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ABSTRACT

Defining limiting conditions for jack-up units gajron location requires risk assessments to be wlade
spudcan-seabed impacts that may arise during Vegrilng. Recent progress in analysis methods has
involved extensive use of time domain simulationk wandom waves and the development of simplified
methods. This paper considers an alternative fieghimethod based upon transient wave packetsatieat
tailored to produce synthesised extreme eventsatieatepresentative of random conditions and thet h
prescribed probabilities of occurrence. The sitnofs are of short duration and provide direct esaibn of
the expected concurrent rigid body motions assediaith extreme spudcan velocity events in thelfree
floating condition. In the representative casestigred, the largest vertical impacts are founakitte when
the spudcan-seabed clearance is reduced by ablutrdth the minimum clearance required to avoid
impact. It is apparent that the analysis of ismlampacts with prescribed initial velocities, bhsa the
freely floating condition, can provide a satisfagtprediction of impacts within the range of praati
interest for the case studied. It is shown thatetkpected concurrent rigid body motions assochattd
extreme spudcan velocities in the freely floatiogdition can be obtained by multiplying the indegbemt
most probable maximum extreme (MPME) values byctireesponding correlation coefficients of the
random process.
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INTRODUCTION

Recent progress in the analysis of limiting comdis for jack-up units going on location has invaltee
extensive use of time domain simulations with randeaves. Tan et al. [1] carried out simulations in
random waves with varying spudcan-seabed cleammteeveloped simplified methods suitable for routi
analyses. One of the methods involves using afsegular waves of different periods and heigletsced
to produce the same peak velocity response ofpthdcsin in the freely floating condition as the ente
response predicted using linear spectral meth8dsh an approach involves consideration of a rahge
combinations of heave and pitch/roll motions.

An alternative approach is investigated in thisgrajsing transient wave packets that have beenddito
produce impact events with a prescribed probabilityccurrence. The possible advantages inclotle n
only the computational benefit of short duratiomgliations but also direct evaluation of the expecte
concurrent rigid body motions (e.g. heave and pigdsociated with extreme spudcan velocities. péapeer
is a follow-up to Drake and Zhang [2] and includeme restatement of formulation and model desoripti

THEORETICAL FORMULATION

Cummins [3] derived a linear time domain equatimnepresent the dynamics of a large floating marine
structure in waves. An inviscid, incompressiblédlundergoing irrotational flow is assumed. Thjeation
is referred to as the Cummins equation. Followirgexposition and nomenclature of Chen et al.if4as
the following form for a floating rigid body:

[ +A(e)Jx(t) + [t - 2)x(r)dr + K x(t) =< (t) (1)
0

where, x is the vector of the rigid body degrees of freedord a dot denotes time derivatig;is the mass
matrix; A(oo) is the constant positive-definite infinite-freqegradded mass matrix; the kernel of the
convolution termh(t) is the matrix of retardation functions and is lidke fluid memory effectsk is the



hydrostatic stiffness matrix; arfd(t) is the vector of wave excitation forces and momémat vary with
time, t.

The retardation functions can be obtained by evialgiahe following integral:
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where B(a)) is the positive definite matrix of hydrodynamic i@&tn damping coefficients at frequenay.

Hydrodynamic coefficients can be readily obtaingdra finite range of frequencies using three-
dimensional panel codes. These are based onehef beundary integral methods to solve the paénti
flow problem. Additional damping is required tacaant for viscous effects associated with pitch iotid
motions.

We now consider the formulation of the transienv@vpackets and consider how they may be tailored to
synthesise wave sequences that are especiallyantl/the simulation of spudcan impacts. To dowe
make use of the extensive research that has bekemtaken to characterise the time history in tlenity of
a large peak within a stationary normal (or Gaugsiandom process. This includes theoretical viogrk
Lindgren [5] concerning the mathematical analy$ia stationary normal process in the vicinity dbeal
maximum and later work by Boccotti [6] specificatlirected at investigating the statistical progerf
wind waves. It has been shown that in the vicioitg large local maximum that the expected tinstdny
of the random variable becomes increasingly detestic and that it tends towards the autocorretatio
function of the random process for increasinglgdapeaks. Tromans et al. [7] advocated the utieeof
autocorrelation function of wave surface elevafisrthe basis for the formulation of a transientgregave
for fixed offshore jacket structures. The assedatesign methodology was referred to as NewWave.

