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1. INTRODUCTION "

With the increasing draugh't of tenkers snd bulk carriers the
distance from the oil terminals and the wharves to the depths in the
seas where these ships can move gafely about is also increasing. This
requires extensive dredging operations in the long approach channels
and the determination of the minimum safe dimensions of these channels
becomes a topic of high economic value. At places where dredging and
maintaining of approach channels would not be an economic proposition
and accommodation for mooring, loading and unloading in open sea is in
uge, the minimum depth requirements at the berthing site are also of
main importence as the cost of the submarine pipeline forms a major
part in the total costs. The minimum depth requirements for the
approach channels and the off-shore berthing sites are related to the
vessel's motion relative to the sea surface, the height of which again
varies with respect to the sea-bed owing to the tides and wind effects.

Consequently the position of the vessel with respect to the sea-
bed is determined by three facltors, namely:

Be the height\of the water level undisturbed by waves (astronomical
tides plus wind effect); :

b, the position of the deepest point of the moving vessel on restrict-
ed water (draught plus squat); and Noply

¢. the movement of the extreme points of the vessel's hull as impmed
by the water movement due to waves (roll, piteh and heave).

The factors mentioned under (a) and (c) haveka statistical
charscter as they are ¢losely related to the meteorological conditions
wihich in most cases can be regarded as a stochastical phenomenon.

When introducing such a statistical consideration, for each possible
depth of the fairway or berthing site a probability or chance can be
determined when it will be not safe for {enkers of a certein size to
meke use of it. When comparing the losses due to these delays with
the extra costs required for obitaining & greater depth, a2 decislon can
be made about the criterion to he adopted.

In this paper we will not consider the economic aspects of this
decision problem, becauge they depend very much on the local condltions, -
but we will confine ourselves to the statistical and hydraulic a&specis
and discuss & method of deriving the relation beiween a certain depth
and the risk of unsafety.




2. PHE HEIGHT OF THE WATER LEVEL UNDISTURBED BY WAVES
2.1, Astronomical tides

The variation in sea level caused by astronomleal tides is
usually a predlotable qqag}%}y./ypy a8 it is determined by such a
great number of harmonic éonst{tuénte this proportion of the variation
of the sea level may be regarded as & stochastical phenomenon. The
cumulative probability distributions of asironomical high end low
water levels (computed, for example, for the North Sea reference tide
gauge at the Hook of Holland) are indeed almost gaussian (see Pig.1),

The probability distribution curve ¢ in Fig.) represents all the
water levels and is deduced from the dietributions of high and low
water levels using the shape of the mean tidal ocurve for the Hook of
Holland. Mgy

The olimate in the North Sea area is unstable during the whole
of the year,  there is no systematic seasonal influence of the wind
on the water levels. So in this area, the tidal constituents found by
the tide gauge analysis are not correlated elther with the wind effects
or with the wave helghts. )

In regions with regular seasonal winds (pasaats for example), the
effect of the wind on the determination of the components is not
inplignificant. The order of the corrslation should be examined before
the statistical laws are applied by combining the data on astronomical
tides with the data on wind effects and on the wave helghts.

2-20 Wind effact

The wind effect is defined as the difference between the predic-
table agtronomical tide and the actual sea level. It can be computed
for certain wind conditions using a method developed by Weenink [1]
and others, for determining equilibrium sea levels in a partly oclosed
shallow sea when both the wind force and its direction are unvarying.
An example of computed wind effect as a function of wind direotion is
given in Fig.2. The wind effect is assumed to be cauased by homogeneosus
wind fields in which the wind blows with forece 7 Beaufort.

By this method, statistiecal wind data ocovering meny years can be
converted into statistical wind effeot data., The results may be
inacecurate, however, especilally in areas with unstable wind oclimates.

FPor the North Sea this is evident when one compares the distri-
bution curves of the wind effect computed by the "equilibrium method"
with the ac¥ual wind effect; see Fig.3. There i8 a ceriain lag between
the development of a wind fleld and the wind effect i1t produces, It
depends on the dimensions of the sea.

Weenink [1} showed that the lag in the North Sea is about 6 hours
(Fig.4) while the average time during which the wind blows in a certain

direction 18 of the same order for wind forces above & Beaufort (Fig.S).
’ Consequently, the wind effect can be higher or lower than the
equilibrium effect for more than one concomitant and identical wind
observation, depending on whether the wind rises or falls, So a
statistical distribution of the wind effect may be expeoted for every
group of observatlons selected. I the groups are sufficiently mmall,
the distributions will he gausgian.
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Statistical sampling provided data on the wind effect for each
of the 96 groups selected i.e. 12 classes of wind forces in each of
the 8 wind sectors. Figure 6 gives some examples of such distribut-
ions. Where a sufficlently large number of observatlons within a
group is available the distribution is indeed gaussian.

S0 a gtatistical distribution in each of the groups is deter-
mined in terms of a gaussian distribution that gives one of the
straight lines in figure 6. ‘

FIGURE 6

These statistical distributions form the basis for further
computations and replace the function W = £ (Vj;0) found by Weenink
[1] (in which W = wind effect, V = wind velooity, © = wind direction).
Actual data for the groups with wind forces higher than 8
Beaufort are scarce. Therefore the distributions of the wind effect
were computed for these groups from extrapolations of the data on
wind effect with exceedance probvabilities 0.13 0.5 and 0.9 using
the energy equation W = Cgg.V2 given by Weenink for the equilibrium
wind effect (see examples on Fig.T).

FIGURE 17

The cumulative probabililty distributions of the wind effeant
for each of the 96 groups applied {o the statistical data on the
occurrence of the corresponding wind conditions covering a period
of about 10 years form a bhasls for further statistical computetions
on the probability of cecourrence of a certain state of the sea
' gsurface.

A final check on the reliabllity of the statistical sampling
method is the fact that the resulting distribution curve of the wind
effect in Pig.3 (marked with crosses) nearly covers the aectual data.



