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1. INTRODUUTION 

With the increas ing  drkdgh't of  tankers  and bulk c a r r i e r s  the 
d i s t ance  from the  o i l  terminals  and the wharves t o  the depths i n  the 
seas where these s h i p s  can move sa fe ly  about is a l s o  increasing.  This 
r squ i r e s  extensive dredging operat ions in the long approach channels 
and the determination of the minimum safe  dimensions o f  these channele 
becomes a top ic  of  high economio value. A t  p laces  where dredging and 
maintaining o f  approach channels would not  be an economic propos i t ion  
and accommodation formoor ing , loading  and unloading i n  open sea  i s  i n  
use ,  the minimum depth requirements at  the  ber th ing  s i t e  a r e  a l s o  o f  
main importance a s  the coa t  o f  t h e  submarine p ipe l ine  forma a major 
p a r t  i n  the t o t a l  costa .  The minimum depth requirements f o r  t h e  
approach channels and the off-shore ber thing s i t e s  a r e  r e l a t ed  t o  t h e  
v e s s e l ' s  motion r e l a t i v a  t o  t h e  sea sur fsce ,  t h e  height  o f  which again 
va r i e s  w i t h  respec t  t o  the sea-bed owing t o  t he  t i d e s  and wind e f f ec t s .  

bed i s  determined by t h r e e  f a c t o r s ,  namely: 
a. 

b. t h e  pos i t i on  of  the deepest o i n t  of t he  moving vesse l  on r e s t r i c t -  

c. 

Consequently the  pos i t i on  of the  vesse l  w i t h  respec t  t o  the  sea- 

t he  he igh t  of t h e  water l e v e l  undisturbed by waves (astronomicaï 
t i d e s  p lus  wind e f f e c t ) ;  

the movement of  t he  extreme poin ts  o f  t he  vessel 's hu l1  as impaed 
by the  water movement due t o  waves ( r o l l ,  a t c h  and heave). 

The f a c t o r s  mentioned under ( a )  and ( c )  have a s t a t i s t i c a l  
charac te r  as they a r e  c lose ly  r e l a t e d  t o  the meteorological condi t ions 
which i n  most cases  can be regarded as a e tochas t i ca l  phenonenon. 
When in t roducing  such a s t a t i s t i c a l  cons idera t ion ,  f o r  each poss ib le  
depth o f  t h e  fairway o r  ber thing s i t e  a p robab i l i t y  o r  chance aan be 
determined when it w i l l  be no t  s a fe  f o r  t ankers  of a c e r t a f n  s i ee  t o  
make use of i t .  When comparing the l o s s a s  due t o  these  delaya with 
t h e  e x t r a  c o s t s  required f o r  obtaining a g r e a t e r  depth,  a dec is ion  can 
be made about t he  o r i t e r i o n  t o  bs  adopted. 

dec is ion  problem, because they depend very much an the l o c a l  condi t ione,  
but  we will. confine ourse2ves t o  t he  statist ical  a n d  hydrarilic a spec t s  
and d i scuss  a method o f  der iv ing  the  r e l a t i o n  between a c e r t a i n  depth 
and the risk o f  unsafety.  

ed water (draught p lus  squat P ; and Q+/J 

.. , /c, 

In  t h i s  paper we w i l l  not  consider  t he  economic a spec t s  of  t h i e  
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2. THE HEIGHT OF 'IIHE WATER LEVEL UNDIS'CIIRBED BY WAVES 
2.1. Astronomioal bides 
The v a r i a t i o n  i n  sea l e v e l  oaused by astronomioal t i d e s  i s  

usua l ly  a predio tab le  q u a ~ ~ d & ~ ~ . , ~ ~ ~ ~  a s  i t  i s  determined by such a 
g r e a t  number o f  harmonic 
of t he  ssa l e v e l  may be regarded a s  a s t o c h a s t i c a l  phenomenon. The 
oumulative p robab i l i t y  d i s t r i b u t i o n s  of  astronomioal high and low 
water l e v e l s  (computed, f o r  example, f o r  t he  North Sea reference t i d e  
gauge at the Hook o f  Holland) a r e  indeed almost gaussian ( s e e  Fig.1). 

The p robab i l i t y  d i s t r i b u t i o n  curve C i n  Big.1 represents  al1 the 
water l e v e l s  and i s  deduced from the d i s t r i b u t i o n s  of high and low .I 

water l e v e l s  using the  shape o f  the mean t i d a l  curve f o r  t he  Hook of 
Holland. 

of  t h e  year ,  t he re  i s  no systematic seasonal in f luence  of the wind 
on t h e  water l e v e l s .  So i n  t h i s  a rea ,  t h e  t i d a l  cons t i t uen t s  found by 
t h e  t i d e  gauge a n a l y s i s  a r e  not  coyrelated e i t h e r  with the wind e f f e c t s  
o r  w i th  the wave heights .  

e f f e c t  of t he  wind on t h s  determinaliion o f  the component8 is no t  
i n s i g n i f i c a n t .  l'he order  of the c o r r e l a t i o n  should be examined before 
the  statistical laws a r e  applied by combining the d a t a  on astronomical 
t i d e s  w i t h  the d a t a  on wind e f f e c t s  and on the  wave heights .  

onsef tuents  t h i s  proportion o f  the  v a r i a t i o n  

' i O C . " l  

The olimate i n  the  North Sea a r e a  is uns tab le  during the  whole 

In reg ions  with r egu la r  seaeonal winde ( passa t s  f o r  example), t he  

2.2. Wind e f f e c t  
The wind e f f e c t  i s  defined as the  d i f fe rence  between t h e  predic- 

t ab le  astronomical t i d e  and the ac tua l  sea l e v e l .  I t  can be computed 
f o r  c e r t a i n  wind oondi t ions using a method developed by Weenink [l] 
and o t h e r s ,  f o r  determining equi l ibr ium sea  l e v e l s  i n  a p a r t l y  closed 
shallow sea  when both the  wind f o r c e  and i t s  d i r e c t i o n  a r e  unvarying. 
An example of computed wind e f f e c t  as a func t ion  OP wind d i r e c t i o n  i s  
given i n  Fig.2. The wind e f f e c t  i s  assumed t o  bs caused by homogenecus 
wind f i e l d s  i n  which the  wind blows w i t h  f o r c e  7 Beaufort. 

By t h i s  method, s t a t i s t i c a l  wind data oovering many years  can be 
converted i n t o  s t a t i s t i c a l  wind e f f e c t  data. Ths r e s u l t s  may be 
inaccura te ,  however, espeoia l ly  i n  a r e a s  w i t h  uns tab le  wind cl imates .  

For the North Cea t h i s  i s  evident when one compares the  d i s t r i -  
but ion curves of the wind e f f e c t  aomputed by the  "equilibrium method" 
with the ac lua l  wind e f f e c t ;  see Fig.3. There i 8  a c e r t a i n  l a g  between 
t h e  development of a wind f i e l d  and the wind e f f e c t  i t  produoes. It 
depends on the  dimensions o f  the  eea. 

(Fig.4) while the average time during which the  wind blows i n  a c e r t a i n  
d i r e c t i o n  i s  of t h e  Same o rde r  i o r  wind foroes  above 6 Beaufort (Fig.5). 

Consequently, t he  wind e f f e c t  can be higher  o r  lower than the  
equi l ibr ium e f f e c t  f o r  more than one concomitant and i d e n t i c a l  wind 
observat ion,  depending on whether t he  wind r i s e s  o r  fa l ls .  So a 
s t a t i s t i c a l  d i s t r i b u t i o n  of the wind e f f e c t  may be sxpeoted Por every 
group o f  observat ions eeleoted.  If the  groups a r e  s u f f i c i e n t l y  mall ,  
t h e  d i s t r i b u t i o n s  w i l 1  be gaussian.  

I 

I 

I Weenink 111 showed t h a t  t he  l a g  i n  the North Sea i s  about 6 hours 

A 

- S t a t i s t i c a 1  - 
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I S t a t i s t i c a l  saupl ing provided d a t a  on the wind e f f e c t  f o r  eaoh 
o f  t he  96 groups se lec ted  i . e .  12 c l a s s e s  o f  wind f o r c e s  i n  each OP 
t h e  8 wind sec tors .  Figure 6 g ives  some examples o f  such d i s t r i b u t -  
ions. Where a s u f f i c i e n t l y  l a r g e  number of observat ions wi th in  a 
group i s  ava i l ab le  t h e  d i s t r i b u t i o n  is indeed gaussian.  

So a s t a t i s t i c a l  d i s t r i b u t i o n  i n  each of the groups is de te r -  
mlned i n  terms of a gaussian d i s t r i b u t i o n  t h a t  gives  one of the 
e t r a i g h t  l i n e s  i n  f i g u r e  6. 

PIGURE 6 

These s t a t i s t i c a l  d l s t r i b u t i o n s  f o r m  the basis f o r  f u r t h e r  
computations and rep lace  t h e  func t ion  W = f (V;@) found by Wesnink 
[I] ( i n  which W = wind e f f e c t ,  V f wind ve loc i ty ,  Q = wind d i r e c t i o n ) .  

Actual da ta  f o r  t he  groups with wind f o r c e s  higher  than 8 
Beaufort  a r e  scarce.  Therefore the d i s t r i b u t l o n s  of the wind e f f e c t  
were computed f o r  these groups from ex t r apo la t ions  of  the data on 
wind  e f f e c t  with exceedanoe p r o b a b i l i t i e s  0.1; 0.5 and 0.9 using 
the energy e ua t lon  W = C t e . V 2  given by Weenink f o r  t he  equilibrium 
wind e f f e c t  Ssee examples on Fig.7). 

FIGURE 7 

The cumulative p robab i l i t y  d i s t r i b u t i o n s  of  t he  wind ePfec t  
f o r  each o f  t he  96 grcups applied t o  the s t a t i s t i c a l  d a t a  on the 
occurrence of the corresponding wind condi t ions covering a period 
o f  about 10 years  form a bas i s  f o r  f u r t h e r  s t a t i s t i c a l  computations 
on the probabi l i ty  o f  occurrence of a c e r t a i n  s t a t e  of t he  sea 
surf ace. 

method is t he  f a c t  t h a t  the r e s u l t i n g  d i s t r i b u l i o n  curve of the wind 
e f f e c t  i n  Fig.3 (marked with c ros ses )  near ly  covers t he  ac tua l  data. 

