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ABSTRACT

In this note, the response of a Spar Platform is studied
when subject to very high waves. The novelty of this paper
consists in adopting the Quasi Determinism (QD) theory in its
first formulation for the determination of the response of the
structure. In fact, one of the peculiarities of QD theory is that it
can be adopted under any boundary condition.
The Spar Platform has been modeled as a two-dimensional 3-
degree-of-freedom (3dof) rigid cylindrical floating body,
moored to the seabed, floating in deep water. Further, it is
supposed to be a slender body under the action of extreme
waves neglecting any diffraction effect. Moreover, such a
system is considered to be nonlinear, because of the nonlinear
damping derived from the drag force and because of the
stiffness of the moorings, which in the model have been studied
as nonlinear springs. The non linear coupled set of differential
equations of motion have been integrated in order to obtain the
response of the structure by means of numerical methods
commonly adopted in Literature.
Thus, the response under the occurrence of very high wave
crests is studied by using Quasi Determinism theory and then
the results compared and validated with those obtained through
Monte- Carlo simulations.

INTRODUCTION

In the last decades, floating structures are used more
and more often either as an extension of land towards the sea or
for supporting offshore facilities. In the former case, the
technical community usually refers to artificial floating islands,
called Very Large Floating Structures (VLFS), often composed
of several smaller floating elements (cellular floating bodies);
such structures can hold infrastructures and services, like ports,
airports, buildings and so forth. In the second case, deepwater
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technology often adopts floating bodies (a single cell) in oil
extracting field. Examples of the latter kind of structures can be
seen in Spar Platforms, Tension Leg Platforms (TLPs) and
Floating Production Storage and Offloading (FPSO) Units.
Floating structures are usually used when environmental and
wave climate allow the use of these structures and generally
they are preferred in deep water field, i.e. in the cases when
gravity and base supported structures could not be convenient.
More generally, floating bodies offer a wide range of potential
applications, because of their flexibility: they can be set
coastline, in a port or in deep water, in shallow or intermediate
water or in deep water.

Cellular floating structures show several pros:

- The relative ease and rapidity in the construction
(actually, these elements can be built in dry docks and
then assembled in situ);

- They can be easily moved,

- They are relatively economic, especially in deep water;

- They can have an almost constant distance from the
free surface displacement;

- They are eco-compatible and they respect the marine
€co-system,;

- They are seismically isolated.

For all these reasons, some studies about the dynamics of
these structures and the hydrodynamics around them have been
carried out in some of the most important laboratories
worldwide, especially in those countries (Netherlands, Japan
and etc) for which the management of the land and the increase
of the settlement densities is a crucial issue, or where the
exploitation of oil fields in deep water is necessary.

Studies about the dynamics and hydrodynamics of Spar
platforms have been carried out both in time and space domains
(see [1], [2], [3]) and sometimes also experimental data
recorded in platforms
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Figure 1. Model of a floating platform anchored to the seabed by
means of catenaries.

installed in the Gulf of Mexico have been used (see [4]). In
general, Authors have used classical solving techniques, such as
for example Monte-Carlo Simulations (for a state of art about
this topic, see also [5]) or equivalent linearization techniques
(see [6] and [7]).

In this note, the dynamics of a floating moored body subject
to very high sea waves is studied. For the first time, the Quasi-
Determinism (QD) Theory (Boccotti, [8], [9], [10], [11], [12])
has been adopted for studying in detail the dynamics of a
floating system. Such a body has been modeled as a slender
body under the action of very high waves, and so the soliciting
forces have been computed by adopted the model described by
Morison equation. Results in terms of forces and dynamic
responses obtained through the QD theory have been validated
by means of Monte-Carlo simulations of random sea waves.

DESCRIPTION OF THE MODEL

The model herein examined is a cylindrical floating body,
which may represent a single cellular element of a Floating
Island or a very simple Classical Spar Platform. It is supposed
to be anchored to the seabed through moorings, which have
been modeled as springs.

