figure 7.6.

C

CHANGE CF
HEADING

where
A8 is the unaltered heading/speed vector
AC is the heading/speed vector after alleration

8 is the "Residual” heading/speed vector

Figure 7.6 Best Progress

The magnitude of the residuai vector is found from:

CB=VAC?>+AB%*-2.AC.AB cos A®
where A° is the change in ship heading.

In order to reduce the amount of computation while still achieving a reasonable degree of
realism the vessel is allowed 1to alter heading in 30 degree increments
(0°, 30, 60, 90, 120, 150, and 180°) and speed in 6 knot increments (0,6, 12 and 18 knots). This
gives 48 diflerent heading/speed combinations,-and leads te the mapping given in Figure 7.7.
This shows the order of the heading/speed changes in order to maintain best progress. It is
assumed that these are the attained values of speed (after added resistance has been
considered).
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Figure 7.7 Order of Speed/Heading Changes Allempted by the Master

it should be noted that the order of computation shown in the mapping of figure 7.7 does not
inter that the master will slavishly follow this pattern order. The program wili consider ail of the
speeds and deviations from the initial speed and heading, if necessary, in order lo reduce
motions and sealoads to within acceptabie levels. On the first occasion that this occurs the
extreme roll values are evaluated using order statistics (section 6.6.4) and the loop ends.

It all of the 48 combinations of heading and speed have been tried and the motions and
sealoads are still too large then the ‘best’ combination of heading/speed is sought:

Subroutine OPTCSE uses the response mapping obtained from the 48 combinations in order to
ascertain which critical-response prolile most closely matches the maxima allowed. The mean
value of normalised response level is calcutated for each of the 48 cases and the heading/speed
combination which gave the minimum mean value is chosen 1o be the 'best’ case. To illustrate
this consider Table 7.2 with Figure 7.8.

These indicate just two critical response profiles which have been designated (A) and (B}. In
this case (B) is preferred. For the SULISKER an equal weighting of the critical responses has
been assumed (Wt = 1.0) in the absence ol relevant information. Nevertheless the eventual
inclusion of such a weighting of obtained critical rasponse lavels is desirable to reflect how the
vessel's masler may "view" his vessel for a particular condition of load displacement. For
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example a masler may be more concerned to reduce rolling and will be willing to accept more
deck welnesses or slams if his cargo is liable to shift due to severe roll levels being experienced.

Once the 'best’ value for heading and speed has been selected the corresponding probable-
extreme and design-extreme roll angles are evaluated in subroutine ROLLER. Using order-
statistics, fuil account is taken of the duration of exposure tc the seastate severity.

[ Response Levels Obtained
A B
Critical Response Criterion
(maximum vaiue allowed) 1 2 1 2
Deck Wetnesses/hour (90) 95 | 0.056 | 75| -0.167
Slams/hour (60) 62 | 0.033 | 47 | -0.217
Subjective Motion (12) 10 | =0.167 | 13| 0.083
Prop.Emergences/hour (120)| 140 | 0.167 | 160 | 0.333
Average roll (15) 17 | 0.134 | 12 | -0.200
L Mean 0.045 -0.034

Key:
{1) Response Level Obtained

()

Normalised Response Level = (Response Obtained - Cnteron). Weight

Criterion

Tabie 7.2 Response Profile
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7.3. Prediction of the Scenario Probability

i the design-extreme rall angle exceeds the critical value of potentially dangerous roll motion
(30 degrees in this study), subroutine PROB is used to calculate the single independent trial
probability that the potentially dangerous roll motion was exceeded. This is equal to the single
independent scenario probability which gave rise to this large response.

The scenario'probabilily is the basic building block for the probability calculation. Essentially,
program Risk.F77 is used many times to calculate appropriale scenario probabiliies and to
construct the test-track response probabilities from them. Ultimately the proving ground
probability of critical roll-motion exceedence is calculaled according to the method presented in
chapter 4. This proving ground probability is obtained according to the following order of
computation in program RISK.F77:

—_

. Loop far different domain Locations L, 1to M

. Loop for different Seasons 8, 1to 4

. Loop for different Domain segments i.e load conditions 4, 1to N
. Loop for different significant waveheights

. Loop for ditterent primary wave directions @

. Loop for different wave modal periods T,

. Loop for different initial headings p,

. Loop for different initial speeds V,,

O @ N O ;N P LW N

. Calculate the design-extreme roll angle experienced (¢) as a function of seastate
duration

-
o

. Calculate the single independent frial probability of obtaining the predicted roll
response (). This is the same as the single independent scenario probability

pP'H,T, nVILSA)

In fact this step actually occurs between steps (12) and (13) for each (u,V,}
combination, since knowledge of final relalive heading and speed given the inilial
heading and speed (uV/p,V,) in a given encountered seastale (H T, ®) is
required

11. Initial speeds continue v

12. Initial headings continue p,

13. Wave periods continue T

14. Primary wave directions continue @
15. Significant waveheights continue H_

16. Calculate the cumuiative single trial probability that @& will exceed @_ at least once
given the location, season and displacement, p'(¢_ < ®/LSA)
17. Calculate the number of independent trials, N=R/T,V where R is lhe distance along

the course track for which the load condition A is assumed constant. T, is the
independence period, V is the attained ship speed

18. Calculate the cumuiative multiple independent trial probability of critical motion
exceedance:




PMo. < ¢/LSA)Y=1-[1-pY(o. < O/LS ANV
19. Load Conditions {domain segments) A continue
20. Seasons § continue
21. Domain locations L continue
22. Calculate the cumulative single test track probability of exceeding ¢, at least once:

prto. < 01L58)=1-{TT [T [T -0 < 6/LS AN}

s
23, Repeat all and calculate the provina grouﬁd probability of exceeding ¢, at least
once in O ditferent test regions:

P2 %6, < =1-[](1-p"b, < %

Thus if it is assumed initially that all combinations of M significant waveheights, L primary wave
directions, X wave spectrum family members, J initial headings and I initial speeds are
considered; the order of calculation for any particular combination of sea area, season and load
condition will be as shown in Table 7.3.

It shouid be noted that the order of sea severity H_is from the most severe expected in the
operating area to the least severa expected. This continues until the value of abtained design-
extreme roll angle ¢ is less than ¢_ for all values ol heading, speed, family member and wave
direction encountered (u, V,, F @) when the simulation skips lower seastates in favour of the next
load condition value (A). In addition, simulation will only occur if the sea severity H, can exist i.e.
it p(H @) > 0 and a test is made for this at the star.

The simulation pauses at position "A" indicated in table 7.3 i.e. at every increment of wave
spectrum family member F, (a function of modal wave period T, ), in crder to calculate the
probabilities of attained heading and speed for the given initial heading, initial speed and
encountered seastate p(p./p.oVOH;F) and p(V/roOH;F). The significance of this step is
explained in the next section.

The remainder of this chapter describes fully, with the aid of a worked example, the procedure
for calculaling the scenario probability within subroutine PROB.
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7.3.1. Worked Exampie Using Subroutine PROB.
Consider the following Scenario:;

The F.P.V. SULISKER operating fully laden in the N. Atlantic in winter encounters a severe
storm. This forces a change in course C and speed V,, from 150 degrees {T) and 15 knots to 120
degrees (T) and 12 knots in order to reduce motions and sealoads, due to vertical motion, to
within acceptable limits. This 'best' course and speed still yields a design-extreme roll angle of 35
degrees, taking account of seastate duration. Calculate the single independent trial probability of
obtaining this roll response.

Additional data:

Location code L =2

Seasoncode S =4

Load index A =1

Significant waveheight . =15m
Primary wave direction & =27¢°

Qchi 6 - parameter family member F =1
Initial relative heading u, =60°

Initial speed V,; =15 knots

Final relative heading p  =30°
Final speed V =12 knots
Design-exireme roll angle 4 =35°

N.B. this data has been chosen for convenience and ease of calculation in order to avoid
protracted iteration sieps.
(Additional probability tables will be introduced where appropriate in the calculation)

According to the notation of chapter 4 it is required to calculate p'(u VH; T, /LS) for a given (4)
i.e. the probability of encountering the scenario which gave rise to the response.
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» Calculation Summary

The order of computation in subroutine PROB for calculating the single independent trial
probability of obtaining the predicted roll response is:

Step(a) Calculate the two transition matrices:

Tu/y, VOH;F) - the probability of final attained heading given the initial heading, initial speed
and encountered seastale.

T(V/uOVOH;F) - the probability of final attained speed given the initial heading, initial speed and
encounlered seastate.

Step (b) Calculate the climate probability:
p(H, T, ®/LS)- the probability of seastate given the location and season.

Step (c) Calculate the encountered climate probability following avoidance seamanship by the
master:

p(H T, ©ILS)

Step (d) Calculate the probability of initial course and initial speed for a given location and
season:

DICVyILS)

Step (e) Calculate the probability of initial course, initial speed and encountered seastate given
the location and season:

PICV H T, ®ILS)

Step (f) Calculate the probability of the initial heading, initial speed and encountered seastate
given the location and season:

pigVoH, T, ®ILS)

Step (g) Calculate the required single trial probability of final heading, final speed and
encountered seastate incorporating pacifying seamanship given the location and season (the
scenario probabilily):

pYWVH FILS)
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Calculation

Step (a) Calculate the transition matrices:

T/ g VoH, Fy = T(u=30°/ py=60° V=S kisH, = 1SmF = 1)

- ihe probability of final heading given the initial heading, initial speed and encountered seastate
(from knowledge of the attained final speeds and headings from the simulations)

Similarly calculate the probability of final speed given the initial conditions: |

T(V/ g VoH, F) = T(V=12kts /1y =60° Vo= 15 kisH, = 1S mF= 1)

For each wave spectrum family member (F - a function of modal wave period) for a given
seastate severily the program runs through all the available combinations of initial heading y, and
initial speed V,, according to the crder given previously in table 7.3. For each of these (49)
heading/speed combinations, values of linal attained heading u, final speed ¥V and design-
extreme roll angle ¢ are calculated by the main program, Table 7.4.

This information is stored in compact matrix form in Table 7.5 and Table 7.6 to show values of
final heading given initial heading and final speed given initial speed. For example the {ables
indicate how an initial heading p,, of 60 degrees and an initial speed V|, of 15 knots gave a final
heading u of 30 degrees and final speed V of 12 knols.
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Step (c) Encountered climate after avoidance seamanship: -

Comespondence with the masters of SULISKER and the sister ship VIGILANT, Dickson (1984)
and Rattray (1984), indicated that no avoidance seamanship is attempled for winds less than
Beaufort force 8. For winds in excess of force 8 the ships proceed to or remain in sheltered

waters until the weather improves.

The example transition matrix of Table 7.9 states that on 10% of the occasions when a
significant waveheight #_ of 15m would have been encountered, in the absence of avoidance
seamanship, the master's action will resuit in exposure to a signilicant waveheight H; of 11 m
(reading the 15 m column in tabie 7.9).

Seastala Bafora Avoidanca (Hs)
0 |05 15 25 35 45 55 65 75 85 95 1 13 5 18+
05[10 00 00 00 00 00 00 00 00 02 02 02 02 0.2
15100 10 00 00 00 00 00 00 00 00 00 00 00 00
2500 00 1.0 00 00 00 00 00 00 00 00 00 00 00
35|00 00 00 10 00 00 00 00 00 02 00 00 00 00
45|00 00 00 0O 10 00 00 00 00 00 02 00 00 00
55|00 00 00 00 00 10 00 00 00 01 00 02 00 00
6500 00 00 00 00 00 10 00 00 00 01 00 02 00
75|00 00 00 00 00 00 00 10 00 01 00 041 00 02
85/00 00 00 00 00 00 00 00 1.0 00 01 00 01 0.0
95|00 00 00 00 00 00 00 00 00 04 O00 0.1 00O O.1
n |00 00 00 00 00 00 00 00 00 00 04 00 01 00
13 |00 00 00 00 00 00 00 60 00 00 00 04 00 O.t
15 [,00 0.0 00 00 00 00 00 00 00 00 00 00 04 00]
8+|'00 00 00 00 00 00 00 00 00 00 00 00 00 0.4

Seastata After Avcidance (Hs')

Table 7.9 Seastale Transition Matrix: p(H;/H_')

Similarly on 10% of the occasions when #_ = 15 m would have been encountered a seastate of
H; = 8.5 m is encountered and again an 20% of occasions a 6.5 m waveheight is encountered.
On 40% of the occasions when ¥, = 15 m would have been encountered the master either takes
no action or takes action which is not effective. On the remaining 20% of occasions when a
significant waveheight #, = 15 m would have been encountered the master opts to proceed to or
remain in port. A similar pattern is reflected in the choice of masler's action for other seastates
when winds greater than force 8 are experienced.

Now, the probability of encountered seastate:

p(H,T, ®/LS)
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=p(H =15F=10=270/L=25=4)

=J: p(H_IH ). p(H FOILS) dH,

=J0 p(H =15/H).p(H F=1®=270/L=25=4) dH,

=0.40.5.x10~* (when H_ = 15m) + 0.0 (for all other H, values - table 7.9)

hence

p(H. =15 F=1d=270/L=25=4)=2.0x 107,

Step (d) Initial Course and speed for a given Location p(CV,/LS)

Table 7.10 illustrates an example of an initial course/speed probability matrix for the North

Atlantic in winter.

Initlai Speed ¥V

Inltial
Course C.

0

15
30
45
&0
75
80
103
120
135
150
163
180
195
210
225
240
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270
285
300
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Table 7.10 Initial Course and Speed Probability p(C /L S)x 10?
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For this example il is assumed that initial speeds of 3 knots and 9 knots are not possible and
that all initial courses are equally pessible for the initial speeds of 0, 6 and 18 knots. For initial
speeds of 12 and 15 knots the situation is more involved.

Step (e) Calculation of the probability of Initial Course and Speed in the Encountered Seastate.

This 7 x 24 malrix of speed/course combinations will combine with the 8 primary wave
directions @, in some instances to yield the same initial heading to waves (u,). Certain of these
are not of interest in the light of the data pairs that were identitied in step (a).

It is necessary to consider alt of the relevant combinations of initial heading (ug) and speed (V)
which gave rise to 1 =30° and ¥ =12 knols, in the seastate in order to calculate p(uV/pyVy H, F)

i.e. from step (a)

Uy =60°,V,=9knots
Ho=60°,V,=15knots
Uy =150°,V,=15knols

Each of these data pairs has associated with it 2 courses. Recalling that the primary wave
direction @ was 270 degrees then, as example, for the last data pair (u,=150°V,=15 knots) the
associated courses will be 240 degrees (T) and 300 degrees (T), Figure 7.9, since p=® ~ C.

240°T (COURSE 1)

PUD 30°  HEADING ANGLE p =150°

270° (1) 30° SPEED V =15 KT5

300°*T (COURSE 2}

Figure 7.9 Two Courses for a Single Relative Heading to Waves
Hence, C=240° (T}, V=15 ks and p(C V)= x 10~ from table 7.10.
Also C=300° (T, Vy=15 ks and p(C V) =0 from table 7.10.

This process is repeated and the valuas are given in Table 7.11.
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(Inilial Heading/Speed | Coursas pC V) )

p,=60%V =9kis | C=030"T | p(30, 9) = 0.00
= 60°, ¥, = 9 kis C,= 150" T | p(150, 9) = 0.00
u,=60°V,=15kis | C=030"T | p(30, 15) = 0.00
p,= 60, V,=15kis | C,=150"T | p(150, 15) = 0.00
w,=150%, V=15 kis | C= 240" T | p(240, 15) = 0.01
\M,= 150°, V.= 15 kis | C .= 300° T | p(300, 15) = 0.00

Table 7.11 Values of p(C'V,/LS$)

Step (f) Calculate the probability of the initial heading, initial speed and encountered seastate
given the location and season.

As example consider the case when p,=150° and V,,= 15 ks in table 7.11.
pllg Vol FILS) = plig=150V,=15H =15F=1/L=25=4)

In B

=j pP(CVy=15/L=285=4).p(H =15F=1O=270/L=25=4) dC
Q

=0.00.2x10~ + 0.00.2x 10

=2x10°8

This process is repeated for each of the (u,, V) values of table 7.11. In this contrived case the
resulting values are all zero.

Step (q) Finally, incorporating the pacifying seamanship:
puVH,FILS)= [ '[:" PV I VoH, F). plig Vo, FILS) ditg dV,
=J: J-ou P! o Vo H, £ p(V g Vol F).plag VoH,FILS) dpgdV,
{section 6.5)
Thus
pp=30V=12H = 15 F=1/L=25=4)
= P(=30/119= 150V = 15 H, =15 F=1). p(V = 12/t =150 V=15 H,= IS F = ).

Plao=150Vy=15H, = 15F=1/L=25=4)
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= ({77 {1/4)x 261078 =7.14x110°8
‘Hence 'the. scenario probability. = 7.14:x 108

Thus for thisispecial example this figure is the independent single trial probabilityiof the scenario

-occuring, 'in the specitied location;and season; which: gave rise to, the design-extrema value'of 35
-degrees:
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Chapter 8
Simulation of the Capsize Probability

. 8.1. Sensitivity of Roll Motion to Parametric Variation

8.1.1. Introduction

In this section the factors with primary influence on vessel rolling are sludied for an operationally
meaningiul range of speed and sea conditions. This is necessary because the idealised "long-
term” calculation of motion probabilities described in Chapter 4, which uses apparenily
conlinuous probability distributions, is not possible in practice. This arises because certain of the
variables used in the calculation are conceptually discrete (e.g. spatial domain, season) while for
others there is insufficient data to provide continuously variable prebabilities. One example of this
is the vessel's load condition which displays continuous changes over a voyage as well as longer
term variation of the lightship weight. This long term variation is largsly due to the accumulation
of equipment ilems, corrosion and paint as the vessel ages. The sensilivity study is intended to
demonstrale how such varialions affect the roll motion so that the complete variation of the
motions for each parameter is revealed. It is important that the resulting discretisation scheme for
each of the parameters reflects this sensitivity so that the final long-term motion distributions may
be accurately assessed from the “integrations” of the (well chosen) discrete probability
distributions.

8.1.2. Scope of the Sensitivity Study

The parent vessel used in the study is the F.P.V. SULISKER at the full design displacement
condition. Leading particulars are given in Tabie 8.1. Resulls were derived from the main
simulation program RISK.F77 using transfer functions obtained from the Brilsea seakeeping
computer programs.
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(Parcmefer
Displacement
Length Overall
Lenglh perps.
Beam mid.

Draft mid.
Melacentric Height
Roll Gyradius

Yaw Gyradius

Length/Displacement
Ratio (M)

Block Coefficient Cb

Midship Area
Coefficient Cm

Waterplane Coefficient

Cw

Bilge Keel Length
bilge Keel Width

\

Value
1532 tonnes
71.03 melres
64.00 metres
11.60 melres
4,595 melres
0.778 melres
3.90 melres

16.0 melres
5.60
0.4574
0.8464

0.7052

8.68 meires

0.28 meIrGSJ

Table 8.1 Parent Vessel, Leading Particulars

Variation of the main hull design parameters was not attempted in this study since a vessel
already built was used. A comprehensive study of the seakeeping characteristics of a new
design would have included the effect of the vanation of hull form parameters on roll.

example of such a study is by Schmitke (1980) for frigate rolling.

The parameters which were varied in this study may be grouped into 2 categories:

a) Internal Parameters Affecting Roll Response:

. 1. Displacement;

2. Weight distribution (roll gyradius and metacentric height);

3. Trim.

b) External Parameters Affecting Roll Response:

1. Significant Waveheight;
2. Wave pericd;

3. Wave energy spreading;
4. Wave spectra;

5. Duration;

6. Vessel speed and heading.
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A further important consideration is the standard of seamanship demonstrated by the master.
This aspect is discussed within the main simulation section.

a} Internal Parameter Variation.

The general philosophy in varying parameters from the parent values is to achieve a reasonably
large variation whilst keeping within practical limits. The overali scheme of internal parametric
variations is summarised in Table 8.2 and these may be compared against the likely range of
vessel load conditions taken from the stability booklet, DTI (1981) - Table 8.3.

Parameter Low Value Parent Value High Value
A 1380 (—-10%) 1532 1685 (+10%)
GM 0.500 (-36%) 0.778 0.810 (+4%)
Kxx 4,060 (—47%) 4,234 4,408 (+4%)
Trim 0.038 (-31%) 0.055 0.318 (+478%)

Table 8.2 Summary of Internal Parametric Variations used

[ Parameter Low Value Parent Value High Value )
A 1229 (-20%)* 1532 1546 (+1%)
GM 0.500 (-36%)* 0.778 0.778 (+0%)
Kxx no information 4.234 no information
Trim 0.038 (-31%) 0.055 0.318 (+478%)**

- * Light Condition ** |ce Condltlon

Table 8.3 Range of Actual Parameter Values
(F.P.V. SULISKER Stability Booklet)

it can be seen that the range of internal parameter values used in the sensitivity study (table
8.2) generally encompasses the actual range of parameter values taken from the stability booklet.
Exceptions to this rule are the ‘low value’ of displacement which was the non-seagoing lightship
displacement condition and the value of roll gyradius, Kxx, the likely range of values for which has
been taken from measured model data, Freeman (1986).

The basis ship condition for all of the realistic variations was given in table 8.1. A ship speed of
10 knots at a heading of 90 degrees to longcrested waves is assumed. The ISSC wave spectrum
with significant waveheight of 5 metres and modal period 10 seconds was used in all cases.
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b) External Parameter Variation.

External parameter variation was according to Table 8.4. The parent hull was used in all cases
for a speed of 10 knots at a heading of 90 degrees to waves. Again, unless otherwise stated,
longcrested waves of the ISSC spectrum with significant waveheight 5 metres and modal period
of 10 seconds were used throughout.

(Parumeler Vaive Ranga Comments )
Signiflcant Waveheight (m) 4 -12 -

Wave Modal Perlod (sec.) 4 -14 Moatural roll pariod 8.5 see,
Initlal Haading (deg.) 0 - 180 Head Sea 180 deg.
Inltial Speed (kis.) 0-15 -

Bretschnaldar
Wave Spectrum QOchi 6-Parameter Longcrast
Jonswap

Wave Energy Spreading Long/Shortcrast 18063:;.63;:'Bud
\ Indepandance Period (hours) 1-60 - )

Table 8.4 Summary of External Parametric Variations

The implications of the results of the sensitivity study for the simulation are discussed within the
following sections.

