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DYNAMIC BEHAVIOR OF A MOORING BUOY INSTALLED IN OPEN SHORE 

TOSHIYUKI SHIGEMURA\M.ASCE 
AND 

KENJIRO HAYASHI 

Abstract 

To investigate the dynamic behavior of a mooring buoy 
installed in an open shore, a simplified simulation model is 
developed, which consists of the surging and heaving motions 
of a mooring buoy. 

A series of the model tests is performed to examine the 
reliability of the developed model. The model tests verify 
that the developed model can predict the dynamic motion of a 
mooring buoy satisfactorily. 

Finally, simulation is made for the buoy installed in the 
west shore of Iwo-jima which failed during a stormy weather. 
This simulation indicates that the external loads enough to 
cause the failure has been loaded on the buoy at the moment 
of the failure. 

Introduction 

A mooring buoy is normally installed inside a port or a 
bay where it is well protected against severe wind and wave 
loads. However, on some shores where a port can't be built 
for some reason, it has to be installed in the open shore 
where it is fully exposed to severe environmental condition. 
Iwo-jima is an example of this. 

Iwo-jima is an isolated small volcanic island located in 
the Pacific Ocean about 1250 kilometers south of Tokyo. 
Because of the continuous upheaval of the island, no port 
has been built there yet. Instead, four single point 
mooring buoys have been installed off the west shore of the 
island, to moor the tankers or cargo ships which occasional- 
ly come to the island. The problem experienced by these 
mooring buoys is the frequent failures of the buoy systems 
during a period of stormy weather although no ship is moored 
to the buoys. In fact, the mooring buoys installed in Iwo- 
jima often fail during the typhoon season, which causes a 
lot of trouble  for the supplying operation to the island. 

Thus, to insure efficient operation of the mooring buoys 
installed  in the open sea,  it is important  to clarify the 
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X =original position of the model buoy on X axis 
Z =original position of the model buoy on Z axis 
°Suppose the model buoy moved to (X +x,Z + z) from its ini- 

tial position (X ,Z ) for time t due to ?he wind and wave 
load. Then, basing on the assumptions together with the 
coordinate system provided, the following two equations can 
be derived as the motion equations of a mooring buoy: 

(m+m' )x = F ,+F -T -C x    (l)(for surging) 
x    wd  x  x  x 

(m+m' )z = F -T +AF.-C z   (2)(for heaving) 
z    z  z   b  z 

where 
m=mass of a buoy 
m'   =horizontal and vertical components of virtual mass  of 
model buoy 
C   =horizontal  and vertical components of damping  coeffi- 
X z 

cient of a buoy system 
AF,=dynamic buoyance of model buoy 
X=horizontal displacement of a buoy from the origin 
x=horizontal displacement of a buoy from its initial posi- 
tion 
Z=vertical displacement of a buoy from the origin 
z=vertical displacement of a buoy from its initial position 

The former equation includes the horizontal components of 
wind load F , and wave load F , both acting on a buoy, 
tensile force induced on a chain T , and a damping force of 
the buoy system C dx/dt. The latter includes the vertical 
components of the wave load F , tensile stress T , damping 
force of the buoy system C dz/dt, and the dynamic buoyance 
of the buoy ^^\- However, values of these components 
together with the coefficient values are all unknown and 
should be somehow determined at an arbitrary time to solve 
eqs.(l) and (2) simultaneously. 

Evaluation of Tensile Stress and External Loads 

The catenary theory is generally used to calculate the 
static tensile stress induced on a mooring line. However,the 
value of the tensile stress T varies due to the hanging 
state of a mooring line under the water. The hanging state 
is usually classified into three states as follows: 
(1) State I in which a part of the mooring line is hanging 
down vertically from a buoy to the sea floor and the rest of 
it is resting on the sea floor. 
(2) State II in which the most part of the mooring line is 
hanging in the water forming a catenary curve although the 
rest of the chain is resting on the sea bed near the anchor. 
(3) State III in which all of the mooring line is suspended 
in the water and no part of the line is resting on the sea 
bed near the anchor. 

