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ABSTRACT

Structural response to extreme events or fatigue loading and structural
integrity are major criteria to be quantified in a rational process of
reassessment for offshore structures. It is now well established that the
probabilistic mechanics approach gives an efficient means for
measuring the relative changing in safety level compared to a
predefined requirement. This paper proposes a probabilistic modelling
of marine growth effects based on both Response Surface Methodology
and the panel of available tests in laboratory. This method is here
suggested to condition hydrodynamics coefficient to particle kinematics
field randomness.

INTRODUCTION

The proposed paper takes place in the actual challenge for the
reassessment of existing offshore structures where some uncertainties
are to be quantified on the basis of inspection reports analysis. When
studying the mechanical behaviour of structures placed in severe
environmental conditions as offshore platforms, the structural reliability
analysis offers, after decades of developments, a set of robust tools and
methods. It leads to state the importance of uncertainty and sensitivity
analysis especially in view to characterise the stochastic structure of the
loading acting on the platforms. One must consider the intrinsic
randomness of waves and the uncertainty on the modelling of fluid-
structure interaction in their relative contribution to the response i.e. the
load on the structure. Particularly, one must take into account the
natural cluster of organisms i.e. the marine growth fouling (kelps,
mussel beds ...) versus a probabilistic modelling. In fact, this settlement
of the structure includes the major uncertainty source in term of
diameter increment and hydrodynamic coefficients level. Its
corresponding uncertainty evolves upon several factors (seasons, depth,
... ) and during the life of the structures and is greater at the design step
when no inspection reports are available. For steel fixed offshore
structures like Jacket or Jack-up platforms, the hydrodynamic
overloading caused by marine growth is major in terms of percentage
on each component and consequently on their summation for the
external global loading assessment. Only effects on these platforms are
considered here.

Because of the cost of under-water inspections, it is not realistic to
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research a complete description of the marine growth during the life of
the structure and to require a cleaning program based on this complete
knowledge. In fact, database are very poor, and assumption are to be
specified on the basis of rational criteria.

The proposed paper reviews the actual practice of marine growth
modelling in terms of loading and test procedures. In a second time,
probabilistic modelling assumptions are analysed in their relative
influence on the load response surface. The response surface
methodology comes to be a versatile approach to perform sensitivity
studies through Monte Carlo simulations or differential analysis. It
leads to a ranking of basic variables and underlines the most important
to be modelled. A probabilistic modelling is proposed in the form of a
discrete probability density function of hydrodynamics coefficients
based on uncertainties on diameter and also on a conditioning to
random variables of kinematics fields of water particle. This
conditioning is assessed when introducing the hydraulic parameters, the
Reynolds and Keulegan-Carpenter numbers, which allows to link the
in-site randomness of wave kinematics field to the assessment of
hydrodynamic coefficients in laboratories.

For the illustration, the site of the North Sea is selected. Data are taken
in the bibliography. The so-called jacket platforms, which are steel
framed structures, are considered and subjected to a quasi-static loading
during severe conditions (storms).

REVIEW OF MARINE GROWTH MODELLING AND
TESTING.

It is instructive to firstly mention the relevant contributions in the
literature, which can be distinguished in two families: hydrodynamic
modelling from experiments and marine growth physical modelling
from in-situ measurements.

