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1. INTRODUCTION

Reliable data on the behaviour of
moored floating structures are required
for determining the design loads,, the
fatigue loads and the operational
aspects such as the workability under
given conditions. The design loads are
generally goerned by a limited set of
extreme sea conditions which are
considered to have a low probability of
occurrence at the locatIon of the
vessel.. The probability of occurrence
of the design sea-state can be related
to the projected life of the structure
under consideration. In this respect
the so-called '5 times rule' can be
mentioned which states that the design
condition should have a probability of
occurrence of 5 times the projected
life of the structure. Thus a structure
with a 20 year projected life should be
designed to withstand a sea- condition
with a probability of occurrence of
once in, lOO years. See reference ill.
The design loads are often specified as
the 'most probable maximum value' being
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A review is given of recent developments in the methods to obtain
statistical data on the motions of moored vessels and on the loads
in the mooring system with emphasis on low-frequency 'components of
motions and loads. It is concluded that analytical methods which
are aimed at obtaining statistical data directly from knowledge of
the equation of motion of the 'vessel and the statistics of the
low-frequency environmeñtal forces,, while giving insight in the
main factors determining the behaviour and loads, are as yet
inadequate for application to many practical cases. Time-domain
numerical simulations which allow treatment of more degrees of
freedom of the system and the inclusion of non-linearities in both
the vesselmooring system' and the environmental effects are finding
more and more application in the design processes. However,, the
success of such methods depends to no small degree' on the availa-
bility of empirical data on such important effects as damping of
low-frequency motions on the one hand and on the other hand òn
efficiency of numerical methods in coping with long duratIon simu-
lation computations. 'Model tests remain the most straightforward
means to obtain statistically reiiable data and to verify computer
predictions' but in order to be economically attractive, a fresh
look is' required with respect to the role of model tests in the
design process, the scope of the model tests and the procedures
followed in the preparation of tests.

the load value which coincides with the
peak of the distribution of the extreme
loads. It is the task of the designer
to determine these values under the
condition that the values obtained need
to' 'reliable', preferably to some stat-
ed degree. When considering the fatigue
life of a structure more 'detailed know-
ledge of the dynamics of the stresses
set up in' the structure as a result of
the environmental loads Is required.
What is required here is an assessment
of the stress history in a number of
vital locations in the structure as
cumulated throughout it's life.' Not
only is it necessary to determine the
response of the system in terms of
tresses to a limited selection of sea-

conditiOns, for the fatigue analysis
the stress response to the entire
environmental 'history must be accoùnted
for.
Workability analyses generally involve
more the behaviour of the structure
than the structural loads,. 'It is
related to the ability of the vessel to
f Ilfill it's mission uninterupted by



the prevailing sea-conditions for as
long as possible and, when an interrup-
tion occurs due to weather conditions,
that the task can be resumed as soon as
conditions permit. Analysis of workabi-
lity therefore not on'y require know-
ledge of the probability of occurrence
of given sea-conditions and the
response of the vessel to these condi-
tions but also insight in the sequence
in which these can occur. See reference
[21. The latter is the domain of the
oceanographer and will not be dealt
with here.

From the foregoing it will be clear
that more and more,.f or different
reasons., the designer needs to be able
to assess the response of the floating
structüre and the loads and stresses in
the structure. Knowledge of such data
needs to be supplemented by indications
of the reliability of the results as
such additional data influences the
credibility of his assessment and
consequently the factors of safety
whichwill be applied to the design.

In the following developments with
respect to the methods available to the
designer in order to determine the
response of the system to the environ-
ment will be reviewed.. Attention will
be paid to analytical methods, time-
domain simulation computations and to
model tests. Ftill-scaie testing, or
the monitoring of the behaviour in
real-life situations is left out of
consideration although it should be
mentioned. "that Such tests are con-
sidered to be of great value in veri-
fying the overall design procedures.

The methods developed are heavily
influenced by the particular charac-
teristics of the phenomena driving the
process. In the past much attention has
been paid to the hydrodynamic aspects
of the environmental forces,in particu-
lar the low frequency drift forces.

Since the earlier efforts of Shu and
Blenkarn [3] and Remery and Hermans
[41, many papers have been published on
this subject. Much progress has been
made in identifying the characteristics
of the environmental forces. Special
effort has been put into developing
methods to compute the mean and slowly
varying drift forces and including
these in time-domain simulations.
Pinkster [5] developed a method to com-
pute the quadratic transfer function
for drift forces in 6 degrees of f ree-
dom based on the direct integration of
pressure on the instantaneous wetted

hull. Contributions due to second order
potentials were approximated. In ref.
[6'] the pressure integration method is
applied to the case of directionally
spread seas.