%. THE POSITION OF THE DEEPEST POINT OF A MOVING VENSEL IN
RESTRICTED WATER )

When a tanker is moving forward through a channel, in which the
horizontal clearance and the keel glearance is relatively small, she
plles up ahead of herself a quantity of water that would otherwilse
ocoupy the space she 1s taking up. This amount of water then flows
back along the ship's side and finally fills the corresponding volume-
remaining free astern; this 1ls known as the return current. In acoor-
dance with Baernouille's theorem, the return current causes lowering
of the water level around the vessel, relative to the free surfaoce.
The vessel is steaming in a trough that moves with her. This is one
of the major factors contributing to squat which ia in effect an
additional sinkage of the vessel below her draught when stopped. This
phenomenon has been studied extensively for the movement of ships in
canals [2] [3], . However, the same hydraulic effect will ocour if &
ship is steaming in a shallow sea. The amount of squat is a funation
of the velocity of the return current; the greater the velocity the
greater the squat, resulting in a greater deorease of under keel
¢learance, Similarly, the sguat will be greater
2. if the ship is steaming in more restricted water and
b. i1f the speed of the vessel is greater.

A second factor that contributes to sguat is the wave {bow and
stern) pattern around the ship when moving.

The variations in water surface due both to the £sll in water

level and the wave pattern usually also effect the ship's trim.

3.1. Model tests
Sogzreah Laboratory in Grenoble

Sociédté Maritime Shell on behalf of the Royal Dutch Shell Group
requested the Sogreah Laboratory in Grenodble to carry out model tests
in order to determine the squat of tankers its relation with the depth,
width and bank gradient of the chammel and the draught beam and speed
of the ship (6 parameters).

The model ship was & 1:40 scale model of a T70,000-ton tanker.

It has been assumed for the practical application of the test results
that this ship model oould represent itankers of other sizes to different
scales.

In order to cover all variations of channel shape several ratios
were varied:

(1) Snip eross-section to channel oross-section;
a number of bank gradients were invesiigated; the bottom width
of the channel was vaeried from 1.5 to 9.8 times the beam of the
model. The oconditions of the ratio 9.8 differ only slightly from .
those found in open water where the width is practically unlimited.
(2) Depth of channel to draught of ship;
a num%er of channel depths and ship's draughts were employed,
' %] ;gaVing gatiu values of 0.04 to 1.82.

.
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(3) Mean width of channeliobreddth of ship; the value of this
ratio was varied from 2.3 to 9.8.

Now the relationship can be found between the squat of a model
of given beam and the five main variables: speed, draught, depth of
channel, top width and bottom width of ochannel.
For general use of the results of the model tests a graphic method
was produced, [4]shown in Figures nos.8 and 9. The first graph (Fig.8)
ives a limiting or ocritical veloocity, Vy, as defined by Schijf

2],[3]: v = P (..g.)

where,
H = mean depth
s = midshilp area of vessel
8 = gross-sectional area of channel.

The second graph (Fig.9A) represents ratio of maximum squat value
and mean channel depth (Egﬁﬁﬁg as a funetion of the ratio of forward
speed and Schijf's "limiting velocity" (%r) for several values of %
(P = depth of the oentre part of the channel; t = ship's draught).
Figure 9B glves a correction factor =for a range of values of ihe
horizontel clearance ratio %.(L = the mean width of the channel and

B = beam of the ship).
Limiting factors of these graphs are:

8) vertleal clearance ratio, 1. 10<-<2 80
(b) horizontal clearance ratic, 2. 3o<— <10.00

(0) the canal bank slope should only be slightly deviating from the
gradient of 1:3, at least for narrow channels.

The above-mentioned model tests were devoted to trapezoidal
sections. One of the most common forms of natural ochannels has a
practically unlimited water surface but a depth only a little greater
than the vessel's draught; for example, a tanker that crosses more or
less unrestricted shallow water in the approaches to a-port.

Tests have shown that for practical purposes in open water cir-
cumstances & channel width (wide-ohannel oondition) of ten times =z
ship's beam may be used; although the results will be somewhat too
unfavourabls,.

Using the grephs 8,94 and 9B Figure 10 has been derived whioh
gives the relation between squat and speed for two tankers (20 000
t (dw) and 35,000 t {dw)), steaming through channel with a water depth
of 42 f+%.

The curves I (unlimited channel or L =10 B) and IIT fully banked
channel have been fomnd directly from the graphs mentioned above,

-~ The -



The curves Il refer to a channel with the form of a deep trench

(42 £t) with berms on either side (21 £t). Investigations s this’
type of channel [4] showed that for practieml purposses an approxi-
nation may be made to the squat of & vessel passing through such a
channel, )
PFirstly, the problem is solved for a tropezoidal canal section
disregarding the berms (curves IIT1)}, secondly the sgquat is caleulated
for a rectangular channel section of the same depth and extending the
full width of the berms or 10.B (curvesI). These two results are then
meaned proportionately to the ratio of berm depth to channel depth;
in order to give curves II. ' .

Netherlands Ship Bagin Laboratory (N,S.P.)

In connection with the design of the new harbour entrance near
Hook of Holland (EurOpoort) the Rijkswaterstaat asked N.3.P. to carry
out model tests in order to find the maximum squat of big tankers in
waters with relatively small depth and praotloeally unlimited width.

The vessel used for these tests was a scale model (1:40) of a
tenker of 100,000 tons deadweight (breadth 41.1% m; draught 15.24 m).
It 18 assumed that this model is alsc representative for wvarious sizes
of tankers on other scales. )

; Squat measurements were made of tankers' bow and stern squat for
a range of ships' speeds and ratios of water depth to draught %.n 1.1,
1.2 and 1.4, It was found that meximum Bquat generally appeared at the
ghips Dbow, : .

The results of these investigations were embodied in a graph
(Figure 12) representin§ % curves as a relation between dimensionless

values of Eﬂﬁﬁ; and TR

A corresponding curve for=%-n 1.25 was determined by the Sogreah

Laboratofy mathod, Thig ourve has been drawn in Pig. 1! and shows good
agreement with the curves of N.8.P.

3.2. Bgualt measurements in nature

Marsoaibo Deep Channel

Under the sponsorshilp of the member gompanies of the Marine
Qonference, squat measurement of tankers were made in the Maracaibo
Deep Channel in 1958 and 1959, . ‘ :

Squat was determined by means of a echo~scunder; the projeector, .
pointing upwards, was placed on the channel bottom (in the fairway)
and connected by a oable to the recorder outside the fairway (method:
"acho-sounder in reverse"), ‘

After the passing of a tanker the recorder trace gave the
following information:




1. Depths of watar;
2, undsr-keel clearance and
2. trim of the vesszel.

Taking into consideration the draught of the vasael when stopped,
the how and stern sguat could he found.