Figure 1 shows an example of the model. It is symmetric
both in the geometry and the loading combinations: thus, it is
possible to study the dynamics of the body in the plane domain
instead of the space domain. The three degrees of freedom
(DOFs) (y, z, ) represent respectively surge, heave and pitch.
The body is supposed to be rigid, so such coordinates refer to
center of gravity of the platform, i.e. where the mass of the
platform is supposed to be lumped.

As for the reference frame, the vertical axis has origin at the
mean water level and the horizontal one is directed towards the
direction of propagation of waves.

EQUATIONS GOVERNING THE DYNAMICS OF THE
BODY

In the reference frame describe above, the equations of
motion can be written as:
M, 5+C 3|y|+F, ()= F,@©. M

my

M_-Z+W-B+F, (1)+K, - z=F (1) 2)
and

Jy-0+C 000+ K,-0=M, 1) )
in which the dotted variables mean derivation with respect to
time.

W is the weight of the structure and B represents buoyancy.
Coefficients C, and C,are damping coefficients derived

straightforwardly from Morison’s equation, being such a body
not fixed.

The stiffness of the moorings is supposed to be a linear
function of the horizontal and vertical displacements; this
makes the first two equations coupled.

me = a1y+ﬂ]Z+CI (4)
and
sz :a2y+ﬂ22+c2. (5)

The mass matrix of the system is supposed to be diagonal.

COMPUTATION OF FORCES

Chakrabarti in [13] defined the motion regimes around
slender, medium and large bodies and the appropriate methods
for the calculation of forces. Of course, diffraction theories can
be applied to large bodies, which can affect the wave motion
around the structures; on the contrary, Morison model
represents the appropriate method when dealing with slender
bodies.

Forces estimated in a diffracted field and through Morison’s
equation differ significantly when the ratio between diameter
(or significant dimension of the structure) (D) and wavelength
(L,) is greater than one as Brebbia and Walker [14] say. Kim &
Chen [15] compared the results in terms of forces for a jacket
fixed platform by using both the Morrison approximation (see
reference [16]) and the diffraction theory. The same authors
showed that both the methods give almost the same results
when the ratio between D and L, is small enough. In the
following application, the platform has a diameter of D= 36 m,
and even though in modest seas the diffraction theory should be
used, during more severe events such a structure behaves as a
slender body. Thus, the horizontal force can be computed by
means of the Morison Equation.

n

F0 = [, (20)+ £y (20)] s ©

—d

where d is the water depth, n is the free surface displacement;
the inertial component of the force is given by:
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2

fulz:0)= Copn T2, (2.1) )

while the drag one is equal to:

fdg (z,t) = Cdgpwgvy (z,t) v, (z,t)| ®)
in which the hydrodynamic coefficients are equal to C;,=1.85
and Cy4,=0.62, valid for value of the ratio between Reynolds
number and Keulegan number greater than 10000.

Under the hypothesis of small pitch oscillations, the vertical
force is given by integrating the overpressure at the bottom of
the cylinder

F_,(t):pr Q. ©)

The moment is generated by horizontal forces with respect
to the centre of gravity of the structure.

Given the symmetry of the plane model, cylindrical waves
have been studied, without taking into account effects due to
directional spreading. These waves are supposed to be
generated by wind and a typical spectrum for wind waves has
been considered, i.e. mean JONSWARP spectrum (see also [17]
for further details):

(W*%)z

2 2
20wp

4
w
E(w)=ag’w’ exp —2[—p] -expylnyexp|—
4| w
(10)
where w, is the peak frequency of the spectrum, Phillips®

parameter is = 0.01, and the parameters characterizing mean
JONSWAP spectrum are

=0.07 se wgwp
vy=33 o . (11D
=0.09 se w>w,

According to the sea states theory (for a complete state of
art, see [18] and [19]) for an irrotational wave motion, the free
surface displacement can be considered as the summation of
elementary components