Sclavounos [71 has developed more com-
plete methods to determine the contri-
bution due to the second order potenti-
al. Wichers [81 identified and investi-
gated the wave drift damping effect
which is important for vessels moored
in extreme sea conditions. In recent
years much effort has been devoted to
developing means to compute this
effect. See ref.[9], [lo], [ll] [l2]
[13). Current and wind forces on
vessels still elude evalüation by
computational means. Model tests are
generally required for a quantitively
accurate assessment of these effects.
Wind and current - forces 'have 'up to now
usually been assumed to be constant for
a given heading of the vessel. With the
increase in the knowledge concerning
the dynamiä effects present in wind and
in current such effects in the resul-
tant forces are also being investiga-
ted. See ref. [14] and (15]. In general
it is found that, in open sea condi-
tions, waves tend to dominate the envi-
ronmental forces.

2. ANALYTICAL METiIODS

For the present discùssion, we consider
analytical methods to be such means as
are used to determine the system
'response - to 'the-'env-ironmental effects
whereby it is attempted to achieve the
results in terms of spectra and distri-
bution functions of motions and loads
based on knowledge of the equation of
motion of the system and the statistics
of the environmental forces obtained
from frequency domain analyses. The
results obtained correspond to the
expected values of the response spectra
and distributions and are free from
finite duration effects. An advantage
of analytical methods lies in the fact
that reliable results are obtainable.
for low probability levels of the
quantities. This is of importance for
determining the extreme behaviour,.

Roberts [16] was one of the first to
adress the problem of determining the
distribution function of the motions of
a vessel moored in irregular waves with
a mooring system with non-linear
restoring characteristics. Under the-

assumption that the wave drift forces
can be described as a normally distri-
buted white noise process the distribu-



tion function for the low-frequency
surge motions was computed based òn the
solution of a Fokker-Planck-Kolmogorov
equation for the transition probability
density function of the motions. It
was concluded that non-linearities in
the restoring force characteristics
were a major cause of the motion
distribution function deviating from
predictions based on the assumption of
a Rayleigh distribution.

Naess [17], [181 has studied the statis-
tics of low-frequency motion response
to wave drift forces and the combined
statistics of wave-frequency and low-
f requency response in irregular waves.
'Simplifying assumptions were made in
order to reñder the. general theory
concerning the distributions of the
responses tractable. Such assumptions
being, among others, linearity of the
system and the. uncoupling of the
motions. One of the results obtained
by Naess [171 is the following asymp-
totic expression for the expected
extreme of the low-f reqüency response
based on the quadratic. nature of the
exciting force and under the assumption
of a linear system:

T T
E(X1f] = °lf li( [l-r2(_--)1}

T1.

(1)

in which:

°If = R.m.s. of the response

l-r
a =

.1 + r

r = e

b

2/ai?

T duration considered

= natural .period of the
frequency response

b = damping coefficient

c restoring coefficient

m virtual mass of vessel

Evaluation of the. extreme low-frequency
response requires knowledge of the
R.M.S.. of the response:.. For the case of

a linearly moored vessel with low
damping characteristics Pinketer (191
gives the following approximation:

V Sf (2)
2 .b.c:

in which:

Spectral density of the low-
frequency excitation force at
the natüral frequency of the
moored vessel. For low natu-
ral frequencies, the value at
zero frequency is sufficient-
ly accurate.

damping force coeffIcient

c = restoring force coefficient

In reference (171 Naess,also gives the
following expression.for the extreme of
the total response of a ].inearly moored
vessel:

X = ( X2.,qj +i (X2 wf +X21 ) ) (3)

in which:

Xm = mean excursion

Xwi - extreme motion due to wind

X1f = extreme motion due to low-
f requency .drif t f orces

Xwf = extreme motion due to wave-
f requency forces

factor, in the range of 1.0-
1.2

aif

in which:

A noteworthy result in this expression
is that .the. high- and low-frequency
extremes are given equal weight in the
estimation of the total' extreme. ThiS
assumes that the wave frequency and
low-frequency responses are indépendent
processes. For .the surge. motions of a
large. tanker moored in irregular head
seas experimental evidence suggests
that this is the case.. See. ref. [201.

low- The extreme of the wave frequency corn-
ponents of the response can be deter-
mined in the usual way based on linear
theory. The following equation applies
for the expected extreme:

EíXwf.J °wV (2 (In _L.
Twf

In(-ln O.5))}:

'(4)



owf R.M. S of the wave frequency
response components deter-
mined from the wave spectrum
and the frequency transfer
function of the response.