8.2. Parameter Values Used in the Main Simulation

8.2.1. Introduction

Figure 8.1 shows the proving ground divided into two distinct climatology domains (labelled 2
and 4) for the simulation. Each domain has associated with it two sub-demains which reflect the
different wave conditions (open-seastetch-fimited) likely to be encountered within the same
climate domain:
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8.2.2. Displacement Condition

Figure 8.2 shows that the ship internal parameters of displacement, roll gyradius and trim have
only a smail effect on roll response over the realistic range of parameter values used. Also, that
the roll response varies in a linear manner with change in each parameter. Corresponding values
for heave and pitch (not shown) indicate virtually no change in response level for each of the
above parameters.

Correspondence with the commanding officer of SULISKER, Dickson (1984), and the sister ship
VIGILANT, Rattray (1984), confirmed that the operating values of displacement and trim alter
very little during a patrol because, as fuel and freshwater is consumed, the ship condition is
adjusted by appropriate ballasting. In addition, the stability booklet indicates that the metacentric
height will only take values between 0.6 - 0.7 melres for which range of values the resulting roll
response may reasonably be assumed constant, figure 8.2.

Thus only one (constant) condition of ship displacement was used in the main simulation and it
was not necessary to divide the sea area sub-domains into domain segments each of distinct
{dilferent} displacement condition. In this respect the treatment of the SULISKER was unusual.
Most merchant and fishing vesseis display relatively large variation of displacement, trim and
metacentric height particularly between the ballast and fully-laden conditions. Indeed the
SULISKER displays small variation of load condition more reminiscent of a naval vessel. The
ship condition used was the same full-scale trial condition (designated 4SK) for which good
correlation with full scale measured sea trials was obtained in chapter 5.
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8.2.3. Wave Climate

¢ Wave Spectrum
Figure 8.3 shows that RMS roll response effectively varies linearly with significant waveheight.
The effect is distinctly non-linear with regard to modal wave period (figure 8.3) since the response
is highly tuned to waves with frequency close to the natural roll frequency. For this reason it is
important to-ensure that values of wave frequency close to the resonant value are not left out of
the analysis. For subdomain C, the open-sea area of the North Atlantic, it is appropriate to use
the Ochi 6-parameter family of wave spectra to cover the likely range of spectral shapes which
oceur in practice. This comprises eleven family members i.e. eleven modal periods for any given

significant waveheight.

In subdomain D the fetch is limited for winds from the east and southeast. Analysis of the North
Attantic wave climate (later table 8.6) revealed relatively smail probabilities of occurence of
severe seastates for these wind directions, compared with the probabilities of the (prevailing)
winds {rom the south and west which have the fetch of the whole of the North Atlantic. This was
confirmed by correspondence with the ships' masters. It was for this reason that the Ochi 6-
parameter {open-sea) family of wave spectra was aiso used for sub-domain D to predict the
severest responses. For subdomains A and B in the North Sea the JONSWAP family of (5) wave
spectra was used with the fetch length set as a function of location and primary wave direction.

Figure 8.3 shows that a greater spread of roll response is obtained (for the same sea severity)
using the Ochi 6-parameter and Bretschneider 2-parameter families of wave spectra compared
with the family of Jonswap spectra.

* Wave Energy Spreading

Figure 8.4 illustrates the effect of different wave energy spreading on RMS roll. Cosine-squared
wave energy spreading at 90 degrees about the primary wave direction was assumed
throughout the simuiations in all of the sea areas.

The reasons for this were:
a} unidirectional seas are rare;

b) spreading about a predominant wave direction as narrow as +60 degrees and as broad as
+120 degrees is not rare with +90 degrees probably representing the most frequent case, Bales
et al (1981);

c) the severest seastates generally have a single predominant wave direction, Bales (1984);

d) the 16th International Towing Tank Conference (ITTC) recommended its use in 1981,
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Further work is required in this area and it is likely that a future refinement would be to use a
variable model of directionality for particular operational scenarios in specific geographic areas
once they have been verified.
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Figure 8.4 Effect of Wave Energy Spreading on Roll

» Probability Aspects

The required joint probability of significant waveheight, modal period and primary wave direction
before avoidance seamanship is, as before:
pUH.T ¢)=p(FIL).p(HJ¢/LS)

where p(F/L) is the probability of the wave family member (Table 8.5) for a given location and

p(H, ©/LS} is the joint probability of significant waveheight and primary wave direction for a given
iocation and season.

Family Member

Location 1 2 3 4 5 6 7 8 9 10 1

N. Atlantic{ 0.500 { 0.05 | 0.05; 0.05{ 0.05 | 0.05( 0.05{ 0.05 | 0.05 ] 0.05} 0.05
N. Sea 0.081 | 0.26 | 0.33 | 0.26 | 0.081

Table 8.5. Wave Spectrum Family Weighting
Values of the joint probability of significant waveheight and primary wave direction, pH_@/LS),

for the North Atlantic and North Sea climate domains are given in Table 8.6. and Table 8.7
respectively.
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This represents a 10 year (long-term) average of the wave conditions in each area and season,
Bales et al (1981). In the medium-term (on a voyage by voyage basis) it is inevitable that the
vessel will experience seastates which are more severe than the long-term average conditions.
The medium-term climate is simply a sample drawn from the long-term climate and will display
‘variability above (and below) the mean. The results of the sensitivity study confirmed that the
greatest effect on vessel motions is likely to be due to the variability in the encountered wave
climate and thus, ideally, this variability should be taken into full account. One approach would
be to compute individual motion results for each of (in this case) 10x12 monthly hindcast periods
and this would demonstrate the complete climate variability as far as is possible. Equally, it is
important when predicting long-term (average) performance to use reliable long-term wave
climate statistics and not the wave data from any individual voyage, month or season which may
be quite untypical of the climate.

The proposed method falls somewhere between these two extremes. On the one hand it is
desirable that the method should predict every conceivable instance when capsize could occur
(with the associated probability of accurence) for each individual vessel. On the other hand it is
desirable that the method should be capable of incorporation as a stability assessment procedure
which requires that typical plausible and consistent values be used.

Thus in this preliminary study the 10 year average hindcast climatology was used. The
necessary refinement of the method to account for medium-term climate variability between
ditterent medium-terms may require an unacceptable 30 fold increase in the number of runs
through the pregram. Indeed further work is required to assess how best 1o incorporate climate
variability in order that the framework might be used for correlalion purposes. An alternative likely
way forward is lo use, say, a 95 or 99 percentile sea severity {0 give expected bounds of extreme
motion.

8.2.4. Avoidance Seamanship

Correspondence with the Fleet Support Unit of the Department of Agriculture and Fisheries for
Scotland, Corse {1984}, revealed typical vatues of the sea areas by season in which the fisheries
protection vessels SULISKER and VIGILANT may be expected to operate.

It was reported that typically 254 days are spent at sea and 111 days in port. In addition the
master of VIGILANT indicated that "There are many occasions in winter when winds are in
excess of force 9, the ship proceeds to or remains in sheltered waters unlil weather conditions
improve®, Rattray (1984). Assuming that no avoidance seamanship is attempted for wind
strengths less than force 9 gave the following avoidance seamanship transition matrix of Table
8.8.
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Seastate Befora Avoidance (Hs)
0 0.5 1.5 25 35 45 55 65 75 85 9.5 1 13 15 18+
05| +.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.20 0.20 0.20 0.20
15 ] 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00
25| 0.00 0.00 100 0.00 0.00 0.0C 0.00 0.0¢ 000 000 000 0.00 0.0 Q.00
35| 0.00 0.00 0.00 100 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 QGO
45§ 0,00 0.00 0.00 0.00 3100 0.00 0.00 0.0¢0 0.00 000 000 Q.00 0.0C 0.00
551{ 0.00 0.00 000 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.15 0.00 0.00 0.00
6.5 | 0.00 0.00 0.00 000 0.00 0.00 100 0.00 0.00 000 000 Q.15 0.00 0.0
75| 0.00 C.00 0.00 0.00 0.00 0.00 0.00 1.00 Q.00 000 0.00 0.00 0.15 0.00
85| 0.00 0.00 0.00 0.00 Q.00 0.00 Q.00 0.00 1.00 000 025 0.00 0.00 0.15
9.5 | 0,00 0.00 0.00 0.00 0.00 0.00 Q.00 0.00 0.00 100 0.00 0.25 0.00 0.00
[t} 0.00 0.00 0.00 0.00 Q.00 0.00 000 0.00 0.00 000 040 0.00 0.25 0.00
13 0.0C 0.00 0.00 0.00 Q.00 0.00 0C.00 0.00 0.00 000 O0.00 040 0.00 0.25
15 0.00 0.00 0.00 0.00 90.00 0.00 0.00 0.00 0.00 Q00 0Q.00 Q.00 0,40 0.00
18+] 0.00 0.00 0.0 0.00 0.00 Q.00 Q.00 0.00 0.00 000 0.00 0.00 0.00 0.40

Seastats Alter Avoidance (Hs')

Table 8.8 Seastate Transition Malrix p(H./H )

This shows that no avoidance seamanship would be attempted for seastates of less than 11
metres significant waveheight (Beaufort wind force 8/9). There is a uniform treatment of all
seastate sevarities of 11 metres and above which is summarised in Table 8.9.

fPercenIoge Reduction
in Seastale Severity | p(Hs'/Hs)
0% {no change) 0.4
257 0.25
50% 0.15
100% (proceeds to 0.2

| or remains in port) ’ »

Table 8.9 Summary of Avoidance Seamanship

R is assumed that on 40 percent of occasions the master either takes no action or takes
avoidance seamanship which is not effective. On 25 percent of occasions avoidance
seamanship enables the vessel 10 obtain some degree of shelter resulting in a 25% reduction in
waveheight. On 15 percent of occasions a corresponding reduction of 50% is assumed. Finally
(for seastates of 11m and above) it is assumed that on 20 percent of occasions the vessel
remains in or returns to port.
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This is a somewhat subjective area of the analysis which is dependent on the individual master.
Assumed values must be used in the absence of a stalistical analysis of previous avoidance

seamanship.

As the result of the avoidance seamanship the seastate actually encountered is given by:

p(H,FOILS)=p(H [H,).p(H,FOILS)

8.2.5. Initial Course and Speed

The main problem to be addressed is how to define a typical operaling pattern in order to
determine the likely combinations of intended heading and speed.

Figure 8.5 shows that response in roll is very sensitive to the vessel speed and heading to
waves. Roll response is particularly non-linear with respect to heading and the figure emphasises
the need for a fine discratisation mesh of headings to be used in order that severe responses are
not overlooked. This is achieved within the risk mode! by enabling the simulated vessel to
achieve any desired course between 0° (T) and 345° (T) in 15 degree increments. In addition,
the vessel was abie to achieve any intended speed between 0 and 18 knots in 3 knot increments.

The SULISKER is based at Leith. Her patrol area extends out to the median line with
Norwegian waters in the east, and to the 200 mile limit north and west of Rockall and the
Shetlands, aithough she usually patrois around the Scottish islands and westwards out to the 100
fathom line. The patrol area is reached from the Firth of Forth by the east coast thence to
westward mainly through Pentland Fith. At times the route is varied by using the westward leg
via the Fairisle Passage or a more northerly route is taken about Shetland.

The SULISKER dispiays operating profile characteristics which are a combination of a merchant
vassel, having a well defined transit route to the patrcl areas, as well as those of a small warship
or fishing vessel which is required to hunt prey on an opporiune basis. Her routine task is to
patrol the Scottish fishing grounds, gathering information for the Department of Agriculture and
Fisheries for Scotland (DAFS), and checking that the fishing vessels are aperating within the law.
In calm weather the fishing vessels may be boarded, otherwise they are questioned by radio.
The SULISKER may also be used for cleaning up oil spillages and to undertake a firefighting role
it necessary. At times the patrol area is the northern North Sea. The patrol frequency is not
influenced by the time of year since it is reported that "there are numerous occasions in the
summer when severe gales can be experienced, but these generally do not last more than a
couple of days, and patrols are not restricted unduly at this time of year”, Rattray (1984).

Values of the joint probability of initial (intended) course C and speed V,, are obtained from:
P(CVR)=p(C).p(Vy)

Values of the course probability, p(C) are given in Table 8.10 for each subdomain tocation in
figure 8.1,
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Courss | p(C) | Course | p(C) | Course | p(C) | Courss | p(C) Course | p(C)
0 0.01 90 0.01 180 0.01 270 0.01 0 0.04167
15 0.01 105 0.01 195 0.01 285 0.01 ) 0.04167
30 0.39 120 0.01 210 0.39 oo 0,01 30 0.04167
45 0.01 135 0.01 225 0.01 315 0.01
60 0.01 150 0.01 240 0.01 330 0.01
75 0.01 165 0.01 255 0.01 345 0.01 345 0.04167

p(C) Subdomain A p(C) Subdomains 8, C, D.
Table 8.10 Values of p(C) : All Areas
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Subdomain "A" is strictly a transit area o and from the patrol areas. A medium-term voyage
analysis would rellect these constraints on the initial courses in detail. However, since the aim of
the present study is to "license” the vessel for operation anywhere within the subdomain "A”, thus
other course probabilities are admitted while still maintaining a strong bias towards transit course
values of 030°T and 210°T.

In subdomains B,C,D it is assumed that (while on patral) there is a uniform probability of
intended course value.

Values of the probability of initial (intended) speed are given in Table 8.11.

T . — T
Ve | PVe) V, | PV,
0 |0.05 0 | 0.05
3 | o000 3 |o.00
6 | 0.00 6 |o.00
9 |0.05 9 |o0.30
12 | o0.00 2 | 0.00
15 | 0.90 15 | 0.60
18 | 0.00 18 | 0.05
p(V,) Subdomain A p(V,) Subdomains B, C, D.

Table 8.11 Values of p(V;;} All Areas

It is assumed that while on transit in subdomain A the vessel will tend 1o cruise at an intended
speed of 15 knots, which is close to the two-engine cruising speed value. Some occasions of 0
knots and the single engine cruising speed of 9 knots are also admitted. These are attained
speeds i.e. no allowance is made for added resistance in waves within the simulation.

For subdomains B,C and D values are used which are based on a single voyage menitoring of
the SULISKER by Spouge (1985). It can be observed that the ship spent most lime.near its two
engine cruising speed but also reduced to the single engine cruising speed of 9 knots on
occasion. In addition lo the monitored values some occurences of 0 knots (stalion keeping) and
18 knots (full speed) are admitted. Thus values of p(CV,) are given in Table 8.12 for all
subdomains. The table for the transit subdomain "A" reflects the strong bias towards the
recipracal course values of 030°T/210°T and speeds close to the two engine cruising speed. Itis
inevitable that there will be a certain degree of subjectivity with the values used but, provided
comparalive assessments of survivability between vessels (or for the same vesseli are intended
over the same proving ground, this is not considered a problem. Correlation exercises would
require that actual values be used whenever possible.
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initial Speed V, Initial Spead vV,
lCnt::JIr?sleC. 0 3 5 3 12 15 18 lc"c::.'fsloc. 0 3 8 9 12 15 18
0 5 0 0 5 0 0 o0 0 20833 0 0 1235 @ 250 20.833
15 5 0 0 s o0 %0 o 15 20833 0 0 125 0 250 20.833
30 195 © o 185 0 3510 0O 30 20833 O 0 125 0 250 20.B33
43 5 O 0 S 0 90 0 45
60 5 4] 4] 5 0 90 o 60
75 5 0 0 s o0 20 o 75
80 5 0 0 5 0 90 o 90
105 5 0 0 5 0 0 o0 a5
120 s o 0 5 0 90 o 120
135 5 0 0 5 0 90 0 135
150 5 0 0 5 0 90 o0 150
185 5 0 0 3 0 90 Q 165
180 5 0 0 5 0 90 0 180
195 5 0 ] 5 0 9¢ o0 195
210 195 © O 195 ¢ 3510 0O 210
225 5 0 0 5 0 90 o 725
240 5 0 0 S o 90 o 240
255 5 0 0 5 o @ ¢ 255
270 5 0 0 s o 90 0 270
285 5 0 0 5 0 90 o0 285
300 s 0 0 5 o %0 o 300
315 s 0 0 5 0 9 ¢ 315
3350 s 0 0 5 0 90 o 330
343 S —— Sl 303 345 20833 0 0 125 0 250 20.833
p(CV,) Subdomain A p(CV,) Subdomains B, C, D.

Table 8.12 Values of p(C V,)x10*, All Areas

8.2.6. Independent Trials Cycles

In order to use the Bernoulii trials procedures for combining the scenaric probabilities (Appendix
A4) it is necessary lo ensure scenario independence. In chapter 4 it was explained how this is
achieved by using the cancept of an independence period T, - the time that must elapse between
two scenarios for them to be considered independent.

Thus the expected number of independent trial samples for each sub-domain location (L) and
season (S) for this long-term calculation is found from:

where

R is taken as the average (maximum) course-track distance

V is the average vessel speed relative to the advancing weather
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T, is the average independence period

The value of the average independence period T, was based on heuristic arguments by
Hutchison (1981) given an absence ol tirm calculated values. Thus a value of 24 hours was used
far the North Atlantic domain and 20 hours was used for the more enclosed domain of the North
Sea. This is a reasonable assumption for the present long-term comparative study but a
medium-term study or a correlation study would require that the degree of correlation of adjacent
seastates be corractly ascertained.

The average distance/speed in each sub-domain R should strictly be given as a function of
aftained course/speed - after both avoidance and pacifying seamanship have taken place. If the
assumption is made that on most occasions of mild/moderate sea conditions no alteration of
course or speed from the intended values would be necessary, and that only a small deviation is
necessary for the remainder, then it is reasonable to use intended values rather than attained
values of distances and speeds.

The required average course track distance in each sub-domain was obtained as the weighted
sum of all possible course track distances mulliplied by their respective probabilities of
occurence. The distances were taken to be the maximum traversible distance on each intended
course in each sub-domain in order that the vessel might be licensed to operale anywhere within
the proving ground, Table 8.13.

The required average speed relative to the advancing weather conditions is more difficull to
obtain, being a function of both the location and the predominant wind directicn in each season.
Again, given the long-term nature of the calculation it is considered reasonable to use the
average intended vessel speed in each sub-domain location. On a roughly aqualv number of
occasions the vessel will be travellling with/against the prevailing weather conditions. The
weighted sum of all intended speeds mulliplied by their respective probabilities of occurence were
used. Tabie 8.14 summarises the calculations.
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8.3. Main Simulation Results

8.3.1. Computation

The motion simulation and prabability calculations were performed by a PRIME 6350 super-mini
computar. Tha results for each sub-domain and season were processed separately and the
probability information combined using the principles of chapter 4.

The maximum possible number of computer program iterations, for one displacement condition,
was given by:

« North Atlantic
LxSxAxH x®xFxp,xV,

2x4x1x14x8x11x7x7 =482,944

e North Sea
LxSxAxH x®xFxp,xV,
2x4x1x14x8x5x7x7=219,520
Total = 702,464

In addition, the master may try up 1o 48 combinations of heading and speed during his attempt
to reduce excessive motions and sea-loads. Thus potentially there were approximately 34 million
program iterations during the simulation.

Certain simplifications were made in order to reduce this number of calculations:

1. Sub-domains C and D were treated as one large area and the average maximum
traversible distances "R", in the independence cycle calculation, adjusted
accordingly.

2. A test was made al the start to ensure that only physically realiseable values of
significant waveheight and primary wave direction were used.

3. It was assumed that the master, for the same seastate severity (characterised by its
spectrum, significant waveheight, wave direction and family member) will always
choose the same optimum heading/speed combination regardless of the original
intended heading/speed combination.

These savings reduced the total number of program iterations from around 34 million to
approximately 256,000. This is still a considerable number when it is considered that four-
dimensional matrices of 27,000 data elements occur frequently within the program aithough this
does include short-crested seaways.
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No attempt was made to use the linearity of vessel motions with respect to significant
waveheight or to interpolate for the smoaoth variation of roll motion with ship speed, in order to
reduce the calculations. This would have increased the file handling complexity considerably.

in using a JONSWAP wave spectrum family, a 5 fold increase of the number of computations
over the more usual single wave spectrum formulation was experienced, with an 11 fold increase
when using the Ochi 6-parameter wave spectrum family. It was observed that for many of the
severest seastates all of the family mambers produced motions in excess of the maximum
seakeeping criteria allowed. This at least suggests that, when calculating the probability of a
critical roll motion being exceeded, certain of the severest seastates may be represented by an
appropriately weighted single wave spectrum. Only when the seastate, characterised by

significant waveheight, was reduced did certain of the family members disappear from the
extreme roll response resulls.

8.3.2. Results

The single independent trial probability of critical motion exceedance was obtained for each
sub-domain and season in order to locate the particularly hazardous segments of the test-track,
Tabte 8.15.

5 (> Ix10° \
Sea Areqg Spring | Summer | Autumn | Winter
North Sea
Transit Subdomain "A"’ 8.182 2.974 6.475 19.481
Patrol Subdomain "'8" .18 2.502 8.054 | 21.580
North Atlantic

| Patrol Subdomain ""C&D""| 41.140 10.293 42,353 | 70.41

Table 8.15 Values of the Single Independent Trial Probability

It may be observed that operations in the North Atlantic (subdomains "C&D"} are particularly
hazardous. They account for aimost 60.5% of the cumulative probability value before any
account is taken of location probability and number of independent trial cycles. This value may
be largely attributed to the more severe seastates encountered in all seasons. Corresponding
values for the (transit) subdomain "A" and (patrol) subdomain "B" are 23.5% and 16.0% of the
total probabiiity respectively, with the larger vaiue for "A”" reflecting the severely fetch-limited wave
conditions in this sea area. Operations in the North Atlantic in the winter months are particularly
hazardous -yielding the largest single contribution to the total probability.
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Final probabilities were obtained by the principles of chapter 4 using parameter values
described in earlier sections. Table 8.16 shows values of the multiple independent trial
probabilities after the vehicle location, season and number of independent trial samples was
incorporated. As was previously noted, no allowance was necessary for the location being
constrained by operating season.

p'(¢>¢,)x10°

Sea Area Spring | Summer | Autumn | Winter
North Sea
Transit Subdomain ""A" 2.046 0.744 1.619 4,870
Patrol Subdomain "'B" 5.591 1.251 4.027 | 10.790

North Atlantic
Patrol Subdomain ""C&D'’| 71.994 18.012 74117 123.219J

Table 8.16 Values of the Multiple Independent Trial Probabilities

When these faclors are taken into account, operalions in the North Atlantic account for almost
94 percent of the totai Proving Ground value of 4.951x10-2, This represents the probability that
the potentially dangerous roll angle of 30 degrees would be exceeded at least once on the
passage through the proving ground, which represents a lifetime of oparation.