A f i n a l  check on the r e l . i a b i l i t y  of  the s t a t i s t i c a l  sampling 

? 
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3 .  TIIE POSITION OP THE DEEPESI POINPOP A MOVING VEflSEL I N  
RESTRICTED WATER 

When a tanker  i s  moving fo rward  through a ohannel, i n  which the 
ho r i eon ta l  c learance and t he  kee l  olearanoe i s ~ r e l a t i v e l y  emall, ehe 
p i l e s  up ahead o f  he r se l f  a quant i ty  o f  water t h a t  would otherwise 
ocoupy the  space she is t ak ing  up.  This amount of water $hen f l o w s  
back along the  sh ip '  s s ide  and f i n a l l y  f i l l s  the  corresponding  volume^ 
remaining free a s t e r n ;  t h i s  is known as the  return aur ren t .  In accor- 
dance wi th  Bernou i l l e ' s  theorem, the r e t u r n  our ren t  causes  l o w e r i n g ~  
of t he  water l e v e l  around *he veeeel ,  r e l a t i v e  t o  the  f r e e  surface.  
The vesse l  i s  steaming in a trough "uat moves w i t h  her.  I h i s  is one 
of the major f a c t o r s  con t r ibu t ing  t o  squat which i s  i n  e f f e c t  an 
add i t iona l  sinlcage of the vessel below h e r  draught when s t o p p e d .  T h i s  
phenornenon has been s tudied extensively f o r  the movement of sh ips  i n  
cana l s  [2]  [33. . However, t he  aame hydraul'io e f f e c t  w i l 1  ocour i f ~ a  
sh ip  is steaming i n  a shallow eea. The amount of squat is a.'Qunation 
o f  t he  ve loc i ty  o f  t he  return ourren t ;  the g r e a t e r  t he  ve loc i ty  the 
g r e a t e r  the squa t ,  r e s u l t i n g  in a g r e a t e r  deorease of  under  kee l  
c learabcs.  S imi la r ly ,  t he  squat  w i l 1  be g r e a t e r  
a. i f  t he  sh ip  i s  steaming i n  more r e a t r i c t e d  water and 
b. i f  the speed o f  t he  ves se l  I s  grea te r .  

s te rn)  p a t t e r n  around the  s h i p  when moving. 

l e v e l  anù the wave p a t t e r n  usua l ly  also e f f e c t  the s h i p ' s  t r i m .  

~~ 

A seoond f a o t o r  t h a t  con t r ibu te s  t o  squat is the  wave (bow and 

The v a r i a t i o n s  in water  surface ciue both to  the fa.11 i n  water 

3 .1 .  Model t e s t s  

SoRreah Laboratory i n  Grenoble 
Sociétd Maritime She l l  on behalf of the Rcyal Dutch S h e l l  Group 

requested the SogTeah Laboratory i n  Grenoble t o  oarry out  model t e s t s  
in order  t o  determine the squat of  tankers  i t s  r e l a t i o n  with the depth,  
width and bank gradien l  of t h e  channel and tho  draught,  beam and speed 

The m,odel sh ip  was a 1:40 sca le  model o f  a 70,000-ton tanker.  
I t  has  been aasumed for the p rac t i ca1  app l i ca t ion  of t he  t e s t  r e s u l t s  
t h u t  t h i s  eh ip  model oould represent  tankers  of o t h e r  sizes t o   different^ 
m a l e  6. 

I n  o r d e r  t o  cover a l1  v a r i a t i o n s  of  channel ehape several  ratios 
were varied: 
( 1 )  Ship cross-sec t ion  t o  ohannel c ross -sec t ion j  

a number o f  bank g rad ien t s  were inves t iga t ed ;  t h e ~  bottom width  
o f  t h e  channel was var ied from 1.5 t o  9.8 times the beam of t he  
m o d e l .  The condi t ions of  t he  ra t io  9.8 d i f f e r  only s l i g h t l y  from 
.these found in open watar where the width is p r a c t i c a l l y  unlimited.  
Deptb. af channel t o  draught ,of ship;  
s,aW?&~ of channel depths  and - sh ip ' e  draughts  were employed, 

,r.') 7.:J ,:&%V&;ppfo values of ~0.04 t o  1.82. 

o f  the  sh ip  (6 parameters).  ~~ 

(2) 

.,,.* . ~~ 

i / I *  
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( 3 )  Mem dridth of channelmbreddth o f  sh ip ;  the value of  t h i s  
ra t io  was varied from 2.3 t o  9.8. 
Ncw the  r e l a t i o n s h i p  can be found between the  squat o f  a model 

o f  &ven beam and the  f i v e  main var iables:  speed, draught ,  depth of 
channel,  t o p  width and bottom width o f  ohannel. 

w a s  produced, [4]shown i n  F igures  nos.8 and 9. l'he f i rs t  graph ( B i g . 8 )  
For genera1 use of the  r e a u l t s  o f  the  model tests a graphic  method 

i v e s  a l i m i t i n g  o r  c r i t i c a 1  ve loc i ty ,  VL, as defined by Sch i j f  

where, 
€1 = mean depth 
s = midship area of  vesse l  
S = cross-aec t iona l  area of  channel. 

The second graph (F&g.YA) represents  r a t i o  of maximum squat value 
and mem channel depth ( max.) as a func t ion  of the  r a t i o  of forward 
speed and S c h i j f ' s  " l imi t ing  veloci ty"  (-) f o r  s eve ra l  values of y 
(P = depth of  the  oent re  p a r t  o f  t he  channeli  t = sh ip ' a  draught) .  
Figure 9B g ives  a co r rec t ion  f a c t o r  f o r  a range of va lues  o f  the 
ho r i zon ta l  c learance ra t io  $. (L  = t he  mean width of the channel and 

B * beam o f  the  ahip) .  
Limit ing f a c t o r s  of these graphs a r e :  

( a )  v e r t i c a l  c learance  r a t i o ,  1 . 1 0 < ~ < 2 . 8 0  

(b) hor i zon ta l  c learanoe r a t i o ,  2.30<$ <10.00 

( o )  

--R- V P 
v1 

P 

the  cana l  bank s lope should only be s l i g h t l y  dev ia t ing  from the  
g rad ien t  of  1:3, a t  least  f o r  narrow channels. 
The above-mentioned model t e s t s  were devoted t o  t r apezc ida l  

sec t ions .  One of the  most common forms o f  natura1 channels has a 
p r a c t i c a l l y  unl imited water surfaoe but a depth only a l i t t l e  g r e a t e r  
than the  v e s s e l ' s  draught j  f o r  example, a tanker  that  c ros ses  more o r  
l e s s  u n r e s t r i c t s d  shallow water i n  the approaches t c  a p o r t .  

cumstances a channel width (wide-channel condi t ion)  o f  t e n  times a 
sh ip ' a  beammybe used; a l though t h e  rssul ts  w i l 1  be somewhat too  

Tests  have shown t h a t  f o r  p r a c t i o a l  purposes i n  open water c i r -  

unf avourable. 
Using t he  graphs 8 , 9 A  and gB Figure 10 has been derlved which 

g ives  t h e - r e l a t i o n -  between squat  and speed f o r  two tankers  (20,000 
t (dw) and '35,000 t (dw)) ,  steaming through channel wlth a water depth 
of 42 f t .  

channel have been found d i r e c t l y  from t he  graphs mentioned above. 
l'he curves ï (unl lmited channel o r  5 =I0 B) and I11 f u l l y  banked 
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The curves I1 r e f e r  t o  a channel with the  f o r a  of a deep t rench  
(42 f t )  with bemns on e i t h e r  s ide  ( 2 1  f t ) .  Inves t iga t ions  a t h i s  
type Of channel [4] showed t h a t  f o r  p rac t i ca1  pUrpOBeS en approxi- 
mation may be made to  the  squat of a vesee l  passing through suoh a 
channel. 
P i r s t l y ,  t he  problem i s  solved f o r  a t ropezoida l  canal s e c t i o n  
d is regard ing  the bems (curves  III) ,  secondly the squat i s  ca lcu la ted  
f o r  a rec tangular  channel s ec t ion  o f  t he  Same depth and extending t h e  
f u l l  width o f  the b e m s  o r  10.B (ourvea1). These two r e s u l t s  a r e  then 
meaned pzoport ionately to  the  r a t i o  of berm depth t o  channel depth; 
i n  order  t o  give curves 11. 

Netherlands Ship Basin Laboratory (N.S.P.) 

I n  connection with the  design of t he  new harbour entrance near  
Hook o f  Holland (Europoort)  the Ri jkswaters taa t  asked N.S.P. t o  car ry  
ou t  model t e s t s  i n  order  t o  f i n d  the  m a x i m u m  squat of big t ankers  i n  
waters with r e l a t i v e l y  smal1 depth and p r a c t i c a l l y  u n l i m i t e d  width. 

l'he v e s s e l  used for t h e s e  t e s t s  was a scale model (1:40) o f  a 
tanker  o f  100,000 tons deadweight (breadth 41.15 m; d r a u g h t  15.24 m ) .  
I t  is assumed t h a t  t h i s  model is a l s o  r ep resen ta t ive  f o r  var ious  s i a e s  
of tankers  on c t h e r  s ca l e s .  

Squat measurements were made of tankers '  bow and s t e m  aq a t  f o r  
= 1 .1 ,  

1.2 and 1.4. I t  was found t h a t  m a x i m u m  squat general ly  appeared at the  
sh ips  bow. 

