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ABSTRACT

A simplified structural model has been developeihtestigate implications of the Cummins equation f
time domain simulations of jack-up rig spudcan iotpavith the seabed when going on location. Vabies
frequency-dependent hydrodynamic added mass araticeddamping are computed for a representative
hull using a three-dimensional panel code. Attanis given to estimating high-frequency asymptéoes
added mass and the computation of retardationiumgt It is demonstrated that the retardation tions
play an insignificant role during spudcan impackbe principal hydrodynamic forces are associatigad w
the high-frequency asymptotes of added mass ahdéeeleration. Differences in the distributionkadetic
energy into leg axial and leg bending modes faglsiteg heave and pitch impacts are investigaRamksible
refinements are discussed, such as the use of pbdaetors, to assess concurrent componentsidfbiapy
velocities at impact.

KEY WORDS: Cummins equation; jack-up; spudcan iatpphase co-factors.

INTRODUCTION

There is an industrial need to have a good undusiistg of going on location issues for jack-up nggh the
hull in the water. To analyse the risks involvethe domain simulations are required in order fwesent
the important nonlinearities in the interactionviiegn the leg spudcans and the seabed. However, the
hydrodynamic added mass and damping propertiegackaup hull are dependent upon the direction and
frequency content of the hull motion. In the ga@hease, this frequency dependence cannot be egpeels
in the time domain with constant hydrodynamic coefhts.

There are two main parts in the hydrodynamic logudin the hull: the first is associated with thdrdition
problem, namely the loading on the hull in wavethimabsence of motions; the second is associatkd w
the radiation problem, namely the loading on thiélimeught about by the motion of the hull in otivese

still water! The two parts are combined using the principlénefar superposition. The latter is valid for the
low to moderate sea conditions associated withggomlocation. Time histories of the diffractiarating

in irregular seas can be computed in a straighticovmanner using standard inverse Fourier transform
techniques. Potentially the radiation problenesslistraightforward, since it depends on the unknow
motion of the hull during the course of spudcanasip with the seabed.

Tackling the radiation problem in the time domanhe principal hydrodynamics challenge to be sxk#ré
if full length time domain simulations of going totation are to be produced. In this paper thef&eys is
upon the role of radiation impedance during sharation isolated episodes of spudcan impacts \Wwih t
seabed. The aim is to provide guidance on simpltfapproximations that may be applied for the @glics
modelling of impacts.

BACKGROUND

The purpose of defining limiting conditions (or riawis) for going on location is to help manage bk of
damage to legs and jacking systems caused by seweset between a descending spudcan and the seabed
Well established rigorous methods of analysis paudean impacts have been in use for more than two
decades (e.g. Miller et al. [2], Lai et al. [3], @met al. [4]). Typically these methods involweat main

stages. In the first stage, a linearised frequelacyain analysis of vessel motions is carried oupfe-

! The fluid force acting on a body that is movingrhanically with unit velocity amplitude and genengfisurface waves is termed
radiation impedance (e.g. Damaren [1]).



impact conditions. This involves taking into acobdiffraction and radiation effects of the jack-ull
along with estimates of additional damping duedblimear fluid drag forces acting on the legs. BSterm
statistical properties of a stationary random psecee then applied to make predictions of expestegeme
values of vessel motions and spudcan impact vedscitn the second stage, the extreme responseities
are applied as initial values to a separate ‘bafsstructural model with linear elastic propertasd
nonlinear representations of seabed contact anégeucal behaviour. The separate analyses qirthe
impact and impact stages seem justifiable fornkestigation of isolated impact episodes whenriigact
timescale is short compared with the charactenpiood of pre-impact motion responses.

DNV-RP-C104 [5] provides a simplified method thadyrbe suitable for initial assessments. It assuhsds
during impact all the kinetic energy due to anguatation of the vessel is transferred into straiargy
within a single impacting leg. The lower end df thg is stopped immediately upon impact as thbesks
assumed to be rigid. The vessel is constrainealioroll, or pitch, about its centre of gravityhis artificial
kinematic constraint suppresses horizontal andcattranslation of the vessel and enforces legldarces
and bending moments to peak simultaneously.

