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The :thesis betkents Finite element analyses of ‘dynamic

fluxd—structure 1nteractlon effects on': the tesponse of

floating st subjictea: to'e

= 3 .

The, transmission of ‘selsiic \accelerations from the'sea
using” a system of lumped masses’, " springs. ana’ dashpots.

»since ’the water 15 a shear—free medium uependmg on the

'wa;gr depth, ver: xcal accelet‘atlons transmibted to. the
vy b

Cavitai:‘i.on, a.non=linear ef,ﬁect of the wa‘ker med)um wherein

A _the £luid- detaches fran the structure is a possxbllxty for

The coupled Eluid-structure interacfon is studied

with finite element ‘modelling. The resifiting, unsymmetric

coupled ‘equations of motion ‘incorporate. surface . wave
'-effects;‘ radiation damgnnq ®Efects, fluxd-structure

i ¢ 1nterfaca hydrndynamic mtegacnon, and the' structural

flexxbll)ty.

bo ‘ton to the surface through the water'. medium is ‘studied

Horxzemtal accelerac;ons are,. not transmltted to ithe. surface




_facility) are provided. ° . o ® 2

A new numetical inte rauon scheme, based on the.
W, lwn-B method, ‘to solve the coupled unsyne:nc equations:
‘o motion is diScussed. in-detail.- . The procedure  is
illustrated for a _ﬂnac‘i'nq nuclear .plant (FNP) and a liquid
petroleun gas . (LPG) storage facility ‘subjected to amplified
‘éarthquake accelerations.. The results are compared with

those obtained by using approximate technigues:

Ag an alternatlve approach, - sinee the pnncwe of,

'superpo ition. is vand fm— 1inear analysis, the smhc:ure

and - the iluid are is slated’ and analyzed separately L The

~analy

s discuued “in the previous paragraph yields the‘

hyarodynauxc pressures acung at the interface ot the

£loating struct\lre. Thus, the (loatlnq platform itself Ls

cmddelled as a thick plate restlng on an elastic foundauun.

tn platforn is discretised with a ‘newly developed | high
precision triangular .thick plate henqu ele,ent.rest;ng on

-an’ elastic foundation

5
The | hydrodynamic pressures are

similated. as esternal forces acting on the-fluid-structure

interfdce, in’ addition to the earthquake forces, and -the

responge is evaltated using the ‘standard Wilson- method in

the. time domadny the frequency domain analysis ‘is also’

,cam.ed ou:., ™O "illustrative numerical exgmples (the

f].oanng nuclear planr. and the liguid Petrolain gin stornqe




" other typea of offahate structures.

A collputer program, FLUSIN, _hns beqn developed to

_‘perform all. the above- analyses. described. - xu orgnnization

ia"aimixu o NONSA?, and is very flexible to adapt ‘for

PR
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. £ ' CHAPTER 1
' INTRODUCTION . . . 3
S % ,

1.T offshore Environment

- Bscalating. world oil prices, ‘dwindling non-reneyable”

onshore resources, and ever-growing world eneray needs: have'

’accelerated the need.for exploitation and. exploration. of
mlnera} rebources in the offshore areas of. oceans, ' This new.. -
‘development poses. many, unforeseen technical difficulties -
which' demdnds a considerable extension and :r’ansposu}an of .

avallable technology .for land: based ‘structures. vrThe" ;

+Chalidnge of recent-offshore’ explorations, partlcularly in

the cold regions; has resulted in ‘a-tapid increase in many
innovative techniques in structural ‘design and analys,\s
procedures. - an offshoot 'of this development is the' new

genetation of structures such as .self-elevating. steel

platforms, " concrets gravity- typestiuctyre; self-propelled

_semi-sibmersible  platforms and’ floating .. bargertype

'structures.” Of these, the last two types have bécome the

most popular- due. to ‘their ‘adaptability, mobility, economy’

and ease’ in.construction and installation.procedures:

A floating

‘is subjected to'a wide variety of continuously varying ldads

. diie t6 wind, wave,.curge‘nc driteing sea-ice,. darthquake and

assoclated tsunaml and sea—bed slxde, ‘etc: . Wind 'loads,

which: constitute only 5_%(35 the' total, are  important
: g : } i

especially with respect to  the - overall stability of the

tructure located in an offshore environment

i




structure. Current loads are significant only in certain
locations but it is usually the wave “towataguten
significantly influences the design. 'Tf the structure is
located - in an, earthguake _belt, then “the. dynanic
s enddanec tnduced response of the” strustize’ abicn 18
SKEBRGLy © artEcked . BY” the inertia,  damping;

. . == amplification/attenuation characteristics of the surroung}nq
o= 2

#4Eluid, becomés very important.: Tiere are ‘evidences’ Gf

damages’ £o ships (van Hiena, 1972) and undetvater cables

i+ (clpta, 1974) "due to etrthquakes and associated tsunami and
submarlne land slides. . ~

Lol : \’ .

The"dynamic’ response of a floating structure in an ocean

environment .is a complex one due to its interaction with'the

‘ocedn ‘current, * gravity ‘wave,” stock and blast waves, etc.

The . hydrodynamic = interaction . leads... to  coupled

fluid-structure problems.  In such systems the relative

motion of the flexible structure and the sun—oun‘aing fluid |
S 5 produce inertial and viscous ferces on the structure. These
hydrodyamic forcés have béen expressed by hydroaynamicists

. i terms of freque ydrodynamic added mass

coefficientd. and 'hydrodynamic damping. - coefficients

. . ‘associated with the floating structure. Eyaluation of these '

-coefficients is a complex problem. However, assuming that -
the floating structure: is a 'rigid' one, - analytical
solutions . 'have been developed to determine these

coefficients for structures of well defined geometry.



,compressible fluid of finite depth and of infinite extgnt.

1.2 Purpose of This Résearch
The problem of ,a. coupled fluid-structure interaction
system in itséntirety and complexity-is shown in Fig. 1.1.

It shows a’ flexible floating structure osclllatlng in a

‘It . includes. the . gravity 'surface waves generated' by the:

oscillations of the flexible structare, the energy: loss die
- - - &9

“to “the radiation damping of these gravity waves at infinity

(far. enough. that -thers -is nd“refleétlon of wavég), terned
the radiation damping boundary, 'and the sea-bed ‘and . the *
“fluid-s structure 1nter£ace whereat there exxsts hydrodynamlc
forces due to the relative displacement of the structure and

the filuid. The solution of':hig, problem is a complex; three

dimensional, non-linear one and extremely difficult to

determine by classical “analytical. techniques. - However,

‘recent advances in numerical methods, such .as the finite

"element method, have paved the way to analyse ‘this kind of

problem rationalely/und economically.

Most of the early finite element applications to

hyd:oa;namc interaction problems weFe baged:on the rigid

“"bedy assumption. Both two and tnrée dimensional finite

"‘element ‘analyses of rigid .floating sm:ctures oscillating

thh a’ free surface ‘have' been presem:ed by’ Bai (1977a,
1978).,Newton (1975), Visser and var der Vile (1975), and -

others. ¥ One of ~the earliest finite eLémen; “formulation of
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botton fixed dam-reservoir, Systems. Due to the unsymmetr)c‘

nature. Qf the resultlng coupled equatxons of Equxl.lbrulm

. this’ formulatlon has not »fcund an extensive applicatlon. In

recent years, .several: methods have been developed 1nvolvmg

- -appEoximations. & convirt the. unsymmetric matrix  into a

symmetric. one so' as ‘to use  the well- ~known solution

technighes. - Most of these analyses were restr.\ ced "to

botton fixed structures;. assuming undamped systens. .

Recently, Sharan (1978) applied tzha.s formilation £o evivate

the response of a ccmplex dam-reservoir foundation system

subjected” to earthquake.  He developed . a' new ‘numerical

integraticn scheme to “solve  the -unsymmetric coupled

.equations of equilibrium. But, the numerical examples lack

_ £hé inclusion of the surface Wwave andfadtation damping, in

the coupled equation. . In a recent paper, Ziehkiewicz' and

Bettess ((1978). described ' the’ applicabilify of = the

nethédology t‘o a wide ranqe‘ of prdblems ’rang'jnq “from
osclllatlcn ‘of rigid ships or vave pover devides in a free
sea-way. -Kaul 97T develcped a three—step procedure to
detegmine’ the dynamic response of flosnng bodies, but here
the problen is not solved in its entirety. Also, the only
iataratuse B, ehe "wathe ERanSELEESA earthquake -is by

w'i-uiaTsop,' Kennedy, Backman':and.Chow  (1975) used to

determine the dynamic response of.a submarine ship. * -

a review of _this past work reveals " that no detaxled

nomplex fiula—structure ‘interaction ‘@nalysis has: been

b




carried out to determine, .the dynamic reésponse of £loating

structures subjected’ to wa:eg-transmitced earthquake. The

safety Of the proposed facilities, such as offshore floating
niclear” plants, LNG and LPG storage and transportation
facilities rely heavily on siich 3 cobplicated and thorough
analysis. :

1.3 ﬁbgecnve and ‘Scope of This Research . ©-

As mentioned. in ‘the previous section there is & dire
need to develop a generallzed finite element method to study

the complex dynanic ‘Sluid-structure interaction effects on

. ]
the response of < floating structures 'subjected to water -

_transmitted earthquakes. In order to achieve-this goal, a "

hierarchy of physical problems. is' to be selected-and ‘the

development of the program is to be' carried ‘out one step at

a time. o Y \_

The first step is to study.the existing state-of-the-art

of “solving coupled fluid-structure interaction problems; its

limitatiohs, ‘approximations and versatilities. In Chapter

2, an’ extensive account of the -application of £léating

platforns, explanation ‘of fluid-structure ‘interaction

prcblems and existing nethodologies in sclvlng this kind‘of

“problen are detailed. | -

In the next’ chapter the phenon\ennn of .the water

trahsmitte/d garthquake is; stndied in detail with the

assunption| that most floating facilities’ are- permanently




installed at shallover depths. permanently. The linear and

non-linear effects of the fluxd mediim ave aiscussed,: and’

the, resulting amplification factors for the earthqua);e
acceleration transmitted from ene seabed toi'the bottom of
the structure are evaluated usmg a system of lumped nasses,-
springs, and dashpots modelling the fluid' and ‘the structure.

The  two-dimensional flm.te element formulatxon uf the

gomplex dynamlc‘fluld-structure mteracuon problem is

etailed in Chapter 4 ‘A new numerical integration scheme,
based on Wilson-6 ‘method, had been: proposed to'solve the

resulting unsymmetric coupled equatiofis of motion. = Several

approxxmate techniques us’ed‘- in'. the " fluid-structure

. 1nteract10n p\:oblen\ are cutnned. “The dynamic- résponse of

£16aElng Dratestna, subjacted. to Snplifiedsarthguakual,

obtained in.Chapter 3, are evaluated and compared with thosé '

obtained with approximate ‘techniques. =

Chapter 5 describes a new technique of modelling 'the

‘floating platform as a thick plate resting on ‘an elastic

foundation. The structure is isolated from the fluid and
the hydrodynamlc pressures-evaluated in the previous chapter
are 1ncorporated as external loads’ act)ng at the fiuid-
strucu@ interfacé mnodes in addition ‘to the amplified
éarthguake, accelerat:;ons,_ andv‘:thg résponse ‘of ' floating

platforms aré evaluated. 4%




FPS  units: . Tie ‘conversion Eactors from FPS-urits”to. SI

A user's manual for ‘a computer ‘prograr: developed to
perform. the above ‘analyses. is presented in Chapter B Sk

getails the progran organization; .its capabilities, options,

.and flag conditions to perform different analyses. A card-

by-card explanation of the list of inputs reeded to perform - .

différent ‘analyses (depending on the condition .codes) is
also provided. -The output from the program is explained in

sequence. - The adaptability of tne program for other related

‘analyses and pQSS)‘ble extension to. lnclude nther finite

Element libraries are-briefly ﬂxscussed.

The contributxcns of the ‘présent research 6. the Eield ’

of " doupled Fluid-structure  .interaction” analysis;

assumptions, limitations :and ‘general conclusions’. are

presented in. Chapter 7. -- Also a few recommendations for

Future research aré outlined.

The numerical examples illustrated in’ this research use

units’ are pzcvmed below.
1 £E.=.0.3048 m
1 1b =.0.4536 kg P Tl T

1-1b /£t = 4.8824 Kg/m?

"1 1b /in2 = 0.0703 kg/m?




CHAPTER 2. .

STATE-OF-THE-ART

2.1 Introducti

The floating-type structure is of particular interest

due to its. mobility, adaptability and operational

".advantages.. 5 ) *

e’ varicus: Fields of apphcamon for £loating platforms
(existing.and envlsluned) are ‘listed below:
i) Floatmg pewer‘plants‘ nuclear plrant (mg. 2.1). and’
ocean thermal energy conversion plant’ (Fig. 2. 2)0
“ii) Liquid petroleun. gas. storage platfarm (Fig. ‘2. 3),

Paper pulp and power plant systém (Fig. 2,4),

LNG liquefaction plant (Fig. 2.5), "

“Y).. ‘Single and multiple’ barge loading terminal ‘(Figs.
Senehis, 2y T . "
" vi)  bigshore processing facility (Fig.. 2.8), "
vii) Desalination plant barge (Fig. 2.9),

viii) - Crude oil.storage barge (Fig. 2.10), and

‘. ix)  Pipe loading barges (Fig..2:11).

“The advantages of ‘Eloating platforms are the £ollowing:

a) the mobility of ‘the platforms enables casy transporta-

“'tion; and service, maintenancé, repair, and modification
of the unit can be carried out in sheltered waters;

b) the fluld medxum isulates the floating platform from

seismic aétivities to a con'side:anxe degree, and the

e s T s
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FIGURE 2.3:

Floating LPG Storage for Java Sea
(ref. Anderson, 1975)
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FIGURE 2.4. Floating Pulp and Power Plants
(ref. Ishibashi, 1977)
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FIGURE 2.5. Floating LNG Liquefaction Facility
(ref. Person, 1977)
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Floating Desalination Plant Barge

FIGURE 2.9.
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Pipe Laying Barge
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i " facility will be immune. to Such a phenomenon;

c) the ¢osts: of production of 'such facilities, fully
4 equipped and ready for operagion, are m’uch cheaper
. ’ ’ compared ‘to onshoré facilities since: )
1 N i) "the construction time is substantially shorter -as
‘ “'mist “of the. Fabrication can be carried out in
i shii)yar‘ds with specianéed engineering capability
and skilled worker's -thus allowing plant operation '
to meet ‘advance schedules hy reducing the offéhc:;e;

construction to b.a mipimm, ‘and
(G G ii]” the site preparation and construction work is
] T drastically reducéd. = J

& 2.2 Dynamic ¥ .Of Offshore Structures ., ;

The ‘dynamic analysis of .offshore structures is a

complex, three-dimensional,. non-linear. one. involving

subjécted to environmental loadings, such as wind, wave,

current, and earthquake which are random in hature, both in

w i such - as  free. surface wave,- radiition boundary,

structure-mediun interface, are more .complex than. spring and

dashpot _modelling. Fluid damping. plays a vital role in the

1L " response  calculations. = Thus approximate lumped parameter

multi-degree of' freedom is pnecessary. The finite element

wave ‘period of tsunami is, so large that the E£loating
s i 3

multi-degree of ' freedom systems.  These structures are.

space and. time. ‘The representation of boundary conditions, ‘

snalyses .using -'singlé-degree-of-freedon ‘systems. are rarely '

s e, a com ve dynamic analysis with

i
!
3
|
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method provides an uni.fieé 'ap{:roach which can be applied to

completely ar’br»r’ary and highly complex . structures, and

modern com\>\ut1ng facilities make it possible .to” solve

-equations of motions, involving thousands -of - degrees of

freedom evaluated at hundreds of - time points . Selected for

the aynamc analysls. B o B3

The finir:e elément discretisation introduces.ap'proxima—
tions into the analysis, ‘both of the geometric form of ‘the
structure -and its dlsplacements. The z‘equlred degree cf~
Fefinement and complexlty of the dlscretmatlon depends on
the dompléx behaviour ‘Of the systen:: There dre a wide range

of finite elements; two and three dxmensmnal (Zlenklewlcz,

ye74y, Co. GhEoRRY EEa EoE. ing giver structure-medium’

configuration. Evaluation of structural propertles is a
-standard. well-known cperation. With réference -to the mass
matrix, .‘the selection  of  lumped ot conslstent mass matrix
needs a ‘little discussion.” ‘It Has been proved:by Clough
(1971) that.the consistent mass matrix provides ‘a better
-approximatidn of the inertia forces.acting on-thé structurs:
Though: the diagonalized lumped mass matrix is .Qavéncageous
in the solution of eigenvalue problems -and aléc in the

direct. integration procedures, for cases where higher Srder

eléments such 'as ‘isoparametric élements are used
satisfactory lumping procedure is not: available. Moreovez;
the consistent’ mass matrlx fcrmulatlon over—estxmates the

natural frequencles when compatible elements are used.
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Dampinig forces in'an offshore environment consist of

structural . (Rayleigh' type)-: damping; £luid (hydrodynamic)

damping, and foundation: or soil damping. Hydrodynamic.

damping stems from two sources, one from the generation of .

surface fiaves.radiating to infinity -and second due to:the
£luid drag force. . Thé'first is similar to viscous dampihg

for a structural system and is proportional to the, structure

velocity ‘and is fréquency dependent. ‘The second 'one’ is’

associated with the square of the velocity of the £luid with
a constant. drag ;:o'efficier.\t“depending on the shape of 'the
f efructire, .Similérly, foundation dampmq conslsts of
radiation ‘and viscous damping, both proportxonal to. local
. structuyral \{elocxty. Normally dampmg is:'incorporated im

the mathematical model as a- linearized vistous damping

. 3 } :
expressed in terms of damping. coefficient, of the order of

'za to 5% of the critical damping. - Technigués Rave beei
developed. -to xncotpnrate radlatlan damplng Df fluld
(Zienkiewicz and Newton, 1969) and foundation (Dunger, 1978)
,m the equil)bnum equatmn. v
The general' aspects of the dynamic andlysis of offshdte
structures subjected to environmerital loads can be bricfly
. classified as: ¢

i) ghime and frequency domain ‘analyses,

ii)' modal superposition and direct.integration methods of

solving the equations of motion, and

iii) " ‘deterministic and probabilistic approaches. -




221 . Tine and'F icy Domain: Analyses

" In’ time domain analys;s, the time lus:ory of ‘the forcing

function is available, the initial condx«tlons are spemnea,
the response +is’ Sbtained by analytical techniques using.
response functions to unit impulses and Duhimel's integral,

or /by ‘direct stép—by-stép nierical

ifferential equat Both linear 3hd non-linear form\.\la-

i

tions can be handled. Erdquency domain. analysis pre-

supposes , that —the ensclng force can be -decomposed into

steady-state harmcnic components; he- solution of thé basic

differential equation is evaluated for various Erequencies.

- The general sulution is obtamed by superimposing results of

dxfferent Erequencles through Fourier series .or Fourier +

Integral methods. No' non-linear eifects can be studied in
this methad. . Vugts and Hayes (1979) compare these two
techniqies as:given in‘Table 2.1. -

of trictures subjected ‘to random wave
loading- can easily bé treated 'in the -frequency domain.

Also, the fr ydrodynamic coefficients can

easily be handled in’ this method. Bui the restriction of

both -the excitation and response to being simple harmonics

linked by using the Fourler transform technlque (Clough and .

linits its' application.’  Time ‘domain analysig is more
universal and adaptable to many varied loading conditions.

The ftime’ and- frequency domain  analyses can eas)ly be

,'néegracion of ‘the -

L;‘e__'_.;,_».-,___.;«;

i
{
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| TABLE 2.1° . ] 5 «

* ‘comparison of Frequency -and Time Domain Analyses

Frequency Domain Analysis'

Constant and frequency *
dependent coefficients can
simply and equally be .
handled. In both cases the

‘equations ‘are -essentially

algebraic.

Only steady state  solution is
obtained for dxfferent
frequencles.

Nonlinearitids ban:be
handled only by linearization.

Fot N- degrees of freedom, a
system of .2 N.linear
algebraic equations are
solved for each frequency.

. Spectral analysis can be

used to obtain the response .
to random excitation

w ¥

lime Domain Analysis

For constant coeffunents,
thé equatjonsar:

difgorential equations,  bu

the ' frequency _dépendent
coefficients~ : lead to,

7 integro-differential ..
_equations. i

Translent and steady state
Solutions 'are
Initial conditions need’ to
be specified.

‘Nonlinearities can, be
included provided adequate
mathematical formulation and
solution procedure’

provided. .

For N degrees of freedom, a

set of N second order . - .
differential equationsare
replaced-by N-simultaneous
equations for every - :
time step integration: = The
accuracy and stability of
the procedure can demand
small integration steps
resulting in a tedious and
time consuming.process.
Response to random
excitation is obtained
directly through numerical

integration.

possible.
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Penzien, 1975). . The -time domain series, F(t), can be

.~ transformed into the frequency domain, ‘F(i), by using

forward Fourier transform.

Fu) = £ F(t)e %G g a2

and ‘from the frequéncy domdin -to the time domain using. the

inverse Fourier transform:

B(t)'= 17(20) 5 (et tan . . (2.2.2)"

. The random response analysis can’be - deterministic or
probabilistic.. There are two methods of Solving” the
equations of ‘motion in time domain using the deterministic

approach, . namely, modal - superposition .and- direct

step-by-step numerical integration procedure. -‘In the -~

probabilistic - approach the power spéctral density’, (BSD).
function-and ‘probabilistic extreme values are evaluated.in
the frequency domain. A review of the -applications of
deterninistic and.probabilistic approaches for the randon
tesponse’ analysis of structural systews has besn presentsd’
by.Hitchings and Dance (1974). '

2.2.2 - Deterninistic Approach -

2/2.2.1 Mode Superposition Method .