During squet measurements the ship's speed waa determined.

Observations took place at three parts of theéZchannel, via:

a. Inner part of the ohannel: bottom depth 37% - 39 ft,, width 600 ft.3
tankers 16,000 - 19,000 t(dw) and 25,000 -~ 28,000 %(dw.).

b.  Outer part of the ohannel (wide ohennel oonditions) bottom depth
43 ~ 44 £t., width 1,000 £%.4 tankers 16,000 - 19,000 t(dw.) and
25,000 - 28,000 t(dw.)

0. Outside channel breakwater (open seas (wave) conditions): bottom
d?pth)%i’% - 42k £t,; tankers 16,000 - 19,000 t{dw.) end 35,000
tidw. ).

Pigure 12 gives the results (points of the measurements for
tanker in 25,000 - 28,000 tons olass, mentioned under b ocompared . with
the curve representing maximum squat according to model tests for the
same condltions,

Rotterden Waterway, Deep Channel

Rijkswaterstaat, in coopsration with Shell and Esse, has been
measuring the squat of tankers in the 35,000 - 90,000 tons class in
the deep channel leading to the entrance of the Rotterdam Waterway
(near Hook of Holland).

As in this channel trailing-dredging is permanently in progress,
the method "reversible echo-sounder" cannot be used here, and another
method had to be chosen. So the observations are made by means of .
levelling instruments mounted on the end of the North breakwater. By
these instruments, to which a camera can be linked, the level near
the bow and siern of the vessel, when moving, are levelled, namely,

C B With the aid of specially-designed staffs mounted on the ship's
superstructure (reading or/and photos) and

b. by photographing significant parts (windows, eto.) of the
vessel's asuperstructure. 4

The level of these staffs and significant parts of the ship
relative to the water level (undisturbed) is Jmown. This water level
i8 recorded and depth of the channel bottom can be taken from soun-
dings. During the levelling the tanker's speed is measured.

So how and stern sguat, at various sreeds and raitios of draught
to depth, can be determined by teking into account the ship's draught
(for and aft) when stopped.

As an exsmple, the results of a squat measuring of the
71,148 -~ ton Shell tanker "Sitala" (breadth 38 m; draught 13,9 m)
has been plotted on Pig.12 against the ship's speed, and this coin-
cides with the corresponding squat ocurve taken from the model teasts.
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4, THE MOVEMEN? OF THE EXTREME POINTS OF THE VESSELS HULL AS
IMPOSED BY THE WATERMOVEMENT DUE TO WAVES '

If the water surfece is disturbed by wave action the vessel 1s
moving under influence of these waves. There ars three components
related to the matter in hand.

Heave 1g the vertical modion of the centre of gravity of the ship,

If no other motions are present this is equivalent to an up and down
motion of the whole ship. Roll is defined as the angular motion around
the longitudinal axis through the centre of gravity and pitch is the-
angular motion around the athwart ships axis.

The amplitude of the motion of the extreme points of the vessels hull
is influenced by the dimensions of the ship and the state of the sea
whiohean be defined for each wave directlon by wave height and wave
perilod.

4.1. Desoription of the state of the gea

The state of the sea can he described by the wave speoctrum that .
deseribes mathematically the distribution of the square of the wave
height (wave energy) with period.
The most desirable method to obtain such spectra is by analysis of loecal -
meagurements. If such measurements are not available the specira must be
eatimated from observation of wave haights and periods.
In this example long crested lrregular seas are used instead of shorid
orested seas for the case of simplicity.

" {Pigure 13 gives the relation between observed wave height and observed

»iwave period on the North Sea [5].

For each Beaufort number the average observed period has been plotted
on base of the wave height., A line drawn thraugh these spois gives the
relation between observed period Ty and wave height H used in the wave
spactra.
Plgure 14 showe the form of these wave speatra which are in this esxample
used for the subsequent determination of the ship motions.
They are of the Neumann type and defined by:
Cq - Cp
£ (W) =~ € G7

where W ig the wave frequenoy in radians per second,

The values of €1 and Op are selected in suoh a menner that the signifi-
gant wave height 1s squal to the observed height and the average period
of the zero upcrossings 1s equal to the coneomitant ohserved period.

If this procedure of estimating the wave speotrum is followed, each
value of the significant wave defines one speoifiec spectrum.

A method analogous to the sampling method desoribed in the previous
chapter was adopted in this example to determine the statistical distri-
bution of significant wave heights.

The enly difference is that the linear funotion H = Ote.V (P1g.15)
wag used for the extrapolation of the relation between the wind data
and the wave heilghts inetead of the quadratio funotion used in Fig.7.

at
e e T
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) Since H2 is proporiional to the energy of the waves, this linear

relation satisfies the energy relation agsin., The significant wave
height distributions are also almost gaussian for most of the 96 groups
of wind conditions (see Fig.16).

FIGURE 16

Por the higher wind forces (10 Beaufort and more), however, linear
extrapolation gives the lines that seems to deviate from the observat-
ion {points in Fig.16).

However, the number of observations is s0 small, that the gaussian
distribution computed with the aid of the linear extrapolation in Fig.
15 may also be accepted for further computations.

4.2, Combination of parameters determining the oritical sea
gurface conditions '

The previous sectlon indioated that the necessary overdepth depends
partly on the motiocns 0Ff the ships entering the harbour. These motions
are influenced by the dimensions of the ship, wave height, wave period
and wave direction. Morsover both ship motlons and waves are influenced
by the waterdepth,.

Therefore it is necessary to make a rough estimate about the required
waterdepth beforehand. AY present it is still oonsidered impossidble to
calculate ship motions on shallow water and therefore direet measurements
on ship models are required. When the model experiments are oconducted

in various regular wave oconditions the resulis can be used to determine
the probability of the occurrence of large deviations under & ocertain
weather condition, provided the wave gpeotrum of this weather condition
is available,.