Major factors which may have influenced this result include:

1. the assumption that no fin stabilisers were used. This was a failing of Britsea to
account lor roll damping due 1o active fins. This will lend to increase the probability
of critical roll motion exceedance obtained from the simulations.

2. the assumption that the master will infallibly select the "best” heading/speed
combination. In the first case, for the severest seastates when it is necessary to
choose an optimum combination of heading and speed, this will always tend to
reduce the probability by definition.

In the second case the master selects the heading/speed combination which
simultanecusly gives least deviation from the intended track and satisties the
vertical motion seakeeping criteria. The effect of this on the motion probabilities will
vary depending upon the values of extreme roll which are experienced. However,
this is a secondary influence on the overall probabiiity of critical motion
exceedance.

3. certain of the capsize phenomena have not been modeiled i.e. only a single
"generat ship rolling” test-track has been used. This will have two effects. The
most obvious is that the attained final probability value will be smaller than actual
due to the exclusion of capsize phenomena. Secondly, the vessel will tend to
favour headings and speeds which would normaily be avoided in practice. Thus
there is a tendency for the vessel to assume high speed in following or quartering
seas when broaching and parametric resonance is likely to be a problem.

4. steady wind-heel and wind gusting effects were not considered.
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These factors are future refinements to the existing program. In order to investigate (2) the
program was amended so that the master was further constrained in his choice of an optimum
heading/speed combination in the severest seas. Correspondence with the officers commanding
SULISKER and the sister vessel VIGILANT indicated that in severe weather conditions there is a
tendency to reduce speed and to keep the seas an either bow. Adjustment of the master's action
was made so that an optimum heading/speed combination was chosen only from among the
motion results obtained for seas forward of the beam. Although larger roll angles were
experienced than without these additional constraints, the original assumption of a uniform
distribution of initial desired courses when the vessel is on patrol, tended to yield very similar
scenario probabilities. The situation for lower seastates was unchanged when no decision
regarding an optimum was required. Thus for the hazardous North Atlantic, which accounts for
94% of the Praving Ground probability litlle change was experienced and it may be concluded
that, for the SULISKER, the probability of critical motion exceedance is of the order of 5x1072.

The value of 5.0x10~2 that was obtained from the simulation is not the same as the actual risk of
vessel capsize. Rather, it represenis the probability that a roll angle of 30 degrees will be
exceeded at least once during the iifetime of the vessel. Thus it may be argued that it is more
representative of the probability of being overwhelmed by the seaway which could eventually lead
to a capsize. Unfortunately, the corresponding actual probability of loss is difficult 1o determine
from casualty data because lhe vessel used in t.his study has a highly specialised role and there
are relatively Tfew of this type in service. However, as a rough guide, close examination of fishing
vessel casually statistics presented in chapter 1 indicates a value of 2.3x10~ for the probability of
being overwhelmed by the seaway (vessels capsized, foundered and missing). The value
obtained from the simulation for the SULISKER, which is reperted to have good seakeeping
characteristics, represents the larger probabilily of exceedance of a potentially dangerous roll
motion. The inadequacy of present knowledge of the basic physical processes immediately prior
to capsize and lack of the required prediclion methods necessarily leads to this compromise
evaluation. The result should have meaningful comparative significance between ditferent
vessels provided that the 30 degree threshold value described by seagaoing personnel and used

in this study has significance as a potentially dangerous motion.

The inclusion of further test-tracks {capsize phenomena) to improve the prediction is also simple
in principle. It is suggested thal, in order to ulilise the results of these other specialist techniques,
it is prabably simplest if a heading/speed specific database of vessei responses is appended to
the motion response amplitude operators used in this study and accessed in the sa;ne way.

In principle the method may alse be used to pinpoint operating scenarios which are of particular
concern. This is especially relevant for a vessel which, because of the nature of its operational
profile, displays large variation in displacement condition with consequent affect on motions. For
the SULISKER this was not the case; the vessel had a very fixed displacement condition. Thus it
is only possible to highlight the fact that operations in the North Atlantic in winter are pariicularly
hazardous since these gave the largest contribution to the final attained Proving Ground
probability.
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The SULISKER has a large metacentric height (0.778m) and is reported to have good
seakeeping characteristics, especially when the active fin stabilisers are used. In order to assess
how the stability of the SULISKER compares with other vessels it is necessary to repeat the
procedure for a wide range of vessels including those that have capsized or nearly capsized. In
this way the relative stability of different types of vessel may be obtained based upon a rational
stability assessment procedure which correctly accounts for the probability of the governing
parameters. .

The complete calculation occupied typically 3300 minutes of CPU time and 127 minutes of disk
input/output time. Over two-thirds was attributed to the "North Atlantic® calculation with the
remainder aimost equally divided between the two North Sea subdomains. The PRIME 6350 (32
bit) processor was operating at 11.4 MIPS (millions of instructions per second). This computing
time requirement could be reduced by incorporating sophisticated file handling techniques as
noted above. In addition, by taking advantage of the single wave spectrum in the severest
seastates, it is estimated that an eight-fold reduction in computing time could realistically be
achieved. This would enable the complete calculation to run overnight.

It should be emphasised that this is a once-only survivability calculation which it is being
proposed should be performed in the design stages before a vessel is even built. No further
assessment would be required unless the vessel is subsequently required to extend its operating
domain or it undergoes alterations which materially affect its motion response.
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Chapter 9

Conclusions and Further Work

9.1. Overall Approach

For as long as man has ventured onto the sea there has always been present the possibility
that his craft might capsize and be lost. This is still the situation today. The problem remains how
to model the complex, irregular, six degrees of freedom vessel motion with sufficient accuracy to
predict when a "dangerous” roll motion may be experienced, which could lead to the loss of the
vessel, in order that a sufficient margin of stability may be provided.

The current 1.M.Q. Resolution A.167(ES.IV) "Recemmendation on Intact Stability for Passenger
and Cargo Ships under 100 metres in Length”, which recommendations have been adopted by
many countries, embodies the current deterministic approach to assessing ship stability. While
criteria of this kind have the main advantage of baing simple to apply, they involve no explicit use
of external farces or mation characteristics. They cannat give any indication of safety margins or
of likely motion behaviour in any seastate except still water. Also, when some significant
departure from established design practice occurs, no recourse can be made to previous
experience.

The lack of a necessary rational framework for assessing ship stability was the main concern of
this research. The aim was to develop a rational philosophy and a logical procedure of assessing
intact stability in order to ensure a consistent approach to design. This would show clearly where
the uncertainties lie and where further research is most needed.

The method uniquely brings together a linearised analysis for assessing a “potentially
dangerous” roll motion with a probabilistic assessment of ship performance on a standard test-
track. A realistic modelling of total system behaviour included the effects of likely human
behaviour on the performance. This represents a significant advancement on previous research
work which has tended to ignore safety and vessel performance in rough seas in tavour of an
apparently intractable problem to predict large angle roll motion very accurately in idealised wave
conditions.

it was demonstrated that retrospective reliability analyses, such as a fault-tree analysis, require
information on the sequences af events giving rise to capsize as well as on the probability of each
of the causal events occurring. Structural reliability methods also require greater detail (means
and variances of demand and capability) than is currently available in the casuailty records before
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the safety indices or partial safety factors may be used with confidence. In this respect the
requirement for motion/accident recorders, similar to those which are fitted to aircraft, to be
routinely provided on seagoing vessels would appear to have particular merit.

The probability approach to stability assessment that was developed at Plymouth comprised
three distinct and interacting parts:

1. Modelling of total system behaviour comprising primarily vessel response but also
containing aspects of human behaviour.

2. Indentification, selection and treatment of the potentially critical {capsize causing)
operating scenarios.

3. Evaluation and combination of the probabilities of the critical scenarios in order to
predict the cumulative probability of critical roll motion exceedence.

9.1.1. Potentially Dangerous Roll Motion

A great deal of work is still necessary before large amplitude roll motion may be routinely and
accurately predicted. The development of more advanced theory for fluid active and reactive
forces that vary with amplitude, together with mathematical models describing the coupled roll-
sway-yaw motions is required.

Thus a further important and nove! feature of the analysis was that the prediction of the actual
large-angle capsize was not attempted per se. Instead, a lesser roll angle termed the "potentially
dangerous” roll angle was selected, beyond which there was evidence that loss of the vessel is
likely by being overwhelmed by the seaway. Thus the potentiai for disaster was being predicted
rather than the disaster itsetf. This distinction is extremely important. In predicting a potentially
dangerous mation there is no longer the necessity to describe the nonlinear extreme roll motion
and the use of a linear theory may be defensible in certain circumstances. In essence it was
proposed that linear theory be stretched to its prediction limits in order to estimate the probability
of a roll motion judged to be potentially dangerous.

This navel approach to intact stability assessment can be justified for the following reasons:

1. The nature of the roil motion equation/s at large angles is uncertain since large
nonlinear changes in the hydrodynamic coefficients occur as the deck edge is
immersed. Further changes occur as the superstructure becomes immersed.

2. Long befaore the vessel reaches its capsize angle there is often great likelihood of
cargo shifting,

3. Simultaneously thers is great likelihood of water downflooding into the hull as well
as water trapped on deck.

The requirement simultanecusly to predict large angle damage stability, including the effects of
cargo shifting and water on deck, is particularly daunting given the current state of the art for the
intact case.

Following discussions with seagoing personnel a roll angle cf 30 degrees from the upright was

182



judged to be appropriate as the potentially dangerous roll motion. I was not possible to
incorporate velocity or acceleration terms since no references could be found to even indicate
what values these might take.

The investigation was able to proceed based upon the prediction of the probability of 30
degrees being exceeded at least once during the vessel's lifetime. Thus no emphasis was placed
on the actual roll angles obtained; simply that they exceeded the crilical value. This is an
important feature of the analysis given the nonlinear nature of extreme roll motion as well as the
saverely nenlinear nature of the severe wave excitation which is still not fully understood.

9.1.2. Linear Motion Theory

In order to demonstrate the probabilistic framework which is being proposed for the assessment
of intact stability, the spectral technique was judged te be the most suitable vehicle for the
analysis. Itis concerned with general ship rolling over all headings and speeds and provides the
major contribution to the capsize probability using the definition of potentially dangerous motion
given above. The advantage of the spectral technique for predicting this threshold value,
compared with other available methods, is that it has the necessary scope to be the central core
of a probabilistic stability assessment even though certain {predominantly) time domain capsize
phenomena will require incorporation at a later stage. It can account for the important motion
cross-coupling and the effect of varying displacement conditicns as well as different headings and
speeds. A further important advantage is that the method is widely understood and it is readily
available to the professian.

Extensive dialogue with staff at British Maritime Technology Ltd, Wallsend was aimed at
modifying the BRITSEA suite of seakeeping programs, and assessing their accuracy, for the
anaiysis. Following many improvements a modified set of computer programs was made
available to the author for predicting the linear response amplitude operators.

Correlation exercises with the fishertes protection vessel SULISKER (Lbp. 64 metres) indicated
that, provided measured values of roll damping coefficient were used with Britsea, the calculated
values of probable-exireme roll angle closely matched the maximum values of roll obtained on
sea trials up to approximately 30 degrees. It was noted that the righting lever curve for this
vessel is linear to angies of heel in excess of 35 degrees. For many vessels the restoring curve is
nonlinear at much lower angles and consequently for these vessels the agreement between
predicted and trial results may not be so good for the larger angles of roll. Good agreement was
also obtained for the vertical motions and accelerations used to investigateé compliance with
seakeeping criteria, which influence the master's decision to change speed and heading.
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9.1.3. Test-Tracks and Proving Ground

The most universal stability criterion should be the probability of non-capsizing of a seagoing
vessel during its lifetime. In practice this would be an almost impossible task 1o solve for the real
actual probability of capsizing because of the many varying parameters involved such as vessel
characteristics, environment and service routes. Since a full treatment of these aspects is
beyond 1he scope of this research the pracedure that was finally formulated was governed by the
desire to render it most useful for regulatory purposes (through simplification of important
governing parameters without undue loss of realism) and o provide a basis lor further work.

Major attention was focused on synthesising the component parts which must be given
consideration so that a realistic assessment of the probability of extreme roll motions would be
obfained. It was felt that the estimates of survivability which result should have meaningtul
comparative significance provided that consistent and plausible assumplions were applied.
Previous authors had suggested that it would be mast useful 1o analyse chosen critical situations
of the vessel (scenarios) taking into account their probability of occurrence e.g. Kobylinski
(1975). Thus using this concept, logically the stability criterion is molion based, -being the
prabability of non-capsizal of the vessel during several selected dangerous seagoing scenarios.

One of the first requirements was to formulate an appropriate framework that would allow any
motion probabilities obtained to be compared in a standard manner (for both idenfical and
different vessels).

In an attempt to 'trap’ the worst-case scenarios, the proposed method consists essentially of a
subject vessel being required successfully {without capsizing) to negotiate a series of standard
analytical "test-tracks" which have been designed to represent the range of potentially capsize
causing scenarios that it will encounter during its lifetime. The lotal test-track set is termed the
"proving ground” (by analogy with a road vehicle proving ground).

The main advantages to the marine vehicle designer of using this proposed method are:

1.The fuil range of operating conditions, including the very important severe
conditions, can be reproduced in a manner which is impossible to achieve in the
open sea, thus making repealability ot results possible (even though, in practice,
the results of model and full-scale trials are used for particularly difficuit aspects).

2. Vehicles are tested under tightly controlled conditions where individual
characteristics such as broaching-to can be assessed and compared against
previous and other vehicles’ performances.

3. Attention is focused on individual elements so that if a poor performance
characteristic manifests itself on one particular test-track the design can be
precisely retested after suitable modification.

The vesse! type and intended zone or zones of operation dictate the nature of the proving
ground that it will have to negotiate successfully by reguiation. Indeed, some form of licensing
might be envisaged for individual operational zones since this would avoid the potential
overdesign (or worse, the underdesign) of vessels which the current 'blanket’ regulations
encourage. Alternatively appropriate levels of equipment could be speclied.
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The vessel is examined over the same sea areas for different capsizing phenomena (different
test-tracks) and thus the concept of a "layered test-track” appreach was introduced. The test-
track layers may be overlayed to give the largest roll response (the proving ground result) or else
the largest response for any individual scenario. Altematively, by separating the layers and
considering individual test-track performances, the effect on the performance of selected design
and operational features can be cansidered in detail. In principle this concept allows detail design
improvements to be made for any of the layer characteristics.

Overal! proving ground performance allows comparison of total performance and safety levels
across a fleet of vessels though this 'average’ value should be treated with caution.

By direct analogy with the case of a road vebhicle which is required to perform a series of
manoeuvres over varying terrain, during which time various measurements of handling, vibration,
stability, power etc. may be taken simultaneously, the proving ground is subdivided with due
consideration of:

1. distinct climate conditions (climate domains);
2. distinct wave conditions {climate subdomains);
3. distinct displacement conditions (domain segments);

4, distinct operating procedures.

Essentially the proposed prediction method aims to calculate p(¢_ < ¢), the cumulative probability
of a ‘critical roll mation’ §_ being exceeded at least once during the vessel's lifetime of operation,
This value is represented by the proving ground result.

The cumulative probability can be oblained from a knowledge of the underlying litetime
response probability density function. This in turn can be found by compuler-predicting
independent trial samples of roll response together with their associated independent single trial
-probabilnies of occurrence,

In this study, to illustrate these principles, the single test-track concerned with general ship
rolling was considered. In general, less calculation will be necessary for the remaining capsize
phenomena since they tend to be very heading/speed specific and thus many scenarios could he
eliminated on this basis. Eventually it is envisaged that the results of the various specialist
motion prediction techniques will simply ‘plug-in’ to the current {modular) computer program in the
form of an additional/extended database of respanse values.
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9.2. Risk Management

9.2.1. Key Factors

Key factors which were given particular attention within the simulations included ciimatology,
seamanship and resulting response. Each factor presented different requirements in terms ot
their treatment so that simplifications might be made which would not unduly compromise the
quality of the results.

a) Climate

Environmental demands made on the vessel are the essential element in any ship motion
performance assessment, parlicularly when smaller vessels are being considered. During the‘zir
lifetime seagoing vessels will encounter coastal seastates which are influenced by refraction and
diffraction of waves by the coaslline and seabed. In addition, the shape of wave spectra
observed in the seas and oceans varies considerably for the same significant wave height due to .
geographical location, duration and fetch of wind, stage of growth and decay of a storm and
co-existence of swell,

Fetch-limiled and open-sea wave conditions were represented by families of wave spectra in
spite of the increased computing requirements. The ability conveniently to represent a variety of
spectral shapes which would be expected to occur in nature, by a mathematical representation
which is based upon statistical considerations of actual data, is held 1o be an important feature of
the simuiations.

In the absence of firm data, cosine-squared wave energy spreading at + 90 degrees !o the
primary wave direclion was assumed. [t was judged thal to have used long-crested seaways
would have led o unacceptably conservative results. A fulure refinement would be to use a
variable model of wave energy spreading appropriate to individual locations, once the data
becomes available.

Constraints of time meant that steady wind-heel and wind gusting effects were not considered in
the study. These are recognised to have an important effect on the results obtained, particularly
for small vessels having low freeboard values. One way that these effects could have been
incorporated into the proposed approach is by using equivalent wind-moment specira.

Values of the joint probability of significant waveheight and primary wave direction were used,
based on resulls derived from the Spectral Ocean Wave Model (SOWM) which is being
developed by the U.S. navy. This currently represents a 10 year (long-term) average of hindcast
wave conditions in each location and season. Further work is needed to determine how best to
incorporate climatic variability which will inevitably lead to relatively rare sea conditions being
used which are more severe than the 10 year average values. Il was suggested that individual
months' dala could be analysed and the 99 percentile values used in a future study te provide
confidence bounds on the prababilities obtained.
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b} Seamanship

Seamanship has a large influence on both the molion probabililies obtained and the motions
themselves once the severe seastates have been encountered. Firstly, by manoeuvring lo avoid
a storm area or (in the case ol small vessels in particular) by not sailing at ail until the storm has
passed, the master exercises avoidance seamanship which dictates the probability of
encountering severe seasltates. This is a function of the accuracy of weather forecasts and the

skill of the ship’s officers. Secondly, a vessel experiencing excessive motions and sealoads may
be manosuvred to reduce these 1o perceived acceptable levels. The master exercises what
' might be termed pacilying seamanship which is a function of the motion and seaload information

available to the ship’s officers and their skill in reducing these motions and loads. Both of these
important effects were incorporated into the study.

Avoidance seamanship was represented by a Markav mapping i.s. p(H:_IH‘) -the probability of
encountering each seastate in the absence of avoidance seamanship to the probability of
encounter with avoidance seamanship. Values used in the simulations were based on
correspandence with the officers commanding SULISKER and the sister ship VIGILANT. They
are thus considered to be realistic for this size of vessel.

In order that the procedure may be readily incorporated into future stability regulations it was
appropriate that the simulations ulilise non vessel-specific seakeeping criteria. These were
based on available full-scale trials data with a variety of vessels. Measures of deck wetness,
number of slams, subjective motion (SM), number of propeller emergences and average roll were
used. Provision was made for appropriate weighting of the criteria, based on how a master might
"view” his vessel/cargo combination. An important consideration was that the criteria should
concern values of molions and sealoads which are readily discernable to the master at his
conning position rather than at some arbitrary position in or on the hull. It was noled that
inclusion of apparent roll in the subjective motion (SM) calculation would be a distinct
improvemant.

A standard human behaviour patiern was assumed in this study. Although actual values of
crileria may not matter in comparative work, so long as they are consistent, caution is required
when two vessels which are being compared are limited by different paramelers. f the subject
vesseal exceaded one or more of the seakeeping criteria it was caused to alter heading and/or
speed conducive to the conlinued "success” of the mission. In this study "success” was
measured by the ability to deviate from the intended heading and speed by the smallest margin
which was suflicient to reduce motions and sealoads to within acceptable limits. This definition
was only of secondary importance since in most cases of survivability the eventual heading and
speed are not the primary concern of the master; only that the vessel survives. This was borne
out by the simulations: By similar reasoning involuntary speed loss, due to added resistance and
reduced propulsive efficiency, was not considered. In severe seastates, at least, the master will
override these effects with his own changes of heading and speed.

Up to 48 combinations of heading/speed change were made available to the masler.
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Frequently, in the severest seastates, it was not possible to reduce vertical motion and seaload
effects to within acceptable limits in which case an optimum heading/speed combination was
chosen from among the 48 available. A major assumption was made that the master will infallibly
choose the optimum heading/speed combination which most effectively reduces the motions and
sealoads to be closest to the maxima allowed.

Because cerlain of the capsize phenomena in stern and quarlering seas were not modelled the
vessel tended to adopt these headings. Correspondence with the commanding officers indicated
that in severe seastates the tendency is to reduce speed and to put the sea on either bow. Thus,
within the main program, the master's action was further constrained so that an oplimum was
selected based on motions for seas forward of the beam. It was demonstrated that the effect on
the probabilities obtained was small for the particularly hazardous test-track segment involving
the North Atlantic. This was due in parl to the uniform distribution of desired headings and
speeds for the vessel when on patrol.

Masters are all individuals and it is inevitable that personality will influence seakeeping
performance. A future refinement would be to incorporate a variable model of seamanship,
based on a survey of ship masters and officers, in order 1o cater for a range of ability with
appropriate weighting.

¢) Independent (Bernoulli) Trial Cycles

In arder ta use the independent {Bernoulli) trials procedures advocated in this study the concept
of an independence period was used alter Hutchison {1981). It was noted that further work is
required by oceanagraphers to provide values of the independence period, through consideration
of the correlation of adjacent seastates at various geographic locations.

9.3. Results

Using the philosophy and methods described in this study the resulls of a calculation for the
fisheries protection vessel SULISKER were presented. This vessel has operational profile
characteristics similar to a naval vessel.