In this method the coppled N-degrees of freedom

: g : :
Fequations’ are uncoupleq by substituting the original -




Zuggrs

variables (displacements) by a ,new set of .variables

(eigenvectors).  Each equation -then can bé solved as a
single-degree—of-freedon problem and .transformed Wack ' to
express the ‘results in terms of 'the original variables

(displacements). - But the Gncoupling is possibleionly if the

*: damping Of the structure is of a Rayleigh'type; which is the

most popular one used. . This: method needs the évaluation of
eigenvalues and éigenvectors: of the structural system which
is a . considerably expensive analysis for large complex

systems. ..Though-the decoupling process .is time ‘consuming

and expensive it needs. to be done only once;: the repetitive:

calculations of ‘the response for different random loads is

- just ‘a_matter of solving individual equations with the new

loads, thus saving considerable time. Theuncertainty in
tHis method is the number of modes to be considbred for
superposition in order  to attain adesirable: -accuracy.
Aléo, this method -cannot handle system nor-linearities, Due

to these disadvantages  the usage of this technique is

limited only to .linear systems with relatively few

degrees ‘of freedom. s i

2.2.2.2  Direct Step-by-Step Numerical Integraticn Method
The most efficient method of solving .coupled dynamic
equations of equilibrium is the step-by-step integration

procedure in “which the “unknowns (displacement; velocity,

‘acceleration) at time (t+At) are. computed from their values
at time .(t), while satisfying the dynamic equilibrium

conditions. 'The term 'direct’ means that the procedure is

!
I
|
!
i
i
|
|
!
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applisd’ directly for the equations of “equilibrium without

€ransforming. them into any -other form.  There are many

different procedures available which can be classified into

two kinds, namely 'explicit' arjd 'implicit' methods. . In the
exfflicit method the unknoyn variables at (£48¢E) are obtained

by using the eqiilibrioe donditions ‘at ‘time t,"whereas .in

the  implicit approach they-are obtained by sansfqu tha.
equilibrium conditions at. t+at.
3

- The.various methods g

iffer in their assumed variation of’

‘unknows variables during the interval between dlscrete
points, and the acouracy -and stability. of the - formulatmns

.depend on this variation. " The most:.extensively used and

popular procedures’ are the - Newnark,  Hubolt -and Wilson-8

methods (Bathe¢' ‘and Wilson,” 1976). .AlLl these methods are.

‘dccurdte when at/T is smaller than 0.0l where T.is. the

fundamental period.

2.2.3  Probabilistic Approach
When the average values in any random process are&
constant with time, it is called Stationary and is similar

to the steady state response in_ the deterministic case.

‘Non-staticriary random processes are similar to the transient

deterministic.caseé. For deterministic input .it.is possible

“to assess the stresses, and deformations in the’structurel

However, .for a random -iaput’ it is not possible to give

definite values..

i
!
i
i
i




A stationary random variable -having a zero mean can be

“into its freg v ts using Fourier
: analysis.'_'The ouput power ‘Spectral demsity of a function
, £(t) over the interval -T/2¢t<T/2 is obtained by  using the

1 e relation:

12 2 - ¥
. . Lo P E(teiotat, :
i v Sp(w) = Lt /2 i3 (2.2.3)
N . g/ T+= ¥ 20T R 3 %
= ' The mean.square resporse value, as. the ‘variance of the :
4 "‘output process,: is obtained as:
; ! .
“max . e
“ Qi Z i
" (@ 01 = G, F) = 75 e (2:2.4)
! Syt . where’ ;
3 % | upay denotes the upper bound to the frequency range of

interest and-E is the expectation.

The moments of the output spectral: density function are:

= e
wmst B ,malx ;
m; = (’, ot Sy (w)du . . (2.2.5)"

where . A~

m; is the i*M noment of the output spectral density’
function. 5 e ' <

2.3 Fluid-Structure Interaction |

J Dynamic £luid-structure interaction problems can'be

« categorized into interibr 'and ‘exterior types. Interior

fluid-structure intéraction comprises’ f£luid sloshing in
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water tanks, fuclear fuel bundles immersed in: the . coolant
containgd. in a’ nuclear reactor. vessel,‘ulc and 'LPG st;:rage
tankd, ath.. Eeamples of extarlor ntesaction problems
include offshore structures surrounded by water of infinite
extent, Mam-teservolr. interaction explomien effects on
submerged structures, ship-wave interaction, etc. Tnis

thesis - is restricted -to exterior 'fluid-structure - inter-.

.actions of floating barge-type structures subjected to

random cnvironmental ‘forces as well as. the hydrodynamic

* forces resuiting due to the oscillations of the floating

" body’ s

The static,analysis of structures surrounded by water-is .

an uncoupled one since both the fluid and the structure can

be treated in isolation wherégs in dynamic. analysis the

interaction between the fluid medium and the structure makes.
_the problém a coupled one. . However, thére -are different

~-degrees of interaction:

i) Compressibility effect of the fluid is non-existent
" in problems with large relative motions such as
flutter ot alrcraft wings, wind-induced oscillations
of suspension brldges, ete. b
For short duracion;prnblam‘such as_ explosion' or
inpact effects on Suleergsd” steudtubed A% witeh. eh
‘displacements ,of ‘both the £luid and the, structure are
" limited,  the nonlinear dttactite pronounced and the
. compressibility of the fluid is Of considerable

importance.
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iii) Transient response.analysis of an offshore structure

i’subjected’ to' wave or earthquake léading is a long
duration problem for inch‘ the n‘on-linear effects are
either, absent or limited. ' T, this case, Frequency.
domain anélyses are"‘ore gconomical “and practicals
e b0 EHE 16w frequency ‘natuge of the .phenomenon,

the effect of compressibildty of the Eluid'is small.

Subsequent discussions will focys on ‘the third categoty

:mentioned above, in particular, ‘floating structures in. the

ocean lenvironment subjected to earthquake forces:
2.3.1- Hydrodynamic Analysis %G P, Pt
The basic différence between the dynamic behaviour of

structures surrounded by water and those. on. land .is the

effect ‘of inertia of the.water 'on the .'strictures

(hydrodynamic - added 'mass), and damping (hydtodynamic
damping) characteristics, which in turn are related to the
hydrodynanic, pressures from the’ surrounding water acting. on

the vibrating structure.” These hydrodynamic characteristics

are £ , and.the in phase with the
periodic acceleration of the vibrating body, contributes ‘the
* hidrotynanis added’ mass to e structure and the out-of-
phase component ‘contributes the hydrodynamic added damping
to. the stricture. . The buoyaney Of : the -£luid ‘medium

supporting the medium contributes an added stiffness to the

structire. Hence, the simplest form of ‘equations of motion

3

!
i
it

SuAay
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; of ‘the qtructure vibrating in a £luid medium is: d s T %

H () g} + (D) fo}+ (keE) o} = e} T (2.3.1) N

Lo ; ; i

where ! -

M.is the mass of the structire, I .

‘M is the hydrodynamic added mass,

C % the damping of the structure,

.is the hydrodynamic aaée Qdamping,

K-id the stiffness of “the: st;rucm—e,

R is the added: stiffness ‘due” to ‘the buoyancy of' the
£luid medium, ;

F is .the external force acting on khe s:xuct‘-{ke_,

|

|

3 and :

} g &, 4, 5 are ‘the displacement, velocity and acceleranon
i of the vibrating :tructure, xespecnvely. &

In its most complex form, ‘the coupléd fluid-structure.

problem is a three-dimensional, non-linear one including the"

£lexibility of‘ the . the ipressibility of the

£luid, ‘generation- of sutface uavu, and wave zaaiatimi

7 ‘@amping. Bowevar. this cnupling‘ can’be - taken into sosaune «

! 3 with different aegtees of ampuficar.inns and assumpuons,' %

‘ such as; : b

% i) small oscillations, and linearized governing equations - . . |
- and boundary conditions,; Py e one g g o3

u) rigid floating structure and - incompressible- £1uig,
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iii) flexible structure vxbratlng in an mcompressxble'
;e U Eluigg ’
H =

' iv) rigid structurg vibrating in'a compressible fluid,

" v), fledible structure vibratingin a compressible £luid,
vi) mcxudmg surface wave and radiation dampmg effects, 3

and. |

vii) incorporating wave diffraction and réfraction effects.:

232 Uncaugled Fluid g;;ctuze Interactioi

«’x’he basxc assumptmn that the v)hrat)ng structure
Lis - a rlgxd one 'simplifies the coupled problem into. an
incéupled, one énabling the analysis of ‘the ‘fluid and
structire separately. " Most oE the publ)shed literature is -
bas‘éd on ‘this asspmptlon and the results are the
frequéncy-dependent: hydrodynamic- 2dded mass and damping
ogetticients: of rigla £loating bodles of  different
configurations. ‘Existing knowledge on the hydmdynamc-
analysis of r.igid,strucj:ures with \p_articular rélevance to

£1l6ating structures is détailed bélow.

The surface oscillations of an in,viscid,_' inconpressible
£luid “ih the” vicinityl'of ; a ‘floating structure’ can: be
described by a ‘bouﬁ(dary v’alue problen. governed by Laplace's

' equation vu:h a mxxed bcundary condition at ‘the  free

surfa‘ce, a homogeneous Neumann condltion at che bottom ot
¢

. the fluid boundary, an, approprlate radiation boundary

condit)on at ‘u\fin1ty, and the fluid-structure 1n:erfaca

‘condi n. (match.l.ng of the normal velocxty of the hqdy and

o
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the fluid). Mathemgtical analysis' of this. problem .for

analytical solutions uses, potential flow theory and .is

limited to only well-defined structural deometries of high’

lenderness . ratios. | (1971) has listed extehsive
literature on thistopic. A, "

The finite element method has, been employed by vdrious
authors for the hydrodynamic analysis of rigid. floating

T structures. - Rgren (1969) -studied the bscillation’ of a

system of parallel girders positioned in a water basin as
well as vertical. harmonic,excitations of a rigid. ship.

. N
Holand . (1963) evaluated the hydrodynamic added mass: for a

rigid ‘cylinder Hoving, in ‘an infinite fluid and for -a

rectangular basin:with a moying vertical -side wall.
Matsumoto (1972) considered rigid as well as flexible bodies

vibrating in an incompressible fluid taking into account

the infinite boundaries. . Application to a rigid ship hull,
excluding sikface waves,.-has' been, presentéd by Matsuura and

~Kawakam1 (1970). Newton (1975) studled the Dscxllatlons of

rlgld huus taking_into account the free surface wave and a
radlatmn damping boundary condu:wn. Transient- response of_
rigid rectangular bodies to an ‘initial citation, including,
bodies led to mooring caissons by mooring struts tréated as
springs, has been studied by Visser and Van der Wilt (1975).

Two and three—dxmenswnal hydfodynanic analyses of -rigid
circular cylmdncal, rectangular _and axi-syimetric rigid
floating bodten, using. a localized finite element technique

have been reported by Bai (1975, 1977a, 1977b). . In: this




e T

analysis, the” fluid. domainis reduced to -a small .local
domain by making use’of known' solutions, i ‘terms of ‘an
eigen-function or Green's function. & similar approach has
been) used by Chen and Mei: (1975) and Mei and Chen (1976) to
solvee two-dimensional problens.

2.3.3 Coupled Fluid-Structure Interaction Y w

The. ’relative' motion of the compressiblé fluid and. the

flexible.structuré causes viscous and inertial forces on the

‘structure that are diffichlt to evaluate ‘using. classical .

tlosed form techniques. - The finite element method, has been

‘ proved- to be versatile in analyzing the coupled problem "
L X . § iy :

economically. ™ N o :

The first step in applylng the fxnii’e element method to

'any dxfferentlal equatmn is to transfarm the dlfferentlal

eduation ‘into an integ:o Eunctuxnal form such that
minimization, of this -functional in some sense implies the

satisfaction of the differential equations. A variety of

-.approaches ‘are ‘available’ to' establish this’ integro-

" functional. -Virtual work and varidtional principles are the

. mdst common.” In general, for a coupled probiem,Galerkin's

‘weighted residual, process is the most suitable and the best
altefnative when a variational or virtjal work method is not
available (Hutton, 1974). .In the fxnlte\alement discretisa-
tion “process, . the dxsplacements ate taken as’ the nodal
unknowns for the structural part of the system. The fluia

medlum, unlike. the solid, does not.show elastic. restoring




force when thie f£luid particles are displaced relative o one -

another. : (For example, consifer a bowl -of water initially
at rest under its own weighit, then stirred, then aliowed to
come ‘to rest again. Clearly, the final. stress’ state is
-5pA:ja1;y the same as the initial stréss state, however, the
particle l'ocatic;ns in the f£inal state are unrelated to the

initial state, Katona and Migliore, 1977.)

Thus, . for the’ fluid part, the concern is with particle

velocities’ and ‘accelerationd which °genetate ‘viscous and
.ine‘rtéél stresses respectively. Hence, in the fluid
discretisation the selections-of velocity field as Sﬁe nodal
unknown rather than'the dlsplacemsnts seems  to be. more
logical. Tws basic formulanons, namely the L/granglan and
Eulei’—Lagranglan approaches, have ‘been_used in sélving

problems of this category.  In the lagrangian method the.

_flll\i’d displacements are used. in’ the same manner as for.the

structure, and the £luid is treated as an elastic medium
with'a small but finite ‘shear modulus. Shantaram et al.
(1976), Wilson (1977) and Bathe ‘and Hahn. (1979) have used

this approach to evaluate the transient response. of fluid-

structure systems. In this forhmulation, a finite value of

bulk modulus has to be assigned to the £luid and hence

incompressibility can be dpproximated only by increasing the .

Value»qf the bulk deulps. The advantage is that the final

“ matrix .is & éynmetric one, but the pitfall. is that the

fiegligible shear values ‘ircorporated 1nto)a\_matrixvcoulﬁ ;

lead to unstable-matrices yielding spurious results. .




* coupléd problem is presented in Section 4.2.

The Euler-Lagrangian formulation uses pressure, which in
turn is related to the velocity potential, as the'ncdal

unknown for the ﬁlulﬂ elements and the dlsplacements as the

" unknown variable for the structure. Ode of the edrliest
‘applications. of this.technique to, coupled problems with free

“surface. wave ‘and. radiation boundary condition is that of -

Zienkiewici, Irons and Nath (1966), and Zienkiewicz and

Newton ~(1969). The advantage of this approach lies in the -

small number ‘of equations in the £luid domain since only one
unknowh, pressure or velocity potential, is associated with
each. node.. ' But . the resultant coupled matrix is an
Unsymmetric one with large bandwidth which ‘needs- special

numerical i ioh techniques. Further di ion of the

s

u

2.4 piscussions - -
The review of the literature presented. herein reveals

the fact that the complexity and the unsymmefric nature of

“the resulting equations of motion of ‘the coupled problem has

“linited -the appliéd usage of theformulation. : In the

o,
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. ‘subsequent chapters, ‘the development Of & new numerical
‘integration technique to overcome the difficulties of the

‘’solution procedure is presented and-its effectiveness

is demonstrated with numérical examples.

{
h
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CHAPTER'3 *

THE SEAQUAKE PHENOMENON

3.1 Introduction

The 'shock waves generated in the sea by the -seismic

motion consist solely of acoustic (compressional) waves,

since water cannot transmit shear . wave Thése

compressxonal ‘waves .are’ refracted at. ‘the. sea - Eloor and

travel, ih pithe cise: L3 warbinal "o Ched gon "floor... The -
tern 'seaquske! relates'to.this' phenomenon of: shock waves
travelling through the® water -due to ea;:;hc]uakes with
epicentres ejther on-shore. of off-shore. However, this

_definition ‘excludes the effect of tsunamis associated with

seaquake. ' -wa‘terLcransmsctea seismic vibrations from the’

seabed.to a floating structure cause high Erequency Fesponse

and the .motion:

nmarlly consist® of vertical. pulses only.
The honzontal travelling wave' effects'.on the sidés of . the
floating structure have very little mﬂuence and hence are

neglected.

The effect of ‘seaquake on ships has been reported as

carly as 1887 by Rudolph and atter seveal years by Richter

.(1958). Since the 1964 Alaskan 'eatthquake several reports

on seaquake effécts have beén presented (Vo ‘Huena, 1972).

Vertical ‘accelerations’ have be¥n 'said to have caused a faot

"high water spout rising from the-live bait tank of a fishing
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Boat. ' The ship responses.have.been described as a Vlolent

shaking, mostly vertical, as if running agroind or’ sérikirg

‘a submerged object or being lifted out of water.  This -

suggests that the response is ‘largely in the high frequency

range. The ‘seaguake pressures in the water have been found’

to-be much less comparéd to .those in underwater explosions.

‘However, they dan be eifseYere lanvan: undervater explosion

that can cause serious damage to the floating structure. '

3.2 Approximate Linear/Nonlinear Lumped.Parameter Fluid
Mogel . ' vy )
In this analytical apg}roach, the £loating body. is

assimed to be rigid, except for a small botton- portion of

“the sirdotuce which can’either be rigid or flexible. The

items of importance'in defining the hehaviour of the dynamic

‘model- are:’ v

1), the” elastic “viBrational’ Properties of the.water
‘column, ! .
ii) “the related cavitation in the water médium,
iii) the éstimated free-field water pressure, and..
iv) the estimated stréss transmitted to the bottom of the

ship.. I 5 % S8

Consider the water column extending from the  seabed ‘to

the surface as an equivalent elastic bar with a free end at

the ‘top. Then f_he period of oscillation can be found as

(Den Hartog, 1956)3

= au/(2m-1)C" : 8 e (3.2.1)




where

B is the. height of the-water column,
m is the -mode,
and :
¢ = FRET ; (3.2.2)
in which : »
" A is the area of cross section of .the column,
‘B is the modilus of élasticity; and :

¥ is the mass pér unit length of the column.

3.2.1 Cavitation in the Water Medium

The vertical motion of the sea bed induces a ‘series of

" compréssion-tension wavés in . the’ water “medium. - If the

tensile stréss. at -any depth exceeds the compressive. stress

due to the atmospheric pressure plus the weight of the water.

above, then ' cavitation ‘results.  Figure 3.1 shows _the
maximum allowable:vertical acceleration Qi the water columns.
of wvarious depth for. the 'no-cavitatiod' .condition, © The
allowablé vertical acceleration decéeases rapidly with

increasing depth and approaches 1 g ‘at larger depths, - The

_inferénce .from this .figure is” that the .occurrence of

cavitation at shallow depths is less likely thanat-moderate
depths. The dynamic analysis performed by Williamson et al.

(1975) with lunped masses.and linear springs’confirmed this

inference. On the contrary, éésult‘s using nonlinear’elastic -

springs ‘showed the likélihood of ‘occurrence.of cavitation

throughout tl’yentire depth of the water column.
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“caleulated by the rélation: .

3:2.2 . Dynamic Models

The vertical Golmin of water is modeiled as a sybtem of
lumped maésgs. springs and dashpots.. The lumped mass of the
system is calculated as:

m o= pAS : (3.2.3)

where y :

»°is the density of the water,

A.is the c:ossv—‘s-ec‘tional area,
- e . 5 " "

S is the spacing of the masses M

The axial stiffnessés of the 1nterconnect1,ng springs are
ky = AE/S L 4 L (3.204)
where e : ) %

E is'the modulus of elasticity offthe water column.
The water column is consldered to habe®danping properties
represented by equivalént viscous damplng of 0.5% of
critical. '

] . '

‘Two types of models have: been suggested by Williamson et
al. (1973): ! L
i) Free Field. Model, and

ii) Trapped Water Model.

1) Free" Field Model: The free ficld model assumes that

there {s no 1ntetactmn beween water and: the floating

body that would affect the pressurs acting on the

i
"
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structure; those pressures are equal’ to the free field
pressirés. F
. ii) Trapped Water Model: 'In ‘the trapped water model, Shown

in’ Fig. 3.2, -the water column is as§umed to act as an

elastic bar with itk vertical sides frestrained against.
horizontal -displacement ' by ' an iflaginary membrane ,
surrounding the, stfucture.and theWater column. . In this '

study,” only this model -will .be. detailed - and

+ | .corresponding -numeérical’ examples with ‘linear. springs

Will be discussed.

. In Fig. 3.2- ‘the “flekibility 'of 'the structure is

representéd by modelling ‘the.structure .into two gub=

structures of veights Wy and W, (Wy(ig): connected by a°

spring xé and dashpot C.' The water column 'is modelled as a

series of lumped masses and springs, with the top mass being,

lumped. with mass associated.with Wg.' The connecting elastic
spring stiffnesses, K, of the water-column depend on the
compressibility of ‘the water column.

'3.2.3  Nonlinear Analysis § % :

A5 mentioned earlier, cavitation at - any depth occurs’

when the tensile stress in. the water. exceeds the cut-off
stress represented by.the water pres‘sure at that dept;h plus
the. atmospheric pressure. For. nonlinear. analysis,. this
phenomenon ‘can be . acéounted_ for thronqh; the:use of elastid
bilinear ‘springs as showh-in Fig. 3.3 with provisions for

tension cut-off.
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FIGURE 3.2. ‘Trapped Watér Model
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When' the tenQ‘le stress'in the water reaches the cut-off

ll.l!\:n‘., further increases are simulated by a gap operunq at

4 constant tensxle stréss.” Upon unloading, ‘this' gap closes

and * the cyele! is repedted. The closure Of the gap .is
treated as -1 elasuc impact (in contrast m plastic 1l|\pact)
problem for the“sake of a conservative analysls ‘(no energy

loss)

The cut-off tension f£4r each spfing ‘can be

fleternined kfr_o;@ Fig. 3.1 using ‘the nid<helght depth 'Gf the
simulated, spring.  For example, for a spring whose mid-
height ‘depth is 60 feet the cut-off value of the. allovable
acceleratlon is 1.5 g ‘above. which cavitation will result.
This inplies that for very shallow depths cavltatlon is very
uplikely o occurs

since,

a major portién of the fo?a‘e—dismacement diagram
' (Fig. 3. 3):7is: linear elastlc, the nonlxnear analysls can be

‘performed in two s;ges' “(i) a-linear analysls based upon

_~the" initial ‘stiffneésses, and then (ii) ‘adding gAY IHEAE

| forréction forces to the' nodes as externally applied dynamic

forces. Thus the: nonlinéar analysis is converted to an

equivalent linear' analysis.
"3.2.3.1 ‘Nonlinear coneuuve Force,
Let the bilinear spring shown in PJ.g. 3.4 have @ llnear
_el‘asng stiffness’ of K, and’the cut-off tension Teeyiv. IE
the displaceéments of the nodes 3, and ki are Xj and xk ‘then
theforce on the spring, F; is given as.

By By By o % g (3,2.5)
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3.2.4  Linear Analysis.

_be ‘guaranteed to within 2% of those of nonlinear analysis

where .