Because of the stochastlec charagter of the ship motlons no absolute
maximum amplitude exists, and a maximum acceptable probability of bottom
contacts has to be determined.

As siated before, the astronomical tide can often be regarded as
& stochastical phenomenon which is independent on the other factors
aaused by wind: the windeffects and the wave heights.

The aorrelation between significant wave heights and wind effect
for concomitant wind data is found to be weak in the ¥orth Sea, in
spite of the fact that the waves are mostly generated by the wind field
that ocauses the wind effect.

Por example, the correlation coéfficient obtained from 136 observat- |
iong of both significant wave heights and wind effescts was found to be
0.02 for the same group of wind data: wind forge 7, wind direction NW,
30 there 1s no significant correlation at all within sueh a group.

This apparent illogicality is partly due to the difference betwaen
the lag of the wind effeot being 6 hours, (see previous chapter) end the
observed lag of 2 or 3 hours in the changes in the wave heights due %o
by increasing wind.

- 50 -
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Bo the bamic statistloeal laws on summons and products of combined
probabilities may be applied combining all three factors: the astrono-
_mical tide, A, the wind effect W and the significant height H of the
wind waves.

In respect to the ships movements: , _

pitoh,roll and heave, the significant wave heights H have to be
reduced to the significant amplitude & Hg of the ships movement by a
response factor o so that ¥ Hg = #®XH. As long as there are not
gufficient data on the o velues. This coefficient is taken for variable,

The necegsary over depth-§ is determined by:

S =4+ W -3XH + squat 4.1
end its probability of ocourrence by: .
P(g)= P (Ag) .2 (Wy) . P (H) 4.2

provided i3 J and k are varying through all combinations of walues

that agree with equation 4.1 and provided both the probabilities of
ocourrence of the wind effeats P FWé)and the wave heights P(Hy) are
derived from the same probabilities of occurrence of the wind.

) The probability P(Y) is evaluated separately for the following
values of & :

& = 03 %; 13 2 in Fig.17.

FIGURE 17

This figure is the base for the decision in respect to the design
criterion. :

The -actual level of the probabllity will have to depend on the
goll conditions in the harbour entrance (a rook bottom will be mere
dangerous than a sandy bo%tom) and the type of ship (small ships will ~
be relatively less xulnerable than large ones), Also the occurrence of
density differences may play a role.

Interesting is the small variation of the difference hetween the
opurves ol = 0 andel= 1 for all probabilities of occurrsensce P(%), S0 we
can conplude, that in this case as long as the velue of the response
coefficient X remains below 1, the real value is not of importance for
deolision problem.

4.3. Motlong of a free moving vessel under the influence of waves

For the determination of the overdepth required by wave induced
ship motions is illustrated here with the example of a 100,000 ton
(deadweight) tenker on the North Sea.

The dimensions of this ship are as follows:

Length (between perpenciculars) 274,32

m
Beam . 39,40 m
Draught (even keel) 15. 24 m
Displacement 133,600 m?

-~ Response -
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Regponse in regular waves

The vertical motion of any part of the hull can be computed
once the three moiions heave, roll and piitch and their mutual phase
angleg are known. However, because the acouracy of phase measurements
offers some difficulties, it will often be more practical to determine

- the veriical motions dirsetly for the orltical points. Pigure 18 shows

the resulta of the measurement of the vertical motion of the bilge in
a non-dimensional way. The experiment was oonduoted in beam waves at
zaro gpeed of the ship. Prom other tests it is lmown that this reault
will also bs wvalid for speeds up to about 10 knots. For very long
periods the wave slope approaches zero, 80 the veritical bilge motlon.
becomes equal to the heave. Because the vertical motion of the center
of gravity will be the same as those of the surrounding water in the -
long period waves, the non-dimensional bllge motions ampproache unity.
The natural rolling perlod of this tanker is 14,6 sec, Therefore the
largest bilge motions are found for waves close to that period,
although the actual maximum ogecurss at longer waves because of tha
inereasing influence of the heave motion.

Figure 19 gives the vertical how motion.in head and following waves,
These results belong to the tanker going with a speed of 8 Mmots in
water of a depth of 1,2 times the draught, that is 18,28 m.

In this oase the periocd of encounter betwaen ship and wave is
different, depending on the wave direction.

Therefore the maximum values oceur in waves of different periods.

In this example only the motion of the windward bilge and forefoot

are ineluded. A complete study must also contain the leeward bilge

and the sole plece of the sternframe. When regular waves are usged 1o
prediot the behaviour in confused seas 1t has to be assumed that the
ship motions are linear with the wave helght for an otherwise similar
wave condition. This assumption has been adopted as a first approximatim.

Responsge in irregular waves

When the wave spectrum and the regponse in regular waves are known
the motion spectirum can be determined by means of the usual method
in whioh the wave speciral density is multiplied with the square of
the response operator, This has been done here for the specira of
Figure 14 and the responge operators of Figures 18 and 19. Figure 20
presents the results for the vertical motion of the bilge in irregu-~
lar beam seas, This motion has been made non-dimensional by dividing
through the significant wave height. This quotient Y lncreases with
inoreasing wave height whioh means that the relation between bhilge
motion and significant wave helght is non-linesar when, for instance,
the wave helght doubles from 2 m to 4 m the bllge motion beoomes more
than threefold in going from 0,68 m to 2.28 m. This phenomenon is
cauned by the faect that the ship motione are primarily influenced
by the low frequency componente of the sea, while Figure 14 shows
that with inereasing wave height this low frequenoy part of the
spectrum grows more than proportionally.

PIGURE 21

- Figure —j,
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Figure 21 gives the value of X for the forefoot motion in head
end following waves. The general character is very similar to the
curve for the bilge motion in the previous Figure. The most striking
difference i3 the much lower value of the forefoot motion, especially
in following seas.

It must be kept in mind that the Pigures 20 and 21 ars not
generally applicable but exolusively tied to the ship and wave
conditions considered here.

In the present case 1t appears that the danger of bottom contacts
is larger in the beam sea than in the other two wave condltions.
The small forefoot motion in following seas compared to head seas
may be of importance for some harbours where large tankers arrive
émostly following seas) in the deep draught condition and leave
mostly head seas) in ballast.