The r e s u l t s  o f  these i n v e s t i g a t i o n s  were embodied in a graph 
( P i p r e  12)  represent in  

' a  range of  shipsl  speeds and r a t i o s  of  water depth t o  draught t 

I' ourves as a r e l a t i o n  between dimensionless 

A corresponding curve f o r - t r  1.25 was determined by t h e  Sogreah 
Laboratory method. This curve has been dram i n  Fig.11 and  shows good 
agreement w i t h  the  curves o f  N . S . P .  

vaïues of  Zmax. and ~ f T  
P -R- 

3.2. Sauat measurements i n  na ture  

Maracaibo Deep ühannel 
Under the sponsorship of  the member oompanies of  the Marine 

üonference, squat measurement of t ankers  were made i n  the  Maracaibo 
Deep Channel i n  1958 and 1959. 

point ing upwards, wae placed on the  channel bottom ( i n  the fairww) 
and connected @y a cable  t o  the  recorder  ou ts ide  the  fairway (method: 
"echo-sounder i n  reverse") .  

fol lowing information: 

Squat waa determined by means of a echo-sounder) the p ro jec to r ,  

Af te r  t h e  passing o f  a tanker the recorder  t r a c e  gave the 

- 1 -  
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1. Depths o f  water; 
2. under-keel olearanoe and 
3. t r i m  of t h e  ves se l .  

the  bow and s t e r n  squat  could be found. 
Taking i n t o  oonsideration the draught of the vessel when atopped, 

During squat  meamrements the  shipl s apeed was de temined .  
Observations took plaoe a t  th ree  p a r t s  o f  the+ohannel, vis: 
Inner  p a r t  of  the  ohruuieli bottom depth 37p - 39 f t . ,  width 600 P t . )  
t ankers  16,000 - 19,000 t(dw.) and 25,000 - 28,000 t (dw.1 .  
Outer p a r t  of t he  channel (wide channel oondi t ions) :  bottom depth 
43 - 44 f t . ,  width 1,000 f t . )  tankers  16,000 - 19,000 t ( d w . 1  and 
25,000 - 28,000 t ( d w . ) .  
Outaide channel breakwater (open seas (wave) oondi t lons) r  bottom 
depth 384 - 424 f t . !  tankers  16,000 - 19,000 t(dw.1 and 35,000 
t (dw.  ). 
Figure 12  g ives  the  r e s u l t s  ( p o i n t s  o f  t he  measurements for 

tanker  i n  25,000 - 28,000 tons olass, mentioned under b oompared 
t h e  curve represent ing  maximum squat aocording $0 model t e s t s  T o r  t he  
Same condi t ions.  

a. 

b. 

o. 

r l t h  

Rotterdam Waterway, Deep Ohannel 
Rijkswaterstaat, i n  oooperation with S h e l l  a n d  Eaao, has been 

measurlng the squat of t ankers  i n  the  35,000 - 90,000 ton3 c l a a s  i n  
t h e  deep channel l ead ing  t o  t h e  entranoe of t he  Rot te rdam Waterway 
(nsar Hook o f  Holland).  

A s  i n  t h i s  ohannel t ra i l ing-dredging  i s  permanently in progress ,  
the  method " r e v e r s i b l e  echo-sounder" o a n n o t  be used he re ,  and another  
method had t o  be ohosen. So the  observat ions are made by means of 
l e v e l l i n g  instrumenta mounted on the  end of the  North breakwater. By 
these  instmunents,  t o  which a camera can be l i nked ,  the l e v e l  near 
the bow and stern of t he  vesse l ,  when moving, a r e  leVSlled,  namely, 
a. 

b. 

I 

With the  a i d  o f  specially-designed staffs mounted on the  s h i p ' s  
supe r s t rua tu re  ( reading or/and photos) and 
by photographing s i g n i f i c a n t  p a r t s  (windows, e t c . )  o f  the 
v e s s e l ' s  supers t ruc ture .  
The l e v e l  o f  these  s ta f f s  and s i g n l f l c a n t  p a r t s  of t h e  s h i p  

r e l a t i v e  to  the  water l e v e l  (undis turbed)  is  known. This water l e v e l  
5.8 recorded and depth of t he  channel bottom oan be taken from soun- 
dings.  During the  l e v e l l i n g  the  t a n k e r ' s  speed i s  measured. 

t o  depth,  can be determined by taking i n t 0  aooount the  s h i p ' s  draueht 
( f o r  and a f t )  when stopped. 

A s  an example, t he  r e s u l t s  of a squat  measurlng of  t he  
77,148 - ton She l l  tanker  "S i t a l a "  (breadth  38 m i  draught 13,9 m )  
has been p l o t t e d  on Pig.12 a g a i n s t  the  s h l p ' s  speed ,  a n d  t h i s  O O l n -  
c i d e s  with t h e  oorresponding squat curve taken from the  model tests. 

So bow md s t e r n  s q u a t ,  a t  va r ious  speeds and ratios of  draught 

- 4 -  
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4. THE MOVEMENE OF THE EXTEQlME POINTS OF TEE V E S S E L S  HUL5 AS 
IHPOSED BY %'HE WA'i'EñMOVE&ENT DUE TO WAVES 

ïf the  water surfaoe i s  d is turbed  by wave ao t ion  the  ves se l  is 
moving under in f luence  of these waves, There are hhree oomponante 
re la ted t o  the matter i n  hand. 
Heave is the  ver t ioal  motion of t h e  oent re  of g r a v i t y  of the  ship.  
If no o t h e r  motions are present  t h i s  is equivalent  t o  an up and down 
motion o f  t he  whole ship.  Rol1 is defined as the  angular motion around 
the  long i tud ina l  a x i s  through the oentre of g r a v i t y  a n d  p i t o h  is t h e :  
angular  motion around the athwart sh ips  axis. 
PXe amplitude of t h e  motion of t he  extreme p o i n t s  of t he  vessels h u l 1  
is influenoed by t h e  dimensions of the sh ip  and the  s t a t e  o f  the sea 
whiohoan be defined f o r  eaoh wave d i r e o t i o n  by wave he ight  and wave 
p e r i o d .  

4.1. Desoript ion of t he  s t a t e  of the sea 
l'he s t a t e  o f  t he  sea  a a n  be d e s o r i b e d  by the  wave speotrum that  

describes mathematioally the d i s t r i b u t i o n  of the square of t he  wave 
he ight  (wave energy) w i t h  per iod .  
The most d e s i r a b l e  method t o  ob ta in  suoh epeotra  i s  by ana lys ia  o f  l o o a l  
measurements. If suoh measurements a re  not a v a i l a b l e  the spec t r a  must be 
estimated f r o m  observat ion o f  wave h s i g h t s  and per iods.  
I n  t h i e  example long  ores ted  i r r e g u l a r  sens  a r e  used instead of sho r t  1 

1 ! o r e s t e d  atlas f o r  t h e  case  Of s i a p l i o i t y .  
! I i , i  fPigure 13 g ives  the r e l a t i o n  between observed wave he igh t  and obaervod 

Por eaoh Beawfort number the average observed period lias been p l o t t e d  
on base o f  ths  wave he ight ,  A l i n e  drawn through these epots  givee the 
r e l a t i o n  between observed perlod Tw and wave he ight  H used i n  the  wave 
speo tra. 
Pigure  14 shows the Porm of these wave speo t r a  whioh are i n  t h i s  example 
used f o r  t he  subsequent determinat ion o f  t h e  s h i p  motions. 
They a r e  of  the Neumann type and defined by: 

,,*,\wave period on the N o r t h  Sea [5].  ' 

where w is t h s  wave frequenoy i n  rad ians  pe r  seoond. 
The va lues  of @I and 02 a r e  se leo ted  in suoh a manner t h a t  the slgnifi- 
c a n t  wave he ight  i s  equal t o  t he  observed he igh t  and the  average per iod 
o f  the z e r o  upcrossings i s  equal t o  t h e  oonoomitant observed per iod.  

Tf t h i s  procedure of es t imat ing  the  wave speotrum is followed, eaoh 
viilue of t h s  significant wave defines one s p e o i f i o  speotrum. 

A method analogous t o  the  sampling method desoribed in the previous 
chnpter  was ndopted i n  t h i s  example t o  determine the  s t a t i s t i c a 1  d i s t r l -  
but ion o f  s i g n i f i c a n t  wave heights .  

l'he only d i f fe renoe  is t h a t  the l i n e a r  funot ion  H = 0te.V (Pig.15) 
was used f o r  the ex t r apo la t ion  of t he  r e l a t i o n  between the  wind data 
aad t h e  wave he igh t s  i n s t e a d  o f  the quadra t io  funot ion used i n  Fig.7. 

.. ._ --"--/- 

I 
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Since ñ2 is pmpor t iona l  t o  the energy o f  t he  waves, t h i s  l i n e a r  
r e l a t i o n  s a t i s f i e s  t he  energy r e l a t i o n  again.  The s i g n i f i c a n t  wave 
hs ight  d i s t r i b u t i o n s  are  a l so  almost gaussian f o r  most of t he  96 groups 
o f  wind oondi t ions ( s e a  Fig.  1 6 ) .  

E ' IGUEE 16  

P o r  t he  higher  wind f o r c e s  (10 Beaufort  and more) ,  however, l i n e a r  

However, t he  number o f  obsarvat ions i s  so smail, t h a t  the gaussian 

ex t r apo la t ion  g ives  the  l i n e s  t h a t  seems t o  devla te  f r o m  the  observat- 
i o n  ( p o i n t s  i n  Fig.16). 

d i s t r i b u t i o n  computed with the a id  of  t h e  l i n e a r  ex t rapola t ion  i n  Fig. 
15 may a l s o  be accepted f o r  f u r t h e r  oomputations. 

4.2. Oombination o f  parametere- determining the c r i t i o a l  8618 
sur face  condi t ions  

The previous sec t ion  indioated t h a t  t h e  necessary overdepth depends 
p a r t l y  on the  motions OP tbe  sh ips  en te r ing  the harbour .  These mot ions  
a r e  influenced by the  dimensions o f  t he  sh ip ,  wave he ight ,  wave period 
end  wave d i r ec t ion .  Moreover both sh ip  motions and waves a r e  influenced 
by the  waterdepth. 
PherePore i t  i s  necessary t o  make a roiigh es t imate  about t h s  required 
waterdepth beforehand. A t  present  i t  i 6  s t i l l  oonsidered imposslble t o  
c a l c u l a t e  s h i p  mot ions  on shallow water and therefore  d i r e c t  measurements 
on ship m o d e l s  a r e  r e q u i r e d .  When the model experiment6 a r e  oonducted 
i n  var ious  regul.ar wave oondi t ions the  r e s u l t s  can be used t c  determine 
the p robab i l i t y  of  t he  occurrence of l a r g e  devia t ions  under  a c e r t a i n  
weather condi t ion ,  provided the wave apeotrum of  t h i s  weather condi t ion 
i s  ava i l ab le .  
Because o f  the s toohas t ic  oharac te r  of the sh ip  motione no absolute  
maximum amplitude e x i s t s ,  and a maximum acceptable  p robab i l i t y  of bottom 
con tac t s  has t o  be determined. 

a s t o c h a s t i c a l  phenomenon which i 6  independent on the o the r  f a c t o r s  
oaused by wind: the windeffects  a n d  the wave he ights .  