Twf mean perfod of the wave f re-
quency response.

The above equationÑ give an estimate of
the extreme response for a linearly
moored vessel and takes into account
the non-linear nature of the low-f re-
quency drift force excitation.
It should be remembered however, that
non-linearities in the restoring
characteristics of the mooring have a
pronounced effect on the response
statistics as pointed out Roberts (16]
and conf irined by other authors. See for
instance ref. (21].

Recently Johnsen and Naesa [22] discus-
sed the influence of waver drift damping
(see Wichers and van Sluijs [8]) n the
statistics of the extreme motions. it
was concluded that the varying part of
the wave drift dampf ng has a considera-
ble influence especially on the statis-
tics of the extremes and therefore
should be included in the analysis.

Stansberg [23] assumed that the drift
forces are proportional to the square
of the wave envelope and aa such expo-
nentially distributed and that the
system characteristics were linear. A
simple and robust procedure was devel-
oped on the basis of which the extreme
values can be predicted. Governing
parameter in the results is the ratio
between the bandwidths of the motion
response and the wave group spectrum. A
very narrow response spectrum (low
damping) leads to extremês which are
Rayleigh distributed. Broader spectra
lead to exponentially distributed
response. For non-dimensional damping
values greater than 20 % the exponen-
tial distribution is considered to be
more appropriate.

At the present time it must be conclu-
ded that analytical methods are neces-
sary to provide the basic insight into
the major factors influencing the
processes. Practical cases, howeer,
require quantitive data on complex
systems which are influenced substan-
tially by such effects as non-lineari-
ties in the mooring systems, large
heading changes of the vessel relative
to the wave direction etc.. Analytical
methods are not able to supply such
data as of yet.

3. TIME-DOMAIN SIMULATION METHODS

Time domain simulation methods allow
more complete descriptions of the sys-
tem characteristics and the env±ronrneñ-
tal effects than analytical methods and
ae being, applied more frequently for
the analysis of vessel motions. See,
for instance, references [241 through
[301. Time-domain simulation computa-
tions can range from simple one'.degree-
of-f reedom cases limited to low f re-
quency behaviour to very complex
systems involving two of more bodies,
each with 6 degrees of freedom añd
including both low frequency and wave
frequency forces and motions and loads
due. to impacts. See Van de Boom 131].
Time-dömain simulations are not always
suitable to determine the statistics of
design loads. Simulations of the more
complex systems involving multiple
degrees of freedom rapidly become
computationally a heavy burden. It is
theref ore of importance, also -from this
point of view, to develop computation-
ally efficient codes which allow long
duration simulations aimed at producing
statistically reliable data at reasona-
ble costs.

One of the most important and complex
items from the point of view of compu-
tations is the generatïon of wave drif t'
force time records. For the case of-

long-crested irregular waves the com-
plete expression for the drift forces
in the time domaïn involves a double
summation of the following type:

N N
F(t) = ci ci ij Cos{(wj - wj)t

i=i j=1

+ (i - j)} rj cj Qjj

sin{ (wj - wj,) t + (j - tj)} (5)

in which:

.ç j, çj amplitude of wave coin-

ponent with frequency
wj and

= random phase angles

Pjj, Qj in- and out-of-phase
component of the wave
drift force quadratic
transfer function.



N = Number of frequencies
used to describe the:
wave spectrum.

This double summation expression may be
aleb be expressed as a single summation
as pointed out in ref.(32] by dividing
the wave spectrum in discrete, equidis-
tant frequency steps. The fòilowing
expression is then found' which is an
order faster than the above expression:

M
F(t)' i: ('Ak Cos Wkt + 5k Sin (Okt,)

k= O

(6)

in which:

k Aw

Ato = frequency step used to dis-
cretize the wave spectrUm

Ak = rj+kcj{Pj+k,jcos'(uj+k-uj.)

+ Qj+k,j:.Sin(Lj+k-Lj')}

k j#k cj (Q+k, j COS(j+kij)

+ Pj+kjSin(j+k-j')'}. (7)

N number of frequency used to
describe the wave spectrum.