In the first way, lot of works have been developed on the basis on
sensitivity studies of overloading due to the nature and thickness of
marine growth and hydrodynamic structure of flow. As the techniques
of flow velocity and acceleration measurements are particularly in-
depth, complete studies are mostly recent. In fact, the equipments in
water tunnels or large basin are generally costly considering the fact
that large-scale experiments must be consider for similitude
conservation. Some of them are usefully reviewed and detailed by
Sarpkaya (1990). The pioneer works due Sarpkaya (1976; 1977)
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concern fixed roughened cylinders placed in a sinusoidally oscillating
flow. Others consider roughened cylinders subjected to sinusoidal
oscillation in a large basin with intention of promoting two-dimensional
flow (Rodenbusch and Gutierrez, 1983). After this period, another way
of experimentation concerns the carriage technique i.e. forced
sinusoidally oscillations of a cylinder in a basin (Kasahara, Koterayama
and Shimazaki 1987; Wolfram, Jusoh and Sell, 1993; Justesen, 1989,
Sell). The relative thickness i.e. thickness k divided by diameter D of
clean cylinder tested varies from 1/240 to 1/50. These works
contributed largely to a better understanding of relations between the
nature and thickness of fouling and relative change of loads. Systematic
measurements of Reynolds, Keulegan-Carpenter and Sarpkaya numbers
allows to asses precisely the hydrodynamic conditions of the tests. In
spite of “controlled laboratory conditions” significant differences in
drag, inertia and Ilift coefficients data are found especially for
Keulegan-Carpenter exceeded 8 with no predominant reason (Sarpkaya,
1990). Effects of three-dimensional vortex instability may affect them.
A specific work carried out by Theophanatos pointed out that the one-
parameter characterization of roughness i.e. k/D is not suitable to
embrace all the complexity of fluid-structure interaction and to quantify
loading (Théophanatos, 1988). In fact the shape of roughness, effects of
soft seaweed, limitation of experimental scales and percentage of
covertures have been shown to have a great influence on the results and
to be taken into account. Note that in some sites like in the Guinea gulf
for instance, waves and currents coexist with a similar contribution to
loading and special effects of their combination should be studied
(Asao, Tagaki and Uekita, 1986).

In the second way, in situ observation after survey campaigns are
analyzed to purpose a modelling of marine growth effects. It is first
interesting to define what should be a good inspection i.e. the
inspection with the right tool, on the right places at the right time. It is
generally advocated to select a pile, or a face of a specific element of
which the data are supposed to be representative of the entire level
(Wolfram, Jusoh and Sell, 1993). Near the splash area, horizontal
members which are generally totally covered are also inspected. The
area corresponding to the first thirty meters of depth are generally
preferred because of their dominant contribution on hydrodynamic
loading. Locally, it is necessary to note with precision the location of
the colonized face [10]. Lot of works (see section 1) give a review of
marine species present on offshore structures implanted in North Sea
(Wolfram, Jusoh and Sell, 1993; Picken, 1985), near India (Sankalpa,
1991), near the west coast of USA (Sharma, 1983). Most of these
works define the way to assess the marine growth thickness from
circumference measure with an uncertainty depending of the nature of
species. Considering now, the impact on hydrodynamic coefficient of
Morison equations (Eashwar, Subramanian and Balakrishnan, 1995), it
is generally assumed (Wolfram, Jusoh and Sell, 1993) that drag
coefficient is obtained following a linear regression with the thickness
upon (k/D). Authors generally concluded that data are sparse and that
more inspection are needed. Even with these data, there will still be non
reducible uncertainties due to intrinsically variable patterns and
measurement errors. In attempt to optimize cleaning programs there is a
way to introduce this uncertainty through Risk Based Inspections
strategy.

These studies allows to advocate guidelines for a probabilistic
modelling at a given time : generally the stochastic process of marine
growth colonization is unknown. In particular the process of
colonization depends strongly on phenomena short in time as seasons
ore severe storms during winter which are able to clean part of the
structure and on some electrochemistry effects as cathode protection
(Eashwar, Subramanian and Balakrishnan, 1995). Recent works show
how to introduce seasonal variation for changing the Global Design
Number level (Faber, Hansen and Moller, 2001). It leads to less
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conservative combination values of marine growth and waves. Finally,
it leads to mix a pure reliable approach based on the relative change of
safety index levels due to increase of random loads with a deterministic
one specifying conservative procedures and implementing sensitivity
studies to hypothesis.

The next section deals with the Morison equations and response surface
methodology which is well adopted to sensitivity and uncertainty
analysis.

