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. eubmersible/bergy-bit impact.

ABSTRACT

This stud'y addresses‘thé problems  of eemi—submers

platf'otms operating year-round under harsh environmeA

condltlons. The main objective of. this’ study is to de-

velop teci\n;gues for .modelling, constiuction.’ handling, -

and ta'-eéir'lg‘ a model that.is'dynamically and utru'cturally'<

similar (as close as posaible) to a typical eemi—eubmers—

k ible ‘and use it to study 1ts motion and global 5tructura1

response,ca wave: force; and bergy- bit impact.
. b T ! PR
Extensive'review 'of the available numerical,, experimental

and full-scale studies is presented. The review identi-

f:.ed ‘the need for developxng techniques to overcome the

problems aesocx_ated _vut_h,modelxing, construct.: on, hand-

ling van‘d testfng of ‘a  structurally ‘and‘ dynamical.l.y-

similar (hydroelastic). semi-submersible model.
3 be A} .

’['he‘review als'o". ide‘htiﬂe’d‘the lack of data on.the impact

' »etrength of iceberg ice and the need for expetimental and

analytxcal 'studies to investigate the problem of semi-

_“"
- T I

A hydroelaatic model of a ty;iical aemi-sﬂbmeraibla _was

devexoped. In addition to dmulatlng "hyd:odynamlc




i -ii -

hydroelastic model-a'chieves st'x‘uctural

a

‘I'he model. believed to be the ﬁrat of ita

g r.resses‘)- '
kind, was fabficated with 0 -8, mm (0.03 m.) thick high.~ .
Ampact pol.ystyrena sheets. .,Cellulose acetate butyrate
tubes, 1. 58 mm thxck, were used as bracings. Thel model <
was *extensively instzumented with 9train ga\‘xges‘ to

.measure straxns in criticu sections Bf all the semi- E
submdrnble members. - L E "

2 : " -
The response of the model to regular and' irregular ‘waves

under operating/aurvival condxtions and 1mpacts of-.

nodelled bergy-bits is ed
gy 8-

i _ S e i it e
Tha expetimental response ‘in -waves is compared with the
availuble numerical and full-scale valuea. ‘The measufed
£or_ces, stresseg amd'motion due to-_aimulated impact are

: 'pteqented a[\d g.:omp.a}ed with nume_gi.cel results of .1mpact
‘models. ) S A L ° .

tﬁeze !.suvery good. agrgqmené betv)ee’n tr;e e-xp‘erimen't.al “and

anelytienl :"eaullesl»olf this. ‘study ‘and other publishéd -

" results.
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./r-"'l
The effect of varying local stiffness of the ructure/

‘-197 on the impact force has beén studied using a two-

degrees=of-freedom model and introducing a local stiff-

neas element. The 'imphct strength and ,load-deformation

' characteristics of iceberg ice were Obtained from a

comprehensive ice testing program car:ie out as part of
. L e

\

this study. u e E \

|

-The maxi‘mum bergy-bxt mass and impact velocity conditions

"that a column can thhatand, thhout logal damage, huve

been estimated using the results of the impact tests on

the 'semi-submgrsible fodels and blocks of iceberg ice.

~ .
o

It was found that semi-submersibles ';:l_ealg.ned -for wave

"forces only may not be able to withstand impact ‘of small

bergy-bits withmut suffering local damage.
- . R
&

The -study demonsttuteé‘- thré viability and reliability of

hydroelastic modelling, -and the uaefulnege"yof hydro-'

. ¥
elastic models in studying the response -to\hnp%

Based on the ﬁnéinga of the study,.areas.for'fui:her

. research have been identified and recommendations made

-for further work on the bergy-bit/semi-submersible

- . St <

’ .
% d

impaot.
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» Hibernia Field.

CHAPTER I

INTRODUCTION

1.1 General - -

Increasing demands for offshore oil and minerals necessi-
1

tate exploration in the hazardgus and; hostile environments

of the North Sea and the -east coast of Canada. It is
believed. that the Canadian East Coast has more potential
hydrdcarbon reserves than any other known 031 and gas atéas
in the world outside .the Middle East. -The oil and gas
reserves ‘offshore Newfoundland are estimated to represent
about 30% of the total inland and offshore oil and gas
resources ;1n,Canada. i, '

In 1979 over one billion barrels of recoverable oil were
diacovefed in the Hibernia fields northeast of the Grand
Banks of Newfoundland. Another major discbv;_ry was

recently roportsd/,in the Terra Nova field, southeéast of the

on the- Grand Banks of Newfoundland there are various

" factors which make driuimj operations and the development

of the discovered oil tieido particularly difficult, viz.

pagk ice, icebergs, weather and sea state (Table 1.1). In

b " o -] -

» Il " -




addition to the presence of ;ea ice and icebergs, the
environmental conditions of the Grand Banks are even
harsher than the severe conditions of the North Sea (Figure
1.1). ‘In au-ch environmental conditions semi-submersible
platforms provide an ideal solution due to their stability,
mobinty. and good‘ mot‘ion characteristics. Moored semi-
s'\;bmezsible platforms have successfully been used for year- .
round operations.on the Grand Banks for- the past few years;
up to seven semi-submersibles have been simultaneously
drilling in the area. )
A

The presence of icebergs and ‘their fragments_(Figure 1.2)
poses a great threat to these offshore structures. The
severity of iceberg threat varies widely from year to year.
For example, 1;387 icebergs crossed latitude 4B'Nv in 1972
(the record year) while in 1966 no icebergs were sighted
south of this . latitude. Because of a sophisticated and
effective iceberg management system, developed over the
past 14 years, the downtime due to weather conditions and
iceberg threat has become ingignificantly small and is now
less than 2%. Icebergs that may pose a threat v’tc a
platform are défiectsd away -by towing,  bow-pushing or
prapeller-washing, Wwhile the ones that cannot be deflected
are avoided by‘mow)ing the piatft’)rm off location. However,
‘small’ ftag;nents c‘>f icebergs  (growler and bergy bits) of
masses up to 2,000 tonnes may escape radar and visual '

detection, espaéiélly in heavy seas. Such ice  masses,

t




oscillating in waves with v.elocicies up to 4-5 m/sec., pose
a great hazard to -the structural components of the+ semi-~
Blubmersible. Therefore semi-submersibles operating in
iceberg infested waters must be designed to withstand

collision with ice masses as large as bergy-bits.

’
This study addresses the problém of semi-submersible plat-
forms operating year-round under harsh envitopmen:al' condij.
tions by investigating the structural and motion res\ponsea
of a typical semi—submex_fsible;ta wave forces and bergy-bit

impact.

1.2 Scope

Semi-submersibles are subject\ed to various- types of
environmental loads due to winds, wav.es, currents, ice’
floes, bergy- bits and ice accretion. The most important
loadings from the point of view of motion characteristics
an.é structural integrity are those due to wave action and
impact of 'smau pieces of ice (ice floes and bergy bits).

The second-order wave forces, wh}eh are almost ste;dy for
regular waves and vary very sl&ly in irregular waves .at
}requencies whi::h may be close to the natural frequencies
of sa‘nlui-submersibu ‘platforms, lead to resonant excitations

and increasing mooring forces. Loads due to wind, currents
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and ice adéretion are of more - importance to platform

stability.

Since this s"tudy is mainly concerned with semi-submersible -
z 3 o s

- motion and its structural integrity, only forces due to

waves and transient ice forces will be considered.

v

Several ana]:ytical methods have been developed, over the
past two decades, to Jetermine the Eve-induced motion and
’ structural responses of seni -submersibles. Com{;utéé—mc;t/i&n
rés&onaes v;e're' generally in good agreeﬁent with model‘t};st
results 'and full-scale melasure;ments. However, computed
structural response values have. Inot agreed very well with
_those obtained f:c':m various field measurements and ﬁodel
tests. - ] -
Only very limited studies are available on the motion and
sttAucturafrespoues of semi-submersible platforms to bergy
bit impact based on .theoretical models. In these studies
the impact force was found to vary by at least .an order of
magnitude depending on the assumptions of‘ type of impact
‘~(plastic or elastic) and the characteristics_of impact
zones in the structure and ice. In addition! simplified
% agsumptions were made for the transient hyiilrodynamic

loadings on the semi-submersible and the bergy bit. s,
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Therefore field studies or model tests arg- necessary to
check the validity~ of compu;ation;l methods, structural
modelling and t_heoruticai assumptigns for both types of
loadings (wave action and ~bergy bit impact). However,
published‘reports on field ineasurement’s and e:iperimentﬂ'
studies on'the st:uctural tesponae of semi—submersibles in
waves using sltructutal models are. very limited. No field

or experimental studies on the motion and sttuctural

r of semi-subr rsible_s to be:gy. bit impact are .
available. ' Also there is a considerable lack of informa- -
tA{;n_ on the strength and failure characteristics of iuebérg
ice under high strain rate and impact conditions.
Measurements on full-scale platforms are very useful since
they are made under natural environmental conditions and
free from scaling effects or thecs_etical assumptions.
However, they are-expensive, and time consuming. Besides, ,
the investigators ha‘v.e no control over the type or range of
the environmental conditions encountered during’ the obser-
vation period. 1In the -case of a study cn.bergy—bit impact
the risk of structural damage to the platform members is
too"‘great to undertake. Large-scale models are faced with
the same problems as full-scale studies.,

In smj}l -scale models it is posaible and relatively easy to
handle_load conditions.but some ditficulti‘e:: are involved

in achieving hydrodynamic and atructural similarities.,



The model represents the ;eal structure on a small scale
and the hydrodynalqic forces (except drag forces) are sealeé
properly. Water drag has negligible effect on the motion %
And is only important at- résonance (only heave. natural '!
) period of semi-submersibles is close to the long periods of .
the waves). However, it is much more difficult to Qc'hie.vev
structural similarity than hydx:o’dyna;nic similarlitf.' In
" adaition ‘. to - othé_r modelling difficulties, very 'thin
material with "a low -elastic moaﬁlua and high dgpsity _‘13“'
needed to s\ecdre dynamic structural 'similarit'es. . 'l‘here—\v
for;,‘gxac.tly similar Ytructural modelgling is. extremely
diffic;.u.t and this is one reason why few expérimental
stll.\dies dsing structural models have been reported. 1In the
available structural réqunse models, attempts are madé to
simulate thé stiffness of bracing membe_rs. and deck girders
o;xly- 7The stiffness’ of the columns and. pontoons are
distorted® (much higher than required) and therefore no
measurements are made lin the_se structural components. The
reason being that a structurauy. similar model will be very
. delicate and therefore construction, handling .and testing
of the model are thought to pose very d-iff‘icult problems
‘and challenges. . ) e - \
. R & - )
The main purpose of thi}' study is to deyelop techniques

for modelling, construction and testing of a dynamically

» '




and structurally similar model (as close as possible) to a

typical semi-submersible platform and use it™EG studz/r(‘_—‘_

motion amd global structural responses to wave forces and

bergy bit impact.

1.3 - Thesis Outline

Chapter II .presents a comprehensive review of available _-

X

theoretical, experimental and field “studies. on the

structural and motign" responses of semi-submersible plat-

forms to wave forces and transient ice impact.

-

. Chapter III presents the results of a testing program to

determine the strength and behaviour of iceberg. and snow
4ice under high strain rates and impact condit‘iona. These
results are needed for the study on bergy-bit impact

presented in Chapter VI.

Chapter IV presents hydroelastic modelling principles;
description of the model and the prototype; the static and
P

dynamic properties of the model; construction, handling and

testing techniques; and an outline of the testing program.

Chapter V presents the motion and structural' responses of
- 4
the model in regular and irregular waves; a study to check

the. validity of model resulta'r and a parametric study to

v




investigate the effect of varying mooring system stiffness

and to check the linearity of the response.

' Chapter VI presents a study to investigate the response of

the semi-submersible to bergy—b:l"t impact. The study
presents E{jations of impact forces.‘ stressestami motions
with ber'gy—bi‘t mass, imggLvelocity'and no;ring system
stiffness. The chapter contains one s’e\cf:lon ‘on verifica-

tion c} numerical impact model and another section on the

e‘ffect of loca®l stiffness on the response using a two-
degree-of-freedom model. The l‘a,‘st section presents
examples shdwing how to use the experimental results to

estimate the extent b’f local damage dhe to ice impact.

Cnipter VII presents concluding remarks including contribu-
t

ibn and recommendations for fupther bBtudies.

LI .
The list of references is provided after Chapter VII

followed by the Tables and Figureé_.

‘Appendix A presents details of data processing and

analyses.




CHAPTER II

STATE-OF-THE-ART

2.1 Semi-submersible’ Platforms

4
of fshore drilling has, over the past five decades, moved

’ﬁron{ shallow _water platforms to deep ‘water flbatir.xg.
structures. The first offshore wells we‘re drilled in the
lakes ‘and swamps of the American Continent in the 1920's
using piled structures, (;tod;\ight, 1983) . The first mobile
drilling units were based on bottom support:ed barges in
water depths up to 30 feet inr \t‘ne' late 1940's. The submer-
_sible and jack-up drilling .units were in.troduced in the
early 1950'5., and the drill ships in the mid-1950's. The
drillship has a 'Iarge deck load capacity but its ;:oor

motion characteristics limit its use ﬁ;ﬂostile ‘seas.

The semi-submersible drilling unit (SSM) evolved from the
submersible design in the early 1960's. The first semi-
submersible was the BLUEWATER-I which'was converted from a
submersible, sit-on-bottom type vessel and v}aa used in an
operation during late 1962. The semi-submersible has since
i.mpn;vm:l and evolved to be self propelled, dynamically

positioned, ice strengthened, and structurally redundant.
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The first dynamically positioned semi—submarsib}é; d;ill
rig, the SEDCO 709 was built and commissioned into service
in 1977. Today there are about 170 semi-submersible units
in service. ! =

It -is estimated that the petroleum industry has n;c;::rthan
1600 rig—ya(ars experience in using seqiisub‘maraiﬁle'
drilling units. The semi-submersible unit is conaidereFi to
be the workhorse of the petroleﬁum 'i»ndustry for rough,

deebwater explorAtion. In spite of the ME(ANDER'KIELM&D_
and t‘;he OCEAN RANGER disas‘ters, the safety record of sémi—
submersible platforms is far getter than other offshore
drilling units and conventionai vessels, considering the

rough environments in which the semi-submersible must

operate (Hammett, 1983). : i

The semi-submersible (Figures 2.1 and 2.2)‘19 a floating
column-stabilized platform consisting structura_l.ly .of a
large decls structure supported by columns ;Etached .to large
/displacement hulls, all goined together by truss embers‘
(bracings). The purpose of this design is to :e;iu

effects of wave action and\improve motion chazacteri'stica

and stability. This is achieved by spreading the water

plane area; the transparency to waves, and by locating the -

major buoyant members (hulls) below the level of the most

severe wave action The smallest natural period of the six
semi-submersible motions i\s in heave and is usually greater
N -

than 20 seconds, which iu} far above the every day wave

r
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i
period (6-12 sec.) experienced dur.ing drilling (Hammett,

a
1983). The natural periods,of semi-submersible motion are

. e .
much longer than those of r.he drill ships, thus allowing
the SsH to dr.’ol]. and survive severe- ocean storms whiley

other marine vessels must either go to sheltered water or -

stay away from,the storm. .

The semi-submersibles are designed to drill in-ug; to 45 m

waves, struc"t\irally withgt'ana'wqeg ud to'23 m, and survive

35 m waves combined with 100 knts (50. 4/sec) of wind and a

. B )
1.5 m/sec current. 'I'hey have been"d8ed far drilling und‘er

severe environmental conditions. In 1968, the SEDCO 135—F.

operating in the North Pacit?: off western Canada stayed on

location in 30 m waves without damage (Hammett, 1981).

Moored sen;;lsubmersibles can operate in water depths up to
|

600 m, and the dynamically positioned ones in water depths

up to 3,000 m (Ocean Industry, 1983b). :7/

Tne. semi~supmersiBle was originaily envisaged as a d'z'illvingt

and this functiom has® always dominated its use.

the latter \ of the 1970's such as: heavy lift crane
p].atforms. dredging, and accol bdation élatforms, and
multi-function support vesaels w. th diving, fire fbighting

bnd crane f\gcilities.

Semi-submersibles have been. improved substantially durir;g

the last few yehrs WAd now have structural redﬁndan{:y, “ice-
. T Y

L T - SIS QP v

fuses of the semi-submersible however have emerged in

b¢

a
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strengthened hulls and col’umns, columns yith water tight
'subdivisioﬁs (compa:tmentsi) » water tight q]e;:ké Eorﬁ-reserve'

C s buoyancy, a strong double deck structure- to replace the N
usual con’|plicated - configuration of . bracing, and ’ large
R N § . . T

displacements of up  to 60,000 tonnes to' allow for a ¢ v
? ° o

variablé deck load of up to 7,000 tonnes.
= [ . ~
‘One of ~the maj'br problems for sehu‘-sub'mersible platforms is
their vulnerabl.llty to ice lmpact (pack ice or be:gy bit).
. - A great deal of ’research has been dane\ 1e:d1ng to the ,
‘desmn of ice-class 'sen‘u—submersxble drilling pvlatforms_'

“ b .
featuring ice strengthened hulls and columnd with a simple-

= bracing‘coqfiguration (Corona ‘and ;Iashima, 1983 and Ocean

Indystry, 1982 and 1983). , °
B ©  These semi-submersibles are designed to Qiéhstand some sea
L v ice forces but, to the best of the author s knowledge, no i
semi-submersible has been built to resist bergy bit impaot. '\
/’ The problem of semi-submersible/bergy bit impac,t, while not
fully understood yet: .is studied in the present investi-
gation. E A ) "
. . : P .
iR
2.2, Semi-Submersible Response in Waves i o ¢
2.2.1 Egua\:ions of Motion o .
4 . ‘ . : -y .' ) R
'\\ v o, * . s '
e “ In general, response analysis methods for .a floating .
: offshore struc;uie can be broadly. .divided into two groups
. - 3 H
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(satake am; Katay.ama, 1977): L L.

a) i The motion response analysis in wavées is _ﬂrst;carrisd
out o.n the -ovﬂa'ran structure taken as a rit-;id bo_éy-
Then ‘gsirﬁ these results, the.at_ructu;al -analygis is. v
carried out on the ertire stguctureﬁtak_en'as an eldstic R
body by .a spéce frame analysis or a‘»-plate and. shell 7

approach ‘in ‘;rder to obf.ai;y the memlu)erl”:forces. ;

i : o , " o
b) The ov'eralv].' structure is treated‘ as.‘an elastic body

from the ’first stage. ‘The flexibility of séructural E p

membefs -*is inc]-.uded' i'n‘ the ,équati.on of m‘qt‘ion and . the

Vs;:rulctural response, is calculqtéd -simultaneously. wit};

t.\he' mot.'ion response (Yoshiday and Ishikawa, 1980).

./ . . . . = ) A
For various.types Bi,semi—_submeréib}e platforms, which are .
generally, of higher. overall rigidity, the)former method is =+ '
commonl'y_;;ed.- szwever, it may be 'necsass to accou(ﬁt':i ior-
str.\xctural dafofﬂa:ion.' of semi_-a_ubmers_ib’lé. pl.at'forms in
some "special cases. "For example, a large-scale platform
such aa‘an off_sh‘ote‘ terminal or a Eloating airport'cannot
be re;a‘:ded as ..a rigid struct_\.nie. Also, a platlz_foxm thatl.l ‘
may be considered iigid in intact conditions, may ™ave to ‘
be regarded® as a flexible structure - under 'carta_i..h

atrucgui‘al damage conditions (Yoshida, et al, 1984). It

* should be noted that some of ‘the current classification:
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_—
society ﬂ-‘lles/rqqui:e structural analysis in the duma}Jed
éonditicin-
- N G )
The calculation of wave-induced loads on semi-submersible#

using the rigid body approacH can basically be 'onsideted
5 .

to consist of -three steps: : — .
i) - Determination of the. coeffitidnts of motion for the
) semi-gubmeraible’ considered as a rigid body.’ - .
- % TN e

s e _ . Lo “ . -

ii) 'Solution of the eguat{ons éf mot:.jon for six'degfeés,
of freedom. . |
‘ ‘.\,",. N B o
iii) -Calculation of di‘stt‘ibuged“ loads ‘on all th;a' =2
stx‘uctu‘ral ele’l(e_nts of the -semi-submersible. 2

o . .

e linéarized equations .of moticn of ‘a semi-subhersible

platform in regul.at waves can be’ expressed in the following
mabr\l\x form: b b ‘s, ‘
([u]#[a]){n] + (8] (i) + [c] (n} = [pe™ie%} cee 201

where . %

[n] = ganex‘alizeé nass matrix,

. [a] @ added mass matrix,.
[B] = damping mat 1x, includint_{ linearized viscous dampirg ¢
and pctential dampln§ (energy taken away by radiation

" of, waves)

. S
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[c] = L'mn:onng‘lE matrix, including hydrostatic and linear
. . . .
mooring force coefficients,

{n} = the motion vector witk%six components,

i= /=17

w = wave frequency,

t = time, - :

and -

{pe'i‘“t] - the exciting force.vectqr: 8 )

The ~components of the matrices [A], [B] and [F} are

general}.&l frequency dependent. The assumption of small

amplitude waves and motion allows all the other

coeffic#ents to be considered as constants. The mooring
line reactiqnn depen)d on their Asha.pe, configuration,
weight, —material and hydrod.ynamic 1oahin§. The
lroad—deformatioﬁ. ch‘aracter’ietics of the lines are often
-non.-lirisar. It is, ’howeverl,' permj.'ssible saometimes to

approximate the load-displacement. curve by a straight line

within the range of its application (Chakrabarti, 1980);

'ﬁ .

position of three regular -wave. trains with the same
p »

frequency, -viz., incident waves, diffricted waves on a

fixed structure, and radiated waves due to the 'structure

oscillating in still w}jer. F

~s

The equations of motion actually imply the linear super- .



The wave exciting force, F, may be considered as the hydro-
. dynamic force acting on a fixed body in waves. It is

divided into two parts (Salvenson et al, 1970).

F=F +F b o niee sewiedBei2
. . ' .

the force Fp due to the pressure distribution of the
undisturbed incident wave is. referred to as the Froude-

Kriloff force. The diffraction force F corresponds to

D’

the scattering of the incident waves by the structure. It
. 4

i‘ the force required to generate the scattered waves.

Both Fy and F, are calculated without considering motion of

the structure. .

.- - . ,

e hydrod;namic effects of the sgructure motion can be
div_ide& i::to two parts. The f£first is the added mass
iq,e‘rt_iu force in phase with acceleration, caused by lm:al‘

-
distl;tbance due to the structure motion in calm water. The '
second part is the damping force in phase wit.h velocity due -
to the energy dissfpat&on yof wave radiation caused by. the

structure motion in calm water (as inviscid fluid), or is

attributed to the energy dissipation of viscous effect.

Although the effect of viscous damping is not large for the
motion in general, in resdnance 'and some particular
frequency range, - 'such as zero potential e'xch.lng force

range, the effect of viucousbdamping and viscous exciting

”
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forces will become‘iuportant on the motion characteristics

(Bain, 1964, Sun, 1982 and Chakrabarty and Cotter, 1984).

-
Wave exciting forces and hydrodynﬂic qoefficients can .be
computed u;ingv methods based on the Zi_dimensional. strip
: theory, or a .:!—dimensional source-sink technique. - Wave
exciting forces “can also be c ;‘mted uBing the Morison's

equation of approach. A xeviey of .each of these methods is

presented in Section 2.2.3.

Having determir‘d all the coefficients in the equations of
motion, a psuedo-dynamic solution may be sought for the set

.

of dynamic equation given by Equatlc;n 2.1.
a

Subsgjtuting n, "= n_ e ) '

cesesssenness2.3

~i(uwt + ey

where L is the amplitude of steady motion and € its
i . -
phase angle, equation 2.1 becomes:
o )
2 . > { T
[~ ([MI+[A]) + i}[B] + [el]{n, e ™€} ={F} ......2.4
i 8 -

w‘hici\ may bf solved for 9% ahd £_vectors by a matrix
inversion for a series of frequencies w and heading ahgles.
Then the 'response amplulcude opera;-.ora" (RAO's) of the
~—seni-submersihle motipn which reéreaent the ntioulof n, to
) wave amplitude can be determined. Uain? the RAO's and a

.T’[g;ven wave spectrum, the spectral motion characteristics of
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éﬁe semi-submersibles in irregular waves can be deter-
mined.
’
3 1
2.2.2 Structural Loadings -

Having .determined the ;o:ion of the centr.oid of the semi-
submersible, the motion of any ot}\et point can be easily
obtained using rigid body mechanics. ,"Therefore the_added
mass and damping forces on an individual structural element
can be obtained and added to the wave exciting forces on
the element to obtain the amplitude of the total force Pj

a_ct‘.ng on that element.

P -iwt Fje-imt cesnens2eS

A = - (A, + M,) A. - B.A, - C
5@ (j, ;)"

3"
Matrices I\j, Bj' Cj and “j are the contributions of the
element to the corresponding coefficient matrices forethe

whole semi-submersible.

. . \ {
These element forces can be used as exciting forc:?iq.a

structural analysis program to obtain ;.ha six componknts of
section £otc;as and moments. ‘The semi-submersible is gsner;
ally idealized for sttuctuta]: analysis using space frame
elements, shell el’emepts, plate elements or a combination
of these elements. Several fﬁtegrated programs. have been

developed to determine the structural and motion responses

»
‘

N
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of semi;submetqible platforms to wave excitations.A A

review of these programs is presented later.

’

T .2.2.3 Calculations of Hydrodynamic Loadingi

B .

Methods used to compute the hydrodynamic loadings on semi-
aubn\er'aiple élatf._orms are based on Horison'é;' eql‘x_a!:io‘n, two
diméné_ional s‘trrip _f:heory or three dimensional singularity
distribution methods. Mathisen and :‘.‘arl-sen .(1980) -
presented a brief review of the available msth{oas for
calculatipn, of wuve-ind.uced"motions‘a'nd‘ loads -on twin
pontoon semi-submersibles and discf:\ssed the plobier’ns
aa;ociated v;i.th the evaluation of wave load components due
to diffraction. In spite of the considerable progress made
in the development of these methods during the last,decazlle,

general agreement has not been reached 'on the most suitable

' method. . =

.

Sluijs and Minkenberg (1977) described the developments of
wave induced hydrodynamic calculation _methoda based on the
strip theory and commented on the limitations of M'orison's
equation as applied ;:o seﬁi—submersiblg.platEorms.

Chung (1977) reviewed the methods developed to compute
hydrodynamic forces on semi-gubmersibles based on Morison's
equation and the strip theory approaches. - The limitations

of each method were pointed out in terms of accounting for ~
. P N
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the free-surface effects and water depths in computing the
hydrodynamic coefficients (added mass and wave da?nping).
J — -
The methods based on two-dimensional and three-dimensional
singularity distribution methods were critically ;xamined
by Hsiung (1984) who ind{cat.ed that the three—dim.ensional
method yield, in general,” bétter results than the two-

dimensional approach.. However,. it was 'pointed out that the

three-dimensional technique requires much more numerical

work and comput;r. time.

A brief review of the methods used to calculate hydro-
dynamic loads on the most common type, twin-hull Semi- i, 2
Qubmetsible is pregented below. En;phaais is placed on the
ph‘ysical meaning rather than mathematical expressions.

2.2.3.1 Morison's Equation g ’ et
tlorison's equation is a semi-empirical relationship 'wide].y
used to calculate wave forces on small-diameter cylindrical
members of offshore structures. The total hydrodynamic
force is the sum of a drag term and an inertia term. The.
drag term is proportional to the square of the particle
velocity and }s-b therefore non-linear. This term is usl.mll.y
linearized for use in linear equations of motion (e.gl.,
Equation 2.1) or for computations of irregular wave forces Y,

on fixed structures (El.c-'l‘nhun, 1979). The inertia term
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is proportional to particle acceleration and is linear.
When relative fluid mo, é/ e sma}l. the drag term

becomes negligible with'respect to the inertia term. The

drag, term becomes significant only in long waves (long’

peiiod). Applying the Morison formula to Eqation 2.1, part

of the drag term contributes to the damping matrix [B] and

part of the inertia term contrlbutesj\t? the added mass

.matrix [a]. The rest of the drag and inertia terms'

represen.t‘] the w_ax}e exciting" force {F}. In Morison's
formula the wave diffraction force component in phase with
particle velocity is ignored (Chung, 1976). This'component
15 significant for structural members fairly close to the

water surface for wave lengths less than five times the

A Y .
member diameter. Therefore, Morison's equation is valid

- only when the structure diameter is less than one fifth of

thé wave length. It should also be noted.that Morison's
\
equation is not suitable when-sinteraction effects between

§ 3
neighbouring elements are significant.

Sluijs and Minkenberg (1977) pointed out that the greéte‘s't
uncertainty in using Morison's equation lies in the selec-
Eion of the. \‘laluss of the.drag an;i inert_‘ia coefficients.
1f frequency-independent values were us;d.,( ‘thia may lead to
'inacc_urate reeults.‘ Frequency dependent coefficients were
used by Chung (1976) who reported good agreement between

the computed and measured motions of two semi-submersiples.
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Selection of the inertia coefficient is generally’ based on
values calculated from potential flow theory whil® the drag
coefficient is based on model test results. Comprehen=
sive reviews of published data on the drag and inertia
coefficients have been presented by Hogben et al (1977) and
Chakrabarti (1980). \
. ’ i ’

Based on an experiment.al and numeticai stu('ly on the motion
of the GVA-4000 semi-submersible, Ma\‘thlsen, Borresen and
Lindberg ({982) indicated that the Morison's equation
approach has been very successful for survival and
operational draft, when hydrodynamic: interaction effects

between different parts of the structure can be neglected

with respect to the motions and overall loads.

2.2.3.2 Two-Dimensional Strip Theory |
|

This method, widely used for, calqjulating wavej—induced
motions and loads for® ordinary ships, is based on the
so-called "slender-body ‘theory" ﬁhiéh assumes that the
transverse dimensions are small .compaxj‘ed to the body length
and that the cross-section should chdjnge gradually in the
longitudinal _di:ection (salvesen et all, 1970). .This method
simplifies the forced oscillation pr&blcn by reducing the
three-dimensional problem into a twoé-dimenslonul one for

structures satisfying the slenderness asaumption.

| .
-
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To apply the strip theory, the hull is first sub-divided
into.a finite number of sections (strips). Each strip'has
approiimatoly constant cross-sections so that the
two-dimensional potential theory ‘can be appl‘ied to
.determine the added.-mass, damping and gxcitation forces on
the individual strips {salvesen et al, 1970). Use of

poten.tial theory _implies that the £luid is'consid_er@

* inviscid, incompressible and irrotational. Integrating the

I P o - . Fl
s%ctional coefficients. over the length of the hull gives

the total .hydrodynamic coefficients. ‘_The hydrodynamic

* fiiteractions between the nexghbouring structural Wembers

and the three—dlmensional effects. are generally neglected.
Strip theory has been extended to catamarans and twin
pontdon semi-submersibles by making each strip ‘include
opposite sections‘of both hulls (e.g., Nordenstrom et al,

).\971 and Kim, 1976).

Kim (19§0) indicated that most of the methods based on
strip theory assume that sectional dlmensiona of the
structural members are small telative to wave lengths With
this assumption the following simplification is made: 1)
added mass is independent ot'frequency, ii) wave .vmaking
damping is wgegligible, and iii) the diffraction of waves
is negligible. Examples of the methods following these
assumptions ‘are Tasai et al (1970) , Burke (1969), Hooft

(1971) and'Su‘\ (1980).
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However, for p_latforms ‘with reiatlvely large members
compared-; wave lengtn, the above simplifications are not
permissible. Therefore Kim (1973; 1980) and Chung 1(1976)
developed ﬁe‘thods based, on the assumption that the
sectional dimensions -are not necessarily ’ small c<.)mpared
with t.e wave length and \»ua\:et depth.

N
.

HSiung (1984) and Mathisen and Carlsen (1980) discussed the

limitations of st¥ip theory. They pointed outﬁthat (i) the

diffraction potential is not cqmputéd .in some of the strip
theories (ii) the strip method is well known for its
deficiency in the low frequency region and (iii) it has
limited appliéations to bodies with blunt ends or‘high
witdth/length ‘ratios.

The diffraction effect is determined by the incident wave
and motioq radiated v;av'e potentials using an integral
theorem known as Gréen's second’identity. This method
provides the t;tal diffraction force over the whole wgtted

; ; '
surface of the structure, but it cannot provide diffraction

. N "
forces on parts of the structu;e.\‘ This creates a problem

when determining element loading for structural anlysis.
Attempts to ignord this 'local' diffraction éompcner;t when
computin‘ structural ‘response have been shown 'to produce

erroneous sectional fo'rces‘ (Carlsen.and Mathisén, 1980).
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"l_‘c overcome this problem Mathisen et la1 (1982) used an

|
alternative radiation potential known-4as "Opposed Motion

Potentials" whose boundary conditions are chosen in such a,

way that integratmn over the whole atrhcture will provide
the contribution of the diffractzlon forbe to the sectional

forces. The results (sectional forces) obtained using the

"improvéd strip theory" iocerwe' in much better agreemént with

s ' .
those obtained by the three dimensional singularity
‘ .. \

. |
distribution method than by the usual strip theory. .
X . i . - v s

The problem associated with the low ‘frequency reéion is
C ’

based bn the high Eréquency assumption which implies that -

the radiated wave length shéuld be of the order of pontoon
width rather than length. Hsiung (1984) pointed out that

this ,ip a Icritical assumption, since the maximum motion

) tesponsesu;re in the low-frequency (long wave) range, but

stated that the effect on the final results would be
relatively minor. " Computations of motién response in
wdves based on the two-dimensional strip theory usually

provide good and fast results. [

2‘2_-3.3 Three Dimensional Singularity Distribution Method
|

~

2 ’ . i \
This method ~- also known as the method of distributed ~

sources, or boundary integral method - is based on. the

Green's function w?ach and was primarily develdped ‘for
applicatiorygo large structures when Morison's pduation no
. : . ! J !