Figure 2 shows these states of the hanging of a mooring 
line. The notations in this figure indicates the following: 
X,=limiting displacement of a buoy from its origin in which 
the hanging state of the mooring line stays in state I. 
X„=limiting displacement of a buoy from its origin in which 
the hanging state of the mooring line stays in state II. 
X„=limiting displacement of a bouy from its origin in which 
the hanging state of the mooring line stays in  state III. 
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a =length of the mooring line 
resting on the sea floor. 
9 =directional angle of the 
tangential line to the mooring 
line at the anchoring point 
measured from the sea floor. 

Calculation of the tensile 
stress is then made for each 
of these three states separa- 
tely. Shoji(1975) introduced 
the effect of the elasticity 
of a mooring line to the cate- 
nary theory and derived three 
approximate polynomials ex- 
panded into a power series  of 
T .    However,  there is some x uncertainty in his equation for the line in state II. Fur- 
ther, there is some difficulty in finding the real value of 
T among the solutions of the polynomials. Thus, the au- 
thors developed new equations for each of the three states 
(1987), following Shoji's deriving method. Table 1 summa- 
rizes these equations developed for each state of hanging. 

Table 1. Summary of the equations for evaluating the tensile 
stress induced on a mooring line and other related terms 

Equations for a mooring line in State I 

niiini 111111 u i /1111111 

Figure 2. Hanging states 
of a mooring lines. 

=W  Z   -WZ     /(2EA) 
z o        o 

,(3) 

.(A) 

X,=S-Z   +WZ     /(2EA)       (5) loo 

Equations   for   a   mooring   line   in   State   II 

X=S(l+Tx/EA)-(S-ar') 

+Tx/W{ln   W/Tx(S-ar')+   Jw(S-ar•)/TJ
2+l} (6) 

ZQ=J:Tx/W)2 + (S-ar')
2   -Tx/W+W(S-ar')

2/(2EA) (7) 

• (8) T  =W(S-a   ')          z r 

X   =T   S/EA   +T   /w(ln   WS/T     + ](WS/T   )2   +l\ (9) 
^.    X X X X        * 

Equations for a mooring line in State III 

X=T S/EA+T /wjlnftane +WS/T  +/(tanO +WS/T )2 +l] x      x  I  ' a_    x  < v    a     x     ' 

-ln[tan9 +Jtan20 + l]J   (10) 

Z =T /W (|(tan9 +WS/T )2 + l -|tan29 +1 
O    X      *J a X a. 

+WS(tan9 +WS/2T     )/EA}     (11) 

 (12) T   =T   tan9   +WS z     x a 
X3=Js2-Z   2 (13) 
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In  this  table,  several  new  notations  appear.   These 
notations indicate the following: 
S=total length of a mooring line before getting  deformation 
W=weight of a mooring line per unit length under the water 
A=sectional area of a mooring line 
a '=original length of a before getting a deformation 
Using these equations developed above, we can determine the 
static tensile stress and its components induced on a moor- 
ing line for any location of buoy if the physical properties 
of the mooring line are given. Namely, the values of T and 
X, are determined immediately from eqs.(4) and (5) because 
every variable in the equations is known. In case of State 
II, values of T and T can be determined from eqs.(7) and 
(8) if a ' is given. Once the value of T is determined, the 
corresponding X„ is also determined from eq.(6). In case of 
State III, the values of T and T are determined similarly 
from eqs.(ll) and (12) if tihe value of tan6 is given. The 
corresponding value of X is then determined from eq.(10) 
easily . 