The negessary overdepth .

For a given value of the significant wave haight H the difference
between the momentary deviation of the sea level and the average
follows a geusgian probability disf{ribution. Because the response of
the ship in regular waves 1s assumed to-be linear, the momentary ver-
tigal displacement of the critical points on the hull also follows a
gaugaian distribvution. PFrom the theory of narrow spectra it is known
that the significant wave height is egqual to four times the stendaerd
deviation of the gaussian distribution. Likewise the significant wvalue
of the ghip motion is also four times its standard deviation. Therefore
the probability distribution of the motion of the oritical points on
the hull can be derived from the significant wave height H and the value
of ¥ . By means of the known gaussian function the percentage of time
can he determined during which the oritical points on the hull will
be lower than { times the standard deviation % ¥ H.

Thus the overdepth FHg necessary for a certain wave condition can be
determined with:

Hig = 3Py H.

For the sake of simplioity this has been written as:
4 Hs = 4« H and therefored = 4 B.Y It has to be noticed that the
value for ¥ , and therefore also the value of & y 1s a function of
the wave height, This is contrary to the assumption used previously
in this report where ol was taken as constant for a given wave direct-
ion. Further study is nacessary in order +to overcome this diffioulty.
It is not impossible that for the ship used here it would have been
better to assume that the motions are proporilonal to the wave height
squared, On the other hand, it is expected that for amaller ghips
wlll be less dependend on wave height. In order to illustrate thils
method an example is given here for the case where the tanker is
steaming in beam seas with a gignificant haight H = 5 m,

According to Figure 20 for this wave height y = 0,70.
Suppose a probability of bottom contacts is required, such that during
less than 0.001% of time the available overdepth is insuffictient.

~ Aegording -~
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According to the normal distribution function in that case the
overdepth has to be more than 4,27 times the standard deviation,
g0 here P = 4,27. With the values of P, ¥ and H now available
the minimum overdepth for beam seas can bve established with the
above given equation as & Hg = 3,74 m, whioh means that & = 1,50.

Example

By means of the methods described in this report the depth of
a harbour approach can now be determined, As an example this will be
done here for the 100,000 ton tanker entering a harbour. .
The tanker has a draught of 15,24 m and it does enter the harbour at
a speed of 8 knots, It has been shown that the beam mea is the oriti-
cal wave diregtion.
A preliminary survey indicated that the final estimate for the re-
quired waterdepth would be near to 1,2 times the ships draught. In )
that case Pligure 11 indicates a squat of 0,40 m at a speed of 8 knots. -
From the model and wave gtudy the value of & = 1,50 has been aselected.
When it is considered that only during 1%, or less, of the time ships -
can be held up outside the harbour entrance the right half of Figure
17 indieates that G is about ~ 2,40 m for & = 1.5, Therefore the
tottom of the harbour entrance has to be at least ¥ + 2 + 5 = 15,24 +
G.40 + 2,40 equals about 18.00 m helow the mean ges level.

It is olear that the probabilistic method used here is noi yet
completely straight forward in all respects. Further studies willl be
made to eliminate the undetermined uncertainties which are still
involved,

These studies will include the analysis of wave spectra and the agtermiﬁ

nation of response scefficiants in coastal aress and meaaurementa on
other meodels in wavaes.

4.4. Motions of vesgels when approaching or vacating_offnshore
berths, situated in limited waterdspths and vegsel's
hehaviour when moored to these off-shore structures

4.4.1. General coneiderations on aff-shore barths

In some cases technical and economical considerations nay
exelude the possibility of dredging deep harbour approaches and
puilding of alongside jetties within harbour basins, suitable to
accomnodate large vessels, arude oill tankers in particular. Off-shore
berths, gsometimes located in the open sea, would replace these protectec
harbours, provided, these berths allow the safe berthing and subsequent
loading/discharging of these large. vessels. .
There are three types of off-shore berths viz: alongside Jettiesn
mul ti~buoy moorings and monoc-buoy moorings.
These three types of berths are to be located as close as possible 1o
the shore as to restrict the length of the submerged 0il pipe line
or pipe trestle from the berth to the coast. This immediately, brings
into the picture the minimum depth requirement at the berthing site.
It is noted that the submarine pipeline costs form the major part in
the total costs of an off-shore aingle buoy herth.
The minimum depth regquired for these off-shore berths are of course
related to vessel's motion. As for the multi-buoy mooring and the

- alongside -



alongside jetty berths, ithe vessel's motions have only little effect

on these depth requirements, since moderate wind and sea comnditions

are the limiting factor to berthing operations and also to remaining

at the berth, the motions of these large vessels ayxe hardly noticeable -
at these types of berths. On the other hend the motions of the vessel.
when approaching & Single Point Moorinmg or when barthed to this type
of mooring faeility have a much greater influence on depih requiramtntd,
ag this type of berth may still be Operational under relatively rough
aea conditions. ol
0f the three types of off-ghore berths alongside Jetty type, multi-
buoy mooring and Single Point Mooring (8.P.M.) in this papar attent.-

lon will be concentrated on the latter ag for this type ship's motions
are of greater influence on depth requirements than for the other two.
The following detaila regerding the berthing operations for each of
these berths may be explanatory for the greater scops of the S.P.M, .
faoility when compared with the others. The use of an alongside gqﬁty E
built in the open sea or bay may in some cases have prefersnce o & S
buoy berth, assuming thet wind and sea conditions allow the veasel :
to be bertre? and to remain at tre berth during a number of days ptr o
year autftioient to mawe this Offw?’ufp terminal operationally and -
gconcmically attractive.

Although an off-shore alorgsiié jetty may Ue provided with the T
appropriate fendering sysiem, any significunt deviation of the apprvfiel .
speed of the vessel, greaier t%an for which the jetty and fenderimg has
besen designed, may be desustrous for e wha'e wsitua’ .re. )
Tug assistance will be reguired in marny cazes 10 Keep *ha large vesaels
under control. Whén during the berthing operation sudcen wind, squalla
are experienced with speeds of, say 25-%0 mph, Lt may siill be very
diffieult to manceuvre the vesse! into '‘he berth, partioularly when

the wind direction 19 already slightly sbesm of tue ship. .