F(1)j is the linear elastic force in the spring,

and .
F(c)i is the correction force required to ensure that Fy o
g does not exceed T(C)i g
Also ; 2 !
(l)l-K(lk—X)_’ . (3.2.6)

if P(l)l is less than T(C)l’ then P(c“ is ‘equal to zero.
ré not, the co:rectm force is i
Fleri = F(l)t_T(c)x (0r B3y greater than. 7))
3 (3 21

1u 1 $near ahalyates thd cavitation effect is xgnured and
the witer is presumed to be able to transmit any level of

tension. The acciracy of the results of linear analysis can

by taking sufficient number of ‘spring-mass idealizations to
incotporate sufficient modes in the discretised model and by
choosing small. enough -time‘ g Furthermore, the errors in the 1
maximum positive .and- negative response Values of -the
structure in linear analysu cannut be more then 5% (Niqum
and’ Jennlngs, 1968). A X ¥ . I
: N e : T
3.2.4,1 Bquations of Motion

'1-_he dynamic equations. ‘'of .motion .of a'vlumped' mass-

nonlinear spring system can be written as: ,




|
i
|

- (1969).

M1+ [0+ [K) (X, = =mda, 4 (Fg) - (3.2:8)
where W F

[M] is the diagonal mass matrix,

51 15 the viscous amping matrix,

IK] is the equivalent linear spring stiffness matrix,

(X} is'the column vector of the vertical displacement of the

masses relative to the ground vertical motion,

(X} is the column vector of the relative velocities,

(X) is the’column vector of the relative. accelerations,

(m,) is ‘the column vector with ‘ihg'rrlial Foviia" oo annond ing
to the vertical degrees of freedom, :

a, is the vertical ground acceleration, and

(P} is the’ column vector of correction forces due to the

c
nonlinearxty of the spring.

For :a system with.linear springs, the term (F, } vanishes.in

thé above equation. . ) : .

This is a standard problem of dynamic structural response to
random load excitation. - The.obvious choice of solution technique

is the popular direct p-by p-time i ion method, the

solution procedure has been presented in ‘detail .by Kennedy

.

3.3 Numerical Examples
-This-section presents’ the vlater-transmn:ted earthquake

accelerations acting at ‘the bcttom of:
i) a liquid petroleum gas storage plant, and

1
|
i
A
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ii) a floating nuclear plant.
The (:quped water model is. used and the Linear analysxs is'
presented.

3.3.1. Nngleled Acceleration at the Bottom of the LPG
Storage Platfom

" ‘The LPG storage plant chosen for one of the example
problems, is a‘floétinq platform similar to the ARCO-IPG
(Atlantic RicHfield Company, Liquid Petroleum Gas) facility =
installed at the Ardjuna field off Java Séa; the:schematic is
showi in"Pig. 3.5.  For s plade strain anslysis, the:
1ongitudinal section of. the prestressed concrete hull is
idealized as an equivalent sandwich plate by’ !smearing' ‘o
(aistributing the rigidities) Of the web members across the
platform width. The mass, stiffness, and damping values of
the 'trapped water model' shown in Fig. 3.6 are calculated

as follows.

‘The length, width and depth of the platform are 461'
(140.605m), 136" (47.48m), and 56' (17.08m) respectively and the
draft is 36'(10.98m). . The platform is divided .into a major "
paﬂ:Y with weight W and a minor part with Wer connected by a
spring X and a dashpot Cpe . The total weiz}ht of 'ﬂ,xs platform is"
152,320 k).ps (6.78 x 10 kN) .' The three hottom skit:s of the

platform, isolated as the minor portion, Wi weigh's, 801 kips

434,714 KN). Hence, the weight of the major portion, Wy, is

144,519 kips (6.43 x 10%kw) . wp per unit area was calculatéd’

.o be 0,8613 psi (5.943 k/m2).
5 5

¥
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W, -per unit area was calculated to be 15.95 psi(110.01 -
v/t . ‘ ) i
“The spring constant, x'(p. force per unit deflection, vas
calculatéd from the design displavement as follows:
The design sagging moment of the platform supported by
“a wave trough (PL/4)= 700,000 lb-ft. (950 kN-m).. fTherefore

P =6073,75 1b. (27.028kN) .

‘;»'5: the cantilever Supported platform the maximum deflection
5= P1,3/4m. ” . ‘ ‘ .
. Thérefore § = 0,0578" (6.0176m)
(_‘The design deflection dué to the hogging moment was less
; than the-above.) ; ’ . s g
K, = 24.25'psi per unit width,(6,587.6 K&/m? /unit width) .

The damping coefficient is assumed to be 0.5% of the

critical dafping.

The water depth below the bottom of the structure is
80" (24.4m) divided into a series of 4 lumped mass,’spring and
damping -systems.with spacinglof 20 (6.1m) each: .

The ‘weight of each mass Wy = YAS = 8.889 psi (61.334-kw/m%). |

e 4 & ¥
The sprinq constant K; = AE/S. Assuming E = 305 kips/in’
# (2.105 % 10%kN/n?), and unit atea, Kg =:1270.8 psi S T,
width (345,217 kN/m? per unit width) .




PR

The damping C; s assumed -t ' be.0.5% of critical
damping. e ' i

The above vilues.are incorporated in the spring-mass
system defined in Fig. 3.5, comprised of five degrees .of
freedom: with'modes 0, 1, 2, 3, 4 and "5, and analysed using °
the computer program TDYNE deéveloped by Kenhedy (1969).. The
results of the free vibration analysis are shown in Fig.
3.7. “The mode ‘shapes have an ho’rizonr’.al offset at the LBG
Ko connecting.
the rigid top portion of the LPG. . The dynamic. response -of

. bottom due to the deformations of the spring K

the system ‘subjected to Taft earthguake loading, “shown in
Fig. 3.8, yielded the amplified accelérations transmitted to
the bottom of the LPG (node 4), shown in Fig. 3.9. Table
'3.1 shows ‘that the peak accelerations are magnified 30 times
which is. a siqn1fxcant effect.
TABLE 3.1
Trapped Water Model -'Peak Accelerationvat' the LPG Bottom
and the Amplification Factor
Peak
First ~Second Third ~Accn: . Peak -
-Mode Mode Bottom Accn
Period Period of LPG Seabed Amplelcatlon
Damping (sec.) (sec.) (a's)_ (g's) or
0.58  0.27 " 0.069 . 0.025 -6.14 -0.176530.8

3.3.2 Amplified Acceleratian at the Bottom of the FNP Platform

The second ekample chosen.is.a £loating. nuclear plant plat<

form (proposed off the New' Jersey ‘coast) the cross-section ' f i

“which is shown in Figure 3.10. - The 'Trapped Water Model® ‘of..the-

platform installed in a water depth of. 72'{(21.96m) im-as .’

N
shown in Fig. 3:1l. i 3




A

MODE 1 Y 2 3
FREQUENCY (rad/sec) 3708 1ane . o % 40721
PERIOD (sec) Q27 © 7 T o0es. - 0025
108'
(32.94m)
. 80 —
(24.4m)
. i
)
60" n
(18.3m) B 2
5 i k i o
(12.2m) é . "
20'
(6.1m)
SEA-BED A 3
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(a) Flan View of the Facility

4 s o
FIGURE 3.10. Schematics of FNP Platform
. (ref. potson and Orr, 1973)
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(h) Sectional View

(c) Isometric View of the Platforr

FIGURE 3.10. Schematic of FNP Platform (contd.)
(ref. Dotson and Orr,1973)
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A

¥ ' L o =e2.r
x : k : L
v » . The steel platform has a plan area of 400" x 378" ,(122m x .

115,29m) ,. a depth of 40' (12.2m) ‘and a’draft of '32'(9.76m) . P

The ‘mass, stiffness', aﬁ danping values of the trapped water .’

2

médel of FNP are calculated as shown bélow:
Gross displacement {of ‘the placéo:m is 300, ooo klps(l 335
+ox 10581 ¢ A maforportion bf theiwsicht fropbitional to the

’ '\'d}aft/depth ratio, was assumed as o =194,920 kips (867,400 kN).

Hence. W, ‘Per unit’area = 8.952 psi(61.77 kN/m ) . |

‘.. The weight o£ the minQr purtlon, = 105,080 klps(467 600 kn) .

‘Hence Wp per uru.t area = 4.825 951(33 29 kN/m ).

The spxing stiffness, Kp’ "is calculated based on the design
o . ~ g B . WF :
sagging moment as shown in -the. previous section. to be equal

. £0'l4.684 psi/unit width (3988.9 KN/m’/unit width). The

daitping, 'C_,. is assumed to be 0.5% of the critical damping.

= - The 40" (12.2m) water column below the platform is... .
‘divided into four linear springs, masses, and dashpots systen

" with 5B4Ging of 10° (3.05m) .

) ’ SP:%xffﬂe’ss, K, ='AB/S 2 2541.67 psi/unit width = '
e (6:9 x"10° kWn’/unit wiath). L o

Fluid weight, Wy = YAS = 4.44 pai (30.636 kN/m?)

The fluid damping was- assumed to be 0. 5! of the cntu:al

damping.

L Again, TDYNE. was used for the free and forced vil ration

(sibjected 't Tatt eat(;hqqake) analyses ‘of this system.

The_ restilts aré shown in'Fige. 3.12 and‘3.13. .
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;, AMPLIFIED TAFT SEAQUAKE.RECORD AT FNP BOTTOM
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J _.FIGURE 3.13: Time History of Amplified Vertical Acceleration Acting

at the Bottom of FNP Platform
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Table ‘3.2 shows that the amplification of the péak accelera-

tion from the seabed to! FNP bottom' is ‘about 22, again a.

significant value.
/ s

‘ 3 A TABLE 3.2

Trapped Water Model of FNP - Peak, Accpleration at the FNP Bottom

and the Alnpllf).cat).on Factor

. Peak.” . 3
First- Second Third Accn.  Peak
Mode Mode Mode FNP . Acen.

Period Period -.Period . Bottom Seabed mplelcauon
Damping (sec: (sec.) (sec.) (g's) (g's) Factor *

0.51. 0.8 0.049 0.015 " -3.81 -0.1765 . 21.9 N

3.4 Discussion

From tiie’ above analysxs, it is very clear that ‘the seaquake
phendienon is a more severe one ‘compared to the earthquake. The
ampllficatinn factors of water' transmitted earthquake
accelerations have been ‘computed €0 be of, the ordér 20 to 30.

But it 'is necessary to keep in mind that these calculations were

performed using a llnear spring model and xdealxzmg the watex:

‘medium into four dlscrete mass-spring equivalents. —The results
can further be 1mproved by using nonlinear springs as well as
subdividing the water medium into a grester nimber of lumped
masses and springs. ... . L . -
: B B < : -

) e cavitation effect has to be studied for its effect on the

amplification factor. g P e -

i
)
i
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CHAPTER 4

FINITE ELEMENT DYNAMIC ANALYSIS OF FLOATING PLATFORMS "

' (4.1 Introducti
b Small oscillations of floating platforms in a £luid
medium' cause the fluid in.cbnt-act‘wi:h the platform also:to
kre with it. This, inturn, induces an additional mass or -

P E " inertia. to the body which is termed as 'hydrodynamic added &

i Rl : mass". © Again, the oscillations of -the platform generate,
outgoirig waves which are radiated outwards to infinity: - A

i portion 'of the anergy of the oscxllatlng platform is

linear anilysis and small -amplitudes, this energy loss is
‘directly proportional ‘to the radiation damping force of the

This is a harmonic conjugate to the added mass of the

body in’ harmonic cscxllatlons and is.known as "hydrodynamic

i
i
|
utihzed in creaunq these waves; within -the framework .of z
i
;. :
added damping".  The cusmomng effect of the suppornng {

£luid medium offers an additional restoring stiffness to the !

platforn which is directly proportional'to the bulk modylus i

of water and 15 termed "hydrnd}lnamic added stlffness" .The

J R have been treatad by varxcus researcl\ers with different

deg/rees of slmpllflcatlons and complexities. ' Eatlier
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" investigations of the coupled problems avoided the
flexibility of the één_:cbu:g extra effort required to
elornine <t sowlier Eceueniy epindbut el s whd
damping coefficients’ and the forces associated with the vave
aiffraction effect. In principle, this problem is a three
alienaional: ndn-linear ‘éné but the non-linearities “in. the
governing £luid eqiations of motion (Navier-Stokes Equation)
and the Bernoulli's pressure éov;_aitiqn_s can be neglected if
the derivative of the squares of the velocities are assumed
to be small in cémpari3on to the accelerations of . the water
particles. ' The non-linearities in the . surface 'wave
condition can also be disregarded when the ratio between the
maxinun wave héight"and the main dimension of the floating
body: s, vary saall chepaced to unity. In linearized form
the vibration of a floating body, in an incompressible and

inviscid £luid of finite depth with a free surface, can be

described bxboundary value prablem governed by Laplace's '

equation with\(specified boundary conditions at the free
i surface, at the sea b&;cénh rudi;tion damping at .infinity,
and at the fluid-structure interface. Ip order .tolalleviite
the. difficulties involved in’solving the three dimensional
. probigm, -which is prohibitively expensive; most of  the
researchers have sblved  coupled problems using the

simplified two-dimensional linear problem which describes

adequately the motion of large floating structures. \

3
i
i
i
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Finite element’ applications to' coupled fluid“structure
interaction studies of bottom Eixed and floating structures,
incorporating ‘surface waves and rpdiation damping boundary
v .

: conditions, have been reported by ‘Zienkiewicz, Irons.and

Nath (1966), and Zienkiewicz and Newton {1969).' Tranmsient

response analysis of .a fluid-structlfe system usihg the

Lagrangian approach has been illustrated by Shantaram, Owen

and Zienkiewicz- (1976), and Wilson (1977).. Dubois and de ’

Rouvray (1978) formulated the ‘free ‘surface waves by the
Lagrangian approach ‘eliminating - the f£luid Eulerian
equations, thus 1e;diqg to ‘2 symmetric matrix equation: for
Tthe dynamic. fluid-strudture-surface wave equilibrium.
Dynamic analysis of a‘floating nuclear plant modeliad witn
three dimensional bEam elements supported on elastic sprinqs

has -been reported by Johnson et .al. (1975).

Studies on ' fluid-structure interaction using

Buler-Lagranglan formulations include those of Mang, Cheng —

and Fistedis (1977), Wertheimer and Marcal (1977), and R:nea

Fasoli-Stella -and Guiliani (1977): Stgdies of theveffects
‘of sitg-structure interaction on,the seismic response of

floating nuglear plant. have been car:xed ‘out uging: ‘two 1" s

dimensional plane strain, finite e1ements‘6y Snith, Vaish and

Porter ' (1977). Infinl_te‘glen\enfs have been used by -

Zienkiéwicz: and- Bettess :275) to model ‘the.fluid medium in .
c'he £luid-structure, interdction study. In order to reduce

the complexity and. the size of the flux.d-structure problem,




Kaul '(1977) proposed a procedure wherein the interactive

effective forces of the fluid, obtained by isolating the

fluid from "the ‘structure, are used to determine the

structural response. A "Doubly Asymptotic Approximation

. Techhique" together with the finite element method has been

used by .Geers .(1975) and Geers .and Felippa‘ (1917)'t0 solve®

the unsymmetric coupled ,equations  describing . the £luid-
structure. interaction.  The use of NASTRAN for the coipled
vibration analysis of submerged plates Has been illustrated
by Marcus' (1978). A progedure to extend, the inite -elenetit
method to handle the unbounded fluxd ‘domain was described by

Zaida -(1976) and Hunt et al. 11974) by matching the finité

elemegt !olutions computed at the finite fluid boundaries

with known» analytical solupicns for the infinite fluid.
Other hydrodynanic related studiek. using the finite element
method Ainc].ud‘e' those ?f Chakrabarti and Chopra ('1973)’,
Sharan 7 and VGladwe}l (1?77), Wilson (1975), : Saini,
uenkiewicz and Bettess. (19763, 1976b) analysing the dan-

reservoir-foundation systems; anw and Chopra (1976) on

, offshore in-take towers, and. Penzien'and Tseng (1977) on

e xeri offshore platforns. The 1ncorporation of wave forces
in dynalluc fluz.d-structure interaction ‘studies :has - been

desﬂxbed by Zlenkxewicz and Bettess (1978&, 197Bb). .

4.3 Cnugled Fluid-! Structure Pomulation i

" As mentioned earlier, a (two* dmensmnal plane stram B

‘finite elemem: formulatiun of the ccupled f)uiﬂ-sttuctute

'racticn which ‘takes. info account the £luid’
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compressibility, structural flexibility, surface wave

. effects, radiation damping. condition, and scattered wave .

effects is presented below.
. > St ol
4,31 " Structure Idealization
An eight noded iscparametzic rectsngular plane strain

element . showh. in Fig, 4.1 is used for discretizing the

. floating structure:

Ty

| i
4.3.1.1 Two Dimensional I ic Structural Element

(Lagrangian Displacement Appteach)
The fifst step in isoparametric finite element
formulation fs to achieve arelationship between the element
<dxsp1acemenqs at ‘any point and’.the element. nodal polnt
displacements with the use Of - "Shape . Functions®.
Isoparametric elements are’ those "in ‘which the same shape
functions re‘la;e the global coordinate' system (x; y) to the

‘natural coordinates (¢; n) (refer Fig: 4.1).. The basic

procedure is to. expr ‘the ‘element . ‘coordinates . and

-displacements’ in the ‘form of shape fgnctions “using: efie

natural cocrdlnate of the. system (%r-n).. - Thé shape
fur\cnons are defmed in- such a. way -that- the natural

: .
coordinates vary as v, g

For the two dimehsional isoparametric element shown:in
Fig. 4.1 the coordinate relationships are: '

i
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JRE P
e 8, :
x €= p o oNgxg 5 B + . .
i=1 J g e (4.3.1)
8
I :
: i=l .

where N; are shape functions, x and y are coordinates at.any

point of the element, and x{, v, i=l, 2...8 are the nodal

coordinates.. -The displacement ‘relationships aret

8 . : 3
w®) [z wfuf
| geo L] ; e T
e 9 i . (4.3.2)
8 L
SRR AL Y vaf R
: .

where u and v are” the horizontal and vertical displacéments

at any point in the element and vy, Vi

i=1; 2...8are the’
nodal displacements.
. \
THé .chomen interpolation - functions (shape ' functions)
satisfying the requirements of unit valués at node 1 ma,
zeros at all other nodes in the natural cocrdinate system,

are ‘given below:

Ny = 124 (Lgig) (ltang) (seg+ang=1) for i=1,3,5,7

i
' =1/2 (1-¢3) (L4any) for i=2,6 . -(4.3.3)
1/2 - (L4eeg) (1-n2) for i=4,8
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4.3.1.2 StifEness Matrik |+ s 8 i

The elenent strains are given by:

L iarie T o o], B o
‘B’v/.ly'-v b A (4.3.4)

B‘u/ay ¥ av'/zx

The. relat fonship, hotieen the dlsplacenent-dérivatives 1

" natural and global coommat;s is:

o /2e)> ax/er. /s [a7ex (4.3.5)°
a/am 3x/3n ay/an] (2/3y : d
ieedi fa/ag) . L g fasa]) : L (4.3.6)
a/an B f .
i B |
where J is the Jacobian Matrix.' Using Eqn. 4.3._3 \
i "\ T 8 |
b3 x; 3N, /3T I -y, AN, /ag A A
tag M % ey B % s 12
1= ? = R
. 8 - N 8 . B
R s LRI L (0 le ‘.sz ¥
(4.3:7)
the debermmant of ‘hie Taobian matfix’ is given below: T
det = (&) izz - Ay Xu_) s TN (jl.a.a)
Therefore, - f ;
997t Rppfdet o —'Bpy/det| | Ay{ Ajy|
i iAo/t det]. | By By 1

(4.3.9)
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As seen from Bapd.3.7, ‘the JaCobian -matrix is'a function '
of lerm) . & T T L -

From Eqn.*4.3.6° o0 T o gt o

5 N § 5, - ¢ . .

3/3x -1 (373 - v
i / t e i } by T TE N Rae
ta/ay a/an); 0 a6 ) gt

Simila:lyy the traniorn\ation of denvatives of tha

shordinates with respect ‘to which' integrations are performeﬂ %

is gmn ast B LR LA
=axgyo=detd cdn T T T T (43,0) K
“The - strain displacement equation, . can | be

‘ rewritten. as: %

[ex )0 forex o ] [u] K
¥ ;
Tay a/ay " 3/ax

Usmg Eqn. 4.3.2 in Eqn. 03,12 Wil yield'a :elatwn

T SBLesy, T 3 (4:3. 13) 2t
wh'eL:e', ol ¥ B ’ s °
ang i N )
Bl = {0 UL ANy e I I R
PR g aN{/ax . T b

[For ‘a plané - strain, orthotropic éase, the stress and:

i o

strain can be related as:: s _ e
m = [nnz) T R (403015

U N [ RSTYZT 2 0 I e e sty F g
5 .




el

-5 %
where
i B €11
D= —2_ 23
LLH5,) (Lov22nv0 5] . ©31

“in which
E, and E, are the Young's moduli, v, :and v
in the x and y-directions, G is thé shear modulus of the orthotropic:

material, £ /B, = i, /5 = m,

éi) = n(l-nv ?),
cp = “"y(,“":;)'
e =0,

eqr= v (IHv,),
2

cpy= t-v By,
egy = 05 T Fa e .
eqy = 0,

\ 3 C32 =0y
and

Cegy = :q(_lﬂ',)u-w)'{-znﬁyz).

area (for a tWo-dimensional plane strain) is equal’to

the external forces, i.e., -

IA(Q)T (o)da = [GRI
,

where F is the'column. of external forces, and' A is the

integration.

“f12

X

€22
€32

®

Sxy
€23
€33

b4

are the Poisson's ratios

From the principle of yirtual Work, the' strain energy pet unit

he workdone by

(4.3.17)

area’ of




Substituting, Eqs. 4.3.13and 4.3.15 i Eqn. 4.3.17 and:
inposing unit virtual displacements at-all nodes leads 'to.
the equilibrium eguation g :

i X1%(6)® ‘=w(s)§ i (4.3.18)
where . : N . ’ .

K]® = fBTDBdA . . ! £ (4.%,19)
15 dalied' tha stiffness matrix of the element. and . [F]®is
the sun of all the external forces mcmdmg body forces.

In .order to calculate the' stiffness matrix in  the

" natural coordinates,’ the matrix B nust be’ transformed n-n:o
natural coordinates. This can bé achieved by “using ‘Ean.
“4,3.10 in ponjunction with Eqn. 4.3.14 and including the
relation 4.3.1l. e
s, / w

S S .

*'" Hence, the ‘stiffness matrix in natural coordinates can

be wnéten as:

& Bl (5P
[K1® = s s B'DB det ddn
-1 -1

1 % 38 2 % 2
Exacts integration of -the above ‘éxpression. could . ‘be -

troublesome for complicated,.curved andsdistorted élements.