4

7
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>

longer applies. In- ‘ﬁuhis method the incid;nt wave potentjal
is given as in the strip theory, but the motion-radiated
and diffraction . potentials can’ be dgterlﬂned by three
dimensional source techniques (Hsiung, 1984). Since the
udifE’racéi}on por.em;ial itself is cdmpute.d; the problem of
the distributionfof diffraction “forces (found i the ;trip.
- method) is overc:ome. To apply this method, the‘_wletter}' -
surface of the structure is representéd by a mgnber ‘om
source panels. The .accuracy of th;a computed 'resul}:a
depenﬁs on tfie fineness of the i)ane]. meah?s on tr:e' body
Qurfage. " Because of_g;hé geome.ttic complexity of aen':i_-
submersible structures, the number }E\éource panel's
required to properly represent the immersed surface-is 'very
large. Besides, Garrison (119843 'i'ndicated\—that the
vertical dimensions of the panels must be kept small 'f,lor'.
short wave ‘computations. 'Thet;fore the cémp‘(s\:'e'r time

. required can be prohibitively high u;:l.ess care is taken if

‘the nuperical aspr'oach to improve ﬁhe4computationa1

—'.n’efficienéy. Tse (1984) developed a "modified ‘numerical ’

N B

scheme and reported considerabl

3.'

ngs in .computer t
o) '
Aside from the computer cost problem, there is no
difficulty .in ,applying this method to senl-subner'siblaa:
platforms. It does not ;equlre particular restrictions ow”
the shape of‘he body co‘uidatad and can in principle
provide an exact solution (Nojiri, 1981}.  Although this

.Jaft'\od was applied to djffraction probla'u—n:) fox large
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% 3 # .

offshore structures duting the past deéade, it was app].ied
“to semi-submersible prcblems only in recent years. This;
,"' . method prov'e’d very /uécessful and provided better- results
: than the strip theory. (Catlsen and Mathisen, 1980; Mathisen
- et al, 1982; Price and wu, <1983 dnd Chakrabartl and Cotter,
1984) . Descriptions of the theo: y_ate provided by Garriso\"\
(1‘?84), Hsf;xr'\g _(1984)\, Klosner and Chen .(1980) and Price
. and Wu (19_83)-‘. - o e Q . . g
3 « - , S
2.2..3.4 Slendar Body Diffraction Theprx
. w oL _— " i
» ' ) R ‘ . .
To overcome the probleM of difffaction forces ir{,s»trip
theory ‘_and‘ the la_rge"compqtation ti‘me of th’é three
dimensional soutce'.disttibution metho‘d,-Ma'thisen and
. Carlsen (1980) sugges_ted that U\e slende‘r:”~ body diffraction
.theory be applied to semi—submersible platforms.’ This
y . thé:ﬁty employs the same frkq_uencyr and body‘geomet.ry

usaumptiqha as. in’ the qcripOtheozy but the diffraction

forces are determ-i‘r'led di_iéctly from tv:o' dimensiondl - )
N

'diffuqéion potentials. .It also requires less\"rlumex'icral
{ ‘work thafx the three diﬁens{_‘onal source distribution theor)}. .

Th}s_ t;heoiy had fi‘rst ‘bee'n appli:ed to ships and later to a

catamann, 1ndicatinq that this method can be applied to

twiu P \ semi b -1bles. &

..
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"2.2.4 N?n-Lir'xear..Eifects E
¢
v
The equations of ﬁ‘otion pr»es‘en_ted above assumes a linear
system, and the e\»r‘a&f\;ation of wa_!i for,ces is based on small
\:rave am‘plitude- V'However, for an actual SsSM 11_1 a zéal sea
" non-linearities may be caused by several factors including
. high wave, v:{scous effécts. mootiné forces and certain list
and draft cohditionsv. i s i i
N . . . . ¥

Su-n ‘(1?82-) in.dicated that the go_ti.on rAesponses_of a 'semi—j‘
submersible are ‘of low amp_l—itude a'md/have a nearly linear
¥;e1ationlship‘ with{ waves. '/._EoweVer, the 'ef’fect:s. of viscous
dampir\g"é—nﬂ" vi‘scous' ,e‘zxc/iting forces become important' at-
' certain frequency regions near resonance and at zér_o
potential exciting -f\rées (when the exciting forces due to
wave pressure' and wave accelerations cancel each other).'
For a typical semi-submersible, the.natutal periodf of all
motions fall o‘utside' the range Of wave periods' that have, -
significant energy in’ any wavé spectr;xm, _an_d the ze.rp

potential exciting force region has a 'very narrow frequency

7 ¢
band. ./'m’erefor_e. it can be concluded that the overall

_efie;t of non-linearity is of minor importance.

Hence, it ie“ common practice to assume that* convan-
o~
tional semi-submersibles ,benave in . a ‘linoa‘: manner at
cpetati\ngv drafts. Based on a 'series of model tests on a
S 5 . s

typical two pontoon semi-aubmaf;i_l:le at ppeéating and
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survival d;-fafts, Kistler and Nash (1975f indicated that
non-linear behaviour was observed in heave response only,
for wave hetiods great-er than 20 sec. Similar results were
obtained by Katayama et al (1978) and Satake and Katayama
(1977) from model tests and theoretical anal)./ses based.op
linear ‘and non—linear formulations. They concluded that

.

_1inear analysis baaed on the small amplitude and linearized
theory can produce motion charactehstica with sufficient
accuracy even ﬂg very high waves. However, bagsed on
.section force measute‘ll\enﬁ‘s, they point out that the

§ A"
‘structural response analysis in very high waves should be

carried out assuming nbn-linearity.

Natvig and Pendered (197‘7, 1980) carried out linear and
non-1%near analyses on a moored twin-pontoon semi-
submersible and indicated that the motion response obtained
bybthe linear method agreed well with that obtained from
the non-linear method. 04

Field miasygements of the heave response of two aemi-
submersibles reported by Forristal et al (1979) showed high
coherence between the measured waves und heave motion
indicating actuat' linear behaviour. The meauured motion

and uu‘uctural responses of a full-scale semi-slibmersible

. ° , reported’ by Langfeldt et al (1975) and Olsen and Vetlo
- " (1976) confirmed the linearity of the motion and structural
. . responses. )
s * - -
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Non-linear effects, however, may become significant for the
transit and heavy list conditions when the water plane area
beco;es variable during one wave cycle (Mathisen et al,
1982). Studies on the motion response of semi-submersible
models in transit condition indicate that. near the
resonance region, the measured pitch and roll motion were
considerably lower than the values c-btained from linear
analysis (Suhara et al 1974 and Mathisen and Carlsen,
1980). However, this discrepancy was not opserv?d for the
heave motion. Model studies carried out by Huang et al
(198.2) on a heavily listed semi-submersible indicate that
linear methods completely fail to predict the‘obs.e.rved
behaviour under such conditions. Therefore, a non-linear
time domain solution technique described tyA Huang and Naess
(1983) and Naess and Hoff (1984) was developed_ which
provided fairly good agreement with the experimental

results.

2.2.5 Review of Related Work

- . . .
This section presents a review of uvai:].uble literature on
the field, - experimental and - theoretical investigations
carried out to study the motion and structural responses

of the semi-submersible plattér'ms in_waves.,
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2.2.5.1 Motion.Response Analysis

Burke (1969 and 1970) developed one of the early mathem;t-
ical methods to compute the motions of semi-submersibles in
waves based on the Hori’son's approach. The semi-
su’mersible was assumed to be a rigid space frame ‘made up
of cylindrical members with arbitrary diameters, blengths

and orientations. Non-cylindrical membegs were simulated-

by -one ‘or more "equivalent" -cylimdrical# members. The

effect of the free surface on the hydrodynamic coefficients
was” neglected in the .study. The theore‘ti‘cal motions of

three different SSM's were compared with model test

results. The results ‘indicatled that the mathematical

..

vah‘es weré accurate within a range of 10-20% vand it was
pDinteLout that the accuracy could be. improved with more
complete'\}dar.a on the hydrodynamic ‘oefficients for la;gq_
diameter c;ylinders and ;xoh-'-cylindt‘ica} n}embe}'s‘?
‘ - T .

Chung (1975, 1976) used the potential flow theory for
computing the hydrodyramic forces and the si).t—degr;aes-of-
freedom motion for a SSHM of general configuration at fn*
nrbit*rar.y heading in waves. The derived hydrod)\mamic f:;ree-
equati_on was shown to be identical to the Morison formula
unde,r_cé{tain usshmptions. The general equation was
reduced to an approximate equatipn which is more complete
than the Morison formula by uécountinav for diffraction and

motion-dependent forces with effects of wave damping, and

-

N
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free surface effects. The computed motions showed good
agreement with experimental datafor two semi-submersibles
and were in better agreement than those obtained by Burke
(1969) for the same SSM ba‘sed on the Morison's approach. (i
It was pointed out that Zaltﬁough the added mass and damp‘;.ng
coefficients used in ‘this §tl;iy prodl:\:ed good motion
results, it was found nécessary to use more accurate values
?f’}chese coefficients for structural ana.lyaia. . 7
» N v

,

'

Hooft (1971) developed one of che\ vearly' mathematical
méthods "to determine the motion response of n_emi—
submersibles in waves b:asqd on the strip theory approach.
The method was based. on Morison type formula and on the
assumptions that the submerged part -of the structure could
be subdivided into elements guch as spheres, Fylindeta,
etc., whosg added masg~and viscous damping are known_(Bain,
1964) . The hydrodynami¢ forces were. assumed linearly
dependent on the motion and independent of the frequency -of
oscillation. The validity of the method was vszl'ifiei using
experimental data c.:n two sefnif—}@mer'ai‘ble mo\dels. ’(

Nojiri and Inoue (1981) followed the basit ideas set forth
by Hooft (1971) and developed a more generalized fo:mula—
tion of the strip theory to cempute the motion response of
‘semi-submersible plntfoxma. The mathcd was used to compute

the motion of a twin-pontoon and a column-footing type

-
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.semi-submf_:zsible in regular waves. The computedimotion of
each semi-submersible was compared‘with model test results.
They indicated that,, except for the region close to
resonance, calculations:'based on the Froude-Kriloff assump-
tions would yield ®stimations of motion .without serious

#error.

Pauling et a1~(l977) developed a method to est#mate. sst
motio_r_ls' #n waves bdsed c;n strip theory and a“ mdifiea Frank
close-fit téchnique.’ The 'iﬁéeractioln effects between the
pontoons and the efiﬁstt's of the free surface were accoun'ted
for along with the viscous damgi ar;d damping of'radiated
waves. Th.e exciting fc;rces "conskdered included the
FroudeA-Krilgff Force, diffraction force and drag foi:'cel.
A]:Ferqative methods® were _int;oducéd to - represent the
columns, yiz., hulls apd columns were represented together
by stripwise segmentation, columns aep;rdtéd from hull and
represented by the 'sparse slender met)moéi: ‘or columns not
represented b\{t with their water pi_gne ‘areas included in /
- the restoring force matrix.. :\ comparison of the heave .

. . response obtained using the above column reptasenta‘tioné
\ : Y .

\\ . . showed dlverse results in the .case of large cross-section,
\ ] i . > .

Y clqsely—"apaced ‘columns. For a typical large SSM ™having

N slender columns which were widely spaced, the method

ptuduced motion values in good agreement with experimental

results.
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Sun (1980" and 1982) developed a practical method for the
estimation of motion characteristics of saml—subners'lblas
“in waves using strip theory and-assuming that the section
dimensions we're sn;ll con;ared to wave length. The method
accounts for the effect of viscous damping and viscous
exciting forces. The principle of minimum energy dif-
fer;nce was applied to 1l1nearize the damping and drag
‘terms. He introduced the concept of "equivalent wave
height" for ca'lcixlating the transfer functions with ;h\ich
both tl;e “short-term and lom‘g-texm distributions and .statis—
tical char'actezi‘atics of the motion of a semi-submersible
could bé estimated. The_ computed motions were in fair
agreement with the €xperimental values of a 1:50 model of a
twin~pontoon semi-submersible. Some discrepancies. were
observed between the computed and experimental values at
wave periods less than 8 sec. It was pointed out that this
discrepancy was proba'f;ly due to interaction effects betwe‘en

9 elements which were observed durllng the Tmodel, tests but not
accounted fot.in. the theory. It was therefore indicated
that these intera.ction effects and the ErAee.surfa‘ca effacts
‘on the added mass and _damping coefficients 'should be
.further investigated +:to improve the accuracy of motion

estimations. -

Kim (1980) developed a method for estimating motions of

multi-member semi-submersible platforms in head amd’ beam

sea waves using the strip theory and considering {v,ava
.
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diffraction and frequency-dependent added mass and damping
coefficients. The compyteLagdgd mass varied slightly with

wave period but /i:he damping\ due to radiated waves

fluctuated aignx‘ﬂcantly in the lou vtlod range (up to 16

“gec) . Viscous damping effects Were not considered.

éampariaon of heave motions when including and excluding
radiated wave damping revealed that the effect of damping
was negligible outside the resonance region. The effect of ’
damping in the resonance region (20-26 seé.) was found to
be significant. = The theoretica'l motion compared very well
with the limited model test data, available for penods of

8-16 sec.

Nojirl (1981) compared the motion response of a semi-
submersible "::lerriek barge model with the computed values
obtained using i) a two-dimensional strip method and ii)
a three-dimensional: singularity distribution method. ‘The
study ‘indicated the va]‘.idity of the three-dimensional
z;na]:ysiywhi?h showed b;tter agreement. with the experi-
mental values. The results also showed non-line.ar
behaviour in the resonance region of roll, indicating the
need to account for viscous damping in roll in the
numerical analysis. ) -

érica and Wu (1983) modified and improved the Wree-
dimensional source distribution theory used for ships to

account for multi-body structures and used it to computé
. [}
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the motion characteristics of a four; and an eight—cclu-mn
semi-submersible platform in regular waves. Comparing
their results with experimental values reported by L.undg'ren
and Berg (1982) and Tasai et al >(1970),?;1ey found their
numerical method to be efficient‘ in determining the
response of noored or freeiy-floating semifsubmer.sibles in
regular waves. A parametric study was carried out to
investiéate the sensii‘:ivity of tﬁt_a computed heave motion to .
vakiati_ons in the mooring line.angle in the vertical p_lane..
The study revealed that the computed heave was 1nsegsitive
to—variations in the mooring line angle at wave periods
less than 20 sec, but above this value the form of the
response was found to change sharply with thé angles This
led to the conclusion that a more refined numerical
approach was required. .

[ 4
Lundgren and Berg (1982) carried. out tests on a 1:65 model
'of the.twin-pontoon, four-column GVA 4000 semi-—sugmeraibleJ
The motion of the model was measured in regular and
‘irregular waves. The effect on the motion due to vari;hion
of metacehtPic height (GM) of the rxg and pretension of the,
eight catenary mooring lines was 1nvestxgated- The resul(
showed “the motion response spectra 1in irregular aves
contained motion components at low;r ftaquencl&s than those .
::antair\ed in the wave spectra. These low freq_uency—mctiohs B
had peak‘s-which coincided with the natural frequency of the

motion indicating second order effects. 'i‘hey indicated
-
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that due to second order effects, the motion in irregular
-waves obtained using RAO's for regulalr waves, would be
-underestimated. It was also pointed out that the values of
RAO's obtained from model ,tests in regular or irgeqular
waves depended on the wave heights uséd during the tests.

[y The results indic!af:ed'that the motions due to first.order
wave effects were generally insensitive to variatifn‘e;o’f_ml
+ or ‘vmooring pretensions. However the effects 'of\ GM and
' pretension on the .slow motion in the‘ ‘low frequency ranges

of the second order wave w‘as found to bbe' significant.

v

Kallstrom (1983) develloped a mathematical model for the
motion of the GVA-4000 drilling rig by _applying a system
identification tec.hniqpi to motion data obtained /ﬁrom model
tests in irregular waves‘ by I:undg 'en and Berg (;932). The
mathemati_cal model included both .mooring and dynamic

. positionin® 'systems. Comg;arisons‘ of the two systems were

carried out in winds, waves and currents. The study

® {llustrated . the use_fuln‘ess of m;thematical simulation

¥ ’ 'techniques in investigating the performance of floating
+  structures in winds, waves and currents. It should be

pointed out ‘that some basic model “tests afe usually

required as a basis for a mathematical model of this type.
- ) °

Chakrabarti and Cotter (1984)"analyzed“ the first and second

Y order motions of a moored semi-submersible pipe].aying barge

«

“in regular waves, wave groupa and irregular waves' usingy
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numerical methods and an experimental scale model. The
mqtion and mooring cable forces were computed using a
three-dimensional sourc'e-sink method which accounted for
the appropriate first and.second ordéer terms. A non-lin.mu
damping term based on a drag coefficient was included 19
the analysis. The analytical results were presented
including and excluding the non-linear damping term. .’The
first order solution correlated well with t}.\e experimental
data except near the nagural period. Ti:\e correjation near
the naturgl period signifiéantly improved by r..he
introduction of the non-linear viscc_us term. The s_ldwly
oscillating mooring line fort_:e.a in surge (or  sway) mn.'eI
obtained by %olving a second ordex; n;m-linear differential
- equatio-n for the semi-submersible surge (or 'awuy) motion
near the nlatural period of the system. The results ¢
indicated that the computed mooring forces conp:ated
;--rea'aonably'- well with ti-\a’ measured values in irregular waves
‘ ¢ ks I

and wave groups.

Watts and. Faulkner '(19687)—.—np6rted on full scale: me:asm'e—~
ments of heave and wave characteristics made from the SEDCO
o 135-F _semi-submersible while drilling ;ttahore British
Columbia in 1967,_#’1968. A waverider bu 8 haad- to
. measure wave profile and an acce{e:oiﬁ{ta’r “wks used to
measure the SSM heave. Close 'ugreenent was found between

the measured heave response and the results obtained from

model tests.
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= - Full scale measurements of heave response of the Pentagone .
81 semi-submersible o}atai’n‘e‘d using an acceler‘ometer and .
- wave height and period obtaﬂned}by a waverider buoy were
reported by Rey—Gran-ge (1971). The measured heave response/ "\
wan; in qeneial smail; than that obtained lf;om a model »
test. Similar results were also reported by Kobu? et al.
(1977) for the Zapata Ugland semi—submeraible.;
Vugts (1971) reported h‘eave and wa\;é'nleasure;:ents made from ¥
¥ two'aemi-subme'raible drilling rigs in ‘the North Sea. In
the case of the Staflo SSM, both the motion and waves were
measured using waverider buoys. A ‘resistarkce wire wave
staff mounted on a column of the other SsM, the. Sedneth I, >
.
was used to measure the waves, whzle the heave motio:l_-«w}s
measured by a taut wire connected- to the marine riser. 'l;he
—_— wave measurements obtained l‘hhe wave staff were corzect;d
using the .hea'vg measurements. The correlation between the
'measurea 'heave response an.d the calculated Ya_}.u__es was vfound

i . to be sacj.sfactc.r:y. . ' )

Forristal et al (1979_) reported on wave and heave measure-

ments made from the éEDﬁd 706 semi-submersible in the Gulf

«of Alaska and from the_- Ocean Froapectgr SsM, offshore :.

Southern . California.# The heave .motion and waves -were

measured ueing accelerometers and wave staff, vrespectively. %

,! X . Again, wave measurements we:'e corrected . by agéing heave..
—_—

The simultaneous wave profile and heave measurements were . .
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analyzed by cross-gpectral methods to obtain ‘the amplitude
.and phase of the heave transfer function and the coherenc?
between the two _signals. The coherences were found 'to -be
very high in th;‘energet_ic part’ of thé spectrhm,
demonstrating the linearity of the heave response. Close

agreement was  observed between the measured transfer

function, model test results, and the computed valu'es using

the MOSAS complter ,program (Opstal’et al, 1974).
[

*# 2.2.5.2 Structural Response Analysis

-Bell and Walker (1971)'Agresented the first published field
measurements of stresses experienced by a 'sel!li-submerslbxe
thro:.lgh its operating lifes under normal and‘éxtxeme storm
conditions. The Sea Quest semi_—submersi’bre\ had three
) T .
ccl_umris, each supported ‘by é separate foot.ing. Stresses

were measured at a number ©of critical sections of the

ho}izontal bracing members. . Stresses” were computed using’

space frame analysis with the hydrodynamic forces evaluated
-

by. uorison s formula av a 5th order wave theory:; both drag

P
fand mertxa terms were taken into account. The measuxed

¢ stresses were found to be, on average, abo‘ut 80 percent of -

the galculated vaiues.
{. o=
Later on, - Bell (1974) reported on motion :e‘sponses and

stress measurementa of the, sea Quest SSM during 700+ days Of

drilling in the North Sea. Waves were measured using

$
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& waverider buoys, heave motion 'by' an accelerometer ~and the

rolé_\axnd pitch angles were d,erlived from wire wound

‘potegtiometers attached to a qy;'c;cope. Transfer functions
- of me‘asure"d stresses, roll, i’IEBVQ and pitch were determingd
usingespectral anilysis. 'l‘he transfer functions'c;f the,
calculated st;xessea., obt‘ained using’ the method out]‘ined by
Bell and Walker (1971), had a series. of humps ahd hollows.
Th{s Eeat'.ure was pot observed &n tt}?transier‘function of
the measured 's—tresses.v ‘The 'cxrelatic;n betviaén the
: measured and calculated transfer function was presented for

strgsses only- It was found that the stru%tural response

to short wave! was appreciably le!s G‘n the .caleulated

“‘. value but over a‘wide‘ range of periods the agreement

between %@sured and computed stresses was “"encouraging'.

Langfeldt et al (1975) and Olsen and Verl‘}976) repcrted
on full _ncale measutements of structural and motion
'-' responses o_f the twi{:—pont.oon,-' eiqh{: ‘,column Aker H-3 ,se_ngii—
'——s_ubmetstble:"—THa"’ai‘);—deqrees"of freedom motioi} ‘of thewSsit

g . L an A& e
dere measured using.a gyro-sta‘blized platfcmwhil-e a wave-

rider’ buoy' 8 upe? to measure hthe wave proffle. The Y

uttains were. meauu;ed at 30-selected points “located on a

s~ corner: colun\n, a secondny t:ol.umn,_ a fransverse deck gitder

- and bracing. elements. . Mooring cable forces’ were also
.,meuured uuing pressure’. cells.u@ the anchoi_ wrnches.
Mption nnd_umm:al_xeaponses wexa-—computed using a space

trnnc analylis and an 1ntegrated program with determin-

A 4




. respect’to wave heights. o

istic, quaéi-stgtic, and stochastic dynamic capabilities.

"The computed motion and sttuctural Tesponses were comparad

with the corresponding measurehents made over a period of

one year. The study indicated that the measured motion

characteristics and*stress levels &exje consistently lower

than those predicted by computation. The over estimation

was higher for stress values than for the motion response. :
s s 3 A

Ll
. . . .
Better agreement was observed between the' measuted and

K
calculated stresses sin tha bracing members than in the

columns_ and girders. ‘The results’ alsn cdnﬂrmed the

)

4 v

i A » .
Opstal ‘et al (1974) described an integrated motion and

~ e

"“linearity of :'éhe structural and .motion rpesponses with’

strength.analy/s\is. 'sysgrengi,vfo“r semi-submersibles. The wave .

i 0
hydrodynamic forces were computed usipg strip theory. They

*also took into: account viscous @am;;ing' and the non-

linearity of. the mooring fordes. Added miss’ coefficients

kY

were a m Rt dependent on freq y and -the wave damping

cdns,idered negligible. "l‘he_ viscous -dambing éoéfficienta

weze.-,pbtained .from experimental data’ fo: units of

.‘comparable Iqeometry. The non-lipear equationa of motion

were solved by Lteration. Thg structural response was

carried out asluning apace ftame ideauzutlon of the ssu
and using the ICES STRUDL ‘structural analysiu synte .
Conputed ndded mass, exciting fot}ea anq’ ‘motio of a

typical\ semi -submerei‘e were compared -to corresponding
3 .
R s -

- ¥
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model test results. Fairly good agreement was observed
between the computed and expe:imental values except 3t long

periods. Sample compytations were presented for the motion

response and section forces in a horizontal bracing,

secondary éolumn, girder and a pontoon of a SEDCO-700
. M

series SSM.

, .

A similar integrated motion and structural analysis program

was developed by Pin_c_emin,, et aal (1974). The hydrodynamic -

o ;
£_or<:,6 computations were b‘e"seq‘ on Morisoh's equation

’coneitriné inertial forces but neglecting drag 'fand

diffraction forces, and the\ hydrodynamic interaction

between the-different platform membeta. The computed
*

motion response of a 1arge catam!ran type eemi -submerstble

- and ‘the SEDC%HS eemi—submersible agreed reasonably well

with the corresponding model r.est reeulte. Complete stress
analysis of SEDCO 135 was carried out using space frame
idealization bf the pla:form. The computed stresses.in one

of the horizontal braces seemed to be in reasonably QQod

vag:eement with-the “corresponding meeeured stresses from the

S _f,pll.»ecale platform qpetating in the North Sea, reforted by -

Bell and Walker (1971).° "
: /
{ J

'.Pz:uling et al (1278) developed a computation ayatém for the

determination ,of the wave. induced [structural loads on a
twin-pontoonl SSM, using ‘the method for hydrodynamig force

. : . R
computations ‘dddcribed in a 1977 paper (Pauling et al,
ol B o . . .

N



/ .

19;7). ’l";:a ipertia loads due to-the platfotm mas

assumed to be disttibuted along the length of each hull in
proportion to sectional area and then added 'ﬁ.o the hydro-
dynamic forces (hydrodynamic loadings on the braces were
neg'lected). The results of th'e co,mputaticm'couldl be
expressed in one of the Eollowingithree forms deéending on
the purpose and the degree of sophj.a(:/icatic;n required in
structural analysis. The three alternatives were i) a'
detailed distribu‘t‘ion of loads over a modal mesh for ix;put !
to a finite element .structu.ral analysis program, 1ii) forces
and moments in the crogsrstructure co:ne‘c.ting. the EWC
poﬁtobné, or iii) \}ertical and horizontal sh‘éar and bending

- moment distribution along ‘the length of the platform.
Sample computations were presented for. different sectional
forces and moments. However, no exparimental values were =

used to verify the coméutations.
.Katayama et al, (1978) and ‘satake and KStayama (1977) s
reporte\jl <;n the motion and struct'utal response ana'lysis qi

a twin-pontoon semimgubgersible uaing model ’ tests_ a;ld
numerical methods. They presented an approximate response
\alysis me:hod based on strip thebry and Morison's fomula
consideringtnear/non-linear effects and neglecupg hydro-
dynamic interaction between members und the variations of.

t‘ne hydrodynamic coefficients with:frequency. The unear

an lysis was based on the small amplitude llnentized thedry

( ’ % i r ;

~ , : (‘ .
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while the no.n—linear analysis was based on.the ﬁin‘te
amplitude and non-linearized theory. In the non—li‘neat
analysis wave forces were c.c»mputed for the displaced "and
rotated structure position up to the wave surface,
incorporating the non-linea:.ié‘ies of drag force and mooring

force. A épace -frame analysis was used. to obtain the

structural response. Tests were carried out on a 1:50

) model of a twin-pontoon eigh;/ column semi-submersible. The

':t the centre except for éﬂe' fore and aft

model ' was —split’

horizontal braces. Member force:  gauges were used “to

mez{séx;e the horizontal force 1in these braces - and the

N i s
‘horizontal and vertical forces at the top of the corner

"« columns. The results indicated that accurate prediction ‘of

serfi-submersible motion Characteristics was possible, even
in very high waves,” using linear analysis. However, it was
pointed out that non-linear effects were important for the
s_éltuctural response analysis in high.waves-' B .
N
A compréhensive computér progrém was developed by HMitsui

Engineering (1979) 'for the calculation of hydrostatic

~-characteristics, motion response and sttuctuxal'analysis of -

semi‘—a\.'lbmerslbl.ev plat‘éormu. The method of computing the
hydrodynamic forces -was based on the strip theory for the
5 -

pontodns and -Hori?on's equation for the columns, which

neglected ‘the hydrodynam;c interaction among hMements.

" The wave exciting force on the hull included Froude-

[ ;
Kriloff, 1ne_x't1a1, drag and diffraction compénents. The
s L “
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L. method accounted Eo?lwava d,amping, viscous damping and the
frequency dependency of the hydrodynamic coefﬂclents. The
structural reaponse was, determined based on space Erahe
analysis. The conpﬁted motion response was 'verlflqd using
model tests reported by Yoshida et ‘al (1974). The computed.
streases in ';0 points in the Oracings and in a co:ner‘

” column were compared with full scale me\surements of the

Aker-HS semi—aubme?sible iW still water. The loads lmposed

on the structure was adjustad by controlling the amount of )

ballast Water in the pontoons of the SSH. ‘Relatively good

T ajreement was observed between the measured and calculated

stresses. L

’ .
Bainbridge (1981) described an integrated structural

o © analysis system for semi-submersible p!.a_tfbrns. Forces
- z considered were due to waveu,'_currents. winds, weight,.

buoyancy, mooring and’ ice £1oes. The wave torces were
based on Morison s equatjon and the di\fftaction iorces were
also nccounted for. Finite element:’ analyui was cnrried
out using\the NASTRAN computer’ program ‘uith beam, truss,
.plate, shell and shear ulements for accurate idealizau;n
of- the structure, in wrucular the junction between the

main conponents. %
v f -

S N . .

.Dao and Baily (1982) carried out a redundancy analysis of
the SEDCO 710 seni-uubuenlbe (nlnnur to the one in Eigure

£

o
g
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2.1) to determine ;ts ‘ability to survive a cataettophic
st'ructural -failure. Different aus‘umptions were de for
Eailure(}anglng from the loss of a\single bracing member
to the loss of a joint connecting several bracing members.®
Realistic modes_.of failure -were assumed including supply'-
vesaei collisi‘.on, dropped objects, blow-outs, or fatigue.
For each case a dynamic structura‘l analysis was performed

4sing space frame idealization of the structure. Th§ -

’hydz'odynamio forces were ‘obtained using lMorison's eguatio

and neglecting the drag forces. It was pointed out that

the mooring cables were found to have little effect -on the

motion of, the SSM. The structural analysis indicated that

. e
all the resulting stresses due .to combined static and
N . .

dynamic loadings were less than the material y:l.é.ld
strength. It was,_thereféra, concluded that the semi-
a_ul:mersib!.e wouid:ot suffer a‘:y structural failure for the
assumed loss conditions.

{
Incecik (1981) presented calcﬁation procedures to d;(:ex;-
mine the structural response values of floating structures.
Space h'ane analysis was used for determinate structures,
whila 'u' nriea of * two-dimensional_ frame analyses was

employed for indeterminate structures. The analysis which

Lo
was carried m!‘ assuming restrained and free floating semi--

. lubierl_iblu indicated that the difference in the magnitude
of structural response between the two cuoa was a ‘maximum

. of zqgt 4in the opoutional req!qn. It was pointed out that -
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énalysis. {
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a restrained structural model was found to lead to more
accurate calculations and gave a factor 53 a;fety /in
design. The maximum structural response was found to occur
in beam seas. The effect of non-linear free surface and
the second-order forces were found to 1'nduce a maximum
increase of 10% in the bending moment values on the
transverse deck beam. A simpll%ied model.' of a semi-
submersible instrumented to measure the axial scr.ains in a
btacing member and- bending strains in a’ tianavarae deck
girder was used to check the_ validity of the calculated‘
pr.ocedures. The measured bending moments of .the tlexible
deck girder were found to agree better with the predicted

values of the dynamic-analysis thari with the qu‘hsi—a‘tatic

.

Carlsen and Ha}:hisen (1980) used the two-'dimena.ional st}ip
theory, accountlng for bydrodynamic interaction between the
pontoon,' and the chree-dimensional source distribution
method to study t‘he motion and section fcrces of two semi-
aubmetbibles. one with widely apaced pontoons and the other
with narrow spacing b_etwqen the pontoons. - The results
showed good agreement be;t{ve'en the motion responses obtained
from both meti'\oda. For the section forces, however, con-
siderable deviations occurred indicuting’iarga differences

in the hydrodynamic load;n\q obtained by the two methods:

It was pointed .out thnf: these differences were primarily

due to the method used to .compute the diffraction component -
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of the wave exciting forces in the strip theory (see
Section 2.4.2). The improved strip theory presented by
Mathisen et al (1982) providé_d._\much better agreement.

‘
Mathisen et al (1982) presented an improvéd strip theory
(Section 2.4.2) and studied the motion and structural
responses of the GVA /4000 semi-submersible.. The results
w:re .compared wlqh theoretical results obtained using
Morison's equatibn for the operating draft and the

three-dimensional source distribution. for the transit

draft. The ’numericél results were compared with a 1:65

‘scale (glass) FRP-81 model data,..for the 6pezat:.ing draft
o;\ly. >'I'he model was moored by eight chains, but the cables
‘wete not accounted for in the numerical models. The forces
and moments at the centreline of th‘e degk were measured by
splitting the mod:el im;.o’ two halves and u;ing specially
designed sensors. . The results indicated fair agreement
between the calculated and measured motion at the operating

draft. As fo{ ‘the section forces, reasonable aéreemem: was

3 ) E
obtained between tﬁe-meaa\?red a\nd computed shear: forcea‘and_

bending mdmen_t about the vertical axis. 'Al-lcweve;", poor .

agreement was observed for the torsional moment and there

. a », . ;
. were f;:ge differences for the n&rmal Eorce-{and the moment
- o : £ ’

-about the horizontal' axis. The study illustrated the

vaHdity of Ithe Morison equation appraeach for survival and

operﬁting conditions. The a_ec—tiorhforees obtained for the

_ transit draft using the improved strip theory provided much
s - 3
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better agreement with the three-dimensional results than

with the usual strip thebry.