Next, let's derive the equations for wind and wave  loads, 
referring  to figure 1. It was decided to evaluate the  wind 
load F , by a conventional type formula as shown below, 

wd ' 'y 

Fwd=1/2PaCdD(b+Z-rDv2    <14> 

where p is air density, C, is drag coefficient of a buoy, D 
is diameter of a buoy, b is freeboard of a buoy, X\ is the 
elevation of wave surface, z is the elevation of the gravity 
center of the buoy and V is the mean velocity of wind. Fur- 
ther, it was assumed that wave load can be evaluated by the 
following formulas derived from the Morison equation: 

F =1/2? C, D(a+n-z)u |u| +1/4P C  D2(a+r)-z)u  (15) 
x    'w dx    i    ' '    ' w  mx     I' 

F = 1/8P C, D2v |v|+l/4f C   D2(a+n-z)v  (16) 
z    •'wdz   ,,Jwmz      I 

where 
Pw=water density 
u=horizontal component of water particle's velocity at still 
water level 
ii=horizontal  component of water particle's acceleration  at 
still water level 
C, =drag coefficient of a buoy for horizontal flow 
C  =mass coefficient of a buoy for horizontal flow 
v=vertical  component of water particle's velocity at  still 
water level 
v=vertical  component  of water particle's  acceleration  at 
still water level 
C, =drag coefficient of a buoy for vertical flow 
C  =mass coefficient of a buoy for vertical flow mz 

Finally,  it was decided to evaluate the dynamic  buoyance 
AF, by the following equation: 

AF b = 1/A f„ ^(a+q-z)    (17) 

Using the equations developed above, respective terms in 
the righthand sides of eqs.(l) and (2) could be evaluated 
once we get the values of respective coefficients, flow 
field  induced by the wave, physical properties of the  buoy 
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and mooring line, and other values of the related terms. 

Model Tests of a Single Point Mooring Buoy 
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Table 2. Details of the model tests 

Dimension of the model buoy 
Diameter 7.9 cm(2.76 m) 
Height 5.2 cm(1.83 m) 
Draft 2.4 cm(1.0 m) 
Weight in the air 70.0 grf(3.0 tonf) 

Dimension of the model chain 
Diameter 1.9 mm(68.0 mm) 
Weight under the water 0.7 grf/cm(86.5 kgf/m) 
Length 57.1 cm(20.0 m), 

68.6 cm(24.0 m), 
91.4 cm(32.0 m), 
114.3 cm(40.0 m) 

Type Open link(Stud link) 
Range of the test conditions 

Water depth 45.7 cm(16.0 m) 
Wave height 3.0—16.5 cm(1.0—5.8 m) 
Wave period 0.7 —2.0 s(4.1 — 11.8 s) 
Steepness 0.01—0.10 
Wind load 12.9 grf(55.0 m/s) 
Scope of the mooring line 1.25, 1.50, 2.0 and 2.5 



MOORING BUOY BEHAVIOR 2929 

In 
cate 

The 
f eren 
lengt 
the 1 
Here , 
lengt 

A 
used 
chann 
one 
in  t 
the 
A wat 
place 
posit 
of th 
pully 
the 
chann 
weigh 
buoy 
syste 

Bes 
of th 
wave 
both 
recor 
buoy 

Reg 
waves 
shown 
const 
subst 
corre 
buoy 
speed 
jima 

Pri 
meter 
small 
loade 
pully 
the 
and 
all 
for 
were 
chain 
regul 
both 
recor 
video 

this 
the c 
mode 

t le 
h of 
ine m 
the 

h to 
39.6m 
for t 
el, 
of th 
able 
setup 
erpro 
d  on 
ion j 
e mod 
syst 

upper 
el 
t ma 
h o r i z 
m. 
Ide t 
e buo 
mete 
the 

der 
2m f r 
ular 

act 
in 

ant 
itute 
spond 
by 
of 5 

for t 
or to 

was 
chan 

d on 
sys 

loade 
the t 
recor 
three 
condu 
s me 
ar  w 
wave 

der 
reco 

table, the numeri 
orresponding valu 
1 buoy was made o 
ngth  were prepar 
these chains was 