RESPONSE SURFACE OF MARINE LOADS

The previous sections give the main trends in view to quantify marine
growth effects for overloading purposes. It appears that sources of
uncertainty are various. First the data, based on circumferential
measurement or R.O.V’s picture interpretation, leads to uncertain
estimation on thickness and percentage of cover. Then the force
measurements in laboratory and the signal treatment lead to versatile
results and to uncertain evaluation of loading. Finally, the use of
Morison equations (Morison, O’Brien and Schaff, 1950) for all
orientations of components is an expansion of the standard case where
the formula as been developed and lead us to introduce uncertainty on
the model.

These uncertainties are introduced in the Morison equations. Their
expression, translated in local coordinates, indicates that the force per
unit span can be separated into drag (1) and inertial (2) components

(Fig. 1),

Figure 1. Local coordinates on a beam.

ZC, 0 0
fD(M):%p 0,0 0 C, 0]|V(m \7(M)H
0 oG 0
. 2 lfcx o o], .
fi(M)=4p0, D2 0 Cy O [A(M)
0 0 CMJ

where
- pis the water density, D the cylinder diameter,

— —_—

- V (M) and A (M) are respectively the instantaneous flow
velocity and the acceleration at M point,

- Cy, Cp, C'x, Cy, are hydro-dynamic coefficients (respectively
two drag and two inertia coefficients) for modelling the fluid-
structure interaction. There are introduced as model uncertainty
variables.

- Bmg acts as a multiplying coefficient for taking into account the
"marine growth" screen effects on beam diameter uncertainty.

These equations generally predict the main trends in measured data
quite well, once appropriate joint distribution for hydro-dynamics
coefficients depending on sea-state parameters and distribution of 8y,
can be provided. This factor itself depends of the marine growth nature
(hard or soft) and structure (percentage of curvature). Nevertheless
Morison equations are not able to translate all the complexity of the
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fluid-structure interaction with enough accuracy (i. e. high frequency
content of the flow, gross vortex shedding effects, ...).

Keeping in mind these short comings as source of response problems,
they are relevant to introduce non linear effects and their complexity is
consistent with respect to the large uncertainty in marine growth or
fluid interaction modelling caused by the lack of investigations. In fact
higher complexity should be lost in this uncertainty. A matrix response
surface has been developed (Labeyrie and Schoefs, 1996) and is shown
to be very tractable for sensitivity studies. Such a response enables us
to introduce the main uncertainties in flow modelling versus Cq4 (drag
coefficient) and also the increasing screen effects due to marine growth
(Bmg)- Sensitivity studies have shown (schoefs, 2002) that the variance
of this coefficient Cd contributes up to 61 % to the variance of external
nodal forces when the extreme wave height and and the corresponding
period have respectively influence ratios of 35 and 3 % in the wave
area. From a probabilistic point of view, these variables are not
dependent. This paper proposes a conditioning of Cd to the wave
kinematics. By extension, a similar approach can be followed for the
other hydrodynamic coefficients.

SENSIBILITY OF THE HYDRAULIC PARAMETERS AND
THE DRAG COEFFCIENT

Hydrodynamics coefficients depend mainly on hydraulic parameters
(number of Reynolds and Keulegan-Carpenter) and of the relative
roughness of the beam element. For our application, a platform in the
North Sea is considered and submitted to storm conditions. The water
depth is 100 meters and table 1 presents the extreme wave
specifications and probabilistic hypotheses considered for numerical
applications.

Table 1. Extreme sea state parameters in North Sea (Schoefs, 1995).