In such casks, numericaly.integration® is the preferred

alternative. Of the various numerical  integration

4 Procedures available (Ropal, '1961:" Irons,; 1971; Hellen,
+1972), the Gaussian quadr}ture\formﬂla, which requires ‘thg .

‘least number’ of points of’ evaluation is ideally suited for .




such types’of integrations (Zienkiewiczi¥1977).

3 For.the plane strnn element assuming “that 8" DB det is
] constant thruugh the (unit) thickness, the unenc stiffness

matrix can be evaluated using -a fourth order Gaussian

|
|

quadrature formula,as: - 3 -

e 4 4 ol
[x]ij Tl T Hy Hy LT (4.321) .

SR i=l j=1

,
v ¥ o5 . % S - 5 T %
| ) 4.3.1.3 'Mass Matrix i : i £
G = R - e |
H The mass matrix due to the inertia force of  the, :
i g s 5 or
vibrating structure (proportional.-to its acceleration) can . -
‘ be evaluated using the relation: T G
5 M1® = 5 NTp NaA (4.3.22) g
Il PR - 13
5 where p_’is the mass per unjt area of the structure. _ . .
L A, - N =
! Again, using the fourth order Gaussian gquadraturg R

formula the elements of the mass matrix can be evaluated

& from the relation: : . g % pn

|
: . ; j
: ! e . _4 4 : :
e ; WISy = 7 op 0 eg Hy BYNjINGG det 31 - i,
A \ k i=1,§=1 “fine T ; I
) . Pl E !
4 The mass matrix [M]® is the distributed element mass matrix  °

i
) . known as the 'consistent mass matrix'. ' - - !



“isn © " TABLE 4.1 -
s ‘Abscissae ‘and Weight Coefficients of the
E Gaussiah Quadrature Formila

(Ref. zienkiewicz, 1977) z
@ X

£(x) ax'= 37 BiEGay);

. . =17 .
. 5 £ i
’ ' ‘¢
B 28 a L ) : r
s e 0 v B " 2,00000 00000000007 . 4
. vy 0.57735 02691 89626 1,00000 00000 00000 w
" ¥ - 5 3 ; i DA |
. 0.77459 66692 41483 - . *.0.55555 55555 55556 o
5[ . - . 0.00000 00000 00000 ~.0.88888 38888 88889°
: i 5 g ..m= 4 . 3 4 !
; e 3 0.86113 63115 94053 - 0.34785 48451 37454 -
k - 0.33998 10435 84856 - 0.65214 51548 62546 !
- 3 o :n= 5 .. gl = g
< 0.90617 98459 38664 ~.* 0.23692 68850 56189
: - 0.53846 93101 05683 _ 0.47862 86704 99366 y .
v ¢ -7 . 0.00000-00000°00000 . . 0.56888 88888 88889 i
\ 5 e n= 6 :
i .0.93246 95142 03152 0.17132 44923 79170 :
% . . ' 0.66120 93864 66265 0.36076 15730 48139
A, 5 0.23861 .91860 83197 0.46791 39345 72691
i > . L e
0.94910 79124 42759 - 0.12948 49661- 68870
. 0.74123 11855 99394 0.27970 53914 80277 . ° .
; 0.40584 51513 77397 0.38183 00505 05119 , i
. : 0.00000 00000 00000 - .. 0.41795 91836 73469 o
x y Y ni= 8 s :
0.96028 98564 97536 - . 010122 85362 90376 :
X L. . 0.79666 64774 13627 = . 0.22238 10344 53374
{ ¥ . .. 0.52553 24099 16329 . 0.31370 66458 77887 ;
A 0.18343 46424 ‘95650 0.36268 37833 78362 ;
- F: T . : i
: |
' | . ¥
. 4.3.1.4 Damping Matrix ;
P . The ‘structural damping-matrix is related non-linearly to

the velocity of the structure. For simplicity, only linear
] . . L) b I 4

s



" Intheory the structural'

(1% =/ 8"y nan
A

#

here’ uy isa consta"n’t evaluated based' on.the " damping

"charactensucs uf the ‘structure and A is the area -6f

integratiop. | In practlce, it is rather dlfflcult t

this parameter since the. dampmg properties ard frequency

dependent (£l “Bathe- and Wilson, 1976ji. For,Hils :eason

amping} téchnique in whith it is assumed that

where "o and7p. are dampmg constants détermined f£ro

. knpwn¢ aampu\g ratios (expenmentzuy determlned)

correspoadmg to two unequai frequencles of v1bratxon.

iBathe and Wilson (1976) lllustrate the method of. detzrnunxng

these constants for multxd qree of freedom.systéms. 4
% Ty

Since the di!npmq matnx [cl( 1s Constructed usmq the

‘consistent m‘ss matrix, this alsor cap be’ termed the

“consistent damping matrix. 5w, 2

4 3.1.5 Force Matrix

Lt _{q} is the total 1uae vector aue to body Ecrces,
surface tractioJ

and. other external loads, th&n \:he

G detine .

> '[c]e» LaMI® ame B 4325 .




" can "o ‘achieved " by ummlng all the elemzn: man—xces.'.'

‘structure is of the form: i O *

’m], c1, ana K1 are the maas, dam'pin\;, and uci{fnoss -

j .q‘ det. . s (4.3.27)
i g ;

{.. Once the element rices are ‘developed the ass of ‘matrices

he sum.cionu,

4ok & #

T (433.28) -

w.

" fhe -resuiting dynanxc' equations of l\otlon 6f. the £loating

™) d‘; ¥ [CY (.5) fm (8} =-(F}) it : (4 3, 29)
where. 2l R S

matrices of the struckute, usp;ec:wely, )

{8}, (a:),- and (s)‘an the di!placement, velogity .and acceferatian' H e

vector of {-.he overall u:tucture, resnective




structuze cun be expressed as’:

~ . :
. is. £he nu-‘npez of elements

{P}"is a-force vegtor due’ tg. the ‘interface fluid pressure.
3 R 5 ! Y

> stru ture. )

{F} = {R} # (P} - (4.3.30).
e o e
(R} 15 a vector [Of external statxc or. dynamic 10ads; e.g;iv . '
earthquake laad, 5 BTG - ¥
énd .. i, . &

\
R

the ﬁluld-sttucture intértate: 4da ac_l:_xng tuwards, the

“. -
< Using Eqn:4.3.2 the dlsplacement ;

&)

The“ force, dus’ to hyd:odynamic ‘p'ressu‘:e at | the




 the strifturd and Eluid. This: Eorcetcan be ‘written as:

) = [sipr (4 3.32)

_where [8] is the 1nterface coupl1ng matrix; the elements of
whlch can be eva]uated using the axptesslan_' '- L L

(5;3.33)

.

and (p] is'the; qenetnllzed pressure ¢ ardmates~o£ the Eluxd
Setebokel - “tm the' abdve reLy/n ¥s the’ unit. normal 35

10
vedtor t the interface and the integration is.. carrled Dvex‘

s to be: noted: thaf, the' matrix

“the interface regiqn T}

8] wijy haye. non-zero elements correspond1ng to the.

interface.nodes. only.

e 2 i ;
4,3.2 . Fluid Idealization . : -
4.3.2,1 Govéerning Equation _ . &,

If p i5. the pressure in’ excess' of the -hydrostatic

pressure, then the Navier-Stokes {€quations: of . the
compressible and Viscous £1u1d motion ‘in the two dm\enslonal

cartesian coordxnates %, y) are given as:

= ug/at 1/e0¢ ap/:x + [uf aug/ax + vf zuf/ay]

uf/pE V., ug - uf/:‘lpf a/ax [auf/zx + avf/ayl
7 ~. (4.3, 3451)

- 3vf/?ﬁ = sy p/ay + [;lf_jvf)/i‘x +vg ave/ayl’
~g/og V2 vg = g/ 9/3y [Buglaxet avg/sayl




T ccnvectlve aecelerat;on Yo tnaianti b ‘neglected,

: whe:e uf arla vf are; the fluiﬂ velncu;y components in the x

e

‘io: 3 f1|\15 phase with the basic Lassuiption that

|
1) the uscous forces are neglxgible, and

11) the accelerablcns and velocxtles are so. small that the

|
the above quuat

/5. ap/ax
1/92 29/ ?y




E1gher p ot .. can be uséd in t‘he £luid formilat

presaure by the: relation: f g
iy p=-nf ap/ot . e S sl
and the.velocity’ componencs by | i - e §

a

4l3.‘1z.2“ Boundary Conditions | .
i Boundary Conditions’ | /|

i) The normal velocity.at|the ‘fluid-gtructurs. interface

,-can be expressed in terms of the pressure gradient as:

Tl 1 egap/ins Sty ser e T T (4:3.43)
whers v i the velocity in’ thé. normal- direction-to
B ki Al
* the interface. . e R

i) The free Surface wave pressure at the surface, y = 0,

isi " LR !

hw, B b= bggr A T (4384

where £ 15 the surface elevation of the wave above the
.+ méan seéa‘water level. . '
Defining "\ L Ty

" T (A3

'=2:/at 5= avf/at. ¢ S (4.3, - 46) -
diffe:ennatmg Eqn. 4.3, 44 twice with respect to t;
and. using relations. 4. 3 46 'ana 4.3, 38b ylelds

obtamea By mtroducan a velodity pctentlal related to the ,

=24 /3%, andfv.s /3y Ciass.azy

T

..L_




-

%) 2 psa(=1/6; 20/8y) W
! 5 .

6eata’e /ot

(e - » g 3
S el ansdye = /) alesat? (4.3.48)

is'the Boundary condition'due o the surface gravity waves.

:"In the absence of gravity waves };he pressure at the surface
;is .zero. 4 %
'§i1) The bGundary condition at the sea bottom, the Neumiann’
scondition is el
! J o Y e
. 9p/ay = 07 g . (4,3.49) -

e bnundary condnm,n (Newtor, 1975, Z:Lenklew).cz and

< &Y, uewton,-lgﬁll . !'h.e‘generul solutiorr of the wave

equat:.on is N k

R p =¥ (x+ct) * (x—&) . (4.3.50)

" At large distances’ of x, the. waves are only plane and

: outgo:.ng. Hengce:' N 4

/P f2(x ct) as x + = i “(4.3.51)

In the above .equations . B
' o

["(g2/2M) tanh khi y (4.3.52) '
:

<077 where 'k .is.the wave number, 21/). -

Jarzzm

For shallow water tanh kh > kh, i.e.} .c =[gh

<

For deep water h » =, i.e., c =

Differentiation of Fgn. 4.3.51 yields

iv) The 1nf1nit:e boundary of the, f!\nd medluln can be -

o txnneated to a finim regmn By imposing. the radiauon "

|




S0l UEgs. 4.3.800 £o''4.3.55 -define the

~ v
J¢ a v o
| Ak = ety 2
and ¢ 3 o ;
' ap/ax wth " S T, 54y
T g T Elininating £) from’ the above equations gx.v s the radiation

s 2 bnundary condition as

ip/ix + 1/c /3t =

(4.3.55)

The - above -eqy, tion is t:alleﬂ’ as the Summerfeld
f 2

radiation condltlon applwable at".a. finite.distance

from the structurd. simtait ol | n

completely. @ 4

4.3.2.3 Fluid Matrices (Eulerian P't‘e‘ssurerl:‘oimulé.fihons) M

The. Fluia dql‘na,i_nyalsc is discretised ‘using’a similar
TN isoparametric e1§nient to what. is shown.in Fig. 4.1. This,
sin\il r to the structiral displacement ‘vector (Ean: 4.3, 3y,

" ‘the pressire. at any pomi of .the £luid region. (p) can’be

expréssed in terms ‘of the vector of its'nodal pressures :(pl.

)
< system hold good for this. section; and no Specific reference

. or distinction between them are indicated.

N as ; 3
) (3} = W] g} E AT < '(4.3.56)°
Wy : N T
b The shape functions, N, are defined in Eqn 4.3.3.: Tn
5 ‘;K\/ | the following séctions the £luid matrices; are developed' in -
B glebal coordinates. In actuality, the tiansformations
Lo (Bection 4,321 1 ¢ron the ‘local to the global cfmiute




Using Green s

‘theorem, ' th

transforn\ed to

Tt
inc:oauci;ﬂ;-aqn. 4.3.56 i in oria: above'
4 % f(iNi/ﬂx 3N /3)( + l“ilﬂy ﬂN
| , .
. > —l/c miN p.dx dy,
AN . e T ax ay’
.

ay)-ax ay, (4.3160)




NG

“‘where T is thé free surface boundary region.

. changes to:

(4.3.61)

and ) - "
e . e Ce -
E; = s - ¥ 3p/sm ar, . (4.3:62)
T, ' 2 -
- B By

‘ Eqn...4.3. 59 can be rewru:ten, after ‘assembling all the

,elemem: matrican as

i'r. 1] (p) + 16] pt = [E] ©(4.3.63)
where /[C] is analogous’to the.'fluid stiffngss' matrix, [H]

15 the 'fl\id inattia matrix, and [E] f._akes care of the

“ion of gradi conditsons at different
- fluia boundaries, such as thé free surface wave, radiation
danping and the caupl!ng of £fluid-structure intarface

boufidaries. The 3ea bottom condition does not contribute to

this matrix sinc&the normal @éFivative of the pressure ig
zero, .

Prescribing the surface wave condition 4.3.49 in Ean.

4.3.62 yields: R

By = N (-1/9) ar. ©(a3.64)
B

. .

Substituting Eqn. 4:3.56 in Eqn...4.3.64, .Eqn. 4.3.61




Yags L,

A 3
Hij = 1/!: IN “j ax_dgss l/q I Ni N, dl' (4.3.65)

 Therefore Eqn. 4.3.63 becomes

{ & L (B (p) + (6] (p) = {Egl # [B;] [ (4.3.66)
% where [Eg] and [E;] are due to the contrlbutlons of*
i

t

i

radiation damping and Eluxd-st:ucture lnterface.

: . Introducing the radiation boundary c/ondi}:iLm 4.3.63 in
| Ean. 4.3,62 gives: g ) ;
! . S UEg = PN (-1/e ap/at)ar (4.3.67)
3 4 . o, i e a
’ where T, is the radiation boundary.
i : ;

i Again, introducing Egn. '4.3.56 in the above snd
: g transferring to the other: side of the equation changes zqn.
) 4.3.66 to: :

3 {8 (BF + [T) (B} + (6] (o) = [F)  (4.3.68)

where .
2 e = 4 - » :
i l'l'l‘j l/c‘; Ny N]. ar : (4.3.69)
' ; Ay Lo 8
. Nt T
.‘ Combining the structure-fluid interface : boundary
% aes
i condition: 4.3:44 with Bqn.. 4.3.32 gives 26
g ap/ln - —nf N1 sn i g % (4_:‘3.,70)

Substituting Eqn. 4.3.70 in Eqn. 4.3.62 results in
! N 3,

P S
L3N

L



* be written as:

e - 1N (oaghy nTs) ar €4.3.71) -
3 3

where r; is the structure-fluid interface boundary region.
,, i : g |
From Eqn. 4.3,33, it can be noted that'Egn. 4.3.71 can

Ey'= -pg 517 (83 . . (4.3.72)

Assembling this term on the left hand ‘side of Eqn.
"4.3.68 yields

(8] (p} + [T] {p} + [G] (P} + p¢ ‘[s]" 6y =0 (4.3.73) -

4.3.3  Coupled Bquation ) e e
. . . 1
.. . Substituting Eqs. 4.3.32 and 4.3.30 in Eqn. 4.3.29 and »

combining .with Eqn.. 4.3.73 yields' the ‘coupled’ equation of

‘f£luid-structure interaction as g

M o i c o i K s (s R}
+ + . [ =

" pl Lo T P o® @ P o]

(4.3.74)

If Jthe ‘external force acting on:.the structure is an
earthquake acceleration transmitted through the water medium
to.the structure, then the above equation can be rewritten

as:

|
|
{
|
|
{




Z
E

|
]

“where a is the acceleration vec@or due’ to ‘the earthquake.™

1

Though the, individual matrices in the above equation ‘are

synmétric, the coupled equatiof is unsymmetric and linbanded.

_Hence, the popular numerical integration, techniques are. not

applu:abls.‘ A special procedure ‘for the sélution of" the-

* above equatinn is présented in the following sectlon.

4.4 Numerical Solution of the Coupled Equatiops

As mentioned earlier, well-known numerical methods.are

not applicable for ‘the coupled problem. - A~ fourth order
Runge-Kutta method has been used by Visser and van der Wilt

(1975) to.determine the non-stationary response of ship,

assumed as @ rigid body, floating i an infinite fluid. The

stability of using a Newmark-tyPe time step solutmn to an
interior fluid-structure interaction ptoblem has bBeen
studied by Schumann, (1979), with reference to va;‘ious

aspects such as well-posedness (positive-definite): ofs o)

coupled equation, and sensitivity of the numerical procedure

to round-off errors-and numerical damping. p
Ve X . 3
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|
£
|
L.

; scheme: 3

 submerged in an. mnm:e £1uid mediun has been performed’ by

Geers (1978) using a 'dcubly asymptotic approximation’ which

' converts the fluid equation: to. a first arder one’ in ‘time,

The convergence, stabxlxty and accuracy of ‘the resilting
dstaggered solution. procedure' has  been, broved by Park,

Felippa and Runtz (1977). : v

Sharan (1978) has adopted the popular ;Newmark-s method
‘to solye the"coupled equation and has successfilly applied’

it to studythe 'dam-reservoir-foundation ' interaction. . The

procedure, is. proved to be stable for the cases with no

surface wave.and radia n damping.

1ntegrat10n technique, based on the Wilson-e interpolation

s developed in the néxt.section .to solvé, the

coupled equauons. : vy

4.4.1. " Proposed Numerical Integration Schend

_The governing structural-and £luid matrix.equations of

sthe coupled equations (4.3.74) can be rewritten as:

[KI(s) + [CI(E) + [M]{5) +:S1{p} = (R} (4:4.1)

and

“[61(p} + [T1(p) +: [H](p} + pg [SITL6} 20} “(4:4,2)

" The Wilson-6- méthod assumes a linear variation in

accelération. {Bathe and _Wilson,. 1976) o'ver a time increment

© = Yo, whérein for anconditioral stabun:y o must. be

grea‘teg( than” o‘r qual to. 1,37, The above equanons Ft time

A new’ numerical: "



S
e 3 ) )
g u()(t)t;' + lc““cﬂ + ["“”u‘ [s¥tp) - -/\&“;,
and. o “ (,._'."3’
o IGHRl gyy + ITIR) gy * (nu'fum *ogi 18] m“', =
(4.4.4)
T AT Cgs) -
y 2 o R e e

+ . ‘According to the linear accelération assumption:

; Substituting Eqs. 4.4§ and 4.4.7 in JBas. 4.0}3 and -

4 will yleld the fouowinq eq’uutxom

[A)mt“ + 126 [Sl(plt+' = U A O

o S 2 = e
o 517860y, + [BIPI, = (£}, " (4.479)
where. © ° P S . T




S9N s

R R LR R RV H R S TR SO

(] = lﬂi 2/6 4 (1w 461 (a4
(€14g,}, = [s1ig3), Rm)“‘a;uz')j

» ‘and

) .

! g 'y (4.4213)" 3

: . inwnick £ ' : { ;
ayre =l ey 23 g8y, (8.4:14) i

f CE e Sl R L ks

147 Lgh, = L83+ v/2.( (4.4.15) i

ko ~ i 2 A : =

i o % - ;

I

!

e y e, s 5 : . (Ao |
BT e = Yy 4 wB) Fa2/3 B ; (4.826) 7 1
i K ”u and . ® 5 : ‘
% 9, = Yy +1/2 (R, S(a.4a7y B
; .. ‘Multiplying'gqn. 4.4.9 by (317! yielas' . 4 i
9 (g)e - o[BI (81008) (4.4.18) i
5 - % g " ‘ I
i ) ) e
= Substituting Eqn. 4.4.18 in Eqn. 4,4.8" results in._the
+ following eguation : o2 A " "
Fa (X] (8 = g5y . 7’ . (4.4.19)
b SE O . = 2 .
A i &

[ ORGH T




.

ol : :
1 = @A) - o, <%/6 151 817} (817,

| PAS
i and £ &
+ e S
i s 2
; 4 ©UEgdy = (E]), - 1346 (S [B)
A :
] i .
i DML a0 % 4
i at Eqn. 4.4.19 can
| ;

] By, = (f,»

i : where 3 : .
i : 5
i -
) : :
¥ i
) o LA .
‘ Ean. 4.4. 227can be ssolved after using the vu1u:s
4 of (3, ln-an. 4.4.23 and (o1 can ‘be detemined T AP
] dhike., 2
e , K

Then the displacenent and pressure and their derivatives

\ at time (t+at) can be evuuated By nung the nlntionr

. (-”t“t, = 11-1/.)_ mt + 1/ u)b' 2 : (4.4.24) °
5 z 3 ¥ ] - k
: c 18} iy ™ “)t + at/2 ((nt + “’tu:) (4.4.25)
; T T ) . .
o B 7 e nyt * ot cntw at2/6 (nt“t + oty u)t,
3 Y i bps S (44265
© o oand, .t % ;. g h X
(b)t“t (1-1/0) Py * 1/0 @rgior © oy OO (4.4.27)




Worras & i

% anﬂ [S]

(Blyype = (Bhy + 46/2 (R} # (B¥(pyg)e (4:4.28)
(plt"t - “”t + st (p) +.at] /5 é&hut +at?j3 (p)t ek
. ¥ - (4.4, 29)

a‘-l-'he advahtuge of the proposed technique. is that n:

reduces. the coupled unsymetnc ‘matrix Bqn:

4.3.74 into two

.uncoupled /symmetric equntiona 4.4.20 and 4.4.22, "

Since the fluid and structure matrices”are symmetric by

themselves, Eqs. 4:4.10 and 4.4.11 yield 'symeéric matrices

[A] and ‘[B]. Rgaih, utnx [X] takes a symmetric fom due

to the unique re]atlonshlp yetween the coupling matnces s]

% ‘ \

3 3 g o
By proper node numbering, i.e., Starting the .node

numbers -from the left hand side of the interface boundary;

°

the matrix [Xl “an be made banded, symmetric. _Hence, Egs.

vsymu\etric matrix equation solver sv
e ¥ >

4. 4 20 and ‘ 4.22 can- be solved uaing the" well-established
»

foutines.