¥ e’

Chao (1978) investigated the structural response of a semi-

'submersible platform in regular and irregular waves using

.
the strip theory for hydrodynamic loading computations and

employing space frame idealization of the structure. The
7

results of the structural analysis indicated that \Athel;

bracing mémbers were in general the most stressed members

in the platform. It was pointed out -tRat occurrence of :

. maximum stresses depended on .'the' separation*”distance
9 ;

between the major structural members in pomparison'wiih the

Wwave lengths. The stresses in irregular waves weie found

to incke‘gse‘only moderately in high sea states, singe the

{or most of "the ‘st'r:\:\c'tutal ‘members in a
réﬁiiar sea occur in ‘waves with periods less than 10
seconds. A model test program was cond;lcted to verify _thel
theoretical stress -calcu1§tions. A sﬂnplified alulﬂ‘i‘num
model was built to a sgale of 1:40. The model cons.ist:ed of
tv}q cylindrical pontoons, four cylindrical- columns, two
tub.es representing horizontal bracing members.and twp.tube_s
;:epxesentiing‘ deck gi‘rziers. Each of ;l:hé four tra;svars'e
tlibes were ~£i;:t;& with strain gauges t:.o meaau}:e'axial
fotc«e; and ben;!ing mczmar.lts about‘» the horizontal/vertical
axes. The Eransferqunccions of the stresses measured in
irx.{egular waves were found to be in good agreement with the

measured regular wave response amplitude oi:a:atora
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o indicating the linearity of the structural response.
Linearity of the response was also substantiated by reg\'xla}
wave measurements with varied wave steepness ratio., The
~measured stresses were t’éuyz to compare we‘ll with
the‘oretical ca];c ations for both regular and i\:reéular
waves. ‘

Yoneya (1984) pres‘ented tﬁe only published study on the

Qtructural response of semi-submersiblés to regular ‘wav,es

usirﬁ an extensively instrumented model of an actual twin-

pontoon, eigﬁb-—;:oign'\p semi—s_ﬁbmereible. ’l‘hevsf.ru'ctural

members E{ip&de of ‘acrylic pipes and plates, while steel

* 7 and brass bars were uged to simulate the mass distribution.
Due to the difficplties in making and carrying the 1:5'0

scale mode'l, compl‘ete-str.uctural similarity was not

® achi‘eved. The ratio of Axial rigidity between the braces
’ s and the deck transverse 'mem})eg»was aéjusted to be almost
' ‘the same as.thaf of a -fuLl—scglé placform; However, the
absoiu_te values of :_x.xal rigidity of these members were-two

or three times ‘the.required model stiffness. Furthermore;

the structural rigidit_les of all the other{mempers

. (columns, pontoons . and longitud‘inall deck members) were
.about ten times the required model values. Therefore,

" strains wgrs measured in all the bracing members an{ two

s - transv.ers'e deg{c ,girders only. The motion response was

.. determined using three accelerometérs attached to  the

decks. The measured motion and’ structural responses were
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compared with theoretical results obtained from hipace frame

“analysis and strip theory. Wave diffractions and the

ifferaction between members were nedlected. Fairly good
a‘gtee_ment was observed bet:ween the 'masured and computed
motion response _values, except ' at lower .freguencies.
However, the agreement between the nefsured andl computed
atruétura-]. response was in _general less than that of the
motion response, especially at high wave f'fequenciea. The
study hldicated that -the mooring forces hudly influenced

either the motion or strictural responses and that the

motion and structural fesponaes were mostly linear. The -

structural response in most of the ‘members reached a
maximum for waves with lengths slightly longer. than twice
the transverse distance between the centres of columns or

pontoons (full-scale period of 9-10.5 seconds).

The analytical methods to determine . the motion and -- ~— '

structural responses presented above are- based on the rigid
body assumption where the hydrodynamic forces and platform:
motion are »,‘.i}gt determined considering the platform as a

rigld' body and then the ‘internal forces are analyzed using

elastic structural analysis. Taylor (1974) investigated

the motion, response- of ' general 'float'ing a!:'ruct\frcu and
indicated that for a structure of high rigidicy, .1t wou}d
be sufficient to carry out olaut_ic ~x:mu:og\r)u analy‘siu using
the forces ‘auoclated- with . rigid body .notion, whereas

ﬁamber forct;s of a ﬂexible‘ﬂo’ating Vstzugture should be

-, R

4

»

-
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* estimated using an analysis based on the motidn involving - >

elastic deformation. Ve: i&rgbe seni-submersibles or a

common semi-submersible under certain structural damage
conditions 'may behave as an elastic structur'e. “The elastic '

deformations of che structural member( mlqht affect the

moda of motion of the whole structuze'v :esonance of -elastic ..

deformations may ogcur within the range of ane .ﬁrequencies N

(Yoahida and Ishikawa, 1‘980_). o ) -

'l‘o account for structure Elexibiuty, Yoahi.da et al (1974), g
t and Yoshida ‘and’ Ishjkuwa (1975, 1980) develqped an-
' ':ana!.ytical methcd,. based on pote\ial theqry, to determne
sttuctural .and’ motion responses of ‘moored
,semi—submersiblec.-, The flex1bility of . structural membera
was included in ‘the equation of mtion so0 twe intetnal
stresses can be calculated- slmultaneously with the motion. 3

; A linearized drag term was added to the hydrodynamic forceS'

vhile .ths hydrodynami.c interactions due to multi‘membsts
were ’neglected. 'l'he aemi-aubmersible was ‘discretised into
a finite numbg of elements. The elements__ were classified
into twé types acc_ording‘to their fuéc_tritgn,‘a.g’_hull eieinenf:.
(for estimating external hydrodynamic, and inertial " forces)
connected to a beam element (repr;‘sentirrg' the' 'atr—':wtur;l

stiffness). The. analyttcal results_were: dlfecked using

sfmplitied semi-submers?ble models wlth flexible bracinq
-and deck girders. "I'he maaaured mol:ion and A;ructutal

' responses ware-in good 'agrpsment‘ with the computed values.




1'Ae4 results indicated that in’ "thg‘ case ofh'ﬂ\_axlbla
structures a frequency range existed where the 'eiaatic'
deformation of _nembers affected tr;e motion. ‘E‘or rigid
‘;trqctures, the freg:ency characteristics of ’lnte'xhal

- forces was found to be a -function of the rat.io between wave
lenglh and the length of the structure. )
»

. - - = . ¢

Yoshida et al (1984) appll.ed the above analyticak method to ’

GRS e ' the ‘experimental and analytical values when the mtructural

flexibillity‘ was taken into account ‘in th'e‘-numeti_ca]:_.

& 4 - . 3
Sl e computations.’ ‘ Iy o = X
- ' P LN .
2.3 g Semi-! b'neraible Ber Bit 1 ?t
Very detailed design methods have been developed based -onY
. - N
analytical, experimental and field jnvestigatidong of , the
‘w4t ~-—— —— —behaviour of offshore platforms under various "types. of
T envi‘ronmenta‘l'and ope'zatlonal loadings. However, not much'
Y
(-«‘ work has yet been done ‘in_ the area of. protecf.ion of off—
a A

shore platformn agaxnst collialon with ships, 'Buppl.y bo&ta
or 1cebetga and their fragments. Most of the uork in this

* ‘area is mainly in the research and developmelv. ucage.

.
- - . : o “

o o e
_...Host of the .uail.ab].a atudhs deal ufth nhip/lupply boat »

collision with fixed/floatinq hplntform. o Qctual

tension leg platforms and reported better /ag:eemenk between ' 47
. v ement b n,

1ntarest in the problem of 1c’erg couision w)th gravity

9




L plattoru, ami bergy4 bit i-mpact on eelni-aubmeraibl'eq

C e ltarted etter che discovery of oil in the iceberé
!roquented waters‘of ‘the Grand Banks’ of Neufoundland. e
.~ g o g - o™
. . X a >

Extensive surveys o'f t'he‘ exiating literature Lndicated that

do:uiled atudiee ort “the hlpact r\eeponee oﬁ offshore 1 .

ltr\:c—t\;ru heve been reported by Fencn_et al (].971), Fenco.

- (1972), Sorensen (1976), Carlsen (1977), Larsen-and Engseth )
(19787, _Brakel et®al (1979), ‘Furness and Amdahl (1980), P
Olivﬂra (1981), Caldwell and Billington (1981), Davige and
Huvrideo (19’31), Péterson and- Pederserl (1981), Petterson\

" :'.and Johnson (1981), camuerc and Tainket (1981), Havrikios e

.+ - " s 7 "and Oliveira (1983), Soreidecand Amdahl (1983), jpockiasamy ,

e B . Y -
.y et al (1993 -a, b)i Crotean et al (1984), sSwamidas:and

¥ % Arockleaamy (1984), Swamidas et al (].984), and El-Tahan et
al (1985L . 'l'hese stydxe{ indicute, that ‘three enalytlcal'
Qprouches have been utilized in dealing wlth the impact .

‘mechanics, one based on statical\-principles and ‘the other
v : two on dynamical ;principlesss: o L ] °
% . ol . ‘ ! . -~

. : (. SR TP

In the -tulcul app:oe:h the detailed non-linear behaviour FE

5 of -ttucturul elemen‘gs reuiating 1mpact have been
'con-iderod Auslm_; claulcel (elastic/elueto-plaatic

s ‘ _iuhavlour o!" l'éotropié ch;.ri.ngt}c‘alf Fub?s) affd numerical
(finite 'nlene'nt) ?pproeéhe'r. ﬁa-e .tudl;- consider only e
the behaviour .of the stguctural member nt and a;ound the

- N : polnt ot llpnct. * The' l-paetgng body is auunad to’ be a -

S E




&

5 .. - - -
iiglfl indentor (which is not the case) while the impacted

st:u tural member. is aau‘med to absorb ,all éf the impact

energy by local dafomation. The pousibllity of .energy :

absorbtton by the deformations af the othat menbatl, mtion

of’ thé, 1npacted scructure, deformation of impacting body,

“and inelastic r v are na‘t‘ o ed _iJ;. The transient

“nature of the’ impact load,, and its dynamic effects are

neglected. Examplé, of the stufiies that adopt .this

approach are: i Sorenson (1976), cCarlsem (1977),. oliveira

(19.8'1), Furness and “and Amdahl (1980), and Soreide and

Amdahl, (1983). . v

In another statical apprpach, she impacting bo_gy (nanel.y,

-
1cebe§g) is assumed to deforn plastically (cruah) w'hlle the

impacted sttucture assumes the role of the riqid indentor

(Camngert and Tsinké'r, 1981). pe

Two d}.fferent approacha/s, have been used in the dynamical

tormulation o£ the impact on offshore ,structuresr . the

plastic :I.mpact and 'tne - inelaatic impnct. ,In the plautic

,/ impact approach, .the two bodies are assumed. to stick

et
. together upon impact and then move as one body, The common

1n'1ti_al velocity. is obtained ‘using a momentum ,Lequation.
This type of impnct"ia ponﬁi,ble_ only .Hhon the interfacial
stiffness of the colliding bodies is very small unf the

enetrgy absbrbed by elastic deformation in the ‘contact area’

1s negligible. .The main drawback ot' this agproach is that

-




4 7. . -
not accounted for. St\;dieg adopting this approach have

LSO 57 =

'~ L—-—
* the actual stiffnesgs characteristics of the impact area are

neglected and the possibility of separation (rebound) is

been reported by Fenco -et al, 1971, Fence (1972), -Reddy et
al (1982), Arockiasamy: et al.(1983 a, b) and Mavrikios and
ouv'eira (1983).  The impacting forces obtained assm‘n.ing

>‘plan1e impact are uau&y very small. being up to '10% of

the weight of the impacting body for a ocollision speed of 1

N

m/aec. These vAlues ‘present the lower bound ‘of the 1|npact
-~

fc’cau a!nce the mpacting surface is usumed to deform (or
crush) connlderably duzin? the initial impact period “so
that both Phe.bodies can move togathat during the remaining
impaét period. . »

~ * .

. .
In the inelastic _1npact approach the local l.oah—de.fprmation

characterigtics of tha”colliding bodies ;re slnulat.ed using
eithat Hn!a: springa (sua;idns et al, 1984 ot‘mn-linea:
springs ‘with elasto-plastic impact (Petterson and Sohnaon,
1961). This approach is more . raaustic than the plastic
impact assumption since it pexmits a better ulmulation of

the interactlon process during impact.” It also allows the

impacting. bogly to separate’ from the’ atructure and zebound. ..

This type of 1'uct is° more likely to take pluco upder

certqln-eondvttianu when the energy' absorbed by local

alastic deformation is released back lnco the '.yatam. 'rhe‘

ponlbiuty of rebound has been considered in some racent

-ltudhl by swumidn and Atockiuuny (1984), Swamidas né al. =

-~
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T(1984), ana El-Tahan et al (1985). The analytical x‘asults_/
fndi'cated, that rebound will,K occuri’ This $inding was
verified by the results of the i\npact t.uts on the hydro-
elastic mdsl mported in .the prauent atudy. The inpuct
'force& obtaine uah!g the inelastic impact’ apptonch are at
least one &dfr of magnitude higher t?(an\ those obtained

aauuming plaatic impact. N B . &
I P ;
Y

A ‘bth;f reviw of the available studies on the impact of
bergy bitq and ice floes:on semi-—gl{bmersible platforms is
presented below- .

) , \
.Fenco (1972) carried out a study to evaluate tha ability of
semh-submezalble platforms to withstand’ 1mpact:s caused by
!ce floes and growlers of various sizes and speeds, without

structural damage. Four types. of load appiicatlpn were

vcons‘ideredx i) gradually - upp].ied loads; 1i) transition

between gradual and suddsn, ili) ahott durationr and iv)
:lety high velocity impact. ’mo apptouchea were uaed in the
analysiq, a momentum and energy approach, -and thT solition
of" the exact differential equation for ‘the transition
ane. The reau].ts were presented in the.form of curves
.for the forces in various members’ of t.h.e‘ aanl-uubneru le
‘nu a Eunction ot tﬂm mass and- drif¢ velocity of the ice
masses. ‘l“he min onclusion of the ropqn is t)_mt the
semi-submersible p‘lutforn, *...dpes not seem lu@tabla Z::r

ice-infested regions of the North Atlantig". Since large



B £ ) 7 o 4-59-.-"' "

3 s
F] -

ice mapses are ’capable' of mbx;ing with vélociti.es in the
~ order oi 6 m/sec, ,the study indicated that: -the xe,gu:l:ed o s s o
(at:uctural. screngthening ahquld cover the complete range of , o
wave action. ) s P
K ~ . o ]

o ; - v
_Reddy eb - a!."'(1982.’:§ _and - Arockiasamy and Reddy' (1582),
preser‘n:ed the impact fc‘)rce_ and surge and. pi‘tch res.‘po‘nse‘s Of‘
a typicai ‘semi“-submersible “to a 50,00\0 tonne .iceberg
P impacting the pontooris. ’rh‘e .analytical model w;\s based on
. a two degrees—of -freedom spring—mass syatem and the plastic

hnpact: approach. They pointed out that the impact forces

and responses deperide(L mainly on th»ei‘ stiffness of the )
* . \( y mooring c.ablea‘ and-tha}/t;le pontoons need extra a‘trengt‘n-

>'ervxi_hg Eo_withatahd the impact loads. -

Swamidas et al (1983) investigated the global response of
' a moored eight-coiumn sémi—aubmaraible and the local ».

1ndantation of an adequately reinforced column due to be(gy

* bit impact:. B 'rwo numerical mode).s were p:esented. e
ih first is based on the principle of conse:vation of to-tal. :Q
T qnergy of ghe systsr( and.the other on the plastic impact ' * ‘
apéroach. b;u' erical solutlgns were preaentad only fot- the,
prastic 'hnpa t ‘m'uﬁmptio'n“ and used a’ five-degress-of-‘
i !z.edom ‘system to'.raprasant the rigid body motion of the
platform (heave was excludad). The ' raaults were prssentad
for the coninlon ot 5 000 and 10 000 tonne bergu bitd

® movlng at upoedu of 1:and 1.5 m/aeu with a. corner column at




an angle o'f‘ 60°* to the . direct&on of surge. The results
1ndicat:d r.hat the maxinum impaét load - was Ab’:t 3.7 N
(3.7% of weight of the 10, 000 toena bergy ‘'bit) and that the
1oca1 denting "of the column will taka place when the impact

load re&ches 0.25 MN.

A_x"ocki_asam.y et al i1§§3 # Ui presented _the transia.m:
response of a Qemi-aubméisible to- sea ice ;nd Jbergy bit
impact. The analysis was .cvrigd out ‘using the nymerical
model ouﬁingd by Swamidas .et al (1983) for a 5,000 tonne
bergy bit colliding with a corner column of an eigﬁt-col:mn
ne‘ni-subneraibla, at impact spegds';)f 1 and 1.5 m/asc.v In
the case. of 1ce»~s‘heetn_;, tha. ice sheet was assumed to move
at an a;ngb of 45'[ to the diu.;:'tion of the su:'ga and to

exert forces on l_:he__th:ee' iceward corner columns. The

N 1
results indicated that the response to ice forces was

"mainly due to the constant part .of the ice £orc:£ while

the contribution‘from the varying part of the .ice forces

was almost heg’ligible. The impact force due to bergy bit

impact waé foun! to be about 1.2% of the rgy bit's weight

'f!or an impact speed of 1 m/sec,’ and 1.8% for a spedd of I.5

m/sec. The local de&::ng of the co!umn was determined

uuing an energy approaeh and aasuminq perfectly rigld
1 »

plastic behaviou‘ gnd eld conditions for the dantad aren.
It was found‘hnt the colunn uiu, suffer only local deriting

without undergoing overall failure.
: ¢ S

./.
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The five degrees-of-freedom ,rigid body model developed by.

Sv’mmidae‘ et 31‘(19'83) i{a! extended to incorporate two local

degreee—oi freedom in order tb represent “the local'
.
chntncte:iutics of the:ice’ and the stricture at t‘he impact

- bone. The load-deformtion relationship Eor the ice and

{

the sttuctu:e was assumed to be linear and was simulated -

4
using llnear springs.with tension cut—off._' Hence the model

can account ior the inelastic impact assumption and be used-

to in\reatigate the possibility of betgy bit rebound durlng

impact. The model was then used+ ta study the response of‘
a/uemi-subnetsible to bergy -bit and 'ice floe impact
‘(Swamidas et al, 1984). .. The results were pl.;esented for
bex}gy' bits with masses of 2,000 to v10,000 tbnn:s impac/tin_gv

. a corner column et speeds of 1 to 4.5 m/sec. The study

indicated that the impact forces were highly dependent on

the characteristics of the impact zone in the ice and the

: etructural member . The peak impact force was tound to be

about 4 ‘times higher than the weight of a 2,000 tonne

"iceberg at an impact speéd of 4.5 m/séc. The impact fofées'

were lineariy,proportional to the 1mpact ve).oc.tty. ('rhe

analyticul model also predicted rebound “of the bergy bit
htter impact. '

*

]
.ﬂ"“‘:u:tis et al. (1984) used a numericul model having three

global (surge, sway and yaw) and two local degreea-of-
tteedem (for ice and structure) to 1nveutigate t‘he,impact

of bergy bits and smali idebargs ‘on: the braces and-.pqntoona

&




o’a semi-submersible. "l'he local deigmation wad simulated .

- 62 - J

\fs!.ng four non-linear-springs. Three iceber§ masses were’

consideré/, 5,000, 20,000 and 50,000 tonnes and the !nl;lal

'1ceberq velocitieu varied from V to. 4 5 m/sec. ' The xesults

- 1ndicated that - the defoxmtion enetgy absoxbad by the semi-

‘aubmeulble was sttongly dependent on ‘the- fotce-penatratlon

relatiunahip, especially at 1ow energy impacts. The impact ©
forgda»«p\roduced 'yieldiing in the horizontal braces and the
pontoon for iceberg velocities of 2.5 m/aec'and‘ greater
(with the exception °5£ the 5,000 ténne bergy bit moving at.
2.5 m/sec). The- study also indicated that the semi-
subme'_rsi_ble_expérienced significant structural damage and

that the  minimum anchor pullout capacl@ 1-l txceeded for

.almost, all of thet impacts. The global response of. the

semi-submersible was almost 1ndepandent" of the local

characteristics of the 1‘mpact zone. ~

Kitaﬁi. et al (1984) investigated. the structyral safety o'E a
semi-submersible due to the ' colusion of ‘a bergy bu: with

one of its four columns. The numerical model used in the"

study considers thtee-dégre_es-o_t-freedoh for the rigid body

motions (sutga, nuay and yaw) and a non-linear load

deformation relationship tor the atructuu and'the lcs.

The masses of the bergy bita vatled ftfo- 500 to 10, 000
tonnea and the 1mpact -paedu tron 0.5 8 2.5 m/sec. #ce
thickness ‘was assumed to vary ,!ten to 13 m. For a 2,_000.

tonne bergy bit niov_lng at a speed of 1 m/sec, the impact




i

e

a 2,000 _tdnne bergy ‘bit moving at 1.5 m/sgc. without

force .was about '75% of the bezgy bit's waight. It was

found that the sami-aubmersible could sus:ain the impact oi .

permanent deformation to the colufin.

. . '

Noble and Singh (1982) :.carried out a series of ﬁests to

éeter;nine: the total :load _exerted by ice floes on f‘our, six
and eight-column semi-submersibles. Rigid models of the
columns, repreésenting one‘hal}_‘oi the ‘SSb.i, were towed aty a
speed corresponding. to 1 m/sec in full scale into a
synthetic: ice floe field. The tg'sul.ta indicated that the
fneasu:ed ice loads at 70-80% ice £1\ei‘cl_ concentration were
abouc 10-20%8 of the maximum loads which. occurred at 100%
concentrati¥on. The maximum ice .loads (at 100% concentra-
t\‘m.-nﬂ./éithi_ full scale four, s'ix and eiglﬂb—lcqlumn semi-
submersibles were 29 MN, 53 MN and 46 IMN :;espectively.

indicating favourable performance of the four-column SSM.
- i

B4
2.4 Impact Strength of Iceberg Ice
b

Icebergs have been.of interest "to. variousgroups for many"
h - i

‘yearsg ) In the bgginnmq'. 1€gberg éoncentxa:iéns, types and

movementd near the shlpping rQutes were of interest. With
; »

1noreaa'1ng drulfng acti‘vitiaa im the Nort'.h M-.lantié, more

actention has -been puid to 1ce)>erg cha:uccariatics. (ai'uj-.

-

*

masa, dEuEt_. above wutm: dimenstons, drift, . speed, atc.').«";

L 3 . @ s
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Not until very recently have the mechanical properties of
iceberg ice become of interest. :

The - strength and load—defotmation ch‘aracterigtica of 1ce- o

berg ice dux:ing unpact are needed to estimate 1mpact forces

i
: on offshore structures and to determine the &XEent of local

damage to the impacted. member (Section 2.3).

Extensive review if__}pe l%terature has revealed that while
there*is a considerable amount of information ‘available on
the, physxcal and mechanical propgrgies of Arctic and
‘Antarctic glacie: 1ce, there is very limited information

available on the mechanical properties of ice obtained- frum

icebergs. In fact, the Eirst published data on the
s}.rength of 1ceberg ice was the one reported by Arockiasamy
et al (1983a), based on preliminary findings of the testing
program reported in the present-study. This waé followed

by a paper by Gammon et al (1983) who repot:ed on -ugiaxial

. cbmpressive sttength of' iceberg ice. ’l‘he..only published

in-situ measurements of iceberg st‘rength (flaking pit tests
and, ;borehole jack tests) were obtained by Fenco (1‘?:75,.
1976)_‘.a,f_9r two i_.cebe:g: wht:)cmducting in-situ  measure-
n\'entg on éea ice. “ .

Y e n
Apart frém the a,bove-men!:ioned’ studies,,'thare is no data

available in open literature on ifeberg strangth. However,
1

o




s several st"ud.ies have been carried out on glaciét and snow.(
% i . . ” . ‘
¥y ice. i 2 4

e . .

. . % ;

“T:;-'United States Afmy SIPRE (now CRREL) have carried out
.extensive deep coxe drilling research programsv on .the
glaciex; ice of Greenland ar’x\ the Antarctic. ) Physié'ai,
atructural and mechanical ptqpernes of glacier i:fe were
determined from those tests. Uniaxial, r’ing tensile,
flexural and shear strength of Greenland ice were repotted
by Butkovich (1956, 1959) and kobage ot 11 (1965). e
dynamic 'modulus .of elasticity of Greenland ice was
: ] —

[] determined by Nakaya (1959) and Smith (1969). The uniaxial

. é‘czmpressive st;.:engéh aﬂd the dynamic modulus of elasticity ;
_ = for Greenlahd and Antarcti'c glacier ice were tepor::ed by
: Ramseier (19:66). Kovags-—Tl-978) presented the resultsr of -

| v .
ax_ial double point-load tests on Antarctic glacier ice.
5 ; s . M e
: Another deep core \ii:ling program in t:he Antarctic ‘has - >
been carriad out by tR Japanese ‘Antarctic Research Expedi- '
blon (JARE). Very limited information on the meghanical

prop'ert%ea r:)ih~ ice obtained from - these cores has been
™, . »

reported by Maeno et_al (1978) and Shoji (19789.

There are also conaideru‘ble\hnounta of data on: the strengélf\'

of natural ‘snow ice’ (found on x\ﬁle\rs or’ 1akes) and artifi-

©t cial anw ice. * Some of t‘hese \éq\s are . raported by v
N .

Buekovich (1955), Frupkena;a[ﬁ (1959/)/ w%eks and Asaur
i . . \

, -

» i ) 3 L BN ‘
»\ B . "‘,‘v.{ . J Lo - \
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(1969), Cargér (1970), Hawkes and Mellor (1972), Haynes
(1978) afd Mellor and Cole (1983).

Cole (19!

s Y g

Almost all of the’ abdve studi®s préaeht ‘the uniaxial
© strendth of élacier and snow ice under strain rates up to
10‘3/sec. Very limited information is ava‘iléble on r.h.e
s'trength of glacier and snovi ice at high strain ra}:h

‘ (greater than 10;3'/sec) and multiaxial stress conditions.

2.5 . Summary
A review of the availa theoretical, experime:n:al and

field studies on the str’uctura\'and motion responses of
semi-submersible platforms to ;lave forces and ‘transient ice
impact has been pre;ented. " The review revea&d that there
are a sig'nificanynumber of experimental and analytical
studies on the motion response of semi-submersibles in

waves. Several _integrated motion and structural al"mlyeis T
: 3 .

’ computer program systems have been develoﬁed over the past - ,

“two decades. There are: 3 iim_ited .numbet of available
experimental . studies c:fn t}’\e atfuctu_;zﬁ responses of the
S'SWWW_OTA‘W t}\le ‘forces. in-bracing members and/or
deck girders' .have been measured in simpnﬂed models.
Availabkﬁ “£611 scale measurelﬂnts of tpe motion of SsM's

are limited, while those of stressas are t&be-

v
-

i

|
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The .comput)(d motion response values of- SSM 8 in waves were
ganeral'ly in good agreement w:th those obta.inqd from model

tests or field maasurementa. ’ Howeyer, ‘the computed
Mg " . . b W

st;udturalr‘tresp_‘onae values (forces and stxesg;s). us‘ing‘j

spl{qe' frame -analysis were c‘o_}\sisten(".il‘y higher ' than those
obtained from field measu:ements. Better agreement was
observed betwsen the computed and measured stresses in the

4
bracing members than in columns and girdats. One possible

axplanation for this is that tgl’e bracing membex‘ is a

!

slender one land can be represented by a beam element in

space’ frame'anil_lysis. But. the ~columns. ﬂr example, are

more likely to behave like a shell rather than a beam. The

agreaemeng‘between the computed and experimem:al structural

response values (measured 1n bxacing and girders%ﬂy) was

‘in genstal less than that of the motion response.

structural members of a SSM are basedon theoretical

models. The impaat force and duration obtained from these

, models were found to ;laty by at least an order of magnitude

+

depending on the assumption of plastic or in'elastic impact
and the charactarls‘t%c‘s Igﬁ the impact) zones in t"l':e‘
structure ‘and. icg’. ‘»’rhe 1mpac§:1ng-bgg_!:f were treated as
:igid‘bodiea and all :gg_gefo:madona assumed to take place
“in a zona around th‘e cguiuion point only.. 'l'he energy

absorbed by the global  structural deforutlons or by 'the

1 * . . .
‘rigid body rotation of the impacting ‘I.x:ydy7 was neglected. .

-

- : » . ,/)? L
\ . , 1 U |

.

All ‘the available studies onh bergy-bits impacting,
- ¢

—



¢ > - 68 -

B R )
N i
In addltion, . s:lmplif].ed assumptiong were made for the ’

transient’ hydrodynam’lc lpadings on the .SSM and the bergy-~ -
bit. The actual load” defotmation chatactetistica of the e
,bezgy-bit.contact zone were not pkogerly slmulated.m most

‘of the studles due to the lack of needed inforu\ation about . / ;

iceberg ice. The values used by Curtis et al (1984) were

based on uniaxial compressive strenqth values at a atra:\n

rate of 1073 ‘whide: those: used by Kitami’ et al (1984) were . = .-

based on sea jce strength values\. * o 5 - 2 e =
.// s v <. e g t .

The above discussxon indicates the need for model tests [3-

check the validity of ccmputatxonal mgthods, structu&al .

modellin!g (i. e-,,.space ftame analysiw etc.) gnd \theoret- . -

ical assumptions ior both types of loadings (wave action-jv’

and bergy—blt 1mpact") on a- semi—submersible. In adtﬁi‘tion.

it also tndicates. the need for ex?etimentdl studiea on " the -’,'.

hnpact strength of iceberg ice upder mult:;-axial state ot -

stress to cbtain its ].oaNeformatlon charactetiatias\




3.1 General .

CHARTER III *

IMPACT STRENGTH OF ICEBERG' ICE

)

In order ‘to design of fshore structurea to withstand ice

llmpacr.a, it is necessary to know the force and streises"'

’ caused by ice dunng impact. ’fheretore, the mecha}nical

in'opex:ties of ice u.nd‘et ﬂuln—dimensional _stxéss state and
high strsin rate conditions ax..'e ne_eded. /ﬂ,\ltr_\cugh é signif-
icant amount .of knwledge on thé mechanical ptoplertllas of
1ce has. been gained during the last two decédea, the behav-
iour of ice during xmpact 15 nqt :m;, understood yet.

. # 't.' 5w .
Very few studies have been téporbéd on the {mpact strength

of 'se\ ice (Likhomanovand Kheisin, 1971; Khei'sh_\ and

G - A
Likhomanov,. 1973: Kheisin et al, "~ 1975; and Glen and’

Comfort, 1983): impact. strength tests on river ice have
been reported by Timco and Martin (1579). No similar
studies a.;e available for iceberg ice, glacier ice or snow

v N . "
ice. P . 2 “
The strength and load-deformation characteristics of ice-

berg ice during impa'ct are needed to estimate impact forces

»
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on offshore structures and to de:erlqine the extent of local

damage to the impacted members (see Chapter VI).

N . o
Since 1ée|;samp1es from an iceberg are hard to come by and
expensive to acquire; it would be -advantageous to make' an

énalogoua ice, viz., snow ice, pogsessing similar physical

and - mechani.ca_l propertlesllso that studies cguld'.be. made in’
. e

the laboratory. The objective -of "{:he"atudy pr.asénted\in
thls chaptek is to investigate the strength of iceberg ice
: and a:tificial snow 3ce under xmpact ccnditions (multiaxial

_stresa state and h1gh strain tates)./ al

3.2 Ice Testing Program

’

Although the scru'cture of iceberg ’ice will be the same as

-
\\

N

fhat’ of the parent glacier ice, mechanical properties may "

not be the same. c‘racka develoi) in Icebex‘:gs due to
stréases _cau;ed'by Balanf:ing gavitationai and buoy.ant
forces and thermal stresses due :&

'Ambiem: temperatures during drifting énq overturning.
Th'erefora,bthe s{:andard uniaxial compression tests were
carried out to correlate the ice strength tob that of
glncie: and other types of ice. The/uniaxiul compression
tests were earried out on cylihdrical specimens. . The snow

ice specimens were 2 inches (50.8 mm) in diameter and 5

inches (127 mm) long. For the iceberg ice specihens the

the fluctuation in the

\.
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diménsions were 3 inches (76.2 mm) and 8.25 inches (209.6
.

mm), respectively.

Because of the three dimensionality "of the stress state
quing ,:imf:act, the pressure:on the structure can be much
higher than the unconfined (uniaxial) compressive strengt;h.

_'In situ measurements catried»out by Fenco (1975', g 19?"6»)

indicated that .the confined compreséivé strentjth oé‘iqeberlj 3

ice (from the bore hole ﬂack tes.l'.)l can be as much as five
t:unea the unconfined compressive- strength (from the Elaking
pit \:est). stuﬁs on the impact of 1ca.sheets on a fixed
structure .indicate that the effective_ pressure %ould be as
high as five or six times the u;liaxﬁial sg‘reﬂgth of ice
(Lipsett and Gerard, 1980). Therefore, indentation and
u;pact tests' were carried out to correlate the contacs
pressure during impact to the uniaxia-l- strength of ice.
The indentation tests were used to aimulate the sudden load
appucation over a smau pottion of the ice surtace. In
‘these tests, load was applied at the centre of the top face
.of a 1l6 x 16 x 10 cm ice block through cylindrica!. or flat

circular indentor. The maximum dimension of the indentor

- - iy

was about 1/4 of the width of the block. Tests were

carried out .‘on both confined and unconfined ice blocks.