P o r  concomitant wind data i s  fcund t c  be weak i n  t h e  North Sea, i n  
s p i t s  of t he  fact  t h a t  t he  wavee a re  mostly generated by t h e  wind f i e l d  
that  oausea the wind e f f e c t .  

i o n 8  OP both s i g n i f i c a n t  wave he inh t s  and wind  e f f e o t s  was f o u n d  t o  be 
0.02 for %he Same p o u p  of  wind  da ta :  wind foroe  7,  wind d i r e c t i o n  RW. 

A s  s-tated before ,  t he  astronomicai t i d e  can of ten be regardsd as 

The o o r r e l a t i o n  between signifiofìnt wave he ights  and wind e f f e o t ~  

P o r  ercample, the  c o r r e l a t i o n  coëf , t i c ien t  obtained f r o m  136 observat-  

I So there  i s  no s i g n i f i c a n t  oo r re l a t ion  a t  a l 1  withln such a group. 
This apparent i l l o g i c a l i t y  I s  p a r t l y  due t o  t h e  d i f f e r e n c e ~  between 

the l a g  o f  the wind e f f e c t  being 6 houre, ( s ee  previous chapter )  and the  
observed l a g  of 2 o r  3 houre i n  the ohanges i n  the wave he igh t s  due $0 
by increas ing  wind.  

l~ 

i -  

- so - 
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I :  So t h e  basic  s t a t i s t i c a l  laws on summons and produots of  combined 
p r o b a b i l i t i e s  may be appl ied oombining a l1  th ree  f a c t o r s :  tbe astrono- 
mical t i d e ,  A ,  the wind  e f f e c t  W and t h e  s i g n i f i c a n t  hs ight  H of the 
wind waves. 

In  r e spec t  t o  t h e  sh ips  movements: 
p i t c h , r o l l  and heave, t he  s i g n i f i c a n t  wave he igh t s  H h w e  to  be 

reduced t o  t h e  signlfioant amplitude 5 Hs of t he  sh ips  movement by a 
response f a c t o r  a 80 that  
s u f f i c i e n t  d a t a  on the z v a l u e s .  Thie c o e f f i c i e n t  i s  taken î o r  va r i ab le .  

Hs 5 4dH. As long as the re  a r e  no t  

The necessary over depth 5 i s  determined by: 
5 i. A + W - &ZH + squüt 4. I 

p ( 5  p (Ai) s P (wj) P (Hk) 4.2 
and i t s  p robab i l i t y  of occurrence by: 

provided  i ;  j and k a r e  varying through a l 1  combinations of va lues  
that  agree with equat ion 4.1 and rovided both t h e  p r o b a b i l i t i e s  of 
ocowrence  o f  t he  wind e f f sc t s  P P W3)and the  wave he igh t s  P(Hk) a r e  
der ived from the  Same r o b a b i l i t i e e  o f  ooourrence o f  t he  wind. 

The p fobab i l i t y  PpJ) is evaluated separa te ly  for t he  fol lowing 
va lues  o f  d : 

oi = O; .%; 1 ;  2 i n  Fig.17. 

FIGURE 17 

This f i g u r e  is the  base f o r  t h s  dec is ion  i n  respeot  t o  the  des ign  
c r i t e r i o n .  

T h e ~ a c t u á L , l e v e l  of t he  p m b a b i l i t y  w i l l  have t o  depend on the 
s o i l  condi t ions  i n  the  harbour en t rance  (a rock bottom w i l l  be more 
dangerous than a sandy bottom) an8 the  type of ship (smal1 ships w i l 1  
be r e l a t i v e l y  l e s s  m i n e r a b l e  than l a r g e  ones) ,  ~ A l 8 0  the  occurrence of  
dens i ty  d i f f e renoes  may play a ro l e .  

I n t e r e s t i n g  is the  small v a r i a t i o n  of t h e  d i f f e rence  between the  
curves d 5 o a n d a  = 1 f o r  a l1  p r o b a b i l i t i e s  o f  oocurrenoe P ( S ) ,  so we 
o a n  conclude, t h a t  i n  t h i s  oase as long  as the  va lus  of t he  response 
o o e f f i c i e n t  
dec i s ion  problem. 

~ - -. .~. . ~ ~ .  ...... 

-~ ~ ~. 
remains below 1 ,  the  r e a l  value is not  -of importanos f o r  

4 . 3 .  Motions of a f r e e  moving v e s s e l  __- under  t he  inf luence  of- 
Por the  determinat ion of the  overdepth required by wave induoed 

ship go t ions  is i l l u s t r a t e d  h s r e  with the  example of  a 100,000 ton 
(deadweight) tanker on the North Sea. 
The dimensions of t h i s  ship a r e  as fol lows:  

Length (between perpendiculars )  274.32 m 
Beam 39.40 m 
Draught (evsn k e e l )  15,24 m 
Displacement 133,600 m3 

- Response - 
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Response i n  remlar waves 
The v e r t i o a l  motion of  any p a r t  of t he  h u l 1  can be ccmputed 

onoe the  th ree  motions heave, r o l 1  and p i t c h  and t h e i r  mutual phase 
angles  a r e  known. However, because the  accuracy OP phase measurements 
o f f e r s  some d i f f i c u l t i e s ,  i t  w i l l  o f t e n  be more p rac t i ca1  t o  determine 
the v e r t i o a l  motions d i r e c t l y  f o r  the  c r i t i c a l  po in ts .  Figure 18 shows 
the  r e s u l t s  of t he  measurement of the  v e r t i c a l  motion of the b i l g e  i n  
a non-dimensional way. The experiment was conducted i n  beam waves a t  
za ro  speed of  t h e  ship.  Prom o t h e r  t e s t s  i t  is known t h a t  t h i s  r e s u l t  
w i l 1  a l s o  be v a l i d  f o r  speeds up t o  about 10 knots.  Por  very l o n g  
per iods  the  wave s lope  approaches zero ,  80 t h e  v e r t i c a l  b i lga  motion 
beoomes equal t o  the heave. Beoause the  v e r t i c a l  motion of the  cen te r  
of  g r a v i t y  w i l l  be the  Same a s  those of t he  surrounding water i n  the  
long period waves, the  non-dimensional b i lge  motions approache un i ty .  
The na tura1  r o l l i n g  period o f  t h i s  tanker is 14,6 sec. Therefore the 
l a r g e s t  b i l g e  motions are found  f o r  waves c lose  t o  t h a t  per iod,  
although t h e  a c t u a l  maximum occur6s a t  longer  waves because of the 
inoreas ing  inf luence  o f  the  heave motion. 
Figure 19 g ives  the  v e r t i c a l  bow i o t i o n . i n  head and fol lowing waves. 
These r e s u l t s  belong t o  Che tanker  going w i t h  a speed of  8 knots  i n  
water o f  a depth of 1.2 times the  draught ,  t h a t  is 18.28 m. 
In t h i s  case  the  per iod o f  encounter  between ship and wave is 
d i f f e r e n t ,  depending on t h e  wave d i r ec t ion .  
'Pherefore the  maximum values  oocur i n  waves o f  d i f f e r e n t  per iods.  

I n  t h i s  example oniy the  motion o f  the  windward b i l g e  and f o r e f o o t  
are included. A complete study must a l s o  conta in  the  leeward b i l g e  
and the so le  p í ece  of the sternframe. When r egu la r  waves a re  used t o  
p r e d i c t  t he  behaviour i n  confused seas i t  has t o  be assumed t h a t  the 
s h i p  motions a r e  l i n e a r  w i t h  t h e  wave he ight  f o r  an otharwiee similar 
wave condi t ion.  This assumption has been adopted as a f i r n t  approximation, 

Response i n  i r r e g u l a r  waves 
When t h e  wave spectrum and the  response i n  r e g u l a r  waves amknown 

ths motion spectrum oan  be determined by means o f  t he  usual  method 
i n  whioh the  wave spec t r a1  d e n s i t y  is mult ip l ied  w l t h  the  square o f  
t h e  response operator .  This has  been done he re  f o r  t h e  spec t r a  o f  
F igu re  14 and the response ope ra to r s  of F igures  18 and 19. Figure 20 
p resen t s  the  r e s u l t s  f o r  t h e  v e r t i c a l  motion of the  b i l g e  i n  i r r egu-  
l a r  beam seas.  This motion has been made non-dimensional by d iv id ing  
through the  s i g n i f i c a n t  wave he ight .  ThBqUotienf i nc reases  with 
inoreas ing  wave he igh t  which means t h a t  the re la t ion between b i l g e  
motion and s i g n i f i c a n t  wave he ight  is non-linear when, f o r  i n s t ance ,  
t he  wave he ight  doubles from 2 rn t o  4 m the  b i lge  motion becomes more 
than threefo ld  i n  going from 0.68 m to  2.28 m. Th i s  phenomenon I s  
caused by t h e  f a c t  t h a t  the  sh ip  motions a r e  pr imar i ly  inf luenced 
by t h e  low frequency components of the  sea,  while Pigure 14 Show6 
t h a t  with inc reas ing  wave he igh t  th i s  l o w  frequency p a r t  of t he  
spectrum grows more than propor t iona l ly .  

- Pigure - 
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Pigure  21 g ives  t h e  value o f  3 f o r  t he  forefoot  motion i n  heaâ 
and following waves. The general  cha rac t e r  is very similar t o  the 
curve f o r  t he  b i lge  mot ion  i n  the  prevloue Figure. The most s t r i k i n g  
d i f fe renoe  is t he  much lower value of  t he  forefoot  mot ion ,  e spec ia l ly  
i n  fol lowing seas.  