N-1

The usé of fast fourier transformation
techniques further serve to redUce con'-
siderably the computer time for these
evaluations. See ref., [33]. in irregular
directionally spread seas the drift
forces can be expressed as a quadruple
summation which involve summation of
components arising from the interac-
tions of regular wave components with
different frequencies and directions.
See ref. [6]. These can also be simpli-
f ied in a similar manner.

The above expressions can be used in
time-domain simulations with or without
wave frequency components. If only low-
f requency behaviour is being studied,
or wave frequency components are added
as an independent process, the wave
drift force record may be generated
based on an expönentially distributed
white noise: process whiôh has the
required mean and spectral density
valués. Thé required spectral density
of the force in this case is taken
equal to the 'true' density at the
natural frequency of the moored vessel.,
or,, as is usually sufficient, the
spectral density for zero f requency.
The. selection of the exponential dis-
tribution is related to the fact that
the envelope square process of the
irregular waves, to which the drift
forces are directly related through the
quadratic transfer function, is expO-
nentially distributed. See ref. [5].
The following expression is obtained:

Fe(t) of . (1 + ln'(Rand)) + Fm (8)

in which:

Fm = mean force

Rànd = random number,, homogeneous-
ly d±stributed between O

and i.

I
0'f .VSf.

At

At = time step of'the. simulation

This expression was used as the basis
for long duratIon simUlations of the
low frequency surge motions of a moored
tanker in head seas presented in ref e.-
rence [2lJ

The success of the above formu'latioñ
relies on the reSponse of the. vessel to
act as a filter which is highly tuned
about ita ñatural frequency. In such
cases even the distribution of the
drif t force is not a matter of great
importance as results presented in ref.
[21] have shown that the distribution
of the low frequency surge motion is
almost Gaussian with the extremes
following the Rayleigh distribution.

in which: Sf - spectral density of drift
force at the natural f re-

Ôk = 1 for k = O quency of the moored vessel
or,, if the frequency is

ö.k 2 for k , O very low,, at zero frequency



In cases where the system damping is
larger and the vessel also reacts
appreciably tó frequencies beside the
natural frequency, a more realistic
record of the wave drift force may need
to be generated. This can be achieved,
for instance, by passing the aforegoing
exponentially distributed white noise
force record through a simple filter
such that the spectral form of the
simulated record resembles more closely
that of a record based on the full
expression for the drift force... For our
example we have chosen a simple first
order System ïriOrder to. reach the
required result. The final expression
is as follows:

a

F(t±t) (F('t) Fe(t)')e + Fe;(t) (9)

inwhich Fe(t) is obtained from equa-
tion (8) and 'a' is a coeffiecient de
pendent on the shape of the 'true'
drift force spectrum.

The frequency transfer function of the
filter is.:

iF(w)
Fea Ji + a2w2'

(10)

The varIance of the drift force is
found by integration the spectral
density of the .force:.

CF2 f Fa
oJ Fea

ir

2a

Sf di

Sf (11)

The unknown parameter 'a' may be. esti-
mated by comparison with the variance
of the wave envelop squared process
which, being the driving process behind
the drift force may also be described
in the same way. In this case however.,
the variance of the envelop squared
process can aliso be derived directly
from the wave spectrum so that the
value of 'a' can be derived. The f ol-
lowing result is found:

a
5

SAZ (.0)
(12)

in which:

150000

SI in lI2s

100000

50000

o

SAZ ('O)

fl1
= 'f

Sç(w.) du

Sr = wave spectral density

in figure 1 the spectra of the drift
force, on a fully loaded 200 kdwt
tanker in irregular head seas,, based on
the exponentially distributed white
noise and the filtered white noise are
shown compared with the spectrum of the
force obtained on the basis 'of the füll
expression given in equation (5) using
the quadratic transfer function given
by Wichers [34']. The wave spectrum is
shown in figure 2. The distributions
of the force, which were obtained based
on timedômain records generated based-
on equations (5),(.8) and (9)' respeôtl-
vely, are shown in figure 3. An example
of the time record of the force obtain-
ed using the unfiltered noise and the
filtered noise is given in figure 4'.

The f ollowing data have beeñ used in
the calculations:

Significant wave height 12.33 m
Mean period 14.. 00 s

Spectral- density Sf (:0) 115000 tf2..s
Coefficient 'a' 13.95 s
Time step dt 10..0 s

) Filteted,
Unlulisied

U Comp!.te .Iip:.uion.