The confined tests- were carried out by ‘confining the ice’

blocks within rigid aluminum boxes ‘opon- at}the top (wall




th}ckneas of 12.5 mm).>~ The  unconfined ice blocks were

supported at the bottom over the entire base area.

The impact tests were calgx.::il:ed out by dropging a heavy
cyundrl‘cal indentor, inst_t-uﬁente with an accelerémege;r
and a force trax\lgdu;:ér, onto coﬁﬁned ice blocks mea's{nrihg'
27 x 20-x 15 cm. "l:he velocity of the- _inpact. of the falling
w_eiéhc was 2 m/sec. - The fa}linq body was heavy enough to

cauka failure of the inpactéd sm_:f-;:e. Th& accelerometer

"méasuregl.- the deceleration of th’e indentor, while the force

. transducer measured the instantana.ou‘sv bressure produced-in

the ice at the centre of the indentor.

All the above tests were carried out on 'both1 iceberg and

artificial snow ice. . o \

\

3.3 Preparation &f Test Specimens -

_The iceberg ice was coilected during three field trips from

'.umull‘ pieces of ice broken off a grounded‘ icebérg near ‘
St. J;)hn‘s, Newfoundland, in the pérlod June-~July, 1982.
The ice, after beting cut into about 80 smaller blocks, w;§
atc{rad“in sea;ed plastic. bags inv‘deep freezers at.-18°C.
‘l‘he‘gjp'w used in making snow ice was produced by _actup‘ing
fresh water #cp using a metal disc containing four grir_mding
bll‘d.l‘ and a drill bit (Fi_gure"»f!-r) at a tenpa;:atur'e of

-20°C. As presented.in Figure 3.‘2, the artificial snow had




O R e
" grain size distribution (Figure 3.2) similar_ to that of the
natural snw'reported by Halvorsen (1959)-, f
: . . g ) . -
The snow ice 'was producgd as follows: the al-iminum Fald,

A8 x°16 x. 75 ¢m fo: uniaxial and indentation test samples

(Figute 3 3) and 30 x 30 X 20 cm ‘for m\pact ‘test samples,
,‘was ‘p].aced on a vibrator and the Tartificial’ snow was sieved
1nto The mould using #16 sieve (1 1 mm) The snow was
compacted in layérs by p].acing a 12 mwthick steel plate on .-
the . top of each layer'and turning the vibrator on. This ! i “

-took place at a tempexature of . —20 c., The snow was then

left-for: approx:tmately 2 Thours at a temperature of about -3
to, =5° C. The snow was t,hen saturated by allowing de aired

water at 0*c to en(‘.er through holes at. the bottom of the

‘moulrd forcing the - alr out. ’ After the snow wlas saturated
the mould was .1ns_ulated from the to'p’ ané sides ‘to. ;11.ow the
.f;eezing to take piéce from. the‘-bo&to_m. ‘-The»t'empetu'tux‘e'_‘
was'lowe:‘:e_d t(IJ' ~20°C for three days.” The snow ice"bloi:ks ;

were removed and cut to required d’imensions".and stored in .

sealed plastic bags at -18°C.
5 S
The cylindrical specimsns for the uniaxial tests were cut

on ;a metal latha to within 0 1 mm of the teguired diameter %

using a rourided, high rake cutting tool which proddced a 58,

amootﬁ £inish. The sample ends were made parallel to each £

'qthe‘r and perpendicular f;o_, thé‘ specimen: axis using 'a

special jig and 'l'appipg plu.té.. The produced -ends were




‘weighing method. 7 densiby of iceberg ice (12 piecee)

‘Vranged from O. 900 to

polished undApatallel dithip 0.05 degree‘é. The ice blocks

. for the : 1ndentatlon and iméact tests were cut to th-e .
.rsquired size (within 1 mm) using a band saw. The top and '
bottom surfaces of the ice block were sanded and polished,
using - the lapping} plate to ;btain ‘smooth and parallel_'»' 4_'- !
facea. S . ‘ s ’ ‘ s
‘3.4 Phxsical Prgg\q ‘. l . I ' o

The de'nsity of- the ice was obtained by the hydrdstaf.ic'

0.906 with an average "of "0.904~ Mg/m3
and a standard deviatlon of. 0. 002. The density of snow ice
(40 niacesj_zanged_jtom 0.&4540476.835_uiu\—an—avex=aqe—ﬂf-——~

. top.’ ’l“he .average

0.861 Mg/m3 ‘and a stahdard deviation of 0.008-(Figure 3:4)=———
The densi:y of snow ‘ice was ma);imum at the bottom of the
block with a percénlge diiference of 2.9% from bottom to - '

rosity of 1cabetg and snow ice were

1.4% and 6:18%,, respectively. S : -

: Hg/m3 ysing a'ecia

The Ad'e.nsity of ceberg ice falls within the reported ranger ¥
of the Greanlahd glacie: ice "of 0. 900 to 0.916 Mg/mS
(Butkovich; - ‘59)1. _Tﬁe‘“@ensity of ‘the a;tificially
bzo.ducad ,sr;ow. ce’ ‘ylaa lower th&n that of the ;glacier ice '
and can b—e-ifr,u roved to‘ obtain .as high a value- as 0.917
I techniquea similar to those devaloped . . L

I
- at CRREL' (Co/J.e, 19'(9), Howevex,‘ since the 'atreng:h of - the . %
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‘snow ice wa; found to be close ehot.xgh to that of the ice-
berg ice, no,attenfzt was made to increase the snow ice

density.
/

Vériystallogtaphi_c analysis was etarried Qut_on both the -snow

and icebérg ice-follming the st'andar_ds\\ proposed by the

working. group. of the .International

. Hydraulic Research, IAHR, .(1980). Th\s :eqults ‘are

presented in Figures 3.5° to 3.7.

The analysis of thin sections of the icebe’r‘g ice indicated

that a].-nost all the crystals consisted of hxl'eqular inter-

locktng grainsb\dth no preferred c-axis orientaelon- Some’

sections—showed—high—crack intensity 12 3/cm) while no

V-cracks were observed in other aactipnu. . The cracks

Qenerally showed a preferred orientation. Air bubbles were

nearly round with .t&pical diémetar of about 0.3 mm. Graln .

size distribution waa.obt,utned from seven thin sacticns
contain':lng' 431 grains. ' The grain size ranged from 1 to 25

am with a mode of .3 mm and an average of 7 mm (Fiqure 3. 5).;'

The snow ice had higher bubble densities €han&1qeberg

. ——— .
ice, but no cracka -were observed. 'rhe grains of snow tice

had ragula: ahapes and g:ain size had a normal dtot.ribuf.ion\

which zanged from 0.1 to 1.8 mm with an average of 0.65 mm

and a mode 01'0.7 nm (Figure 3.6).

ssociation - for\ E
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3.5 Test Procedure

£

The uniaxial compressive strength and indentation tests

) were carried &it using the model 955.99 MIS closed-loop

- electrohydraulic teating machfne 1n the stroke—control _mode

under two \diffezent stroke t:.me hietot1es. The first is a

zamp function w)\il:h gave ‘a constant strain rate while ~#he— '

second is a s!;ep iunction. Two constant strain rates were

Qchosen. 10'3"and lo'lper sec. The machine defoxmation was

taken ‘into account in'eetting the machinehead speed to.

produce the required strain rates. For ,the indentation
i . 0 - 5

tests, the relation between the surface indentation and the"
strain in.the failure zone under the indéntor was deter--

mined using finite elem’e"nt;_ Enalip\ge of "the ice block.

The tests were carrie; out in~the No. 2 Cold Room at
Memorial Univereity of Newfoundland. All the ‘impact and.
indentation tests and most of _the unie‘xial‘c‘omgression
teel;e_'were carried ‘out at a temperature of -5°C. it was
‘assumed that the t:em'pe,z'a-ture of ice at the region of ,impact -
(1:; the field) would a‘ve'.ta;ge about -5¥C.’ This is based on
the “reeul;e of—ﬁmpere_ture’meaeur_en\ente carrvied ;\;t on the
d'rif\:ing gla.cier tce island "'North Pole 19" 'by Legenkcv,' et

el (1974). and is supported by the reeulte of recent field

_meesuremente of the temperature of eeveral 1cebergeb

re;;iéed by_ Diem_und (1984). This temperature of ‘-5°C also




. .
takes into account the. effect of the faster melting of

icebergdgs in warmer watet%. —
| ’ g
!

Some uniaxial ‘compression tests were carried out at a-

temperature of -2°C, to ,rétudy the beha\'li'our of ice near the .
ar g 0 A v o ’ L v .
Ereezvin‘g point|of sea water. i . \ | =

A [
- i : \ ;
s .+, Since thg_ice samples were stored in a freezer at.a cempar—‘

ature. of abqut & 'C ané tested at temperatures of -5 c and

--2‘0,'sufficient time had to be allowed for the samples to ’

reach an equ).libr:l.um s‘tate at the test temperatures. A

B cl
dummy sample with a thermocnuple at its centre was uaed to-
determine the» minimum ‘anditxomng time, which ranged from‘
sl 3 to 4. hours depending on sample size and type. -

'._fl‘he tests were carried out 'at least one hour after the *
- : .‘s‘amples reached the equilibrium temperatugé. Tempera

’at the centre of each gample was checked after the te ing
I 5 - . .
uging a thermometer. The measured temperatures were within

less than.0.5°C from the required temperature.

- ’ : gl = &, % \ E
! . b
Txme histones of test parameters measured by the load

cell, LVDT, exteme}. etc;, wexe Asto.red on an 8-channel

HP tape recorder, since/ the_vf'aatest test lasted only a few .

/ ~milliseconds. This 1n£#:rmatiu‘ﬂ was digitized. using the 'HP
/ ! ! :

/ Fourier analyéer and transferred to the PI:;P'_ll computer for ‘
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further processing. The value of maximum load was read
directly from the MTS digital memory readout.

- / ’
I.n order to énaure the \)aliditﬁ( ofi the aexper:imem:al»v

_results, at least  five samples were tested fot each condi-

tion of loading. straln rate, ... etc' Altogether, 136,

samples were tested, oi which 63 were ioi uniaxial, 54 were.

Lo .for indentation and 19 Eor impact tesf.s. ’ -

e B

3.5.1 Uniaxial Compression Test.

- 'I'he standards followed for sample shape,v size, end condi-

.\ -f.iona, and testing» procedure were thosa recommended by the
wotking group of the IAHR (1980). R

i . Immediatelyvbefo’re éhe testing, t'he ends of the cylindrical

‘ . specimen were’ trimmed lon the bandaaw (using a miter guide)

t_o the re’quired lengr_h (127 mm fot snow ice and 210 mn for

__. 1ceberg it_:e). The ends were made parallel to each other

‘and_ p’e:-.p’ehdiculat ‘to. the specimén axis using a “special

 lapping jig.'l‘he -specimen was introduced intob the" jig and.

the endé v‘tslr.:e‘ tubpé‘d over aandp_ape!' placed over the lapping

plate Until- the ends were tTuly perpendicilar to the axis

[ . of  the jig.. ‘The efids. were .then 'polished’ by rubbing over

. the 1apping plate. The 1enq.th and dialmeter of the specimen

weta masured to the nearest O. 1 mm. To -ensure perfect
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contact tween the specimen ends and the testing machjn
heads, e specimen 'was frozen to the platens & )
testing machine. First the specimen was frogzen to the

bottom platen of the machine. Then the nﬁchine head was

moved manually uncil.thé topiend of the specim'.en was within’

2 nm of ‘,'the top machine, platen. " .Cooled water at G°C was

-squirted on the top of the specimen and the apecimén was.
‘brought into contact.with the .top.plateh by applying a very

*small load.

a

The
. LI

equilibrium for at least 10 minutes. During this time an

MTS ‘model %xtenaé)meter was installed on the sample using a

specially dea'igned holding " device ' to extend- the gauge

léngth from 25.4 mm to the required gauge length (102 mm

for snow ice "and 165 mm for iceberg ice). Figure 3.8

presents the test set up for an iceberg ice sample. After
o

' . the test, each sample was photographed and a sketch.of the

failure pattern was made. The tempera’u:e at the centre of

the specimen and the maximum load wé;q_x_ecordad.

3.5.2 Indentation Test

When a vertical compressive .load is applied through.’a

, l
limited area on a larger block‘ surface, a confining

(ﬁotizontav‘l‘)‘ pressure develops and the strength becomes .

higher .than the uniaxial strength. Theé magnitude of this

sample was then left i‘.o freeze and att;ain thermal




‘.q&)onfining pressure "aoes not vary " i'f the block height is

it
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confining pressure depends on 'tv:he ratio of the loaded area
to the total surface area of the block. A parametric_svtudyv
tgli‘ determine the effect of}l;elative sizes of the block and
indentor on the EQnEining pressure end- stress- distribution
through the block was carr;ed out ueing a plane: sttain

finite element mcde]. (hgure 3. 9) The study indicated

' that the confining ,pressure umier the' load centre increases

rapidly ae the ratio of the _block width to the indentoz'

width varies’ from 1 to 3. 'As th ratxo exceeds 4 t’he

confining preseure varies very slightily.* At ,thie ratio (of ' *-

4) it was found that tne confining ' pressure bedow the
indentor cen't.re incréased by only I5¥ if the eidea_ofvthev
"block were assumed to be rigid. Thi indicated that for a
ratio of 4 or mre. ‘the strexgth could vary by a maximum of

. 15% 1f ‘the - block sides éxtended to i'nfinity, or the block‘

.was- coniined.‘ It wasg also fdlmd ‘that. the oniinlng

pressure was affected by the block height varﬁetiona The_'

more than 1:25 times the indentor width. Based on that the
ice block “for the fhdentation test was ctiosen to be i60~x‘
160 x 100 mm. FiguYes 3.9 ‘and 3.10 preeent the con‘touzs of

principal shear and notml—streee in the block. Confining'

pressure unde: the centre of the. 1ndentor is ahout: 67% of - '

éhe,‘ vart_:l.r.'al applied‘ p:easure- ' Tensile et’:eases‘ are’
present in the centre of the block and at”itesurface.‘

\ Cr




of 2 mm. . e T a, tege

-obtain . smooi:h and ’'parallel faces. ,.).’-‘or the. unconfined

3. 11).v For the conflnedetests a amall amdunt of wate}‘ “at

fil. of water a11 aroynd: the ice block fo. perfect contact. S B
4 : :
‘After the water was co\mM £rozen (- least 2 hours)’ te
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Two indentors were used in this test. The first one was a

. . M - # - . 8 N “ - .
flat @ifcular indentor with a diameter of 45.2 mm (area”of

1600 mmz)- 'l'he second one was a cylindrxca} in(e,ntor ('exis

paralle1 to ice surface) with a length af 50 mm and radiue

The indentor was attached to the uppex‘ head of the teeting

machine while a 160 x> 160 x 25 mm, steel plate wae attached 3

to r.he 1owe: head. To prepare ‘the samples for teste, :he

'top and bottom suqfacee (160 ‘mmx 160 mm) of the i’ce block

were sanded d.ld po}lshed. using the ].apping plate, -E’o

tests, the icqg block was, frozen to the base p ate (Figure ;-.
. %

0°C was placed 1mmed1ate1y into the mould, forcing a r.hin .

the méuld was placed onto the base platé £ the machine s‘o

: . ¥
that the centre of the indentor coincided wikh that of t.he W

’specimen (Figure 3. 12) To. ac.hieve pexfec ontact between .

the specimen and the indentor eurfacee, a_thin' fiim of cold SO
¢
water. was frozen between them. T |
s L ¢ SR L
* 0 . . Ol . ‘. - Ve N
After the teeé‘ was carried out, ,the specimen was ‘photo- =

graphed ‘and a _eke.k'cl.{ of the failure pattern whs.made. .’




-
o

& .g‘i.gurs' ‘3.
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Impact Test

Figure 3.13 ptesents the impact teet set-up. The 270 x 200

x 150 mm blocks were confined in a 12./\“\ thick alu'nunum

mould. Only two tests were carried out on unconfined snow

ice blocks. Two 'blvocks of S2 type fresh water ice were

'. impacted in.a direction perpendiculdr to _tfhe crystal axis,~

for qualitat'_ive‘clomparison with ‘the snow and iceberg ice. .

ft presents an ‘outline-of the 1mpact device while

E‘lgure 3. 15 prasents the locations of the 1nstrumentation

.oﬁ -the 1ndentor. ! ’I‘he total mass of the 1ndentor assembly

- *w{i_s 59,85_):9. The iqdem;or used had, the same dimensions as

“the cylindrical indentor used in the {nd_entation test. 1Y

..waa;equipped with a-13.7 mm dia. impact force transducer

and ar.aécélerometer. The indentor was dzopped from ‘a
height of 204 mm whu:h produced an- 1mpact velocity of 2
m/sec. The indentor assemb].y Was guided &Jring the fall to
keep 1«: fzom rotat‘ing. The assempl.y was dropp@d using ‘a
manual mechanical igget. An' Qléctri;c switch was used to
record a trigger@ signal on. thé magnetic  tape about 25

.r_ni].liaeconds before the indentor ‘impacted the_ice surface.

fhis signal .was used to trigger the Fourier Analyser for

_.processing the data.

Aftar the teat was completed, the sample was photog)(np‘ned

and u aketch of the faimre pattern was mude. The indenta-
v —— '




different planes inside the block.

~"3.6.1 Uniaxjal Compression Test‘s
: ¥
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tion depth was ﬁeasqr‘eus\‘usiy)a dial gauge. YEac:h block was
- Ao . &
cut -intd thin sections to study the crack patterns 'in

3.6  Results and Discussion

'Al; the snow ice apecimens tested at strain ratés of 10‘3

and 1074, 'exhib:tted ductile failure. After reaching the

maximum load, the middle _'n:ion of the specimen sfarted to

bulge but no cracks could be een (Fiéure 3.16) ./.The spé-tz-

L. . d
imen diameter at the middle \increased witl{ - increase in

displacement. At ; strain rate . and ﬂigher, the
failure of t)l'Ae snow ice specimen was brittle. Near the
maximum‘ load cracks initi-ate'd at the middle. Then the
specimen collapsed suddenly by bursting into round crystals
(about 1 mm) at the niddle of the specimen (Ngure 3.17).

All the iceberg specimens tested at a teﬁpe:ature c;f' -5°C
exhibited brittle failure at strain ratea of ,10'3 and
‘higher. ' Hwever.f, at a tempera[ture of '-2°C, the. failure
became more ductile at .1073 ;’:eiv sec, but ‘returned to the

brittle iype at higher' strain rates. The brittle failure

* in the iceberg ice developed as follows: near the maximum

load, vertical .cracks initiated at the middle portion of

the specimen and spread towards the specimen ends as the

)
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load increased. Then transverse cracks developed causing
sudden failure (Figure 3.18). The same crack pattern was
also observed for the ductile failure. However, after the
maximum load was reached, thg, load did not drop abfuptly

but slewly to zero. '
A i

Sf‘.ress-sttain cu;ves for snow and iceberg ice ;re presented
in Figure 3.19. These curves represent the average values
of strength /-and atrai;l at failure for eaéh cateéory.
'Eigure-;.zo résents th.e uniaxial strength of both ‘types of
ice versus t':'h;e actual strain‘rate. The dott.ed and solid
_ lines connect the average values at each strain rate for
biceberg and snow ice, ;espectiveiy. The scatter in the
© strength ;E joceberg.ice is considerably larger than that in
the snow ice.yj This is to be expected, since the snow ice
was pt.C\ducedlin'r.he 1abor.;;:ory under contron;.d condit;ons
while the iceberg ice was .col];ected from th; iceberg 'over a’

\

period of about six yeeks.

.Table 3.1 presents a ,aunim&ry of thg test results. The
_pr.operties of the sr;ow ice are comparable to those of the
1csbgrg ice. . The strength of the snow ice .18 slightly
lower than that of the iceberg ice at any given strain:
rate. The reverse is true ton.: elastic n.\odulus (initial
" tangent) values. As expected the elastic modulus increased
as the strain ra\te increased. The r;acn strength of the

‘snow ice “almost doubled as the strain rate increased from

=
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10™% to 1073 per sec. Fgr strain rates of“lob”and higher,
the strength of both +types of ice did not vary signifi-
cantly wi'th strain rate. The snow ice failed at higher
strain than- the iéeberg ice, probably due to tf\e higher

porosity of the snow ice which reduced crack formation.

As mentioned earlier, the Ea_ilu\re _of all spécimens j.niti;
ated at .the middle of the \specimen, indicac'iné per:agt end
conditions. To ensure that thé technique of fr‘eezing _the
spécin}en _ends_to the machine platens did not a'flfact _the
test results, some snow ice specimens were tested using -
compliant platens of the type develope/‘d'\by CRREL. Th;z ends
of the specimens were prepared as describeqd earlier
ensuring extremely s@ooth' ends of the specimens. The spec-
imens failed at the middle with an average étrength of 6.81
Hpa at a tempe:ature of =5°C and a strain rate of 1073
Thls value was very close to the value of 6.98 tfPa obtained
for specimens frozen to the- machine heads at the same

temperature and strain rate. . ’ "o

3.6.2 Indent.'ation Tests

‘The failure of all the unconfined blocks took place sud-

.denly, soon after the maximwiioad was reached, indicating

brittle failure. The same behaviour was observed for the

confined blocks at strain rates of 102 and higher. Only .

at the strain rate of 1073, did the confined blocks show_
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ductile behaviour. Typical failure patterns of conﬁ:ip'ed
and unconfined ice blocks are presented in Figures 3.271 to
3.23. The failure of the uncpnfineg blocks took. place in
two stages: local crushing of. the most stressed teg#on-

Under the indentor, and fracture Of the whole .block. The

crushed volume ‘under the circular indentor had a conical

shape, -its base coincided with the indentor surfa,cé"and

height was about 1 - 1.2 times the indentor diameter. For -

\ - .
the cylindrical indentor 'the( crushed volume had a wedge
‘shape. ) ’ — ’

The block fracture took place when this crushed weaqe or

cone was sheared off at planes ;of maximum shear stress

) (Figure 3.9), and driven into the block causing its sudden :

fracture by tensile stresses on vertical planes passing
through the block centre, mid-sides and corners. Iceberg
ice blocks broke into more pieces than the sndw ice blocks

did, under similar conditions. Again this was probably due

. to the existence of micro-cracks in ‘the iqebe'rg ice and the

&} . .
higher porosity  of snow ice. Only the local crushing"

failure was observed in the confined blocks. b
- Py ‘

Figures 3.24 ll:ld 8.25 depiet_ representative load-

displacement curves _for -the iceberg ice (cyund:ical'-

indentor) and snow ice (circular indentor), respectively.

The solid lines represent the unconfined blocks while the

14
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d)éf.ted lines repres%nt'the confined blocks. Table 3.2
presents a summary of the indentation test results.

The confined blocks had an average strength about 10-20%
})ighe: than the unconfined blocks under-similar conditions.
This was to be expected since the results of the finite

element anallyals indicated that canfinj.'n'g prés_surag would

“increase up to iS%, if the ice biock was cB;xfiﬁed.-

The ' indentor .s}.xape influenced the strength con.siderably.

For exangig, cylindrical indent'.ation inc-reaaed/ the ‘a\ll_i__xfxge =
strength of snow ice by about 30% of that for flat circular

indentation at a temperature of =5°C-and a strain rate of

1073 per sec. Thé corx;spond'ing increase for iceberg ice

>was about 25%. ; The lower strength for the circular

indentor is p):obablyr d};e to the effects _of the stress

concentration a;:ouh'd' the edge of the fllft circular

indentor. . For th@ same 1ndeﬁtor shape and uc; in rate, the

indentation 'st;engtﬁ of ‘snow ice was very clo e to that of

‘the iceberg ice. N The indentati.o'n strAengthAbE‘ er‘x_cl:w ice

increased slightly -as the strain rate increaged. However,

for iceberg ice the strength had a peak at a /strain rate of

1072 per sec. This peak usually takes place near the

transition from ductile to brittle failure. Iceberg ice
was more brittle than sn&d ice and therefore the transition

ip {cabe:q ice took place at lower -Erain rates than in the

snow ice.
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Figure 3.26 presents the average uniaxial (UNI) and inden-
e | tation (IND) strengths of the snow (s1) and iceb;rg ice
: (1I) at different- strain rates. “The indentation- strength
was much higher than the uni;uigl strength. For example,.
unconfined snow ‘ice blocks at a strajn rate of 10-3 per sec
and .a iemperature of -5°C, had an indentation strength, f.o'rr :

circulut‘ an® cylindrical 1ndentors, = which was ‘2, .34 and

3.04 timeu the uniaxial’ strength, respectively., The cor—
g tesponding ratioa for icebetg ice were. 2 28 and 3.14. The

strains at failure for indentation testa were higher than’

those of the uniaxia'l”strenqth tests at the corresponding .

strain rates. |

; , ., 1k o g

Flgl;rés 3.27 to -3.30 preJent typical failure patterns in

: . . 3.6.3 Impact Tests '

thé tested ice block‘s.a;—‘o' tained from longitudinal, trans-

: verse and hotizontal slicea (1 cm thick). The failure took

place as’ crushing .of the araa under the indentor accom- ’ B
panied by rhdial eracking of the 1ce around the crushed
region -and vartical Efacture planes pusing thtough t‘ne
whole block. For conﬂned ice blocks, the patterns, excent
a:iﬁtenuitx of the cracks and the.mmbez of the Etac'ture:

: --planes varied t‘rol ‘one- type of ice to another dep‘endi'ng on
the density of air bubbles. For 'axangple, exéenslva'éx_‘ucks
da;l_elopad uoun(’)"; the region of crushed ‘ice in the 82 ice

-anéle- (qugre,/a.'sb'). 'l“he crack .dexisil;y was considerably
C




the surface.
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lower in iceberg ice (Figure 3 29) and no such cracks were '
observed in snow ice (Figure 3.27). The fanuta at ice
surfaca‘was confiried to the area under the 1ndentor in the
snow ice blocks. However, for iceberg ice, the- surface
around the indented area was shattered by impact. This
'same phenomenon was -observed during the 1ndentatlon tests

at strain rates of 10-2 ‘and higher (F1gutes~,3 22 and 3.23)

A possible axpl_anat:lon f\or f.his Eailure outslde the L

i ndented area,’

analysis ' (Figuré 3.10) indicate is that tensile s_tr_ess'.ss_

waves that caused this type of failure whén reflecting at

For the unconfined snow ice (Fugure 3.28), ‘the same .local

failure took place but the block was broken :_ln‘to several
i # '
pieces.

Fi_él.ﬁéa 3.;31 and 3.32 present sampl:e.'eplots o_f the time
history o;‘. the pressure unéer the - 1ndsx_ltor cent.re‘ as
measured by the impact fotce tranaducer. Ptgu.res 3.33 a;ld
3.34 present corresponding plogs of the time hlstory of the
indentor deceleration as uasur\ud by ,the accelerometer.
Pigure‘a 3.35 and 3.36 present the time variation of the
indan-tor vélocity and’ indentation vdapth obtained.'by

integrating the acceleration time history.

as the results’ of-. the: _fi.ni.ce e]_.ement

‘are present ‘in this area. The impact also ereated.alaitiq’____,_
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THe average’ 1mpact pressure was computed as. the impact
force (indentor mass x acceleration), divided by the
corresponding conéect area (computed as ction of

1ndentntion deptn and the indentor geometry). le Islots

‘ax.;e presented in ‘mhies'a.ﬂ and 3.38. Figure 3;'39

pzeunts the vanatlon of the pressure at the centre of. the
com:acr. area with the 1ndentation depth. Sample plots of

the load-indentation relationship are presented "in Figures

-1 40 and 3. 4l. 'l'he impact process as can be * deduced from

Figuree 3 27 to 3. 41 is outlined below.

As the indentor came in- contect with the ice surface, the
cont:acé pressure built up verx..quickl\y till crushing of ‘the
dice in a thin ‘1ayer in contact wiavrt_.he indentor took
place. Then the pressure dro;;ped suddenly and subsequent
failures took plﬁ_’ at a 10;:er value. (Figures 3.31 and
3. V32) The ice in the ].ayers undef the crushed zone became
weaker due to .radial crack propagation - (Figures 3.27 to
3. 30) _’rhe contact pressure was, in most of the cas_ee,m
significant.l.y lower than the pressur'_e -Zt the initial
failure (Figureés 3.31 and 3.32). .

In the initial .stage of th‘ il'npa_ci the indentation d'ept;h'
varied almost linearly with Fime, then it became highly"

non-linear (Figure 3.36). The indentation rate was almost

linear until the maximum indentation ‘was nearly reached

(Figure 3.35); then the pressure and impact force dropped
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;bruptly (Figures 3.39 to 3.41). ‘After that the ice

released the elastic\clefcrmatipn and ‘the indentor rebounded

. -

slightly. The of r d was d d on the type

of ice; ice with higher air bubble density had-a higher

rebound velocityi (Figure 3.?5). "f‘hg rebound velocity_v:as

.as high as about 10% of |the impact velocity .foi' tile.
- A

confined snow ice.blgcks. | ’

= | r ‘ @_ N
A summary _°f éhe in'pacvt t'eat“‘ results is 'presentgd in i‘aﬁiq
3.3. - Impact sn;'eng'th of icéberg ice was in g_en.eral lower .
than that of the snow jce due to. the e.:ffecbot a higfxer

density of air bubbles in the: 8|

~jce, which reduced crack
propagation in the snow ice," .a to ‘f_.he cracks— that
existed h'\ the iceberg ice -Bgfore the test. The' impact
period ar;d the indentation deéth-are l'argex_.for ic’ebazg'

ice.  Average impact .period for the 1cebe:g and snow ice

_was 19 ‘and 15 milliseconds, respectivaly.. Fourier analysis

of the- deceleration and pressure time‘histories indicatet

that the records’ had Erequencry conatam:s ranging from zeto'

-to about 180 Hz w:lth more than 90%. of the anergy between . 0

and 60 Hz. The peak frequency was about 15 Hz. It was®

found that the enéfgy spent in-fracturing and indenting the
2 oW

ice specimens was'more than 95% of the input energy. ¥

The - average ' contact pressure in the ‘impact area was

slightly lower than the p:es:;u:e at the centre in the early

stage of the impact test. : As the indented area increased




.3.7 Comparisori with Published Data

the ratio of average pre;sure to the pressure at_the centre
became lawer. This ratio varied between 0.9 and 0.5.'

«

’L‘abla 3.4 preaents a- conparison of the uniaxial. test

-the general features reported by other investigators.

B}

resulta with those of other investiqationa of an.ificial‘ &%

snow ice. iceberg_m and Gteenland glaciet 1ce, _under
B

aimilar test conditions (at a. _strain rate .of about 10‘3

sec™l).  The strenqth of 8nOW : ice in the present atudy is

lower than that  reported by Haynes (1978) and Hellor and

“COIe (1983) due to the dlfferénce in ice density. Taking“-

into account the difference in testmg speed, the uniaxial
s';rangth of the iceberg ice compares well. with the values

reported by Butkovich (1959). -The strenqti\ of icebergqg -ice

reported by Gammon et al (1984) is. lower thar’ in the
- present study under almost identical conditions duz” to
. pons;ble imperfect end conditions as evidenced by _the

failure initation‘ at the specimen ends for most of their °

tests.

Although only limited data is available on the uniaxial,
compressive strength of snow ‘ica at strain zatas'highér

. - ) .
than 1073 sgec”!, the observed variation of the uniaxial

strength of the snow and iceberg ice.with strain rate has

w
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It is interesting to note that the average confined
strength ,qfs iceberg ice obtained from the. in-situ borehole

. e z
jack tests-hy. Fenco (1975, 1976) at a temperture of -3 to
-5°C ranged from 26.8 to 30.0 MPa, which compares well-with
~ [
the indentation strength of .confineéd iceb‘e'r_g ice of 28.43

MPa at' a strain rate of 1073 sec™!.

As indicated earlier there i§ no data’ available on’ the '

impact &trength of iceberg and snow ice.- The results ‘of o

impact tes;.s_qn.lake ice reﬁorted by Likhomanav and Kheisin
(1971) indicated that‘t“ne peak pressure for impact '.lel.oci'ty
of 2 m/sec‘at a temperature of. -5 to -10°C was about 12
MPa. The contact pressure after the peak was 5 to 6 MPa.

These.te.sts were carried out by dropping 300 kg and 156 kg

steel ‘nemisi:hges on a lake ice cover. The impact.strength.'

of river-ice (Timco and Martim; 1979) obtained by -dxopping
a 0.4 kg b'all‘ frop a height  of 0.5 m (impact speed 3 m/sec)

was 1:3.2 MPa for grey ice and 19.6 MPa ,for _flodded,

refrozen ice. . The tests were carried out at a température

of -17 to -26°C. o .

The values obtained by Likhomanov and Kheisin (1971) urs
@

1uwet than those “obtained’ frcm the impact tests on. S2 ice,.

snow ice or iceberg ice. 'I‘he values obtained by Timco arid’

Hattiq (1979) are close to the results reported herein.

Due t‘ the differences in ice type and cest/ccnditiona a
direct| comparison between the results :ls not possible.
. N e % .