In previous work, the author has proposed usingthecorrelation function of a vessel responserpatar
to represent the extreme time history of that patamwhen the vessel responds linearly to unidoeat
Gaussian random waves [8]. The autocorrelationtfan is easily found from the inverse Fourier gfmnm
of the appropriate response spectrum. Applying dpproach to the case of a jack-up unit goingpoation,
we take the spudcan vertical velocity in the frdedgting condition as the parameter to be considevhen
deriving the transient wave packets to be usethfdsubsequent nonlinear assessment of spudcaseseab
impacts. The validity of this approach rests uffanhypothesis that wave groups causing extremgcsjpu
vertical velocity events in the freely floating abtion are closely correlated with extreme sealpagbict
events that may arise during leg lowering.

Thus, the expected time history of spudcan vertielicity in the vicinity of an extreme velocityet in
the freely floating condition may be computed émts of spectral density) by scaling its autocatieh
function as follows:

s, (@ )eodar)ac @)

where ¢" is the expected vertical velocity of the spudcaris the time relative to the extreme event,is
the extreme velocityaz- is the standard deviation of the velocity a‘@d is the spectrum of the velocity.

The amplitudes and phases of the various wave coemts for the associated unidirectional incident
transient wave packet that would cause this regparesobtained by dividing the frequency componehts
the expected spudcan velocity time history by threasponding values of the appropriate linear feans



function. Thus, the wave elevation time historgazsated with the extreme vertical velocity event i
obtained from the following summation:
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where, 7" is the expected free surface elevation time hisabtye origin of the wave coordinate system and
the subscript denotes association with spudcarceexelocity, S, is the spectral density of wave surface
elevation, H, is the linear transfer function for spudcan veitielocity and the use of an overbar denotes
the complex conjugate.

Once the wave elevation time history has been défiit is a straightforward matter to compute fheet
history associated with any linearly related reggoparameter. Thus, the associated time histdiyeof
wave excitation load associated with rigid bodyptlisement componeré (e.g. heave or pitch) is given by
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where H fee is the complex linear transfer function for the waxcitation load.

In this paper we use (5) to obtain the forcing lmm ight-hand side of the Cummins equation. Aliraf
associated hydrodynamic coefficients and linearsfier functions are computed using frequency domain
methods.

HYDRODYNAMIC LOADING FOR A REPRESENTATIVE HULL

Figure 1 shows the panel mesh for a hydrodynamidehaof a representative hull as presented in [Bg T
main simplification compared to a more realisticdmloof a jack-up rig is the omission of leg wells.
Hydrodynamic coefficients were computed at 30 défe frequencies over the range 0.105 to 1.795rad/
(0.0167 to 0.2857 Hz) using AQWA [9].
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Figure 1 Hydrodynamics panel model (AQWA plot)

Spline interpolation was used to provide valuesadfation damping at 151 frequencies with uniform
spacing from zero up to 1.795 rad/s. The retarddtiactions were computed at time intervals of 8.02ing
the trapezoidal rule. The convolutions in (1) candme very time consuming for long simulations with
random waves. Substantial improvements in comjoun@itefficiency can be obtained by approximating t



convolutions with a state-space model (e.g.[4]hwEver, such an approach is not necessary forhibre s
duration transient wave packets considered inghyzer.

SIMPLIFIED STRUCTURAL MODEL

Figure 2 provides an illustration of a simplifieda-dimensional linear elastic structural model tlsat
considered sufficient for the purposes of this stigation.
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Figure 2 Schematic of simplified 2-D linear elasticuctural model

A rigid hull is connected to a single leg which ltagss-sectional area and second moment of area The
leg material has a modulus of elasti¢ity The horizontal offset of the leg from the hudhtre of gravity is

s and the length of the leglis The model has five degrees-of-freedom (5DOFRgeuheave and pitch of
the hull (u;,v,, 6,) and horizontal and vertical translation of thétwm of the leg (1, ,v, ). The hull has
hydrostatic restoring stiffnedg, in heave and,, in pitch. Vertical and horizontal elastic springih
stiffnessk,, andk,,are provided at the bottom of the leg and are aaiy when contact is made with the
seabed. It may be shown that the 5DOF model leafottowing stiffness matrix:
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A computer program has been written in Fortranr@@rder to apply the Cummins equation to the amalys
of the representative rig model. The constantlacaton method, as described by Clough and Perz@n
has been implemented and extended to include tiebtdions associated with the retardation function