I t  must be kept i n  mind t h a t  the Pigures  20 and 21 a r e  not 
general ly  appl ioable  but exalusively t i e d  t o  the sh ip  and wave 
condi t ions oonsidered here .  
In  the  present  case i t  appears that the danger  of  b o t t o a  con tac t e  
is l a r g e r  i n  the beam sea than i n  t h s  o the r  two wave COZIditiOnS. 
The smal1 fo re foo t  motion i n  following seas  compared t o  head seas  
may be o f  importance f o r  some harbours where l a r g e  tanksre  a r r i v e  

mostly follovrine seas)  i n  t h e  deep draught condi t ion and leave  
mostly head was) i n  b a l l a s t .  

The necessary overdepth 
Por  a &ven value of the s ign i f i can t  wave height  H t he  differenoe 

between t h e  momentary dev ia t ion  o f  the sea l e v e l  and the average 
fol lows a gaussian p robab i l i t y  d i s t r i b u t i o n .  Because the response  of 
t he  s h i p  i n  r egu la r  waves is assumed t o ~ b e  l i n e a r ,  the momentary ver- 
t i o a l  displacement o f  the c r i t i c a l  p o i n t s  on the hu l1  a l s 0  f o l l o w s  a 
gaussian d i s t r ib i i t i on .  From the  theory of  narrow spec t r a  i t  i s  h o m  
t h a t  the s i g n i f i c a n t  wave height  is equal t o  f o u r  t imes the  standard 
devia t ion  o f  t he  gaussian d i s t r i b u t i o n .  Likewise the s i g n i f i c a n t  value 
o f  the sh ip  motion i s  a l 8 0  f o u r  times i t s  s t anda rd  deviat ion.  Therefore 
the p robab i l i t y  d i s t r i b u t i o n  of t he  motion of the o r i t i o a l  po in t s  on 
the  hul1 oan  be derived from the s i g n i f i c a n t  wave height  H and t he  value 
of ')i . By means of t he  known gaussian funot ion  the percentage of time 
can be determined during whioh the c r i t i c a l  po in ts  on the hu l1  w i l l  
be lower than p times t h e  standard dev ia t ion  
l'hus the overdepth &I& neoessary f o r  a c e r t a i n  wave condi t ion can be 
determined, w i t h i  

X H. 

&s = 4 p x  H. 
Por-the sake of s i m p l i c i t  t h i s  has been w r i t t e n  as: 

p.X It  kras t o  be noticed t h a t  t he  4- €Q = &ci H a n d  t h e r e f o r e a  = 
value f o r  a , and therefors  a l so  the  va lue  o f  d. , is a func t ion  af 
t he  wave he ight .  T h i s i s  contrary t o  the assumption used previously 
i n  t h i s  repor t  w h e r e á  was taken as cons tan t  f o r  a given wave direct-  
ion. Burther study is necessary i n  order  t Ò  overcome t h i s  diffioulty. 
It i s  not  impossible t h a t  f o r  t he  ship used here  i t  would have been 
b e t t e r  t o  assume t h a t  t h e  motions a r e  proport ional  t o  the  wave he ight  
squared. On the o the r  hand, i t  is expeoted t h a t  for smaller  sh ips  3 
w i l l  be l e s s  dependend on wave height.  In order  t o  i l l u s t r a t e  t h i s  
method an example is given here  f o r  the case where the tanker  is 
steaming i n  beam 8688 w i t h  a s i g n i f i c a n t  height  H = 5 m, 

According t o  Pigure 20 f o r  t h i s  wave height  a =  O , 7 O .  
Suppose a p robab i l i t y  of bottom contac ts  i s  required,  suoh t h a t  during 
l e s s  than 0.001% of time the ava i l ab le  overdepth is i n su f f i c i en t .  

- According - 



- 1 3  - 

I '  

According t o  t h e  normai d i s t r i b u t i o n  f u n c t i o n  i n  t h a t  c a s e  the 
overdepth  has t o  be more t h a n  4127 t imee t h e  s t anda rd  d e v i a t i o n ,  
80 h e r e  p = 4.27. With t h e  v a l u e s  of p , and H now a v a i l a b l e  
the m i n i m u m  ove rdep th  f o r  beam s e a s  can be e s t a b l i s h e d  wLth~ the 
above g i v e n  e q u a t í o n  as Q HS = 3.74 m, which means t h a t  OL = 1.50. 

.~ 

Example ~~ 

By means of t h e  rnethods desc r ibed  i n  t h i e  r e p o r t  the  d e p t h  O f  
a ha rbour  approach aan  now be determined.  As an example t h i s  w i l 1  b e  
done h e r e  f o r  t h e  100,000 t o n  tanke , r  e n t e r i n g  a harbour .  
The t a n k e r  has a d r a u g h t  of 15.24 m and i t  does  e n t e r  t h e  ha rbour  a t  
a speed o f  8 k n o t s ,  I t  h a s  been shown t h a t  t h e  beam s e a  i s  t h e  c r i t i -  
c a l  wave i i r e c  t ion.  
A p r e l i m i n a r y  survey i n d i c a t e d  . tha t  t h e  f i n a l .  e s t i m a t e  f o r  t h e  r e -  
qu i r ed  wa te rdep th  would be n e a r ~ t o  1,2 ti.mes t h e  s h i p s  d raugh t .  In 
.that c a s e  P igu re  11 i n d i c a t e s  a s q u a t ~  OP 0.40 m a t  a speed of 8 kno t~s .  ~:~ 
Prom t h e  model and wave etudy t h e  va lue  of ÖL = 1.50 has been select ad.^ 
When i t  i s  cons idered  t h a t  on ly  d u r i n g  I$, o r  l e s s ,  o f  t h e  t ime s h i p s ~  ~ 

can  be h e l d  up o u t s i d e  t h e  ha rbour  e n t r a n c e  t h e  r ight  h a l f  of g i g u r e  
17 i n d i c a t e s  that  5 i s  about  - 2.40 m f o r  & = 1.5.  Therefore  t h e  
bottom of t h e  ha rbour  e n t r a n c e  has t o  be a t  l e a s t  t + Z + 5 = 15.24 + 
0.40 + 2.40 e q u a l s  abou t  18.00 m below t h e  mem s e a  l eve l .  

It i s  c l e a r  that  t h e  p r o b a b i l i s t i c  method us~ed h e r e ~ i s  n o t  y e t  
comple te ly  s t r a i g h t  forward i n  al1 respect ' s .  F u r t h e r  s t u d i e s  w i l l .  be 
made t o  e l i m i n a t e  t h e  undetermi.ned u n c e r t a i n t i e s  which a h  s t i l l  
involved .  
These s t u d i e s  w i l 1  i n c l u d e  t h e  annal~ysis of wave s p e c t r a  &nd %he determ$- 
nation O f  response ooef f i c i ea t e r  in o o a a t d  areas and measurements on 
o t h e r  moaels i n  waves. 

4.4. .  Motions of v e s s e l s  when a2proaching  o r  v a c a t i n g  o f f - sho re  
b e r t h s ,  s i t u a t e d  i n  l i m i t e d  wa te raep ths  and v e s s e l ' s  
behav iour  when m o o r 3  t o  t h e s e  o f f - s h o r e 2 t x u c t u r e s  

- 

4.4.1. General  c o n s i d e r a t i o n s  on o f f - s h o r e  b e r t h s  

I n  some c a e e s  t e c h n i c a l  and economical c o n s i d e r a t i o n s  may 
exc lude  t h e  p o s s i b i l l t y  of dredgin;: deep  ha rbour  approaches and 
b i l i l d ing  of a l o n g s i d e  j e t t i e s  w i t h i n  harbowr b a s i n s ,  e u i t a b l e  t o  
accommodate l a r g e  VeSselS, orude o i l  t a n k e r s  in p a r t i c u l a r .  Off -shore  
b e r t h s ,  sometimes l o c a t e d  i n  t h e  'open s e a ,  wculd r e p l a c e  t h e s e  p r o t e c t e c  
ha rbour s ,  p rovided ,  t h e s e  b e r t h s  a l low t h e  s a f e  b e r t h i n g  and eubsequent  
l oad ing /d i scha rg ing  of t h e s e  l a r g e .  v e s s e l s .  

There are t h r e e  types  of o f f - sho re  b e r t h s  v i z :  a l o n g s i d e  j a t t i e s  
nu l t i -buoy  mooringe and mono-buoy moorings.  
These t h r e e  t y p e s  of  herths a r e  t o  be looa ted  as  c l o s e  as p o s s i b l e  t o  
t h e  s h o r e  as t o  r e s t r i c t  t h e  l e n g t h  of  t h e  subme'rged o i l  p ipe  l i n e  
o r  p i p e  t r e s t l e  from t h e  b e r t h  t o  l;he c o a s t .  Th i s  immediately,  b r i n g s  
i n t 0  t h o  p i c t u r e  t h e  m i n i m u m  rlepth requirement  a t  t h e  b e r t h i n g  s i t e .  ' 

I t  is noted th , a t  t,he silbmarine p i p e i i n e  cosi;c form t h e  major p a r t  i n  
t h e  t o t a l  c a s t s  O f  an o f f - s h o r e  s i n g l e  buoy b e r t h .  
The minimum d e p t h  r equ i r ed  f o r   these^ o l f - sho re  b e r t h s  a r e  of cour se  
r e l a t e d  t o  v e s s e l '  s rnotion. As f o r  l;he multi-buoy mooring and t h e  

- a longe ide  - 
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&longsi.de j e t t y  berths, the veseel ts  motions have~qniy l i t t l e  effect  
on these depth reqi2irsmWt8, eince modsrate wind and sea conditions 
are the l iml t ing~fao to r  t o  berthing opemtlone anä a l 8 0  CB remaining ' , 

a t  the berth, the motioae of theee lar80 yetpgle'aqre har(ll;ypotloeable ~ ~. 