H, : significant wave height : Gumbel distribution :

[ X-U
Guv =exp —exp(— ) ;100years:u=155m;v=12
' v

T.ae: S€a State duration ; Exponential distribution with expectation 3hrs

H given (Hs, Tstat) : Gumbel distribution :

[ X—=U — c H T.
G, = exp|-exp| - u:HJ—,v:—S,c:Iog st
uy ( ) N2’ 2y o(Hs)

v
100 years : Hs= 15.5m ; Tstat=3hrs; u=285m;v=19

T given H : Normal (Log-normal) distributed, E(T/H)= ¢(H)= +/6H + 39

Hydraulic parameters computing

The Response Surface mentionned in the previous section is based on a
matrix Response Surface of the kinematics field. It allows to determine
the hydraulic parameters from the stochastic field of particle velocity U
following the equations:
Uu*D
Y%

Number of Reynolds: Re = (3)

u*T

Number of Keulegan-Carpenter: Kc = (4)
where U stands for the velocity intensity of the particles of the fluid
('m/s) in extreme conditions, T is the extreme wave period in such sea
states (s), v denotes the kinematic viscosity (m?s) and D the diameter
of cylinders (m).
This Response Surface will be presented in a further paper. For
simulations and sensitivity studies, computing is performed for several
cylinder diameters (0.5 m, 1m and 1.5 m). The range on water depth
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considered here is the first 50 meters were marine growth is mainly
present. Only vertical and horizontal orientations of components are
considered for illustration. For vertical cylinders, the wave velocity
introduced in hydraulic parameters are in the wave plane and in the
wave direction (Ux) as for horizontal cylinders, they are in the wave
plane, perpendicular to the wave direction (Uy). It leads that the
corresponding hydraulic parameters are complementarity, in the sense
of the velocity intensity U (Egs. 5~7).

Re3+Reﬁ:(U§+U §)*(Q)2 (5)
14

Reg+Re?=C1*U2; C1=(%)2 ®)

Kc3+Kc§:(U§+U§)*(TB)2:C2*U 2; sz(%)z @)

Where Rey, Kcy, Re, , Kc,, are respectively the Reynolds and Keulegan

carpenter numbers for vertical (index v) and horizontal (index h)
components.

Figure 2. Spatial variation of the Reynolds number for a vertical
cylinder of diameter 1 meter.

Figure 3. Spatial Variation of the number of Reynolds for a horizontal
cylinder of 1 metre diameter.
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Figures 2 and 3 present the variation of the trajectories of the Reynolds
number expectation with depth. To describe this stochastic field
indexed by (x,z,t), it is equivalent to consider the index time for a
specific location of the structural member and several location of this
member in the wave direction. This last option is chosen here and
explain the term of abscissa x placed in the figures. For a vertical
cylinder (Fig. 2) the Reynolds number is maximal when it is minimal
for an horizontal cylinder located at the same depth (Fig. 3). From these
figures, well known results can be proved : the velocity intensity and
the Reynolds number decreases with depth. Moreover, the statistics of
the hydraulic parameters show a very strong variability according to the
orientation and the diameter of the cylinder (Boukinda, 2003).

In view to model the marine growth overloading effect from wave
kinematics field, there is a need to characterize flow regime. The
statistical data obtained on the various common diameters (Boukinda,
2003) lead to the conclusion that for the field studied here, three types
of regime are present : sub-critical (Re<10®), super-critical and post-
critical (Re>3.5*10%. They have been determined from Achenbach
definitions (Theophanatos, pp. 18-21, 1988). As only a little number of
Reynolds numbers are in the sub-critical area, the experimental studies
of Théophanatos (1988), being driven for most part in sub and post-
critical, will be used to quantify marine growth overloading effect. A
comparative study could be based on American Petroleum Institute
advice (API recommended practice, pp.113-119, 1993). This one, for
modelling of offshore structures in severe environmental condition as
in our case, refers essentially to post-critical regime. However to
determine drag coefficient they introduce the ratio CD / CDS (CDS for
steady-flow drag coefficient at post-critical Reynolds number) which
take into account wake amplification in post-critical regime. The use of
CDS would be conservative for the statistical calculations of wave
forces (APl recommended practice, p.114, 1993). The figure below
summarizes the area of experimental conditions of both approaches
API advice and Théophanatos tests.

Figure 4. Hydraulic experimental conditions of Théophanatos and the
API advice.