IuhuIIIII.IJIuIIuIuIIlrIuhlI.Ilt
0.00 0.05 '0.10 OiS 0.20 0.25 0.30

F,.qu.ncy in ils

Figure 1: Spectral density of low-
f requency surge forces.
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Figure 3: Distribution function of
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Figure 4: Time records of surge drift
forces.

As can be seen, the filtered white
no±se resembles the 'true,' force record
reasonable well both with respect to
the distribution and the speätrurn.
Using the filtered white noise, costs
only a small fraction of the computer
time required for the full expression.
It is easily adapted to take into
account such effects as changes in
heading of the vessel which requires
only an adaptation of the input
spectral density Sf(0) of the drift
force at zero frequency.
In order to investigate the inflüence
of the use of a filtered noise instead
of straightforward., unfiltered noise
some calcüiatiòns were carried out in
the frequency domain of the R.M.S. val-
ues of the low-frequency surge motions
of the same tanker moored in head seas.
The mooring system was assumed to be
linear. The sanie sea-condition was
applied as given in the aforegoing. The
following additional data were used:

virtual mass of the vessel in surge

m = 38940 tf.secz/m

surge damping

b = 50-500 tf.sec/m

restoring coefficient of mooring

C, = 10/100 tf/m

The following three cases were investi-
gated with respect to the surge drift
force excitation:

No±se 1: Exponentially distributed
noise with Sf

Noise 2: Exponentially distributed
noise with S Sf(we)

we Ic/rn

- Filtered noIse : Filtered exp. distr.
noise with S = Sf(0)

The results of the computations are
shown in figure 5 in the, form of the
R.M.S. of the low-frequency motions to
a base of dampIng coefficient for the
different mooring stiffnesses and
excitation models. It is seen that for
c=i0 all three models give virtually
the same result even for relatively
high damping values,. For the value of
c=100:, differences occur which can be
mainly ascribed to the difference in
the level of Sf chosen for the computa-

: Filtorednois.
Unlilterad noise

1000200 400 600 800

FOrCI Ifl II



tions. If the value of Sf s selected
at the frequency corresponding to the
natural surge frequency, the result is
again virtually the saine as that ob-
tamed using the filtered noise case.
It can be concluded that in this par-
ticular case1 the use of the filtered
noise model, even though this leads to
a more realistic record for the wave
drift force, the effect in the end
result is not very large. Additional
Lime domain simulations which allowed
comparison of such quantities as the
most probable maximum restoring force
values for the different excitation
models showed a difference of at most
10% in the results.,

25

20
E

W

0

c 10111m

c 100 tUrn

! I I j I j i
'

i r i i

DampingIniI/s

Figure 5: Surge motions in head seas.

In this particular case. then, the
choice of the excitation model is not
of crucial importance. However, in
general, it is of importance to have at
hand simple models which, in cases
where this is necessary, snake it Pos-
sible. to simulate. more realistically
the low-frequency drift force characte-
ristics at low computational costs. The
first order filter model demonstrated
here is one example of such a model.

As a second: example of the application
of time domain simulation using the ex-
perimentally dIstributed white noise
model we have carried out a series of
calculations to verify Naess' predic-
tion of the expected extreme of low-
f requency output as given by equation 1.
Simulation computation were carried out
for the low-frequency surge motion of a
fully loaded 350 Kdwt tanker moored in
irregular head seas.

FiiIeied noise

O NOise.2

Noise I

O Fillered noise

Noise 2

J Noise 1

The following dàta was used (see. also
Ref. [:211)

Virtual mass vessel n surge::

38543 tf secz/m

Surge restoring force. coefficient C:

]!5.'5 tf/m

Surge damping b:,

80.6 tf s/sn and 241.6 tfs/m

Mean surge. drift force Fm:

-175.6 tf

Spectral density i.f.. surge drift force

Sf.: 206073 tf2s

Significant wave.height: 12.0 m
Mean period: . 14.0 s

Simulation were carried out for dura-
tion corresponding to 3., 6, 12, 18 and
24 hours full, scale. For each duration
l'O independent simulation were carried
òut and the expected minimum surge
motion found by averaging the maxima
found from each set of 10 simulations.
The -'results of the.. simulations are
given in' Figure 6 and Figure. 7.
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Figure 6 Expected Maximum Low. Frequen-
cy Surge Mtions
relative damping 0.0519.
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Finally, with respect to simulations of
the behaviour of moored vessels it
should be mentioned that at the present
time, the major inaccuracies are not
caused by such items as discussed
above, but more by the lack of accurate
data on physically relevant effects
such as the damping of low-frequency
motions.