3.8 Summary

\

‘Results of unjéxial compression, indentation and impact

tests for icebqrg and snow 1c{ have been presented. The

strength values 'and behaviour of:the artiffclall snow ice

are almoat the same as thoae of tha 1caberg ice,

esaential difference: between the two was-thpt t:he iceber

- ice was more brlttle than tha snou ice due to, the ;'
e dlife:ance in bubbl.e denuity. .o * e

s Al

i
The resultu of these tests will be used to determine the
impact force on and extem‘. o£ danage to semi—submersible

members as outlined in Chgptet VI. . . %
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“ The r'év‘iew of literature preseénted in Chapter. IT ,t\?enﬁiffea

" the need. for elastic models, structurally and »dynimi‘dally

similar to the full-scale seni‘i—gub'mersfble, in or_de"r' to .

N

- check the structural respons?,in waves obta‘iried $rom -

, - numerical models.

those of . the structural"‘tesponse. ’l‘here are. two

possi’ble reasons ' .for~ thxs. 'l'he Eitat is that the .r.ot:al

hydrodynanﬁ:'c tSfces on the gemi~- subn\ersxble can “be ‘more ;

(74 ¥
accurately eatimatgd than the detailed Jocal qu‘-cee gn each

member. “The other re;son is ‘that: ali}gthe structural -
members ih space , frame analysis. were modaued ubing beam
elements. However; the columns and pontoons may not beha
like a ‘slendér beam e;ement. A column,“ ‘for. gxa.mple, 1_!
e more likely go' behave like a.shell Q':mm a beam:
L qurcelascic modelu ura also nesded to study the ptoblam ot -

. ' senu-submer.siblgcouislon with iee maues Dt uu ﬁl.y bouta.

@—95—_ *_f N

>
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To our knowledge, no numerical model is available vto
evaluate stresses in. ihé structural' .members of a semi-
sugme-uible\ due to .impact of ice. The same is true for
sllxipn where elastic models are néeded to’ study: i) the
problem of \;ave slamming which produces impact ldads or'\ the

low part. of the ‘hull -and induces' hull vib:ation—s

'(whipping‘)’. ii) wave excited vibrations in large  ships

(sprl}lgf;lg). and -iii) .ship-ice ‘ini:e‘ractions in the processg 3

‘of ramming.:

Pawlod‘uki (1983) presented a comprehenaive review ‘of the

exiating studies that ‘use shxp models to measure forces and

" bending monents in the - hull. He 1ndicated that almost all

of the extsting ship models are sither rigid-segmented

models or" elastic-se}g_mpnted models. There is only.one_

pub!.lahed and op‘e ‘proptietéry ‘study where an elastic model

of ’ a uhip has been tesced. Paw].owaki' (‘1983) indicated that-

;hare are seriaus reasons of bpth a cheoretiual and a

practlcal <_:'rigin_' to develop a conai’stent methodology : for

‘~l'nédel.'lt'e's.ta with elustfi‘c ‘models. 'of ships, and semi-

-ubmetuiblesy these mc'sdels ‘a;e }meded to support corre-

-pondlng theofetical invesugationu,' design studies rand

!ull-.cala trialn. & ¢
.
L .

. Although the need for elastic semi-submersible models has

_exi-tnd for somn time, 316' elastlc model of a semi-

nubluuible hu been devaloped. In addition td ‘oth_e.r
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>

various modelu.ng difﬂculties, very thin mterlal with lom( /(
elastic modulus and relatively high density 15 neaded to
éecure~ dynamic qn‘ structural similarities. Theg'efoxe,
exactly similar structural modelling is\ believed to be
extremely difficult and this is considered to be one reason

why no experimetnal studfes using dyriamic structural models

. have been repcrted. “In the available structural responm;

models, at:r.empts are made to simulate the: stiffneaues of

bzacing membera and deck girdezs only.

% ~ N " .~ o

The best nvauabﬁ.e. model’ was ti'aveloped by Yoneya (1984);
In this model Complete ” structural similarity was not
achieved. The .ratio of axiélbrlgidity between th; braces

‘and the deck transverse .me'lnbet was adjusteﬁ t6 be almost

-‘the same as that of a full-scale platform. However, the

absolute values of: axial rigidity of these members were two

or three ‘times higher than the required stiffness.

Furthermore, _the structural x:lgidity »of all the ' other
member's -(columns, pontoons and 1ongi_.tudiria1 deck mamperu)'
was at.sout' ten times the required model values. 'ﬂ'ee;efote,
sf;ra_lns were .maaéu:eg Jin al_l the' b_racing m_eiben 'und" twov
tran;veua deck girders vonly. Yoneya (1984) “indicated that

the nodel thickness" needed to ’/chleve structural similarit

Hasb about 0 7 nilumef.et. Therefore, he had to use .mach 7

thicket mterinl 80 that the model could be constructed and’
.

handlod.
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The main purpose 95 the study reported he&ein was"to
develop techniques for modelling, constructing and testing
a model that was dynamically and structurélly similar (as
close as possible) to a typical semi-submersible and use it
to étudy its motion and global structural r'esponsé to wave

" forres and bergy-bit impacts.

- 4.2 The Prototype
)

. b E
The Tim-77 semi-submersible platform presented in Fig.ures
4.1 to 4.3 is sgimilar in ge;)metr'y and v}eight distribution
to the Sedco—700 series semi- submersibles (Figure 2.1 and
2.2). Information. on the dimensions and detailed mass
distribution of the Sedco-709 semi-submersible reported by
Sims et al (19;76), as well .asﬂt'he detailed stg_uctur:al
- drawing of the simi_la:;')\k'er—ﬂ.‘i semi-submersible (Figure
4.4) given by Taylor (1974),_ form the basis for the design
of the Tim-77 semi-submersible.
; i | ,

}-‘igure_a 4.5 to 4.7 present the structural detai*ing- of the
_pontoons.A columns_ and deck-girders. Bracing thickness was

_ assumed to be 5 cm (2 in). ‘Table 4.1 presents the total

mass of the semi-submersible comp ts at survival draft

; —
while Table 4.2 presents- the main dimensions and its static

‘and dynamic properties as’ .gbtained from the model tests

N !
reported later on in this chapter.
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This type of semi-submersible was chosen beéause it is
common (15 of the 700 series have been built). It also has
the most complicated configuration which makes for a good

test of the viability of hydroelastic modelling of semi-

submersibles.
4.3 Modelling

4.3.1 Modelling Principles

The model used 'in th‘ils study is termed "hydrdelastic"
because in addition to modelling -the fluid-system, the
structural response to that system is also modelled (Sharp,
1981). To achieve.hydrodynamic’aimilarity Froude scaling
laws (Table 4.3) were used since the motion of a. floating
body is dominated by inertial and gravitational forces,
Three different requirements must be satisfied in hydro-
elastic models. According to Sharp (1981) these require-
ments ' are geometrical similarity, a.imilatity of the‘ mass
and mass distributions, "and the ratio of elastic gBrces

must be the same as that of gravity and inertial forces.

To achieve nass dis‘tribucion and inertial and damping force
aim;lariéges, the density and damp}ng ratio of éh; model
mateti;l' uh‘ould be equal to those of the ptototype.
Plastic has lower density ana higher damping than steel

(prototype material). Therefore, it is necesary’ to'udd'

%
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mags‘ to the model .in su?ih a way as to give the correct
total mass and mass distribution, without 'affecting the
structural rigidity. Structural damping is. believed to
have little importance in determining response.to impact

loads' and frictional forces may dominate the damping effect

(Sharp, 1981). Damping has a significant effegt for

resonance studies.

To secure the- simii;rity of si::hritural rigidity (elaa:tic'
forces), the linear and -rotational stiffness of the
structural ynembers'must be scaled down using the same scale
for corresponding -hydri)'dynalvni‘c restorin"g' forces (according
to Froude modelling). Therefore, the scale of the linear
and rotationdl stiffnesses must equal A2 and \* (Table
4.3), respectively, where A is the I;inear (geometry) scale
‘(length in model/length in prototype). '

The axial -stiffnesa S, bending stiffness Sy torsional
stiffness S, and shear stif‘fnese Sy of a strucgural
element with a uniform cross-section can be written as:

S E

A W S siiiedesetccecesscenecetrtesevedecseeTesrases 40l

v >

siesesertesassaasrtaeseresrantsteesasienaes 4.2

i
|
i
i
|
|
1
|
1
i
N
b
|
i
i
i
|
A
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N
where
T

E ='the Young's Modulus of Elasticity
1= _'th_e moment of inertia of the ‘cross-section.about the

principal axis

A = the cross—séctional area

J = the torsional rigidity of the cross-section

A_ = the equivalent cross-sectional area for ghear

computation
G = 'the modulus of shear rigidity

L = the length of the member

> b

's_ and éa must be scaled by ‘a factor of A2 while S, and 8,

.

-
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by a factor of A\Y. Therefore, the ratio of the stiffness

of the model (m) to that of the:p:ototype (p) can be

- ’ ___ written as:
%Sai‘ = A2 Lieesesscecscccncscsccsadecscncccnsnedes
s,) . e
alp —

(Sy,)
b'm
(Sb)p
b $ '
(Sa)m‘ -
(s)p
(s,)
LB =AY s vemensneE R e s seprsenns sy sl
(Se)p .
Applying Equations 4.1 to 4.4 into 4.5 to 4.8 yields: -
‘E_ A L. y :
22 P B AR L smelemsmaeiisie Sinemnmaesis v 08 A9
PAP Ll\
E_ I L :
2.2 B ® A% Leciescssessesesassesnnssrinnve 410
Ep.!p Lm | L
¥ 'é. A L : ' :
# ’nlanZp Pt T R SRR RN S P
Sp A'P Ln e o s,
- .
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. P o’
“For a thin walled section with constant thickness»t, the

sectional properties are (Popov, 1969):

A = hs

)
Agr= a0l !
' Y 3 .
I = 4.15
o ) . & N N
J = 4hng/s 6 BaE § s GBS SR s ¢ s nwe G416
where

- ¢
h = the thickness of the cross-section wall

]
1

" the length of the centre line of the wall cross-
section
’ . v
. @ i
a, = a constant representing the shea}“shapé\factor which
J

-~ )
is dependent on the shape of the cross-section

Z = the distance between the prihcipal axis of the
P ' Y,

ctoss-saction>and the centre line of.the wall
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Ao = the area bounded by the centre line of the wall

o S
Since the model and prototype have similar geometry, to

maintain the hydrodynamic force similarity, then:

A A
BBy 2B w Ba s siees ses eesneases 3 welbise el
A A h '
.sp TP P

J h. ' i

Ba Borm B 23 iiiieeeieesecsieesdesingeeees 4018

Fan 1 J h ' ’

A K sp ‘p P

i ) Also E and G are related by:

N

G = E/2(1+y) cecesenessrsesstsssessesessssssnseess' 4,19

where

* w = the Poisson's ratio.

Applying Equations 4.17 to 4.19 into Equations 4.9 to 4.12

yields: ' . ‘ —

.

for axial and bending stiffness similarities: R

o
-3

=
a2

— —  m 22 L Liiieesssssrestesararedens

=}
=
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for .shear and torsional stiffness similarities

En (1+u m) h

B BB 2 02 iiiesieiscsesiencisiiseess 4021
= =

Ep (1 up) hp

1f the Poisson's ratio of the model erial is equal to’

‘that , of steel, then Equation '4.21 “Will be identical to
Eq\iaéton 4.20. In this case \xiai, _.shear, banding and: *

torsional rigidities will be properly-simulaf..e’d.
. “ d i :

since ' the axial and bending. stresses represent the .
dominating stresses for the design, we will try to satify

Equation 4.20.

For a difference in Poisson's ratio between the steel and
e
modelling material of 10%, the shear stiffness will pe

.%ffected by only 2.2%. ‘Therefore, satisfying Equation 4.20

will be good enough to secure the axial, bending, shear and

torsional ‘stiffness in the model ‘and the prototype.

w
An alternate approach to modelling is to maintain similar
elastic 1line shapes during flexural vibrations: The

differential equation of an elastic line is given by:

2
azy _ M ‘4,22

- B R T R R PY
dx2 EI

L g




" where x is the longitudinal co-ordinate.of any point on the
elastic line, y is the deflection at this point and M is
the bending moment of the cross-section. To maintain
similar elastic line shape during the flexural vibr.ations-

~
of the structural members, the following gondition mist be

sa({.isﬂea. ° : : - s

e (B2Y) QB WA s snsbenis s fuse w4430
L dx2'm; dx2’p oo : 3 g, .
'

Therefore:

AM/EL), [ /ED), = 1/ ,;:..........1;.......... 4.24

\

For Froude scaling, the scale of M is A* (Table 4.3).
Subst:i,tuting for I using Equation 4.14, Equation 4.24 is

reduced to .

N

2 A% siiritessisearasreeneiessrnnaraesioses 4.25

which is identical to Equat’io}i_ 4.20. Therefore, Equat“ion

=1 >
4.20 was .used in modelling and designing the hydroelastic
;" " nmodel. . Table 4.4 presents’' the scaling factors for the

hydroelastic - model parameters together with the .actual

factors used to scale up the ‘model values to the full-scale

"
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ones. These factors include the effects of using different

water density and structural stiffnesa.

’

4.3.2 Model Design

The modelling condition represented by E‘.qua‘t‘ion 4.20 is
usually very hard to fu].fil]. since a very low value .of the
modulus of elasticity, E and a very. small thickness. h, are
required. 'l'his makes the model extremely delicate and
hencer dif—ficult to fabricate and handle. '

High impact polystyrene plastic. sheets we_re1 chosen " for
modelling the columns, pontoons and deck stru.cture while
cellulose acetate 'bu(zyrat'e (CAB) tubes were used to

sinulate the bracing ‘members.. Po].ystyrena was selected

‘because: ‘i) it has a very low moduius of elaaticity (the'

lower the better as indicated by Equation .4. 20), -ii) sheets
were available in small thicknesses, and iii) it n be
easily ceménted. 'The‘ CAB was selected because it has a
similar modulu.a of’ elasti;:ity to the polystyrené- In

addition, the CAB h:’ae a common cementing material with the

polystyrene.

The modulus of elasticity of the polystyrene’ sheets and CAB

tubes, as determined by tension tests according. €c-tl'1§ ASTM

. atandards (1981), were 1890 MPa \{:nd 1834 H'Pu, raspactively- .

The sttess-scuin curves of bot}l the polyutyreno and the




CAB exhibited linear behaviour (constant E) up to the yiseld

o . __point\ (Figure 4.8). Table 4 5 presents the mechanical and

v; physical prﬁperties of the polystyrene sheets and the CAB\

tubes.

The model acale was chosen to be'. 1/75. Since ‘t}’\e ratio of

the" elastic modulus of the plastics (model)* to- t'hat of the

' sqeel ‘(prototype) is about 17110 _(which ‘is much lower than' - ,
‘theA l‘ihg.ar scale), thAis will allow us?.ng tellat:i"le],{ thickér
_-sheets, according to Equation 4.200 e ’ ‘

To reduce the cgmple,x .étructuralf ‘detailing of the mode:l

columns and pontoo_né, (Figures 4.6 a.nd 4.7) 'equivalér{t'v

plate thicknesses were used to account for the contz;ibution' ' '
of the local stiffeners to the glo’ﬁal stiffneeégq of the
cx_oss-secti;an using Equations 4.13 to 4.16. The’ equivaii}n;
thicknesses (for global stguctural response)’ for the
pontoons and cg}'umhs were 25 mm and 22 mm, ‘r'eapec‘t'ivel;‘(.: &
The bta‘gings, de(_:}; gi'rdera, * bulk-heads 'ang éomp}artmem:'

1“‘~“walls were modelled without any change'si

For a\{\:ll-scule‘ equi‘va‘lent pontogn thicknesLs of 25 mm, the . . «
" required ‘model thickress aotording to Equation 4.20, is \ 9
0 48 mm. 'The smallest available nominal thickness af t’he,

polysty:ane ahest that could be used for ‘building the model

‘was about 0.03 inch (0 75 mm). The aqtuue. thickness of t:wo

seta of pol.ysty:ene sheata was 0.86 mm m?d 0 7B mm. Using




the thicke).; #pheets for the, pontoons and the pther ones Eot:

the columns, the structural s'tiftnessds of the model were
1.72 and 1.78, times higher thap the”fequi’te.d.;rauc;s,
tespac;.iv"ely. For the btacing and deck girdera t]\e values

were 1.67 and 1.70, respectively. 5 ; \

_' . \ 1 s .
'I'his incraase 1n structutal stiifness in the, 'hodel uill

only affect the’ atructu‘tal reuponse m!ar_i ntructura.l

resonance. Houeirer, the ranqe of the vave\ frequenc}.ea are

very luch lmer than the structutal natural frequencieu.

For response to betgy—bxt mpact. the trequency contant of'

the impact .force was -not close to any structural natural
frequency. | ‘Therefnre,' fio significant effects on the

structural response are to be expected. w

The relative stiffnesses of the s:ructural members at any- /.

joint in t:he prototype were kept almost the sau in, of,he

model. This enaux’ed that .force and moment distribution in
the model me-bers would be aimilar to that in the. proto-

type. * Figures 4. 9a and 4.9b present the model conﬂgura-

gion and' dimensions wh“.e Figures 4 9¢c to 4. 9e present tha

structural de:all_lng of the column. : e

4.4 Fabrication of the Model ,
. o . ‘ )

\' As mentioned earlier, except for bracing, ' ¢he -model was

fabricated of po;.ystinene sheets. 'l'hd columns and ‘the




-

s - , . - s
v cur:'sd. parts of Mntoons were made using a “thermal
o éfprming .process. 'l‘he diiferent parts of thé model were
joined together using solvent cement. Details 05 the
construction techniquss are presented by tha model builder,

Posterx(lggs).' T =

_The 1nterior ‘of the pontoons, columns and deck ' girders

were dlvided into compartments by bulkheads -made_qf. N

'poly!tytane shests (F1gurss A#9¢c to, 4 9e); these interna’l "

compartments simulated bulkheads present in the prototype
ssmi-subme:sible. Fxgure 4. 10 presents a “view of the
B v_ . bf¥%heads in' the pontoon of the model. . '
5 : ’
.;l‘o compensate Eor' the_ low densit-y tSf.th_e 'plastics; lead
@ . g &
LI sheets’ and strips were attachs& internally. to all the

¢ . struct\xral \embers ln a manner such that the correct mass

aistribution was dimulated without affecting structural

qtlffne‘s,s. ‘The ballast of the“platform was provided 'in the

form of xamovablq_ wsights, connected by a flexible bar, to

provide the tequired draft. Each balla’st component'

AT . represented the equivalent weight of water in each ballast

arrangements so that the effect of' each baTtast -componbent
* g . was ttansfst:‘ed locally to the pontoon. The weig}xts of ‘the

plnttorm dsck buildings, midhouse, derrick floor, heliport,

tank, and was‘placeddn -the centr\s of ths tank using special

.atc., were slmuleted by placing lead sheets on blocks of'

..styro!oam so that the positions o_;_f the horizontal and‘




“ ' ' -1 =
ver;:ical £entre of gravlr.y‘ of the vessel were maintained h
é:‘operly-_‘ Plastic casix}gs were then place;— over the styro-
foam and\‘lead-s weights, to glvé an aesthetic a'ppearénce to
the model. . The ‘derrick wis also constructed fkom the
plastié ,with extra weight providéd by lea® sheets glued to
the in_a'ldt; of 'the plaé’tlc frame, Similar care was taken to
é‘roperly - simulate the welgh:s of |;|ud and .fuel t:anfs,
crahes, wlndlasses, etc. Figure 4.11 presents a general
view of the completed model. . - . i . o ;

. g . G - . \“\ ' S

. ¥ v ! § . . s

Thé simulation of mass distribution was s0 accurate that' *®
;:hly very minor adjuétment's l\ad to be done to achievev ‘the

required cG.‘ position. ’l'ha meaaured radii of qyration

© were almost 1dent1ca1 to the colnpur.ad values.

A drainafe system made’ oE"H:oi:vp_ef tubing and pov;eted with

a hlgl.\;vplume high-vacuum'ajylpump was built-in to remove -

water that may éee.p in .th;:ough,' rjhe j_olnt'ay however, very ‘\
“limited leakage took place .'i.n _von.ly one pontooni - Se‘al.(ing

the model seams "w.ith a paste,’ 'made by d'isaolving plastlf
sheets ln/a solvent liquid, _proved to be effective. Figure

4.12° prebenhs a vlew of a part of the drainage syatam :
before bei‘\g installed inside the pontoon.‘
Since the mod:el ,wﬁs va.ry dellcaie;‘ i spéclal ar}ungamancé'
Qare. made - for 'its‘handling. ’rhe model was built on a’

plutform that. was ~used ' later as a carrylng and 1aunch1ng
. Tl
SN \ ‘ . o :
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platform (Figure 4.13). The model could not be carried by
- ) ¢

any other means. When it was required to put the model on

the tilting platform (for measuring static properties),’ t’he-

transfer was 4dcn‘e through water, using it as an inter-
mediate ‘carrying’ medium. The tilting platform was
specially designad‘to' be able to 1lift the model from and

launch it back into the water.

In order to ‘obtain.  the stresses and forces ix;\ various
locations of the. semi-submersi,bl‘e, strain ‘gauges were
Anstalled on the inside of the pontoons and columns, and on
. th.e outside of the braces and deck as ‘shown in Figu‘te 4.14
and 4;15. The outside gauges had ‘fu!.ly encapsulated water
proof grids.’.- "Therefore, no coating, which would have

»
increased the thickness at the strain gauge location, was

needed for additional water proofing (Figure 4.15).

A’ total of thirty. gauges - eight in one of ﬁhe pontoons,

four at the',bage‘ of one corner column, eight at the base
anda top of one secondary column, six in the braces and_four’

on a platform girder - were used to monitor the structyral

response to waves and idce '1mpac{: forces. . Figure 4.\6

. -
Pr 8 the - arra ts of thg strain gauges in each

I .
section and the system of local principal axes of each

'sesgion. s

A8



4.5 Modelling of the Mooring System

Figures 4.17 and 4.18 present the mooring system profile
and aitangements for the prototype in the vertical and
horizontal planes. Figure 4.19 presents the tension -
excuraion characteristics of ‘the 3, in. (7.6 mm) chain as
ob;ained from catenary equations provided by Korkut and’

Herbert (1970) and Rothwell (1979). Based on these curves,

the reatoting forces due to the mooring aystem ccnﬂgura— o

tion presented in Ngure 4.18 were computed for all six
moticns.

The modrlng' system was simulated using four mooring lines
with linear springs %s showm in Figure 4.20. The values of
the' spring stiffness and ~the horizontal and vertical
mooring angles wera,chosen so that the restoring forces in
heave, pitch (roll), surge -(sway) and yaw:were simulated

properly.

Figure 4.21. presenﬁs the actual and simulat:.ed restoring
forces for heav‘e and surge/sway mgi:ﬁms. ’ These plots cover
the whole range of the model motion dur_ing. the tests in
regular and irregular.wavaa (}ncludlng the érlft
component) . Pigure.4.21 indicates that ¢the mooring

stiffness was modelled ,properly. !
1 N r
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4.6 - Model Characteristics
4.6.1 Mass Properties v -

‘

Since, durin:g the construction of the model, each ;mrt was
weighted accurately and was compenavated for the difference{
in- d.ens‘i‘éy by the at ached lead sheets  as described
earliér, the totalymass of_{:ha—-model Was very close to th:
modelled ,masg’.”_ Onl.y: minor adjustments had to be done to
obtain the cbrrect model mass and the C.G. location.
v .

A tilt platform was specially designed to: - i) hand"le the
delicate model, 1ii) set the centroid position, ahd iii)
check the mlii of gyration (gyradii) for pitch and roll
motions.” Figure 4.22 presents a layout of the tilt ‘plat-
form while -Figure 4.23 presents a general view of the model
while being tested on the platform. )

To set the centrp\gi gravity'of the model, the distance KG

s

(Figure 4.2i) was~“adjusted to the fequ:l.red value. Before.
i

/ " -
placing the model on the tilt table, the counter weight

heights weze{Aajusted 86 that the ‘taple balances (stays in:
neutral condition) on the knife edge, signifying that the
vertical centre of gravity of the vtuble was at the same
level as tll\e knife edge. ’i‘ha model was then placed on the
tilt table with t'ha‘ longitudinal v‘cvantx‘e of gravity lplacad
in line with the knife edges. The ballast weights in the

" . . K LR
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model columns were then adjusted until the model and plat-
form' together assumed the neutral position again. This
meQnt that the vertical centre o% gravity was set to the

required position.

- &

.. The :gfn:adius of the model was dete'rmined by measuring. the
period of oscillation of the model on the tilt “table.
Springs w‘ere attached to. the tilt platform' aa.shmm in
Figu;e 4.22 to proviﬁe a’ restoring force. ' ‘The period of
oscillation of the table alone and then the table with the
model were determined usli.ng an accelerofnetet, moun;:ed’ on
the-platform. and a HP Fourier analyzer. This érovided the -

period to the nearest 0.0l sec.

The gyradius of the model in pitch or roll, depending on
the model orientation, was cal_cn:llated using the following

equation. 4 = < '

2 2
.R2 = =S (pz_pl)
4n2M

where ’
R = gyradius . e

‘M = mass of the nodel

’ - .
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P, = per'iod of oscillation of the table and model

P, = ‘period of oscillation 4f the table jonly

S .= rotational stiffness of the spring system
& .
= rka? o
T e

k = stiffness bof one spring

d "' distance between the spring and th,.er knife edge (see
Figure 4.22). - »
L4

The measured gyradii were almost identical to the computed

ones. The position of the centroid and the gyradii in |

. full-scale- .va.lues are presented in Tablé 4.2. .

4.6.2 Metacentric Height . .

The longitudinal ‘and transverse metacentric, heights of the

model for the survivdl and operating drafts were determined

. using the static stability testWFigure 4.24).

. The heel angle-restoring moment relationship'(l-‘igute.‘ 4.25)

was determined by using a cohple applied to the model deck

.
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and measuring the heel angle. The metacentric height,

Gn was determined from
—

G = _RM/W sino

RM = a'pplied_ moment . .

W = model weight
(] = heel angle ) N

"l'he values of the metacentric heights are presented in

Table 4.2. .

4.6.3 Natural Periods

e ) \
The natlEl_ periods of oscillation in heave, roll and pitch
motion§ of the free floating (unmoored) model were measured
in the 'deep water tank' using accelerometers and a Fourier
analyzer (Figure 4.26). The natural periods of the s’ix
mot.'.ions of the moored 'mode!.. were J‘euaurad in the ‘'wave

tank' using the accelerometers. Another ,aet'of measure-

ments .waa obtained using the potentiometers that. measured,

the mofion respones (see Section 4.7). The values obtained

from both methods for the moored model were, identical.e A
view of the test set-up for the deep water tank tests is

presented in Figure 4.26. The results are p:oséntod in
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Table 4.2. » Only the heave period falls in the range of

>
wave periods OEZW The rest of the motions have
: -

periods ‘outside hat range. The natural frequencies of the
moored model were significantly -higher than those of the

unmoored model. B . &

4.7 Testing Program

4.7.1 Test Set-Up
.

The tests were carried out—in-the 58 m long by 4.6 m wide

_ wave tank at a water depth of 1.6 m, equivalent to 120 m in

full scale. Waves were generated by the translatory motion
of a piston-type vertical dnarticulated waveboard. con-

trQliad.by a closed-loop servo-controller mechanism.

A detailed description ‘ofl the wave tank and its performance

character.isti:cs has 'bee\z pi:ovided by Muggeridge and Murray

(1981). Figure 4.27 presents an outline of the test’ set- .’

up while Figure 4.28 présenés an overall view of the model
and. the wave tank. Wave profiles were measured at two

locations aé shown in Figure 4.20 (along the longitudinal
= b =

~and transverse axis of the model) using condudtivityw_

probes.' The motion of the model was monitored using four

. potentiometer devices that provided translatory and angular

mot_ionn‘ to the nearest 0.1 mm and 0.05 degrees, reépec—

tively.
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The strains in the model were monitored ysing conditioner
and amplifier units that provided strains to the nearest
0.1 microstrain. The output of the motion and strain
measuring devices was stored in an analogue form on a HP
8-track tape and proce¥sed later using the HP Fourier
Analyzer. All tests vi\'i.'e also recorded on video tapes.

Efigure 4.29 presents part .cvf the data acquisition system ,‘
incl\{dlhg HP 8-track x.:ecorde.rs, étrain gaugev conditioner
and amplifier units, and video recording equipment. All
the measuring ané recording devices were calibrated and the
signal to noise :atilo was kept at th; lowest pos_sible level
so that the error in the measurements would bé minimized.

4.7.2 Regular Wave Tests

The-model was tested in regular and irregular head sea and

beam sea waves at. survival, arﬁ operating dxjafté. Figures ™

4.30. and 4.31 present the model while being tested at
survival and operating drafts. For regular wave tests, ths.
wave height was 7 cm and the wave period varied from 1 ;:o
2.5 sec. This is equivalent to a ful]: scale wave height of
5.25 m (17.2 ft.) _.and a wave periodkurange of 8.7 to
21.7 sec. To check system linearity, one baer'ias of tests
waé repeated at survival draft using a 10.5 cm wave (7.8 m .

or 25.8 ft. at full scale)- . ﬁ\ . S




To study the changes in the structural and motion responses

of the model after a corner column was punctured due to:
bergy-bit or supply boat collision, one corner column  com-

partment (3.6 m high) near tHe water surface was assumed to

i)e flooded. The correspcndlng mass was placed at the

i compartment"caused the model to have a list of 6° in the

],ongitudinul,direc_tion' and 7.5° in the ‘transverse drectxon
(Figu:e-‘ 4.32). The 'damaged' column was facing the
incoming waves. Motion' and strains in a].l qections were

N . -
measured for all the above tests. -
4 .

.‘Another series of regular wave tests was -carried out to

.a'tudy’éhe @fect of varying the mooring cable stiffness on

the motion response. = The tests were. carried-out at
survival draft under’ the follpwing mooring conditions:

i) original mooring system (100% atiffness)

ii) . slack leeward mooring (60% stiffness)

iii) slack mooring system, (25% stiffness), and

.iv) - without. mooring sgstem (zero stiffness)

v .
4.7.3 Irrégu].a: Wave Tests |

.

. Two set’s‘ of 1r;egu1at waves were generated uaing the:

Pia: n—Hoskowitz ‘spectrum for sustained winda of 44 knota

)

" centre of the column compartment. The 'floodingvof the

/aec) and 33 knots (16.5 m/sec). The- iér;g:h of the




irregular wave record in each set was 30 nminutes of proto-

type _time. .

train generated by each spectrum are presented below:
. . . .

_ Spectrum #1

Hiné sp;aled (m/sec) s 22
Maximum wave height (m) . 20
Significant-wave height (m)  10.5
Peak frequency (Hz) - 0.06

Peak period (’sec_) e 16.7

Motion and structural responses of the model were obtained

'
for each irregular wave set for head sea and beam sea waves

at survival draft. -

4.7.4 Simulated Impact Tests
o -

'small' fragments of icebergs.(growlers and beréy—bits) of

masses up to 2000 tonnes may escape radar and visual detec- :

Spectrum #2

~
16.5
10
5.5

0.077
.

13

The full-scale chﬁrécteristlcs,zof the wave

X

-t

r

tion, esp'ec,iakl-y ih heavy seas :(Paschkg, 1983), and pose a ’

great hazard. to semi-‘s_ubr'uersilie members.

reported by Doyle. and Arockiusalmy (1984), Lever et 'al

Recent analyt-.

" i¢al and experimental studies on bergy-bit mo'tion in waves

(1984) and 'Murray et al (1983) indicated that bergy-’bité\-\

velocity of the wave. Considering that the drift speeds ‘of

/' i

- could oscillate with speeds very close to the particle

icebekga due to current,' wind and-wave drift forced could

7

/

|




reduce the bergy-bit veioci’ty.

T

be-as high as 1.3‘m/sec\ (El-Taltan et a].i,v 1983) the maximum

speed of a bergy-Bit could reach 4-5 m/sec. The impact’

Yelocity, being tl;Ae relative bergy-hit/semi-submersible

velocity could even be higher than this value. Oon the
4 . 4 ;

other hand, the diffraction of short wav\es near the SSMomay“

. i
5
The above information on bergy—bit mas d velocity was

used to design the lmpact tests- To deternune the seleva—
tion- of impact, the relative atructure/bergy—bit mtlon 1:9
regular waves was atudied usinq ballasted styrofoam models .
of 1000 agd 2000 tonne bergy-bits. The bergy-bit model in
most of the cases hit the semi-submersiblé model when the
berg}-bit was -at‘the crest -of the wave. D.epgndlirk on the
wave period, the elevation of the impact point varied from"

a. few meters above the still water level ;o_n the cornef

‘column to the tip of the péntoon (Figures 4\.33 and 4.34).

It was decided to carry out the simulated L;npact at about

four meters below the sea lgvel. Althaugh\ the impact of

the styrofoam bergy-bit models did not causel any damage to
. gt

i
the. model, it was .decided to strengthen the jimpact zone on

|
the outside of th_e corner and the secondary columns using
thin (0.8 mm) steel shield (Figure 4.35) This ‘Bhield

protected the model against any. damage caused by high im-

the stiffness of the column when strengtiened for ice im-—

‘'pact speed 'x’he added stiffness 'of th:j(ield simulated

pnct by introducing an 1nnet wall ha‘lng a diameter of 7 m.




The model was subjected to a simulated impact by 1000 And

2000 tonne be_rgy-bits moving-and psélllating in waves with .

horizontal impact velocities of 0.5-5 m/sec. Figure 4.36

i,x'e‘s‘ents the relative sizes of the bergy-bits and the.Sg9#1.