In order that no exireme responses were overlooked, the results of a sensitivity study were used
to ensure adequate coverage of important parameters affecting roll. It was intended that the
results of multi-variate (pattern recognition) analysis of casualty data (for the broad vessel type
and size under consideration) would be used to ensure that no proven frequently recurring
capsize scenarios had been missed, particularly in mild seas. These posilively identified
"capsize-nuclei® (each one representing a distillation of many simitar casualties) form critical
scenarios for consideration and are embedded in the test-tracks with respect to time and location.
Unfortunately this proved to be not possible in practice given the poor level of detail of the
casualty intormation that was available 10 the author. Howaver, this is felt to be a very useful
subject for further study.
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The proving ground value of 5.0x10™2 that was obtained from the simulation represents the
probability that a roll angle of 30 degrees will be exceeded at least once during the lifetime of the
vessel. Factors having a major influence on this figure include:

1. the assumption that no fin stabilisers were used. This was due to a.deficiency of
Britsea, which is overcome in modern seakeeping computer programs.

2. the assumption that the master will infallibly chcose the best heading and speed
combination for any scenario.

3. the exclusion of certain of the capsize phenomena.

4, the exclusion of steady wind-heel and wind gusting effects.

The value that was obtained from the simulation is not the same as the actual risk of vessel
capsize. It was argued that it is more representative of the probability of being overwhelmed by
the seaway, which could eventually lead to a capsize. Unfortunately the vessel used in this study
has a highly specialised role and there are few similar vessels in service. However, as a rough
guide, close examination of fishing vessel casualty statistics indicated a value of 2.3x10~3 for the
probability of being overwhelmed by the seaway {vessels capsized, foundered and missing). The
value obtained from the simulation for the SULISKER, which is reported to have good seakeeping
characteristics, represents the larger probability of exceedance of a potentially dangerous roll

motion. The inadequacy of present knowledge of the basic physical processes immediately prior
to capsize and lack of the required prediction methods necessarily leads to this compromise
evaluation. The result should have meaningful comparative significance between different
vessels provided that the 30 degree threshold value, described by seagoing personnel and used
in this study, has signiticance as a potenlially dangerous motion.

There is little point in developing a compiex theoaretical model of capsize until the underlying
physical processes are better understoed. In the event that the linear theory used in this study
should be superseded, the proposed framework for assessing intact stability will be equally valid.
Notwithstanding the physical processes of deck immersion, cargo shifting and downilooding etc.
an improved theory which is capable of routinely predicting large-angle roll would yield a
simuiation probability value which is closer to the value obtained from casualty statistics.

9.4. Extensions to this Work

Researchers into ship stability have tended to concentrate their efforts into predicting the
dynamic behaviour of an intact vessel in (at best) idealised environmental conditions and then
formulating simple statical stability crteria with the results. This lack of realism has
understandably led to concern about the criteria. Also, in practice, vessels are unlikely to be
completely watertight at angles of inclination sufficient to cause capsize and a shift of cargo may
be experienced. These facters are likely to be difficult to take into account in any deterministic
approach to stabilily assessment.

This research has established the necessary rational framework and probability procedure for
assessing the probability of exceedance of a potentially dangerous rall motion. For the first time
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a linear analysis has been used, in this way, to predict the onset of roll motion which is judged to
be potentially dangerous to a vessel operating in severe seas. The method correctly recognises
the physical facts and has a great advantage hat it avoids the necessily to accurately predict the
extreme capsize roll angles which are highly nonlinear in nalture.

A further major advantage of the proposed method is its potential use as a unified design and
regulatory tool in which the operability prediction is the information required by the designer and
the extension into a survivability prediction may be used in fulure stability criteria.

Although the present study considers an encrmous range of combinations of seastates, heading
and speed for various seasons and operating zones each weighted according to its probability of
occurence; in principle the method may be used to enable current standards of statical stability to
be recast to relate to the real dynamic situation at sea. Particularly hazardous operating
scenarios could be identilied to enable appropriate values of metacentric height, maximum
righting lever etc. to be set far any individual vessel. As an interim measure the method may also
readily be used to ensure that vessels are judged comparably safe for their respective modes of
operation, until more experience has been gained with the method.

Ultimately some form of indexing could be developed for certain of the more subtle design
features. A semi-probabilistic approach which "credits” the provision of features beneficial to
capsize resistance, with appropriate adjustment of partial safety factors, could be incorporated
into the method.

In particular, the estimates of roli damping require improvement to avoid the necessily to use
measured values. Agreed limiting seakeeping criteria are also required as well as an agreed
procedure for incorporating subjeclive parameters, such as seamanship action, which can be
trealed as a random process. Long-term monitoring of vessel motions would enable corretation
of results in order to gain confidence with the procedures that have been used.

A complete probabilistic study based on the philosophy and methods proposed would pinpoint
particularly hazardous segments of the operating cycle. In this way specialist deterministic
techniques can be used which lead to greatest returns for a given amount of effort. Any
improvements can be gauged by precise retesting of the appropriate scenarios and the eifect on
the overall probability of crilical motion exceedance observed. This is one of the chiet sirengths
of the analysis.

By retrospective studies of a wide range of vessels, including those that have capsized or nearly
capsized, it should be possible to formulate criteria for use with the proposed method based on a
level of acceptable risk. Given that perfact safely is not achievable, it is generally agreed that an
acceptable level of individual risk for shipboard fatalities is of the order of 10~°. Casualty data
indicated that there is a need to improve falality rates on all fishing vessels, due ta foundering or
capsize, which currently lie al a level of around 3x10~*. This is an order of magnitude larger than
most shore-based risks of both a voluntary and involuntary nature. Only by comparing values aof
predicted risk against an acceptable risk value will it be possible lo complete the raticnal
procedure 1o assess the dynamic treatment of assessing intact stabilily that is being advocated.
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The consequences of vessel loss -in terms of the loss of life, financial losses, hazards to the
environment etc. have not been discussed explicitly. Nevertheless these are an extremely
important element when considering the risks associated with an activity, even though the actual
probability of occurence might be very small. Hence this type of procedure is increasingly being
promoted for other lypes of marine casualty including collisions at sea e.g. Spouge (1988).
Public awareness, which has been heightened by the loss of the Roll-on Roll-oft passenger ferry
"Herald of Free Enterprise” (193 lives) and the recent loss of the oil production plattorm "Piper
Alpha® (167 lives), increases the likelihood that the future requirement will be for marine hazards
to be routinely assessed, particularly when many lives are at risk. [t is hoped that this work may
contribute to this debate in order that such tragic losses will be avoided in the future.

Finally, regarding the camputing requirement, it is inevitable that the real cost of the once-off
calculation will fall as faster parallel processing chips, such as the INMOS transputer chip,
become more widely adopted for intensive computing applications.

9.5. Future Work at Plymouth

The principles described in this study can be used to assess the stability perdformance of any
seagoing vessel. The method is also suitable for a wide range of operabiiity and seakeeping
sludies, particularly when motions lie wholly in the linear domain. The motion grediction and
human behavioural aspects of this research are currently being integrated into an advanced
optimum weather-routing model which is under development as one of the projects ot the Ship
Control Group based at Plymouth. [t is envisaged that predicled vessel motions, when used in
conjunction with appropriately weighted seakeeping criteria, will provide a range of
heading/speed alternalives at every voyage waypoint. From among these alternatives a decision
can be made far the type of route being planned, for example shortest time on passage, least fuel
used efc. A six-degrees of freedom, real-time controller is then used to maintain the vessel on its
optimum track. This will be compared against the actual lrack taken by a weather-routed
container ship which has an intended great circle route across the North Atlantic.
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Appendix A1

Description 6f Britsea

A1.1 Introduction

In order to predict vessel response in an irregular seaway, using the linear superposition
principle of St. Denis and Pierson (1953), it is first necessary to predict the response of the vessel
in longcrested, regutar, sinusoidal waves. Considerable effort has been made to formulate an
adequate theory for this and the vessel is idealised in one of several ways within the analytical
methods. The essential differences between four commen analytic approaches are shown in
Table A1.1, Newman et al (1964).

B /A N 2 A
L L L g " \EL
Thin ship o{f3) o(l) o(1) o(1) zero or o(1)
theory
Flat ship o(1) o(f) o(l) ofl) zero or o(1)
theory
Slender ship o(ff) o(f) o(1) o(1) zero or o(1)
theory
Strip theory o(3) o(®) o(f) o(f~” 1/2y  zero or o(1)
B = ship beam A = wavelength
T = ship draught = wave circular frequency
L = ship length Be<l
F, = Froude number U = speed

Table A1.1 Analytical Molion Theories

The entries O(1) and O(f), where } < < | describe the order of the ratios refesred to.



The first two theories, which are relalively mathematically rigorous, do not describe the
geometry of the ship adeguately since usually the Beam < < Shiplength and Draught < <
Shiplength in practice.

Slender ship theory attempts to account for differences in the flow condition in the fore and aft
directions due to either wave eflects or torward velocity. However, this relinement is achieved at
the expense of neglecting any flow interaction between transverse points on the hull surace -
since the beam is assumed small compared with the wavelength. Further it is assumed that the
wavelength of waves striking or radiating from the ship are of the same order as, or greater than
the length of the ship.

The Strip theory, which assumes two dimensional {low in transverse planes at each section of
the ship, holds good only if the wavelength is smail compared with the shiplength. Thus
interference between the bow and stern are negligible since they are many wavelengths apart,
and the three dimensional hydrodynamic problem is reduced to one in two directions. Britsea is
one example ol the use of a strip theory and this will now briefly be described. A fuller description
is available in British Ship Research Association Memorandum No 476, Katory (1974).

A1.2 General Formulation of Equations of Motion {After Salveson et al 1970)

It is assumed that the oscillatlory motions are linear and harmonic. Let (x,y,z) be a right-handed
coordinate system fixed with respect to the mean position of the ship with z vertically upward
through the centre of gravity of the ship, x in the direction of forward motion, and the origin in the
plane of the undisturbed free surface. Let the translalory displacements in the x, y and z
directions with respect {0 the origin be n,, n, and n, respectively, so that n, is the surge, n, is the
sway, and n, is the heave displacement. Furthermore, let the angular displacement of the
rotational motion about the x, y and z axes be 1, n, and n, respectively, sa that n is the roll, ng
is the pitch and n, is the yaw angle. The coordinate system and the translatory and angular
displacements are shown in Figure Al.1.

N,

Ns Y
M,
nb(‘a ~
A1
\ ' |
| |
e e — —— — — — — — — — — - ——— — -
m = surge ny = heave ns = pitch
m = sway n = roll ne = yaw

Figure A1.1 Sign Convention for Translatory and Angular Displacements



Under the assumptions that the responses are linear and harmonic, the six linear-coupled
differential equations of motion can be written, using subscript notalion, in the following

abbreviated form:
6 , )
D (M rAN BT+ Cyny=Fe @t j=1..6
=1

(1)

where M, are the companents of the generalized mass matrix for the ship, A, and 8, are the
added-mass and damping coefficients, C; are the hydrostalic restoring coeflicients, and F;are
the complex amplitudes of the exciting force and momenit, with the force and moment given by
the real part of Fjei“".

Nate that Aj (for j = k) are the added-mass cross-coupling coeflicients for the £ th mode coupled
into the jth mede of motion, so that for example A, is lhe added-mass coefficient for pilch
coupled into heave.

Here Cj are defined as the hydrostalic restoring coefficients and hence independent of
frequency, while the added-mass coefficients Aj are so defined that they include all the
oscillatory hydrodynamic forces proportional to the acceleration. Some other authors prefer to
include certain hydrodynamic terms in the C’s which are included in the A,'s here. It is
understood the real part is to be taken in all expressiens involving ',

F|, F,and F; refer ta the amplitudes of the surge, sway, and heave exciting forces, while Fy Fy
and F, are the amplitudes of the roll, pilch, and yaw exciting moments; ® is the frequency of
encounter and is the same as the frequency of the response. The dots stand for time derivatives
so that n; and n; are velocity and acceleration terms.

It it is assumed lhat the ship has lateral symmetry (symmetric about the x,z plane) and that the
centre of gravity is located at (0,0,z,), then the generalized mass matrix is given by

" M 0 0 0 Mz, 0 7
0 M 0 =AMz 0 0
11{}* = ( () A () 0 0
0 —J‘Ifﬂc () 14 ] —]45
Mz 0 0 0 1 0
| 0O 0 0 —le 0 I

(2)

where M is the mass of the ship, Ij is the moment of inertia in the jth mode, and II.,, is the
product of inertia. Here lhe inertia terms are with respect to the coordinate system shown in
figure A1.1. The only product of inertia which appears is 1, the roll-yaw product, which vanishes
il the ship has fore-and-aft symmelry and is small otherwise. The other non-diagonal elements all
vanish it the origin of the coordinate system coincides with the centre of gravity of the ship;



however, it is frequently more convenient lo take the origin in the waterplane, in which case z _‘is
not equal to zero. |

For ships with lateral symmetry it also fallows that the added-mass (or damping) coefficients
are;

4y, 0 Ay 0 Ay 01
0 An 0 A 0 An
A N 0 .433 0 A;’s f]
U A 0 A 0 As
Aa 0 Ay 0 As O
L 0 Aex 0 Asg 0 Ags_

Ap (or By) =

)

Furthermore, for a ship in the free surface the only non-zero linear hydrostatic: restoring
coefficients are:
Cy30 Caqr Cs5 aNd Cy5=Cyy

(4)

If the géneralized mass matrix (2); the added-mass and damping. coefficients (3), and the
restoring coefficients (4) are substituted in the equations of motion (1), it i$ seen that for a ship
with lateral symmetry, the six coupled equations of motion (1) reduce to two sets of equations:
one sel of three coupled equations for surge, heave, and pitch and another set of three coupled
equations for sway, rall and yaw. Thus, for a ship wilh lateral symmetry, surge, heave,-and pitch
are not coupled with sway, roll, and yaw.

If one assumes that the ship has a long slender hull form in addition to lateral symmetry; then it
can be shown that the hydrodynamic forces associated with the surge motion are much smaller
than the forces associaled with the five olher modes of motion so that it is consistent within these
assumptions not to inctude surge. Hence the three coupled equations of motion for surge, heave,
and pitch reduce to two:coupled equations for pitch and heave.

A1,2.1 Heave and Pitch Motions

-

Under the assumption that the oscillalory motions ‘are linear and harmonic, it follows from
equalions (1) thraugh {4} that for a ship with.laleral symmetry and a slender hull form the coupled
equations of mation for heave and pitch can be written in/the lorm:

(M+A33)N3 4 B33 Ny +C3y Ny #Agg Mg+ Byg Mg+ Cg Mg = Fy e
(5)
AsyNy+Bsy Ny + Ci3Ny+ I3+ As)Ng +BysNg+ CssNs = Fy ™

(6)



A1.2.2 Sway, Roll and Yaw Motions

it follows from the general formulation of the equations of motion [equations(1) through (4)] that
for a ship with lateral symmetry the coupled diiferential equations governing the sway, roll, and
yaw motions can be written in the lorm:

(Aga + MYTy + By Ny +(Agg = Mz N+ Byy Ny #Ag N + By Mg =Fy !

o)

(A =Mz )N+ By My +(A + 1IN+ By My +C Ny + (A~ Ly Mg+ By Mg =Fy @

(8)

AgaMy+ By My + (Apy—Lig) Ny + By +(Ags + [ N+ B Mg =Fg € 1

(9)

A1.3 Evaluation of the Hydrodynamic Coeflicienis and Forces
A1.3.1 Formulation of the Problem within Britsea

The ideal linearised theory for calculating the hydrodynamic coeflicients would make allowances
for three dimensional flows satistying boundary conditions on the hull while the ship is moving
ahead and simultaneously performing the appropriate parasitic motion. Unfortunately such a
theory does not exist and the various coefficients have to be derived by an appropriate stripwise
integration method. The ship, which is treated as a rigid body, is represented by a number of
transverse strips. Each strip is considered as a part of an inlinitely long cylinder, with constant
cross section, whose axis lies initially on the still water surface. Consequently it is possible-to
obtain the hydrodynamic coefficients necessary to define the ship motion and the forces acting on
it from the hydrodynamic lorces and momenis acling on a heaving, swaying and rolling cylinder
due to waves. The six modes of ship motion are classified inlo three lypes of oscillation for this
purpose:

a) Vertical oscillations, in the z-direction, which represent heaving and pitching motions when
the pitching amplitude is assumed small.

b} Lateral oscillations in the y-direction, which represent swaying and yawing motions when the
yawing amplitude is assumed small.

c) Rotational oscillations about the x-axis which represent rolling motions.

The motion of a cylinder executing simple harmonic oscillations with small amplitude in



comparison with the cylinder diameter, about the mean position, was studied by Ursell (1949a) for
vertical oscillations (circular sectiens) and for rotational oscillations (elliptical sections), Ursell
(1949b). Tasai extended this work to provide a solution for a cylinder having a cross-section
which is represented by a Lewis (1929) section for the three cases of vertical, lateral and
rotational oscillations [Tasai (1959, 1961)]. Tasai also provided a general solution for the case of
vertical oscillations of a cylinder having a cross-section represented by a multi-coefficient section
using close-fit techniques, Tasai (1960). This aspect was extended by Katory {1974) for use in
the Britsea programs to provide an analogous general solution for the case of lateral and rolling
oscillations. In the present work the representation of ship sections by Lewis coefficients has
been used throughout since this was the version of Britsea supplied by BMT Ltd. In this methad
the geometrical shape of the section is mathematically defined by a Lewis torm which has the
same beam, draught and sectional area as the given ship section but not necessarily the same
shape as the secticn. The method is recognised to be 'accurate’ for many common ship sections
but breaks down at sections with large bulbs or small sectional area, Odabasi et al (1977).

The fluid motion is assumed to be non-viscous, irrotational and the surtace tension is neglected.
Linear wave theory is assumed. Consequently a velocity potential ® and a conjugate stream
function ‘¥ will exist, both satistying Laplace’s equation.

For the purpose of defining the velocity potential ® and the stream function ¥ around the unit
cylinder in the {-plane whose transformed cross-section represents a ship section in the y-z plane

the following mapping function is used:
N
yrizsM(§+)  a,y, (2N
n=1

(10)
where
M=B!2(1+a +a,)
C=ie°eiﬂ

= section beam

The original ship shaped section is described by the coordinates (y,z) and the 4,,_, are the
transformaticn variables.

For the Lewis method (used in this work) N=2 and the contour of the Lewis farm section (o=0)
is expressed as follows:-

=(1 +a,)cos f+a,cos I

Xl=

(1)

=(l-a))sin f—a,sin 3§

i~



(12)

Laplace's equalion, which is the condition for the flow being incompressible, irrotational and
inviscid, in two-dimensional form is:
5-¢+6-d>=

)_‘)0
Oy Bz

(13)

and

2 2
3 \{:+6—T=0
oy &6:

(14)

The linearised free surface dynamic boundary condilion is:

0 ) 3%=0 at=v
w3 LF:

(15)

which implies that the disturbance caused by the movement of the ship has a small etlect on the
surrounding iiuid surface.

The linearised ship surface boundary conditions are:

8o _
&7
(16)
and
d3d_ 3¥x,))
E;;_CI ox
(17)

The first of these means that the derivitive, with respect to the direction normal 7 at any point on
the ship surface y(r,z), of the velocity potential ® is equal to the nommal velacily at that point. The
second expression is to make the velocity potential @ satisfy the ship surface boundary condition.

The pragressive wave (related to motion damping) which dominates at a large distance from ihe
cylinder, with amplitude 7, is assumed to be expressed as a function of the geomelry of the
cylinder section by means of a stream function in the following form:

=40 :
\Po_nm ('Y cos @ (+'¥ sin w,¢]

e

(18)

where ¥ is the conjugate of the standing wave potential ®_ and ¥_is the conjugate of the
source patential @



The velocity potential for each of the motion modes is arrived at as foilows:
a) Vertical Oscillation.
The equation of motion for the vertical oscillations assuming a regular harmonic motion is given
by:
z=:acos(w=t+e:d)

(19)

The linearised boundary condition on the surface of the cylinder is given by:

§2=-z 0, Sin(w,+¢€, )E
on a a4 o0
{20)
and
E?:O
o

(21)

The velocity potentials ®_and @ of the standing wave created by the cylinder oscillations, and
of an equivalent source representing the cylinder are given by:
®_=neKcos Ky

(22)

g'ky
2 ]

¢s=ne'K"Sin Ky —j -
o K-+k

{kcos kz—Ksin kz) dk
(23)

- Ursell (1949a), Tasai (1959)

where

]
K=w/g

k= integration parameter.



b) Lateral Oscillation

By similar argument for vertical motion the required velocity potentials are given by:
¢c=—rte‘x=sin Ky

(24) .
and
o Ltky
¢,=ine-K=cosKy+_’_¢J £ |Kcos ky+ksin ky} dk
, Kp*+2%) do KP+R2
(25)

-Tasai (1961)

where the upper sign is for y > 0 and the lower sign is for y < 0.

c¢) Rotational Oscillation.

The required velocity potentials are given by
¢C=—rte'xzsin Ky

(26)
and
® =tneKcos Ky+—2 Jm Aitd |Kcos ky+ksinky} dk
! K(),z_,_zz); 0o K2+
(27)
-Tasai (1961)

where the upper sign is for y > 0 and the lower sign for y < 0.

d) Total Velocily Potential

in each case of the above three types of motion the total velocily potential @ is fitted by the
seories:
P20+ Pra@ont Y G2 Doyl COSWI+D 4 Byt D 23, Pop) SiN @, ¢
m=1 m=l m=l m=|

(28)

where @, is a multipole potential and 52,,, the associated standing wave potential, both of
which take into account the shape of the cylinder cross section and the boundary conditions of
the free surlace. '



P», and g, are the polynomial coefficients which are functions of the ship section and
frequency of osciilation.

Hydrodynamic pressure on the surface of the cylinder is calculated by:

S .
p:—pﬁ=chDS m,:+pjsm w,!

(29)

where p_is the amplitude in phase with the acceleration and p, is the amplitude in phase with
the velocity.

A1.3.2 Hydrodynamic Coefficients
a) Added Mass

Physically the added mass is associated with the stationary wave system created by the ship.
The hydroedynamic force per unit length- acting on the cylinder is found by integrating the
pressure. By definition the hydrodynamic force component in phase with the acceleration over
the acceleration is the added mass m’. For a ship floating at a free surface there are two
coefficients ot added mass C, and C, where:

my
Cy= 7
rpB</8
(30)
and
m
H
. Cy= >
rpT=/2
(31)

tor vertical (symmetric) motion and for horizontal (antisymmetric) motion respectively.