Analysis of hydraulic parameters random field

Statistical distributions of the hydraulic parameters. The use of an
algebric programming, adapted to the matrix writing of the response
surface, presents the advantage to control the properties studied through
interface of visualizations (Schoefs, 1996). The discrete distributions
plotted on figures 4, 5 and 6 represent the fluctuation of the Reynolds
number. They are obtained from the stochastic field describe upon by
an integrating over the wave length. These results have been obtained
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from a Latin Hypercube Sampling of extreme wave height and period
in the North Sea. Similar results have been obtained for the Keulegan-
Carpenter number, both for vertical and horizontal cylinders and
whatever the diameter.

Figure 5. Example of exponential distribution obtained for a vertical
cylinder of diameter 1 meter.

Figure 6. Example of asymmetrical distribution obtained for a vertical
cylinder of diameter 1 meter.

Figure 7. Example of normal distribution obtained for a vertical
cylinder of diameter 1 meter.
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Tree types of distribution are observed :

- an exponential distribution,

- a distribution of dexter or left-hand asymmetrical type,

- a distribution of type normal,
A more complete analysis shows that the distributions of asymmetrical
type are dominant in surface, near the mean sea level. The distributions
following an exponential or normal distribution are more important in
depth. However one can find some cases of asymmetrical or normal
distributions for several depths (Boukinda, 2003). According to the
hypotheses supplied to characterize the sea state (table 1), a normal
distribution implies a major influence of the wave period. An
asymmetrical distribution indicates a dominant effect of the wave
height. In surface, the velocity field is influenced by the height and the
period of the swell. The period plays a more dominant role in depth,
influencing the intensity statistics of the water particle velocity of the
fluid. This result is well known and has been proved in previous paper
(Schoefs 1996).

Graphs of iso-values contour. Graphs of iso-values contour allow to
analyze the variation of hydraulic parameters statistics with depth and
time. Figure 8 represents contours of the mean of Reynolds number for
a vertical cylinder. The abscissa has been divided in subsection of 10
meters. It is too crude to analyze distribution effects -3 meters is better-
(schoefs, 1996) but sufficient to evaluate variations of the mean value.
It is interesting to underline that the variation of this parameter is
significant during a wave flow — from 1.7 to 5.6 10°%(abscissa in the
graph) and with depth too —from 2.7 to 5.6 10° -. Another point must be
underlined and is particularly interesting for the reduction of
computational time : the symmetry of the graph. In fact, the wave
motion being periodic, the information on intensity of velocity
projection is periodic. In particular, in the case where the point is
always in water, the values can be treated on a quarter of the period or
the wave length. In others cases, non suitable values must be removed.
The Figure 9 presents mean values of the Keulegan-Carpenter number
for a horizontal cylinder. A similar interpretation can be made. The
symmetry versus a vertical axis is obtained for an abscissa of 80 and
Kc takes value in a very large range from 15 to 75.

Re x 106
0 T T TT
o | 56 46 27 17
-107
2150 3.7
|46
-20[
E 21 47
c  -25]
g
o 3o - 37
-35]
-407 2.7
L7
45} /
£0 I SR

0 10 20 30 40 50 60 70 80 90 100 110

Abscissa (m)

Figure 8. Contour of iso-values for mean of Reynolds number (vertical
cylinder).

We denote that the symmetry is not perfect in depth for the Keulegan-
Carpenter number. This can be due to the role of variables H and T

Paper No. 2004-JSC-344 Schoefs

which varies with depth and can affect the symmetry of distribution and
thus the mean value (Labeyrie, Schoefs 1996).

0 T T T
0
5 45 \
5 6 S|
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|

-20(

-25[

Depth (m)
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-30[ 457

-451 ]
5 307

-500 10 20 30 40 50 60 70 80 90 100 110

Abscissa (m)

Figure 9. Contour of iso-values for mean of Keulegan-Carpenter
number (horizontal cylinder).

Estimation of drag coefficient for a vertical cylinder. On the basis of
hypothesis presented in table 1, simulations can be performed starting
from the response surface of velocity field and expressions on hydraulic
parameters. By introducing the factor 6mg (see Eqs 1~2) an exhaustive
study can be driven to measure the influence of particle kinematics
field and marine growth on the hydrodynamic coefficients.