IMPACTS IN WAVE GROUPS AND THE ROLE OF SEABED CLEARNCE

Here we consider a representative rig in head dessribed by a Pierson-Moskowitz wave spectrume Th
significant waveheight is 2m and the zero-crossiagod is 7s (peak period is 9.86s). Details efnfodel
are given in [2] and restated in Table 1. Onlydiegonal high-frequency asymptotes for added mass
coefficients and on-diagonal retardation functifersheave and pitch are incorporated in the model;
hydrodynamic effects in surge and coupling betwberdegrees of freedom are considered negligible.
Additional pitch damping, equivalent to 5% of a#l damping in the freely floating condition, isdad to
account for viscous effects. The chosen probglolitoccurrence of the extreme vertical velocitgetis
associated with the most probable maximum extrévifeME) in 1000 peaks of a linear narrow band
Gaussian random process, thereby giving a fact8r#& to be applied to the standard deviation diiced

velocity (i.e.+/2In1000).

Table 1 Model parameters
Hull length (m) 70.36
Hull width (m) 76.00
Hull depth (m) 9.40
Hull draught (m) 6.00
Hull waterplane area (m?2) 3,620
Hull second moment of waterplane area (m#) 1.22 x 10%
Hull and leg dry mass (tonnes) 22,265
Longitudinal leg spacing (m) 45.72
Transverse leg spacing (m) 47.55
Leg cross-sectional area (m?) 0.537
Leg second moment of area (m#) 15.373
Leg length, L (m) 70.00
Leg offset, s (m) 30.48
Radius of gyration for hull and legs (m) 37.69
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Figure 3 Wave excitation load time historiescasated with spudcan velocity extreme event

Figure 3 shows the time histories of heave forakgtch moment that were computed using (5) and ase
the wave excitation in the Cummins equation. Fegushows the corresponding time histories of spdc
(bottom of leg) vertical velocity and vertical digpement in the freely floating condition. The éimistories
have been computed using two different methodsblihe solid line shows the values computed usieg th
Cummins equation with the excitation time histog@gen in Figure 3; the red dashed line shows #iaes
computed using (3) and frequency domain methode tiWo sets of computed results are virtually
indistinguishable, as would be expected for limeaponses in the freely floating condition, andvjite
assurance that the Cummins equation has been iraptechcorrectly within our computer program. Of



course, the sole purpose of using the Cummins exjuigit this paper is to represent jack-up hull-iater
hydrodynamics in the time domain in order that im@dr simulation of seabed impacts can be undeartake
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Figure 4  Spudcan vertical velocity and disphaeat time histories in the freely floating conditio

The peak downward displacement of the spudcanguar€i4 is 2.91m indicating the clearance requiced t
avoid seabed impacts with this transient wave padkigure 5 shows the spudcan displacement tirstotyi
for the case of 2m seabed clearance in the stiémandition. As in [2], the values for seabedrgp
stiffness have been set equal to one quarter aixia stiffness of the leg. The horizontal gmdiat -2m
represents the seabed datum. Three impactsrgssings at -2m) can be seen. The first impacdesa
small reduction in the positive peak prior to tkeand impact, when compared with the magnitudéef t
corresponding positive peak in Figure 4 for thelydloating condition.
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Figure 5 Spudcan vertical displacement timeolhystvith 2m seabed clearance

Figure 6 shows the spudcan displacement time Fistorthe case of 1m seabed clearance in thenstiiér
condition. The horizontal gridline at -1m represahe seabed datum. There are four impacts(besings
at 1m). A significant reduction in the magnitudelte positive peaks can be seen after the seawhthard
impacts when compared with the positive peaks #ftefirst and second impacts in Figure 5.



displacement m

Figure 6 Spudcan vertical displacement timeomnysivith 1m seabed clearance

Figure 7 shows the largest seabed impact vertisplatements in transient wave packets obtainedave
range of seabed clearance (Om to 2.75m in 0.25rerments, plus minimum clearance to avoid impact).
The associated vertical impact forces are linearbportional to displacement in the idealised case
considered here of a linear elastic seabed; 0.3meskdisplacement corresponds to an impact force of
121MN (12,317 tonnes). We observe that as thearea is reduced from the minimum clearance todavoi
impact, there is a continual increase in the mageitof the vertical impacts until the clearanceeduced by

around 40%.
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Figure 7 Comparison of seabed impacts due tsigat wave packets and prescribed initial velesiti