Chakrabarti [6] provides comparisons of the DNV ifred method with the results obtained from
unconstrained ‘barstool’ finite element modelslégs impacting on different types of seabed ran§iogn
rock through to hard clay, soft clay and sand.eRgected, a softer seabed leads to reduced impaeisffor
a given seastate. However, it was also showrthleadimplified method could lead to under-predittid
bending moments when the dynamic effects of legiambecome significant. These findings are also
evident in the earlier work of Miller et al. [2]aLet al. [3] and Smith et al. [4].

The admissibility of hull translation in a ‘barstostructural model leads typically to a significaime lag
between leg axial forces (earlier) and leg bendnognents (later). This is a feature of spudcan ghpa
models with both linear and nonlinear representatiaf the seabed impact. We believe that thisbeamost
easily understood from consideration of the modaponse of a linear elastic structure when sulgeote
finite initial velocities and zero initial displagents (i.e. boundary conditions at the onset obict)p
Consideration of the general case is given in AgpeA whilst a specific example is considered i thain
text. It can be shown that the time delay is adssed with the difference in natural frequenciesugen
vibration modes dominated by leg bending (lower diose dominated by leg axial deformations (higher
when the spudcan is latched (artificially) onto seabed.

Kreuzer et al. [7] present the development of &tdomain model for the computation of leg impactés
caused by jack-up motions in irregular waves. taltof 3000 realizations, each of 15 minutes damti
were carried out with legs being lowered at a aimtsspeed of 0.5 m/min. The case considered whiisda
generation jack-up vessel for wind farm installatiith attention given specifically to the casecofipled
sway-heave-roll motion in beam seas. Accordinguoknowledge this appears to be the first pubtishe
paper to describe a continuous time domain reptasen of leg touchdown in irregular waves due éssel
motions.

The possible benefits of a continuous time domegmresentation include the capability to represent n
stationary aspects of the system prior to impaathgps due to changes in centre of gravity and oadi
gyration due to leg lowering. Other benefits imiguthe representation of time-varying wave loadsdu

the course of impacts and statistical variatiothencomponents of rigid body velocity at the tinfiéngpact.
However, in cases where the pre-impact vessel motian be considered as a stationary random process
and the timescale of impacts is very short comparaave periods, the benefits of analyses in the
frequency and probability domains may well outwdigh possible benefits of analyses in the time dioma
Aside from issues of computational effort, Hutchi$8] argues the fundamental point that the fregyemd
probability domain methods have the status of et statistics in contrast with the sample diagsof

time domain simulations.

THEORETICAL FORMULATION OF HULL-IN-WATER RADIATION IMPEDANCE
Cummins [9] derived a linear time domain equatmnepresent the dynamics of a large floating marine
structure in waves. An inviscid, incompressibledlundergoing irrotational flow is assumed. Theation



is referred to as the Cummins equation. Followirgexposition and nomenclature of Chen et al., [i10]
has the following form for a floating rigid body:

M +A(@)l%(0)+ [t -7)x(r)dr +Kx(t) = (1) 1)

where, X is the vector of the rigid body degrees of freedord a dot denotes time derivatiwg;is the mass
matrix; A(w) 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; antf® (t) is the vector of wave excitation forces and momémat vary with timet.

The retardation functions can be obtained by evialgiazhe following integral:

2
7_7 B(w)codat)dw 2)
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where B(c) is the positive definite matrix of hydrodynamic iabn damping coefficients at frequenay.

Hydrodynamic coefficients can be readily obtaingdraa finite range of frequencies using three-
dimensional panel codes. These are based on ¢haf it®undary integral methods to solve the paaénti
flow problem. Greenhow [11] provides guidance owhhe computed hydrodynamic coefficients may be
used to provide estimates of high-frequency asytaptior added mass and high-frequency approximstion
for radiation damping.