This study focuses on a point of a vertical member at a water depth of
10 meters, in the wave area where the marine growth is of major
importance. The present work starts from available data reported by
Wolfram (1993) about a colonization of mussels in the North Sea.
Mussels are considered in the paper for illustration only and the
modelling can be extended to all type of rigid marine growth. From
these data we choose the case of a colonization coverage 100 %,
average thickness 50 mm, situated between 0 and 10 m of depth. The
hydraulic parameters formula in presence of marine growth are given :

De = O xD ®)
2t
Omg =1+ D 9)
Remg = UxDe _ Bmg x Re (10)
v
Kemg = UxT _ Ke (12)
De By

De stands for effective diameter of the colonized cylinder, 6mg for factor
which allows to take into account the screen effect of impact of marine
growth, t for average thickness of marine growth, Rey,y and Kcpg for
hydraulic parameters associated to the presence of marine growth.

Let us consider the results obtained by Théophanatos on vertical
cylinders. From an hydraulic point of view, the artificial roughness and
the mussels allow to make a direct work on curves presented by
Théophanatos (p.129, 1988). For cylinders covered with sand, the
relative roughness is equal to 0.023. For cylinders covered with
pyramids, it is equal to 0.038. These values correspond to the relative
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roughness we are needed for respective cylinders of 1.1 m and 0.6 m of
equivalent diameter.

Let us consider now API regulations, the factor of development of the
swell (CD / CDS) is introduced. The drag coefficient of the rough and
smooth cylinder follow the same evolution when the number of
Keulegan-Carpenter is normalized by the CDS (Kc upper than 12). For
Kc values lower than 12, it is similar if the number of Keulegan-
Carpenter is not normalized by the CDS (API recommended practice,
p.114, 1993). This point leads to distinguish between two studies
depending of Kc value (Kc < 12 and Kc > 12).

A comparative study on simulation based on these two approaches -
Theophanatos tests and APT advice- shows that the drag coefficient
differs. Figure 10 presents three statistics of Cd, the minimum Cdy;p,
the maximum Cdn., and the mean values obtained for two
representative diameter of O.6 and 1.1 meter. The data collected from
the graphs supplied by Théophanatos show a fluctuation less important
than that coming from the regulation API. Ones can also note taht the
drag coefficients are, altogether, more important when they are
established by Théophanatos's curves. A reasoning from the studies of
Théophanatos are more conservative in our case.

Figure 10. Comparison API/ Théophanatos (vertical rough cylinders)

Figure 11. Distribution of the drag coefficient according to variation of
marine growth’s thickness

By introducing a variation of marine growth thickness of + 8 mm
around the average value 50 mm (Fig. 11), the corresponding relative
roughness is quite constant, what allows us to use graphs supplied by
Théophanatos. The variation of drag coefficient is very fair for a
cylinder of 0.6 m of equivalent diameter and significant for a larger
diameter of 1.1 m. The effect of marine growth on the drag coefficient
seems to be more important on cylinders of large diameters. In every
case, this study shows the interest to lead an analysis more precise on
marine growth. This would allow to establish a methodology of
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inspection and more rigorous maintenance by a qualification of data
base.

PROBABILISTIC MODELLING OF DRAG COEFFICIENT

The previous section leads to conclude that the water particle
kinematics field play a dominant role when analyzing hydraulic
parameters and then hydrodynamic coefficients. Moreover, this
stochastic field governs the randomness on C4. Besides, test results
show that there is a correlation between hydrodynamic coefficients and
hydraulic parameters. Measures of the hydrodynamic coefficients are
thus subjected to uncertainty which should be introduced in the
probabilistic approach. We propose a probabilistic modelling which
takes into account the several sources of randomness or uncertainties in
the problem :

- randomness on the numbers of Reynolds and Keulegan-
Carpenter, due to the randomness on the sea state parameters in severe
conditions.