This précedure has been tested to be unconditionally

_ stable for any iﬁtegration step size as well as for high

' values of radiation and st'ructural damping. and surface wave

boundary conditions. Further economy is achieved by using

~ 2




the Nou'su{ algorithm (Bathe,. Wilson, and Iding, 1974) of

storing —onry' non-zéero eléments above the skyline of the

large) bands (j matrices: e

- |

T4 8 ¢ :
* 4.5 Approximate' Analyses of Fluid-Structure Systems

| The simplest form of evaluating the dynamic response of
fdoating pl.égtfomé, as illustrated by Reddy et al. (1978),

| & . i ;
is as follows. ‘\The effect of -buoyancy of the fluid medium

supporting cﬁxe skructure is includéd using one-dimensional’

axial stiffness (spring) boundary elements at the bottom of
the pl‘atforlv .étéﬁc;:ure. The added. mass. and damping
ccessficients“ are’ assumed  to "be indepéndent . of
fréquency/time. ' Radiation damping is’ neglected and the
frequency in\aepex{dén: ddad, naEs le ‘evaltated. to7bE

b il | R
equivalent *to| the ‘displaced fluid volumé®and added:to the

structural mass matrix. e
b T i .

) 3 3 - i > E
4.5.1 Incompressible Fluid With Rigid Body tw

- ] B
If the. fluid ' is assumed . homogeneous,, inviscid;

w6 ! o % Ty

incompressible.and irrotaticnal then Eqn.'4.3.40 reduces to

o K o

| 4 o -

v2p =0 i L aasa)

<

An equivalent formulation results’ from choosing the"'{'

velocity -potential, .4, instead of the dynamic fluid

préssure, . p..  As mentioned befoke;  the' fluid: velocify
¢omponierits u and v in the x and y directions, respectively;




are relnted to the velocity po;entiil as Shown below:.

" .

Cu'="s4/0x, v.= 20/3y . (s

" substituting Eqn. 4.5.2 in the continuity équation yields i

ubs n : . i

* vl =0 R S SRl s T g
! o Sk . . 1

“with the-bounfary condition at the sea bottom'as. .~ - i

il Tag/ay =0, e ‘ L (a5
the free surface wave condition as i I R
2 e ;
/3y ==(1/g) a%e/et", . - (4.5._5)»_ .
. o %
thie fluia-structure interface condition as . - 4
- 13 = “ -’
. * 1./.n = o - ZLa: ©(4.5.6)
¢ and the uaunon boundary comih:i.on as
24/9%.= - (1/c) @ g < (8:85.7)
.. where nis a lacal coordinate normal to 'the interface '
. and w, 15 Jhe componsnt of tha ship 1nter£ace velocity alang
.
the' no:mal. ¥ 2
', 2 5 .
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Again, the £14id domain is discretised using the fluid finite

element. The complex velocity poten:ial at any node in the flyid

’ reqion is assumed as

B 7 RN e ~ "
Ser e W te) @UEL T (4.5.8)
'uhe:é [N]: is a matrix of shape functions and i¢,} is a column vector

of,amlplax potential anplltudes. The velocity of the Structure ise
i . e b

e

v = vee S Fhel s :
} =

. where v, is ‘the veleclty amplitude, i o= J-l., .and w is.the circular

 frequency of oscillation.

Using Galerkin's we!ghtad residual procedure thel Laplnca
‘equation 4.5.3 and the boundary conditions 4.5.4 to 4.5.7 can be

transforned into the following equation. (Newton, 1975):

C =o?[B] + 1elT] + (6] ) (o) = (B)F v, (4500

in which E Lo ] : >
. o . . . S At Lo o . A -

{Byy ¥ s WD nar ; o (4.5.11)

i

s the tlnid-ltructure interface vector and matrices [H],. [T], and [G]

are as defined in Eqn. 4.3. s8. -




Slealotlonstpod g

structure heave acceleration.

= 100"

4.5.1.1 Heave.

: L @ ; 3 -
If the unit-normal vector, n, is decomposed ifto. horizontal dhd

vertical compenen\:s, then the fluxd-structura interface vector for

: heavmg macmn (vertical component) is:

(217 s ¥ cos e ar ; . (4.5.12)
ty "

where o is. the angle between the normal (towards the body) and the:

vertical axis.

Using the relatidn -

e

Cp=s g (3§/30) : 5 14.5.13).

and exclud)ng the buoyant force e ampl1tude of| the vertical force

due_to the heavirg motion can be evaluated using

GFip) = 7 P ocos e ar = iupg FPlh’? b (4:5.14)

The imaginary. part Of :{Fy;) 1is. in, phase with ‘the structure
acceleration and the associated added mass: - -

m‘a,=m?(-'s'1h)/ Vo 1 iy (4.5.15)

_where In dehotes the imaginary part, and uv, is the amplitude of the

The added mass. coefficient, €r is obtained by normalizing the
added mass with.'respect to the displaced mass, of the structure as
follows: K : iy .
Cop =M, /pf =Re ("’m’ DRV § : (4.5.16)
where A’ is 'the bross-secuonal area’ of thé ‘submerged 'portl.on of the

$tructure and Re denotes’ths real part.




% B o e 8 ' i

The real part’.of "1)-' is in phase vh:h ‘the valm:i.ty oi the
N
structnze; following -the. above ptccedute givel

= =Im (120" 80 /A,

(4.5.17) -

is: F % L EL o

- T sin e ar

'r_x_, : 4
oA

. where' u,

§. It can ba aaauy noted tha}: for a given, !tructure the addcd mags

qnd .samping ceetﬂciantu are frequency dependent. :

Cag = Re ury 1 o;,_)[lino'; A ) (4.5.20)
Cas = Im ()T 40)/mug ; > _(alsi21y’:
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4.5.2 Incogtvgressxble Fluxd with no Free Surfacd' Wave

If the fluid Ls assumed to ‘be 1ncnmpl‘essl.ble and the

surface swave is neql%cted, then the matrices [H] -and rr]

become zero.and the flllld matrix eguatlon 4.3.73\reduces to.

- g 151T4EY Lo wesane
=
1p) cari'be solved from the. above equation ‘as

(1 i

Py = = pg [G] 1% ' . .(4.5.23)
0 :

Substituting the' above equation' in the structural matrix

equation 4.3.29)yields

() 08 H OB 4 K] (6) = UR). 4 (4.5.24).

where

.= 51 7t s (4.5.29)

Eqn. 4.5.25 gives the ‘equxvalent addgd i BaEERh
. ‘frequency independent) "Eani 4. 5.24, represents 2 'standara
\d)‘nam.\c ptoblem wn—.h the mass matrix ~augmented by the -

. hydrodynaric addéd mass matrix: . P

4. 6 Numerical Examples

a6 - Bydrodynanic Analysis ot Rigid Floating Structures.
Te hydrodynanic added mass and dampifg coefficients for

£loating platforms, : using the ¢ ‘ analysis
(rJ:id hody asstnption” deberibad LA “Sectidn w.5i2), are

first cnmputed.
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4.6.1.1 ' Ship-Hull Form @ .

In order to verify, the validity and accuracy of the

e results, the example of a-ship Hull shaped cylinder floating
: on"watér is chosen.’ The finite’element idealization of the ) i

cylinder is shown in Fig, 4.2 and the results are given in

Table 4.2 £67 ‘the pure heave motion: The.rEstlts, compared

with a similar analysis by. Newton.(1975) show very good agreement.
. 7 { J

i

4.8.1.2 Rectﬂngular (‘vllnder ) [

" The next example ‘olved is a rigid rectangular cylinder

ca»  of 10'(3 OSN) draft. 2(\'(6 l)n) wlde floating. in, a water depth

Lof 240' (73:2m The; added mass 'arid damping Coefflclgntsy i

. evaluated for frequenciés more than 5 rad/sec shoved little

- change. The ‘evaluated values were'C,'=1.59.and C; = 0.004

_for heave motion and € = 0.5l and cy = 0.0006 for sway motion.’ = | |
¥ The same example, neglecting the surface wave and radiation :

- damping, vielded'c =:3.72 ‘and Cq = 0.0 for Heave, and G = 0.86

and Cg'=,.0.0 for sway motion respectively: This illustrates
sk the' importance ofirncluding the suffice wave. and radiition

damping.' . . s N

4.6.1.3 " Floating Nuclear Plant ..

¥ Lo Thé second example is the analysis of a floating nuclear

plant platfoﬁ. The platform is 400'(122m)wide, 40" (12 2m) deep

i 2 with a 32 (9.76m) draft and ‘floating in a water depth of 72" k

H & (21.96m) . After various tnals of finite element dxscret].satlon

the selected vei‘slon of modellrng/ (on"the basis of computer
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«

Added Mass and Damping Coefficients of a Ship Hull Form

TABLE 4.2

" Full Hull Form draft = 10 £t ,’semi-beam ='10 £&]
' w (ra’d/s,ec)' T = 21/ G
- 10 . 6.28, - . 0.59 Q.88
11 5.7 . 0.60 :0.75
1.2 7 5,28 062 0.64
' 110,637 0.54
. < T 0065, 0.46
Heave : 0:67 0.38 -
i T 0.70 - 0.31"
4 © 073 . ;n.zs
- 0.76 - 0.20
) # 0.79 016
2.0 3.14 0.83 . " 0.12
1.0 0.23 0.11 %




ime and accuracy) of the fluid is shown in Fig. 4.3. The

model -has .64 elements with ‘235 ‘nodes with i thie freely
flodting Platform. --The heave added mass and damping
caleulated for frequencies ranging from 0.1 to 1.1 rad/sec
are shown in Tab’ilaw 3. . The results compared with

experlmental results of Nelson and Dean (1975) are shown in

»F)g. 4.4. :Though, the results do not agree too well, the

trend of the varxatxon is sx’mxlar and’ the range ‘of values .

are of rthe ‘same nrder. s possxble reason may bé that the

platform in.. this example sw\ulates the Ereely floating‘

platform in: transn condition .(no mcunnqs and sqrroundmg

_breakwater) " hareas e experiments { Q{ere conducted for' a

7 mcored platform within a breakwater..

The hydrodynamlc pressure dlstt!butlon calculated at the

£ luld-s truct

occuis’ ‘around 'l rad/sec., very close to. the natural

frequency of “the. structure.

4.6.2 Frequency Res dnse of FNP Flatforn to SeismiciTorces
(uncoupled) 2 ’ o

In. this ‘example the fluid. and structure parts - are

isolated (rigid body assumption). "‘The floating platform is

modelled with-plane strain eleménts, the bioyancy of the

£1did. is incorporated with appropriite axial stitness

‘(spring) elements at- the bottom- nodes of the structure. The

time history of the Taft earthquake acceleration shown in

Fig. 3.8 is ,converted into’ the freduency domain using
: : { X

e interface for different, trequencxes is"shown

It can bg, foticed that the maximum pressure’

s 2
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3 ' TABLE 3.3

¥ : Z [ Platform < . -

/ added 7 ndgea -
w(rad/sec) ‘Mass_ (M, /M) Damping, D

5108 - 23 <

Heave ‘Added Mass and Damping Coefficients of a Rigid FNP

D' ='D2n/u_

T 3788

0.2 ) 8.911

0.3 . 12,201
0.4 =¥ T7.463
0.5 - - 8.031

0.6 SUi 13.232

[ 9,986 -

0.8. . .. 5.930
0:9. -

10.849

10.8%9°

. a 10.542

21170
9,769 306.920
4254 "89.106

14.588 229.140

: g Trin A ‘21.880

2.450 . 25764

0,460 4133
3.102 24,370
0.061. Lu0a2s.
0.012 0.074°
0.002. . 0.011

.
N




- —— Theoretical (h=57")(17. 39m)
Experimental (h=47") (14. “34m)
(Nelson and Dean,1975).. '
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AN . -

in Fig. 4.6. : i

-m-‘{

Coaley-’l‘ookey Fast Fourier Alqcntm " mis complex’ frequency

fi{story of acéeleration Ais input as the extérnal load-acting :

at ‘the mooring which in turn is transferred to the mooring

connection to the platform..- In addltlon to this, the

y ynami evaluated in example

4.6.173" (shown in-Fig. 4.5).1s imposed aé “an e};ternal ‘Toad

dcting at’ the .interface nodes. - The eva],’uated fheave response

at the'center of the FNP platform for ‘this l/oading ig shown
]
The probabilistic properties of the response’ of ‘the Fre,

such as, the averaqed output pwer spectrum, ln%an squazé

*“ response, standard devlatlon ete. have been reported in

another paper (Thangam Babu, Arckiasamy, and- Reddy, 1979) .-

4.6.3 . Coupled Fluid-Structure. Resporise of Floating -

Structures to Seismic Forces

4:6.3,1 moa’t‘mg Nuclear Plant. "
The "FNP platfcrm, sho’wn in qu. 3.10 15 modelled into

in equivalent isotropic pldte of rthu:kness "40* (12.2m) made up -

.. of a pseudo-material so that-the" fundamental’ frequency of the

platform will be around 1 Hz. ‘A perturbation study on the
. X A )
frequency analysis of thin pldtes using SAPLIV yielded the

following material properties for a frequency compatible model.

Young's' Modulud E = 1.057x 10° kips/£t2(0.5 x10% kav/m?):

Poisson's Ra:’io Vi = vy = 0.25

0.00125 kip-sec’/£t! (0. 643 x

Density. » —secz/m‘ )

Thickness h =" 40" (13 m)-
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2, 5

!

H

;The flnite element modelllng of ‘the fluid-structure

e, B (SO in Fig. 4:7. - The left bottom node of the,

structure is hinged and the right bottom node is supported

on vertical rollers so that the horizontal displacement is

constrained; this simulates thé cross-section of the plat-

_form moored at three corners with the fourth one free (Fig.

©2.1).. Thé fluid region is bounded by the fluid-structure

interface nodes, the surface ‘wave "‘and the radiation

boundaries; and the sea bottom. The radiation boundaries

" are'located far enough so that any further.ifcrease does not

change. the result more than 13, The amplified. earthquake
<

acceleration shown in’ Fig. 3.13 is the input :and - the
evaluated heave and surge.responses for €he -top right corner

point of the PNP are - shown 'in Figs.: 4.8 “and 4.9. The'

relativély - smaller surge response is. 8ue to .the boundary "

‘conditions ,constraining. the horizontal- movement. The

maximum heave is —0.01654"at 6.4 se
at' 7.6 sec. ' The time- history of the maximum hydrodynamic
pressure evaluated at the fluid-structure interface is shown
in Pig, 4:10.

The same example was run with ‘the amplifled vertlcal

eurthquake acceleration as an uncoupled problem (without

including the sirrounding £luid medium in £hé finite elenent:

modelling): but representing the supporting’ £luid medium as

an'élastic foundation of stiffness proportional ‘to the bulk

"‘modulus of water. The calculated maximum heave response is

-0.01648" *at 6.4 secs. and the surge 1570:0119"" at 7:6 secs" -

1-0.504cm,” 2-0.37cm, *-0.502cm, “0.36cm

—

and surge is -0.0121'°

|
H
1
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Thns; the £luid dan readily. beisimulated as an, eIaQtic
foundatlon and ‘e tasuits have @ marginal difference £t

those with coupled analyms.

‘The -#hove: example rih with the Taft vertical acceleration
componerit (unamplified) yielded a maximum heave of -0,0149'
(-0,/454cm), at.13.3 'segs. and a maximum of 0.00184"(0.056cm)

at 13.3 sec. This; there is a significant increase in the

. response for the amplified earthguake acceleration.

5 » «
4.6.3. 2 LPG‘ Stnrage Plant

'l‘he second example selecteﬂ for® the coupled fluia-"

" structure interaction analysis'is the LPG platforn shown in

Fig:, 3.5. " Again, a frequency compatible model with'a

‘pseudo-material was obtained by performing ‘a frequency -

analysis of PG platfom and the selected matérial properties

are:

=g'=4zx1u k:_ps/ft (. lelokN/m)

Your_xg‘s Modulus 'Ex
'P'oisson‘s Ratioc v"x mvet, 3; :

_Density p=0.00126 kip-sec?/ge?: (0.648 }cl\l-sét’s/mé) , and
Thickness h = 561(17.08m).. ' . !
The finite element modelling Of the. flutd-structure systen
is shown in Fig. 4.11. 'The single leg mooring support is

simulated by restraining both the: horizontal and Vertical’

displacements of the mooring conngction to the platform
(first nedg above ' the  water surface on the left side of the
structuzé) . The amplified Taft earthq\zske shown inFig. 3.9

is J.nput at “the bBottom of the- platfom. Since Bhe platform
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. ié supported.by a single leg mooring, ‘thé horizontal
component of the ‘eax:hq;xaké can‘be transferred ‘'to the
platforn through 'the ‘moring. To account for this the
horizontal acceleration component (egual to the Taft
vaccel_jeration)’ is input at the point connecting.the structure

randthe mooring. "The evaluated responses for the ‘top right

corner- of the platform. are shown:'in .Figs. 4.12 and‘4.13. :

The maximum heave calculated is 0.187'"at’ 13.1 secs.. and
maximum surge is ‘0.0192'2at 8.8 seci
¥ L - .
The' time history Of the naxinum 'hydrodyr}amic pressure
(fluid-structure interface node at the' centre '0f the LPG
bottom) 'is shown in Fig. 4.14..

4.7

iscussi

L2} %
The development and‘ application of isoparametric
_structural and fluid plane sfrain. elements for the ‘coupled

fluid-structure analysis of -floating :structures has bee

presented. - Different : levels' of apprbximations of

hydrodynanuc effects on the response of the structure have

~ been 111ustrated.

In ‘the finite element modelling,. the number of elements.’

chosen for the coupled problem are based on the economy. and

the accuracy needed. | The infinite ‘extent of. the fluid
region 'is restricted to a boundary beyond which the. added
mass and damping and hence the response do not change more

than 1%. | If the water depth is very large, then the depth

‘n 057m, zu 0053m
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yielding satxsfactory resilts (Chenault, 1975).
.compon¥nt is the same‘as the horizontal  componérit 'of the |

“vertical component’ is. amplificd through Lhe. water medium

whéreas the horizontal : ccmpcnent is the ‘acceleration

_vertical. accéleration . to bout 30. times,’ which clearly

- 124 =

eayal to oiie half jof the surface wave length expected in the
region will ‘be €nough tcvs_imu'la'te the. infinite aepéh. The
element sizes can. be ’ylar:ger asthe -radiation boundary. is
apprcached, but ‘a suggesced upper bounﬂary {s almost 3/8 of
the surﬁace wave length. It has been observed that about ‘a

distance of three times the .semi—wldth of the platfom is

far enough to .impdse the radiation boundary conaition S

‘In: the numerical.example 4.6.3.2 the input horjzoiital

Taft earthquake. ' In actuality, this'is not the-case. .The

transmittéd by the’single leg mooring cisson to the
structure'. T'hl.s really forms 'a part’ of the. analysis of

mooru\g catsson subjected  to.the seismi¢ -forces which is

cutside the scope of this research.

One of the basic advantages expected for (‘,he FNP concept
15 the minimization of the earthquake effect due .to the
cushwnxng ef_fect of the fluid. But,.the analysis presented

in' Chapter 3 proves. that the-fluid medium” amplifies the

nullifies that advantage.’ | "




Though the FNP is supported by mooring caissons at three

points “the modring-strut isso designed to absorb all ‘the

". horizontal accelerations ‘tranémitted to -the -platform.

Hence, the 'FNP was. analyzed for vertical amplified-
-acceleration acting’at the bottofm of the platform.

/

Isolating the ‘£luid “Eron’ the structire,” performing ‘the

" hyarodynanic -analysis of ' the ‘fluid separately, .and

incorporating this hydrodynanic effdct to the structure as

additicnal external loads at the. intexface yielded responses .
about. one. thifd of ithose obtained fidn- coupled analysis, .
Thé ‘advantage. of: coupled analysis is the simultaneous’
xncorporation of tlme/frequency dependent hydrodynamic‘

"inertial ‘and- damping effects.” *
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CHAPTER 5

_DYNAMIC "THICK PLATE on ELASTIC FOUNDATION" AN}\LYSIS OF

N ) . FLO}\TING PLATFORMS.

5.1 Introduction

’ : : R
Three dimensional finite element analysis of ,the coupled
-structure system is expensive due to,the ‘large. nurber
of fl.nn:e elements ‘to be used ‘to aiscretise ‘the infinite

fluid meﬂ:um to a réasonable extent. In crder to reduce the

computation cost ‘the following hybrid me

oa is used - to
determine the dynauﬁlc response of the floating s:mc:uze.,
The Eloating structure’ is isolated from the £luid and

the Lnteractive effects of the fluid are 1ncorporated in the

structire, mcdelled as a thick plate on ‘elastic foundation,’:

as external_ pressure = forces,  in . addition 'to -the

"environméntal, forces, acting at the fluid-structure

interface...

The reduction of & sixteen-noded three dimensional

.Lsoparametnc finite element into an exght noded thu:k plate,

elemént, ‘shown' in Fig. 5.1 (ainton, Razzague, Ziénkiewics

and_Davis, 1975), )uStlfleS the fact that the modelling of a
S

floating platform using-.a thick" plate element is equivalent
to using -a \sixteen noded three-dimensional finite element‘
The ' buoyancy ‘effect of the’ supporting £luid medium ‘is
incorporated as ‘an ‘elastic iound_ation,_ tesulti_ng in a new

¢hick ‘plate bending element resting on elastic foundation:
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B G %
FIGURE 5.1. Evolution of Thick Plate Bending: Element
(ref. Hinton, Razzaque, Zienkiewicz, and

Davis, 1975) . .
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I msplacen\_xyé approach is adapted in devéloping the element,f

‘mattices.

J

5.2 Review of Literature

' ‘The major improvemenf from thin plate theory to thick

plate. theory is.the incorporation of the effects of. shear.

‘deformation ‘and rotary inertia.. “Donnell'. (1954)  and

Goldenveizer (1962) -improved the.thin plate theory by
including the ‘transverse:shear effects. But, the most

widely 'used thick plate ‘bending theories are ‘those of

' Reissner (1945). and Mindlin'(1951).. Analytical solutions

for the static ‘analysis of thick’ plates,” with well defined

% bcundaries ana geometries, have 'been, obtaxned by various

autiiors:. . Simi1ss sstutions for dynamic analysis of thick
Blates aré few in number. Analytical solutions for the free
Vibration Vol ;rectangqlér and c:gzculaé Blites. Have Deen
presented by M’indlin'_and D_eresiewicz (1954) and Mindlin;

Shacknow and Derésiewicz (1956); the forced. vibration

analysxs ‘of thick rectangular plates has been carnea out by

Relssman and Lee " (1968% Bendingj .vibration and buckling

analyses of slmply supported laminates and thick plates have,

been detalled by Srinlvas and Rao (1968).