HIGH-FREQUENCY ASYMPTOTES FOR ADDED MASS OF REPRBSEATIVE HULL

Figure 1 shows the panel mesh for a hydrodynamidainof a representative hull. The main simplificat
compared to a more realistic model of a jack-upgitpe omission of leg wells. Hydrodynamic coa#ts
have been computed at 30 different frequencies ttweerange 0.105 to 1.795 rad/s (0.0167 to 0.2857 H
using AQWA [12]. Figure 2 shows the pitch addedss@nertia) over the range of frequencies coneitler

Greenhow [11] has shown that if added mass coeffisiare known over the frequency rafliyea < o
then an estimate of the high-frequency asymptatéhdadded mass coefficiejtmay be obtained from the

following approximation:
Aﬁj(m):%pﬁj(a)"'ﬁj‘ﬁdw ©)

Table 1 shows the results obtained from numeridalgration of the computed added mass coefficigitts
different upper limits for the integral in (3). &hesults show that the estimates of the high-aqu
asymptotes for heave and pitch are rather inseagiti the upper limit for the values considerethe Bdded
mass results for surge are slightly more sensitvibe upper limit, however, it is noted that thagmitudes
are much smaller than those for heave, so the fsugaluced accuracy is less important.

RETARDATION FUNCTIONS FOR REPRESENTATIVE HULL

Spline interpolation was used to provide valuesadfation damping at 71 frequencies with uniforracpg
from zero up to 1.795 rad/s. The retardation fiomstwere computed at time intervals of 0.01s usireg
trapezoidal rule. Figure 3 shows the pitch radimtdamping over the range of frequencies consideneld
Figure 4 shows the corresponding retardation fondtnat has been computed using (2).

The convolutions in (1) can become very time coriagrfor long simulations. Substantial improvements
computational efficiency can be obtained by appr@ting the convolutions with a state-space modgl (e



[7], [10]). However, such an approach is not nsagsfor the short duration simulations consideneithis
paper.

SIMPLIFIED STRUCTURAL MODEL

Figure 5 provides an illustration of a simplifieda-dimensional linear elastic structural model that
consider to be sufficient for the purposes of itigaging the effects of hull hydrodynamics. A ddiull is
connected to a single leg which has cross-sectameal A and second moment of area The leg material
has a modulus of elasticify. The horizontal offset of the leg from the hudhtre of gravity iss and the
length of the leg ik. The model has five degrees-of-freedom (5DOFRjgeuheave and pitch of the hull (

v;, 6, ) and horizontal and vertical translation of théttm of the leg (0, ,v, ). The hull has hydrostatic
restoring stiffnesx,, in heave and,, in pitch. Vertical and horizontal springs witliffstess k,, andk,,

are provided at the bottom of the leg. It may heven that the 5DOF model has the following stiffes
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 with prescribetlahconditions and without incident wavels’t =0). The
constant acceleration method, as described by @land Penzien [13], has been implemented and extend
to include the convolutions associated with thandstion functions. The program has been validated
against the retardation function and transientllasicins presented by Damaren [1] and Chen e8], for

the case of a heaving hemisphere.

INFLUENCE OF HULL RADIATION IMPEDANCE ON RESPONSEBEFORE AND AFTER IMPACT
Figures 6 and 7 show the transient oscillatione@ated with initial displacements and initial veities in
heave and pitch with the vessel in the free flgatandition. The model parameters are given irldab
Only on-diagonal high-frequency asymptotes for adueass coefficients and on-diagonal retardation
functions for heave and pitch were incorporatethexmodel; hydrodynamic effects in surge and cogpli
between the degrees of freedom were considered tnegligible. The time increment in the simulasiovas
0.01s. It can be seen that in the free floatingd@mon the heave response is much more heavilypgam
than the pitch response, as expected.

Figures 8 and 9 show the transient oscillationstdueitial velocities associated with rigid bodgave and
pitch motion at the onset of impact. The leg isrexrted to horizontal and vertical springs reprisgithe
contact with the seabed. This is the only chahgewas applied to the model parameters when cangpar
with the cases considered in Figures 6 and 7. vahees for spring stiffness have been set equaihéo
quarter of the axial stiffness of the leg in orttegenerate typical impact durations of aroundRssults are
presented with and without the effects of retamatunctions being included. The two sets of rssul
each figure are shown to be indistinguishabletierghort duration whilst the vertical spring at $eabed is
in compression. Differences arise only at latages beyond the range of practical interest.