ISOLATED IMPACTS DUE TO PRESCRIBED INITIAL VELOCITHS WITH SEABED CLEARANCE
To make comparisons with established practicediésissed in [2]), consideration has been given to
isolated impacts in the absence of waves, usingcgbed initial heave and pitch velocities assadawith

the extreme spudcan velocity event for a transi&vie packet in the freely floating condition, asgented

in Figure 4. The retardation functions and viscdasping were set to zero for the purposes of starsty
with the barstool structural models often usedsfmrdcan impact studies. The seabed clearance was
increased in 0.25m increments until the minimunacdace to avoid impact was reached. A monotonic
trend of impact displacement reducing with incregsilearance was obtained as shown by the smowth re

dashed line in Figure 7.



In the case that has been considered, we obsawththisolated impacts with prescribed initialogiies
provide a very satisfactory proxy model for thedicéon of impact displacements (and forces) when t
seabed clearance is greater than or equal to 6@Pe ahinimum clearance to avoid impact in the fyeel
floating condition. The proxy model is observedtconservative for smaller values of seabed ateay,
but perhaps not excessively so for some practicatons.

The simulation of isolated impacts with prescrili@tal velocities, as described here, neglectsfétiewing:
the influence of earlier impacts on the motiontef jack-up unit; wave excitation loads; wave radiatue
to jack-up motion (i.e. retardation functions);aasis damping in pitch. In terms of the simulategacts, it
is evident that the combination of these effectstde small over the range where satisfactory aggaeis
obtained with the more comprehensive simulatiortsansient wave packets.

CORRELATION COEFFICIENTS FOR RIGID BODY COMPONENTEH IMPACT VELOCITIES

We now consider more closely the rigid body velcitmponents associated with an extreme spudcan
velocity event in order to relate the concurrerbeities with their independent most probable maxim
extremes (MPME). Following the method given in, tBe associated time history of the rigid bodyoedly

component{‘ (e.g. heave or pitch) is given by
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where Hé is the complex linear transfer function between evalevation and the rigid body velocity.

Thus, the rigid body velocity component at the tiohéhe extreme event is given by
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Normalising the concurrent velocity with respecitttoMPME value,3, we obtain
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where p,, is the correlation coefficient between the twodam variables.

It is noted that the formulation differs from thiegse cofactors methodology for joint seakeepingaese
processes as described by Hutchison [11] and adlgiproposed in 1978Vithin the realm of offshore
structures engineering, that methodology has faigadin the assessment of transportation loads [L2¢.
difference arises in the time history used forgkreme event. In the phase cofactors formulattirhe
amplitudes of the frequency components that mighised in a random simulation are put into phase (i
component amplitudes proportional to the squareabthe spectral density). This differs from #wpected
time history in (3) where the amplitudes that amulght into phase are proportional to the spedgakity of
the random process. This is associated with |pegés being more likely to be formed by the most
energetic components. The matter of concurreporeses is considered further in the Appendix wineaei
derivation is given for the time dependent conditioprobability density function of one jointly tlibuted
random variable when another attains a peak value.

Table 2 presents the MPME velocities and correfatimefficients for the representative jack-up imitour
seastates defined by the Pierson-Moskowitz wavetgpa. The correlation coefficients have been



computed using (9). The concurrent heave and pitdcities associated with the MPME spudcan valtic
velocity are obtained by multiplying the MPME heaared pitch velocities by the corresponding coriefat
coefficients. The concurrent pitch velocities (R3dire multiplied by the leg offset of 30.48m befbeing
added to the concurrent heave velocities to prothe®alues presented in the rightmost column. The
consistency of the methodology is confirmed bydbmbined concurrent velocities being exactly eqoal
the MPME spudcan vertical velocities.