ay become the res 
scope is a parame 
the depth of wate 

long, 0.60i wide 
he model tests, 
a model buoy was 
e four chains sh 
2.  Figure  3  sh 
of the model  te 

of tension meter 
the  line  at 

ust below the bot 
el buoy, and stri 
em was provided u 
structure  of  w 

so  that    const 
y be loaded  to 
ontally through t 

he init 
y a cap 
r was i 
tension 
Fur ther 
om the 
waves 

ing on 
table 

weight 
for 

s to th 
a wind 
5m/s is 
he past 
starti 
examin 

nel, ch 
the mo 

ten. Th 
d weigh 
ensile 
ded. Th 

of th 
cted fo 
ntioned 
aves of 
s and 
and the 
rder . 

ial 
aci t 
nsta 
and 

. a 
glas 
of 

the 
2. 
of 1 
the 
e wi 
havi 
the 
20 

ng t 
ed s 
angi 
del 
e po 
t, t 
stre 
ese 
e f o 
r th 

pr 
24 

tens 
mot 

posit 
ance t 
lied 
wave 
video 
s wall 
24 kin 
buoy 
In add 
2.9grf 
wind 

nd loa 
ng a s 
maxim 

years. 
he mod 
tatica 
ng bot 
buoy h 
sition 
he han 
ss det 
tests 
ur cha 
e mode 
evious 
kinds 
ile st 
ion of 

cal 
es 
f a 
ed 
de 

pec 
ter 
r . 
an 

Aro 
moo 
own 
ows 
st. 
was 
the 
torn 
ng- 
pon 
ave 
ant 
the 
hat 

ion 
ype 
and 
me 

cam 
to 

ds 
The 
iti 
to 
lo 

d w 
pee 
um 

figures in parentheses indi- 
for the prototype in Iwo-jima. 
luminum. Chains of four dif- 
to use as mooring line. The 
termined so that the scope of 
tive values shown in table  2. 
defined as the ratio of  line 

d 0.8m high wave channel was 
und the middle portion of this 
red to the channel  bottom  by 

v12 9gr. 
(wei g ht) 

/7777777T77777777777777777T77 
Anchor 
Figure 3. Setup of the 

model test 

ters 
era 
r ec 

were 
ir c 
on, 
the 

ad. 
hich 
d of 
one 

were 
was pi 
or d th 
chose 

haract 
it was 
buoy 
This 
might 
5 5m/s 

which 

conn 
aced 
e mo 
n a 
eris 
dec 

hori 
wei 
be 

ected to 
in front 

tion of b 
s  the  e 
tic  valu 
ided to 
zontally 
ght  of 
generated 
Here,  th 
recorded 

a data 
of the 

uoy. 
xternal 
es are 
load a 
as the 
12.9grf 
on the 

e wind 
in Iwo- 

el t 
lly. 
h wa 
oriz 
of 

ging 
ecte 
were 
ins 
1 bu 
iy. 
one 
ress 
the 

ests , 
Tes 

ter d 
ontal 
the m 
stat 

d by 
repe 

prepa 
oy mo 
This 

after 
were 
mode 

per 
ts w 
epth 
ly t 
odel 
e of 
the 
ated 
red . 
ored 
was 
ano 
rec 

1 bu 

formanc 
ere mad 
and si 

hrough 
buoy , 
the mo 

tension 
a coup 

The 
by eac 
done 

ther. I 
orded 
oy was 

e o 
e in 
ze o 
the 

the 
orin 

me 
le 

ma 
h of 
by 
n e 
on 
rec 

f te 
an 

f  w 
st 

siz 
8  c 
ter 
of 
in 
the 
exe 

ach 
the 
orde 

nsion 
other 
eight 
ring- 
e of 
h a i n , 
were 
times 
tests 
four 

rting 
run, 
data 

d  by 

Results of the Model Tests 

To check the reliability of equations developed for evalu- 
ating the static tensile stress induced on the mooring line, 
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incident wave and scope of the 
mooring line as the controll- 
ing variables. 