The impact tests were cartied .out using lead weights""

’ swinging in a pendulum mode in.still . water (Figure ’4.\37)

and impacting a .corner column or a aeuonduy comn\n. A.
parametn.c study was. carried out .to 1nvestigate the effect
on the model response of: i) impact speéd, 1ii) lﬂooring/
system stiffness, and i41i)- impact direction. °

The measured data for these simulated ,impact tests were the

motion of the semi—submerslible'wnd bergy-bit models,.

‘strains at selected sections, and the imp'act‘f,otce

- (measured by 'an accélerometer mcunted on {he “impacting

.

weight). s i . : ) s

- -, ' ,
As ‘the test™ results may be affected by the degree of
strengthening of theé im one'; it’ was decided to study

the efiec;t of the impac teriace stiffnasa on impact
forces and semi-submarsible responses. A seriea -of impact
tests were carriad out using a two-degrees-of-freed@ ;'1gid 5
body model on a test bench: Interface elements were used .
to ':ép.sent the ir‘uct interface characteristics. The,
stiffness of these. elements was vn:iagl/w)about six orders,

of magnitude. description of the model and the study are

;, presented in Chapter .6. - . -

el

/‘.
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‘.(ar\also presented. . e

Pl .
psrioda’up to 1.75 sec, (15.2 sec full scale)..
~ ‘

CHAPTER V |

. RESPONSE TO WAVES 5 3
1

This chapter presents thg results of the model tests in |\

regular ancf irregular waves, including the verification of

the h‘droelastid'mdeuing. s An¢na1ysis of the model

response to waves' and the results of the parametnc study
. ) L

H . o % . _
5.1 Model Ré}gnse in Reguldr Waves

u

Figure 5,1 presents meas‘pred wave ptofiles for wave periods

of 1,,1.75 and 2.5 sec. The wave— height was. um.form and
the effect of teflection from ‘the beach was neglgible.
The . modal motlon raached a staady state after 4-5 wave
cycles as shown in Figure 5. 2. Hodel heave, pitch and roll
motlons showed {:nly first orde: effegts while the surge and

sway motions ind;catgd second order effects for -wave

14
Figures 5 2 and 5 3 pralent the Hrut o:det and the second

order (arift) conponentu of .the surge mo!:ion. Th# second

otder l(g-ct rWas negligibla at wave paziods longer than

1475lsc._- . 5 IR AT T

=124 % ¢ L.

¢
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Figure 5.4 pgesehts typical strain time Histories measured
at the top oé the secondary column- (ST4), the bottom of_- the
mazn colt_m;\ fiHBZ) ’anq.tﬁe pontoon middle (PM2). The steady
compg’nent of!'E}’\e n;asu:ed strain is due to thermal effects.
S'inc; the plastié is a poor heat conductor, the he:t
genetated by tﬂe electrical current in the strain gauqe
.does no¥ disslpace easi!.y. The plaatic tempe:ature rises

causing it to axpand till the temperature stabilizea. when

' the test starts the forced watet convection ‘caused by wave

. particle mtion cools’ the plastic. _The plastic shrinks _and

-~
the qtrain gauge indictes \egative‘ strain: The strains

reach a steady state after few wave cycles. ’
—

7
- .

This cooling effect was not noticed 1n the measured strains

of above wate\ aectxons’(i‘igure 5. 4) due to the poot heat

convection capability of air as compared to water. When °

the stresses in the model ' reached the steady “state, the:

| S
structural response in regular waves appeared to be almost

. .perfectly harmonic. However, wﬁen the model had a list

(damaged condition test) a second order effect was notlt_:ed'
in the structural response. This point will be-discuaged

later: - . . e

Figure 5.5 pte!ants. a view of the model ‘hah{g tedted a-t

‘survival draft in a 7 cm 'vnve having: a‘pariod of 1 sec.
while Figure 5.6 presents the same for a wave period of 2.5
- . DI .

S se::. Wave dlﬂfracéion was noticed for short waves .(Fig! ré
; A ; 3
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5.5) while the model did not disturb the wave field for

long waves (Figure 5.6).

5.1.1 Comparison of Model Test Results

TO check the aqcuracy of the measured motion response, the
prototype motion reeponse obtained from the present model
tests was compared with the corresponding values obtained
—=—~from ‘avaﬂnb‘l‘é*au’mputer ana_lysis, model 'tests and fxeld‘

meéauren\snés on the SEDCO-700 series semi-submersibles.

L

The computed motion response under'.pperating draft condi-
tions was obtained by Opstal et al (1974) using the inte-
grated motion and strength analysis system (MOSAS computer
‘progra'm) . The hydrodynamic forces were computed using
potential flow. method and accounting for viscous damping
and freguem:y dependency on added mass coefficiepts, while
the wavé_damping was }xegleqted‘. A brief descriﬂt on of the
MOSAS program is presented in Section 2,.2’.'5.2. The
répotted results for the SEDCO-700 SSM were obtained at
- operating draft for a water dapt;\‘ of 120 m, identical to
that simulated.in our model tests. '
’l'he) nodel test results were obtained from thd Marine Opera-
tions Ha.nuu!. of the SEDCO-710 S8M (SEDPEX: INC, 1983).
Motion response curves (RAQ plots)v were obtained - from
models of the SED::O-‘700'and SEDCO . 707 SS-M"s at operating
Y g L

..
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draft. Information on the water depth and mooring system

was not available.

The field measurement of heave ze‘sponse was obtained by
Forristal et al (1979) for the SEDCO 706 SSM at operating
draft _1;1 the Gulf of Alaska (see Sacgion 2.2.5.1). The
heave motion and wave profile v.:lere measured using accelero-
:neters and wave szaffs, respectively. The heave transfer
E‘unction» was obtained by cross-spectral analyais\ of wave
profile and heave measurements. ) . ' '

Figures 5.7 to 5.10 present the full-scale respo}me ampli=-
tude operators (RAO's) for heave in a head and beam sea,
surge, sway, roll and pitch respectively as obtained from
the hydroelastic model tests and the above mentioned
sources. A very good agreement can be observed between
test results and the motion obtained .from the other
sources. © This agreement is less near the natural heave
peril'.\d of} the SSM (23.6 sec‘:.) probably due to drag and

T
viscous damping effects as well as differences in mooring
A . -

stiffness. ™

As' mentioned earlier, field measurements from the 'SEDC9-706
. *: .‘

were available for heave motion only. 1In fact almost all

of the available studies on the field measurement on semi-

submersible platforms also reported'on heave motion only

(Watts and Faulkner, 1968, Rey-Grenge, 1971, Viugts, 1971,

%
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and Forristal et al, 1979). Therefore, no SSM motion
(ot.har than heave) whether obtained from model. tests or

*~ computer analysis has been verified by field measurements

for any SSM' and repo‘ted in the open literature.

Heave, pitch and roll measurements are routinely recorded

as part of the environmental data gathering from the

Sedco-706 SSM which was drilling® op the Gragd Banks of

Newfoulndland.’ These data were made available by special
permission from Husky/Bow .Valley, the - SsM opervafa'i—s’. for
the period February to June 1984. The data s’e‘t’ conaieéed
of wave period, significant height, maxi;:}n height and the
naxifim___gouble amplitude values of heave and single
[ ] &mp]:itude values of pitch and roll, provided a: intervals
‘¥t one hour. wave characteristics were obtained from a 20

mjnute wave rgco;d me£sured every hou:éy a waveridér buoy.

Maximum h_eava duri'ng the observation;time was estimated to
¢ the nearest foot (0.3 m) ‘from the relative SSM/marine riser
‘vertical ‘motion. The ‘maximum roll and ‘pitch motions were
‘meat’;ured to thé‘neurest 0.1 degree using an air}bubble-type

dpclinometer. Since a slgnlﬁcanc—Cmount of scatter in the

data was observed it was decided to deal with the data on a

' statistical basis.
‘ e

>

Figure 5.11 presents the frequency distribution plots for

data points. About 80% ,of the time the wave peﬂodﬁ&ed =

" the wave characteristics and SSM motion using about 2000

¥
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from 6-9 sec., significant wave height .1-4 m, maximum wave
height 2-6 m, heave 0-1 m, pitch 0.5-1 degree and roll
0.5-1.5 degrees. The RAO's for the heave, pitch and roll
were obtained as the double amplitude (or maximum ‘rang‘é) of

B

motion divided by the coxi‘responding .gaximum wave height.

Figure 5.12 presents the frequ‘ency distribution .of the
- maa’aux:ed heave, pitéh and roll RAO's. 4'l'he r.ange"of_".édr'-
resg;\ond'ing‘ valies obtained from the hydrge].astic;' model
results at correapondin'ngave periods is indicated on each
plot. The: results indicate good agreement between the
motion obtained fr.om'model tests and full a}t;ale measure-
ments. The measured -roll: motion is slightly higher ‘than
that obtained from model tests\ probat'uy flue to current and
wind eiiéct_s. The stéady SSM tilt due to wind and currents
could not 'be isolated sinFe roll and pitch values were

‘provided as the maximum angle of tilt to one side only.

The results presented ,in Flgures 5.7 to 5,1@ demonstrate
the accuraay of the Xdel motion responsax Having
ea‘tablished ‘the a}‘.\racy and validity of motion response
results, the next scep is to chéck r.he'vuudity of r.he
structural responae valuea and the hydroelasttc modelling.

Figures 5.13 to 5.15 present the full-scale- structural
response (stresses) in the bracing: members and. pontoon

section as measured by the hydroelastic model and computed
. . o N -
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by two different programs. The results reported by Opstal
et 'al (1974) were ?btaxned for the Sedco-700 using the
MOSAS program while those reported by Dao and Baily (1982)
were computed for the Sedco-710 using SEADYN (1981).
SEADYN is bas;d on the Morison equation approach.
¥ #
. By épmpariﬁg the expe't{men_r.al and analytj.cal v.alues, ir: is -
notour -intention to estaﬁliah the_dggréé, of accurac} of the -
eﬁ{:etiméﬁtai results ‘since the accuracy of thAe_-computeti
s‘tn.\ct\ir»al r'gaponae is not ' established yet. The rgview
p'reaented. in 'Chaiater‘ 2 'revealed t};at unlike the comput'ed
'vmo’t{on response, wt_xicﬁ wa’s'lr‘eported to' be in good agreement ‘
with that obtained from model tests or field measurements,
*the computed structural . respcnaé was consistently highez:
than that obtained fn)m limited full-scale measu:emants,
' . especially gt short wave periods, The - best way to
astabliah the 'accuracy of the model structural rgaponsé is
to compare‘ik with full-scale measurements.» Due to the
/\l-ack/ of such full-scal& data, e ‘can only check: the
vnlidity oE the hyd:oelastic structural zesponse.
. L
"% ' 'l'he raau).ts preaented in Figures 5.13 to 5.15 1ndlcute thut
the meusu:ed stresses are generall.y 1wer than the computed

vgl_uos at . small wave peticdq. The same observation was

i'oported for full-ncale me.asutements by Bell (197_4)',
"\Langteldt et al (1975) anq Olsen and Verlo (1976).. At long

wave periods, ‘the measured stresses-—in the bracing members

’/

/

o
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v

were higher than the computed ones and had a minor peak

néar the wave period of 20 sec. Two possible reasons could *

explain.it: increasjng @rag forces at longer periods, and.a"

heave resonance effect near the 20 sec. period. Predic-

. tions by other computer programs show such 'minor peaks'

because of large heave motion (Chung, 1985).

The " aboze discussion indi‘cates that there is a g:ene:\;vl
agfeement between the measured and cdm?uted su"esaes and
that the 'differencea afa consisten;:'with thos.e found
between the computed and full-scale vagues. This finding
is based on the results of stress computatlons available
for three _uectxons only (one pontoon sectlon and-- two
bracings). To further check the validity of the measured
structural response, we compared our data with ‘another set

of' computed stress RAO'§ obtained for the Tim-77 semi-

submersible at. survival draft during the cours& of the

study reported by -Arockiasamy and Reddy (1582)‘7 Motion and
structural responses of the SSM were obtained using B;dwn
and Root's proprietary programs >DAMS,ATENMO'I‘ and LO{\DG.EN.
The hydrodynamic forces were computed using.; strip theo;'y
method and the structural response was obtained “uui'n-g space

frame analysis. 4

Each pontoon was divided into 28 strips for hydrodynamic

calculations while each column was divided. into eight

v
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strips. For structural analysis, the structure was
idealized as a l{:a::re\f?‘aﬁe\ having 384 members and 254 nodal
points. Wetails of the SsM_idealization for hydrodynamic
computation and structural ?nalyais are presented by

Arockiasamy and Reddy (1982). !

First we e;:amine the computed motion response. The results
of the heave response presented. in Figure 5.16 indicate
_ gQod agreement between the computed an':_i‘measqred' value’; for
Vwave .periods of less 'vtVn 15 sec. The computed values
become several times higher than the measured ones at
longer perioés. The sa.me is true, but .with smaliet
differences, for the pitch and roll ‘motions presented in
"-'F‘igure, 5.17. _While the measured and computed sway «
xesponsés. presented in Figure 5.18, are in‘good agreement,
the computed surge response is very much 1ower. than: the

measured values.

. As presented earlier, the ‘accuracy of the model motion
response‘was vgrlfied by c;:—h:; model test results, comp\jtad
val_ues and field measurements. Therefore, the d/iggep-
‘ancies: in Figures 5.16 to 5.18 . are due to stro:s( in the
computed values. These errors are ,px'p__bubiy/jdue to
computational or formulation errors since errors in input }‘

d data could not cause this kind of motion teap)s_e discrep-

ancy (Yoshida, 1985). y .
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Figures 5.19 to 5.23 present the computed and measured

.maximum stresses in the secondary column, maih column,

braces and pontoon, respectively. ®The computed stresses

fluctuated significantly fron; one wa\')e period to the other

,while the rmieasured opes varie’grag}ually with wave period.

The samev_ob'servation was reported by Bell (1974) -who

indicated that the. computed transfer function of the

stresses in the: Séa Quest SSM had a 'series of humps and
. . ;

-hollows' a feature he did not observe on the transfer

function o.f measured (from full scale SSM) stresses.

. .
The computed stresses (Figures 5.19 to 5.23) are in reason-

able agreemeht with the measured ones for wave periods up

to 12 sec. For longer waver periods, the computed values

become several times higher than. the measured ones in -
- S :

almost all the sections. Similar f_eatures were observed in
!"T'he RAO plots of the measured and computed inlotion presented
in- fiéurea 5.16 to 5.18. The -high values ™ of~ Eompuqe L
motion and atr;ctural rqagon_seé at wave périoda longer than’
12-15" sec. are probably caused by, over-estimation of wave
forces. ! . F\A . \ 7
. .o -

: S &
Considering all the facts, the resultﬁ presented in this
s'ection‘demon,s_trate the viat;ililty and reliabiutz' of the

hydroelastic modelling of semi-submersibles. ) .




5.1.2 Response at Different Draft and Listing

[

Conditions

’

.
Strains measured by gtxai—n gaugés at each section were used

to compute axial ut:essgs'(du_e to axial force) and bending

_ stresses (due to bending. moments) about eac] r#p’cﬁ:al axis

. ‘ \ . i - 2
of the section. The local axis' system for thk instrumented -

sections is presented 'in Figure 4.16.. . .-

Figures 5.24 to. 5.29 present. full-éga-‘le BAO plots for axial
and bending stresses at the inst;umented spctloﬁs at
survival draft in head and beam sea waves.. Stresses in the
pontoon, .column " and g'irdet sectidhs ere generally
dominated by bending strefses (Figures [5.24 to 5.28).

Axial stresses contribute a significant portion . to the
. . . . =

- totad istresses in these ' sections. ~In beam seas the
) s % ph

stress-es in. bracing members were dominated by -axial

stresses (Figures 5.28 .to 5.30) while in head seas, bending &

stresses were higher due to direct wave acéién on ghésa

bracings (Figure 5.30). °

Figures 5.31 to 5.33 pi’asent_ the _fu;l;acale motion

i‘esponaaa at survival draft, 6perat1ng.dratt and 'at'

suvr_v!.-val araft in Wsting _(Qanigea) condition. As |

expected, the motion response values are higher .at survival
& - R S SR a

draft than at operati_ni; draft (the pontoon is closer to the

" higher. wave action near the sur'ﬁacé). When the model

T R ]

-
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developed a list at survival draft, its motion was reduced.
’
The model motion and structural response rgmained 1tnear

and harmonic. ‘However, a harmonig component with a period

several times higher than the wave period was observed in.

both the motion and structural responses' (Figures 5.34-'_5nd
. B
5.35). This 'phenomenon may .be attributed .to 'increased

second ‘order wave effects due to the listing of the model.’
. ;'. 2 4 rt . E '
N Id . 4 .

"Althqdgh the motion décrea’seé afte: the model . developed a

list (Figﬁre_s 5.31 to 5.33)," the st_‘.ress{es increased in

" almost all the_‘.sections (Figures 5.36 tG 5.41). - Stresses

increased by up to 30% in thé damaged condition. Stress
increase is generally higher at lower wave periods.

L4

The results in Figureé 5.36, 5.39 am:.l 5.41 indicate that

'tpe stressés, like the motions, were' lower at operating

draft than at survival draft. -

5.2 Response in Irrégular Waves

'

Two sets of irregular wave profiles were eherated using -

the Pia:sp}l—/wskowitz spectrum. . Figure 5.42 presents a

plot of each spectrum whi{e Figure 5.43 presents ' the

measured wave profiles. The characteristics 'of each wave
train are presented in Section 4.7.3. All the results
\

presented in this _saz'-t_i?n are in full-scale vpfuel‘ut

survival draft.-

=y . \
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5.2.1 Motion Résponse
s J (

Figure 5.44 .presents an extended portion of the wave'\

>

. - ~ . \
profile and the corresponding segment of time histories for '
heive, pitc}: and surge responses in a head ‘sea. Figures
5.45 and 5.46 present the measured power spectral density

# Y

(P.S.D.) plots for wave profile #.1 and the motion response

Ee ) - .in héad and beam seas, respectively. 'Fiéure 5.47 presents .

] ' the P.S,D. plots:for wave profile' #2 and the corresponding

. motion response in a beam sea.
L]

3 The results  presented in fiqur‘es 5.44 to 5.47 indicate

aécoyd-otder, 1Jou freq "‘t ponse, at fr ‘_‘\ie‘s out-
side the wave apec;x'a, for all the SSM motion except the

heave. The same resuhwere observed By Lundgren'and Be;.'g

(1982) 'who ‘pointed ouf that the motion in irregular wavéa
obtained _ul‘ing RAO's for -rqgul.ar waves - will be under-
‘estima.t'ed ‘since the second order wave efiects are not. .
<inciuded in the .regular wave RAO's. The gpectéa of the '
motion response; contain u_.significant amount- of energy d;ze
. to- uscona ord\!; e;fecta. as cémpa;ed t.o the f.itst_ozder
a % etf;e'ta, aspeei‘all’y"for sufge and sway, ‘motions.

. Each spectrum has two peaks, olne near - the peak frequency of

the wave spectra and the other vary close to the.natural:

- ,t:aq‘uont:hu of the semi-submersible. This is another
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Sectimn 4.5.

g.2.2

Struct §a1 Response .

v &

The x‘asultsn’pres.e}n‘.ed in this section are for wave profile -

#1 only. Figures 5.48 and 5.49 present sample time 'ﬁiscory
plots. for neasir8d stresses in SSM * columns,- pontoc;n ‘and
deck girder in heaci and bean sea waves respectively.
(;pmpgring -these results with the wave profile-presentéd in
Figure 5.43 it gn be noticed that the maximum s&:ructural

response usually occurs due to the highest wWave.s Sscona'

~
¥

order efifects are notaced ).n the sttuctural responsef . '/

A M
B -

. - . Pom et o . .
These nsecond order effects are also evident in.the P.S.D.
2l i 3
plotg of measured stresses presented in Figures 5.50 ‘to
coa -
5.55. The stress specfra have peéks at' fregencies corres-

ponding to the natural frequency of the SSM-motion.

‘ . B
"l'his means that stresses are significantly affe:_::)ed by the —-

resonant motion of the SSM. ﬁér ei(ﬂmp'l-e, ax{’ql and beudin'g .

‘stresses in the main (corner) column Have spectra{l peaks at

- frequencies near the naturaf f'requencieu of -all the uemi—

. submersible motlona (Figure 5.50) . Bendlng strauses M: the

middla section of the pontoon have spectrnﬂ. paaks ut t‘he

heave  and. roll resonunce fraquencias (Figure 5.51 and”

.';,52): ‘l'he axial’ streuea 1n the horizontal braces in benm h

Se—
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» seas increase significantly near the natural frequency .of
. . -
sway (Figure 5.54). )
- . -

~ . *
“The low frequency contents.ofy the P.S.D! of stresses in

Some uectione was almost non-existent, especially in beam
A seas (E‘igures S. D 5 53 and 5.55)% In other instances,
the low .frequency contents mx conatitute a significant

part of che spectra 4(Plgnr@s 5@ and"5. 54) X -

L 4

5.3 . ;..inead‘;y of Semi-Sle;A_etaible Resgénés
. . o la . ior N
"Iv :. To chechk the‘*linearity of, tesponse of the em-iJ
. subnsrnible with respect to wave haight, thelnoti m\d
2 plotu we{ obtained from regular wave té-ts for a..waveA
B heigh‘ta -of >m and 7.5 m, and from ;he irreqular wave. tests

for the tw.o‘ wave profiles. Figure presents the P.S.p.

. b pre S
of wave profile #1° ana sample .plots of the *curves~™
.rapreuenﬂng ‘the aquare valueb oE the heave and pitch

* Ll g
e T - ~
' . " * transfer , functions in a head sea. '  These cu;ves were '

'y obtained by aividing, the: p S.D.. vuuehnpf the motion by the

i

+ wave yectralwuue .at the cotresponding ‘Erequency. The 1§ -,

. transfer fungﬁlon of eacﬁ motioh was obtained as’ the square

~root of theu values., Yo . .
N : N - ’ '. 4

. I o /

- A

e

~O\

Ay

The tﬁlultn ptelsnted in Figuteu 5 57 to.5.59, ﬁndicata that A\

[ 2 : tor bcan ual, t.he RRD valuu obtuined from the regular —aﬁ
hrmlh: wave tes 8 were very c].ou at wave periods less
. -

s e/ A = s .

/" »/.::\.~,1‘)..-“A ‘ T




A than 21 sgt. However, for head sea te

differencep in the RAO values obtained fxom regular and
- irregular wave tests. 1A head seas, the motion RAO values -
obtained from irregular wave tests (wave" profile #1) were
'consistently *lower Jthamr those of the regular ;laveé'
_especi.-ally for t};e surge mot{ion' (Figure 5.59__[.‘ Again the
¢ 'diff‘etence is lazger at lohger perxoda due ‘to viscous

effects. ' Viscous effects become significanc at 1w n\ember-,

: . [
N diameter-to-wave-length ratio, e
: : e ..

) 'rhe visible non—lingar effectu for head sea cesta ara due
\0/\ - to the drag forcea on t:he btacing,sysf.em of the ‘ssm. Jrhe_
B TIH-77‘ SSI( ‘hag a large number of bracing‘members that have
>. * “small diauiete: to—wave-length ratios (1asc than 0.015 for

the waves used in the test). Therefore, the wave drag

‘forces on. the btacing-»members.y‘,e .ptedo}ngapt in Ehg' Vto'tal. X

wave - force. These bracing members are. more éxposed to head
L 3

sea waves than to beah seas where they become ‘'hidden'

behindl the ]:arger columnsw

.- - v, T L -
- : *f stress RAO plota at the middle of ‘the pontoon and the -top:

e ' indicate that the'no‘;iinaar e%fect are héglig‘lbla for wavé
periods up to 20 sec. 'rheae results are ldentlcal to th

. ones \ob‘tained for the motion ?esponae’and conulstent wh.h
the rasults of Qotetical, cxperlmenea). and field ltudta,

i . MR G R
)

‘and bottom sect’ions- oE{ﬁPe,sgc‘ondury c‘oluqms. The ra‘lults .

. n—éigur’éA!i.GO 'pnesents'thé‘ effect of wave height on thc_\ )

N\

Loy
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reported in Section 2.2. Therefore, it was decided not to
'inveltlgata this. point for the structural xesponse any

further.

. -
5.4 E&facc of Mooring Stiffness

Figures 5.61 ar;nd 5_.62 present the effect.oi varying the

mooring system stiffness on the motion ,responae in head

) seas. .'n_te reéulta indicate some decﬁrease in ssM mo'tion(as
. / the Jnoorir'lg stiffness decreased. 'l‘he larger motion .
’ resulting trc\l }lxig;;er stiffness can be explained easily
¢ since the natural frequency of t\he motion will increase by
LI ‘increa_u_inq the _mooring a‘tiifnesu.' An@ since the natural
* frequencieg of ihe ssi motion are usually .lower than the-

wave f‘uencigs; ‘an Vincrea'se in the natural frequency will

bring t.he nhyatem closer to the. resonant state. This will-

increase the dymmic'anéliﬂcacion,iactor, and h&nce, the

4 SsM moéion._ .

4.

. f g [N
.The ollqrull effett of mooring stiffness does not seem to-be

« -y . significant but is expected to be larger near ndtion
T * resonance apd .in the low % £taquen(ly i-;anges of the second
- order wave effects since the natural '(Qraq_uencias of the ssH

+ v
usually fall within this 1low .E:equan rarigo._ Similar

p N R :el\iltl;huvo been - reported by LundJran and E¥rg (1982)*'
. i Yoneya (1984)-and Price and-Wu (1983). , . -,
¥ - ."" L4 :
. Fd
. . " } A
1‘ 3 i,
¥
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W
545 -Summary

¢ /

The motion and structural responses of %he model to reqular
and irregular waves have been prese.nted. The accuracy of
the'meaaured motion respopse values was ghec).ted using
availablé values obtained "ﬁrom lnumetical‘ models, ‘W
model tests and full-scale meanu:ement;. ) \
K *
A general agreement between the measured and tcompucqadv
stresses was"observed. The differences were consiutent
vwith those found between full-scale imd computed val.\Les.
The results demonstrate the utilﬁy and validity of
hydroelasti¢ modelling. ’ ' '

The stresses in pontoon, cQlumn and girder sections were
generally dominated by .bending stresses uhile_ those in the
bracing members were dominated by axial atréages.

o ' » 7 B .
Motion and structural response values at Bsurvival draft
were higher thWat opgrating d.ruft. I;ft.er_ the model
developed .a’,,llst. (;iue to simulated ;o).umn rupgure) the
motion -decreased but the stresses increased by na‘imu‘ch'ui.
308. mgIhe motion and structyral respgonses of the mdglzln
the listing (damaged) condition to regular waves contained

a low frequency ( d order)

p » a phenomenon not
oensrved for level-keel position in regular wavo-‘.’

& ' v P °
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In irregular waves, the spectra of the motion and

structural responses exhibited second order, low frequency
¢ ¢

(outside wave. freq ies) p 8. Both motion and
stress spectra had peaks at frequencies corresponding to
the natural frequencies of the motion. The stresses were

found to be significantly affected by the resonant motion.

Motion and  structura} responses to beam sea waves were'
- .

linear for periodsup Qo 21 sec. For head sea tests,

however, some non-linearities in the motion were observed

<wover the uhol; range of wave frequencies due to the direct

”wavgﬂgﬁacts on. the multiple’ br'aéing system. -

- 5 - N

5 {
£
The. motion of the model slightly decreased after the
mooring system was removed. The stiffness of the mooring
cable does not seem to signif.icnntl_y affect the motion or

the structural response in regular waves.

g i



) éHAPTER vi

RESPONSE TO IMPACT
L

The evolution of numerica( impact models and a re"iew of

the Svailabl’e work on the impac(\oi offshore structures

have been presentedgin Section 2.3. The following Section

presents an outline of the latest version of the impact

moglel developed by the Structures Group at Memorial

 University.
. N - .
6.1 Equations of Motion . L
< . - N *

When a‘ semi-submersible is subjected to the impact of small

bodies it behaves as an elastica.uy restrained body. The -

'gioba‘l equationa' of‘ the six-degreeé—of—f:eedom motion,
without- considering the local Jeformation at the point of

impa"i:t,, can be expressed in ‘a’ matrix fobm as: .

(8] + [AD (0] * [B](0} + (el = 'lF(:.)l.........»...‘a.;‘
R ‘ :

where ¥ J

v . f 3 i * W

. R

[M]., (a], [B] and [C]. are 6 x 6 matrices teprénnting. nass,
added mass, damping and ren?&iing force cgefficeints,

respectively, . .
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{u}, {u] and {u}] are the six“motion components and {heir
time derivatives; and \( -~ .

{P(t)} the impact force vector. o

Ar‘ . —_—
The impact forces cannot be computed explicitly without
aolvinq the equations of motion. The impact forces depen

on the globnl regponse of t:he impacting bodies and are

strongly utfgcted-_ by the charactariatica o£ the 1oca1'

1q|pact interface.. Tg account for the'-loca]: effects on the

.1mpact forces; an impact 1n:9rface model (Figure 6.1) was

. ~ N 5 .
developadnby"swamidas et al (1984). The local impact

forces are assumed to "~ act- in any dizectlon only in a

horizontal plane since the ice will 1mpact a vettical

. surface ani- the maximunt 1ce velocity is horizontal. It is

also aasumed that the: local impact is central and the:efoze B

the rotations of the ice mass are ngglected-

-

. The local equations of motions .at these points ot impact

can be expreased as (Svmmidas et al, 1984):

m, 62 +df2(¢z s 6,) + ky(85 =6,) = 0

.o ’

m6l+(c +e)51+(k +k)6,

Fk;sz-cz§z-klx-c,x =0 ..
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where m, m,, ¢, C,, K;+ Ky, 8, 8,, and x gre as shown in
Figure 6.1. x represents the component of the rigid-body

motion of the semi-submersible at the'point of impact.

The two equations in 6.2 were comb.ineld to get r.h,e\-
coegficiel.ts for an equivalent »sinq’lé-degree-of-freadom
system to repregent the combined characteristics of the
imi:éct _ione. After in.corpor'ating the 1oc;1 stiffness
aquation‘ and subatitut.ing. 'for the.impaét force, the

. R = | -
equations of motion for the system become: - - e ¥

(a“DZ+bl1D+°_JL)E+(a15D2+bl5D)e (b77D+c77 )(c-x) ,

¢ %X CQs(ISO -y) u“o

. { o —- .
{a35D24Dy ¥ (€7 In+(az, D2#b ;D) - (b7 Dtcyy ) (6-x) - .

. ) x 8in(180°-y) =0
e

“ i " . . .
2 : = # . - .
(3,0 +b33D+c33+cc?3); =0

. 23 ,
(ay,D2+by, D)n+(a,, DZ4b, , Dtc, , +C,, ) $-2, (Dy;D¥ey, ) (6-X) .
4 . xcos(180°-y) = 0—%"

' - 3
(a,5n2+b,5D)5+(§5502+b55D+c55fcc55)e-z,(b77D+c7,7)(s-x) . ol

L ~ x8in(180°-y) =_ 0.

. I
(a“D2+b“D+ c“)o (b77[>+c.,7)(6-x){ylcos(180'—y) » .

. P -X)Bh’l(lﬂﬂ'-y)] =0 -
(u77D2)6+(b77D+c77)(x—& ) =0 .o

eerressnersssaeseds 6.3
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where
p=? ¥
at ; N
¥ F

! a‘\, bij' cij = inertial, damping, and rea'toring coeffic-
~ ients for the semi-submersible for values
Jof i and j less than 7. For i=ji7 these

coefficients represent the combined local

. :
¢ degree-of-freedom.
c—cij = the contribution from the mooring system
| stiffness , L } )
v " ) :
% w £, n, and ¢’ = the translatory motions of ’‘surge, sway and
——it heave, tespectfvely,,
S - -

P

o '_ ¢, 6 and y = the rotational motions of roll, pitch and yaw,

respectw'ely.

. A
."

& = the‘\loca}degree of \freedom in the direccior’ of motion

of the bergy bit at the zone of impact, R s
iy 4 Yl' 'z, = the coordinatjs of the %oint of impact with
= respect to the semi-submezsible centre of
i gravity . I
v 4 i Coe - : b . .
‘ Y. is . the ungla bstween the direction of the bargy blt

motion and cha surge direction o£ che semi-submersible-

a




v .

In equation 6.3 only the strong cpupling'coeffic_te_ngs‘ are
taken into account, while the other coefficients which have
insignifica’nt effects -on the motion are neglected. The
impact -force F(t) is gubstituted in equation 6.1 as:

F(t) = (Dby;+e,; ) (8~x)

. i f 3
.The equations of 6.3 are solved 'in ‘time &omain using the
: iy . e

Wilson-o numeriéal_ integratioén 'met'hddv,._, subject to the

initial condition v

= 6§{0) = impact velocity

The local épting represented by the coefficient c,;has a .

tension cut-off 'property which permits sepai‘ah’ion of the
B = : .

colliding. bod"ieé and rebound of the bergy bit when the
contact force, F(t) ‘becomes zero. The dnalysis then

Ix
contihues to determine the post-impact motion of the semi~
) ' )

submers :lb]:e)
p . .-

The validity of the numerical model, representing equations
L - # .

6.3 and 6.5 was checked using the Yesilts of the test

program as outlined in the next section. [
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v i 6.2 Verification of Numerical'Model Results .

CIR Y

All the results presa*ed in thjs/aection and the following

se‘ci_iona are sc}a]._edg up to the full-scale values.