Table 2 MPME velocities and correlation coeffidgen
MPME spudcan MPME pitch  MPME heave  spudcan & pitch spudcan & heave Combined
Hs T, To vertical velocity velocity velocity velocities velocities concurrent
correlation correlation velocities
m s s m/s rad/s m/s coefficient coefficient m/s
2.0 8.0 11.26 -2.1303 -0.0472 -0.8411 0.9627 0.8865 -2.1303
2.0 7.0 9.86 -1.7642 -0.0363 -0.7767 0.9559 0.9080 -1.7642
2.0 6.0 8.45 -1.2001 -0.0210 -0.6288 0.9465 0.9444 -1.2001
2.0 5.0 7.04 -0.6444 -0.0093 -0.3819 0.9578 0.9771 -0.6444

As might be expected, there is a very high cori@idbetween pitch velocities and spudcan vertical
velocities over the range of seastates considgfadhermore, the computed correlation coefficidensl
support to the simplified practice of using the MPIMditch velocity in conjunction with sufficient hea
velocity to match the MPME spudcan vertical velpcithen analysing isolated impacts with prescribed
initial velocities.

CONCLUSIONS

An alternative simplified method has been impleradrifivolving the use of tailored transient waveksts
to synthesise short duration extreme spudcan \glegents that are representative of random caniti
and that have prescribed probabilities of occurerla the representative case considered, thedarg
vertical impacts are found to arise when the spudembed clearance is reduced by about 40% from the
minimum clearance required to avoid impact. Hlso evident in the case studied that the anabfsis
isolated impacts with prescribed initial velocitibased on the freely floating condition in wavees
provide a satisfactory prediction of the largespétis when the seabed clearance is close to fealf th
minimum clearance required to avoid impact. Furtherk is recommended to consider a wider range of
model properties than studied here, including kagadhics and nonlinear hysteretic behaviour of tebed,
and to compare the impacts obtained with thoseigieetlin regular and random waves.

It has been shown that the expected concurrert bigdly velocity components associated with extreme
spudcan velocity events in the freely floating dtind can be obtained by multiplying the indepertden
MPME values by the corresponding correlation ceoedfits of the random process. This finding can be
derived from the time dependent conditional proligtdensity function of a jointly distributed raach
variable when another attains a peak value, asmsiothe Appendix. The finding differs from thegse
cofactors approach given by Hutchison [11].
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APPENDIX — DERIVATION OF CONDITIONAL PROBABILITY DENSITY FUNCTIONS FOR
CONCURRENT RESPONSES

The time histories for two jointly distributed Gaien random variables with zero mean are showinguré

8. The random variablg attains a peak at timg. Tromans et al. [7] have shown how the conditiona
probability density function may be derived fprat timet, +7. Here we follow their exposition and extend

it to derive the conditional probability densitynittion for & at timet, +7.

time
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Figure 8 Time histories of a joint normal proceggen one random variable attains a peak value



The joint probability density function for three @sian random variables is readily obtained usiagdard
formulation (e.g. [13]). Considering the case igufe 8, the following expression for the joint padility
density function may be obtained after some maaijn:

2
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in which B=

the variances and covariances are givedby V2, n?=c?, n?=Nc? é&n =yov, & =-yAov
where the overbar denotes time averaging. It shibelnoted at this point that there are some minor
differences arising in the notation when comparét {¥] and, of course, that the normalised cross-
correlation functiong/ and y are functions of the time separation

As in [7] the probability density function assoeidtwith the peak event is given by

. ) a?
p(7, = |, =0) p(, =0)= Cexr{—g} (A2)
inwhich C=——~__
2rmo A

Thus, the conditional probability density functifam & when 7 has attained a peak value is obtained by
dividing (A1) by (A2) and expressing as

N1 _(e-m)?
p(5|/71 =, =0)= (2n)2 0, ex;{ 207 } (A3)
where o, = |/(1—y2 —yz)% and mz%.

For a given separation in time, we see that the conditional probability densitydtion in (A3) is Gaussian
with meanm and standard deviatios,. We note that/o is the ratio of MPME to standard deviation for
the extreme peak event ands the standard deviation gf. Thus, the expected time history ris the
product of its MPME @v/o ) and the normalised cross-correlation functjon At the instant of the peak

event, whem =0, the value of the normalised cross-correlatiorcfiom is equal to the correlation
coefficient between the two random variables.

In the case of highly correlated random variablesmr — 0 theny - 1 y - 0 and sog, - 0. Asin [7],
we also note thamincreases for larger peaks whitsj remains constant. The jointly distributed random
variable ¢ then becomes increasingly deterministic withinuttonity of the extreme peak event fgr.

This supports the emphasis that has been givdretexpected concurrent values in the main textef t
paper.