8 is the beam and T the draught of the section; m;, and m;‘, are the respective vertical and
herizontal added masses. Landweber et al {1857) have shown that the added mass of a
symmetrical hull sectional shape is given by the following expressions when the oscillatory motion
is of high frequency:

N
my="l (142a,+Y  @p-Das,,)
p=1

(32)

in vertical ascillatory motion and



N
’ 2
mﬁ=% (1-2a,+Y (2p-Day, )
p=I
(33)
in horizontal ascillatory motion. For Lewis forms N=2.

Thus the coefficients C are given as:
‘ 2 1 2 3
Cy=8my,/npB-=(l+a|)+3aj/(1+a,+ay)°
(34)
Cy=2my/Rp T2 =(l-a,) +3a>/ (1 -a, +ay)?

(35)

b) Wave-making Damping

Physicaily the damping coefficients are associated with a travelling wave system set in motion
by the ship which dissipates energy from the ship-wave system. It is a function of the amplitude
of the progressive wave 7 of equation (18). Linear wave-making damping which is proportional to
motion velocity is given by:

Ne=28" A2 (8/2)* forroll
(36)
-Tasai (1961)

where A is the ratio of travelling wave amplitude to bady motion amplitude and 8 is the beam.
This and other representations are discussed in Himeno {1981). The wave roll damping tends to
be small due to cancelling effacts for normal ship sections.

c) Exciting Force

Integration of the time-dependent pressure on the hull over the hull surface yields the
hydrodynamic force and moment amplitudes. These values may be divided into two parts as the
exciting force and moment and the force and moment due to the six degrees of body motion.

Calculation of the hydrodynamic properties for the ship are obtained by integration of the above
two-dimensional sectional properties aver the length of the ship.

10




d) Viscous damping

Added mass and damping coefficients obtained using linear potential flow theory cannot be
used for the case of sway, yaw and roll without including a cormrection for viscous damping.
Comparison between theory and experiment shows that the roll damping coefficient is
significantly affected by viscosity even in the absence of bilge keels e.g. Vugts (1969).

The original version of Britsea was supplied with an empirical method by Inoue for predicting roll
damping. This used the ship sectional area coefficients at each station together with the bilge
keel position and extent to predict the bilge keel contribution to damping.

Subsequently an updated version was received from BMT Lid which uses theoretical estimates
by Ikeda (1978) to predict contributions due to lift, eddy, bilge keels and friction. The eddy, bilge
and friction components are non-linear and can be assumed proportional to the square of the roll
velocity. The eddy and friction contributions are usually negligible in comparison with the wave
making, lift and bilge centributions.

The later version of Britsea can also accept experimental values of (linear + quadratic) roll
damping if required.

Solution of the linear second order motion equations yields the amplitudes of pitch, heave, roll,
sway and yaw motions for unit wave amplitude together with their phase relationships with the
wave. For the purposes of the risk analysis, selected amplitude and phase values are stored in a
database for subsequent use within the main computer program RISK.F77.
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Computer Program Flowcharts
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FIGURE A3.5 Subroutine RSPONS
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FIGURE A3.5b
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FIGURE A3.6 Subroutine INTEGR
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FIGURE A3.7 Subroutine CRITRS
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. (8TART)
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FIGURE A3.8 Subroutine MASTER
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FIGURE A3.9 Subroutine OPTCSE
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FIGURE A3.10 Subroutine ROLLER
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FIGURE A3.12 Subroutine QUTPUT
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Appendix A4
Probability Concepts

A4.1 Random Processes

Most of the variables studied herein are defined over the positive real-number line (for example
signiticant waveheight). They are therelore properly associated with probability density p(x) such
that:

4o
j plx) de=1

and the probability (v, < x < x,) is given by:

=2
plx) dx

=1

Thus p(x) defines the probability that the variable x lies within any cne of a given set of 'bands’.
For example that signilicant waveheight (H,) is in one of the bands 0 - 1 metre, 1 - 2 melres etc.

Also the cumulative probability is defined as the probability of cbserving a value less than ar
equalto yi.e. ‘

y
plr g y)=j plx) dx

Certain variables are only discrete because there is insufficient data to provide continuously
variable probabilities, one example of this being the load condition which is necessarily
discretised into "depariure condition® and "ballast condition” etc. Other variables such as the
spatial domain and the season are conceplually discrete as they are used within this theory,

Thus where the variable under consideration is continuously defined on the real numbers it is
presented as continuous or discrete whichever is most appropriate.

Integration is the preferred form of presentation within the text, while all the probabilities are
made discrete in the numerical analysis within the computer program.
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A4.2 Independent (Bernoulli) Trial Concepts

a) Independence of samples or random processes is an important concept in this study.
Independence can be defined as existing it either of the following two conditions are salisfied,
Chatfield (1981):

pixly)=p(x) and p(y/x)=p(y)

i.e. the conditional probability of x occurring given that y has already occurred is the same as the
prabability of x accurring regardless of whether y has occurred.

plxy)=p(x) . p(y)

i.e. the jaint prabability of x and y occurring is the product of the probabilities of x and y eccurring
separately.

An altemative consideration for this last expression is that tor an independent trials process the
sampling process does not alter the underlying probability for the next individual trial. Thus
knowledge that an event has occurred has no bearing on the next event to occur. This is
achieved in this study by the use of the independence period T, in order to calculate N, the
number of independent trial samples from;:

N=

VT,

where R is the distance along the course track and V is the vessel speed (striclly) relalive to the
advancing weather conditions.

b) In general, the probability of at least one event (€ ) in N independent trials is:
Mer=1-@ (en?

where
7€) is the probability of at least one event € in ¥ independent trials.
p'(& ) is the probability of not abtaining event € on a single independent trial.

The value of p¥(e) varies not quite linearly with N, Hutchison(1981). Specifically, when
considering the probability of roll motion (o) exceeding a critical roll value (s,) in N independent
trials:

P, <=I-[p' (g >V

=1-(l—p'(0c<0)lN
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Critical motion simulation in the random marine environment

Eric Deakins, N. Roger Cheesley and Colin T. Stockel
Plymouth Polytechnic
Plymouth, Devon, England

ABSTRACT

Traditionally the measure of a seagoing vessel's
capsize safety has been based on various properties of
a still-water righting lever curve. llowever, in recent
years it has been argued that any new and improved
stability cricteria should seek to ctake account of the
variability of the environmental conditions encountered
and the vessell design features, as well as the
variation in vessel load conditions and masters action.

We have adopted this type of approach in order teo
predict cthe probability that a critical roll motion
will be exceeded at least once during the vessel's
operational lifetime. This involves computer
simulation to assess motion performance in various
crictical scenarios, which have been identified as
being potentially hazardous with respect to capsize,
since it is not feasible to consider every cycle of
response over many years of operation. Thus, in
essence, the vessel is required to negotiate success-
fully a series of “test~-tracks", each comprising
several scemarios with thelr nssociated probabilities
of occurrence, Independent (Bernoulli) trial
procedures are then used in the evaluation of the Finpal
required probabilities. The vessel speed and its
heading to waves fall under the control of the mastec.
te may manocuvre to avoid a storm if possible, but in
all cases he will seck to reduce the resulting motions
and sealoads to acceptable levels. The simulation
takes account of these in order to derive the most
likely response to a given scenario.

. The assurance of a seagoing vessel's safety
against capsize requires the synthesis of many
variables, which affect the response obtained, and is
the subject of much ongoing work. It is envisapged that
the type of simulation being proposed will eventually
lead to improved stability criteria and in the short-
term wvill highlight arcas for further research.

1. INTRODUCTION

In considering safety at sea, ship stability
itself is of prime importance. Ship stability is taken
to mean "safety from capsizing", in which a vessel
rolls from a stable upright position inte an inverted
position, wvhich although also stable is highly
undesirable in view of the damage and loss of life
sustained. The currenc I.M.0. (1968) intcrnational
stability criceria can be regarded as being directly
decived from the work of Rahola {1939) on the propercics
of the still-water vighting lever (GZ) curves, fig. 1.

"This vork however, based as it is on classical
mechanical eriteria in still-vater, is .inadequate as a
predictor of the possible fate of vessels encountering
rough weather in a sea-vay (Bird et al. 1975), 1t is
now generally agreed that improved criteria should ctake
account of the variability of the environmental
condictions, the vessel's design, as well as variations
in load and the master's actions (Kastner 1982). A
probabilistic approach is now being taken in the
structural design of ships in which it is recognized
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that structural elements will have to withstand loads
of different magnitude and [requency within their life-
time. An overall strategy for probabilistic stability
assessment based on these modera design methods is
shown in Fig, 2,

# Buoyancy

M

|- heel angle

Weight

Hrmctacentric heipht
C=centre of gravity

fig.
Becentre of buoyancy 8. |
GZ=righting lever
QZ
v r v \' °
[} 20 40 (-] 80
heel angle

The concept of risk is not new. In many instances
vhere there is a large body of historical information an
appropriate interrogation of the database can assign the
risk of death, injury or other loss involved in a
particular accivity, table 1, llovever no such database
exists vhich is capable of providing sufficient detail
to assign the probability of any individual vessel's
risk of capsize, This is hardly suprising given the
nature of capsizal, which is usually rapid and gives no
time for noting the environmental factors involved.
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FAFR=Fatal accident freguuncy rate or
Number of deaths per 10" hours of risk
exposure (Jenssen 1976}

Table 1

The purpose of the present work is to explote the
feasibility of developing and applying such a
probability analysis model as a basis for ship safery
from capsize, which may lead to improved stability,
design and regulation criteria.

2. THE COMPUTER SIMULATION

The probability of exceeding a “porentially
dangerous" roll motion may be estimated using independ-
ent (Bernoulli) trial concepts. That is, in general,
the probability of at least one event (&} in N
independent trials is

Praya1-(ptip) ¥

56

! !
1
| : ¢£IT£K.M)
e e e -
i |
| |
W OPERATING DATA V[ e scace | [ cavmranon !
15 4r OF SHIP
ForR SHiP : TESTS AT 324 ’ i £x £ MonoN
| 1 ; VALVES EXPELTED
i t I | LONG TERAM MOTION STANISTICS ) 1| OYVER. SHiP LIFE
lROUm;] Loar.r :wmun'J LIFE | | EXTREME VALUE STATISTICS ‘r
I
| SHORT TERM o/sm/duna%—l | MOTION  PROSABILITY
SEA OATA VISudL ) — DISTRIBUTION
MEASURED FoRe fHinocAsT i i I
' r——(ra Iy ON MODELS _l |
1 LONG TERM DISTRIBUTIENY | |
OF SEASTATES | €S OF
SEA STATISTICS, WIND I l’ ESTIMAT
MATHEMATICAL ANALYSIS | w
FOKCE SEA STATE WAKEYL | | ! EXTREME MONO.
HEIGHT, WAYE PERIOD | I BY THEORETICAL
| -—.-{77MN.SI'E& FUNCTIONS | TREATMENTY
I . —
e omension | — s
’ FIG 2 Stabllily AsSessment (TRAomonAL& STATISTICAL)
Risk source FAFR vhere P¥(o) is the probability of at least one event o
for Bricish 4 in N independent trials, P (&) varies not quite
+v:rage or Britis 1incarl¥ with the value of N, (Hutchison 1981);
é:euizr: industr 1.5 also P (#) is the probability of not obtaining the
Ste:l zndu:t: try -8 event ¢ on a single independent trial. Specifically,
Fishin Y 15 when considering the probability of roll motion (#)
Coal m?ning 40 exceeding a critical value ($.) in N independent trials
Coeprecion 5 Hcorm- ]!
Staying at home b ] =1~ [I-l"I AL )] N,
2:2:l:§i;b?:; 4033 It is proposed that to assess the risk of capsize a

vessel be subjected to a set of (mostly) analytical
test-tracks which together comprise the praving ground
appropriate in nature to the vessel being considered.

3. THE TEST-TRACK CONCEPT

3,1 Problem outline,.

When applying probability concepts to the problem
of vessel capsizing, it is appropriate to consider the
probability of a critical roll response being exceeded.
In an attempt to "trap' the worst-case scenarios, the
proposed method consists essentially of a subject
vessel being required to negotiate successfully (ie,
wvithout capsizing) a scries of test-tracks vhich have
been designed to represent the range of critical
(potentially causing capsize) scenarios that it will
encounter over its lifetime, It is envisaged that at
first the test-tracks could be largely analytical in
nature with some experimental back-up for certain
difficult aspects until cthe theory improves.

For this preliminary investigation and for
illustration of the overall "package" a wholly
analytical frequency domain analysis will be used.



Obviously this means that certain phy:Lcnl capslze
phenomena vhich may be best suited to time domain

“analysis (such as the broaching-to phenomenon) will
not be modelled and thus the tesr~ctracks will not be
fully activacted initially.

3.2 Choice of Test-Track.

The vessel type and intended zones of operation
dictate the nature of the proving ground, Thus, for
example, a vessel which is intended for operation in
a sea-area vhich is well sheltered or has shelter to
hand will not have to negotiate the more stringent
test-tracks required of a vessel intended for ex-
tended operation in high icing latitudes.

A vessel which is intended for interpational
operation would be subjected to the worst possible
weather conditions.

By considering individual test-track performance
the effect on the performance of design and aperac~
ional Features can be consideted in detail whilst
overall proving ground pecformance will allow
comparison of total performance and eafety levels
across a fleet of vessels for example though this
"average" value should be trecated with caution.

A typical subject vessel can be expected to
operate, over its lifetime, in a wide range of
environmental and displacement conditions and to be
subject to differenc masters' action. It is com-
putationally desirable that the proving ground should
only encompass all of the possible scenarios which
could cause capsize, it is obviously not possible to
pre-define them, and it is thus nccessary initially
to consider that all scenarios are potentially
capsize causing. However, if an initial assumption
is made chat only the severest seastates cause the
severest responses, the amount of computation for any
scenario may be reduced. The order of severity of
scastates to which the vesscl is subjected (cverything
¢lse remaining unchanged) is progressively reduced
from the most severe possible in the operating zone
under consideration. Once the predicted vesponse
level falls below the limiting sofe value the computer
simulation program moves on to consider the ncxt
scenario and so on.

4. APPLICATION

4.} Hanaging the Lifetime of Risk.

The method of handling all the scenarios compri-
sing a lifetime of risk is best illustrated with the
aid of a simulation example. The subject vessel
being used for the present study is a fisheries
protection vessel which has an operational arca
encompassing the Northern North Sea and Morth Eastern
Atlantic in the region of the 100 fathom line
around North West Scotland. There are also occasional
sorties of up to 200 miles into the open North
Atlantic.

The prediction method aims to calculate P(& <d),
the cumulative probability of a ‘eritical roll motLon

} being exceeded, at least once, during the vessels
llfetlme of operation. This value is of course

represented by the proving ground resulc.

The 'eritical roll motion, ¢ is defined, in the
first instance, as the value of roll angle beyond
vhich there is increasing concern that the vessel will
be in danger of capsizing. This is veferred to as the
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patentially dangerous roll angle, though it may sub-
suqucntly be defined to include velocity or acceler-
ation terms.

A preliminary analysis is necessary to determine
the vessel's intended missions (operating practices
and opecrating areas). For case of illustration it is
assumed that our subject vessel will only ever operate
in the sea arcas labelled 2 and 4 in Fig 3.

HQS\ /;i:\ o |/

ARSI N ke | ]

v u\ 'i4L

! 2 /‘JL

ﬁ "? 7 ﬁQ

VP T T o
TN 17 18 ]

Fig. 3 Norcth Atlantic Basin Climatology Repions

This indicates the boundaries of the sea-areas in
the Horch Atlantic Basin into vhich the climatology
data is divided (Bales et al 1981).

1t is assumed that each sea-area has its own
distinct climatology and that this is homogenous
(uniform) wvithin the area boundaries shown.

Thus the sea-arens 2 and & together comprise the
proving pround for the subject vesscl.

Typical missions identify routes within the prov-
ing ground vwhich form the individuasl test-tracks. One
of these is shown in Fig &.

A typical mission is involved in proceeding from
the home port (Position A in the Figure) to cthe patrol
area at position C where time is spent on station
before returning to A by the same route. It can be
seen that the intended track is ABB'C which crosses
the domain boundary at B°'.

4.2 Route.

The route embodies consideration of geographical
location {L), season (S), initial or intended course
(€) and initial speed (V ), The problem of deter-
mining the troute is to dStermine the joint probabilicy
distribution of the location, season, initial course
and initial speed ie, P(L.S,C.Vo).

Consideration of the test-track segment being
used will govern the joint probability of location
and scason, P(L,S) where L is actually representing a
distance along the vessels intcndcd track for which
the displacement condition (4,k } can be
assumed constant. The :est—trncf sgﬁment also governs
the conditional probability distribution of initial
course and speed given the location and season,
P(C,V,,/L,8).



Then the required probability

P(L,S,C,Vo) - P(c.volL.s).P(L.s).
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boundary at 8. * indicates independent
trisl sampling points.

Fig. &
Application of the Method

4.3 Climatology

This aspect is of vital importance in the
analysis and, despite increased effort, is still far
from resolved. It is required to decermine the con-
ditional probability of significant waveheight (H,),
mean vave period (T ), wave spectrum family member
(F) and predominant wave direction (4) given a
location (L) and season (5) ie,

P(H_,T_.F,¢4/L,5) =
P(F?L,S).P(HS.TE.QIL,S).

The necessary climatological data,
P(H_,T ,&/L,5) are to be found in many Eormats and in
man$ sBurces, (Bales et al. 1981) provide an extemsive
database which is convenient and has been chosen for
use in the present study.

A further consideration is how realistic are the
predicted responses if ve use the commonly available
simple spectral formulations such os Pierson-
Moskowitz, Bretschneider's two-paramecter, Darbyshire's
fetch-limited etc, which have been developed for some
idealised conditions? 1In reality the shape of wave
spectra observed in the ocean varies considerably
{for the same waveheight) depending upon the geo-
graphical location, duration and fetch of wind, stage
of growth and decay of a storm, and existence of
swell.

In order to cover a variety of spectral shapes
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which a vessel may encounter in her lifetime two
families of wave spectra are used in the present
work. One of the fnomilies consiste of 1) .
members for an arbitrarily epecified sea severity and
is called the Ochi-6 parameter wave spectral family.

el Ay

L3 Hl
o] o
F(XJ)

o 3] ]|

where j = 1,2 stands for the lower and higher
frequency components tespectively.

e

ot () = .
u‘kj‘]

-

4.4 Seamanship,

This factor can have a large influence on both
the motion probabilities obtained and the wmotions
themselves once the severe seastates have been
encountered. Firstly by manceuvring to avoid a storm
area (or in the case of certain particularly small
vessels by not sailing at all until the storm has
passed) the vessel is using avoidance seamanship.
This is a function of the accuracy of weather
forecasts and the skill of the ship's officers.
Secondly a vessel experiencing excessive motions and
sea loads may be manceuvred to reduce these to
perceived acceptable levels. The vessel is using
what might be termed pacifying seamanship which is a
function of the motion/sea loads information avail-
able to the ship's officers and their skill in reduc-
ing these motions and sea loads.

.

Pacifying seamanship consists primarily in
changes of speed andfor heading once a severe
seastate has been encountered. These can be repre-
sented as conditional properties of epeed, V and
relative heading to waves, given the seastate
actually encountered after appropriate avoidance
(H,',T ,F) and unalrered speed V and relative
headin} e, PV,u/d ", T F,V 1) where u, p, are
functions of ship course C and wave direction 4.

Ship speed in a seaway comprises the involuntary
speed reduction due to the added resistance and
reduced propulsive efficiency in waves together with
the voluncary speed reduction due to the master's
action to reduce excesgive motions and sea loads.

Although the present study is primarily con-
cerned with the higher seastates where master's
voluntary action overrides any consideration of
natural speed reduction, nevertheless the approximate
increase in added resistance is accounted for by
using a conveniently available method due to Maruo
(1957), to estimate the initial attained speed of the
vessel on any heading. This is an area requiring
further work but recourse can be made to experimental
results if necessary.

For the purposes of the present study, it has
been necessary to assign a set of ¢riteria which it
vill be assumed the master will. adhere to in order
that his vessel will be rendered more seakindly,
master is likely to take action to avoid damage to
his vessel's structure, engines, or cargo and to
avoid undue discomfort to his passengers and crew,

The

4.5 Responses.

A "potentially dangerous" roll angle is taken to
y B



be a pre-assigned croll angle (30 degrees in the
present case) beyond which it can be assumed that
the vessel will be considered potentially unsafe
from a .capsize point of view. Before the required
probability of exceedance of the potentially
dangerous roll motion ¢_ can be ascertained P($>4.)
an upproprlate response statiscic ¢ is required. Por
operability studies this ¢~ response is likely to be
an average-type process such as the significant roll
response, whereas when constdcr:ng survivability
. some measure of the expected maximum is required.

A useful development by Ochi (1973) is the
extreme response value which will be cxceeded with
a pre-assigned small probability the 'desipn-extreme
value'. This is necessary Lecause the most probable

: l
TIME 1 FREQUENCY

extrémé valué o . which can be used for comparison
with the observed extreme value, has a high proba-
bility (0.632) of being exceéded for a large number
of observations n, if the process is narrow band,
where the most nrobable extreme valuc:-

a, - 2la {_2_1_%_%_ n] /t: for ¢ ¢ 0;9
1+/1-e

and ¢ is the spectral bandwith parameter of the o
process.