at these iypes of berthe. On the other hand t h i  motionia os, the oee8kl, ~ ~ 

when approaoking ~a 8ingle PoinB Afooring OF rrll.n bePth8d tQ thi8 $nip ' . . 

of mooring f a c i l i t y  have a muoh greater infl.uutkpe On dspPh ~ r & p J i Z + E m + t Ú , ~ ~  ~, 

as t h i s  type of bertb may sti l l  be   op er at ion al a d e r  re la t ively ~Faug& ' , ~.; ~ , '  ~ ~ 

aea conditions. 
Of the three types of off-share berthe rolongside j e t t y  type, nIUl$l- 
buoy mooring and Single Point H o o r i q  (S.P.M.) in 'bhis papar  a t ten t -  
ion  w i l 1  be ooncentrated on ths l a t t e r  sá, g o r  th i s  type' ship'e. niotione 
are of greater influence on depth~requirements~ Chaa for the other two. 
$he following de ta i l s  regardlng the berthing operations ior eaah ob , -  , , . . i  
these berthe may be explanaterg f o r  the $reater ~soope of the S.P,.&,, : , ,  

f a c i l i t y  when oompared with the othera. me UQE of @&dongside j*$'%$,; . ,. ., 
bu i l t  i n  the open 8ea or bag may i n  some 98888 h4Vg preierenoe I ' ' , ~  

buoy berth, assuming tha t  wind an8 888 conditions a l l o w  , . . ~ .  the . ~.~ ~veaaok. .? ~~ 

CO be  &rti:eJ? ;wd tg re~iaic itt tb..' berth during a~number of dayá' 
yea r  a u f i i o i c n t  t o  make chis f l f f - , y k u r P  terminal operntion@lly 
economically a t t racf ive.  , 

Although an o f f - e b r e  islor.gaiié j + : t t y  ~wy iio prqvlleii  with the 
appropriate fendrring sye Lem, any s idr i i f  i c m t  d r v f a t i o n  of the,  
speed of the veesel, greater tkan fop i h l o h  thb ja t t .? ,  m d  lende 
been designed, gay be deanstrou8 Tor *.'.e .wko..e aL,t+t~a+ .re.  
Tug assistanoe w i l l ~ b e  required in nrariy ai:rc.,r:' t o  i e a p  the Iarge veesele 
under oontrol. Wha during~ the berthiii& opei-ettion fludnen wind! epuslla 
are  experienced with apeede o f ,  8ay 25-517 mok, i t  :n;iy still  bin very 
d i f f iou l t  t o  aanoeuvre $he V O B B C I  Inbo !he ber$h, partioularly when 

. ,  
, '  

' ,  , ' 

the,  wind d i r e c t i o n  is already s l f g h t l y  eiinöm of tile ohip .  % 

&'hen %he vessel is moored t o  tha dongtiIIe bertb-, wlr.!let wind end 
wave oonditions deteriorate,  the moorin:! o m l e e ,  . ~ i h i ? h  provi.de a 
re la t ively stiff conneotion with the j e t ~ t y ,  may braak a$, a reeul t  of 
a oombination of veseel'a motiona and constant wind fomes. The vessel ~ .~ 

may f ina l ly  break a d r i f t ,  endangering hereelf and the j e t t y  struoture. 

As for t h i s  t ype~cf  berth both vessel and structure a re  a t  stake, i t  
is safe prao t io i  that  berthing operations are delwed and vessels are ~ ~' 
ordered t o  leave the berth wìien oonditione are st i l l  relat ively moderate-.~i 

A suitable ber th  Co aocommodate lar ge^ veaaels at oif-share s i t e s  at  ~ ~ , '  

whioh moderate win8 and soa ocnditions prevali, ie the multi-buoy 
mooring. The vessel ie moored t o  a number oP~buojr8 a d  also t o  her o w i ~  
oablee and anchors. 

since f o r  t h i s  type of berth s l ight  darnage t o  the vesael may be the 
r e su l t  of a malperfo6med manoeuvre at~whigh ORB @r two rnooring buoye 
mcyr be touched. Although for this.fiPixed hQaAlag moiring, it  maJr alao 
be d i f f i o u l t  or  evqn impoeeible t o  manoeuvre the veeael in ta  t h e  bezylh~ 
at, beam winde. The berthing operation is quite  oumbersome, first OP 
a l 1  the v e s s e l  d r o p s  her bow or p o r t  anahor, eai ls  slowly ahead and ~, 

As for the multi-buoy moorkg *he riska involved are not  so grbat ~. 

- '  

. ~ :  
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drops h e r  seoond anohor, swlngs back with h e r  s t e r n  towards  a s e r i e s  
of mooring buoys. Other mooring procedures might be adheared t o  
depending on oondi t ions connected w i t h  t he  s i t e .  
ûne, i n  many cases  two mooring launches assist  i n  making t h e  cable  
connections between t h e  ves se l  and the  buoys, of  whlch sometimes a 
number o f  f l v e  a r e  necessary t o  keep t h e  ves se l  s a fe ly  i n  t h e  ber th .  
Por  scme of these  multi-buoy moorlngs tug a s s i s t ance  i s  als0 requlred 
t o  f a c l l l t a t e  the mooring operat ions.  
Thls f lxed  heading multi-buoy mooring w i l 1  usual ly  be o r l en ta t ed  with 
i t s  long i tud ina l  axls  p a r a l l e l  t o  t he  preva i l ing  wind/wave d i r ec t ion .  
In some oases  a s t rong  ourrent with a d i r e c t i o n  d i f f e r e n t  f rom the 
p reva i l i ng  wind d i r e c t i o n  is determinant f o r  t he  d i r e c t i o n  of  t h e  ber th .  
A s  f o r  t h e  alongside be r th ,  the vesse l  has t o  vacate the be r th  when wind 
and s e a  conditiona d e t e r i o r a t e ,  p a r t i c u l a r l y  i n  case of beam winds, 
generat ing wavss whioh cause the  vesse l  t o  r o l 1  t o  such a degree t h a t  
loading  o r  dlscharge opera t ions  need Co be stopped. A t  the Same time 
the  loads  in the  mooring oables  may beoome too high owlng t o  g r e a t  wind 
loads  and oonsiderable  motion of t he  vesael .  
ï t  is noted that  the  magnitude of these  l o a d s  as a r e s u l t  of s h i p ' s  
motion depends on d i r e c t i o n  o f  wave approaoh and wave o h a r a o t e r i s t i a s  
e.g. swel l  condi t ions may i n i t i a t e  resonance of t he  sp r ing  system of  
t he  ves se l  and mooring cables.  (Xeference is made t o  an a r t i o l e  on 
model experiments on the  mooring o f  large tankers  [6].) 
It  is conoluded t h a t  prevlous t o  t he  need t o  consider  depth requirements, 
t he  be r th  w i l 1  have t o  be vaoated a l ready  when motions o f  t h e  vesse l  
are s t i l l  r e l a t i v e l y  small. 
Depth lequlrements were therefore  up til1 now already f u l l f i l l e d  when 
allowing f o r  a few !eet under kee l  olearance.  P o r  a spec i f lo  s i t e ,  
however, a more thorough study w i l 1  need t o  be made as t h e  s i ze  of 
t he  ves se l s  now ava i l ab le  may requi re  a g r e a t e r  average under keel  
c learance,  than belng coneidered 50 far.  This study should lnclude 
the  assessment of  the max. oondi t lons at which ber th lng  of the vesse l  
can s t i l l  be e f fec ted  and a l s o  of t h e  w l n d  and 8ea condi t ions at  which 
the b e r t h  need t o  be vaoated. Genera1 inPonuation on sh ip '  s movements 
a t  c e r t a i n  condi t ions can be obtained fxom a repor t  issued by U . S .  
Naval C i v i l  Engineering Laboratory C a l l f  o rn ia .  [7 ] 
The t h i r d  type off-shore ber th  developed t o  moor l a rge  ves se l s  and 
allowing the  disoharge o r  loading o f  orude o i l  and o i l  produots is t he  
Single  Point  Mooring (S.P.M.) o r  mono-mooring. "he v e s s e l  i s  moored at  
the  bow t o  a s ing le  f i x e d  s t r u c t u r e  o r  t o  a s ing le  buoy, and I s  f r e e  
t o  swing around t h i s  c e n t r e  poin t ,  following the d i r e c t i o n  of t he  re-  
s u l t a n t  of wind, c u r r e n t  and wave f o r c e s  a c t i n g  on t h e  tanker.  "he 
l a t t e r  be r th  i s  lntended t o  be operable under wlnd and sea oondl t lons 
more severe than f o r  t he  off-shore be r ths  mentioned herefore.  

The mooring of a vesse l  t o  an S.P.M. is r e l a t i v e l y  simple, '!he 
vesse l  is approaching the  Single  Point  Mooring, in a d i r e c t i o n  more t 
o r  l e s s  p a r a l l e l  t o  t h e  r e s u l t a n t  of  wind and our ren t  forces .  When 
the v e s s e l  is a few hundred f e e t  away a messenger l i n e  i s  passed cver  
t he  f a i r  l e a d s  a t  t h e  bow of t he  sh ip  t o  a small though seaworthy 

- moorIn@; - 
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mooring launch. The crew of t h i s  launch connects t h i s  l i n e  t o  the  
end o f  t h e  mooring oable ,  a t tached t o  the  S.P.M. either a f ixed 
s t r u c t u r e  o r  a s i n g l e  buoy. (Single  Buoy Moor ingj .  Normally two 
mooring cables a r e  prcvidsd. These cabïee  a r e  hove i n  and a t tached  
t o  the  bo l l a rds  a t  the fo redae t l e  Beok o f  the veesal.'J!he a o t u a l  mooring 
up oan be done wi th in  half an hour. 
Greater  e f f o r t  i s  t o  be appl ied t o  a t t a c h  the  hoses f o r  disoharge/ 
loading  o i l  t o  t h e  s h i p ' s  manifold. Launch attendance t o  assist i n  
making the  S.P.M. mooring cable conneotions and also the  hose oonneot- 
i o n s  imp l i e s  t h a t  the  mooring of t h e  vssssl can-not be e f f ec t ed  under 
condi t ions  a t  which the launch crew is unable t o  work. These ccndi t -  
ions are, howsvsr, more ssvere than those l i m i t i n g  multi-buoy mooring 
ber th ing  operat ions.  This  ha8 been c l e a r l y  demonstrated a t  an off-shore 
loading  terminal  I n  Sarawak - North Borneo ,  where a t  Lutong/Miri, both 
multi-buoy moorings and a S ingle  Buoy Mooring were i n  ope ra t ion  aimul- 
taneously i n  the South China Sea during a few years.  Consequently the  
remaining multi-buoy moorings a r e  now al1 being replaoed by Single  
Buoy Moorings. 
Remaining at  the  be r th  i s  f o r  an S.P.M.berth permissible  under muoh 
rougher condi t iona ,  as the  vesael  is seeking a d i r e c t i o n  a t  whioh 
r e s i s t a n c e  t o  wind, cu r ren t  and waves i s  a t  a minimum. Loads i n  the 
mooring c a b l e s  a r e  s t i l l  within l imi t s  of the sa fe  working load  of 
these cab le s  under severs  condi t ions ,  say up t o  wind f o r o e  Beaufort 
7 t o  8. 