The results of a comparative study
reported by }Ierfjord and Nielsen [351,
indicated a large sôattering in the
low- frequency motions independently
predicted by some 23 institutes for a
deep-draft floater and a ship-shaped
vessel.See figure 8.

The lack of accurate data on the motion
damping is considered to be a major
factor causing the large scatter.
Cons iderabie effort should be put into
obtaining such data if time-domaiñ
simulations are to play -a major part in
détermi-ning design loads in the systems.
More complex conditions including, such
effects as dIrectional spreading of the
irregular waves, current and large
changes in heading still present
formidable problems with respect to
long-duration simulations aimed at
generating accurate and statistically
reliable design dàta.

6

03 04 05 06 IB 24 28

Institution No:

Figure 8: Comparisons of predicted- Wave-
f requency and Low-frequency
motins of TPS-ship.
From Herfjord and Nielsen -[35]

100 lO' 102

- Duration-In hours

Figure 7: Expected Maximum Low-Frequen-
cy Surge Motions
relative damping 0.156.

Bach figure shows the expected maximum
value of the surge motions, including
mean offset, as predicted by Naesa
according to equation 1, the results of
time domain simulation and as predicted
by equation 4 which assume a Gaussian
distribution for the low-frequency
surge motions.
in order to evaluate equation 1 and
equation 4, equation 2 was used to
determine the value of a.
The results of figure 6 and figure 7
show that for the lower damping value
(fig. 6) the simulated data correspond
well with the assumption of a Gauss-ian
distribution for the low-frequency
surge motions. Naess' results appear to
be too conservation.
For the higher damping value (fig. 7)-,

the assumption of a Gaussian distribu-
tion results in an unconservative esti-
mate of the extreme while Naess"results
are still somewhat conservative.
This result suggests that equation 1 is
applicable for high values of the
damping. It shou).d be mentioned,
however, that the surge damping for
this vessel as obtained from model
tests (including wave drift damping)
corresponded with the lowest valúe of
80.6 tf s/rn. The high damping value of
241.6 tfe/rn is simply three times the
measured value and therefore already
unrealistically high for such a case.



4. &)DEL TESTS

Model tests have the advantage that
complicated structures and conditions
can be modelled limited only by the
available equipment such as measuring
devices and suitable model basins.,

In the, past model tests of moored
structures were often incorporated in
the design process, i.e, a preliminary
design of a system was made and during
the model tests, changes were made to
the system until satisfactory results
in terms of mooring, loads etc. were
found. The test duration was necessari-
ly short due to the desire to obtain
the final configuration with as little
costs as possible. It was realised,
however, that the statistical reliabi
lity of the results left something to
be desired.

Nowadays., with the increase in the.
insight in the physical processes
involved and the increasing confidence,
in mathematical models as a basis for
analysing the design, model tests of
moored structures carried out spec-if i--
cally with the aIm of generating accu-
rate and statistically reliable data on
design and fatigue-' loads are finding
their place in the arsenal of tools
available to the designer. Such model
tests are used less and less as a
design tool but rather more as an
independent and dependable means of
verifying the design. As: a result, in
order to generate statistically relia-
ble- data, the duration of modél tests
has increased considerably. Whereas
previously model test durations corres-
ponded to 30 minutes reality, nowadays
it is not unusual to carry out model
tests for durations of 12 hours reali-
ty. In a particular case, model tests
were, carried out at MARIN for a
duration corresponding to 48 -hours full
scale. Similar cases are reported in
literature. Such an increase in the
test duration for tests in waves places
severe demands on , among others, the
quality of the facility in which the
tests are carried out.