When the veagel 1m moored to the slongeulide berth, whilet wind and

weve conditlons deteriorate, the moorins oauoles, whicgh provide am
relatively atiff conneotion with the jetty, may break as & result of

a combination of vessel's motions and constant wind forees. The vessel -
may finally break adrift, endangering heraself and the jetty strueture.

As for this type of berth both vessel and structure are at atake, it
is safe practice that berthing operations are delayed and vessels are
ordered to leave the berth when conditions are still relatively moderate.;

A puitable berth to acoommodate large vessels at off-shore sites at
whioh moderate wind and sea vonditions prevaeil, le the multi-buoy
mooring. The vessel 18 moored to a number of buoys and also 0 her own
cables and anchors,

As for the multi-buoy mooring the riske involved are not so great
sinee for this type of berth slight damage to the vessel may be the
result of a malperformed manoceuvre at whigh one or two mooring buoys

- may be toushed. Although for this fixed heading mooring, it may elso
be diffioult or even impoesible to manoeuvre the vessel into the berth
at beam winds. The berthing operation is quite cumbersoms, first of
all the vessel drops her bow or port anchor, sails slowly ahead and

~ drops -
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drops her second anchor, awings back with her sitern towards a series
of mooring buoys. Other mooring procedures might be adheared to
depending on conditions connected with the site.

One, in many cases two mooring launches assist in making the cable
connsetions between the vesggel and the buoys, of which sometimes a
nunber of five are neceasary to keep the vessel safely in the berth.
Por gome of these multi-buoy moorings tug assistance is also requirsd
to facilitate the mooring operations.

This fixed heeding multi-buoy mooring will usually be orientated with
its longitudinal exis parallel to the prevailing wind/weve direation.
In some cames a strong current with a direction different from the
prevalling wind direction is determinant for the direction of the berth.
As for the alongside berth, the vessel has ito vacate the berth when wind
and sea conditions deteriorate, partioularly in case of beam winds,
generating waves which cause the vessel to roll t0 such a degree that
loading or discharge operations nesad 1o be stopped. AL the same time
the loads in the mooring cables may hecome too high owing to great wind
loads and consgiderable mcetion of the vessel.

It is noted that the magnitude of these loads as a result of ship's
motion depends on direction of wave approach and wave characteristics
e.g. swell conditions may initiate resonance of the spring system of
the vessel and mooring cables. (Reference is made to an article on
model experiments on the mooring of large tankers [6].

It 1is concluded that previous to the need to consider depth requirementa,
the berth will have 1o be vacated already when motions of the vessel
are gtill relatively small.

Depth requirements were therefore up till now already fullfilled when
allowing for & few feet under keel clearance. For a specific site,
however, a more thorough study will need te be mede as the gize of

the vessels now available may require a greater average under keel
clearance, than being considered so far. This study should inelude

the assessment of the max. conditions at whieh berthing of the vessel
oan 8t1ll be effected and also of the wind and sea conditions at whioch
the berth need to be vacated. Genersal information on ship's movements
at certain conditions can be obtained from a report issued by U.S.
Navel Civil Engineering Laboratory California.[7]

The third type off-shore berth developed to moor large vessels and
allowing the discharge or loading of crude oil and oil products i1s the
Single Point Mooring (s.P.M.) or mono-mooring. The vesszel is moored at
the bow to a single fixed siructure or to a single buoy, and is free
to swing around thls centre point, following the direction of the re-
sul tant of wind, ocurrent and wave forces seting on the tanker. The
latter berth is intended to be operable under wind and sea oconditions
more severa than for the off-shore berths mentioned herefora.

The mooring of a vessel to an 8,P.M. is relatively simple. The
vessel is approaching the Single Point Mooring, in a direction more £
or less paraillel to the resultant of wind and current foroes. When
the vessel is a few hundred feei away a messenger line is passed over
the fair leads at the bow of the ship to a small though seaworthy

- mooring -
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mooring launch. The erew of this leunch conneects this line to the

end of the mooring cable, attachsed to the S.P.M., either a fixed
structure or a single buoy. (Single Buoy Moorings. Normally two

mooring cables are provided. These oables are hove in and attached

to the bollards at the foredastle deck of the vessel.The actusl mooring
up can be done within half an hour, '

Greater effort is 1o be applied %o attach the hoses for discharge/
loading o0il to the ship's manifold. Launch attendance to assist in
making the 5.P.M. mooring cable connections and also the hose oconnegt- -
ions implies thaet the mooring of the vessel can-not be effected under
conditions at which the launch crew is unable to work. These condit-
ions arey however, more severe than those limiting multi-buoy mooring
berthing operations., This has been olearly demonstrated at an off-shore -
loading terminal in Sarawak - North Borneo, where at Lutong/Miri, both
multi-buoy moorings and a Single Buoy Mooring were in operation simul-
taneously in the South China Sea during a few years. Consequently the
remaining multi-buoy moorings are now all being replaced by Single
Buoy Moorings.

Remaining at the berth is for an 5,P.M.berth permissible under much
rougher conditions, as the vessel 1s seeking a direction at whioh
resistance to wind, current and waves is at a minimum. Loads in the
mooring cables are still within limits of the safe working load of
these cables under severe conditions, say up to wind force Beaufort

7 to 8.

4,4,2, Degeription of mone-mooring berths

Two types of mono-mooring or Single Point Mooring are now in
operation. ’

a) The mono-fixed structure tanker berth. The oentre point is a
piled structure to which the tanker is moored by two mooring
lines. The o0il flows through a submarine pipeline, a riser pipe
attached to the structure, and a long semi-submerged boom to the
midships manifold of the vessel.

Both this boom and the vessel can swing around the fixed centre
point. This type of berth, of which only one has been built, isg
now heing used at Marsa Brega, Libya, by ESS0 [8].

b) The mono-buoy mooring or Single Buoy Mooring, (S5.B.M.). The
.centre point is a relatively small buoy anchored to the sea bad
by means of chain ocables.

The oil connection between mid ship's manifold and buoy consists
of floating hosges.