Application of finite element technigie to the analysis °

of moderately. thick plate. was illustrated by Smith (1968)

with only. the trang displ 5 as . the a

a
1
!
i
|
i
\,
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Based on Mindlih's theory, Greiman and Lynn (1970) developed

a rectangularifinice elemént “model “considering the

se .displa amem and two. or nal rotations as the

unknowns. - Clough' and Felippa /(1968) introduced shear

* deférmations 'in their refined quadrilateral finite. element

model in which the unknowns iepresenting boundary conditions

that could. not be satistied properly Were eliminated in the

fcrmulanqn of ‘stiffness matrix. keissner s theory was used:

as the quideline for a rect}anguiar;p‘lqte bending model’ by :

Pryor, ‘Barker ‘and Frederick (1970) wherein: the shear

defoymatisng were approximateds by ' independent * linear -
"ﬁun;tioﬂs. An"isoparametri¢ quadrilateral thick plate
bending element was developed by Rock and’ l-um:on (1974) fO!‘i
he" free vibration, and. transient response’analysis of thm,

. and "thick plates._ This element was developed usmg

Mindlin's thick plate theory, similar to,the one of Hinton

and. Razzaque (1973). Lynn and Bhillon fi971) developed a

‘triandular thick plate bending element With nine degrees of .

_freedom -per: node. A high'precision triangular- thin plate

bending . element developed by. Cowper et -al:. (1968). was

modified by Rao, Venkataramana and ‘Raju. (1974)into:'a thick

plate bendinq'element, by including shear éefomacions and

roéary inertia with ‘twslve degrees of freedom per iodas

Mawenya and Davies (1974) analysed thick ‘plate bem_iinq By

incorporating .the shear: deformation in. the :fihite .Strip
method’ developed by Chéung (1968). A Einite. layer method
was ~'developed by ‘Cheung and Chakrabarti’ (1972) for. the

frequency -analysis .of thick, layered réctangulat. plates.




|
1l

Static, dynamic ‘and stability.

thick ‘plates were carriéd out by Benson and l-unton [BK

using'a’thick finite strip method: ‘Hinton’ (1976) extended

" €he thick’ finite strip analysxs to the forced vibratwn of

o Laminated pldtes. . g G e A Y

<Bnalytical” solutions have been develnped for the bendmg

of ‘axially symll\etrl.c rectangular thxck plates resting on

Wlnkler s foundation by Naghdi ‘and: Rowley (1953) »and_

Freaeuck (1957) using Levy and Navlei ‘type solutions. ' §vec
(1976) used a trlangular thlck plate bending elemént resting *

on an elastic foundatlon for - the ‘static analysis of .

_slab—founda:xon system. - In this: chapter the development of

~.a high preclsion triangular‘thxck plate’ benamg element

resting on an elastic foundauun, -an extension to" the'Rad ot

al.. (1974) element, xs detailed and 1ts appllcation to the

- dynaiiic ' response ‘analysis’ of floatlng pla:forms is,,

illustrated.

5.3 Theoretical Formulation .

5.3.1 s Thick Plate Theory '

ik plate theory elm\lnates the Kirchnofs ‘assumption

in: the classical‘ l‘hln plate theury in which the normal tn'

the m.que surface is assumed to remain’ straight. and normal.:

to . correct the basic

during ion. | ‘Various
equatwn have been’ made by dlffetent authors (Love, 1,927_,

Rexssner, 1945; Mindlin; 1951) ’

folon B Bal S e By




are'as follows: i i

,section occlirs- due “to shear defomatm i,

- 131 -

The basic assumptions. in ‘Reissner's thick plate .theory

1) the deflectlcns are small,

7'i1) the nomals to the middle ST BaAES Biictnation

remain strau;ht (but not normal) .during..the

deiurmatxon: and & o = ¥

The  second’ assumpti Pl es . that no. warping of the

i.e., the sheaf

rota ions, e, and By: are to."be. considered as avex‘age

X

rotations ' and - subsequently correctéd to account for the

non-uniforn shear defornation. 3

The resultant average! rotauons in“x ‘and, v. dxrecnons,

and’ e can’ be defmed

% 'y
transverse ' 1sp1acement Wi

e, (E‘xg. 5. 2)y in: terms of t’he
and ,averaqe

4ys and ’2 as. follows; 5
8y w/ax + 4 " )
aw/ay N .2 B |

. The aisplacements: u;'

v and._w.in the.x ;y, and "z

shear deformations ..

N
b
|
1
i
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~With these definitionms, ‘_stge generalized bending moment and &
shear force resultants of an orthotropic thick plate can be
related to the generaljzed displacements w) 4y and’y,, as

given by Binton et al./(i975) -

M )- D, D0 0
N, o B0 o
T 00 D0 (5.3.3)
ko I oo o s s
o) - Lo o 0 ) .
or 5 : . '
o = ey - s (5.3.4)
| where ; e e :
N Sla%wax? K ek
i 2w/ay? + a;zlzy ] N
b o 2%/ axay + /ey 30,/ T3
Tx e, L2 L 5
7 A"y o RS . ey 1 9
The elastic 'rigidities in zqm 5.3,3 are defined as
S n = ERY120-v), n; = Eph¥/12(1-v,5 )i Dy = v, ;
ST Dy =2, 5 = Eb20MTLE,
8y = syn/zr£+@?;$1 el : g
e Gy = /(‘E";i:;)‘/zu}ml f L (5.356)
| where "E . B, ‘are the elastic. mddull, 7 v, ‘are- the
r> . Poisson's ratios in the ¥ and y directiohs respectively, and

‘h is the thickness .of “the plate, ® For an isotropic, thick

plate the above"eonstantn‘ simplify to

; ' "+ [~ poor_prINT
% 3 Epreuve illisible .




S N

F

) : i - 13 =0
¢ : »
D =Dy =D = gh’/uu-\.z), b, =i, D,y % 191721 0
BSX = BSY = 5(l—u)D/h2, and g = 5/6 (5.3.7)

5:i3.2 Element. Properties’ "~ .

Consider ah arbitrarily oridnted triangle: with vertices
1, 2 and 3 ds shown in Figi 5.3 with its local do-ordinates
(¢; n), and:of dimensions a, b and c. - Let (x, y) .be the
global coordinate systen which describes the’ vertices of
the eleman_t. *
ThE trial dxspxacement functums for the generallzed

‘dxsplacement co-ordlnates by 0p7 and . w, correspondxng ‘to

‘the twu shear. rotations and "the’transverse dlsplacement .are

‘assumed”as the following polynomials:

. : 2
41 = ap * ayk +agn + .1452 +oagEn it agn

- a753»+:n352v\ + agen? * aggn’i 5.3.8)

Ve, = ¥ Uy E byt ¥ B A e A 2
™ Mg Batygedt Mgkt gh X WEEnE Bpeme 5
T eyt 4 aggetn 4 aj gk £ ayn’ (5.3:9)
_‘175 ajgém 195'\ 0" R K

E e : ‘2
W mag) * dga¥ + agant aggt? + ag5En + agen
3 3 2 2 i 23 X 4
#ap58 * aygfin FapgEn F oagnT 4 ey,
+ gt hoagyeZl b ag o 4 u35n4 +aggt®

32 23
+ agqgtin® 4 aggEfn + u39:|| + %uq K (5.3.10)

-
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FIGURE 5.3. Element Co-ordinate Systems ~

(global and .local)
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The above expression can be rewritten as:

o ]
20 P; a ’
4 G i (5.3.11)
and o
40
w. =1
i=21

The omissmn of!. the term e in ‘Egn. 5.3.10 ‘is to

satisty the condition that. the niofmal  siope along. the edge n

= 0.to be a ::uknc function, thus satlsfying automatxcally

the normal slope compatibility ald
aefined as slopé continuity at ‘element 1nterfaces, is
satisfied by this. element. since. the ‘shear deformations-

expressed as cubit polynomials, are also compatible.

The ‘conyergence of this element has been eévaluated to be

of ‘the  order of n”% (Cowper et al., 1968) where. n is the

number of elemeénts per side of a plate.

The compatibility conditions for the normal slope
"variation along the edges. (2- Skana (3-1) ‘have been. computed

by Couger'et al. (196§) ds:

56%Gay, + (36%5°-26%) \.37' + (268 —353\‘22)a

+ (3 -aB%yay,

- 55?;“.40 =0 . (5,3.12a)

this. eage.. Conformity,




-137° 2 <
and :
52050y + (33767285 0y 4 (28E 0T ey
b vy (2542253
+ (c™-4a“c )n39
+5acta, =0 87y i (5.3.12b)
10 -

.This reduces the number of equations required: to.
evaluate the unknown coef£icients f£rom 40 to 38. These can

be dérived from the generalized displacement coordinates for

each elément .taken to be’ the two shear: rotations and ‘their

Cfirst derlvativ_e at eacti of ‘the vbrtices, ‘shear rotations at

the' centroid of .the- element, the' transverse dlsplacemem:,

“'and the'first and second derivatives fwith, respect 'to ¢ and n

‘at each of the vertices.. Thé .displacement coordinates

totalling thxrty—elght are: consxstent wtth the thirty-eight

unknown paramete:s‘ * “These generalued dxsplacemem—.

co—-otdinates can. be assenbled in a column vector asi;

(m = L&y 5'2‘,&3 e bged * : B3 13y

where
oyl = Loyy #3640 ®1jni %21 %3,61 %2,0i "1 Y51 Yoni 3

Yoged Yoeni Yonn

(5.3.14)"

for “i"= 1, -2 and 3, representing.thé vertices “1" And 43

‘are the shear rotatiéns &t 'the centroid, 48" 241/t and

so on.’ Bas. 5.3.11,.5.3:12 and 5.3.13 .can be combined’ to

-




reldfe the 'géneralized ' displacement, co-ordinates to ‘the

unknown coefficients.in ‘a‘matrix form as: .

fa ,
of = [mcy o Tk (5:3.15)
F . :

where

{C}" = Tay ay aqeesayyl = (5.3.16)
3 152 3 AQ, v :

(The elements of [T} are given ih Table s,1).

Eqn. '5.3.15 'can be rewritten as:

al' o e
e =m?t o o ) LA
ber oy S < (5.3.18)

vhere. the mattix “[B] consists Gf the' elenents of [1]7%,

'5 3.2.1 tiffness Matrix

For ‘a 'thick- Orthotropll: plate restxng on .an elastic

.foundation,  the expression for the strain energy:in bending |

can be wntten as.

u

_ o et g e i
e - i (Dxf" ,se"‘l,:”'l,_:w-,ec_)
f. Dl_(zw onn +2'2,nw:_EE+2":nnqut+2‘2rn'l‘r€? 2 o8
.“’y"" “'2 .nn’z,n) P

.'f y (el n+‘2 e, n+2'lm“2.€;+4wr€n'2-t)

+ sst‘lﬂs .z+ew )d[d“ 0, # T (5.3:19)
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where e is the spring constant of the elastic foundation.

" using Egs. 5.3.3 to 5.

, the above expression can be
1 0 e
written in matrix form as:

0y = 1/2 51 (163 TID) (x)+ew?) drdn (543,200

“substituting Egn: 5.3.12 into Eqn. 5.2.19 and. carrying

out’ the necessary 1ntegrations, the above energy mtegul

“can be written in terns of (u ) ’-‘5‘

whére [k] is the stiffness matrix, 'the elements of which can -
be obtained from the following equation; once the values of-

a, bs e, my, ng, By g Ty and s; are furnished:

Xi3 4'p  [F 35 (r3=1) (F5-L)B(r 4r4-4, "5 485)

U omg ij(nim =2 Ry +n )4m, rj(r s=1) P(nin‘ —3,n #s )
+ myr; (ri-1) :?(n]ﬂl-S, ‘nytsi)l

r Si+ey-2) w oy

S + Dyl (s;-1)r;(ry-1) F(Vri+rj i
: + “j‘“jf”‘g"x'” P(r}ni-z, sj*si'?) L
+ qi'j('x'” P(pi+rj-2, q‘#sj-ly) + qui(:
Flpy+ri-2, gy+s5-1) + mys,(s -1 F(my+ri-1,n+s5-2)
+ mysg(sl) Blmgdri-l, nyts;-2)
X + miagF(m+p4-1, ny+ay-1) 7 ‘ )
+ myaFmg+p -1y ng4qg-1)] -
.

D (Bisj(!~1)(sj—1) E‘(r +r '8 v+4)

+

qxq JE(Py#Ryr d+dy-2) + q,sj(uj-l)wppr ,qiﬂj—l)

+

a58; (5171 Flegey, ayts;-3)1 i

o

0, LATyFyB SR UE 4uy-2, ‘_if'j‘z’, 2

i

n.lnjl?(nimj, »ni+nj-2) + PiPsF(P+P5-2: 9;4a3)

e 1/2(::)"'[1:1 ©y g = L (5321




+ 2n;xy8P(m;+rs-1, nits-2)

* nipj!'(uiﬂl
< ] n. 71 F (m.ﬁ. 1, ndqi—l) {
+ ZP‘tjaJ!(pi-ft--Z, agrey-1). 5, . f
+ 2475 F(pyry=2, q]ﬂi—l)) + 85, F(my#ns, ng+ng) < !

1

+ BS,F(Py+py, qjtay tgs(r‘mj, s+s3)

I N A $ . g (5.3.22)

*where i v g . 2 4 LR 1

\ s, D B(m,n) = pr MMagdy = @*LEm o)™ nay

\ T HE e D& (mn+2)l s 3 g3,

» The stiffness mtrix—caﬁ be transformed- to the global

vco—ardinates systn using the relation:

! S e ®WTE T R r (5.3.24)
: . :

where [R] is a (38 x 38) rotation matrix qiven in Table 5.2.

5.3.2.2 Consistent Mass Matrix-
2 . . v < :
The kinetic”energy of an elemental thick orthotropic

" Plate element, taking into account the rotary inertia, can

“be written in the ‘local 'co-ordinate ' system as -(Donnell,

Drucker and Goodin, 1946):.

. U, = pu/2 pr (W2 + 0?12 62 + 12/12 %) dgdy . (5.3.25)
s 2 3 y o5 e

‘where p is the mass densitf per unit area. : s

\
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B C ) o w4
Substitut m{l’:‘.qn.v 5.3.1 in. the above expression yields

0y =ou?/2 0 Wtk 2aatwan 2 + o2 4 62 42w/

+:20w/angyl ) dedn’ ) ©(5.3.26)

Substituunq Ean. ‘5. 3.11 into Eqn. 5.2.26. and ca"::ying

uut r.he prcper 1ntegratmns and transfo(matlons, the mass

matrix in tetms of the generalized dlsplacements can be .
written as: © © o - ¢ g
18] = (R17 (31 R n (B[R] S Do (5.3.27)

‘where ‘the.elements, of [M) are giveri.by the expression:

'"1] = ,(p(x +r], siFss ) +h /12 [r b F(r +ry —2, si+s )
&ssP(r+rJ,s+S -2) o ™
= 5 4 B(miing, ngtng) +F(pl+pj, q; +q]) il

p) 2
-)VsiF(riﬂJj, ‘si+g'j-1) + sjP.(rji-pi., sjﬂ;.i—l)]

" +»riE‘(riym -1,' s}+n])‘ + ‘_3‘““;]?’"1‘1' sjﬂ'li)

: i

5.3.3

ion of Element Matrices

" since the ‘centroidal- deflections are unaffeccéa vhen the
~

elements are connected,-it is convenient to condense out the - 7

‘centroldal dxsplacemenés 91 ahd ¥

L

i




energy (Przemlen).eckl, 1965) as
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" The dynamic equilxbrium equauon of a vlbramng “plate

Gan be written in partitioned matrix forr. as
TR Ry, ‘ l ‘“11

21 22

=07 (5.3.29)

where E VIS SR

WGy s the centroidal displacement vactor.

components &

m WS W2 i 0

. ‘where. 3
w - R0 - [Klzl inl‘ T e B (5:3.31)
Com s mt@an S 3.
#and ol e - .
u] ] v U s s a4y
"‘211 T L PR,

a - thick orthotroplc plate bend1ng elemenr. ‘on’ an alasdc'

fcundution. . s

is. ‘the vector of the, temaxnu{ 36 . displacement -
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5.3.4 Boundary Conditions'
& Smce the pr’uczple of minimum ‘potential energy: is uised
in the present formulation, it is enough to 'satisfy only ‘the
! " kinematic boundary condi:;\ans, namely, the’ deflection,” slope
R0 BHEHE QREOLHEELGR, © IS BOGAANEY conditions used for

‘aifferent Qage’ conditions are tabulated in Table 5.3.
Axe. A ;

Y TABLE 5.3

Y

ST B?imda"ry conditions for Different Supports

$imply Supported Edge | b Clamped ‘Edge . ’

i o imply . % SNy

“#¥where t is the axis perpendxcular to. the skewed axis. The

-above ' conditions. expressed in terms oOf the ‘global

_coordinates are:’. | : 2

- Parallel T . Parallel To
o oxaxis ‘x—_“"‘am f Xaxis |y axis
e |
~ ¥ :
W= 0 0 ( w=10
. 3 - ,
3 M L Ky ® R
i : 4= 0
0 =0
¥ This method ..of deallnq with. kinematic bounaa:y'
condxtmns Of edges parallel ‘to the global CO-O!‘dlnate
! system needs-no comment. But if the edge is oblique,: for
example, a straight simply supported edge making an angle' ¥
;0 ¢, with'the 'x ‘axis, then the conditions of the simple ‘support

w=0, and Loy = g o .1 (5.3.34)

o Dy and . Qt=¢1cns!¢-02 siny=o e (B.8038)




" where .

' #’In -the frequency domai{x' analysis

\Manlc Analys: ¢ N .

_Prequency analyses of thin and thick plates resting on
elasnc fuundation have b:en illustrated by the author

“(Thangam Babu, Reddy, and Sodhi, 1979)..

£

The dynamic equilibrium matrix equation is

K18+ [C1E) + MICE) = (B, (5.3.36)

[K] and [M] are the stiffness.and mass matrices of the

/7~ structure assembled . in ‘the .conventional

mannet .
The damping matrix. [C] is again evaluated on' the ‘basis of’
Rayleigh dnp(ng. 'l'he force matrix (P) compnses the

interfa:e hydrodynamic fluld forces IP) in additlon to the

axternal forces (R) such ‘as earthquake forces. Hence the
equation chmges_tc s

(5.3.37)"

KI@) + [CI(&) + M3 = (B) + (R)

. the above “equation

traﬁsioms into the following

(1X] + iafc)

- w2 M) (8 = (B(u)). + (R(a))

(5.3.38)

where (E(u)) and. (R(w)) arc the hydrodynumc pressure. and

% external load vactors in the frequency domnin.
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! The £ hydrod ic pressures evaluated

& - § :
in’ the previous chapter (assuming the.rigid body assumption)

are used in -the above equa’cion for '(F(..,)). The external

10ad vector due to ground motion, u toy, is cumputed as -

R} = - [M].dg;u)} e 9% (5.2.39)

where Gij(s) are the complex amplitudes of the earthguake

- acceleratioh .ih ‘the frequency domain obtained by performing

. Fast Fourier Transformation .on the time.history of the

Taft earthquake. .

5.3.6 conversion of Two- Dxmensxonal Hydrodynamic

v

.Pressures to Thre 1men510nal Values

Sincé the “hydrodypamic pressure evaluated ‘'in the
2 3 € <
previous chapter is based on a two dimensional model, a

three ‘dimensional . transformation- is required to distribute

_the hydrodynamic pressure along the breadth of the platform.

" K huitiplication factor to convert the two Adimensional
results fo three aimension'al ones was given by Johnson" et
a}. (1975) for different frequencies as shown -in Fig. 5.4.
THiis Eactor, varying from 0.45 to 0.51, 'is used. to convert

evaluated in the

the two dime 1 hy ic pi

previous chapter to three dmenswnal .ones and dxstributed =

over the breadth of the platform.

I’
|
|
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5.4 'Bquivalent' Thick Plate Modelling
The—Schematic views of the FNP platform shown“in Fig.

3.10 show that it is of a box girder type construction. In
order to use the thick plate theory ‘it has to be modelled
into a monolithic thick orthotropic plate of an equivalent
thickness, with modified rigidities to account for the

7 voids: Based - on ' theoretical . considerations Pama}
Imsom-Saiboon and Lee (1975) developed expressiohs to ’
‘evaluate flexural and torsional rigidities of such

crossiseccioné sketched in Fig.75.5.

Since the FNE pia{toém has similar cavities in both the

7 x and y directions and, ‘also, is of almost equal dimensions
on both sides it can be converted--to an' isotropic . thick

" ‘Plate of equivalent thickness with modified rigidity. The

rigidities of the voided slab.shown in Fig. 5.5 are

3 : ik
b, =D, =  En 1- 3«(a/m)¥(hse)
12(1=2) “16 [1+(d/¢)1 % (5:3.40)
where 4 - :

E.is the Young's modulus of the material.

If the platé . were a monolithic isotropic plate of "

equivalent thickness, h,, the elastic rigidity would have

. been?

? 3 2
= B /12017

T (5.3.41)



wr0z3eTd 2dAJ XOH ® JO . UOTIOVE-SSOID . GG MMNOII

: '
Ry g

-~ 150 =

o

[,

i 5 = e e et




- 151 -

Equating 5.2.40  and 5.2,41 the equivalent thickness of the

plate can be evaluated as . ; : . 3

Ch 1= 3eamyimse) 3 . (5.3.42)
T16M1 + (a/6)]

5.5 Numerical Illustration

5.5.1  Convergence Study

in order’ to .check the accuracy and the convergence

properties of ‘the element, a simply supported. square thick,

plate is analyzed using two, four and six elements per side

of. a one~quarter "plate (Fig. /5.6) 'and the results are

presented in Table 5.4.. The relative superiority of . the

element .can be  realized .by noting the accduracy .of the

results £or higher modes. : L

The free vibrations of thick isotropic simply supported

plates with different thickness to side ratios Have been.