N
n(r.)=> a cos(ky—wt+e,) (12)

i=1

in which N is a very high number, the amplitudes are a;
infinitesimal and all of the same order, the angular frequencies
w, are different one another and the phases ¢, are uniformly

distributed in [O, 27r] . The angular frequencies are related to the

wave numbers k; through the linear dispersion rule, which can
be written in deep water (i.e. when the ratio d/L, is greater than
0.5) as

k=w/g. (13)

The velocity potential function can be written as

o cosh[k,(d + 2)]
,Z,t) = aw, ————— "= sin(k,y —wit+¢,).
¢(3,2,0) gZ cosh(Ed) (ky )
(14)

Thus the component of horizontal velocity, horizontal
acceleration and overpressure can be calculated as:
v, (y,2,0) =09/ 0y, 15)

a2
and

QUASI-DETERMINISM THEORY

The Quasi-Determinism (QD) Theory has been developed
by Boccotti during the 80°s. The main result of the theory is that
the free surface displacement and the velocity potential function
tend to deterministic functions in case of occurrence of high
waves or crests in a random sea field. For this reason, the
kinematic components (velocity and acceleration) can be
computed deterministicly and so the deterministic forces acting
on a structure when a high wave or a high crest occurs can be
determined through Egs. (7), (8) and (9).

Figure 2. Profile of the free surface displacement computed by means of the Quasi Determinism (QD) Theory compared with the
forces of the average ensemble of the thousandth part of highest random crests generated through Monte-Carlo simulations.
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Figure 3. Profiles of the forces and moment computed by means of the Quasi Determinism (QD) Theory compared with the forces of
the average ensemble of the thousandth part of highest random crests generated through Monte-Carlo simulations.

The theory has been expressed in two different formulations.
The former, Boccotti ([8], [9]) (see also Tromans et al., [ under
the name of ‘New Wave’ Theory), describes the mechanics of
waves when in a fixed point and time instant a very high wave
crest occurs; of course it has to be very high with respect to the
sea storm it belongs to. In its second formulation, the theory
shows what happens when a very high wave (crest-to-trough)
occurs (Boccotti, [10], [11], [12]). Extensions to the QD theory
have been obtained by Arena [21] and Arena & Fedele [22],
who dealt with second order effects in homogeneous field,
Arena & Romolo [23] who studied the interaction between very
high wave groups with uniform and stationary currents and
Nava et al. [24] who combined both the second order effects
and the presence of currents.

In this note, the QD theory has been used to determine the
forces on the floating body described above and then the
dynamic response has been calculated. In particular, it has been
adopted the first formulation of the theory, in case of cylindrical
2D waves. Provided that the free surface displacement is a
random, Gaussian and ergodic process, if at a certain point (y,)
and time instant t, a very high wave crest H, with respect to the
standard deviation o of the sea state it belongs to

1(v,:t,) = He (18)
with
H./o— o0 (19)

then, according to the first formulation of the theory, conditions
in Eq.s (18) and (19) are necessary and sufficient for the
occurrence of a very high sea wave group. Thus, the free
surface displacement function tends deterministicly in the
closeness of (y,)

_ Yy, T

n(yo+Y’t0+T): SU(O O) ¢

where ¥ (Y,T)is the space-time covariance
w(Y.7)=(n(y,.t)n(y, +Y.t+T)). 1)

Similarly, the deterministic velocity potential function is
given by

- _ d(X,Y,2,T)
B, + Yozt +1) === He (22)
where

@(Y,2,T)=(n(y,.t)$(y, +¥.2.t+T)). (23)

By applying the sea state theory, Eq. (20) can be written as

n(y, +Y,t,+T)=H, fE(w) cos (kY —wT')dw / f E(w)dw

(24)
and the velocity potential function in Eq. (22) as
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Figure 4. Profiles of the dynamic responses computed by means of the Quasi Determinism (QD) Theory compared with the forces of
the average ensemble of the thousandth part of highest random crests generated through Monte-Carlo simulations

P T TNl LICA )| NP
¢>(yU+Y,z,tG+T)—gHCjOT.u E(w) coshid cos(kY u]T)dw [E(w)dw

(25)

The kinematic components of horizontal velocity and
acceleration and overpressure can be calculated by means of
Egs. (15), (16) and (17), using the deterministic potential in in
Eq. (25).