4.4.2. DescrLptixn-:f mono-moor ixber ths  
Two types  of mono-mooring o r  S ingle  Point  Mooring are now i n  

l'he mono-fixed s t r u c t u r e  tanker  ber th .  The c e n t r e  poin t  is a 
p i l e d  s t r u c t u r e  t o  which the  tanker  is moored by two mooring 
l i n e s .  '?he o i l  f lows through a eubmarine p ipe l ine ,  a r iser pipe 
a t tached  t o  the  s t r u c t u r e ,  and a long  semi-aubmerged boom t o  t h e  
midships manifold of the  vesse l .  
B o t h  t h i s  boom end the  veese l  can swing around the  f ixed  cen t r e  
po in t .  This type of ber th ,  o f  which only one has  been b u i l t ,  is 
now being used a t  Marsa Brega, Libya, by ESSO [6]. 

Fhe mono-buog mooring: o r  S ina le  Buoy Mooring, (S.B.M.). 'Phe 
c e n t r e  po in t  i s  a r e l a t i v e l y  smal1 buoy anchored t o  the  sea bed 
by means o f  chain cables .  
l'hs oil connection between mid s h i p ' s  manifold a n d  buoy c c n n i s t s  
o f  f l o a t i n g  hosas. 

operat ion.  
a )  ~ - -  

b) 

New i n  t h e  conception o f  the  s i n g l e  buoy mooring is t he  o i l  oonneot- 
i o n  and t h s  oil awivel arrangement on t h e  buoy, which allowa the  
vesse l  t o  swing f r e e l y  a r o u n d  the  buoy whi l s t  t he  o i l  is being pmped 
through. Pu r the r  d e t a i l s  on the  Single  Buoy Mooring oan be found i n  
[ 9 ] .  "he f i r a t  S h e l l  SBM s u i t a b l e  f o r  o i l  t ankers ,  ope ra t iona l  s ince  
e a r l y  1961 i n  the  South Ohina Sea,  Nor th  Borneo, was b u i l t  a f te r  ths 
p r i n c i p l e  of the system had been tee ted  and als0 Oompared w i t h  a 
multi-buoy mooring i n  the S h i p ' s  Node1 Baaln a t  Wageningen on behalf 

- O f  - 
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of the Royal Dutoh/Shell Group i n  1957 and 1958. [ 61 
"he 9BM system o o n s i s t s  of the fol lowing itemsr (Pig.22, 23, 24) 
I j  BUOY, 
2 Uhain cables/anohoring syatem 

Submar ine hass s 
Ploa t ing  hoses :I 5 Mooring oables.  

Details of the  SBFa b o y  w i l 1  fo l low t h e  d e s c r i p t i o p  o f  the o t h e r  
SIM par ta .  

ühain oab le s  
The buoy i e  moored t o  the sea  bed by chain oables  a t taohed a t  

I the i r  ends t o  heavy anchors o r  anohor p i l e s .  P igure  22 shows a layout 
wi%.eight chain oables.  Other mooring l ayou t  eonf igura t ions  would be 
poss ib le  dependlng on oondi t ions  oonnected with the  looat ion.  

PIûURE 22 

Underwater hoses 
The o i l  stream flowing through the  SBM system leaves t h e  sub- 

1 marine p ipe l ine  and e n t e r s  t he  underwater hoses  whioh are looa ted  be- 
tween the buoy and the submarine p ipe l ine .  Hoaes wlth a s i e e  of 16" 
(40 om) X.D. a r e  now i n  u s e  and l a r g e r  s i e e s  a r e  being oonsidered. 

F l o a t i n a  hoses 
The o i l  passes  v i a  the buoy i n t o  t h e s f l o a t i n g  hoses,  whioh are 

looated between the  buo and the tanker  and  are oonnected to  the mid-  
sh ips  m a n i f o l d .  (Fig.24 3 
Foam p l a s t i o  r ings prov3.de the f l o t a t i o n  for these hoses. The l a r g e a t  
s i e e  o f  i l o a t i n g  h o m  now i n  uee is 12" (30 om) I.D. I n  one oaseihme 
strings are t i e d  toge the r  by means of oonveyor bel t - type oonnectora. 
43.80 f o r  the f l o a t i n g  hoses  t h a  use of 16" I.D. sies o r  l a r g e r  i s  now 
being oonsidered. 

Mooring oables  
Ihe  moorinar l o a d s  exer ted b?l t he  v s s s e l  are t r w s m i t t e d  t o  the 

buoy by means of  two cab le s ,  m a i k y  oons i s t ing  of nylon ropes provided 
a t  both ende with sho r t  l cng ths  of  chaln o a b l e  o r  wire rope. Ihe nylon * 

ropes aot as shook absorbers .  

Buoy (E"igures23 and 24) 
The outs ide  diameter of t h e  oyl inder  is som8 27'-30' (some 8 t o  

9 m )  and the  diameter of  the inne r  oy l inder  I e  som8 10' ( 3  m). l'he 
underwater hoses are l i f t e d  through t h i a  oyl inder  and at tached t a  a 
centra1 p ipe  assembly. 
The swivel o r  a oombination o f  more than one swiveL aan  i r e e l y  rota$. 
a romd th i s  o e n t r e  pipe assembly toge ther  with the top  platform,  t o  
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whioh the  two mooring oables a r e  attaohed. This  platform transmits 
t h e  mooring l o a d s  t o  t he  buoy body through a number of  wheel bogies 
running on two l a r g e  diameter o i r c u l a r  rails. The s k i r t  a t  the bottom 
of t h e  buoy body supports t h e  bal1 s toppers  which enolose the  ohain 
cable  l i n k s  and provides a l s o  a pro teo t ion  f o r  t he  f l o a t i n g  hoses i f  
t h e  veesel  touches the  buoy. During mooring opera t ions ,  i t  happens 
that the  vesse l  ove r r ides  t h e  buoy, thereby touching the fender ing  of 
t h i s  bottom s k i r t .  

There i s  no doubt t h a t  t h e  motions o f  t he  ves se l  when moored t o  
an SoP.M. o e r t a i n l y  a f f e o t  t he  depth requirements a t  the  ber th ing  s i te .  
During the f i r s t  f u l l  soa le  % e s t  under rough oondi t ions with a 33,000 
dwt ton tanker  moored t o  a S ing le  Buoy Mooring i n  the  Japanese Sea, 
a p a r t  from measuring t h e  loads  i n  the mooring oables ,  i t  w a s  a l s o  
attempted t o  measure p i toh ,  r o l l  and heave w i t h  very simple means though. 

4 . 4 . 3 .  8 h i p ' s  motions. Off-shore S.B.H. ber th  i n  the Japame  Sea 
During win ter  1961/1962 an S . B . M . ,  l a i d  i n  the  Japanese Sea, i n  

water depth o f  20 m ,  1.9 n a u t i c a l  miles  off-shore was t e s t e d  under 
severe oondi t ions as a be r th  s u i t a b l e  f o r  l a r g e  tankers.  

It was inves t iga t ed  ( a )  what l i m l t a t i o n s  were imposed by the  USB 
of mooring launohes and mooring the  vessel, ( b )  what l o a d s  could ocaur 
i n  the  mooring oables  and ( o )  a l s o  what t he  s h i p ' s  behaviour would be 
consider ing the  severe winter  oondi t ions p reva i l i ng  at  Niigate .  

With respec t  t o  t he  v e s s e l ' s  behaviour, the basio idea  was t o  
e s t a b l i s h  t h e  r e l a t ionsh ip  between c e r t a i n  wind/sea oonditions and the  
subsequent behaviour of t he  vesse l  moored to  the  S.B.M. b o y ,  This would 
enablc to  a s s e s s  the  depth requiremsnts a t  the  be r th  looa t ion ,  thereby 
a l s 0  taking i n t o  account the above poin ts  (a) and (b). Por t h i a  r e l a t i o n -  
sh ip  i t  would be neoessary t o  ob ta in  information wave observat ions a t  
the seleoted s i t e ,  and o f  course ,  records of the v e s s e l ' s  motion, when 
approaohing t h e  mooring and when berthed t o  t h e  S.B.M. Hegarding t h e  
wave observat ions o f f  the Niigata o o a s t  l i t t l e  information was ava i l ab le  
a t  t h a t  t ime.  Japanese Harbour Author i t ies  were co l l eo t ing  wave abser-  
va t ions  t o  a l i rni ted ex ten t  in ehallow waterdepth only. 
A s  wave recorders  oould no t  b e  made ava i l ab le  i n  time, wave instrument 
recorda could n o t  be obtained during t h e  t e s t i n g  period. 
However, v i sua l  observat ions were made. A Froude beaoon, plaoed as 
c lose  as poss ib le  t o  t he  S.B.M. site was used a s , a n  a i d  i n  assessing 
the  wave heights .  
The motions of t h e  vesae l ,  p i t c h ,  r o l 1  and heave were observed. I t  is 
noted t h a t  these  observat ions have a l s o  l lmi t ed  acouracy. Brom p i t ch  
and  r o l l  records draught inorease  a t  forward/aft and a t  port /s tarboard 
were oomputed, taking i n t o  aocount t he  l eng th  and width of  t h e  vessel .  
The r e s u l t a  t hus  obtained a r e  s h o w  i n  Big.25 A ,  B and O. A s  oan be 
aeen on these graphs the p l o t t e d  poin ts  a r e  q u i t e  soat tered.  A l i n e  of 
m a x i m u m  values  has  been dram therefore  as t o  arrive at  a curve from 
which m a x .  draught inorease f i g u r e e  oan be  predioted f o r  var ious oondit-  
ions.  