. Hew in ‘the conceptlon of the single huoy mooring is the oil connect-
ion and the oll swivel arrangement on the buoy, which allows the '
vesgel to swing freely around the buoy whilst the oil is being pumped
through. Further detalls on the Single Buoy Mooring can be found in
[9]. The first Shell SBM suitable for oil tankers, operational sinece
early 1961 in the South China Sea, North Borneo, was bullt after the
prinoiple of the system had been tested and also oompared with a
multi-buoy mooring in the Ship's Model Basin at Wageningen on behalf
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of the Royal Dutoh/Shell Group in 1957 and 1958. | 6] /
The SBM system consists of the following itemas: (Fig.22, 23, 24)

1 Buoy,

2) Ohain ocables/anchoring system
3 Submarine hoses

4 Floating hoses

5 Mooring cables.

Details of the SBM buoy will follow the desoription of the other
SBY parts. .

Chain cables

The buoy is moored to the sea bed by chain cables attached at
their ends to heavy anchors or anchor piles. Figure 22 shows a layout
wifh eight chain cables., Other mooring layout sonfigurations would be
possible depending on conditions connecied with the location.

FIGURE 22

Underwater hoses

The oll stream flowing through the SBM system leaves the sub-
marine pipeline and enters the undeérwater hoses which are logated be~
tween the buoy and the submarine pipeline. Hoses with a size of 16"
(40 om) 1.D. are now in use and larger sizes are belng conaldered.

- Ploating hoses

The oil passes via the buoy inte thelfloating hoses, whioh aAre
located betwsen the buoy and the tanker and are oonnected to the mid-
ships manifold, (Fig.24
Poam plastic rings provide the flotation for these hoses. The largest
size of Ploating hose now in use is 12" (30 om) I,D. In one case thrse
strings are tied together by means of sonveyor belt-type connsectors,
Algo for the floating hoses the use of 16" I.,D, size or larger is now
belng oonaidered. )

Mooring cables

The mooring loads exerted by the vessel are transmitted to the
buoy by means of two cables, mainly consisting of nylon ropes provided
at both ends with short lengths of chain cable or wire rope. The nylon
ropes act as shoek absorbers.

Buoy (Pigures 23 and 24)
The ‘outside diameter of the cylinder is some 27'-30' (some 8 to
9 m) and the dismeter of the inner cylinder is some 10! (3 m), The
underwater hoses are lifted through this coylinder and atfached %o a
central plpe assembly.
" The swivel or a combination of more than one swivel can freely rotate
around this cenitre pipe sssembly together with the top platform, to.

- whioh -



- 18 =

whioh the two mooring cables are attached. This platform transmits
the mooring loads to the buoy body through a number of wheel bogies
running on two large diameter cireular ralls. The skirt at the bottom
of the buoy body supporis the ball stoppers which enclose the chain
cable links and provides also a protection for the floating hoses if
the vessel touches the buoy. During mooring operations, 1t happens
that the vessel overrides the buoy, thereby touching the fendering of
this bottom skirt.

There i1s no doubt that the motions of the vessel when moored to
an 5.P.M. certainly affect the depth requirements at the berthing site.
During the fiprst full soale test under rough conditions with a 33,000
dwt ton tanker moored to a Single Buoy Mooring in the Japanese Sea,
apart from measuring the loads in the mooring cables, it was also
attempted to measure pitoh, roll and heave with very simple means though.

4.4.3, 8hip's motions. Off-shore S.B.M. berth in the Japanme Sea

During winter 1961/1962 an S.B.M., laid in the Japanese Sea, in
water depth of 20 m, 1.9 nautical miles off-mhore was lasted under
severe oonditions as a berth suiltable for large tankers,

It was investigated (a) what limitations were imposed by the use
of mooring launches end mooring the vessel, (b) what loada could oceur
in the mooring cables and (c) algo what the ship's behaviocur would be
considering the severe winter conditions prevailing at Niigate.

With respect t0o the vesszel's behaviour, the hasle idea was 1o
establish the relationship between certain wind/sea conditions and the
subsequent behaviour of ithe vessel moored to the 5.B.M. uoy. This would
enable to assess the depth requirements at the herth loeation, thereby
also taking into asccount the above points (&) and (b). For this relation-
ship 1t would be necegsary to obiain information wave observations at
the selected site, and of course, records of the vessel's motion, when
approaching the mooring and when berthed to the $,B.M. Regarding the
wave ohgervations off the Niigaete coast little informetion was available
at that time. Japanese Harbour Authorities were collecting wave vwbssr-
vations to a limited extent in shallow waterdepth only.

As wave recorders oould not be made available in time, wave instrument
recorda could not he obialned during the testing period.

However, visual observations were made. A Froude beacon, placed as
close ap possible to the S.B.M., site was used as an aid in assessing
the wave heights.

The motions of the vesssel, pitch, roll and heave were obhgerved. It is
noted that these observations have alsc limited scouracy. From piteh
and roll records draught inorease at forward/aft and at port/starboard
were computed, taking into account the length and width of the vassel.
The remlts thus obtained are shown in Pig.25 A, B and . As can be
seen on these graphs the plotted pointe are quite soattered. A line of
meximum values has bean drawn therefore as to arrive at a curve from
which max. draught inorease figures can be predicted for various ocondit-
lona.
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The maximum draught of the vessel when fully loaded was 34M4"

(with glightly uneven keel). The depth requirements therefore for

this 33,000 dwt ton tanker would be: 34'4" + 14'6" = 48'10", say 49!
when approaching the berth at almost zero speed at 6 fi average wave
oonditions., Owing t0 launch assistance it can be observed that this
wave height 1is to be considered as s limiting condition for mooring
operations. It is assumed that for manceuvring the vessel inte the
berth an approach girele with a radius of some 3 times the ship's
length would be necessary.

Thia would involve that at the periphery of the cirole g depth of 49!
would be sufficient. (Tidal differences are negligible at Nilgata,

the influence of squat at the low apeed at which the vessel anters the.
manceuvring arsea is also very little, refer separate section on asquat).
Considering the vessel when moored to the 5.B.M., the depth requirement
would be 34'. . 4" 4+ some 19 £t totals some 54 £t when 10 £1 average
waves are experienced (refer Fig.25 C). This wave height may for
instanoce be considered as the limlting condition for a vessel remaining
safely at the 5.B.M. berth., This depth of 54 £t would be required at

e distance from the S.B.M. buoy of may 1.5 times the length of the
vegsel.