Figure 5 shows the relation- 
ship between T /W and Ii '/L 
plotted introducing the scope 
as a parameter. Here, W is 
the dead weight of model buoy. 
As can be seen from this 
figure, quite a high correla- 
tion exists between both vari- 
ables. Further, it can be 
seen that the gradient between 
two variables decreases almost 
linearly as the value of scope 
increases. 

Next, it was determined how 
the displacement of the buoy 
varies with the variation of 
external loads and mooring 
conditions. Figures 6 shows 
the relationship between x /L 
and H '/L . In this figure 
scope of the mooring line is 
taken as a parameter. From 
this figure, it can be seen 
that both x /L increases 
almost linearly0 as H '/Lo 
increases although the effect 
of the scope to the distribu- 
tion is not clear. Similar 
distribution was also found 
between z /L and H' /L . 
Further, figure 7 shows the 
relationship between z /x 
and H '/L taking the scope as 
a parameter. Data scatters 
considerably. However, we can 
see that the ratio of both 
displacements tends to in- 
crease as H '/L increases in 
the range of H */L less than 
approximately 0.3 and that it 
tends to have a constant 
value surrounding 1.0 in the 
range of H ' / L greater than 
nearly 0.3? Effect of the 
scope is also not clear in 
this case. 
Similar analyses were also 

made for the axial length of 
the inclined orbit of the 
buoy. Figure 8 shows the 
relationship between a /L and 
K '/L . From this figure, 
it can be seen that there exist 
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by Shoji(1975) through his test s of simil ar size are used as 
the initial values of them. 
Based on these assumptions, we can now calculate the  wave 

load  and dynamic buoyance incl 
any time and location of model 

uded in eqs.(l) and (2),  for 
buoy.  Further, wind load has 

been set to be 12.9grf and tensile stress and its components 
induced on the mooring line have been calculated for any lo- 
cation  of model buoy.  Thus, we are ready to solve  eqs.(l) 
and  (2) simultaneously.  Numerical analyses were  made  for 
every case of the model tests by using the Runge-Kutter-Gill 
method.  In the actual analyses , time interval was set to be 
0.01 second and the analyses were proceeded until the calcu- 
lated orbit of the model buoy reached almost stable state. 
Figure  11 shows some  exam- U5T 

ples  of the numerical  analy- 
ses.   Namely, tensile  stress 
T   induced  on the  line  and 
orbit  of the model buoy  both 
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figure, we can see that eqs(l) Figure 11.  Example  of the 
and (2) can simulate the dyna- simulation of buoy's motion. 
mic motion of model buoy fair- 

10' ly well although the developed 
model  tends to give a  slight 
overestimation. 
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past 20 years. Further, it was decided to use the value of 
1200 kgf.s/m for the damping coefficient C and the value of 
560 kgf.s/m for the damping coefficient C , respectively. 
These values were determined by applying the Froude law of 
similarity to the corresponding coefficient values obtained 
through the model tests. Numerical analysis was made for 
the conditions stated above. 

Figure 16 shows the analytical results. Namely, the upper 
figure shows the orbit of the buoy, and the lower one shows 
the time variations of both wave profile and tensile stress 
T. This figure clearly indicates that tensile stress exceed- 
ing 110 tonf may possibly be induced on the mooring line if 
the buoy is subject to as large external loads as those used 
for the numerical analysis. 

Concluding Remarks 

A rather simplified model was developed for simulating the 
dynamic behavior of a simple point mooring buoy which is 
installed in the open sea and the adequacy of the model was 
examined through the model tests. Further, using the devel- 
oped model, numerical analysis was made for the dynamic 
motion of a real buoy in Iwo-jima whose system failed during 
a stormy weather caused by a typhoon. As a result, it was 
verified that the developed model can satisfactorily predict 
the dynamic behavior of a mooring buoy in the open sea. 
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