. evaluated using the N=6/inite element idealization, and. the

results tabulated are compared with.-those of 'other

investigators in Table 5.5.. . - ™ -

Further applications of the elemént for the. free

vibration analysis of various thick and. thin plates are

presented in the paper by Thangam Babu, Reddy ang’ Sodhi

(1979). *
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153 = ) . 4
& 3 } T
B
g {-
¥t . ‘
i i

FIGURE 5.6. Finite Element Discretisations of a °
= e J Quarter Plate for Convergence Study'’ .
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[TABLE 5.4

Cnnvexgence s:msy of the s1=menc “for a simply Supported Plate:

15/h EnlO,pulD,\l
Ei Jue A= 62/ah) ¥
= W" /ph/D
i (Stinivas,
ot aly,

Hode 5 "1970) Rock ‘and
(m, n) IN=4 =6 3D Theory - Hinton, 1974*
1,2) 366431 (40.388)365.81 ©364.43 (-0.1%)363.88
(2,2) | 4894.68 (-0.75%)4874.74 4913.48.  (-1.1%)4809.32
(1,3) 7311.19 . (-0.91%)7239.05 7306.89 ' (+3.4%)7500.36 -
(2 4) 63752.84 24096.48 (~1.27%) 23391 06 23694.35 (+771%) 27183.24

'mgnc qmzuaaexu elements £or Half p].a:e.

o




Eigenval\les A=

- 154 -

TABLE 5.5

w//(ph”/G). for: a Simply suppoxr.ed Square

. Plate. =10,G=1U p=:1.0, v
- - Bigenvalu
Nurbex of (Srinivas,
Half Waves . et al., . (Przemieniecki,
in x and y. Lo 1970) Rock and Mindlin  1968)
N Directions. Present 3D Hinton, Theory ‘Thin Plate
4 a/ _ (m,n) Element Theoxy © 1974 1956 ‘Theory
| 0.0 1,0 ‘\AMM 0.0931 0.0930 0.0963
! " 10 {2,1) 0.2222 0.2237 0.2217 ©0.2408 -
H 10 (3,1) 4 . 5#0 4312 0.4144 0.4816
| 0 (3,2 0 : 0.5379 0.5197  0.6261
; 0 (2,3 0.7661 l6821  0.8669
10 (4,2) 0.8045 0.74;1 0.9632
20 -(2,1) 0.0591 ! . 0.0588 0.0602
@ 20 (2,2) 0.0946 0.0930 0.0963
(1,1) 0.3407 0.3402 0.3852
(2,1) 0.7454 0.7493 0.743) 0.9631
(2,2) N 1.0564 1.5411

T

1.0792




thon = 185 =

5.5.2" Floating. Nuclear Plant

The free ‘and forced vibration analysls of floatlng*

nEieaE’ Frane is performed by maaelnng the  floating

" platform as a thick platé resting on elastic foundation.

.5.5.2.1 Approximate Frequency Analysis .

since the platform is.almost square, with similar
stiffeners along the longitudinal and:transverse directions,.
it is.converted -to ‘an isofropic. thick plate'of equivalent

thickness of 26.74''using the relation?5.3.42.. . Since the

platform is restrained by mooring <caissons-on two sides as:

shown in the plan view, Fig. 3.10,.the plate.is assuried to
be supported at the three corners and free at one  corner.’
The ‘buoyancy of the supporting-fluid is incorpordted as.the

elastic  foundation of stiffness proporticnal ‘to- the bulk

‘modulus of the water.

In view of the freéquency dependence of the .added water
mass,  the approximations of setung it to equal to the mass
of the displaced water is not vahd. Therefore, aifferent

percentages 'of ~the total. displdced water masses (0% - to

simulate the negiecting of the effect of the.surrounding

fluid mediur'n. and 100% to 'simulate the added mass egual to

1 8.156m




the displaced water mass) have been added to the platform:

mass ‘and the eva‘muted frequencies are’ presented. in Table

shapes of the platform are shown in Fig. 5.7.

an equivalent thick plate 38 achisved by the. frequency-.

" Dean *(1975) to be 1 Hz. A seriés of three-dimensional free

. using -SAP-IV by changing the input parameters such as plate’

- 156 -

if,
i
1

5 S\ The repcrted melson and Dean,  1975) experimental
value of the fundamental freuuency of -about l Hz. .checks
well with the value evaluated with an added mass of 50!. s

Evidently,. this means that the added mass coefficient of

the platform is approximately 0,5..The first six mode

$5:2.2 seismic Response of the FNP Platform 7 R
For this-analysis Ldeallzation of the-Fie platform as

compatible mdelung hni ‘The. fundamental f£ré

the platform was. experimentally’ detérmined By Nelson ande ' %"
vibration analysis of the’ FNP platform have been performed s 0 s

thickiess and. the material‘properties. fhe’following: two

frequency—compatlble models were determined:
§) . FNE. modelléd as a ‘thick plate on elastic foundation
with the material properties of stéel and modified
equivalent thickness: Bl e
Thickness = 33.85" (10.24m)
= 4,176 x 10° kips/ft>
(1.99 x 10° K/m?) o
sads ‘density p = 0.001479. kipssec?/ee?.
3 (0.761 Ki-sec 2/t

)

Young's Modulus F’x =




= 157 ~
TABLE 5.6

Frequencles of the FNP Platfom £or D;fferent Percentages.

" of Added Water Mass .
=408} b=400"} h=26.74'} E, =E,=4:32x “106 kips/£t?
vy =0.3,. es0, 0624 kip/£t] p=0. 061618 klp sec?/£tt

(no added mass )

~

~ Frequency " (Hz &)

i
Sk 2
s e Wode  A33ed Water Wass 55§ of Toral Displaced WAter Wass .
. . No. 0% 25% L P | T e 11 |
e . I
|
|

1 2:1065° 1.7ss$ L1as7R 0.80R2 4 100779300 L
i 37304, V33086 2,937 Z.gees . 2.3979 .|
. i3 '5.5652_ 4,980 | -4.5307 41490 38758 . - i I
Wy 7.3056 6.473‘5" 5.8724 < 5.3667 “4.9928 -
5 9.5772 1 “B.4951 - 7.7285  7.1355° - 6. 6447
6T 1alss6s ) iz.sséi .‘;1’1.7925 10,9169 10,2107 P
i N ham, % sTsem, ¢ 2,06 % 10%avm?, 00Tz
v o "6 31.686 kN-se;:z/m", e R
t 3 : . . g ?
| v i
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1 i \ ',
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. ——UNDEFLECTED PLATE .
———MODAL PATTERN

|

b FOURTH MODE - ~ FIFTH MODE SIXTH _MODE

FIGURE"5.7. . Mode Shapes of the FNP Platform Supported on Three Corners ' " i
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ii)’ -“FNP modelled as a thick plate of original thickness
and Tade up of a pséudo material

. Thickness =.40! (12.2m)"

Young's M

3

Mass. density = 0.00125 kip sec

. ¥ron e ¥
N .. 3

“The flnlte element dlscretlzatlon of the FNP is shown in

: F‘ig.' 5.8, A time domain analysis is performed by 1nputt1ng

the amphhed earthquake acceleration eval’uated at . the

bottom -G FNP, shown in Fig. 3. 13, 4s end extremely applied -
force. The, hydrodynamic pressure evaluated at- the bottom of

the PNP from the 2D coupled: fluid-structur:'e formulation,’

shown in Figi '4.10, is: lncorporated as . the, additional’

loading atsthe ‘i e nbdes representing the hydrodynamig
interaction of the fluid andathe structure.  The' m;ximum
heave displacement and accelerauon respnnse of the. FNP are
shown in qus. 5.9 and 5:10. g s
Frequency domain respunse‘r analysxs is .carried out as
follows.  The ampl1£ied earthquake acceleratxons Lare

transfnrmed mto Erequency domain by a forward Fast Fourier

Transform, the amplitide’ -of which As shown in Pig.‘ 5.11.

'-rhe'nya:ndynaﬂic pressures ‘evaluated in the frequency domain

from tne rigid body ' hydrodynamic analysis (Fig. 4.5) are
agded’. to ‘the: above acceleration loads and ‘the frequency

respnnse of" the platfbrm is evalua@ed. 'The ‘hedve

dlsplacement is' shown .in Fig: 5.12. ' Tt aan be'noticed"that
4 ) ¥,

_the maxig\!\im heave ‘occuts étéund 1 Hz as expected,

»dulus = 1050000 kips/£t2 (50.3 x 10%kti/m?)
/2640643 1N sec?/mt

5 i
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| ACCELERATION IN'g UNITS

HEAVE RESPONSE OF FNP y

THICK PLATE -MODEL ' o b S
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FIGURE 5. .10, Tine. History Response of FNP Modelled as a Thick Plate

with Three Corner - Heave A

'
=
o
N

S




i . e 4 4
ana 30 wo3jog” eﬁ 3e_BUT3OV UOTIEISTR0OY au«vuu>
peTITIduy 8y3 jo Ax03sTH Aousnbeii xerdwop sy3 Fo/epnjTrduy ‘TT* w MAOTI

93S/aval NI AININOIL o
es'sl oeal . . ee'Zl es's ) q/i ; -'s }
i - ——
s s
Y - : i
{ o L]
, =
- i1
4 am
| ' L
g Bk
>
E i
* sw
> N
! -
i~
1
_ . ; )
I 5 —— ’Ilh..




a e
3 e % 4 5 ¥ * i
o 2 A

. 's ah »
% ; 3 / 3 =g By \ [
b o : ’ £ .
4 g : 3 R @ - |
& ~MEAVE- RESPONSE OF FNP -, : o T }
) i . THICK PLATE MODEL-ADDED HYD.PRES. . : e
| : it el 8
: S L]
U \
5o
. © L4 |
i 1 v
i 4
. &3
» ‘? -

3 x - e} " ¥
! - a ' . L N 2 dd i
: - ]

rmumz 52 12. E‘requancy Response of FNP Platform iﬁoaelled .as a Thick Plate
., . § Supported at Three Comer Nodes - Maximum:Heave Displatement - e, o




= 68w Pl

5.5.3  Seismic Regponse of LPG Platform

The modelling of 'LPG platform into "an equivalent

isotropic thick plate on elastic foundation is also based on

_the ibility as d before.

e thickngss GF the platforn was kept unchanged and -the .,
mgter’igl properties are Aiterated. until the frequency. of
desired’ vaiua is arrived, V'm'e*naterial properties of - the
'LPG platforn with pseudo material are. -

‘Thickness = 56.42'(17.208m)

x Y s
Mass density, » £0.00126 Kip sec?/ftd (0:648 kN sec?/m')

The pln_tfor‘n is @elled. as: a‘'cantilever thick plate a;
shown in Fig. 5.13¢ . The amplified earthquake sccalsratida
at :the bottom of .LPG, shown in Fig. 3.9, and the”
hydrodynamic pzusuz'e evaluated by the ZD"q'oupled_lodel.‘
Fig:'4.14, is input as the external loading acting at the

bottom of the plate. Thé eyaluated heave responses are

shown_in’Fi; : oy

5.14 and 5.15.

'5.6 Discussion * :
TR s -«

The' developnent of a new conforming, high precision tri-'
afgular thick phate ;b"end:ingv elemént resting. on elastic |
foundation is presented. It accuracy and applicability for .
| gateiniining the response of floating platforms (1A both tine

and freguency domain) are illustrated.

> ’ g

Young's Modulus, E, = &, = 4.2 x 105 kips/£t2 (2.01 x 10%kN/n?)

P
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It must be mentioned at this context that the use .of
hydrodyhamic presssure evaliated using 2D ‘model for' this

equivalent - 3D model is based on the converslcn factor,

" calculated by Garrison (1975) ana presented in the paper by

Johnson et al (1975).

The ' hydrodynamic loads applied at all: the nodes

correspond 'té the mgximum. hydrodynamic: pressure evaluated

for ‘that instant of time or' frequency. The earthquake

acceleration consists of only the vertical ‘component, acting

simultaneously at all-the nodes.. It is assumed that water

does not ‘transmit the Horizontal 'accelerations. However,
for a complete ahalysis,'these‘ écceleragions will have to be

added at the nodes where -thie moorings:are connected, since

they ‘can transmit both horizontal and vertigal‘accelerations
as @ result of the mooring . response to .sea . .bed

. “«* R ]
accelerations.

An mlproved finite element model with moré number of

elematms per side should -also be studied for confirming the .

accuracy of ‘the .results.

§ .
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CHABTER 6 ;
. COMPUTER SOFTWARE 'FLUSIN' FOR COUPLED

FLU ID-STRliCTURE INTERACTION

.6.1 Introduction

.
Many general purpose finite element programs have been

develdped’ and well-tested for the dynamic analyéis of
stricturés. _The' purposes and- the efficiencies. of these
'programs in handling different classes Gf problems have been
described’ by Belytschko (1976) and Marcal (1972): Marcus

(1978) has reported the use of NASTRAN in solving submerged

cantilever plate vibration problems including ‘fluid-

structure interaction. Bathe and Hahn (1979) updated ADINA .

to include tfxree-dimenswnal_xsoparametdc flul_d elements-

with the displacements as unknnwns, similar to structural

finite -élements, ‘and studied the transient response of

fluld—structure systems. T

. Rathe;; than attempting to égvelo;i .new 'software’ for the
codpled £luid-structure interaction; it is Far more fruitful
and less -timé ' consuming to make use of  a well-tested
scr’uctimal dynamics’ program as ‘a base to build upgh and
incorporate fluid finite  elements with pressures as the
uiiknowhs ‘and ‘the thu:k platé element as an extension to the
element library. NONSAP (Bathe, Wilson and Iding, 1874). was

“selected ‘as the basis of the cbmputer software development.

Though this program is written for b_oth~ linear ‘and: ronlinear

e o ki i T




ST R . #
"l6f it has been uséd.in ‘the coupled fluid/structure

interaction analysis. . ; i .

- The element libraries available in NONSAP are:

~_ " a) ‘three dinensional truss elenent,

b) \twn-d1menslonal plane strain- and plane stress elements

. (the node numbering sequencg is dxffere;nt from those

" dedeloped in Chapter d)," Tl v

€] . two-d, sional axlsymetric shell element\., :

) o4 thtee-dxmenslonal solid. element, and

thick-shell elemem: .

o

None: of .the *above elbments have been used ‘in the present :

analysis. . The updated version, -FLUSIN, an acronym- for - K
vFLu}.d-Stru'&’:ture’ miteradiion,. Includss: £hi Eollowing new.
‘element libraries: y ‘_ )

S twc-dlmensmnal, eight=noded, quadrilaie:a}. 4 aopAths

§ metnc plane-sttain orthotropic structural element, /

developed in Section 4.2, 2 A i

b),two-dmensional, ‘eight-noded, 'quadrilnte:‘al. isopara~

metric ‘£luid fuute element vith pressure as the unkncwn o ("l

*aX each mode, . developed. in Section'd.3,

¢) ‘one-dimensional, \;hrae-nodedr isoparametri

surface wave element, 5 % B S

% vy d) one-dimensional, three-noded, ~isoparametric fluid
b ; . g ey pen W

kded, xsoparametric fluid=

radiation damping - elemerit

&) one-dimensional, three

. structure xnterface elemem:, ana:™ e

a Gl




“include the solut1nn algori thin:

v of the co\;pled problem is'also mcluded._

.ducussed belcw. s - E . e

g o N

£) ‘a trianqular thmk orthotxuplc plate bendmg element

.rest:ngwelastie foundatxnn. .

A cmgpract. s‘tor.-age scheme (?£§ure 6. 1) Lé ueed;.’onlg} o

’ A new, routi.ne to evélunte t e earthquake luading hus

- u L
been added S.n tha “load evalua On scheme. The numerical

time step-by-step 1ntegration rcutine has been ‘modified 'to

£ unaymmetr ic: ccupled

eqnuuons descnbed Ain Section 4.4; .In‘additiun to the time
domain ‘analysis,’ a proceduxe far Erequency damam anaLysxs
%

o i v Sl o Ve

S1nce a dynamic s“.orage scheme is used Sn the ptagram,

" ehere . in o limit to the high-speed storage and hence the

size of the prob;em and the numhez of fmite elemem:s used

Again, td mmxmiz? the stoyage requirements the gro@ram uses

the 'overlay teqhnique. \In "this way, Dnly the requested

1
‘element 1ibraty and the . connected tautines as per the

requestad executxon cuntol cards are ptocassed and exécuted.

'J.‘he otganual:ion of “the ptogram, its capab}liues and an”

explanatiun oi the input and output of the pmqram uxe
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00 x x'

X X 0000 OO0

X X X|0 0 0|Xx|0 0O O O|O

X X X|000O00000O0O

X X[0 000000000000
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(a) Original Matrix

31
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54
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38
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52
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27
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50
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48
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40
39

24 33

32 35 38

46

34 37

36 42 45

4 44

(b) Storage Sequence

Element Matrices Storage Scheme

FIGURE 6.1



6.2 Program Organization

o ;s‘ shown in:Fig. 6.2. TR solution ‘phiase ig’ divided i},‘co’
" thrée catégories. When NSOLN=1 the program performs the

' dynamic analysis of structure without taking into considera-
tion | the ‘Elu"id-struct.ure interaction effects:  This is.
independent, of the element ' type chosen

i (two-dimensional/thick plate).’
5 o

*.frequency domain. ~Here again.the fluid interaction.is not

5 .
al)ﬂds as a

function of ‘frequéncy. This is also independent of the -

directly included, but considered as external

element type used. .,

When' 'NSOLN=3 the program ‘includes the fluid element
package a’nd solves: the coupled dynamic equation using the
BoALELed “HieEIcAl welliog L6er couplen eaustiens ol Eils
casé’ only ‘the -two-dimensional planeAst_rain £luid and

structure element can be used.’

The dynamic storage allocations: used. for the. 'sSlutiop
phase of coupled fluid-structure interactionare’given in

Table 6.1.

‘the fferational ‘seuence of the main routifie of FLUSIN -

“’r.When NSOLN=2 the program solves the dynamic équations in -




; . « Control Data
* |Reads .and Prints Control Information

Structural Data .

Genérates equation nos. for the active degrees of freedom. Prints the nodal
and equation number:

Reads; ahd generates if necessary, the modal pointdata, structural properties.|

load vector at e: quency step of

sembles the structure stiffness, mass and damping matrices as well as the
effective 'stiffness of the matrix in compact storage forn'and stores them in
tapes.

7 LB
[Evaluates earthquake load vector, adds with the other external loads, updates
the load vector. and stores in tape. - N

‘Reads or generates initial:.displacement, velocity, .and acceleration of the ‘
4 re and

prints.

Selects step by step
|numerical integration
|procedure &nd solves
the dynamic equation
without : £10id-structure
interaction and prints
the result

Performs Exequency
and ynn:s the res

alysis

Eenerates the equation nurbers’ for the active d.o.f.’ Prints nodal infore
mation.and equation numbers.

Reads and generates the fluid nodal point data and fluid properties. . i‘

Assenbles flutd stiffness, mass; radiation Y s S —
|matrices in compact form ahd the total fluld-btructure interface (non-
symetric, non-square) matrix.

[Reads ‘and prints initial values of and its |

[FeTocts e Tameriear T Procedure ,, evaluates cuunled Toad vector, |
lanid solves. the coupled dynamic.equations. ' Prints the digplacements, . L.
|velocities and accelerations of the'structure at zequu'e 4 printing interval
and prints, as well, th ir at thes
printinq intervals. . i

“FIGURE 6.2. Flow Sequence of thé\SubToutine FLUSTR

Toad Dara 5
Reads the extemal. load applied to. the structure, calculates and stores thaJ
5
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The 'overlay' technique used to further save the-storage .

“is shown ' in Fig. 6.3: .

The ‘Eiqure shows the .overlay -’
structure of the 'program chosen 'corresponding’ to:different

3 3
phases of execution. :

The nodal points are specified in 'terms of .the X .and &y

coordinates for the 2D elements and the thiék plate element

TABLE 6.1 E

. Iocations Allocated to Store'Different Variables in the

Computer Program 'FLUSIN'

' No. of Locations . . ‘Starts At Ends. Before
M. of focations Btarks At Ends Before
- NEDS* & N1 ST T "
8y . . “NEQS : N3 oo
8y L uEQS ' N5 . N6
NEQ¥ N8
NEQ R N10
P, 2 NEQ ¥ N1l N2
MAXAS . NEQS No: N1
MaxA NEQ S N2z
K NWKS N13 Nl4
M R NWKS N15 Lo NIE T
c NWKS TNy N1g
A NWKS - L co- T Nlg N20.
o . .
H NWK N21 N22
Q NWK N23 C w4




e St R

] 5 id
Cal A "
kR g ta s e 3 P
s D NWK N25 N26
DR % 6X3 ‘N2, [.N28
8 g .
s, "6 N29 ', N30
k B MR §. Y _ N3l N32
B . Lower half of N33 JEACR T SO
(NEQxNEQ) = - R A . o~ ek
- 3 = 3 - z
- AR A B i 5. H €’
st Lowet half of N35 N36 ¢
Yo F (NEQxNEQ) -~ . |
tatig . (NEQSXNEQ) N38
sp7l v (neeswvEQ) - Y - ‘N40
S5 moxegs) ¢ Comare G aemeC e w0
: : s71gT Upper half of N43 TR ‘ 5
& A . (NEQSNEQS) - - . . :
4 x - Lower half of © - N45 D me !
(NEQSXNEQS ) !
3 . i i
P © nEQs NS1 Ns2 i
Pevt NEQ | N53 N54
4 T £(t) NEQS _ N51 N52 J .
£5(t) " NEQ" - A ows3t Wsg oo ‘
: £5(6) ‘NEQS .. L N51 T 7 g \
Cg®) " e ) N53 " nsa p [

*NEQS - number of equatians for structure nodal
‘NEQ - number of equations for fluid nodal unknowns
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e

".input and output phase.

(7 coordinate is zero’ for this version of the program): The

£ 2D plane ‘structure element has 2 a o.£. per node, the'fluid

element has one BinE ek okt nade, and - the ‘thick' plate

bending element has 12.d.0.%. per node. - S5 .

The term time is used synonfmous to frequency in . the.

as’ time 'varying ‘or. frequency varying, of. constant

concentrated loads.” "Also- a load multiplier ‘can be defined.
to increase or decrease these loads or change: direction.:
y 4R s e b N . ;
2.1 'scorage ania"»ne'wievax of Assembled Matrices -

“to save storage’ requmemencs all the st:ucture'

. In otde

and fluid charactaristlc‘ nmatrices are establxshed, assembled

and stored: in ‘a' low-speed storage system such-as magnetic :
L L

tapes. . 'These matricés are later retrieved depending on the,

type of analysis requested. . Table 6.2 1lists the desighated

numbers of ‘the’ tapes uséd.and the maf:rice“s stored in these

tapes; - It should’be noted that only: ‘those matrices Which
are needed later in:.the solution phase -afe “stored‘in the

tapes. " Unless othe

ise ment)on;ed all  the matrices are

smrea in compact. storage form, 'in a one-dimensional arxay.