PROBABILITY

[
| ) .
DOMAIN! DOMAIN | DOMAIN CLOSSARY
(NOT | ? | c Vessel (true) course
CONSIOERED I - F D Domain
AT THIS | [.SELEC—T TEST - TKACKJ I DIO.SK A E’VfNri F Have spectrum family
TIME ) - } | ISPLACEMENT ¢ wenber
i | HoH.' Significanc Waveheight
[ SELECT OPERATIONAL : before/after avoidance
@ SCENAKIO IE. Location, seamanship
: Season, Inttial Sped, | P (c I'//"' S) Kexrkyyrky, Radius of gyration
| VCOU'J(,,( orgivmd) 1 with resgecl: to axes
| . L Geographical location
I| I | I L, Independence distance
NN, Humber of independent
| (D—r|NTERROGATE R.A0. | | | trial samples
| DATABASE | | Q Identical test-track
] o number )
I {Added Resistance. Ass(_rscd’ rs| * R Domain segment length-
I@ TAo | i s Season
! T .
P INTERROGATE CUMATGLDQY ! o ;ggzpszgencz ?e:md
RESET onmmse : @ ~J T i o beto
’ : P(H T3/L.s WV Ship spced before/
H v H I J. » + a
s* Hs s, Ta after pacifying

© S—

SELECT WAVE FAMILY
MEMBER,

No

Vo (He T Vi, Ji o
L—QVOI&WQ ACTON 7>~ "PCH:/MH_;) // ) RICH

5) \} Mo

P (ST VL)

seamanship

Counting Eunctional
with respect to roll
I angle/acceleration

[ Displacement

Relative heading to
waves before/after
pacifying seamanship

L o Random variable
o 'Critical’ random
RES - | { c .
SSES3 ABDED RESISIA veriable
EROACHIN Ve (ct] : l $,8" 0" Roll angle/velacity/
WATEA ON i ‘ . acceleration
DECK - T | 6,4 %4 Cricical (potentially
s o : ASSESS LARGEST VL RESPONSE | ! ¢! "ette dangerous) roll angle/
gl I \ | velocity/acceleration
STABILITY ' ¢ Predominant wave
Ete.. direction
! m{;‘@:llymg .Sea..nan,fhlp Reqd 7 >—-—-P[\/MI T F/ld, V)*‘ P{o) Probability density
——_—— W -)‘/( I'N" (0} Single independent
o _ trial prababilit
dore ) b4
hre d) EXTREME ROLL | P(h’; T, F M, /_,r) e (o) Multiple independent
N anas /Ne 2> Critical Value? (}{/ L S‘) . trial probability
é Ezafva/t, v ' P (Dc<a) Cumulative smgle
. YES t 1 babi f
PHe) 3ok oy [T ) cin ol o
Mo /Fw'uby — PN(octa) Cumulative oultiple
N MW{EJGIII‘ No Members trial probability of

@__’_j YES

FIG S : TEST-TRACK FLOWCHART

(o <o)

59




where m_, m,, M, are

noR, - m,? the zerceth, second
ase [f—— and fourth moments of
R,

the response process.

In terms of exposure time the most probable
extreme value o, is given by:

vhere 1 is the exposure time in hours; Hutchison
(1981) argued that r should be the indcpendence
period t*, The design extreme value o is similarly
given in terms of number of observatlons and exposure

time:
. 2 1 - el
on /20 {e—_— .. = Bg
1 +/1 - !

e fon (22 f] o

Fig. 5 illuystrates how a complete study would
seek to encompass the time, frequency and probability
domains; though only the frequency and probability
aspects are being considered in the present study.
Essentially the computer simulation reduces to the
manipulation of the three databases containing
climatology, component probability and complex
functioned response amplitude operator information
respectively. An important feature of the database
is that it reflects the sensitivity of motion
response to internal ship parameters, such as hull
form and load conditions, as well as to external
paraweters such as encountered wave conditions.

The right hand side of fig. 5 indicates how the
component probabilities combine to yield the indepen-
dent single-trial probability of & particular
scenario. This is equal to the independent single-
trial probability of obtainimg the resulting roll
response provided that the response sampling interval
is not less than the independence period.

To simulate cresponses realiscically, roll metion
is evaluated assuming that the master will seek to
maintain “best progress” tovards his destination or
voyage way point. The chosen criteria for master's
voluntary action sre:

number of slams per hour < 60;

nuober of propeller emergences per hour < 120;

subjective motion magnitude < 12;

average roll angle < 15°.
These limiting criteria are used because they repre-
sent motions and sealoads actually perceived by the
master at his bridge conning position (Lloyd 1977).
Thus the simulation considers a response mapping of
up to 50 course/speed combinations in its atctempt to
bring vertical motions and sea loads.is below the
maxima allowed by the above criteria. If it does
this successfully it is assumed that the master has
chosen this new course and speed and the design-
extreme roll motion is then evaluated. Othervise a
heave-to position to the waves is adopted based on the
"best" response-mapping value of the course and speed,
found by a simple minimization technique.

For example, the folloving extract from the
computer output file, table 2, relates to the vessel
operating in a typical very severe, short and stecep
coastal seaway.
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PRgGRAH ENTERED
SPEED=15.0 SHIPHD=30
HUMBER OF DECK WETNESSES PER HOUR=44

SLAMMING CRITERION OF 60 PER HOUR EXCEEDED {(216)
SM CRITERION OF 12 HAS BEEN EXCEEDED (15)

PROP.EMERGENCE CRITERION OF 120 HAS BEEN EXCEEDED (253)
AVERAGE ROLL ANGLE=2

SPEED=~18.0 SIHIPHD=}5

NUMBER OF DECK WETNESSES PER MOUR=0

SLAMMING CRITERION OF 60 PER HOUR EXCEEDED {93)

SM CRITERION OF 12 HAS BEEN EXCEEDED {14)
PROP,EMERGENCE CRITERION OF 120 HAS BEEN EXCEEDED (202)
AVERAGE ROLL ANGLE=5

SPEED=12.0 SHIPHD=15

NUMBER OF DECK WETNESSES PER HOUR=D
NUMBER OF SLAMS PER HQUR=2

SH VALUE AT BRIDGE=2

NO. OF PROP.EMERGENCES PER HOUR=11
AVERAGE ROLL ANGLE=8

PROBABLE EXTREME ROLL ANGLE=30.16
DESIGN EXTREME ROLL ANCLE=37,14

SULISKER PATROL - LEG 1
LOAD CONDITION INDEX LI |

SHIP SPEED : 12.00 KHOTS (FN: 0.2466)

WAVE SPECTRUM : JONSWAP (OCHI DATA)
SIGNTIFICANT WAVE HELGHT 1 15.0 METRES

FETCH LENGTH : 1500.0 NAUTICAL HILES
SPREADING FUNCTION : NONE

Table 2
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ABSTRACT S

This interim . report describes the
ongolng uork' ‘aince’ 1982, at Plymouth
Polytechnie, into  the
‘apaegsment of vessel sufeéy against capsalze
in a representative range of likely. to be
encountered ‘environmental and  oporating
conditions. » ' ‘

The . proposed risk framework utllises
probabilistic _which  have
- rocently. ‘been applied - to - ope:abllity
studies. ' The method . is
accountiny for variatiéns- in seaatate,
"vassgl_deaiqn'featurea'and load condition
as well as vepsel apeed and heading subject
" to master's intervention. ' '

procedures

'

The concept of a test-track Ls-

"introduced - as a means of standardising,
particularly for -regulatofy purposes, the
operating: scenarios which should  be
1ncluded; in any analysis thch seeks to
-predlce,. .in a. realistic manner, vessel
capaize safaty. '

v

o The -prallmlnary analysis described
.utilises a :linear superpeosition technique
to predict vessal responge and the concept
of a "potentially dangerocus® roll motion s

" introduced to avoid the necessity to
predict “large non-linear capsize roll
angles,

This work is affiliated to the United
Kingdom Safeship project.

t. -INTRODUCTION

Ship stability is a property which is
not amenable to saimple definltxon.. To
" naval ~architects stability means “safety
' against capsizing” in a very general sense

and the development of the underlfing
theory has had a long period of evolution
which is etill far from complete, Current
international stability criteria can be
. traced directly to'tha_work, in 1939, -of
Rahof& [34) who proposed that a ship's
measura- of safety be related_'to certain
. properties of -still-water righting lever
(G2} curves. However, in recent~yeazs'lt
has been arqued that these crlteria{,whlcb

neglect the action of the seaway, cannot be

a sufficient "indicator of vessel capsize

‘account of the
probabilistic ~

capable . of-

rasistance in the seaway (9). Furthermore,
it is generally agreed that any' new and
improved ctlturig. should seek to - take
) | varlahillty of the
environmental conditions encountsred, the
vessel's design featurea as ‘uell ‘A8 the’
variation in load conditions and master's
action [22), | . '

1t is in. the area  of ﬂtiucturql

design, éspadiallyg that there has baen a. -

movement - away from the deterministic
approauhes,' where satisfactory rules.’ are
gradually avolved by a process of trial and
error, to one where the variability in the

demands made on- and the capability of a

- Btructural element to resist the load.

actions imposed is taken into account (12,
38]. In such a probabilistic épproachzlt
ie recognised that a structural element
will have to withstand loads of .different
magnitude and frequency duringiits 1ifetime
and similarly that ite capability to resist
these loads will. not have a -slnéle
deterministic valua, Fig 1.

~

- NOMINAL
a: WORKING | STRENGTH
g,- LOAD CAPABILITY
g
=
S| oEmMAND
3
& \_

CAPABILITY/DEMAND

Fig 1
variation of Vewmand and
Capability ol a Structural Element

The problem to overcome in Buch an approach
is to ascertain thelnéture of the tails of
the demand and capability distributions
since it is in the overlaplrogloh that the
comparatively rare high demand and. low
capability may occur simultanecusaly to
cause failure, -

An uverall strategy for probabilistic
stabllity assessment, ' based on modern '
structural design methods (12) is shown in
Pig la and -this can be compared with the
traditional (current) stability asscasment.
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- Ll—

|
{

CAUSE- EFFECT RELATIONS | EFFECT - PREDICTION
RESPONSE TO ENVIRONMENT: OF SHIP RESPONSE
: o 1 OVER ITS LIFETIME

_ CAUSE -
DEFINITION OF ENVIRONMENT

TRADITIONA L METHOD

STILL WATER CALCULATION
(MAY INCLUDE INFLUENCE oF
WIND HEELING MOMENTS )

STATIC CALCULATION _- DEPENDENCE OF HEEL
OF RIGHTING ARM - [P ancie on RESTORING

curve ( Wind Heeling) MOMENT (RAHOLA TYPE

[}
]
> : CRITERIA)
-.-.‘-—-—.-—-__.__._._.‘... _________ t
. S ' : |
STATISTICAL ' ! - o
STICAL OPERATING DATA | | FuLL scaLe caLigrATon| | .
_Mﬂ_o_Qé FOR ~SHIP. ) | TESTS AT SEA) |OF SHIP I
' - T l i : T . b | exrreme monon
1 I 1 | | [] vawes expecres
| | LONG TERM MOTI0M STATISTICS | OVER, SHIP LIFE
ROUTES | .| DAYS W ROUTE} | UFE | | EXTREME VALUE STATISTICS |— '
'S . : | VSHORT TERM DISTRIBUTIONS
| SEA DATA VisuAL T I ' _] MOTION PROBABILITY

 DISTRIBUTION

MEASURED FoRe /HinpcAsT| |
| eone TERM disTRIBUTION
SEA STATIsTICS, winp | |OF_SEASTATES -

FORCE, SEA STATE , WAIE| ___ - f

HEIGHT, WAVE PERIOD

TESTS ON MODELS

ESTIMATES OF
EXTREME MOTION
. BY THEORETICAL
 ITREATMENT -

MATHEMATICAL ANALYSIS

=

—

TRANSFER. FUNCTIONS fe—
aren ronerions |

.

o éNEkar SPECTRA || ONE DIMENSIONAL: el e
P — - [ TWO BIMENSIONAL -t o b Becoccman b fomi e ia - L
' N ) FIGda_Stabilily Assessment. (TRAbmoNAL: STATISTIGAL)




AB w¢ll as being much more extensive, the
modern approach features experimental and
analytical models backed up by full =scale
trials where appropriate. '

The . main purpose of the work at
Plymouth is to ecxplore the feasibjility of
developing and applying such a probability
analysis framework as a basis for ship
safoty from capsize which may Jead to
improved stability, design and regulation
criteria. It is also hoped that the
framework will help mesh together the
different and. often highly 1individual
aﬁalytlcal techniques for rodelling the
various capaize phenomena, in a concise and
efficient manner.

1.1 Assessment of Risk in the
Marine Environment

~ The concept of risk is not new. -In
many instances whare a large body of
information exists,, 6 based on accident
history, an appropriate interrogation of
.the database can assign the risk of death,
injury or other loes involved in partaking
.of a particular activity, eg, Table 1.

, which are

Risk Source FAFR
Average for British L
Industry

Chemical Industry ‘3,5 FAFRwFatal

Steel Industry 8- Accldent

Fishing ‘ 35 Fraquency]

Coal Mining B . ) a0 Rate

Construction Workers 67 o No of

Alr crew o 250 deaths

Stuyind at home ' .. k] per 108

Driving a car 60 hours of

Rock climbing 4000 ‘risk

: ‘ . R » .exposure
- {21} .

Table "1

¢, Risk levels by Activity

~ ‘Unfortunately ho database cﬁrrcntly
exists which is capable of  providing
sufficient detall to assign the probability
of an’ individual vesscl's risk of capsize.

This 18 hardly surprising given the nature.

of a, capslial which 1s freguently rapid
with little resulting casualiy wreckage tn

provide evidence of the likely causes,

- 17 =

Hhiist asome useful jnformation can  be
obtainel from the casvalty records, such as
the general nature of the capsize and the
surrounding circumstances, no suitably

detailed information can Dbe Yobtained
regarding the sequence or the probabflity
6[ causal events which would be
particularly useful for a more traditional

risk analysis such as "fault-tree" [1].

Even if this lnfofmation was available
it would not be appropriate to extrapolate
it to cover many of the unique projects
undertaken in the  marine
environment today. '

The alternative is. to develop an
appropriate prediction technigue which aims
to incorporate that information which is
avajlable from casualty records (where it
exists) as well as catering for those
casualties which nearly occurred ie, the
"near misses”. Fortunately probability
methods have recently been developed [20]
which have direct application to the
problem of assessing the riek of a vessel
vapsizing Iin a seaway. These will now be
discussed within the context of applicatlon
to capsize assessment.

2. THE TEST-TRACK CONCEPT

2.1 Problem Outline

Risk prodiction can be generally
stated as determining the probability that
a pre-assigned event will-occur in a number
of trials {(or over a period of time). This
definition is particularly suited to games
of chance, to assess the likelihood of
obtalning a particular face value of a die,
for example, in so many trial throws.

When applying probability concepts'to

" the problem of vessal capsizing, it is more

appropriate to.consider the probability of
a critical roll response being exceeded
since this will determine the area of the -
overlapping ' tails in Fig 1 ie, the
probability that the operational and

environmental demands exceed the vessel

" capability to resist the demands.

In operability-type studles such as
Eatigue analysis it Is necessary to

T vonkider every cycle nf vessel response

during dits lifervime since all  eycles



contzibute ' to fatigue faillure. 1In
{survivability) rlsk-type studies this is
hot the case since quite often only the

saverest Baastates wWill cause the severcst

motidna, and,. provided that the relatively
rare catastrophic responses in mild seas
can ba accounted for, thin- sugg:sts that

some way.: Ohviously. it is not sufficient
. to seek the 'worst casea' on an ad- hoc
_basid  and some

) approach is
-  daslrable.

ordared

2.2 Test Tracke and Proving Ground

" In an attempt to 'trap' the worst-casga

- scenarios, the proposed method consists

"epsentially  of & subject vessel belng

required "to guccessfully {le, without |

" capsizing).

negothte a serles - of
-*tost-tracka* which have been designed to
represant the. range of . critical

(potpnt;ally capsize causing) scenarios

7" that it will encounter over its lifetime.

_lIn the  automobile  industry, in
'particular, this type of procedure |is
. common. A road vehicle is made to perform
-a peries of manoeuvres over varying terrain
- 4n a variety of conditions (environmental,

" load, ‘epeed etc}l where each test-track

represents one such set of conditions. Faor

'>_exumple there will exist a _handling and
'-stablllty test~track, a steep gradlent
f'test—trqck and so on. The total tast~track
".set is termed the 'Eroving-grggﬂg‘ and its

-overall nature refle.ts the vehicle's

intended use and type. . Thus a sports car
" will have a different set of test-tracks to

. jnegotlhta than an articulated lorry,'though.;

- some will-be identical.’ See Fig 2,

hnmh S?hm .
Eleclve Length-Bum’

T Swhie Drgop A5 M -

wAT FIST asta
. L

-'\lvlo(k wigth bm
Conkmoy TQwia

Pumr nousl

LT _ Fig 2
. Handling and Stability Circuit at MIRA [40]

2,

the amount‘dt computation can be reduced in

The maln advanteges to the vehicle

designer of usiig thia apprdach-ure;-_

a) The full range of operating
condlt!ons, including the very
important severa conditions, c¢an be
producad in 4 mannor difficult to
achieva on the open road, for example,

" (also making repeatability of results -
possible)

b) Vehicles are tested under tlghtly _
controlled condltlona where individual .
characteristica auch ag handling can

. be assaessed, in leolation if
necessary, and-cbmpared against e
"previous and other vehicles' results.

c) Attention is focused on individual
‘elements eg, vehicle suspension

settings 5o that if a poor performance L

characteristic manifests itself on one
particular test-track'thé desfgn can_
be precisely retested after pultable
modification. ‘

The authors believe that thesea are
valuable procedures which can be used to
assess the capability of a seaguing veaaell
tn perform its duty in safety. Howéver,
leaving aslde the immense difficulty of
physical ‘ modelling of fevere  sea

conditions, sheer expense would preclude ’

. the use of a purely physical marine proving

ground for every single vessel. Thus it is
envisagéd that at first the teat-tracks
will be largely analytical in nature H}tn
some experimental ‘back-up for . certain
difficult aspects until, as -the theory
improves, .

“eventually no physical -

experlmantntion would be required (?)°

For this preliminary invaatigation and
for {llustration of the overall.'package' a’

-wholly analytlcul frequency dpmain analysia
‘will be .used.

Obviously this. means, that
certain physlcal capsize phenomena which
may be best suited to time doma{n_analy;ia.

’ {such as the broaching-to phenomancn) will

not be modelled and thus the test—tracks‘
will not' be fully activated lnitially

Section 4 addresses the basis for using a .
linearlfrequency domain .analysis for what
are. essentially non-linear ~large and*e

capsize phenomena.

-1 -



~ 2,1 Choice of Teat-Track

. ‘A8 with. the road vehi;le case, the
vessel type -and intended -zone or zones of
operation dictate the nature of the proving
ground, ‘and ~ thus . the individual
test-tracks, that the seagoing vessel will
be reﬁulred ‘to -negotiate succesafully,
Thus, for example, a . vassel. which is

intended for-operatlon in a sea-area which
- is well sheltered or has shelter to hand
will not have to negotiate the more
atrlngént test-tracks required of a vessel
intended for extended operation in. high
lcing .latitudes.- .Indeed, osome form ‘of
llcens;ng might be desirable for individual

operational zonee  eince thla would assist
in avolding the potential overdesign or
underdesign of vessels which the current
'blanket’ regulations may encourage.

A vessel which 1s intended for
international operation would be subjected
to the worst possiblie weathar conditions
{Appendix 2.2).

By considering individual test-track
performance the effect on the performance
of design and operational features can be
considered in detall whilst overall proving
ground performance will allow comparison of
totallperformance'and gafety levels across
a fleet of vessels for example though this
*average” - value should be treated with
caution. _

A typical  eubject “vessel can Dbe
7expected to operate, over its lifatime, in
a wide .range - of enviroumental and
"displacement conditions aﬁd to bae subject
to different masters' action., The correct
choice‘ of test-tracks to 1solata the
" patential capelize acenar;oﬁ- from amongst
.all - possible operating .acenarios
encountered by the " vessal during its
‘1ifetime 48 -vital if certain ecritical
operations are not to be overlooked aleng
the - way. -

‘only - encompass all of - the possible

scenarios which could cauge capsize, it is "

-obviously not-possible to pre-define them,
and it Ais thus necessary to initially
congider that 511 scenarios are potentially
capsize causing. However, {f an {pitial

~assumption is made that only the severest
seastates cnusp'thq scverest responses the

’ positively identified

‘many "aimilar casuvalties)
acenarlos . for

" Whereas .it 'i& computationally
desirable that the proving ground should .

- amount of computation for any acenario is

reduced if . the order of seéerlty of

seastates to which the vessel'ia.suhjected

{everything else remaiulng unchanged) is

progfesslvely reduced from the most severe
-possible in . the operating zone under

consideration, Once the predicted response
level falls below the 11m1t1ng'au!e'vnlua

- the computer program movee on ‘to consider

the next scenario and so on. {Sectijion 5);
The results of Mylti-variate Ipattern
recognition) analyels of casualty date (for
the broad vessel ‘type and size) 1ls also
used to enaure that no proven (freguently -
recurring) capslze scenarios have been .
minged, particularly in mild peas. These
*capaize nuclei®
(each one representing a }dlstlllatioﬁ of
form critical
consideration and are
embedded in the test-tracks with respect to
time and location. Fig 3,

+ TEST TRACK - 7?5!/Vfthhll. PoINTS

IDENTIFIED CAPSIZE
NoiLeys

VESSEL
IN PORT

IDENTIFIED
CLQ’ZS’;:‘E . AJLh:LJE" t:‘1£5£1!)£2‘
N d w.rt Borw sPAce
AND ‘TIME o
PATROL AREA
Fii 3 |

Vesael Stcaming to Patral Arca
Tese~Track conteining 2 ldentified capsize nuclel

3. APPLICATION OF TilE METHOD
“3.1 Managing the Lifetime of Risk -~

The method of handling. all 'the -
scenarios comprieing a lifetime of risk ise
best - lllgstrated with the aid of an-
example. The subject vessal being used for
the present study ic a fisheries protectlons
vessal which has an’  operational’ area
encompassing the Northern North Sea and
North Eastern Atlantic in the region of the
100 fathom line around North West Scotland,

. There are also occasional sortlies of up to

- 14 -






200 miles lnto the ‘open North Atiantuie,

Principal vessel parliculars aze glven
in Tuble 2 and Figure 4 shows i ha yenavalt
arranqgement,

Length overall

1.3 m
Loength b.p. $4.00 m
Ream mld. 11.60 m

Drsign Displacement 1532 tonnes

.

Table 2 - Principal Particulars

The prediction - method alms to

" calculate P(e. < ¢), the cumulativ=
.probabjlity of a ‘'criticai roll motion’

{#.) being exceeded, at least once, during
the veseels lifetime of operation. Tnis
"value Ls of course represented by the
. proving ground result, Additionally the
probahilities of exceedance during certain
indlvidual vesrsel operations, represented
by 1ndlv1dual test-track results, is being
’ anught.

The ‘critical roll motion, tc' is
defined, - in ‘the first instance, as the
value of rnll anqgle beyond which thare is
increasing .concern that the vessel will be
in danger of capsizing. This is refecrred

to as the potentially dangarcua roll angle,
" though it may subsequently be defined to
"include veloclty or acceleration terms.