A major factor inhibiting long duration
testing in waves In -some facilities is
the reflection of the waves from the
beaches and basin sides. It is our ex-
perlence -that, in this respect, conven-
tional towing tanks are less suitable
for carrying out such tests t-han are
the large rectangular basins which are
fitted with wave damping beaches on ail
sides not occupied by wave makers. A
method to overcome this obstacle in

conventional towing tatiks is to carry
out several shorter duration tests in
the same wave conditions and to combine
the data from these tests in order to
obtain the required statistical data.
The quality, of a basin with respect to
the reflections set up in the basin can
be -assessed by continually measuring
the irregular waves during a test and
observing, the progression of the wave
characteristics wi-th time. In figure 9,
results the progression of the R.M.S.
of the irregular waves generated during
of a long duration test reported by
Pinkster and Wichers L211 are shown.-
The R.M.:S. values were determined for
successive period of 30 minutes full
scale-. The variations seen in the
R.M.S.. values are fully in the range of
variations expected from such a
gaussian process when taking into ac-
count the sample duration of 30 minutés
and do not reveal -undue effects as a
result of a build-up of reflections.
Low- frequency wave activity in the-form
of seiches set up in the model tank can
be detected by continuing to measure
the wave elevation after 'the wave maker
has been turned off. Due to- the- -lower
damping of the seiches these will con-
tinue to travel back and forth in the
basin long after the short waves have
damped out.
With regard to the model test duration
required for a given statistical relia-
bility of the output, no direct indica-
tion can be- given for the more complex
cases-.

o 5 10 15 20 25

Run numb.,

Figure 9: Time-variation of wave R.M.S.
in a model basïn.



Time-domain simulation computations can
be ùsefull in this respect,
The previously referred to case with a
test duration of 48 hours was selected
ori basis of results of a series of long
duration simulations. An indication can
be given if it is known that the main
governing factor are the low-frequency
components in the output and that the
behaviour is dominated by one degree of
freedom. This is certainly the case of,
for instance, a permanently moored
storage/production vessel in Survival,,
head sea condition. The following
expression, derived in ref. [21], has
been used süccesfully on a number of
occasions:

Fn which:

duration of model test

we = natural period of the consid
ered low-frequency motion

ô = non-dimensional damping

The above equation gives the nndimen
sional Variance of Variance of the low-
f requency motion components. The deri-
vation is based on the application of a
general expression previously given by
Tucker [36], applied to the linear
mass-spring-damper system used to
describe the low-frequency motions.
The non-dimensional V.o.V given in the
aforegoing equation is made non-dimen-
sional by dividing by the square of the
Variance give in equation (2).
it is generally assumed that the number
of oscillation of the output determines
the statistical reliability . Based on
equation 13 it can be shown that this
is not the case however. In equation
13, the product weö is proportional the
bandwidth w of the spectrum of the re-
sponse. The bandwidth is directly re-
lated to the f requency of the envelope
of the output. Equation 13 therefore
expresses the dependence of the V.o.V.
on the number of oscillations of the
envelope of the output and not of the
output record directly.
'This result s more readily understood
from figure 1O in this Figure lOb a
record is shown with a wide bandwidth
(high value of o) and in Figure lOa a
record with a narrow bandwidth (low
value of ô).

The mean frequency we is the same in
both cases, it will be clear that the
value of the V.o.V. will be highest for
the case of record a.

a

(b)
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Figure 10'. Narrow - and' wide - band
width slow motions.

5. FINAL REMARKS

In this paper we have reviewed some of
the developments with respect to the
methods to obtain data on the statisti-
cal properties of the response of a
moored vessel in irregular waves, wind
and current environment. The current
Btate of the art does not allow
straightforward determination of the
statistics of extremes for many of the
practical cases involving combined non-
linearities of the environmental
effects and the system properties or
more degrees of freedom, Only f br the
case of one degree of freedom have
resúlts been given on the combined
statistics of wave- and low-frequency
responses.. Progress has been reported
with respect to the statistics of the
lowfrequency response dueto a linear-
ly moored vessel undèr the influence of
low-frequency second order wave drift
forces. These results need to be veri-
fied on the basis of extensive compari-
sons with the results of specific model
tests and simulation computations'..

Time domain simulations are becoming
the standard way of analysing the
behaviour of moored vessels under
arbitrary conditions. Many aspects of
the environmental effects are however
still too complex to be applied
routinely in mooring analyses. For
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instance, drift forces in directionally
spread seas are extremely computer
intensive, both from the point of view
of the generation of quadratic transfer
functions and with respect to the
effort required to generate time
histories for time domain simulations..

Model tests provide a practical,
straightforward means to obtain statis-
tical data on the behaviour of moored
vessels provided the model basin is
suitable. for long-duration model tests
and is able to generate the required
environment. The increase in the test
duration over the past years requires a
reconsideration of the procedures f ol-
lowed during testing in order for these
to remain economically attractive.
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