The fact that the retardation functions have naifigant effect for the short period after impastirectly
attributable to the minimal amounts of radiatiomgéng at frequencies associated with hull respongen



the leg is in contact with the seabed. For the tlat has been considered, it is evident thatataedation
functions are only of importance for time domaimsiations in the free floating condition prior tapact.

FREE VIBRATION ANALYSIS WITH HIGH-FREQUENCY ASYMPTOES FOR ADDED MASS

With the retardation functions having a negligilidée after impact, the constant coefficient mags an
stiffness matrices that are in place for a shoration after impact present a standard eigenvaiolelgm,
albeit momentarily. The principal hydrodynamicdes during this time are associated with the high-
frequency asymptotes for the added mass coefficemd the decelerations of the rig. Perhaps spsa
has not always been understood by practitionarsgsh [2] it is stated that the added mass caeffts were
based on a wave period of 10s.

Figure 10 shows the first three modes of vibrafarthe representative hull with its leg in contadth the
seabed, as considered in the analysis resultsressimn Figures 8 and 9. We have termed these snagle
inverted pendulum, leg bending and leg axial. htiral frequencies of 1.44 rad/s, € 4.37s) for the leg

bending mode and 3.67 rad/g, € 1.71s) for the leg axial mode can be considerabnjunction with
Figure 3 in order to confirm that radiation dampigsgninimal for these modes.

Table 3 shows the proportions of kinetic energy #na directed into these modes in the separats ads
heave and pitch impacts. It is shown that moshefkinetic energy in the pitch impact is directedhe leg
axial mode whilst most of the energy in the heawpact is directed to the leg bending mode. Detdithe
analysis methodology are given in Appendix A.

The tendency for a single leg heave impact to chgbending can be understood by considering an
abstract case; a jack-up rig with a rigid leg la&lbnto a fixed pivot at impact in the absenceydfdstatic
restoring effects. In this case there is consamaif angular momentum about the pivot. Horizbnta
velocity at the centre of gravity arises when tigaotates about the pivot. The associated hot&on
momentum is caused by a horizontal impulse beimggeged at the pivot. The effect would be moderate
by compliance of the leg and seabed.

MOST PROBABLE COMPONENTS OF RIGID BODY MOTION AT IMACT

Frequency-domain analyses are often used to genestimates of independent extreme values of bgay
motions and spudcan velocities. These may theapplked in a conservative manner as concurreninit
velocities to a ‘barstool’ structural model for timvestigation of spudcan impacts with the seab&anore
realistic approach might be to consider the masbable components of rigid body motion associatild w
the instant of extreme vertical velocity of the aafing spudcan. The phase co-factors methodology
developed by Hutchison [8] is well establisheddtirer applications and would seem to be highlyaduet
for use in spudcan impact studies. An alternajmeroach is outlined in Appendix B. The authogppise
further investigation regarding the applicabilifybmth methods to spudcan impact analyses.

CONCLUSIONS

It has been demonstrated for a representativelmtithe retardation functions in the Cummins eiguat
play an insignificant role during spudcan impacithwhe seabed. The principal hydrodynamic formeting
on the hull are associated with the high-frequeasyymptotes of added mass coefficients and the hull
deceleration.

For the cases considered, it has been shown tigledeg pitch impacts direct most of the kinetiegy

into leg axial modes, whilst single leg heave impalirect most of the kinetic energy into the legding
modes. The authors recommend further assessmdetite most probable concurrent components o rigi
body motion associated with extreme spudcan védscit
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Hydrodynamics panel model (AQWA plot)

Figure 1
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Pitch retardation function (kN.m)
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(1) Inverted pendulum mode (2) Leg bendingleno (3) Leg axial mode
(,= 14.83s) T,E 4.37s) T,E 1.71s)

Figure 10 Mode shapes when leg is latched ontoeskab

Table 1 High frequency asymptotes for hydrodynaawided mass in surge, heave and pitch

Frequency O Surge A_Ll(°°) Heave A, (00) Pitch A33(00)

(rad/s) (tonnes) (tonnes) (tonnes.m?)