APPLICATION

The QD theory has been used in order to obtain the forces
on the floating cylinder as shown in Figure 1. The diameter of
the cylinder is equal to D=36 m, it is sunk for 50 m. The centre
of gravity is 35.5 m deep under the mean sea level and the water
depth is d=100 m. A mean JONSWAP spectrum is herein
adopted with a significant wave height of Hi= 5.5 m and peak
period of T,= 10 s. The highest crest is supposed to be H:=5.40
m. The free surface displacement and the kinematic components
have been calculated in the time domain (-77,,7T,) in order

to determine the forces appearing in Egs. (1), (2) and (3). The
dynamic response corresponding to the group of high waves has
been obtained through integration of the equations of motion
Egs. (1), (2) and (3) by means of a numerical algorithm, based
on Runge-Kutta methods (IV order, constant time step).

The validation of the results obtained by means of QD
theory has been carried out through Monte-Carlo simulations.
In particular, 200 sea states have been generated using the same
mean JONWAP spectrum adopted in the QD theory. The total

number of crest-to-trough waves generated has been 186736
waves (around 950 waves for each sea state). The algorithm
adopted for the numerical simulations is based on Fast Fourier
Transform (FFT) method. The main advantage is that this
method is not time consuming; however, in order to get an
appropriate sampling rate, it is convenient to generate shorter
time samples. Also in this case, free surface displacement and
kinematic components have been generated in order to
determine the forces on the structure. Thereafter, the integration
of the differential equation of motion allowed the determination
of the random dynamic responses.

After, the data were post-processes. In particular the
numerical samples were sorted on the basis of the crest heights
and so the thousandth part of highest crest were averaged. This
averaging process involved the free surface displacement, the
forces and the responses of the 186 waves having higher crests.
The amplitude of the crest of the average ensemble is 5.4 m.
The comparison between QD theory and numerical simulations
in terms of forces and responses is shown on Figures 2, 3 and 4.

In Figure 2 the agreement between the profiles of the free
surface displacement obtained by means of QD theory and the
average ensemble of the thousandth part of highest crest
obtained through Monte Carlo simulations is shown. In Figure 3
the QD forces are compared with the forces of the average
ensemble: the profiles of forces and moment totally agree, both
in qualitative and quantitative terms. One can achieve the same
conclusions if looking at Figure 4, in which the comparison
between QD theory and Monte-Carlo simulations has done in
terms of the dynamic responses.
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CONCLUDING REMARKS

In this note, for the first time in the scientific literature, the
Quasi Determinism (QD) Theory has been adopted for
determining the dynamic response of a simple floating system
having three degrees of freedom. Results have been validated
though Monte Carlo simulations of forces and dynamic
responses. QD theory reveals a perfect agreement with the
results obtained through the simulations.

Results shown in this paper can be used by designers, at
least during the first stages of their work: in fact, the QD theory
seems to be a reliable instrument for determining the dynamic
response due to high waves in sea. QD theory, in fact, provides
results almost identical to the ones obtained through the
numerical simulation at a much lower computational cost.

REFERENCES

[1]Ma, Q.W., Patel, M. H., 2001, On the Non-Linear Forces
Acting on a Floating Spar Platform in Ocean Waves,
Applied Ocean Research, Vol 23, pp. 29-40.

[2] Spanos, P. D., Ghosh, R., Finn, L.D., Halkyard, J., 2005,
Coupled Analysis of a Spar Structure: Monte Carlo and
Statistical Linearization Solutions, Journal of Offshore
Mechanics and Arctic Engineering, Vol. 127, pp. 11-16.

[3] Spanos, P. D., Nava, V., Arena, F., 2011, Coupled Surge-
Heave-Pitch Dynamic Modeling Of Spar-Moonpool-Riser
Interaction, Journal of Offshore Mechanics and Arctic
Engineering, Vol. 133, pp. 021301/1-9.