A.4.4. Purther Investigations on ship's motions

Por the plenning and the design of future off-shore berths it was
thought necessary to obtalin more detailed and accurate information on
the ship's behaviour when approaching or being moored to an S.B.M. This
becomes particularly apparant when an SBM berth is to be designed for
conditions at which the directions of both the current of say more than
0.5 Jnot and the prevailing awell/waves differ appreclably, say more
than 300.

Tests were conducted in the Ship's Model Basin to investigate this
phanomencn. As thess tests were carried out in the deep water tank,

the depth requirements which may be derived from the results obtailned
can he congidered as the asymptotic conditions of the shallow waier case,
Due to the non-linearity of both the mooring system of the buoy and the
oonneotion between buoy and ship, the transfer function o« becomes also

a not linear funciion of the waterdepth.

Due to this fact formulae 4.1 has to be replaced by

C=mA+W-3% £(Wa'H

where o' 15 algo a non-lineér function of H. Formulsae 42is applicable,
providing P(Hy) ia welghed with £(W)..

A Turther series of tests will be carried out to investigate the
bshaviour of tankers up to 120,000 dwt ton alass and to establish the
mooring leoads for such vessels moored to an SBM in limited waterdepth,

The results of these teste will be produced at the Stoockholm eonference.
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Summaxy .

The position of the vessel with respsot 10 the sea bed ls
determined by three factors namely:

a) the height of the water level undisturbed by waves (astrono-
mical tides plus wind effeat);

b) the position of the deepest point of the moving vessel on
restricted water (draught plue squat);

¢) the movement of the exireme points of the vessel's hull as
imposed by the water movement due to waves (roll, pitch and
heave).

The faotors mentioned under a and ¢ have a statistical character as
they are clossly related to meteorologilcal conditions. The wind effeot,
being the difference between the predictable astronomical tide and the
actual sea level shows a nearly normal (gaussian) distribution in each
sselected group of wind foroe and dlrection. Relative to this waterlevel,
undisturbed by waves, allowance must bhe made for squat, which is the
deorease in the clearsnce under a ship's keel caused both by bodily
sinkage and by change of trim. Model tests, oconfirmed by field observat-
ions, have made 1t possible to estimate this decrease of under keel )
clearance in fairways of various shapes. :

If the water surface is disturbed by waves the vessel is moving under
the influence of these waves (roll, pitch, heave) the amplitude of the
extreme points of the vessel is influenced by the wave speotrum, which
can be characterised by 1ts significant wave height. The probability of
ogourrence of the signifieant wave height can be determined im the
selected groups of wind force and direetion, using the pame statisticael
approach as for the wind effects. The probability distribution of the
motion of the critical points of the hull can be derived from the
glgnificant wave height and the ship's response coefficient.

The response coeffieient must be determined with model experiments
in shallow water. Distinction has to be made betwesn two cases viz: the
free moving vesgel and the vessel moored at an off-shore berth.

When during the model tests regular waves are used to predict the
behaviour in oconfused seas it has to be assumed that the ships motions i
are lineair with the wave helght for an otherwiss similar wave condition.
This assumption has been adopted as a first approximation. When for '
this case the wave spectrum and the response in regular waves is known
the motion spectrum can be determined by means of the usual method in
whioh the spectral density is multiplied with the square of the
response operator. )

0f the three types of off-shore berths, alongside jetting type, .
multi~buoy mooring and single point mooring in this paper attention will
be goncentrated on the latter as for this type ships motions are of
greater Influence on depth reguirements than for the other two. The
slngle point berth cen be used under more severe wind and ses conditiona,
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Due to the non linearity of both the mooring system of fhe buoy
and the connection hetween buoy and ship thse reaponse funcilon becomes
algso a not linear function of the water depth and wave height,

This ealls for special precautions when determining the probability
distribution of the ships motion.

By introducing statistical considerations as mentioned ahove for eagh
rossible depth of the fairway or herthing site a chance can bhe deter-
mined when i1t will be not safe for tankers of a gertain size to make
uge of it, When comparing the losses due to these delays with the exirs
costs required for obitaining a greater depth, a decision can be made
about the design eriterion.
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H{=zp} = Dapth { mirs )}

t = Draught { mtrs.)
v = Velacity of the ship { MIT8/g.. 3
Z mox. = Squat {mtrs
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Fig. 12 SQUAT MEASUREMENTS IN NATURE
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Fig.t3 RELATION BETWEEN AVERAGE OBSERVED WAVE HEIGHT AND
PERIOD ON THE NCRTH SEA
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Fig.14 WAVE SPECTRA USED FOR FIGURE 20 AND 21
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F1g.15 RELATION BETWEEN SIGNIFICANT WAVE HEIGHTS AND WIND VELOCITIES,
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RESULTING CUMULATIVE PROBABILITY DISTRIBUTIONS OF THE
LOWEST POSITION [ OF SHIP'S KEEL




ROLLING PERIOD OF SHIP = 14.6 sac, Spre 8ILGE MOTION
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Fig.18 RELATION BETWEEN BILGE MOTION AND REGULAR WAVE HEIGHT
IN BEAM SEAS
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Fig. 19 RELATION BETWEEN BILGE MOTION AND REGULAR WAVE HEIGHT
FOR A 100,000 TDW TANKER IN HEAD AND FOLLOWING SEAS
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Flg.20 RELATION BETWEEN WAVE HEIGHT AND BILGE MOTION IN LONG
CRESTED BEAM SEAS,
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Fig. 21 RELATION BETWEEN WAVE HEIGHT AND FOREFOOT MOTION IN LONG
CRESTED HEAD AND FOLLOWING SEAS
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Fig22 SINGLE BUOY MOORING,



F1g.23 SINGLE BUQY MOORING, CRCSS SECTION

Fig 24 TANKER PERMANENTLY MOORED TO AN SB.M BUOY A5 A STORAGE TANK,
FLOATING 1IN THE OPEN SEA, IDD EL SHARGI , QATAR ., PERSIAN GULF,
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33,000 dwt TON TANKER MOORED AT 5 BEM.BERTH OFF THE NIGATA COAST, JAPAN