" (These anpects are discussed in Saction 4).

The cumulative probability Pt¢ < 9)
can be ohtained from a knowledge of the

.. underlying 1lifetime response probability

density function P{¢). This in turn can be
: iound by taking (ie, computer-predictiny)
independent- trial samples of roll response
. over the vessels lifetlma together with the
independent single trial probabilities of
‘occurrence. . .These independent  trial
. results’ are then combined using Bernoulll

trial procedures,,thppandlx 1.

A preliminary analyals_ls'necesaary to
determine the vessel's intended ﬁisslons
" {operating practices and operating areas).

For eagse of.illustration It is assumed that
our sub]ecL vessel will only ever operate
-in’ the sea areas labellud 2 and 4 in fig 5.

"This indléates the boundaries of the

sea-areas in the North Atlantic Basin into

which the climatology:data is divided in

- 16 -

. Pef 8],

(CllmatoIOPy

‘eonditions are

It is assumed that each sea-area
has Lbx own distinct climatology and that
this is homogennus (uniform) waithin the

arra boundaries ghown,

Thus the sca-areas 2 and 4 toge ather

comprisa thu E_pvi_g ground for the nubject
vensel.

Typical missions identify ~routes
within the proving ground which form the-
lndlvldual test-tracks. One of these “is

shown in Fig 6.

: ¢
— BomAn >
Dom~Ain SeanEht (?‘

BovnbAeY.

- borAIN
SEGNENT

Climatology

Dumnin (Code 2) Domain (Gode 4)

Key: Test-Track = ANB'C

Assumption: Displacement i{g counatant between legs
AB and BC. Loy BC cronmes Lha domain
boundary at R'. # indicotes Independent
trial sampling points.

Fig 6
Application of the Methud

A typical mission 18 involved in
proceeding from the home port {(Position A
in the Figure) to the _patrol area at.
position C wherc time is spent on station
befure returning' to A by the same route.
It can be seen that the intended track. is
ABB'C which crosses the domain boundary at
B'. Thus. the test-track is subdivided into

©. 2. separate spatial domains where the

climatology is assumed homogeneous. ° Each
spatial domain is further subdivided into
domain segments which are segments along
the intended trach where the vessol's

displacement condition [a,k } can

xx'kyy'kzz
be assumed constant. Thus 1in Figure 6§,
between  Ab and BO the displacement
wssumed  constant  and
different, ’ (For cunvenience, and . to

facilitate comparison of perfaormance with



the existing stability criteria, the actual
load conditiona which are used are taken
from the vessel's stabllity booklet to
represent the complate range of vesssl
capability).

3,2 Independent Trial Samplea

In crder tc be able to use the simple
procedures, for manipulating probabilities
which are given in Appendix 1, for riak and
operability etudies, 1t 18 necessary to
engurae that all the predicted responses

{trial samples of the underlying lifetlme

response probability density function) are
independent. This necessitates that the
response obtained from one scenario shall
not have been influenced by any previous
responses oObtained along a domain segment
ie, the response obtained should have no
'memory"’, '

Thus it is required to know how many
independent trial samples of the underlying
response distribution can be taken in each
domain segment since this has an important
bearing on the probabilities obtained
{Appendix 1}. For this purpose an
independence interval was introduced by
Hutchison [20]. This '1nterva1; represents
the minimum distance in time and/or space
that a wvessel must travel before the
seastates (and by inference the resulting
responsea) can be considered independent
trial samples cof the underlying seastate
probablility density function. This is an
important conditicnal
information concerning the seastate (and

concept since

thus the responseg obtained) at one instant
atronély alters ° the probability
distribution for seaatatas (responses) at
nearby times or locations but the influence
of the conditlonal data diminishes as one
.moves_ further away in time or space until
seastate
digstribution is

eventually the underlying
probability

again dominant.

{response)

- Hutchison proposed a simple form of
metric for the number of independent ship
exposure cycles, N, where

J .
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where T, = independence period, Hours
L, = independence distance,
nautical milee
T = wexposure time, hours
V = average vessal speed

The independence period/distance s
the time/distance required between two
observations to be independent., See Fig 6.
Further work is 'required in thias area but
values for the independence pericd of
between 13 and 26 hours have been quoted
based on &Gome agallable seasta;e process
sampling rates on a scale slgnificant to
ship routeing (20]).

In fact a simpler measure

N = Exposure distance R

VT,
is more appropriate 1if
relative to the
conditions is used.

vesgel spead

advancing weather

3.3 Applied Probability Concepts

A particular design which is operating
in a domain segment (le, of a particular
locad condition) will have a motion response
dependent upon the combination of broad
factors route, climatology and seamanship.
These factors are considered 1in detall in
Appendix 2. '

It is apparent that the single trial
probability of obtaining a roll response
lavel (g} 1is egual to the Bingle trial
probability of encountering the particuiar
load condition, route, climatology and
seamanship giving rise to the response.

Thus the single trial probablllty‘of
obtaining the predicted roll response 3,
given the load condition 4, location L and
season S, ) :

PI( ¢/4,L,8), where P! indicates the
single trial probability, is equal to the
single trial probability of encountered
seastate (Hs',Tm,Fl, ralative heading to
waves . (y) and apeed (V) given load
condition (4a), location (L) and season ($).
Thuse

1

Pl(oIA,L,Sl = PO(H,', T Fou,V/8,L,5)



- probabilities

The valus of P(H,',T .F,u,V/4,L,6) is
chtalnad by manipulation of the componaent
givan 4in Table 3 Erom
Appendix 2. There are gsevaral ways of
combining these probabilities but in the
'preqent atudy the adopted procedure is as
followa: ‘ . -

{a) Por a given domain segment

(A'kxx'kyy'kzi constant), the relative -

heading to waves, before any modifying .
- saamanship, 1s givan by [v = C - ¢]
~where C is the course and ¢ the
predominant wave diraction.

o ‘No;,-theljoint probabllity of esastate,
: heading, wave spectrum and speed (prior
to seamanship) given the location and
ssason la -

Plﬂs&Tm,F,Do,VOIL,Sl
- P‘CJVOIL;S) -P‘Hanm'F. °/L,Bl
= P‘C.VofL,B).P(HsTm,P,[C - NOJ/L,S)

" {b) Incorporating the avoidance type
seamanship P‘"a"Ha) gives after
-avoidance: i

' P(HB°,Tm:F-uo_'V°fL.Bl - .
PIHB'/FB).P(HS,TD,F,UO,VOIL,S)

{c} Incorporating the pacifyiny type
. aaamanship, P‘V'",Ha"Tm'F'Vo'"o'
yields the required joint probability
of eaantaté, heading and speed (after
' seamanship action) given the location
and ‘season Le,

P(HB.J mJEoUoV/L,Sl L]
_P‘V'HIHB.'TN'P'VO'DO"
TPAH T F,V . /L,B) 9K

P‘H" nTmnraucV/L,S‘ -
P(V,U/Hs',Tm,P,Vo,UO). P(Hb'IHB).
PIC,Vo/L,8) R (H,, Ty P, [C. = b ) /L)

This is the single independent trial’

probability of cbtaining the predicted roll
response ¢ resulting from this scenario in
a given domain segment for 1. set of
conditions. - There are many such sets or
combinations of conditions which must be
‘consldereq.
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Probability Description

P{L,S) Joint Probability of v/L

location and season

P(C,VOIL,S) Joint Probability of
intended course and speed
given the location and

" Beason

Joint Probability of -~
encountered significant
waveheight and mean wave
period, wave family
spectrum and predominant
wave diraection given
location and season .

P(Ha',Tm,F,OI
L,S}

P(HB'lHS) Probability of
encountering a geaatate

of severity H_'after
taking avoidafice action
given that H_ would have
been encount&red if no
bad weather avoidance had
been attempted

1
PV, u/H " T, Joint Probability of new
P,Vo.uol apeed and new heading to
waves after master's
alteration in response to
axcassive motiones caused
by seastate Baverity and
original speed and
haading

Table 3 :
Component Probabllities used
in the Analysis ([Appendix 2}

At this
posaible combinations, the opportunity is
taken to obtain directly the single trial
probability of roll angle ¢ exceeding the-

critical value ¢, P1(0c<¢);‘ To every.

scenario a response level ¢ ig prédlcted,;'

such as the expacted maximum roll angle
which has a value dependent on the duration
of exposure to each seastate, (ultimately
the Independence period - Appendix A2.4).

counting

1t a functional ta -
constructed froms~ - R . :
1° = |1 for ¢c < ¢ : AP ' . .
10 othervise n ; v

the cumulative single trial probability of

exceeding the critical roll ¢, in the.
domain segment (for a given load condition, '

location and season) is given by

stage of combining all the -




1
R3 ItctdlL,Sl - -
.2m = 2n Fef

(1]

o © Pu]

P(v.uIH.',Tm?.vo,uo).r(u.'lu').

E(c.voln,s).P(Hs.rm:r,[c-uolfu,s).y¢
du_.dH_dCHP

If required, further counting
functionals can be added to this equation,
egi

" ) ) " ' L

Yo ® 1for s <o

‘0 otherwige

wéuld give the cumulative single trial

probability of roll angle ¢ exceeding ¢ c
. " [ 1]

with ¢ roll acceleration ¢ exceeding ¢c'

1 ’ [T
P (¢c<0;¢c<¢l.
Tﬁe number of independent trials in
" the domain segment is found from
R

vT

N =

&

where R is the dietance along the course
track betwaen entrance and exit boundaries
of a domain . segment eg,
AB,BB',B'C in Figure 6

distances

'V = yoseel speed relative to weather
spaed of advance

T, = independence period,

Then the probability of (°c <4l in N

independent trials in the domain segment is |

given by (Appendix 1)1
Pl lo < o/L,S) = 1 - 11-pt (g <o/L, 500"

Eince the .
independent domain
segment L, domain D and season 5§ the
probability that ¢ exceeds °c at least once
on a single independent test~track is given
by’

PN(@E < ¢) processes  are

processes in each

1 . N ‘
P C#) =) - { nn {1-P <y/L,8 }
¢.<e) non { (9,¢e/L,86)]

this 1s the required single test-track
result, ’
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For Q repeated identical test~tracks. '
in a lifetime of operation

pP1o <) =1 - (1-pt (o <619

Since the proving ¢round involvas -
several distinct types of test-track

P:qi(¢c<¢) =1 - n[x-Pltoc<¢llpl

where Q, = number of test-tracks of type i

gives the proving ground result ie, the

overall risk that ¢ exceeds °c for a
lifetlme of operation. '

Thus PiQi(9c<¢) = .
o
1= H[l - [1 - {nwn[l - p"(¢c<¢/L,s)]}]]
LDS .

S ETIA
=1 -njl- 1-{nwn[l—(1-(l-P (6 <4/L,8)} )]}]
LDS ¢

where P1(¢c<¢/L,S) -
2n = 2n  Put

I J I J RVRE IR XARRRI RS

o o o FPFel

P(C.VQIL.S).P(H..TE.F,{C-HD]IL,S)-TO du_,dH_.dC,dF

4, SCOPE OF THE PRESENT WORK

The previous section has 6uplined tho
method of manipulating probabilities of
independent response samples so that the
probability of exceeding, at least once, a
critical rell motion can be found for each

-of the teat-tracks and the proving ground.

Of equal importance 1s the prediction
of the motions themselves in what {8
assentially a large angle non-linear

phenomenon.

Poor stability
{operational or icing effects)

Wave amidships causing stability loss

Mathien effect
{periodic resonance with waves)

Broaching-to (directional instability
in following waves)

Heavy seas from one side
Breaking Waves
Cargo Shift

water on Deck

Table 4 [39) Capaslze Phenomena




Investigationa of casualty data and
experimenta with scale models has led to
the categories of capsize shown in Table 4.
Eapecially for smaller vessels physical
wave effects can be critical, especlally in
local conditions which may be
'encountered off the Norweglan
exanple [39].

coast for

It follows = that avery test-track

'aegment should be analysed to take account-

"of  all posasibla capsize phenomena,
especially when smaller veseels are under
investigation. Consideration should also
ba’ given' to "the possibility of one

- phenomenon giving rise to another eg, heavy

seas from one slde causing cargo shift.
This _ would " lead to the - {deal
demand/capability asseasment of Fighre 7
~which 18 necesserily & mix of analytical
technigques (time domain and frequency
domain) and experimental techniques at thia
time. The largest roll motion cbhtained
from all these procedures would be carried
forward 1in the calculation. However in
theese early stages, for illuatration, only
certain of_tha capslize phenomena are being
~ investigated, through the use of the linear
superposition theory. . The basis for this
. choice 1is now explained.

4.1 The Potentially Dangerous
Roll Angle

wWhen a vaessel capsizes,
cause, it

from whatever
large angle of
inclination from which it cannot recover.

agsumes a

It follows that the measure of the vessel's
" overall capsize snféty .should be its
capability to resist this ultimate roll
motion during its Mfetime. ~This requires
a raliable method for predicting the large
roll angles which .can -properly handle tha

non-linear nature of the roll damping and

restoring moments as well as the important
" coupling of roll, sway,-yaw motions giving
tiae_to considerable -xoll motion damping.
"In addition, for ‘risk ‘analysis purposes,
the method should .ideally be capable of
taking account of tha key parameters such
as the environment, speed and’ heading to
waves as well as changes in hull form and
load ‘condition. A method which could alao
- simultanecusly. predict pltch and heave
" motions would be particularly useful in a
computer ' simulation .because -the magnitude
of the vertical motion and acceleration

together with associated physical phehomena
such as slamming may cause the master to
apeed/heading to
motion limita.

changa sgek acceptable

Unfortunately such a general theory

for non-linear syatem response to
stochastic processes which is sultable for
a risk analysis does not currently exist. .
Methods which are avallable tend to elither

give accurate prediction of uncoupled large

roll angles for an intact vessel atopped in °’

beam aeas, for example [35) or else to have

the scope for a risk analysis study but not;
the capability to predict the large roll

angles, The linear superposition principle

of St Denis and Pierson [16] falls under.
the latter category.. Whllst it can give

reasonably good results for coupled pitch

and heave motions the prediction of large

amplitude coupled lateral motione is lese

patisfactory because of the inherent motion

non-linearitiesn, :

Thus a further important feature of
the presaent analysis 1s that the prediction
of the actual large angle capsize is nof
attempted per se. Instead a lesser roll
“potentially dangerous -
roll angle* 1s chosen beyond which it ie
assumed that a capslzé {9 likely. Thus the
potential for disaster 1s being predicted
rather than the disaster itself.
noval approach can be justified for the
following reasona:-

angle termed the

a}) Long before the vessel reaches ite
capsize angle there is often great
likelihood of cargo shifting.-

b) Simultaneously there s great
likelihood of water downflooding as

well as water trapped_on dack.

This would necessitate the  accurate

prediction of large angle damage stability -

and roll taking account of possible cargo
shifting effects
further complicated by large changes in

hydrodynamic coefficiente as the deck edge

Until mathodologlies

become available, it is proposed that the

linear theory be stretched to the limit of
its capabilities in order to.estimate the
-roll 'motion ' judged

*potentially dangerous”. A |

and water on deck and

is immersed, such

occurrence. of a

.
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Baged en diacussions and
correspondence with "fleet - operators and
‘serving commanding officers [)3] an angle
from the upright of 30 degrees has been
pelected for the subject vessel (length of
60 m) am the potentially dangerous roll
angle. This does not imply that when a
: vessel rolls to 30 degrees it will capsiza.
It doesa, however, reflect the view that
“beyond this angle there is increasing cause
for concern by the vessel operatore and
that a &esael "ragularly™ rolling to 30
dagrees” and beyond should be considered
suspect. This would be reflected in a high
probablility of 30 degrees being exceeded in
a particular operational scenario. Through
the SAFESUIP éroject Brook (11] .has
demonstrated that, provided the. righting
laver curve 1les approximately linear to the
angle in question it ie more important, for
roll prediction, to include coupled motions
through linear theory rather than to use an
" uncoupled non-linear prediction method. He
also demonstrated that in some cases the
coupled«linear roll angles were greater
than the coupled non-linear roll angles and
gometimes less. (See Table 5}

" [Wave Direction 30 degrees

hip 1 2 3

¢ max 2 hrs

Coupled, Non-linear 18,1 11.7 9.9
Coupled linear 14.6 9.1 7.2
" (Uncoupled Non-linear - - -

|Have Direction 9U degrees

lsnip B 2 3

¢ max 2 hrs

COuplad; Non=-linear . 34.3 19.0. 21.7
Coupled linear . 40.5 16.2 26.0
Uncoupled Non-linear 25.2 54.2 5.2

Ship 1. = 0ffehore Supply V/L {53 m)
Ship 2 = Btern Trawler (60 m)
Ship 3} = Coantal Tanker (67 m)

Table 5 from Ref [l1}
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The linear nature of the Bubject
vessel's G2 curve is illustrated in Pig 8
for angles up to well in excess of
30 degrees.

It is envisaged that in due course
better motion prediction methods, having’
the required scope for risk studies, wiil:
baecome avallable and the linear spectral
analysis wused in this work will be
supergeded. This argumant will not be
pursued here any further since the primary
aim of this work is to synthesise the
compcohents Of demands made on the vessel
and the capabilltf of the vessel {teelf,
where the demand and capablility isg
constantly changing over the wvessel's
lifetime. ‘ .
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5. THE COMPUTER SIMULATION

The foregolng sections have outlined
how the probability of exceeding a -
“potentially dangerous"” rofl motion can be
estimated, making wuse of lIndependent
{Bernoulll) ¢trial concepts. It has .aleo
been proposed that every vessel be
subjected to a set of (mostly) analytical
test-tracks which together comprise the
proving ground appropriate- in nature to the
vessel being considered. . This aspect is
particularly suited to regulatory purposes
where vessels are, subject to standard

procedures and assumptions.

‘Work is contlnuing on the computer
program which is required for
implementation of the method; however
Figure 9 indicates the overall extensive
nature of the program as far as it can be

envisaged at this time.  The figure
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illustratas how a complete study would seek
to encompasﬁ the time, frequency and
-probability domains though only the
- frequency and probability aspects are heing

" consideread ;q the present atudy.

The £figure also indicates to which
gtagea in the frequency domain calculation

.the component probabilities relate.

Essentially the computer simulation reduces

'

" RAD database is

tc the
containing

manipulation of 3

climatology, component
probability and complex functioned response
- amplitude oparator information
An important feature of the
that it reflects the
gensaitivity of motion response to internal
ship parameters such as hull form and load
condition as well as to external parameters
such as encountered wave conditions [36]
for examplae.

databases

respectively.

Once a particular scenario has been
established ie, the load condition and
intended speed and heading for a particular
location and the approprlate
climatology and RAO information is combined
to agsess the degree of added resistance in
waves avoidance seamanship
(Appendix A2.3)} has been carried out, With
new vessel speed ap argument the vessel's
vertical  responses are predicted and
acrutinised for resulting eevere motlons
and sealoads which are likely to cause the
master to alter speed or heading (Appendix
A2.3). . ’ o ’

season,’

once  any

If these motions perceived by the
maqter' are  acceptable the extrame roll
‘responaé is then evaluated (Appendix 2.4).
However, in the event that critical motions
are exceaded the heading and/or apeed 1s
varfed {conducive with best progress in the
desired direction) wuntil the perceived
motions are again within acceptable limits.
The vessel may have to assumea a hove-to
attitude at this time but in any event the

roll response 1s still "evaluated, taking
account .0of the exposure time to each
scenario through the - use of . the

lndependpnce period (Appendix 2.,2}.

. Provided that the roll motion s
larger than tha potentially dangerous value
the scenario probability is carried forward
-for inclusion in the calculation to find

the cumulative probability ' of critical
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motion exceedance, as outlined in’

Saction 33, Thus the prediction method
proceeds through all possible combinations -
ofi- Co

a) Wave spectrum family membcrs'(max. i)

b) Courses . }Heading ’ (N

c) Wave primary heading) to waves - -

d} Significant waveheight -~ (10)
a) Modal period (10}
f) Speeds (10}

- ETT,OOQ .
for a given eingle load conditlon, location
and season. v

It is
computation
conditions,
potentially
reduced

apparent that the amount ' of
for the sgeveral required load
locations = and . seasons is ./
enormous, and while this can be
(from 77,000 to about 8,000) by
certain. physically .imposaible
seastates and by assuming that responees
vary linearly with significant waveheight
for the same modal period, '

excluding

on the ‘other
hand thepe aspects also introduce their own
data handling difficulties, ’

At the present time the main -
calculation has not been carrlied out, thus ..
it is difficult to make estimates of the
eventual computing reguirements.
a recent

Howaver,
roughly equivalent - operability

[S} used about 2 hours of mainframe ,
computer time for arcund 1,300 calculations

the cost of which can be expected to fall -
as the processing capabllities of computers

continue to Increase. It should’ be .
that this 48 a “onge-only '
survivability calculation which it is being
proposed should bae carried out in . the.
design aetages
launched,

atudy

emphasised

is - aven
No further assessment would be; -

bafore a veseel
required unless the vessal le subsegquently
required to ' operate in different -
geographical '.lt‘ undergoes
alterations which materially affect Its
response to waves. ' - ' ’

zones ~ Or

6. SUMMARf AND REQUIRED PUhTHBR WORK

In . any ..enterprise,
particularly where human life 1s exposed to .-
conditions, . it . - 48 the _
responaibility of the designer as well as
the authorities
ansure that the vehlicle, structure etc, ie

engineering

dangexous

atatutory concaerned to



safe, judged by the scientlfic knowledge of
~ the day. .

In this interim report a procedure has
been outlined, which is intended as a
once-only calculation, to evaluate by using
independant (Bernoulli) trial concepts the
'probnbility thét a “"potentially dangerous®
~roll motion will be exceeded at least once
'.1n . a ' typical
" (test-tracks) which have been ldentified as
~ being  representative ‘of a

operating lifetime, ’

geries - of

vessel's

In the-' present . pllot etudy the

interpretation of the term 'test-track' is -

that 1t represents an identified typical

‘mission- of the saubjact vessel. This is

necessaty because it is not known & priori
.which scenarios could cause capsizing and
"' thus the | equivalent ' of the
- automoblle test-tracks, whare individual
. characteristics are exclﬂsively tested, are

marine

-not derivable (until, possibly, experience

" has been gained with the method). However,

- while this causes difficulty &t present for
‘‘novel veesel types, the proposed present
analysis ie able to incorporate sapecific
- pcenarics which historic casualty data have
indicated as frequently recurring and
. potantially capsize causing. (using pattern
frecognition analysais)

It is felt that, while the results
likely to be

_obtained are - not
" mathematically rigorous, the ~ proposed
overall framework is of vital importance

since:-

- a) The problem of vessel capsizing is a
pressing one which cannot walt until
avery aspect of every analytical
"tachnigue has been perfected,

b} fhe:a exists a patchwork of analytical
and experimental techniques for
.predicting the various capsize .
phenomena and these ultimately need to
. be fitted into an overall risk frame-
work;

c) Lack of mathematical rigour does not

' prevent the results generated being
uged in a comparative mahner in these
early stajes.
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miseicna . " operational scenarios.