L]

= - — Impact forces and motion .of the semi-submersible and bergy

n bit were computed using the numerical model described above

p the instrumented corner column 'and ‘at impéét si)egds‘}of 1

L . g added mass and damping coeffit).enta were computed according
" to the method reported by Vugts (1968). The' exper’imental

reuults were used to t’une sone of the numexical parameters

under .an impact. of 1,000 ‘and 2,000 tonne bergy bits with

and 4 m/sec in the direction -of the sur@ motion. The'

(i.e. hydrodynanuc damping) The experimental results

helped to locate \ minor post—impact algorithm error and

cotrect the tension cut—off (rebound) condition.

e - oyt 2
Figure 6.2 presents the computed and ;wasuted impact fof'qes

for the four mass/velocity combinations. The results
1ndicqte very good agreemenc between thé measured and

compute‘ impact’ Eorce. ‘The peak 'impéct force Qas almost

Figure 6:3 ptgaent's the computed and measured semi-

) éublpersible surge’ and .yaw motions due to the impact of a

linearly propprtiorial to the bei:'gy-l?it mass and velocity. '»

1,000 tonne iceberg with a speed of '4 n/sec. }\15. the rest

\
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Vs - : :
of the components: of . semi-submersible motion were

«=* negligibie. 5 RN

)
, The results in Figures 6.2 and 6.3 démqnstra?e the.vauditly
and apcuracy— of the numerical “model resydts. Further | “
verificakion of the numerical model results are presented
in Section 6.6.4 usinyg the experimental re'sul‘ts of the two-
degrees of freedon model. TE e 27 ) C o a ‘v

6.3 Case Study

P o This section presents detailed results of the impact teat
; for a sample case. For the rest of the .thsts only a
summary of the results will be given in a Ec;llwing
\m section. The case under consideratio.n is the: si‘mular.ed‘ ..

impact test on the seml—submersibie by al, OOO tonne bergy

bit moving at a speed of 4 _m/sec_. s ’l’he 1mpncted member uaa
! the i'nstrum.ented corner column. ,- The impact point was 4 m
below &_e wa_:tei' surface and -the impact direction was

parallel to the sur'ge motion (lead. bea impact). ! -

‘ - : ST F ' -
Figure 6.4 presents time ‘historiea of the measureg'bétgy
bit deceleration and velocity. The velocity Was obta!.ned

by inteqracing " the deceleration. e bargy ‘bit rshounded

. aftex ‘impact’ with a velocity of about X'B m/sec, 45 % of‘ '

. thé 1n1h:|.a). velacity.;—'l’he hnpact force obtained from tho

deceleration time higtory is preeented in Figute 6. 2 whila




Hépte 6.3 presents the.yaw and suxrge motjons of the semi-—
submersible after mpact. The peak impact force was_ 79 MN;

" about 8 times the bergy bit weight.- Impact duration was,

110 ns whit:h co:r P ﬂ-\\o a tf, y' of about ‘4.5 Hz.

After this 1mpact‘., the' se Qpbmersible hdd a maxlmum m_yaw

am:! su:ge motion of 3 degrecj and 2 4 respectxyel,
i

This mtion iv' ; within the ion :esponse under normal'. =

The othe: motiuns )

’ma ].l. and virtually

..lf.ig'uzé 6.5 presents “shmple' plats‘ of stress time histoties» -
- as ;m?éih;;d;'b?‘“tﬁe strain gauges at ,th’e\):.g's} oi the

. iy . impacted cotnar Eommn (Section MB‘) The dtresses meaaured

At tha four ntzain gauges were used to determine the time

historles of max:lmum axial and bending s\:te’ses about. the ’:'4

" principal axis of . the section (Figdre ©6.6): " The atrasaes

A“' ’the column"base we:e ‘S0 high (about 60‘ _E yield

ntrength) thut damag \:o the column my ~not be restricted

to: tha local impact zone. cOmbined strasses fx‘cm wave and

:lmpact may cause yielding i he .column.’ Actuu!.ly, this

vnlue uaa. ssvex:a hnee hig‘her ti\an the axpected mximum

atressen j.n this !qcticm due tq A 20 m wave. : S_— -

f“." ‘ S s

v 't

nonneu;ed with the 1mpac£ed colunn (Section HBO), and ‘the * ;
b:ucingl uonnoet:inq t‘ha ncondax’y columns (H.BI). Although ¢ bR




1

)

-6.6) which should cause bendlng st'tscses.

. : oy . @ -
these bzacing members were not aubjected to direct impact,

stresses as high as 65 MPa were producad !n them due to the

- corner column ‘impacts (Figure 6. 7) .rhls« value, is - -

equivalent to the stresses caused by the direct action of a.., .,

20 m heaé sea wave on these bracings (see i;igure .’;.30_). C :

e .

. : B ® st .

~ !

'I'-ha stresses presented in- P}guras 6 6 and 6 7 1nd£cate |‘

strong interactive vibrationu in the whole sent-submehz}e

3 when a cornar coluihn was hit‘. by a bergy ‘bi‘t- 'l'his siggests

"’ that a° sigqificant part of | the energy lay be absozbad Jby

sttuctural v1bxntions. Actual].y, analyci.s o£ test renu].ts

indicatqd ‘that about 363 of the ki’natic éna:gy was abaorbed 3
"By structural ¥ibrations -of che members not direﬁly )
impacted. Thia po:.nt will e discusaed ‘later in _detail.

L~

The impact, was .in ‘the direction of the locaszJl;xis '(_F!.gux\e
+ 1£ -the ceil.umn

was - connected ar. itg ends only. -But due to the mltiple

. e
s

bracing system connected to” the cclumn (two horizontal und +

- ~

R
om vert‘cal br\q;ng),* the int@raction with the b;acinga

' caused t‘he <alumn - to vibrate in the axial. di;actlon end 1n

bendtng modes abolit the principal -axon. It also had
\

g ® Eotslohal vibrati‘ns.svident by thop ,ﬂ.exutal vlbratlonr of

'the ho:izontal bucinga. e \\--
LS Y-,

: . : . . i
; . : — 5 Rk s
Fignra.‘s.a ‘presents powe g apectral Qenue}Xlot- for the. e

axial and flexural stresses at the column base '(_bnu'nted )

o
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in Figure 6.6). The ‘P.S.D. of.-fthe flexural stress, Z, .

" —(major st:e-s) has a peak near the frequency of 5 Hz, the

llpuct fo\ce ftequency N.i the sttuctural vibrations have

- [y PR

Ezequency components lower than ‘5 Hz. The axial. atrasaee
o and flexural atrélsaés‘ about ‘the’ axis have. a dominating,
frequency sl’h;htly, lower than . 2. 5 Hz‘b 'l'his freq,ency‘
component exists also 'in the measured stteaaes in the
horizontnl bracings as ptesentad in Figure 6.9. The P.S.D.

plota 1n *“Figure 6.9 demonstrate the 1ntoractive effect

\ betwaan the atresses in the column and thes two” btacings.__

e

Excapt' fer the impact frequéncy (near -5: Hz) >nd the
Erequanc} faear-3. B Hz . (likely a natural frequenq( for the
colunn). each peak trequency of the stresses gt the HB—S

lttaln gaugé location has a corresponding peak in the two

brucing ntreases. Yo \ R . -

_ s P A |

ol . S L .
"The readlta in Figui‘ea 6.8 and 6.9 indicate that the

! hsquanc‘iea.contained in the i\mpact impulge were higher
.than thg natural. fﬂquanciah of tHe uczuct‘tnl mambars and
B are r(or likely to cauua'reaon.xce u‘l ‘the qlobaJ, atructural )

ralponu. '- L . . :

- 23 : . -
Y 5 . . .

'typn{ are oxpuctud .to be about.30% Jlower’ thun thona'

s - 3
tained tron t)n nodol. ‘This means that the natural
o, 5

» o

T4
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frequencies of the prototype Eal). even Earthez from the

dominating frequency of the impact impulse.

. 50 s
As' indicated earlier t?\e impact .zone in the model was

strengthened ‘to ‘pﬂent structural £u11urs. -E;or the

unstrengthened columns the’ actu&l‘local stiffness is much

" smaller than the simulated one, and therefofe, the impulss'

ftequency is likely to be lower than the measured one. The
effect of varying the local stiffness on the impact force
ané durat;on, 1s investigated in Section 6.6.

; & )
R 3 L

' 6.4 . , Energy Dissipfted by Structural Vibrations

!

; - N 5 et S
- . : . ,

Analysis -of thetresults. for the case‘\.stuﬂy ipdicated that

e -~ . q
18% of the kg&ve‘tic energy of the bergy bit was. returned in

¥

" the form 4f bergy-bit rebound and 9% was speht in ‘the surge

and yaﬁ" motioné’9£ the semi-—'su)_amersible. g Aboutb37l of ths
input 'energyv was absorbed by. the local dsfovrmatlon of'the
impacted column. The rest. of the energy (about 36%) was
apparently absorbed by t_.he vibration. ot all . the

semi-submersible structural members. This finding can be

supported by the fact that the numerical model, although»

lt pvedicted similar 1mpact forces and sémi—lubmerﬂ.b\a
motion, slso predicted much highsr rsbound ve].ocity. The
moa}sured rebound velocity was 45% of thp inM:lal vsloci,y
(Figure 6.2), while the computed value topresontsd 708>

"I‘Thare!ors, the‘-oxporimentnl rebqurfd energy np;euntad
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about 20% of the input energy while the numerical value was
about 508. The numerical model ’cons_idgr;s ,tpe.H_s_emif,_

.zone); therefore,” energy ,dissipa'tod by global structural

vibrations is not accounted for.

& P . ’:‘ N
The experimental‘nergy spent in local .deformation and

5 5 . ’ §
global semi-submersible motion was almost equal to that\‘

obta'l‘\‘ned from the numerical model. . Therefore, the
remainln;; energy (‘30% of input energy) was tur&g back into
the system in the form of higher rebound velocity-‘ rIt'is
interesting to note that the extra rebound energy (30;) _1sl
close; to the aﬁount ‘6f energy believed to be spent in
structural vibration by the hydto}fasti' model’ (‘365)..

. 3 2 .
The abové values are base.d on an )mpact ve‘}oc}ty of

4 n;/aec. The same <value of  structural ‘ibrution energy

, (36% exphrlqental, 30% numerical) was obtained for input

!

+

velocities _of_ 3 and 2 m/sec.. For an impact velocity o‘f
1 m/sec, this value was only 24% from experimental and 20%

from numerical modeéls.

= 2 4 3 - "

These rel\‘t‘s are based. on the assumption that the <impact
zone is stren‘gt;\ened well enough to p:ev_eng any Jlocal =
‘damage.. Otherwise, redistribution Sf stresseés wa.l ‘occur ‘
-, and more Snergy will be absorbed in denting or ruptur1n§ of

‘the column:

. . :
‘lubmqrs_ible as:a rigid body '(except at the local impacted . *
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6.5 Pagametric Study / .

'l'his sscnon presents . the resultq of a paraner.rlc ‘study

" canied out to 1nv;utigate the effect of van?lng bargy-bit

bergy-bit. mass increased. * .

mass and !velodty, impact dlrection and location, andthe
stiffrftss of the mooring system ‘on \the semi-submersible
Y . -

requn;e' (using the hyﬁroelapric Rdef).

6.5.1 Impact Force = = i
1 : :
~ N ) {
Table 6.1 presents the yar_iation in the 1npu'c_r. force versus
bar.qy—bit mass and ve&_oclty. it also presents the effect.!
of mooring stiffness on the impact force. The values given

+

in Table 6.1 present the ratio of the'mximum' impact force

‘to the bergy-bit weight. The results indicate that the

impact force is almost linearly proportional to the 'lmp'uc‘t'
velocity and bgrgy—bit mass. 'l'he impact force ‘is- aligh_tly
affected by the mooring uysten\ stiffness.. The ii\;pact Eorce
was reduced by about 10% when tha mooring stiffness was

reduced by 80‘- ' ’rhe impact impulse duration did Pot vuty

‘with 4mpact’ veloclty but increased nlgnLHcantly u tha

.

The impnc\ torco i.a ukiectad by* the gl.obu). ntltin[:- of the "

column. The lmpadt §orce on the }cotnar (main) column wos
38% higher ¥Ot the c:an-v: se collision (lway dtraotion)
than for the longitudinal. collision, (lurga dinction) f,

e



SN " were higher. ?/

B “6.5.2 = Motion Response

b
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the 4 m/sec impa‘ct velocity. The dtffe:ence was lcwer at

lowat velocities. 'l'he column has more stifiness 1n the

. tranaversa dizection due to tﬁe support providcd by the

>
2 : .
- G :

The impaét forces on tfle saéondai‘y column' were also higﬁer'.

than thoaa on the main column. ‘Although \tﬁé crosa-séction
of the secondary ° column is smaller than that of_ the main

colung, -the -vertical diagomal bracing. provides support at"

; < . , .
almost 'the same level as the impact force., This increased

-
e

the' rigidity of -the column and hence, the impact forces

vl - % % e

Fal

Table 6 2 presents the variation in surge and. yaw motions

Cowith, bergy-bh: mass, 1mpact velocity and mocr.'ing aystem

stift\ne‘us, due to a head impact (in surge di :on) with

. the corner column. N

oy R

The moffion is" significantly affected by impagt speed.
Doublin the moowxg atitfneas ‘haa little effect on' the
, surge und yaw mtions, while reducing the stiffnaas by 80%

lignit&cantly an;ansed the motion.

vert;a_l .diagonal‘_bxacingv member (DBO) ‘near the  impagt
. . 3 ] ) * )
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645.3 Impact Stresses ' .

'.Por the corner column h‘npact. in the direction'ot’ urge _

motion, /'-txains were -measured at sections at the bage of

" the main column (section ,IlB)Vanérthe middle of the

horizontal bracings (‘ectiénsvﬂao'and HBI). For the impact

in the direction’ o:f, sway motion, the strains were measured

at . section MB; diagonal bracing section' DBO, 'ahc_l deck
girder secti/cm‘ DG. '%ha eecc:ndnry column impact in vthe
direction of sway motion was- at the same elevation An_s the
impact for the main column (4 m below the still water:
‘leval). The strains were‘ measured at the top (secPion ST) |
and base (section SB) of the ‘secondary column. The varia-.

in the maximum jmpact stresses at thede sections with

Genarally‘ Bpeaking, the impact stresses were prépotélunul
d B :

to the i‘pact veloc_ity: Ht'webei, ‘Ampact stresa\u‘ did not

“ . = . .
double in value when the bergy-biff.fiiss was dqubled. For’

example, for corner column impacf, the stresses increased
by 26% to 403 “When the bergy-bit mass was doubled. at
'o\{iginal.' moth?-iﬂ:iftneny less effect was observed for

umn impact.

the setn ary col

Impact stres Pl increased only slightly wheén the mooring
-tlgénel-' was ‘doubl_ad for the 1,000 tonne bergy~bit impact.

Rl <IN o *




-plgce d'ug to ‘impace., - o

‘denti'ng‘ nd rupture. : .

B Hwevér, the impucc atrassaa 1ncraased signiﬂcantly w‘hen

bargy-bit impacb.‘ ' - C . Y

.
v

The reuults preaentad in Tables 6. 3 and 6. 4 ‘indicate <th t

high stresses (up to 87 MPa) were measur'd 1n the mamber

.not directly. hit by i:he burgy—bit (bracings and. deck
girder). Vary high . stres-ea {up to 281 MPa) were measured
’.:at the ends of i.mpacted columns. - St:esaes in t‘he corner
_ - column uera"génétaliy ’hléj’}{é’f"thnn thpse in the gecondary

"column under similar..conditions, ilthongh the .secondary
" -

column has a smallt‘!r diameter. The reason ‘ia that the

seéondisry column was supported at the level of 'iinp.act by‘a

diagonal bracing ﬁnd -charefbre‘ less global - bending too)é
. . 2 e e
/ K

[ p’l‘he amount of . global stresaes and structural vibtations is

expected to be lasa than the above valueﬁ Af 1oc5}, failure

occutud allowing more energy to be absorbed by lc:cal

To allow local fauure to occur, the  local’ strugtural
detailing and strength propdrties have to.ba properly

limulatéd. ’l'h:l.s can only be done by using a dacailed 1urga

' scale (o.q., 1:110) model of a column portion._ }_lowavar,

such an e).n!?o:dte"invostlgahion is beyond the scope of this

study. Instead, ‘t'hajfhcc of vu"ying“ local stiffness oh
[ . )

_Lha moring aciuness was ’ dcubled foz the 2 ooo tonne'

o
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the results can be inveatigut}d uaing a aimpuﬂad nodal as
ptesented 1n the follwing section.

g, T S |
6.6 ' Effect of Local Stiffness - - :

Since éhe_ iocnl_}mpact zone was artifcially .’trengtﬁened_to

revent local damége to the model, it was decided to
L]

. 1nvéstigate the effact of varying the loca]. stiffness on,

the impact force (impulse) and semi-submersible motion.

6.6.1 HModel Description o _—
L | ) - X 3

'l'he results pf the hydroelastic nodel indicated that abour.
'9! of the ‘input anergy —Wae- absotbed by global . aeni-
submersib].e notion. Host of thls enetgy (nore than ‘7% of

*the rnput energy) was diseipatad through eu:ga lor suuy)

r motion alone, less 'than 2% by, the yaw motiona and n!.mout

none by the other mot:lcns. ’K‘hetefore, it. was decided thnt
ic would be sufficient to rep:eaent tha suzga motion as the -
only deqrae-of Ersedom for global motion, .plus one local

.dagree-qt -freedom to teptapent _the stiffness of the impact

inter face. SPrings were blacad at the back '! the impacted ',' "

' body to simulate the reu;oring forco ior the surge motion.”

A cylindrical (3 ’8 *em dlmetet, 'g 2 cm l.ong) mtiffness

elamant representing chP locpl stiffness of Ehe 1mpac?
interface was placed in :ﬁe impact .zone to transfer .the .
impact loads to the soni-qubnoillb;- ;odll (Pigure 6.10).
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¥

’l'his two-degrees—of fneedom model was made of oak wood, ..

both che impucted bodyb(representing the semi-submers:lble)

and the 1mpacting .sphere (repreaenjting the bergy—bit) ’l‘he

teglon of impact was mads E.Lat on.both bodies. The impaét
e fotces were monitored‘ uainq three Lnstrumem:s- . i) ‘a;x
E accelerometer mounted on t]\e impacting sphe?@ca]_. ge;dulumn,
ii) an accelerometer on the impacted block,  and iii) an
impact force tfanaducer'p'laced betweeﬁ the ,blocﬁ and the
é;i'ffness elenent (Figure 6.10). Very good agreement Was™
T found between the impact impulses obtained from these three. ’ _
. different instruments '(Pig;:v::e\,s.ll). In .addition f.oAti:l:eae

transducers, a LVDT mounted alangside the reétgnqulat prism

was used to measure the impacted body displacemh;.
A . . .
“ . . tew E &

" £ . ‘The stiffness elements were made of"géeel, qak; paraffin-

wax “’am‘l two ‘grades of synthetic packing material (fpam),
W o ot _‘T The" atit'tn'ess of these elements v.aried from 79,000 'KN/f:m ‘to *
i: i T, 7 70,107 KN/cm. .

2 . . ‘l‘ha dynumic totcea, accelerationa ‘and displacement were

’:ecorded On a high upeed "mgnatic tape that ca;x x-ecord

trequancles up to 60 KHz A Mgnetic-activated aysten\ was, '/
’ uaed co record ‘a' signal to t:rlqger tha data acquisition- %
proceos by the comp\iter. Figures 6.12 nnd 6 13" 'present a"
' qonerul view oﬁ che test aec-up and the data acquisition -:q»‘

. R L~

- lystcn.v ,’ R ) P e N . poE <o
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The mGdel pirame‘t:ers ‘uete chosen :in. .siuch- a way- that tha"
modelled loca® stiffneas can be repreasnted by available
‘material. This was achieved by chooslng A (the length
acal.e) as the stiffness scale as opposed to A2 for Ftoude
uc‘a.lingr . This_modelling distorts the gtavitationul

acceleration but g}a’vitaticnal forces are not involvec in

«this model. The p-rincipal scaling parameters 'are listed

below:

dimension ) Y Yo ,"’.
velocity ‘ 1— - \ 5

! . acceleration 1/x :
forces . s K 2
stiffness . A

- mass o A3

. ‘time . \ M . '? ;
frequency ° 1/A Lo X
. damping ratiol S o U : . ”' 0

otressd ) . ..

' elns«city mdu’ﬁrs 1 ’ p .

Thq linear scale A is 1:98.




> . -
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The* impact” tests wer‘a_. carried out for three ball masses

(rapresem:ing 1000, 2000 and. 4000 'tonne bergy-bits). The

'stifiness of the aprirﬁs were vaxied to aimulate i) one.

half, “11) double, and iii) the original mooring system

stit.fneas-foz‘ the surge motion. £

‘. d %
Impact speeds ‘varied from 045_n/sec b 2 m/sec. Effect of
. local st!fﬁness waa{investiga‘ d using the' six—Aa-:-iffneas
elements for o:iginal mooring stiffness.‘:mpaot velocn:y of

1 m/sec dnd bergy-bit mass of 2000 tonnes.

- + o t

i - C
A total of 30- tescs Were cax:ned out, each test involvmg
3 to 6 repeatad hits under the same conditions.

6.6.4

The equ&tion of". motion of the two‘—}:le rees—of-freedom
“x;i?gid-bp\d)‘y\ model shown' in Figure 6.10 isvgivz_an by: :

MYy + SVt kv =Ky e vy = 0

. . . DAY 3 .
myv, + (c,»cz_)‘{LI (kykp)vy = vy = kv =0 cevess 606 -




SRS

where (m,,m,), (cl,éj) &nd '.(kl,kz)'a:e' the mass, damping’

gnd— ‘stiffness properties “Ythe‘ two-degreau-o%-fteedon
model, ¢ - ’ ’ ’

v, and v, nfe the local and base (global) displacements,

respectively ‘ : . Ly )
- v, (0) = impact velocity . =~
- The equations are polved nuierically using Wilson - 0 b
method. - U - N T

f ) 'Bquat.‘ions 6.6 were used to obtain the i-mpuct fo:ce and

glob51 motion for xelected stiffness elemgntsn the oak,

wax and black foam plugs w! th full-scale stitinass of 40,

5.2 and 0.0107 lN/cw, _respectively. Figure 6.14 pzeaenh

the_ fuli-scale conpu.ted and asured 1|$act forces for -the _
three stiff)esq elements due to inpact_ of 2,000 tonne

bergy-bit at 1lm/sec. Good agreement was obtalne(? between . ..
the experimental. and npmsriculil\mlues. 'l'hese:valuau v)a.re
scaled up to the lrot,otype values., ' 5 %

> t ~ - L . # g
{ : ! _ :

i . - Y

; ‘1t is interesting to note ‘that the impact force obtained

"{  for the wax’element is similar to that obt.uhied from the
5 hydroelaauc model for the same bergy-b!.t mass qnd mpact R
& ! speed "(Figure 6% 2). 'I'h‘ stlffnu( of the wax element wu‘

. v = close to.the local qtlftneas of the a i-submersible cglunn, :




18 76n wh:lle thul: obtained; fro

'rha ccuputed surge motion ‘was alsc" c].ose to the masured
one. It i.a aun intetesting to note t‘hat the max&mum surge

motion measuted ‘from’ the two—degrees-of-@eedom model was,

the hydtoelastic model was

'-_1.am (Table 652), . - . U TRa S
) s 5 .
6.6.5 Parametric Study ,
> v ¥ . s
. -~ 4 ‘ by

o

N

This' ection presents the effect of ].ocal stiffness on “the'

impacc erce and motion zesponse as mehsured from the two-
dagreea-of freedom model. Table 6.6 presents a summary of
the,, full-=scale results obtained fo: an 1mpact of .a 2,000
tonne bergy bit at lm/sec. 'l'he results are given relative
to the c};rresponding ‘yalues of the wax element, since its
‘stiffness is ‘close to the local stiffness of' the

"

strenghened columh of the semi-submersible.' »
stren AR > ) §

" The local qtiffn'ess values varied by about 6 orders. of '

%nlcude. However, the impact Eorée varied only by a

fnctor of 70 and tha mpg«:c'dutation by a factor of abaut

© 1/45. -When the"htiifness increaged by' a ﬁncéor of 7.8 (oak

slement) kom the original n&g\ (ior wax), the impact

’:orce was doub].gi Howave:r-{urther ineren§e\o£ the

SHS:B“‘GN not ‘affect the . impact force significanhy.
For “example, by . inctea-ing the stiitneus by more ., thnn ‘3
orders of mgnitude (ltnl alamnnt), ths hnpaet‘ to;qe

‘r\cf?‘..d by/n tacto.xf cﬁ\\\o‘n\%y”‘;?. upnot force,

N



however, was mbt@s»ehsit'ivg to stiffness vaﬁntion‘_h_ij. lower = ']
stiffnéss values.' ¢ w b ‘ :
o G Pk o ¢

L ~

For, exanple, when the stiifnesa vqaa x:edueed to 1-.1\ of thr
original value, . the’ impact force became about 5% of ies @

value at origlnal shiifness. T L

The increase in the 1mpact force wap'~accompanied by%r

degr’e,as'e :m the impact duration and - vica vez"sa. Alﬁ;‘hough ‘

both the force and duration variad signiﬂcantly with
varim:"{on 1n local stiffness, the value g; impul.se almoat 5 ¥ ‘,:.?’
3 remained mnstant. This is ev%ent oainca thete w\q var;' A ’
little vax‘iﬂ:ion in ‘the rébound valocity. ‘Noz afi Vth? M P

mdximum surge dhs}lacement vary . with varilaticn in o(ml
- /

stiffnees. o R ) 5o

2 ¥ ) s . g

' El o ¥ 0

This means that t‘h’e response was a_ functihn of thé }mpulsn B

. value onl.y (1mpact duratlon ig very mﬁch shorter thun' )
”. i

&e .
dbound

natural exjod of mot on) 'l'hsrefo:e, 4/'; iu uxpectad
P
I

_the., global - aemi-eubmaxlaible motion gnd bergyv hlt
s.obtnined fzom the locagl ly suffened hydroalus}.tc mode!.A‘ L
testu' repqesen\: the Luma for tl;\; aetuul uami-squ&rnlbl,g .A.‘_
(\githout extrg 1ocal ntiffenlng) 'l‘his is buod .on . thp '

-J‘uct that the) impulne valua almost(’ d!.d ot chango~ ovet th., T,

: 2
wida Arange fot valuos o! local atittnyu including the e

! actual lpiuno,u"_‘ .




Hm;ever, the g].o!_)al impacivgtresses may vary sigf\ificantly
N from the __val.'ues presented j.n;_-Seetion 6.5.3, since 'the’ A(
.. v struc:ura}’l ‘response will be affec.te.dk;by both the impact .
_force and duration "(pr:}ncipal frequency 'oj impact is not -

v * very far from the natural structural frequéncies).

g The E’esults b}esehted in Tabie‘ 6. 6 indicate t.hat aléhough

the 1oca1 etiffnass varied by’ about six ordera of magni.-

tude, the energy absorbed. by local deformation and globnl.
motion remamed almost constant. \ o = © S

- i . . i ST i L‘
The maximum surge motion ubtained.from the twc-degreeSfofr
freedom model (1.76m) was close to the value obtained from
the ’ hydroelastic model (1. Bm) ‘ e bergy b_i\t velocity, 2

¢ 5 rebound obtained from the 2 DLO F. hodel was O. 68n/sec

while‘rthat obtained from the hydroelaatic model Eo:‘ the

{ same_.‘condit:ions (2, 000 tonne and 1m/sec) was 0.5m/sec.

Lo This c'or.j sponds’ to rebound energies of 46% and 25% of the
g - input"'ki tie engigy, respectively. The difference, 21%, '
- ) \\ E must ‘have been absorbed by etructural deformation 'in the

- hydroelastic model. -

It 13 interestin; to note that analysia of the results of .
the hydroel.astic model impact' tests indicated that  20% of
‘the input energy was bal!.eve_d to be absorbed by structural

o, " vibrations of_thé semi- ;\jblﬁerslblle for an_impact “of vh‘n/sec

~(Section 6.4).
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“ 6.7 Practical Application
|

‘As stated earlier, the main objective of this research
“ program is to investigate the global response of the semi-

g : | submersib'l‘e to wave forces'and ice impach Therefore, t}ié.

impact zone ‘An the column was assumed to be strengthened .

well enough to prevent local damage- The local deform{-

- ' tions . 1n the hydroelasuc model and the two—degrees-—of-

f:eedom model were elastic ones. ‘Accurate eatimates of the‘
ext.ant of permanent deformation and rlupture 1nvolve e1thér.
i) large acaﬁ.e—model tests -where /the/ local structural
detailing and.'ma‘te.;ial properties’ a;;—prcperly simulated,
or ii) a detailed dynamic non-linear finite élem_ent_
analys{a of the portion of the colnmn subjected to impact
using isoparametric shell’ elements. . Such elaborate
‘inveatbigations are beyond the scope of the. preseAnt study.’
Howevet.v an approxinéte analysis, b;sed on. simplified ’
methods, can be catrie‘é out using ’Ehe' impact forces
obtainsd from the - experi.mental models to see if permanent'
st . deformation will take place .in the ice—strengthened and

unstrengthéied columns.
\ First we compara the numerical impact Eorces of a bergy-bit
on a nml—aubmsraible obtained by Kitami et ‘al (1984) using
a’ non-linear load-defomation relationship fox the 1mpuct

interfaco\(both for ice and a well-strengtheneq column) .
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The loéad deformation: curve for the ?,000 tonne bergy-bit

was o}ﬂ:gined' from indentation tests on 'sea ice sheets
'r(inp'aci‘; sérength of iceberg ice was not ayailable to them).
The load-deformation curve of the double-walled column was

obt»éi’x‘{ea \‘Jsi\ng elastio-plastic analysis, "The outer diameter

‘of ‘the column was 12.5 m while -that .of the inner

\c;}lindrical_ wa‘llb was 9.5 “m. Horizontal 'r:.ing stiffeners .

.joining the two cylinders were placed 1.03 m apart. ' The

of 'th_g; nu'mer?'zﬁ

preseni:ed i17 Section 2.3, '

\

The results were presented for ‘theﬂiﬁéactuof a 2,000 tonne

'1lniti_al- stiffness?f the column was 3.5 MN/cm. ' An out‘llir'le
model developed by Kitami et al has been

“bérgy-bit and 1 m/a;c impact veioéity‘.‘ The peak impadt
forc; was lout 15 iﬂT‘and occurred 100 ms from impact
atart:im_.; tipge. The peak impact Eérc‘e ob;.ained from the
hydroeldsti¢. model (Figure 6.2) and the 2.D.0.F. mod}.al.
“(Tadle 6.6) for the 2,000 t@_nnf: be:gy;bit, 1 m/sec 1mpaét
velocity and ldcal stiffness of 5.2 MN/cm was ab.ct.:t"38 MN.
The results of Kitami' et al will be used to check the

validity of the app:o'xiniate analysis as outlined below.’

Ty N

The simplified analysis is based on the as_sumﬁtion that the

local column stiffness can be approximated by the stiffness

of a thin ring ioadgd by "two equal and opposite forces .

acting along the ring diagonal. The moment of iinartia of

the ring section is taken equivalent to that of a,‘sagmen_t



s
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of the column section having a height' equal to Fhe
thickness of the 'ice at the conc;ct area. According to
this method the stiffness of the column and ice l;se by
Kitami et al were 2.07 MN/cm and 3.8 MN/cm, respect’ y.
The combi:ed stiffnesa of the impact 1nte;face ‘is,
therefore, 1 34 HN/cn. o By interpolation Erom 'l‘able 6. 6,
the inpact force corresponding to intetface stxffness of~
1.34 m/cn is 19 MN: The’ corteepo,nding column defor_matmn '
cah be computed as . : ) S )
190m9)/2.07(mi/cn) = 9.2 cn. - S

The lmpaft‘ force and column deformation,reportea by Kitaini
S - :

-et al wére 15 M¥-and 8 cm, respectively.

They indicated that ‘since the :fal 'disblacement wa>s less.
~

than 1% of the column diame (12.5 mi, X‘IO‘\ permanent
deformation would occur. Us).ng the simplified ring model
the. load needed .to develop a plastic hinge 1n the column

‘was 23.4 N (higher bhan ths impact Eo:cg

am

Compafing the numerical values obtained by Kitami et al

(1984) with the results of the simplified ring model, it
can be seen that the simplified model can provide a reason-
y i o

able approximation of failure load and local displacement.

We will apply this simple model to get a general -idea of
the conditidns that may cause local failure, for the stif-

fened and unstiffened column 6:‘ the Tim-77. semi-



will take place in -ice.

s . o -0 =

submersible. As mentioned .earlier no damage took place in

.the strengthened columrs of the'model.‘ Hweyer, this does

‘not necessarily mean that’ permanent deformaéion in - the

strengthened columns of the prototype wi].-i"not occur. '1%:

measured, impact forcea will represent full—scale forc

since the st-:Lffness» is properly simulated. .However,. aince,

the strength of ‘the mater:tal used ‘to strengthen ‘the model

".(steel) is about 110 times higher than required for the‘
prototype, faxlure__.to the prototype ' m‘ay. oqcux.although no,

fallure took‘ place in the model. - Another; difference‘_

between the model and .prototype is that theﬂmpact tests

were carried out cuslng lead weights.. Deformation of ice is

expected to ‘influence the value ‘of the"jorces_ in the |

» -
prototype.