[4] Gupta H., Nava V., Banon, H., Gkaras, V., Spanos P.D.,
2008., Determination of Riser Tension Properties from Full-
Scale Data, Proceedings of the ASME 27th International
Conference on  Offshore  Mechanics and  Arctic
Engineering, OMAE2008, June 15-20, Estoril, Portugal,
paper 57791, pp 1-7.

[5] Spanos, P. D., and Zeldin, B. A., 1998, Monte Carlo
Treatment of Random Fields: A Broad Perspective, Applied
Mechanics Reviews, 51(3), pp. 219-237.

[6] Spanos, P.D., 1981, Stochastic Linearization in Structural
Dynamics, Applied Mechanics, Revs., 34, pp. 1-8.

[7] Roberts, J.B., and Spanos, P.D., 2001, Random Vibrations
and Statistical Linearization, Dover Publications, New
York.

[8] Boccotti P. , 1982, On ocean waves with high crests,
Meccanica; 17:16-9.

[9] Boccotti P., 1983, Some new results on statistical properties
of wind waves. Appl. Ocean Res. , 5, pp. 134—40.

[10]Boccotti P., 1989, On mechanics of irregular gravity waves.
Atti Acc Naz Lincei, Memorie 19, pp. 11-170.

[11]Boccotti P., 1997, A general theory of three-dimensional
wave groups. Ocean Eng 1997;24, pp. 265-300.

[12]Boccotti P., 2000, Wave mechanics for ocean engineering,

Elsevier Oceanography series.

[13]Chakrabarti, S.K., 1987, Hydrodynamics of offshore
structures, Springer-Verlag, Berlin, Heidelberg.

[14]Brebbia, C.A. and Walker, S., 1979, Dynamic analysis of
offshore structures, Newness-Butterworths, London.

[15]Kim, M.H., Chen, W., 1994, Slender-body Approximation
for slowly-varying wave loads in multi-directional waves,
Applied Ocean Research, 16, pp 141-163.

[16]Sarpkaya, T., Isaacson, M., 1981, Mechanics of Wave
Forces on Offshore Structures, Van Nostrand Reinhold
Company.

[17]Hasselmann, K., Barnett, T. P., Bouws E. et al., 1973,
Measurements of wind wave growth and swell decay during
the Joint North Sea Wave Project (JONSWAP), Deut.
Hydrogr. Zeit. A8, 1-95.

[18] Longuet-Higgins, M.S., 1963. The effects of non-linearities
on statistical distributions in the theory of sea waves.
Journal of Fluid Mechanics 17, 459—480.

[19] Phillips, O.M., 1967. The theory of wind-generated waves.
Advances in Hydroscience 4, 119-149.

[20]Tromans PS, Anaturk AR, Hagemeijer P., 1991, A new
model for the kinematics of large ocean waves —
application as a design wave. Shell International Research,
publ. 1042.

[21]Arena F., 2005, On non-linear very large sea wave groups.
Ocean Eng;32: pp. 1311-31.

[22]Arena F, Fedele F., 2005, Non-linear space-time evolution
of wave groups with a high crest. ASME J Offshore Mech
Ocean Eng;127, pp. 46-51.

[23]Arena F, Romolo A., 2005, Random Forces on a slender
vertical cylinder given by high sea waves interacting with a
current. Internat J Offshore Polar Eng;15(1):21-7.

[24]Nava, V. Arena F., Romolo A., 2006, Non-linear Random
Wave Groups with a Superimposed Current Proc. of the
25th International Conference on Offshore Mechanics and
Arctic Engineering (OMAE2006 — by ASME), Hamburg,
Germany, 4th-9th June, pp. 1+9 (paper number: 92477).

6 Copyright © 2011 by ASME

G20z Iudy €0 uo Jasn ouwo| Ip od1udalljod Aq 4pd°| ™ L€2/€56285Y/LELITYEYYIL L0ZAVINO/APA-sBUIpaad01d/3YINO/BI0"aWwsE uoRos|j00jebipawse//:dpy woly papeojumoq