.d) It will highlight areas for further-
research. ' 3

Thus the proposed method is primarily
a framework for evaluating, in a.realistic
manner, the effects of the variation in

demand and capability which will enable thae *

comparative risk of a critical roll motion -
being exceeded while accounting fé; likely
There are 6 basic
elements to considery- ' C

(1) .Identify the crltical'aéenarios
which give rise to large roll
motion and possible capsize,

(ii) Assign the probability of-
encountering each of the critical
scenarios which have been ’
identified in ({).

(11i) Predict the 6 degreee of freedom
motion response for each
operational scenario.

(iv) Manipulate scenario responses and
aspociated probabilities using
independent (Bernoulll) trial
procedures to find the probability
that a critical roll response will
be exceeded at least once during
an individual typical mission as
wall as during a lifetime of
operation. -

(v) Compare the probabilltfea obtained -
" -againet an accepted risk level; .

(vi} Adjuat the operational procedures . -
and/or the design to ilmprovg the
rigk levels {if necaaaary).i

v

Unfortunétely the 'procedﬁre raises °

more guestions than it answers. . Given that

a full treatment, as proposed; would
reflect the risk of a large roll motion

being exceeded by all. of the mechaniams;';

which have been identified ‘' eg,
broaching-to, Mathien effect eatec, etc,
there still

unanswered gquestions which :would ~form

remain aome fundamental

research projects in their own right, eg:
(1) Is roll angle alone a sufficient

description of the capsize
potential? ’



{1i) what assurance against capeize risk
. is acceptable to the industry since
perfect safety is not poesible?

(iif) How may the risks be reduced to the
acceptabla standard?

(iv)] Can the method yield a set of
stability criterla as simple to
_enforce as those currently in use?

" A largé angle prediction method to
incorporate all of the non-linearities and
to take account of the associated dynamic
effects will probably be a long time
coming, " Thus, it is particularly important
that a method which seeks to predict the
. ggggglof capéize has a proper measure of
potentially dangerous motion which may
contain velocity and/or acceleration terms.
The illustration . of - such a joint
probability process is shown in Fig 10.
(By: assuming narrow bandedness of the
response the rell angle, velocity and
_acceleration can be shown to be independent
processes and the probability of a critical
. angle/véléclty combination being exceeded
can thus be deduced. This is repreaented
. by the shaded portion in Fig 10).

PROBABILITY

 TRUNCATED VOuUME + P(fode ,B58,)

Fig 10

' Unfortunately : iittle is known about
. what the critical values of velocity/
- agceleration . should be. Whilet it is
:eésonably 'posslble to. set limiting
acceleration values, for example on the
cargo lashings, it is no simbla matter to

do the same for bulk cargoes let algne to
consider sliding 'ligquefaction' instablility
of damp fine grained minerals for example
(7). '

Assuming that the capslze phenomenon
can be quantified the.issue of acceptable .
xrisk levels is a vexing one. Essentially '@
the analysis of costs versus benefits, such . -
a measure of acceptable risk seeks to
incorporate the ‘'‘value' of & human 1life-
[21] and to assess how an indivldﬁal
accepts risk whether consciously or
unconsciously. It seems zeaaonable.that a
atarting point is to demonetrate that' an
individual's risk of fatality has .been
reduced by appropriate measures which arise
from the type of analyais proposed, without
involving oneself in absolute values of
risk (provided that they are comparable
with the majority of current lequivalent'
industrial risks). In any event absolute
safety cannot ever be quaranteed and an
appropriate acceptable risk level is needed
as the measure of survivability,

Ultimately, through refinement of the -
method it may be possible to formulate a
set of stability criteria which take
realistic account of the environmental and
operational wvariations and yet are as
simple to apply as tha current regulations.
However, simplicity of application is no
longer a strict necessity given the
potential speed and capacity of the new
generation of parallel-prccessor computers, -
and thus a standard agreed procedure would .
geem most appropriate for future atubility

requirements (with an appropriate risk of .-

capsize as the desirable aim). Indeed it.
is more important that one builds into the
procedure the experience of serving ship's
officers and crews. T

The propoaéd methed is very much a
first attempt and contains many areas for
further research. In addition to the
obvious uncertainties inherent within the'
motions prediction there is also
uncertainty regarding the value of the
which determines
the number of independent trials, N, 1in a

independence period T,

domain segment and thus the probabilities
obtained. ’

Finally, although the method |is
initially being applied to a 64 m fisheries
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. protéction vessel it is actually suitable
for any fixed or moving ocean vehicle or
structurae. Perhaps ona day these might
even individually be licensed to operate in

‘gpaclfic areas with known risk levels from
both an operability and survivability point

of view. -~ ’ : ‘
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NOMENCLATURE

Vessel (true) course
Domain
Wave spectrum family member

Significant Waveheight before/after avoidance seamanship
Radius of gyration with respect to axes

Geographical location

.Independence distance

Number of independent trial samples

Identical test-track number
Domain segment length

Season

-Independence period

Mean wave period

Ship speed before/after pacifying seamanship

. Counting functional with respect to roll angle/acceleration -

Displacement _
Relative heading to waves before/after pacifying seamanship
Random variable

'Critical' random variable

Roll angle/velocity/acceleration

Critical (potentially dangerous) roll angle/velocity/

acceleration
Predominant wave direction Co

" Probability density

Single independent trjal probability

Multiple independent trial probability

Cumulative single trial probability of (uc<o):

Cumulative multiple trial probability of (ac<o)
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APPENDIX 11 INDEPENDENT

TRIAL CONCEPTS

{BERNDULLI) .. -

a) Independence of aampleﬁ or random
is concept, -

Independence can be defined as existing if

procetBses an important

elther of the following two conditions are __'

patisfied (13):- - " . :

i) P(A/B) = P(A) (and P(B/A) = P(B)}

is the probability of A given that B .
hae alresdy occurred is the same as
the probability of A regardlesa ot
whether B has occur:ed .

ii) P(A,Bl = P(AI.P(B)

ie, the joint probability of A and B
ocgurring is the product of the '

probabilities of A and B occurring
separately, : :

ia that
the
the
_ant

Another way of looking at
an trials
process does
underlying probability the ’
individual trial, thus that

event has occurred has no bearing on the

(1)
process
alter

for independent

sampling not

for
knowing an
next event to occur,

b} the probability of at
least one event (o} in N independent trials
is

In general,

M) a1 - et M
where PN(o) = probability of at least one
event o in N 1ndependent.'
trials. PN(o) vazles not.
- quite linearly with the valua
of N- [20]

] B
2 . W

prohabillty of not obtaining
the event o on a single '~
independent -trial. -

ple) =

coneidering " the

Specifically, when
probability of roll motion (¢) exceeding a
eritical value { ¢ ) in’ N’ independent
trials. :

#Mogca) = 1 - lpf(ac>?})5,__ <

=1 = (1-pto_conV.



APPENDIX 2: FACTORS FOR CONSIDERATION

Fundamentally each test-track reduces
.into the four considerations of Route,
Climatology, .Saamanship and Response, A
full treatment of these aaspecta is beyond
the scope of the present work. However, an
underlying aim is to render them useful for
regulatory purposes, through simplification
- without undue less in realism.

A2,.1 Route

The route embodiea consideration of
geographical location (L), Beason (S),
initial or intended course (C) and initial
speed (V }. The problem of determining the
route is to determine the joint probability
distribution of the 1location,
initial course and initial speed ie,
_P(L,S,C,Vo).

season,

Consideration of the test-track
segment being used will govern the joint
probability of location and season, P(L,S)
where L 1 actually representing a distance
along the vessels intended track for which
the displacement condition (“’kxx'kyy'kzz)
can be assumed const&ant. The test-track
governs the ‘conditional
" probability distribution of initial course
and speed given the location and season,
-?IC,VOIL,S).

saegment also

Then the required probability
p.t:‘lslclvoj = P(Crvoflﬂ:s) .P(L,S).

A2.2 Climatology
This aspect is of vital importance in

the analysis and, despite increased effort,

"is still far from resolved, It 1s required
. to determine the conditlonal probability of
" significant waveheight- (Hg}, mean wave
period (Tm), wave spectrum family member

{F} and predominant. wave direction (&)

given a location (L} and season (§) ie,

P(H_,T ,F,e/L,5) =
P(F/L,S).P(H_,T , ¢ /L,5).

The necessary climatological data,
P(Hs,Tm, ¢/L,5) are to be found in many
formats and in many sources (6, 8, 18],
Refarence [8] 1is an extensive database

-3 -

which is convenient and has been chosen for

use in the present study. It contains

climatological data for different
geographical areas and seasons of the year.

An important recent development has been a

methcd for correcting the masses of raw
visual observations held in many
meteorological archives [(6]). ’

consideration is how
realistic are the predicted responses if we

A further

" use the commonly available simple spectral

formulations such as Pierson-Moskowitz,
Bretachneider's two-parameter, Darbyshire’s
fetch-limited etc, which have been
developed for some idealised conditions? In
reality the shape of wave spectra observed
in the ocean varies considerably (for the
same waveheight}  depending upon the
geographical location, duration and fetch
of wind, stage of growth and decay of a
storm, and existence of swell.

Unfortunately data 1s very scarce
regarding the occurrence and severity of
severe seas and this data is par;icularly
important in an extreme risk analysis,
Ochi [29] presents a method to estimate the
frequency of occurrence of seas of various
severity from available data based on the
underlying probability function,  He also
presents a method to predict the severest
sea condition likely to be encountered.

In order to cover a variety of
spectral =~ shapee . which a vessel may
encounter in her lifetime two families of
wave spectra are used in the present work.
One of the familes consists of 11 members
for an arbitrarily Specified sea severity
and is called the Ochi-é parameter wave
spectral family.

4r,41 0y Aj
1 O “az’ ’
LI{OLE 3] ' IX‘lr ¢
5 Fx) it

—

4
- (42, ,
. ( 11)(wmlu)
4
where j = 1,2 stands for the lowar and
higher frequency components respectively.’

An example la given in Fig 11 for a
significant waveheight of 3 m using the
values, which were derived fro@ 800
available spectra observed in the North

Atlantic 132}. consideration of the



underlying spectrum parameter probability
functions yields the required probability
- of encountering in a given location and
season the particular wave spectrum family
member, P({F/L,8).

OCHI B-PARAHETER VAVE SPECTRA

Phen m ettt pars,

LILR SR T K N

Y L3 L]
[T o Ry

Fig 11

6-Parameter Spectrum

It . should be noted that the
6-parameter wave spactrum family covers a
wider varlety of shapas than other commonly
usqd spactra and that some have double
peaks indicating the co-existence of swell
and sea wavas,

A\\ In using the Ochi-6 parameter family
"of wave spectra for the short-term
prediction for each sea severity, one of

the family members yields the largest

regponse with confidence coefficient of

0.95 while another yields the smallest
responge with confidence coefficlent 0.95.
Hence by connecting the polnts obtalned in
each sea severlity, the wupper and lower
reaponse bounde can be established egq,

Fig 12, L ’

PROBABLE-EXTREME ROLL ANGLES.

ROLLIOHS . b el $ib.vavd w1 Al

Fig 12
Probable Extreme Roll Angle

- )2 =

Ochi and BalesIIJOI have demonstrated
that, for a range of veassele and offshore
structures, the bounds obtained by using
the 6-parameter family with N Atlantic data
reasonably covers the variation of
responses computed ueing measured spectra

in various locations of the world, Fig 13,

A similar analysis has been performed
for a family of Johawap wave ' spectra
suitable for fetch limited seas, to cover
the variation in expected spectral shape
{31].

The current’ investigation uses both
6-parameter and Jonswap spectral famili-e
for open-sea and fetch - limited ' seas
respectively.

In order to account for

short-crestedness of the seaway  and
foliowing the recommendation in [8] from
which the wave climatology is extracted,
cosine squared spreading of wave ehergy is
assumed. This

aspect requires

attention by oceanographers,

further

a1 Lt Wavt =EIEAT A8 RTOL

I ] 1. » u noon

i
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-

— v BPP LI EAAG 1G4

7 — e §la Pyraeeter

g — Vo taer A Bl TR LI Oy
-~
¢ / J—
[] 1 i h M L] L1} "‘
SICHIFIEAN} vARl NYikAT 1@ FE{1
Fis 13

Mariner Probable Extreme Pitch Valucs (head seas)

A2,3 Seamanship

This factor can have a large influence
on both the motion probabilities ohtained
and the motions themselves once the severe i
seastates have been encountered. Firstly;'
by manoceuvring to avoild a atorm area {or in
the caﬁe cf certain particularly small
vessels by not salling at all until the
storm has passed) the vessel is using
svoidance seamanship. This is a Ffunction

of the accuracy of weather forecasts and




-the gkill of the ship's officers. Secondly
a veseallexperiencing excassive motions and
sea loadas may be manoeuvred to reduce these
. to perceived acceptable levels. The vessel
. is using what might be termed pacifying
. geamanship which is a function of the

-motion/sea loads ‘information available to .

the ship's officers and their skill in
“reducing these motions and sea loads.

Avoidénce: .type seamanﬂhip "can be
represanted by a Markov mapping [20] f{e,
CP{i/3) fiom the probability of encountering
each seastate in the absence .0f avoidance
seamanship to the probability of encounter
with avoidance - seamanship.~ An example
transition matrix P(H_'/H_) 18 'given in
Table 6 where : HB' is the Beastate
encoungared after avoidance action and Hs
. the seastate which would have been obtained
in the absence of avoidance action.

Pacifying . seamanship consists
prlmarily._ln changes _of speed and/or
heading once a severe seastate has been
encountered. These can be represented as
conditional properties of speed, V and
1 relative heading to waves, given the
seastate . actually’

:.appropriate" avoidance

encountered after
(Ha'."rm.F) and

unaltered speed Vo and relative heading Vo '

. e, P‘Vvu/Ha'menF-Voiuo' where u ,yu, are
-functions of ship course C and wave
o direction ¢ . . :

Seastate which would have
been ancountered ’

-

primarily

[}
1 2 3 4 5

Encountered 1 1.0 0 0 0 0
geastate .
after 2 0 1.0 0.2 - 0 0
avoidance
geamanship 30 0 0.8 0.5 0.1

Hs! ) B | 0 0 0 0.5 0.6

5 9 0 0 0.3

0
.1,0 1.0 1,0 1.0 1.0
Table 6-

ship speed in a seaway comprises the
involuntary speed reduction due to the
added resistance and reduced propulsive
'efflclency in waves together with the
voluntary speed reduction due to tha
master's action to reduce excessive motions
and soa londs.‘

Although the ' present study is

concerned with the higher
seastates where master's voluntary action
cverridas any consideration of natural
speed reduction, nevertheless the
approximate increase in added resistance is
accounted for by using a conveniently
available method due to Maruo {26}, to
estimate the initial attained speed of the
vessel on any heading. This 1s an area
requiring further work but recourse can be

made to experimental results if necessary.

Tha problem of'voluntary slowdown/
change of heading criteria to reduce
motions and loads is no less difficult. It
is inevitable that any proposed criteria
will be subjective ie, based upan the
master's previous experience, will depend
upon how well the master perceives the
motions and loads from his
will also be

conning
position, and vassel

dependent.

Once criteria have been agreed a more
objective response from the master should
be possible, if suitable lnstrumentation is
provided, to indicate the motions and loads
being imposgsed
critical

together with
motion/load

suggested
limite and aven
possible optimum courses of action to
reduce these to aceepiable levels. (14}

In the meantime, and for the purposes
of the present study, it has been necessary
to assign a set of criteria which it will
be assumed the master will adhere to in .
order that his vessel wil]l be rendered more
seakindly. The master is likely to take
action to avold damage "to his vessel's
structure, engines, or cargo and to avolid
undue discomfort to his passengers and
crew. There have been several studies with
both merchant and warships . eg,
(1,2,10,15,23}  into limiting.
criteria for different types of vessel, but

motion

several of the proposed criteria suffered
from the drawback that they could not be
readily assessed from the master's conning
position and were also not relevant to the-
environment being experienced by the crew.
For example Conolly proposed a criterion
based upon slamming at 0.2 L bp abaft the
fore perpendicular {15] and Aerttsen uscd
the amplitude of acceleration at the fore
[21. To
deficiencies Lloyd and Apndrew (24) proposed

perpendicular address ° theso
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tha following measures of ship behaviour in
connection with predictions of voluntary
epead loss in rough weather:-

i) glam-induced whipping vibration
acceleration at bridge not to exceed
0.05 g Ln a 15 minute sampling
period,

i1} subjective motion magnitude (8M)
waighted according to personnei
location and averaged along ship
length 8M = 15,

i{ii) Average deck wetness interval at
F.P. not less than 100 secs.

iv) Average propeller emergenca intarval
to be greater than 10 secs.

The actual estimatea for the limiting
conditions were basad on seakeeping trials
with destroysrs [10] and the cargo ship
JORDAENS [2].

The Slamming Criterion (1} has been
subsequently because it is
possible, by using the original criterion,
tc apparently

amanded

improve the seakeeping
performance by moving the bridge to the
ragion of a node where there is no whipping
raesponse and thus no speed limitation. The
anended 'slamming criterion refers to the
"average whipping accalaeration experlenced
over the entire ship" which should not
excead 0,18 g and is based on full scale
trials with 2 frigates [4]. Aertasaen,
meanwhile in the discuassion to [4]) proposed
a value of 0.20 g for the bridge whipping
acceleration based on trials with the
trawler ‘Belgian Lady [1].
The Subjective Hotion Magnitude (5M)
coﬁcept [24) attempts to quantify the
motion I environment within the ship
enperienéed by tha crew and to relate thise
tc human response to ship motions. The
erjiginal ' concept was
Schoenbe;ger [37).

proposed by

Whilet * subsequent full scale trials
" and’ results of questionnaires have borne
out the original proposed EM value of 12-15
over a 12 hour period in head seas, and it
is therefore expected that higher wvalues
might be tolerable In the short term, it is

generally agreed that a subjactive

magnituda criterion eshould not be . based
solely upcon vertical accelerations in head
seas but that rolling and lateral plane
motions should also ba accounted for in one
single BM value if possible. Hosodo et al
{19]) proposed a method based on rellability
angineering tachniques by treating the
human being as a series system and obtained
an overall "human effectivenans* by
individual effectivaness
appropriate to each motion leval being
experienced. Baitise et al (7] also
reported studies to determine critaria for
limiting motiona based on vertical with
lateral forces. ’

multiplyling

The average deck wetnees interval has
been changed to 40 seconds following full
scale trials -[4), although -this fiqure
takes no account of sensitive equipment or
men on deck. The above reprasents a great
doal of ongoing work which, for the reasons
outlined, are inconclusive except for some
particular full sacale trials raeeuits,
mostly on 2 frigates, For thie reason the’
following limiting motion criteria will be
assumed in the present study.

Fisheries Stern
Criterion Protection Trawler
{64m) {58M)
Ne of slama + | 60 per hour 60 per hour
SM |12 15
No of deck & | 90 per hour 90 per hour
wetneas
Ino of 120 per hour 120 per hour
propeller
emergencas

Table 7

values reflect the
assumptions and do not
therafore necesaarily reflect the physical
situation observed]. . .

[All  of these
calculation

NB + For this length of vessel slamming
whipping is not considered a problem.
A slam i8 deemed to occur when the
impact valocity > 0.093 (g/L)1/? (281"

4 Especlally relevant in a surviv-
ability study whan the master will aim
to keep the seas on the bow.

¥ Method of calculation takea no
account of diatortion by hull of
incident waves nor static/dynamic

awall-up.
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T an

If the subject veapel excesdes one or
- more of these motlon criteria it will be
caussd to alter heading/epeed conducive to
the continued "success® of the' misaion,
which will reduce the motions to acceptabla
levels, otherwise the vossel wlll achieve a
hove-to position if motions and loads
cannot be raduced to acceptable levels.
A2.4 Raspanpes
saction 4.1 the ‘concapt bf a
*potentially dangercus™ roll angle was
introduced. This was statad to be a pre-
aasigned. roll angle (30 degrees in the
beyond which it can be
apsumed that the vessel will be consldered
. potentially unsafe from a capalze point of
‘view, " Bafore the required probability of
exceedanca of the potentially dangarous
- roll motion 4. can be ascertained, P{¢> ¢)
appropriate atatistic ¢ le
" required. For oparability studies this ¢ -
responsa is lilhkely to be an average-type
process euch the significant roll
when coneidering
survivability some measure -0f the expacted
maximum le required.

" In

present casa)

raaponee

rasponsa, whereas

* A useful development by Ochi [27) is
the extreme reapcnse value which will be
excesaded with
probability, the. 'design-extreme value'.
" This is necessary because the most probabie

a pre-assigned small

extreme value ;n' which can be used for °

comparison with the observed extrems value,
has a high probability (0.632) of being
-excoeded for a large number of observations
"n, if the proceas is narrow band, where the

. most probable extrema valuei-

ZH'- jznn {1_2:!—:,__—/—-:'__3:“}/:: g.,% c “0.9.

" and ¢ is the apectral bandwith parameter of
".the o processa. o

"

where m.Mmy,m, are the
zeroth, second and
" fourth moments of the

rasponse procees.

-2

In terms of exposure time. tha most’
probable extreme value on is given by (27],

where T = exposure time in hours. (It is
argued in Ref (20} that T should be the
independence perlod T,). The - design
extreme valued is similarly given in terms
of number of obaervutlonﬁ and expoaure
time:- ) '

2 fi-¢" n

141 ~¢

for emall a and for c £ 0.9.
Choosing o as 0.01 for eaxample, implies
that only one veasel in 100 eister vessels
operating under atatlstically 1identical
environmente may suffer _!iom a response

‘greater than the predicted value in a given

period of time.