- uncertainties on the diameter of colonized cylinders ( 8mg ) due to
the uncertainty on the model of marine growth evolution or on
measurements. Size measurements is probably the most ambiguous
aspect of marine growth. The use of a tapemeasure, often employed to
estimate the increase of the average thickness, stays a technique very
useful but also very subjected to uncertainties on the thickness ( hard
fouling) or the length (soft fouling) of the various type of marine
growth and generally cannot quantify the variations which occur among
member faces (Théophanatos, 1988).

- uncertainties on C4 assessment in tests (in our case, tests made by
several authors).

Scheme of probabilistic modelling. The figure below summarizes the
approach developed here.  First the wave height and period,
respectively H and T, and the marine growth screen effect 8y,4 are
introduced as basic variables in view to assess the hydraulic parameters
as stochastic field. This transfer can be modeled through a response
surface. Then a discrete distribution of Cd is obtained by using the
transfer of test results and graphs. Results obtained by several authors
(A; and A, on Fig. 12) can be mixed to increase the number of
available data.

Figure 12. Plan of the probabilistic modelling of the drag coefficient.
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If some authors seems to have made their test in better conditions or in
a more realistic way compared to the reality, a weighting can be
introduce (w; and w, on Fig. 12). The results depend on the subdivision
of hydraulic parameter axis and C4 axis and an optimization should be
proposed. This question is not treated in this paper. In view to simplify
following expression of probabilities, we adopt the notation :

P(Xj) = P(Xj_1 <X <Xj41) (12)
According to the uncertainties connected to the tests and the reliability
of the measures, the calculations are balanced. It leads to the

probability :

P(Cd,) = WlPAl(Cdi /KCi) X P(KC) + W2PA2 (Cdl /KCi) X P(KC) (13)

P(Cd) = EP(Cdi) =w12PA1(Cdi)+w22PA2(Cdi) =1 (19)

with  wy;+w, =1. n is selected such

P(Cd >Cdn)=0.

as P(Cd<Cd1)=0,

Illustration with Theophanatos tests. The two ranges of Kc values
selected for fitting regression curves are presented in table 2. First, the
dispersion of the data obtained by different authors is measured to
analyze if there is a simple relationship (polynomial of low order)
between the drag coefficient and the number of Keulegan-Carpenter
(Fig. 9.5 p. 131, Théophanatos, 1988). For Keulegan-Carpenter
numbers between 10 and 21, the coefficient of correlation of 0.5 shows
a large dispersion around the linear relationship coming from
measurements and different tests procedures used by authors
(Théophanatos, 1988). The coefficient of determination obtained for
Keulegan-Carpenter numbers between 21 and 35 indicates a rather
satisfactory linear relationship.

Table 2. Linear equations for the drag coefficient

described previously. This difference is probably due to marine growth
modelling and to the procedures of forces measurement, filtering and
corrections of the deep parameters (Théophanatos, 1988, pp. 130-132).
According to this comment a value close to 1 is selected when the
model represent very well the complexity of fooling and hydraulic
conditions and when the sequences of signal treatment are robust. This
method allows to introduce in the modelling all the available data.

Table 3. Probabilistic calcuations for 10 < KC < 15

10< Kc <15 | Théophanatos | Sarpkaya | Rodenbusch | Nath
P(Cd1<Cd<Cd2) 0 0 0 1
P(Cd2<Cd<Cd3) 0.12 0 0 0
P(Cd3<Cd<Cd4) 0.75 0.29 1 0
P(Cd4<Cd<Cd5) 0.12 0.71 0 0

Cd1 =1;Cd2=1.375; Cd3 =1.75 ;Cds=2.125; Cds =2.5

Table 4. Probabilistic calcuations for 15 < KC < 21

15< Kc <21 | Théophanatos | Sarpkaya | Rodenbusch | Nath
P(Cd1<Cd<Cd2) 0 0 0 0.5
P(Cd2<Cd<Cd3) 0 0.6 0 0.5
P(Cd3<Cd<Cd4) 1 0.4 1 0
P(Cd4<Cd<Cd5) 0 0 0 0