- !@he - 



- 19 - 

The m a x i m u m  draught  of t h e  veesel  when f u l l y  loaded was 34"4" 
(wi th  s l i g h t l y  uneven kee l ) .  The depth requirements t he re fo re  f o r  
th i s  33,000 d w t  ton tanker  would be: 34'8'' + 14'6" = 48'10'', say 49' 
when approaohing the be r th  a t  almost zero  speed a t  6 f t  average wave 
oonditione.  Owing t o  launoh assistanoe i t  can be observed tha t  this 
wave he ight  i a  t o  be considered as a l i m i t i n g  condi t ion  f o r  mooring 
operat ions.  I t  is assumed that  f o r  manoeuvring the  vesael  i n t o  the  
ber th  an approach c l r c l e  w i t h  a radius of some 3 times the s h i p ' s  
l eng th  would be necessary.  
This wouïd involve that  a t  the periphery of t he  c i r o l e  a depth of  49' 
would be sufficient.  (Tidal. d i f f e rences  are n s g l i g i b l e  a t  Ni iga t a ,  
t he  inf luence  o f  squat  a t  the low speed a t  which the  vessel e n t e r s  the  
manoeuvring a r e a  is a ïao  very l i t t ï e ,  refer  separa te  s ec t ion  on squa t ) .  
Oonsidering the  vessel when moored t o  the  S.B.M., t he  depth requirement 
would he  34' 
waves a r e  experienced (refer Fig.25 O), This wave he ight  may f o r  
i n s t ance  be considered as the  l i m i t i n g  condi t ion f o r  a vesse1,remaining 
s a f s l y  a t  the  S.B.M. ber%h. This depth of 54 f t  would be required a t  
a d i s t ance  from the S.B.M. buoy of say 1.5 times the  l eng th  of t he  
vesse l .  

4" + som8 19 f t  t o t a l s  som8 54 f t  when 10 f t  average 

4.4 .4 .  Fur ther  i nves t iga t ion8  on sh ip '  s motions  
Por the  planning and the  design o f  f u t u m  off-shore ber ths  i t  was 

thought necessary Co obtain more d e t a i l e d  and accura te  information on 
the  s h i p ' s  behaviour when approaohing o r  being moored t o  an S.B.M. This 
beoomes p a r t i c u l a r l y  apparent when an SBM be r th  is t o  be designed f o r  
condi t ions  a t  which the  d i r e o t i o n s  o f  both the c u r r e n t  of  say more than 
0.5 knot and the  p r e v a i l i n g  swell/waves d i f f e r  appreciably,  say more 
than 300. 

' lest5 were conducted in t he  Sh ip ' s  Model Basin t o  i n v e s t i g a t e  this 
phenomenon. As these  t e s t s  wore c a r r i e d  out  i n  the  deep  water tank, 
t he  depth requirements which may be der ived from the  r e s u l t s  obtained 
can be oonsidered as t h e  asymptotic oondi t ions of  t h e  shallow water  case.  
Due t o  t he  non- l inear i ty  of both t h e  mooring system of the buoy and the  
conneotion between buoy and sh ip ,  t he  t r a n s f e r  funot ion  ô( beoomes als0 
a no t  l i n e a r  func t ion  o f  the  waterdepth. 
Due t o  t h i s  f a c t  formulae 4.1 has  t o  be replaoed by 
5 
where d '  is also a non-l inear  func t ion  of H. Formulae42 i s  app l i cab le ,  
providing P(Hk) 

A f u r t h e r  series o f  t e s t s  w i l 1  be c a r r i e d  out  t o  i n v e s t i g a t e  the  
behaviour of  t ankers  up t o  120,000 dwt ton o l a s s  and t o  establish the  
mooring loods f o r  suoh v e s s e l s  moored t o  an SBM i n  l i m i t e d  waterdepth. 

%e r e s u l t s  of these  t e s t s  w i l 1  be produced a t  the Stockholm conferenoe. 

A + W - 8 f ( W ) d ' H  

i8 weighed with f ( W ) .  



Summary . 
The pos i t i on  of the vesse l  with r e spec t  to- the ma bed is 

determined by th ree  f a c t o r s  namelyr 
t h e  he ight  of t h e  water  l e v e l  undisturbed by waves (astrono-  
mical t i d e s  plus wind e f f e o t ) ;  
t he  p o s i t i c n  of t h e  deepss t  po in t  of  t he  moving vesssl on 
r e s t r i c t e d  water (draught p lus  equat ) ;  
t h e  movement of the extreme p o i n t s  o f  the vessel ' s  hu l l  as 
imposed by t h e  water movement due t o  waves (roll, p i t c h  and 
heave ) . 

The f a c t o r s  mentioned under a and  c have a a t a t i s t i c a l  cha rac t e r  as 
they a r e  c l o s e l y  r e l a t e d  t c  meteorologioal conditiona.  The wind e f feo t ,  
being t h e  d i f f e rence  between t h e  p red io t ab le  astronomical t i d e  and the  
Q C t U a l  s ea  l e v e l  shows a nea r ly  normal (gauss ian)  d i a t r i b u t i o n  i n  each 
se l ec t ed  group of  wind f o r c e  and d i reo t ion .  Rela t ive  Co t h i s  water leve l ,  
undisturbed by waves, a l lowanoe must be made f o r  squa t ,  which is t he  
decrease i n  the  clearance u n d e r  a s h i p ' s  keel caused bo th  by bodi ly  
Sinkage and by change of  t r i m .  Model tes ts ,  confinned by field observat-  
i ons ,  have made i t  poss ib l e  t o  es t imate  t h i s  decrease o f  under kee l  
c learance i n  fairways of va r ious  shapes. 
If the  water sur face  is dis turbed  by waves the  vessel i s  moving under 
the inf luence  OP t hese  waves ( r o l l ,  p i t c h ,  heave) t he  amplitude of the 
extreme p o i n t s  of t h e  veese l  is inf luenced by the wave spectrum, which 
aan  be cha rac t e r i s ed  by i t s  s i g n i f i c a n t  wave height .  The p robab i l i t y  of 
oocusrence of the s i g n i f i c a n t  wave he ight  aan be determined i n  the  
se lec ted  groupe of wind f o r c e  and d i r e c t i o n ,  us ing  the Same s t a t i s t i c a 1  
approach as f o r  the  wind e f f e c t s .  The p robab i l i t y  d i a t r i b u t i o n  of the 
motion o f  t h e  o r i t i c a l  p o i n t s  o f  the h u l l  can be derived from the 
s i g n i f i c a n t  wave he ight  and the  s h i p ' s  response o o e f f i c i e n t .  

The response c o e f f i c i e n t  must be determined w i t h  model experiments 
in ahallow water. D i s t i n c t i o n  has tc be made between two cases vla8 the  
f r e e  movlng vesse l  and t h e  vesse l  moored a t  an off-shcre  ber th .  

"hen during the model t e s t s  r egu la r  waves are used t o  p r e d i c t  t he  
behaviour i n  oonfused seas i t  has t o  be assumed that  the sh ips  motions 
a r e  l i n e a i r  with t h e  wave height f o r  an otherwise similar wave condition. 
This  assumption haa been adopted as a first approximation. When f o r  
t h i s  case the  wave spectrum and the  reaponse i n  r e g u l a r  waves is hom 
t he  motion speotrum can be determined by means of the  usual  method i n  
which the spec t r a1  dena i ty  i a  mul t ip l ied  wlth the square of the  
response operator .  

multi-buoy mooring end s i n g l e  poin t  mooring i n  th is  paper a t t e n t i o n  w i l 1  
be ooncentrated on the  l a t t e r  as f c r  t h i s  type ahips  motions a r e  o f  
g r e a t s r  ini?luence cn depth r e q u i r a e n t s  than f o r  the o t h e r  two. 3he 
s i n g l e  poin t  be r th  can be used under more severe wind and sea condi t ions.  

O f  t he  t h r e e  types of of i -shore be r ths ,  alongside J e t t i n g  type,  
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Due t o  the non l i n e a r i t y  of both t h e  mooring system of  t he  buoy 
and the connection between buoy and sh ip  t h e  response func t ion  becomee 
a l s o  a not  l inear  func t ion  of t he  water depth and wave height.  
This a a l l s  f o r  s p e c i a l  p reaaut ions  when determining the  p r o b a b i l i t y  
d l s t r i b u t i o n  o f  the  s h i p s  motion. 
By in t roâuc ing  s t a t i s t i c a 1  conaiderat ions as  mentioned abovs f o r  eaoh 
poas ib l e  depth o f  the fairway o r  ber th ing  s i t e  a chance can be de t e r -  
mined when it w i l 1  be no t  safe  for t ankers  of  a c e r t a i n  s i z s  t o  make 
u s e  of  it. When comparing t h e  l o s e e s  due t o  these delays with tha extra 
oos t s  required f o r  ob ta in ing  a g r e a t e r  depth,  a dec i s ion  can be made 
about the  design c r i t e r i o n .  
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Fig.23 SINGLE BUOY MOORING. CROSS SECTION 

F l g  24 TANKER P E R M A N E N T L Y  MOORED T O  A N  S B . M .  BUOY A S  A C T O R A G E  T A N K ,  
FLOATING I N  T H E  O P E N  S E A .  1DD E L  SHARGI  3 Q A T A R .  P E R S I A N  GULF.  



A 

F l g 2 5  D R A ü t H I I  I N C R E A S E  OF A 33.000 dwt  TON T A N K E R  MOORED AT S B M ~ B E R T H  OFF THE NIIGATA COAST. JA?AN 

B C 