1.047 3.31x10° 6.04 x 10 1.07 x 10’

1.142 2.96 x 10° 6.06 x 10° 1.08 x 10’

1.257 2.64 x 10° 6.11 x 10 1.08 x 10’

1.396 2.37x10° 6.09 x 10° 1.08 x 10’

1.571 2.15x 10° 6.19 x 10 1.10 x 10’

1.795 2.01x10° 6.25 x 10° 1.11x 10’

Table 2 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?) 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

Table 3 Kinetic energy distribution

Impact case Inverted pendulum Leg bending Leg axial

mode mode mode
Heave impact 26.3% 50.4% 23.3%

Pitch impact 16.2% 8.9% 74.9%




APPENDIX A - RESPONSE OF LINEAR ELASTIC STRUCTURH® INITIAL VELOCITIES
Applying the modal superposition methods describpe@lough and Penzien [13], the time varying vecotor
structural displacements(t) may be expressed as

V() =@ Y(1) (A1)

where ® is a matrix of mode shape vectors an) is a time-varying vector of principal coordinatBse-
multiplying by the mass matrim so that we can use the orthogonal properties oensbdpes gives

mv(t) =ma®Y (t) (A2)
Now pre-multiply by the transpose of the mode shaguotor

O 'mv(t) =@ TmaY(t) (A3)
Solve (A3) to obtain the principal coordinates

Y() =M o Tmuv(t) (A4)
where M = ®"m® is the generalised mass matrix, which is diagonal.
The initial velocities for the principal coordinatare given by

Y(©0)=M®"'mv(0) (A5)
where the dot denotes differentiation with respedtime.

Ignoring damping effects, the time history of pipat coordinate response in tffemode is given by

_Y.0

Y, (1) singt (A6)

where «; is the natural frequency of tiftmode. Thus, the peak strain energy first ocauthei™ mode
when

T

t=—— A7

» (A7)

The kinetic energy of the structure is given by

LVTOmMUt) =Y ()@ maY(t

vV (Omv(t) 12.T() | ®) A8)

=3Y ()M Y(1)
Because the generalised mass matrix is diagonhbwe
. . N .
FYTOMY(0) =3 3M, (1) (A9)

i=1

where 1M, Y;(t)? is the kinetic energy in tH& mode.



We note that there is no exchange of energy betiveemodes. There is only exchange between kinetic
and potential (or strain) energy within each mobtegeneral, the modes of vibration will have diéfet
natural frequencies and the time taken to reack gigain energy in each mode will depend uponatsiral
frequency. Thus, peak strain energies in the uarmnodes will not occur simultaneously.

APPENDIX B — TRANSIENT WAVE PACKETS ASSOCIATED WITISPUDCAN IMPACTS

Following the approach given in [14], it may be wihdor long-crested random seas that the most pteba
wave surface profile associated with an event ogusktreme vertical velocity of the spudcan is giby

the following summation

(e )= 55 RS S () e+ o Y

where, " is the most probable free surface elevation anguhscript denotes association with spudcan
vertical velocity ¢ ; time relative to the extreme eventriand the horizontal position along the wave profile
is x ; the extreme vertical velocity of the spudcamisind its variance 8- ; the transient wave packet has

N frequency components; the frequency and wave nuofiieen™ component arec, andk, respectively
and the frequency spacings.,; S,(«,) is the spectral density of wave surface elevatiothH , (cs,) is

the complex conjugate of the linear transfer fuorcthetween wave elevation (input) and spudcancatrti
velocity (output);i is v-1.

The associated time history of the rigid body vitlocomponenté (e.g. surge, heave or pitch) is given by

£0)= &R (w () exdalac ©2)

where Hé(a%) is the complex linear transfer function between evakevation (input) and rigid body
velocity (output).

Thus, the rigid body velocity component at the toh¢he extreme event is given by

el Ui? Re{z‘s” (@ )H_Z(“%)Hs(‘%)ﬂ%} (B3)