The computed tiffness of the strengthened column waa‘

6.87 ‘M'N/cm. 'I'he stxfiness of ice"dbtained, assuming 4 m :

high vertical: ice. surfaée in the impact zone and an averége
impact strength of ice of. B MPa (obtaxned from impact tests
reported 1n Chapter 3), was’ 10.1.MN/cm. v'l'herefore, -the
combined stiffness of the colu.r'nn ‘and ice will be ;1.1 MN/cm,
Interpol‘ating from Tabls 6. 6, the 'hnpact for;ie is obtuineﬁ
as 3. 2 MN.‘ ’l'he r:on'eeponding local displacemsnt is 5 cm.
’l‘he ‘indentation in “tee will. be’ 3‘ 4 cm and’the dontact. area

4.28 m2 (4 m high,” 1.07 m w:lde). This' means ‘that failure

Y
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The lPad needed to ‘deve‘lop a pla.stic hing{e'vin the column
(as éomputed from the ring model) is 53.6 MN. Therefore,
the strenéthened column will probably suffer no -germanent
deformaltion-for the 2,000 tonne bergy-bit with impact

speeds up to1.5 m/sec, or for a 1, 000 tonne bergy-bif. with

impact’ speeds up to 3.m/sec. Fm.‘ higher combinations’ of -

. mass and speed, permanent deformation 15 expected .to . take;

_place. T ey ' . .
T T

Follwing tl;:e same pr‘ocedu:'e, . the followxng values were

: cbtaxned for -the unstiffened column:
~ 0 -

column stiffness Ca 0.08 MN/cm

ice stiffness ' = 10.1 IMN/cm

<+

“combined stiffnass = 0,079 1N/cm K :
impact “force = " 2,53 mN
column‘deformation‘ = 31.6 cm .
ice de‘forimatlo‘n ’ = 0:_25 cm

‘yield load ‘= .1 MN

i oal . ‘ o
The above values indicate large column deformation (about

3.5% Of column diameter) and large impact force (about 2.5-

times higher éhan the yield load). 'l'hs_tefore, permanent
élefomation of the' colulhn»ls expected t:z')~ t&ke place for
mass ‘and velocity combinations higher thnn 1 000 tonne and
0 .5 m/seu (500 tonne and 1 m/sec. etc.). The ice defoxma—

tion s very an\an and cruahing may not occur.
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The above values repre‘he\n@. only {6ugh estimates, especiilly
since the stfesses due' to waves and gtavitationa_l/buoyl_anq
loads were not taken into account. Better estimates of the
extent/ of démage can be obca_ined using detaile'd non-linear
finite el;ﬁent analysis .of the local structure ‘of the

columnyein the impact zone. .
Umn gl P :

'.The results o:f '.imﬁact tests on the elastic nodel and. the.

‘two-degrees-of-freedom model of the semi-submersible have

been. presented. ‘Impacr. forces; s'tresse.s ‘in the‘colul;\ns,

bracings an‘d a deck ““girder; ‘and b‘érgy—bit ,and  semi~-

" submersible -motfon _during and af'.t'er' impact have been

presented for a. combination of beréy-pit masses, impact.

speed and mooring stiffness.

/.-

The effect ot varying local. stiffness on the impact forceu_

and motion reaponse was® also 1nvestigated. . The experi- .

3
mental values were in good. agreement with J€?’|ose pbtained
from two numerical models .that use a 1inear -load-
deﬁormaticn relatianship for the hnpact interfaca\

Estimates: of the. impact conditions that may cause permanent

v local deformation were obtained using a simplified numeri-
cal method. .The validity of the method' was checked using

available results fof a numerical model that utilizes a non-
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) ; - t
linear load-deformation relationship and uses an elasto-

plastic analysis of the column.

The results indicated that impact forces and stresses are
significantly affected by bergy-bit mass, impact velocity
and local stiffness, but not sensitive to mooriﬁg system

stiffness. A slgnificant amount of energy is believed to

. be absotbed by global ltructural vxbxa:mns.

'l‘lie atrengthened d'olunm' can withstand' an impact of a l 000

torme bergy-bit for impact speeds up to 3 m/sec thhcut

‘noticeable damage. 'I’he cclunm desxgned for. wave forces

(without ice stre_ngthen1ng) will not be able to resist

impact without .a considerable amount of dam‘agje.

°

The study demonstrated the ugefdlneqs of the elastic model

. Vaad
+in determining impact stresses since, to our knowledge, no
finite element model is available- yet to. directly perform

_such an analysis for a semi—submersible.




CHAPTER VII .

|

CONCLUSIONS
The main objectivg of this Ltudy was to develop a, model
that was structl\xrally and dynamical].y similar to a typical
aemi submersible m use ‘!it to’ measure the stresses.‘-b
daveloped ifx all the structufal members due to wave forces ‘-
s N < z and 1mpact 1oads. 'I’he llterature review shows development
of such a model mig‘nt not bF‘feasible since thé model would -
be very delxcate and there lwoula be enormous problems in R
modelling, construction, hand].l.ng, and “testing” of th‘el
model. This ;tudy pre.;;ente the techniques used to overcome
these problér_us.
The model’ling techniques | were @ieve‘loped to achie‘va
similarity af local maes'distribution and -f:he axia
bending, shear and totisona] stiffnesses of the structu
members. The local mass  distribution was perfectly
simulated and the relative. stiffnesses of the structural

R R .
«7"" /members were kept the same in the model and the prototype.

!/The absolute value of modelled stiffness was only . 70%

[ higher tﬁan that required £or the member's. 'I'herefote; the

developed hydrnelastic model\reptesents a new generation of

,/w structural models which is Qeveral steps ahead of the best

availabl_e semi-submersible m del.

- 174




" measur ements.

Due to ‘increased étr‘uctural rig:i'di:ty of “the previously

availai:le models, strains were measured in btacings and

deck ' girders only, while the strains were me'nsnred.‘in all ’
the structural-'me;bets from chg hydroelastic model.

'I'he allght increase in model stiffness did: not affect the

structural ‘response £o waves. ' However, l:he natural

frequenciea obtained from r.he model | are abouﬁ: 30% higher

than the actual valuas. B Slnce impact 1nvo).ves nacural

vibrations - and dynamic reep_ons‘e, ,the gesults_may vary .
slightly ‘due to the dxfference'in stiffness.’

The delicate model survived about 150 regular wave tes}:'s';

four '1rregul;1r' wave. tests with maximum wave height of 26 cm
(20 ‘m full scale); and about 50 impact tests with modelled -

bargy;bita raptesenting magses. up to 2 000 t:snnes and

.impact speeds 'up to 5 m/sec. This. is an lndxcatlon of the

reliability. of design, construction, handling and testing
techniques.. )

The accu’racy of the motion reaponae of the model in waves

was veriﬂad using results obEained tron numerical m dels,

earlier model tests and field measux:ementa. The measuted
atructural reaponse vulues were validated using computer
anulyses. ) The accuracy of structural response obtained

from elaat!c models should -be checked using 'full-scale ;




The first attémpt to develop a structurally s{mil..a: nodel
‘was a successful one. The results dem.ons_t.rnted that
develo‘pi.‘ng a 100% structurally and dyn‘amlcally similal
model is quité éeasible. For example, the same ma.te},'al
* used to construct the hydroelastic model can provide a
perfect stiffness similarity fof & scale, of about 1:50.
Structural damping aj.milar_i‘ty may pé‘la pr-oblen; since the
damping of 'plaét‘ics is higher than that of steel. _ )
(‘The results of model "response in -régul;t .wavea ind.icaf.éd i
that the mot’ion ‘;li_].]. sliéht;ly decrease’ and stresses
increage by u§ to 30% dft'er 'the model developed a list.

The motion and structural response of the model in the o *
ligting condition contained a low frequency .component, a
'phenomenbn not obs;rved for level-keel position.

Second order lw—'frequency components were also cb;erved in

both the motion ,(except heave) and structural responses of

thve model in 1.r'regular waves. The stresses were gignifi-
cantly affected by the resonant motiom:" '['he :esults also ’
demonstrated the linearity of the _m&tion and structural
reséoﬁaes.
The resulta of impact tests carried out on the elastic
model of the semi-aubmersible indicated that 1mpact Eothp___'
and stressea are signiﬂcantly affected by bergy-bit mass

and—speed; forces are more affvctadv than stresses.




.

elastic vibration of the
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structure.

This

/l A significant portion of input enerqy"‘is absorbed by

structural

vibration may be less in semi-submersibles with a smaller

number of bracing members.

Local stiffness was found to

significantly affect impact forces but motion was not—

collisién with semi-submers

. .Local failure of the impa

‘
occur in the model.

ibles.

affected. The study. demonstrated the usefulness of "the

elastic model to investigate the problems of bergy-bit -

cted zone was not,permitted to

. To accquni: for local failure,

a

replaceable 'failure' element, similar to the stiffness

. ¥ —
element used in the two-degrees-of-freedom model, can be

developed a%d ‘pPlaced on the column of the elaséic model.

== The failure <element should similate the load-deformation

characteristics of both the column !nd .ice: ' The load-

-impa“&sd‘ ”part of the column, using ‘\app'fcptiacé“ boundary, .
. Rl . . i .

e condiéions.

deformation characteristics of the column'cén be obt"ained.‘ i

4 - using a" detailed non-linear finite elemexjﬂ: analysis of the

The load-dsformation characteristics of ice in the impact

S < , N S
zone can be established ‘using the results of the ﬁnpa_c{j.

tests on iceberg_and snow ice presented in Chapter III.:

These. ‘results represent the only available data on .impaéﬁ

s strength of isotropic ice.

s




The result,s of numerical impact modela were veriiied using

the, results of impact tests. The models provide a good *
.estimate of impact forcea and motion. 'l'he mode!.s ebculd ber
modlfleﬁ to &ccount for non—lxnear load deformation charac-_
temstics and for elastic vibration in the sqni-aubmersiﬁle(

structure (e.g., by adding an extra degree-of freedom)

\Thé three degrees-of'-freedom representing heave,-&;b% ar,{d,"'.‘

pitch may be‘ eliminated from the numerical. models

1 &

affectlng the accuracy of the teeults.

EPEE T ¢ e J
'strengthened columns w111 withstand the impact oi a’ 1,000
tonne bergy-bit at 3 mfsec impact velocitx, while colunms
designed fox: wave forces only may not w1thetand the impqct
of a t;ergy-’-bit.' These results are besed v.'on"»sim'plilﬂed
‘analysie., Bettﬁr estimates of the extent of damage/ can'be-
ot;tained us:.ng non-linear finite element aualyq!'te‘
described aboveL L . ) " ) . ’ .

o : P

Wi thout -

i 3 K 7 yot

0vercll. the “study demonstrated the .viability and cEdli-

ab‘ili.typ of hydroelastic modelling, of semi-submersibles. -

The model was successfully designed, built and tested; i

survived all the tests, and 'b’erfca)rmed well s beyond rall .

expectz;t':lone. ' . f e
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Table‘l.l Hibernia Develbpment Environmental gtiteria'(Wei:. 1981) -

47°N.

- No. of Ber}s' Crossing

- . ’ -
. 3 Pe}:;‘ole\n‘n Directorate - .Mobil
- Parametef SI Unitd SI Units " Traditional Units
Water ‘Tesiperature R LT R 1.1 - 11.6°C “34 - s3°F |
Air Temperature (-)30.- (+)30°C ()26 - ($)31°C (=)15. - (+)B8°F |
Wave Height - .25 m . 28.-35m t.92 = 115'fee\t
Cux’,rent" - . 2 n/s . 1-2nfs - 2 - 4 kNots_
|sea' 1ce . E ’ v o / :
- Rafted 4m 2-3m 7 £10 feet
- Compressive Strength E 1 - 12 MPa 1.6 -~ 10.3-MPa 225 - 1500 PSI
Icebergs- o . . et e
- Mass | 5x106 - 15x106 Tonne|5x106 - 12x106 Tonne| 5x1p6 - 12x106 L. Ton
= Scour Depth ¥ | -4 -8m i 9 m . 30 feet £
- Speed ,_,‘} 1 m/s 0.4 -1 m)s_ 0.8 - 2 knots »
1600 - vlSOO » 1200 ° 1200

- b6T -



Table 3.1

Summary of Uniaxial Compressive Strength Test ReSults
at a Temperature of -5°C.
Q
N | Mean Mean Mean Mean Mean
3ce .Type Strain Rate Strength| Tangent Ti;ne‘ to Strain at
(sec™l) " (MPa) Modulus| Failure | Failure
- F o (Gpa) (sec) (%)
Iceberg 0.82 x 1073 |~ 7.43 5.04 2.38 0.19
Ice 0.59 x 10-2 6.6 5.97 0.20 0.12
R 0.58 x 107! 6.97 6.7 0.02 0.11
“ ‘
Snow Ice | 0.88 x 107% 3.88 3.25 14.85 0.17
0.87 x 1073 6.98 6.16 2.39 0.23
0.78 x 1072 5.63 . 6.88 0.17 0.13
0.39 x 107! 6.73 7.2% 0.04 0.17

- G6T ~



Table 3.2 Summary of Indentation Strength Test Results at a Ten:per;‘tme of =5°C?~

. Resistance to.
) {Mean Penetration n
. b ation Strength*] (kN/mm) Time to|Mean Strain| Mean
: | speea In Confinement - Failurel|at Failure | Strain Rate
. Ice Type|(mm/sec) .Shape Condition (MPa) Initial| Mean| (sec) LY (sec™!)
i - . E .
Iceberg 0.041 |Circular “Unc. "16.98 292 .| 107 | 3.25 p.13 0.37 x 1073 !
Ice 0.049 |Cylindrical] Unc. 23.46 322 | 128) 3.45 [ o0.18 0.45 x 1073 =
0.973 " Conf. 28.43 127 53 | 7.96 0.59 0.66 x 1073 o
" . < 02481 - 1 unc. 30.47 343 | 211 ) 033 | 0.1 0.44 x 1072 1
. 1, 0.515 L] Conf. 33.97 137 69 | 0.64 0.34 0.47 x 1072
' 10.560 . Unc. 23.72 251 199 | 0.011 0.12 0.96 x-107! .
35.150 - .| cont. 27.41 165 110. | o0.008 0.27 3.20 x 10-! -
snow Icel 0.051 |cylindrical| Unc. 21.28 337 113 [.3.56 0.18 0.51 x 1073
0.059 |circular Unc. 16.39 173 102 | 4.97 0.29 0.59 x 1073 i
S 0.078 | = Conf. 20.52 15 | 46| 9.22 0.71 0.77 x 1073
0.491 - Unc. 17.44 216, | 146 | 0.43 0.21 0.49 x 1072
11.540 . unc. . 17.98 192 138 | 0.019 0.22 1.10 x 107!

. 7+ Total force diyided by the contact area.




Table 3.3
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Summary of inpact Test Results = &
Maximum Failure Impact |Indentation
Sample | Type Pressure*|Indent.** Period ,| Depth***
No. of - Ice (MPa) (mm) {sec) (mm)
Gl 18.17 0.30 -0.016 8.77
G2 16.44 0.31 0.015 9.89
G3 Iceberg 21.63 0.32 0.02 6.6
G4 Ice 12.46 0.34 0.024 10.60
G5 X 13.84 0.35 0.017 10.85
G6 . .20.76 — | 0.36 0.022 11.65
G7 18.17 0.32 0.021 9.7
Mean ! 17.35 0.329 0.019 9.73
s1 20.07 0.81 0.021 9.1
s2 16.44 0.79 0.013 6.65
83 17.30 0.75 0.013 6.6
s4 Snow Ice |. 23.36 0.77 0.013 6.76
s5 24.22 0.79 0.02 5227
S6 21.63- 0.73 0.013 6.96
s7 20.76 0.72 0.014 6.75
Mean 20.54 0.76 0.015 6.86
sul Unconfined| ' 17.30 0.52 0.016 10.3
SU2 -|Snow Ice 16.44 0.56 0.021 12
Fl 52 Fresh’ 20.76 0.63 0.018 11l.1
F2 Water Ice | 20.76 0..59 .016 8.2
8 A =

* Measured by the force transduc
** Indentation depth at initial failure.
"'Hgaautad after impact.
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Table 3.4 Comparison of Uniaxial Compressive ‘Strength of Isotropic Ite

_Compressive Strain S Grain |Tangent
Ice Type- Strength Temperatlure Rate Density Size (Modulus
(MPa)’ ) (1073 /sec) (Mg/u3) (fam) (GPa) |Reference
Articifical 9.1 -7 ‘2.1 " o0.9m 0.6 13.2 |Haynes (1978)
Snow Jce ~
10.1 - - -s 1.0 0.917 "1.2 | 3.0 [|Mellor ana
: | . : Cole (1983)
- K : : i
7.0 -5 0.9 0.861 0.85 | 6.2 |Present stusy =
p - @
T > 1
7.4- - -5 0.9 0.904, 7.4 5.0 |Present Study .
Iceberg ~ —
Ice 5.53 © -4.5 1.1 N/A 15 6.2 |Gammon et al
. (1984)
' Greenland 4.2-6.9" © -5 N/A* 0.905-0.915| "3-7 [1.5-2.3|Butkovich
: Glacierst’ . 5 c {1959y .

* Stress rate 0.05 MPa/sec. i g
" ** Five different types of glacier ice. P '

v . - ;
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Total Mass of the Semi-Submersible

Components at Survival Draft ¥
Mass (tonne)
Component Fixed Variable
o Two. Hulls 2,750 | 5,670 -
§ Four- Main Columns 1,850 " 600
l’puz Sécondary Columns 1,§75v -
Bracing System . 1,270 b -
Deck ¥ 4,150 3,000 °




- 200 -

TABLE 4.2 Main Dimensions of the Prototype and Its
Static and Dynamic Properties as Measured
from the Model Tests

Dmensions "
. Overall length ~ ‘ 90 m
& * Length between column centers 69 m -
o & Overall jbreadth 5 m
. Q . 'Breadth betwéen column centers Cr 60 m
\ Pontoon o
. e \. - Height . 6.5 m
S © Width. . . 15 o
. " s\ Corner radius lm,
* Column diameter .
' &4 corners 9m
4 ‘inners 5.5 m
Draft 0 t
Survival (S.D.) 18.5m |
° Operating (0.D.) - 23.0m
Displacement - at S.D. at 0.D.
7 ! : 20,800 t 22,000 t
N o) C. G. height from keel 17.4 16.8 m
O Metacentric height (moored) .
LGMy (measured) 3.3 ;35 m
GMT (measured) 2.7 3. m &
hd Radius of gyratién
,Roll (measured) . 31.2 31.2 m
Pitch (measured) . 2949 ©30.2 m
1 Yaw (computed) © 3649 37.5m
Natural Periods (measureg) Free Moored
Heave 24.5 23.6 sec.
Roll 71.0 ' 59.1 sec.
~ Pitch - - 50.7 "\ _44.8 sec.
. Surge & 89.4 sec.
- smg o N 117.8%sec.
Yaw ~ . 88.67sec.
.. b : . .
re
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Table 4.3 Basic Scaling Parameters According to Froude

Modelling
Length Y N
— -
= ATea A2
- Volume ) A -
Density 1
’, " Pressure - A .
- Mass T a3
. y .
Force Coad .
) toment - - Al i
Time. . 12}
. - . . g
Frequency 1/7a . ~ .
Velocity 28
L]
Acceleration 1
Linear Stiffness A2 :

Rotational Stiffness A4
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Table 4.4 - Scale Factors for the Hydroelastic Model

Scale Fact

Actual Scale-up

Parameter (Prototype/ el) |[Value
Length, L cp = 1/x 75
Fluid density, o Co 1.0‘25
Diséla;:ement CPE:L ) - 76.9
Mass, M ’ c,c '\ 432,422
Force, F - C C.%‘ : 432,422
Time, t s 8.66
Frequency of Motion 1//(:L 0.115
Velocity, u /CL a.és
Acce[e-fation 1 1
Cable Stiffness f:pclz‘ 5,766
Young's Mo;:lulus, E.L'~ CE’ - 112
Thickness, h Sy 30
- | :

Strain, e (Cpcé )1/ (¢ c) 1.75
Stress, ¢ (cpcﬁ /ey, 192
Sectional Forces Cy cz 1,080,000
Bending Moments c, ¢} 81,000,000
St’r;xctural Deformation] c. ¢ 1;31
Frequency of 1//cie, - 0.088‘

Structural Vibrations®
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Model

Properties of Plastic

Sheets and Tubes used in the

High-Impact Cellulose ~
Polystyrene Acetate
/ Sheets Butyrate Tubes
é) lieaaul;éd ’
Specific Grayity ' 0.997 1.096 .
Tensile. Strength (MPa) - 123.55 - 37.7°
Elbngatiod' 3) [ 20 -50 “s0 7
Modulus of [Elasticity (MPa) - 1890 1834
b) Manufacturer
Compressive Strength EMPa) \ 28 - 63 14.7 - 154
Flexural| Yield Strength (MPa) 35 - 84 12.6 - 65.1
Thefmal [Expansion (1075 cm/cm/°C |3.4 - 21 11 - 17
Resistahce to Heat (°C continuous) {60 - 80 60 - 105
Water Absorption, 24 hr, &
/8 in..Thick (%) 0.05 - 0.6 0.9 - 2.2
of Sunlight Some strength Slight
: lost, yellow
slightly
of Weak Acids =~ None Slight
of Weak Alkalies - None Slight
of Organic Solvents Soluble in Soluble in

laromatic and

chlorinated
hydrocarbons

ketones and

esters
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Table 6.1 Measured Impact Force on the Semi-Submersible
o
Maximum Impact
Forces/B.B. Weight
Bergy Bit|Impact Impact Velocity (m/sec)
Impacted Mass .|Direc- Mooring n T
Column (tonne) {tion Stiffness 1.0 | 2.0 4.0
A . ‘
FT i < N
Main i
Column 1 1,000 Surge Original 2.2 3.9 7.6
Very Slack 2.0 3.5 7.2
Sway Original 2.5 4.8 10.5
L) Lag) :
2,000 Surge Original 2.05 3.8 7.9
‘e
% Very Slack 2.0 3.5 6.8
Secondary| 1,000 Sway Ooriginal 3.9 7 11.5
Column
d_—

voz -




Surge and Yaw Motions After Impact of Corner Column

) 1},'000 Tonne Bergy—Bit
@ LR r/( ) 1.
SR Impact Double Very .| 2,000 Tonne . M
. . Velocity| Original Mooring Slack . Original
" l s )
(m/sec) Mooring Stiffness’]| Mooring!|- Mooring
: A ) 1 s 0.36 0.5+ .1 1.0 t
© iz J S H
t ¢ T I
% 3 § : ; ! '
3 Surge 4 s 2.2 3.2 4.1
N . (m) 5 . -
! - . H
= ~|! B
1 0:75 0.9 R 1.8 R 1.8 !
. 2 1.4
- Yaw 3 2.2 A '
) 4 3 3.5 4.8 5.2
’ 5 3.6
! - -
5 . s
.0 U . o
. . /
\ w ¥ p ¥
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=\ Table 6.3 "
e

i.

<
¥ -
& '
Impact St‘reaa;s in Main Column and Horizontal
Bracings - Head Sea Impact on Main Column ¥
2
. Maximum Impact Stress (MPa)
.|Bexay- - _Section MB | Section HBO | Section HBI
Bit 5
Mass Mooring . %
(tonne) |Stiffness|1m/s|2m/s|4m/s |in/s 2m/s|4m/s|1lm/s|2m/s{4m/s
1,000 Orig.inal’ 38 |73.5/168 [-18°}. 39 | 70 |17.5(31.5{ @6
+ |Double "} 38-| 70 161 [17.5{ 49 | 77 | 14 | 28 | 52
o . - - = V.
2,000 |Ooriginal .| 45 112 [210 18| 38 70 [21.5) 42 56
T . o . .‘ N
Double . 73’.5 164 |281 21 56 78 17 38 65
e i
Very : . b3
® Slack ., 5%)57 259 21 45 | 60 J12.5| 25 49
; AR I .
? P ’
- .
|
. 7

e

o

- 90z -




. o
Table 6.4 Impact Stressesyin Main Column, Diagonal Bracing e N\
. o and Deck Gitder\ssgam Sea Impact om Main Column "
; ¢ & ’ : o .
% R - “t . 3 £ s
- 2 Maximum Inpacs. Stress (MpPa) \
: v, & . 1 .
. : Bergy- |. . | Sectignms | section pBo |- section DG '|
- ) Bit . . - 3 - - . e
. . Mass Mo'o'ring R RE B B
* (t4nne) Stiffness|im/s|2m/s{4m/s|1n/s|2m/8{4m/s{1n/s|2m/s|4m/s g
b4 . * ‘ " ~
1,000 [Original 60 [126-|190, | 12 25 50. |17.5 .'?3 &6 "
’ Double 72 (129 fiss |17.5{ 28 | 52 |'21 | 30 { 55
S E . . . = l L
-2,000; Or‘i.ginal . B84 (129 (240 | 28 28 72 1-25 | 32 87 n
' § N o i . 3 I § ]
Double . {122-[157 (280 | 17 | 28 | 75 [ 21 | 42| 84 | - * ;
. 3 : : . |
» i . - :
;o = 0
. i ¢ i “
. 3 . i s
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Table 6,5 Impact Stregses at Top and Base Sections of
- the Secondary Column - Original Mooring '
Systen { o~ - ’ 58
/ .. e

‘Impact Stréss (MPa)
j r —— - _ :
] Bérqy—_ 2 Section ST , | - Section $n :
Bit — ] .
Mass Vol N §E t o e
B ‘(i:o'l":me) Im/s - 2({/9 4 4m/s | 1m/s | 2m/s |am7s™|" - - ’
1,000 | 52.5 .| 77 | ‘o1 56 | 91 |1s4 | - ‘) .
b 2,000 | 54 80 f\26. | 60 (| 100° | 170
o ) 5
. .
A \ .
\ ¢
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Table 6.6 Effect of Local Stiffness on Impact Force and Motion Response of
E the 2—3.0;?. Model - 2,000 Tonne Bergy-Bit at 1.0 m/s.
All Values are Scaled up to Full-Scale Values
. ‘| Impact Impact Rebound Maximum
Element |Stiffness|{Stiffness|Force |Force |Duration|Duration|Velocity |Displace-
Material| MN/cm Ratio* AMN) Ratio*| (ms) Ratio* (m/s) ment (m)
steg 7,900 1,500 100 2.63' 115 0.58 0.64 1.76
-oak 40 7.8 77 2.02 132 0.67 0.65 1.75
i
wax 5.2 1 . 38 1 198 1 0.68 1.76
white y
foam %0.06 0.0115 1.9 0.05 4,200 21.2 :0.67 1.78
black N . R - * |
foam 0.0107 0.002 1.5 0.04 5,100 25.8 *l 0.65 1.80

* Valueé ati given relatlive to-the cqtrespo‘nding values of the wax element.

b

- 60T -
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FIG. 3.1 THE PROCESS OF PRODUCING
ARTIFICIAL SNOW
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FIG. 3.12 INDENTATION TEST ON CONFINED
ICEBERG ICE BLOCK.




GENERAL VIEW OF IMPACT TEST DEVICE
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FIG. 3.16 SNOW ICE SPECIMEN AFTER TEST -
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FIG. 3.18 TYPICAL FAILURE PATTERN OF
ICEBERG ICE AT -5°C.
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FIG. 4.11 THE HYDROELASTIC MODEL.
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FIG. 4.12 THE DRAINAGE SYSTEM.
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FIG. 4.13 THE CARRYING PLATFORM.



© F16.w.14 STRAIN' GAUGE LOCATIONS ON THE. MODEL




- 278 -

FIG. 4.1S STRAIN GAUGES ON THE DECK
AND THE BRACINGS.
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FIG. 4.23 SET-UP FOR STATIC PROPERTIES TEST.
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FIG. 4.24 STATIC STABILITY TEST.



1
o
@ .
~
[

v A MJMHWNUZMleHzmw hhlZHk L -
404 hzszZ SA J19NY ZOHH<ZHJUZH Qmm3w<mz szoy uE

mwmou MJw2< NOILVNITIONI :

oozt eoel we's . eme  eos ee'e
T T T -. T T
B - i —
. P
. -~ ~
x L3 ¥ 5
. o
~
N -~ "
< 1\1\.0 A 4
L
34
bl
.
° ! |
| ]
° ) ¢ .GHLTD ISTT WNIanTswol O -— —°
A . : CTI0N) USTT IUTAINVEL ¥
: B R T | ,
. S man

g
*
2
H
8
&
4
3

600 81 * CW'NM) LN3HWOW -




= 288 —

FIG. 4.26 SET-UP FOR MEASURING NATURAL
PERIODS OF MOTION.
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FIG. 4.28 GENERAL VIEW OF THE MODEL AND
WAVE TANK.
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FIG. 4.29 DATA ACQUISITION SYSTEM.
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FIG. 4.380 MODEL AT SURVIVAL DRAFT.
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FIG. 4.31 MODEL AT OPERATING DRAFT.



- 289 -

FIG. 4.32 MODEL IN THE DAMAGED CONDITION.
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FIG. 4.33 RELATIVE POSITIONS OF THE MODEL AND
THE 1,008 TONNE BERGY-BIT MODEL,
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FIG. 4.34 RELATIVE POSITIONS OF THE MODEL AND
THE 2,000 TONNE BERGY-BIT MODEL.
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FIG. 4.35 PROTECTING SHIELDS.



- 293 -

FIG. 4.36 RELATIVE SIZES OF THE BERGY-BITS
AND THE MODEL.
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FIG. 4.37 SIMULATED IMPACT TEST.
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FIG. 5.5 MODEL IN | sec. WAVE.
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FIG. 5.6 MODEL IN 2.5 sec. WAVE.
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A.l ‘Data Processing
Y : ‘ § -

- Tige histories of test parameters (motion, strains,

accele‘tatian, etc.) were recorded on eight-channel HP tape

= ’ . recorders. These recorders are ‘capable of recording

* orders - of nugnitude higher than the maximum frequency of

the impuct ‘test data. Ti,me histories of the measured

.comparsd wlth the uuu ‘ ding r rd signal to make.
‘sure that filtering of the_ data did not -take, place dur:l.ng

recogding . :

All recorded time hiétorlau were plotted using-a,lel)éxt

with the corresponding signal obtained from the  oscillo~

using a, ‘four-channel HP FouTier, analyset. The maximum

£ R higher than' the mximum frequency containad in t-.he g:l.gnal.

‘The amplitude of -eac'h regular'wave data recozd (wave...'

B e -
o S g%) ,)lo/tion‘und -trnln) was obtained usinq polat Foutiez

traiufox‘n- . 'l'ha Response Allplitude Operatot (RAO) for any

paruetet wa colput:ed aa the amplitude of the paraneta
e

(lotion ‘or ltresa) divided by ‘the, wave melitude. . The

!cuunq 'factnn prov:l.dad in Table 4. 4.. & ES e

frequency @mponent's of up to 60' kHz, which is about two -

| parametsxs were displayed on -an oscilloscope, pictured and’

N recotde'r for pteliminaiy ahalysis. The plots'vere cdﬁpar'ed :
scope. The racorded signals were digitizad and ana].ysed g

.digitization fraquency. was at least, one ordet of- mgnitude .

4 node!. values were convetted to full-ncale vnlues' using the .~




' = . -
- ) ' > E - 5
- . i . &89
A.2 Analysis of Stresses  ° i & . & ° s
/ ; g % E .
. N )
. - Strains were hmeasured at four poi-hbs in the pontoon, column -
. N ahd‘—girtr}-;.ons while those in, the bracing members were -
. measured at. 2 polnts (quures 4.14 and 4. 16) . -

Strains, wexe converted to ‘stresses uslng the 'modulus of

>, . eLasticxty values pxesented :|.n 'x‘able 4 5. . L '

: [ ok . . 3 =5 ) .. 3 ":‘:

.are the maximum fibrs strjsses produced by bending momenr.s.'

Uslhg (basl.Utinc:Lples of -structural medhanics, !‘.he

| s
\ N S, e 7
5 TR measured stresses are rglated to ‘axia,]. stxesseé (u ) and™ (s
o, bendxng stresses g, and o, as Eollows (see Figure 4 16): . “
5 g ] y '. . ] N PR
5 b ‘P_ i . is o F " AR ' :
. a) -Pontoon Séctions : e LA o 3
s W 3 . . T . ¥ . 3 =
™ . : R e, Ve ’ :
: . T . o w = .
¥ oy =0_-+"0 ! L. & - 4 o KN
% - o L et e ”
> LT . ey
3 e » gy =0, + oy o7 R . oy

/ o3 =
. / 2
” ° )
e % ‘
9y = oa -0y !t
- ¥ &
.
. 0 ‘ - -




o . séIPﬁg/t.:hese equations we get ’
. . .

E = (o, + 0, + 03, + 0“3/4
L] . . .
- E .
: . : ey w2 : . o
A » /\
. e o,.= (oy - 03)/2
: e R
g - * ".B) column Sections
3 , < e i s 3
: - b St 9y =04 (ay +9,) cos (n/4) .
T - . ) 5 Gy =0t (r; - °z) cos (i/4) - P -
e P - . R .
. e & . ;1- . = - . o
7 e ) L93'= 0, = (o, +0,) cos (n/4) .
= g . T o = 63 - (ay - 9,) cos (n/4) e (3)
-A .o ‘ & ' o \v
. :Solving the above equations we get: .
3 . : ‘ % :
“. . g %a = .(bl + 0, + 1.13 3 o‘k)_/‘4 ’

“ .

R . X E Loy (vy 40y - 03 - 0,)/4 cos (n/4) o

oy wiley —to, - :3 +.9,)/4 cos (n/4)
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©) | Bracing Sections.

v
~Following the samegprocadute it can be easily seen
[ '

that’
0, = (a; +0,)/2

ay=(a,,_a’2)'./g ’ ) e

Time historiea of axial and bending stresses due to waveﬂs‘

or ,impact loads were bbtained using Equations 2;.4, and 5

;and A’he'fout-channel Fourier analyser. Hodel value's were

scaled up r,'o full scale values _uSing scale factors

presented in Table 4.5. - “a, G//
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