Table 5. Probabilistic calcuations for 21 < KC < 35

21< Kc <35 | Théophanatos | Sarpkaya | Rodenbusch | Nath
P(Cd1<Cd<Cd2) 0 0 0 0.67
P(Cd2<Cd<Cd3) 0 0.09 1 0.33
P(Cd3<Cd<Cd4) 1 0.9 0 0

Table 6. Theoretical expertise for the drag coeffcient

Théophanatos | Sarpkaya | Rodenbusch | Nath

Coefficients of

. 0.8 0.5 0.3 0.1
accomodation

Weight 0.47 0.29 0.18 0.06

Type of Regression Equation Coefficient
marine growth Y =a+bx of correlation
Artificial 10< Ke<21; Cp=2,61-0.049 Kc (1) r=05
roughness 21<Kc<35; Cp =1,97 + 0.016 Kc (2) r=0.67

Elsewhere a study on correlation between the drag coefficient and the
non-dimensional relative roughness (k/De) show clearly that the drag
coefficient is a function of k/De (Wolfram J., Jusoh I. et Sell D., ASME
1993). The increase of the drag coefficient depends of both relative
roughness and hydraulic parameters. These two parameters having
uncertain evaluation due to the experimental conditions, they introduce
uncertainties on the forces coefficients of Morison equation. The
probabilistic approach used here to estimate drag coefficient, allow to
select hypothesis when introducing these variables in reliability
analysis. The results of probabilistic calculations following the different
intervals of Cp are given in the tables 3 — 5. All tests results are not
brought together to assess statistics of Cd knowing Kc. According to
the reliability of the experimental test procedures, there is a way to
advocate a weight depending of the procedure. The coefficients of
accommodation (table 6) are given according to the adaptation of the
test procedures to represent the mussel colonization and to well
measure forces. The experimental data of Sarpkaya for a sand
roughness agree reasonably well with those of Théophanatos (rough
cylinder with pyramids). Those of Rodenbusch are very closed to those
obtained by Théophanatos. Nath's results diverge with the results
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The conditional probability of the drag coefficient shows an
asymmetrical distribution (Fig. 13).

P(C,Id.l:KC)

0,75

05

0,25

10=Kc=15  15<Kc=21  21=Kc<35
Figure 13. Drag coefficient probability conditioned to Kc.

The discrete probability density function is deduced from this previous

results and the probability of Kc being in the tree ranges (Fig.14).
Ranges of Cd refers to those given in table 3-~5.
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P(Cd) 0,4

(Cdis-Cd)/2 1.79 1.56 1.94 231
Figure 14. Drag coefficient probability.

This modelling allows to conclude that the distribution is asymmetric.
Considering the followed methodology and the conditioning to Kc
which follows a non-symmetrical distribution, this result is not
surprising. The mean value p and the standard deviation o are obtained
by the equations (15) and (16).

4

pcdy=N picdi (15)
4

& (Cd) :2 pi(L(Cd)-Cdi ) (16)

The mean value is 1.834 and the standard deviation 0.051. This values
lead to a COV of only 3 %. It is of course very fair and show that CoV
of 30 % generally assumed can overestimate the variation in some
cases.

CONCLUSION

The modelling of marine loads on Jacket platforms in presence of
marine growth remains very complex. Randomness on Reynolds and
Keulegan-Carpenter numbers due to the wave stochastic field,
uncertainties on hydrodynamics coefficients and experimental tests
implies a work on probabilistic modelling. The response surface
methodology allow to integrate in calculations hydraulics parameters
and the determination of the hydrodynamics coefficients can be
accessible from the experimental tests. It leads to a discrete probability
density function of hydrodynamic coefficients based on a conditioning
to the wave kinematics basic variables. Results show that usual
hypothesis on CoV for hydrodynamic coefficients are mainly over-
estimated and as a consequence make the reliability less.
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