A11''the elements, 1nclu51ng zeros, below the skyline (Fig.

6.1 are storsd. & minimim henbier of storage locations are

used by storing and processing only the elements below the'

| skyline. <

The ‘external.loads can be specified .’

4
i
i
i
i




A -
oo = sE E TABLE 6.2 : "
S o 3 Swnge and Pattieval Sequence of Ditfetent Matrices
3 ,' o156 Tew Speed Storage Tapes &
2 -l H
z * 2
% s Tape .
Fo.  Data Stored and Retrieved = -
.7 v 1 Hlement group information from the. Input, such as its e
~ . coordinates, number of eguations and related d.o. f., R
i . etc.’ | S e {
: ; : e
RO R The trtangulanzed effective stiffness matrix, “to be . .
, _ ,used for ‘the time domain s(:ep-by-step integration of
. ‘. "uncoupled equations: - Lo
Ly w3 Tofal; (earthquake plus’any other) lexternal “load )
"o ' ' vectors acting on the ‘structure: at each time- step s
‘ufor time domain analysis),. or stores' complex. load '| %
vectors. (earthquake and hydrodynamic) - acting. ‘6n’the \ { |
. structuré at each irequency step (frequency dcmain 1 i
i -analysis).. < S |
g 8" " “In ‘sequence: 2 z . \! I
¢ a) stiffness matrix of the structure & i
N ; b) consistent mass matrix of the structure H
= . ¢) concentrated nodal damping vector (if specified)
S 85 For the uncoupléd probles, stores. K i
. a) ID arrays, and j {
H S e b) initial _ displacements,  veélocities, ana .
{ v ~acgelerations- of the structure sequentuuy. i
H % - . “.For the coupled problem, stores: . : ¢
H © _a) IDarray for the structural part S
©) initial displacements, velocitied, and accelera—- 1
. . tions of the structure sequentially® - : g |
o o c) ID array for the fluid part, and (A
i an initial values of pressures, and their first and
¢ % seconq derivatives of. the £luid nodes. : '
10 - Stiffness’ matrix of. the structure for fréquency, .
3. . nnalysh " - i
Y 11 Nodal stiffeners, masses, and dampers vector during | el
H . * . the assemblage of .thestructural matrices, or
[ ! ¥ Bthe exgenvalues and, ezqenvecmr: during the frequency "
analysii. .
12 The structural mass matrix for the irequency o¥
Sl analysis. :




15 For . the' coup)ed Broblem, stores sequenuany.
MAXAS

b) MAXA i oy o 5 0 e
o . c) fldig stiffness matrix, - s & 1
d) fluid mass matrix, s B :
. e) .surface wave matrix, - - ‘
© £).radidtion damping matrix, G -
. ) £luid-structure interface matrix " (non-squate . ‘
“‘matrix), and . .
h) transpose of  flyid-structure interfaze matrix |

; (non-gquare matrix) . ' o . ]
6.3 Fungtions ‘of Subroutires - . Te
o FLUSTR The ma‘:.n Fubroutine con:axnmg the calling ' ¢
e % of a1 other ine de‘pendlng on the
".code -Nsﬁm- 3 5

e " - ADDBAN' - Add3 the uppar halves oF “¥He ‘e LaRenE btETiss’ to| -

T £orm the compacted global matrices.:.

ADDCH Aq]ds speclfled concenttated nodal masses and

anpers to the global mass matrix .and global.

kS effective stiffness mattix. .
ADDRES' . Calculates the addresses of t;te d]agoﬁal elements

: U dn the b’anded natrices Erom the “known column il
; . i
i

! g ! . heights.

ADDSTF ~Adds specified concentrated nodal stiffnesses. due

a

to elastic supports to the global stiffness matrix.
ASSEM * _ Assembles the matrices needed for the solution
/‘ ] (free vibration and dynamic analyses).

COLHT Estimates the ‘column heights below the skyline of

- the Uppér ~half of the symetric banded -global

matrices.




* COMLOD

ComsoL

_DECOMP

AF

BLCAL

+ —_—t

ELEMNT

" Bstimatés ‘the
f:eqeuncy scép ST S

L : EQKLOD, -

-182 -, r, M

complex load” vector for - each,

N 3 COMRES *Finds ‘the. cﬁmplex frequency responseé ' ¢f the system

for each Erequency step. N .

5olvés staem equilibriun equations stored in a

compact’ storage :Form usmg column ‘reduction scheme.

Decompose the stiffness matelx into r..nt.T from

: Where L is | the Lower triingle of the matrix and D

is the dlaqonal ‘matrix.
“calls approprlate ¢lement’ sibrbitines for ‘reading,
storing and generanng the neceséa ¥ Slement data.
selects th[e element (plane strain or ‘thick plate or
fluid package) depending on the paramister 'NPAR!

reads groulna accelerations;

|

in the time domain of real ana imaginary parts of

in x and y dx:ectxons, .

the con\plex “amplxtudes in ;he frequency domain.

Evaluatés| ther ‘lodd ' vector. due ' to . these

“accelerations in" ine or frequency ;domain and. adds

!
with any other load vectors.

'FUNCTION Evaluates [the values Of the, function g:\ven by ‘Eqnu

FREQS

INPUT

PR

[Finds the,

INITIAL ‘Sets the

.5.2.23 for differént values of m and n.
; e

reqlested number of lowest frequencies

_.and associated mode shapes of the stiucture.

initial conditions. of the’displacements,
velocities: and_ accelerations of the structure.

Reads,’ gererates na prsncs tha ROAEL CHOTIINAYYR:

Calculates equation numbers, and stores them in.ip

array. . 0 . Y




INVERS

¢ t7 L LOADER
‘LOADS

MASS

MATRD1

o o g MULTS -
\ ;

\ NEWDAV

A NODMAS

NONSPI

= . JAcoBI.

MLTPLY

‘Inverts a symmetric-square matrix and replaces with:

the.inverse of the matrix at. its location.

Solves the generalized .éigenvalue.problem using the

Jacobi itention technlque. i
Calculates. the effective load. \

Feads the (Load table. ‘and 1nterpoh\tes the load
‘value for the required tine or. frequency steps.
Evaluates the ‘elemént mass. .m';ix of thick plate

bending element resting on an elastic foundation.

Matrix\reduction subroutine.

|
Noltipliss a mitrix stored in a cospact form with 2

vector, . . gl

*detor and adds it to anothexj vector -stored in a
compact foia: . i s
Hultiplies two matrices stored 'in a compact storage,
form ,an:a stores the result in a compact form.
Evaluates new displacements, velocities, -and

accelerations for time (t+ t).

‘Reads 'conc‘enérated nodal mass, -stiffness .and

damping values, .evaluates the ‘nodal vectors and

writes them ‘on tape 11, to be used by . ADDSTF;

" apocH: .

Main-input subroutine. Reads control information, .

calls subroutines to initialize solutior variables,’
. . ) W

sets’ time step integration coefficients, ‘reads

nodal point. data, calculates and stores load

vector, etc.

ADIRIR s _




OPCOEF. <

PNORM

QUADM _

- QUADS

QUADST
& E g

\RE‘DYBAK .

ROTATE

SCHECK

SSPACF

STDM

. Reduces and back ‘substitutes the itération vectors"

.using “eight

Calculates  coefficients of time 'integration

operatots ‘for either Wilson- method or Newmark

method - 3 g Lol RS

. l
Finds norm of a“matrix. v

Calculates, the elements offithe mass matrix of an’-

eight noded quadrilateral isdparanetric element.
Calls| snbrcutines to evaluate stiffness and mass

matrices’. Qf . two dimenslonal elight , noded

"quddrilateral isoparametric elgments and ‘assembles

SR . - .
thé structure stiffness’and mass matrices.,

“Calculates 'the.structure ‘elemént. stiffness matrix

element. 5 / 3

Sets up the requxred storaqe space and calls QUADS

to generate ‘the element matrices.

in the sub-space iteration process.. 2

Generates the rotation matrix required to transform

the ‘element. matrices to the global system for. the :

thigk plate bendmg element model. L,

" Evaluates’ shlft for the Stprm- sequence check.

-STENES.

Bvaluates the smallest. eigenvalues and associated

eigenvectors in the generalized eigenvalue p:cblem

‘using - the ¥ n:e:atiun
Eyaluates "the strain-displacenent . relationskis

matrlx. .

Calculates  the ‘elements of Stiffness matrix of a’

thick plate-bending élement on’ elastic foundation:

‘ed quadrilate¥il isoparametric’




|
|
|
|
i
|

4

THICKY

. THKPLT."

TRANSF.

WRITE

WRTFRQ

{ watMuL

COUPLE

* CUPLOD

PLUDAM

FLUID

matrices.

Sets: up the storage requlred and’ -ealls the

subroutine Sequences to use the thick: plate 6n’

elastic £uundatlcn Exnite element packagéd

Reads, gengrates; and ‘prints thxck plate. glement

node characteristics. Calls the ’subrnutxnes to

rgenerate slenentNatrices “And assenbles the global

+ Generates the transfor.g@:xon matrix to convert the:

“element ‘Watrices.from the generalized displacement

coorﬂlnates to- global dlsplacemenh coord

Prints ‘the - displaceinents,

acceleratmns uf ‘the struc‘ture-

Prints the” results; of the free vibration ana;ys 5;

Erequencits and’ associated: mode shapes. L c
Multiplies tyo general matrices A S

Calla the subroutme

: regulred to

and " damping

8 the gluxd »elemex:\t stiffneﬂs, mass,

matrices, and. assembles: the global ‘fiuid domain
“matiices. [
Evaluates ‘the effective caupled . lpad matéix .n\eeded

to solve. the "coupled fluid-structure interaction

problem. 3 ; #
Ganeral:es the elements of " the f uid dampmq matrix.
Sets the storage space reqmred and’ calls FLUIDS,

the fluid fini'te element program package..
3o v . Ik




6.4 Data Input for FLUSIN
.Card No. 17(17a6) ¢

C1e7gT HED(12)-+ " Title of ‘the problem to be-used

FLUIDS .  Calls. ‘the - séquence’ :of B\Ibzouginéﬁs- o read;

“generate, - and o print  -the {fluid’ 'element :

domaln matrlces. ! . |

FLUMAS. Generates the elements of, the flul.d\ mass matnx. i

'INTFAC Gerierates -the’ elements ‘of - the nuid-struceure'

1ntEriace matrlx End its tran‘spose.

. SURWAY Senerates the elenencs of the surface wave matr X

COLSOL | Saives simultaniecus equations.:

ompa'ct $torage "and ¢ ctﬂ_umn reductloﬁ ucheme.

. INPUTL . Reads the input data requ)red 0" generate the £luid K

alament matnces

FLUSTF Generates ‘the elementa of the flmd stiffnuss %

in Cee. compact

or matnx

‘operations. ﬂ E _‘ it e

6.4.1" Control Data: -

Columns - ‘Variable' ‘Explanation.. - ...

d in 1ane1nng and identxfy{ng

chazacter istics, and asse-’nbles" the ‘global fluld R

N




i " . A s S i
. , "
A RN . cara No. 2 (515): "y
E T }—5) { NUMNP Total number ' of structural;
: nodal points. . - ,
- e-10.; .’ NEGL L mberof element groups :
< . ’ = 1'for; 1ineas @lewent giaup, -
Ta-rs 0 wobex. . +Flag indicating the mode of
i . T solnuon. ) /

= o. data checkmq only
3 . = 1, execution of the program.
oo Cet16220 NSTE . . . Number Of time steps fpr ‘the

. o : g .

< - . 3.s e \ ‘time domain solution.

S » ! =
" 21-25 - IPRI Solution printing in_terval)

g ’ = 0, Gefault set to "17,
T e ok - mvxng, solution at each step

“£o-be’ ptxntld out:

210 ©or - . Mime step- increment interval
] . coad20 L zshRr 1. Time' at which solution step

'starts-

i-5 + . ISTIFF - °. ' Fldg - indicating added
stiftness; for example, spring’

& e b i 5 7 AR supparcsv

! s G =0, no aaaed stiftnesn .
% ) 2 =1, if 1umgea noded stiffness

‘present




<
11-15 - IDAMP
16-20 ISTIEN
21-25 © .TMassN
26-30 IDAMPN -

Card No. 5 (I5):

1-5 IEIG

188 - e

Flag indicating static or

-dynamic _analysis ‘and also.

©_ . lumped or consistent  mass

matrix; - L
= 0, static analysis,
>6. dynamic ar;alysis,

-'=1, lumped mass case,

consiategt mass case,
Flag indicating”damping type:
= 0, no damping effect,
'=vv1, 'hyleig.h damping.
Number of conlceqtutnd nodal
stiffnesses. £ ~
Number of concentrated nodal
masses. A
" Number of concentrated nodal
dawpx'ars.‘

Flag - indicating frequency
& solultion mode;
=0, no free vibration analysis

= 1, free vibration analysis to

" + ®
find the lowest specified,

_numbe: of frequenciel and

associated modes.




Card' No. 6 (15

1-5

NSoLN

-5 IFLGX

%
Flag ‘indicating the type, of
scl;tipni ~ :

= 1, structures on’land, time
domain “analysis il 5
= 2; ‘external loading of hydro-
dynamic pressures vs. frequency,
frequency domain analysis;

=.3, coupléd fluid-structure
interaction, . time domain
analysis.

A}

Flag indicating the ea'::hqliak_e

load acting;’

=%0, ho earthquake 1load

= 1, edrthquake load acting ¢

Flgh indicating the x component
of accéleration-acting; %
=0, no. x component of
acceieration acting! »

= 1, x °‘component oOf

_acceieration is present.




1
i
|
|
i

‘,.L.;...,,_ o

Card No. 9 (I5):

1-5

IFLGY

1-5

QPVAR(1) *

- 190 = sy s

V.Flaq mdicnt‘ing the co-pan;nt
of -ccelernuon acting; - 7

< 40, no 4 acceleration
_ component acting;

L=l =y component of

acceleratian is acting -

Nunber Of degrees of freédom of
each structuzal node;

=.2; for. plane stain element
= 12, for thick Plate ‘on

, elastic foundation element. -

Method of numerical integration
_used;
=0, default set to "17,

P *
= 1, Wilson- ‘method;* ' .

2, Newmark- method
" The integration parameters;

IS
= 0/ldefault.gets| = 1.4 for

Wilson- method dand '=.0.5 for
Newmark = method :

= 1.4 for Wilson" method *

= 0.5 fo:,?la\mnrx methcd[.




S . opvAR(2) - 7 The Second 7 Wnrebeaeion’ © ¢ i 0

E i = P parametér for Newnark- method; . -

; G ew Y A e e B = 0, default is specified as

) ; ’ ) ) ‘belowr* - ; C
w8 )

} *IE NSOLN<1, regular Wilson- . method,

P © - If NSOIN=3, modifiad lesun— néthod to solve the ‘fluid-

) “y ’ .« structure couplea squzions, . |7 : e

! L ke0.25 ( 40.5)%%2 # .

, ¢ Card No. 12 (1615 :

Lonlii o b N i

; C 15 . NeB Number of blocks of’ results to {

Lk 7 P be printes out, g Y

" o " . ° i 0, default sets to printout 'I‘
o Co : "'of ithe .results’ of all nodal |

fel - ‘ povints. : o .
H LT iemp D e Flag for. displacement princout ;
§ hy + SIEE T Tooaes

. =0,'no dxsplacement ptintout,

= 1, print dlsplacements

T - 11-15 ’ Flag for' velocity printout
L@y : o code;i " 1 v

K i A -+ "= 0;'no velocity printout,’

= 1, print velocity components. ' i

T 620 ©omc ., Flag for acceleration printout; ‘. ~ |

b R . ; o ‘= 0, no acceleration printout °

1, print accelerations




Card No. 13 (16I5):

© =192 -

IE NPB = 0, omit the next card.

s < - IPNODE(1,1)  First node of printout block’
e no. 1 \
6-10 * IPNGDE(2,1) - Last node of printout block no.
.V ‘. - 1 .. ¢ ;
1115 - . IPNODE(1;2) * Pirst node of printbut blick
i L, i ) ] Lo

. ps '- ; ¥ <P g

6:4.2 " Nodal Point Data M FT i A

Cird wo. 14 (IS, 3r10.0, 1312): . | r M il‘

15 VY N node. number; ' = . K
: g ) greater than 0 and less -than i
" .. WowNe ¥ %

6-15 oxn x - cosrdinate . ]

16257 wm .. %y - coordinate . i B

26-35"" Z(N) ¥z - coorainate 7

: K3 =0, for this program ”

36-37 KN Flag for automatic rodal data . -

3 : generation*; 55 E %
* e 7 2.0, no generation .,
38-39 IDOF(LN). x - tran_slétior;i. bounday ©
E condition codey_, ’ To¥ i
" ='0, free or unknown i
: = 1, fixed or Kinows - vl
y ' ) .




A v

IDOE(2,N) y- ~ translation imundary

condition -code . -

0

L oY

taz-a3 'im7(wnq?,u<) 3o tRdRkabidn: © boundary
s d 5% % condition:badass < s ERPE |
— ' *ror’the hick plate element, there will be tuelye boindary -

conditxcms £or each node correspénding to’ the 12 degrees

of fréedom. - =k ; 5

< ST wkrE RNy s the generation patameter for the card with: node’

number Nl, then the next node generated is NptL*RN;, and"

he. pext is N. +2"KN1, etc. untl.l N —KNl is establxshed.

. 6.4.3  External Load Data =~ - & & . X § o
W T e . 1
¢.Card No: 15 (1615

e

NLOAD: - - . Number of -cards to be -read

) is e § prescribing the external loads f
. 5 B i . " acting at the nodes . N = i
" 6-10 NL_CUR' 4 Nuiber . 6f load ‘cases ° (tifie i
‘ e ; : : Funck i, 3 ox P2 oy i

functions) *

Ci1-15 NPTM Maximum - numb&r of - ‘points

i - o “ describing ‘load functionst* | -\




i
i
|
i
g

—#at least two values.;)er léld tunction lre requx:ed for

m:erpola:ion )
5" 2
~**No should be
of points. i°

TIMV(1)
RV(1)

TIMV(2)
 WRV(2)

p !iumbar b2 of

| £unction,

First Hue value, tl +

d by more than:NPTM number

x&a‘é'fuhc'uon number, should be

‘greater than cor equal to 1 and

less than NLCL’R

peints

.should ‘be: greacer

than ‘2 and less than NPTM -

lond Eunction value at tlla, —CJ_

Second time value, tz

Load tunction value at time,“t, .




RV (NPTS) 3

*Ibe first value of €ine must be zerogfThe last value ot®
the'tine should be' greater’ than. the time at the end of the'

PR soiunon. Otherwiseé .an error message mn be prlnted.

* '*Input as many cards as req\ured to input NPTS- vuues, with

four pairs of valies in gach card.

> 2 S ? |
.This card must: be skipped if NLOAD. is equal to zero.

Othexrwise NLOAD number of cards must be input this sectjon.

B 15" i NOD 3 Node nunber to which the Elrst
: . 1oad funcnon is applied; et
i : ' Voo be greater than or equal to 1 -
2 i “ A ) | and less than nuiye.’
g 6-10 7 IDKRN(l) ‘Direction in. which the.first"

G A _+ “load function is actingi ° @ e A
* x direction

y.direction e

3, z direction




o R 1
! A =--196. = & .
Conds e Load: cirve, numbér  that i
: | describes ‘the load function: ‘
. ; \ 51 and’< NLCOR ‘
265 17“‘“\, l‘_. Maleipiiction " fictor. to- ‘be
g A | used to écpe the. load
! | v function, U
T \ =0; astau1e sets to unity '

Card No. 18b (315, F10.0)* if’

1-5 ‘> Non e - R M "

< - |

|
s |
|

*Input NLOAD number of [cards, one for .each node on which the

\
load function is acting.

i o : 2 . |
i E o E R . ) ]
: 6.4.4 Damping Information w T
. -Card No. 1 (3F10.0): | . e g .2
i 1-10- ~ apamp ! Rayleigh ‘damping cbefficient, -’
- I | . ; :
! A g ;P g 3 ' i
V11-20. BDAMP | Rayleigh' damping . coetficient, T
t . . !
e i
! | SR A
i 1
i ! % b
v ¢ i .
\ ‘ :




*These coefficients are used to calculate the structural

damping matrix defined as:

S

€)=+ K

where [M] is the mass .and [K] is the stiffness matrix of the

Concentrated Stiffness, Mass and Damping Data-
Card Wo. 20 (110, 6P10.0) ’

Concentrated nodal  stiffness data, e.g., elastic

supports. If ISTIFN.EQ.0, skip this card.  'If not,. input

ISTIFN number ‘of cards.

Concentrated

XSTIFF(1)
XSTIFF(2)

Card No. 21 (I10, 6F10.0): .

nodal -mass data, ‘i.e., added mass.

- g 3 o
IMASSN,.EQ.0 skip this card. - If not, input IMASSN number of

XHASS(1)
- XMASS(2)

ffness, Mass and Damping Data-

. Node number ‘at -which - the

Stiffness added in x direction.

Stiffness added:in y direction.

Node . number at -which the.
concentrated mass is édded_. .
Mass added in x direction

Mass added in y direction:




/.

Card No. 22 (I10, 6F10.0): .

Concentrated nodal damper data, i.e., added damping. TIf-

IDAMEN,EQ. 0 skip this card.: If not, imput IDAMPN numbér of

cards. e

=10 LN Node.”number at which ' the
y " concentrated damping is added

11-20° XDAMP (1) damping added in ¥ direction

XDAMP(2) Damping added in y direction

6.4.6" Initial Conditions

Card'No: 23 (I5): ; J
& 1-5‘ 0 ICON . Pl:aq indicating the “initial
3 & N
e condition; | \

= 0, zero initial condition for
g - MODEX=2; i S

NE.O, . non . zero = initial

condition. .
Card No. 2
If ICON.EQ.0 skip this card. —
. =,
Format  Variable y Explanation -
6E12.6 . - (DISP(I), I=NEQ) Initial - vaiues of
¢ displacements
‘ 6E12.6 (VEL(I), ‘I=1, NEQ) Initial values of velocities




y SN

= 199

6E12.6 . (ACC(I), I<1, NEQ) - Initial values . ‘of

accelerations

*NEQ is the number of equations, ‘equal. to the -number of-

unknowns ¢

6.4.7 ! Element Properties
E:ard No..25 20!4)?

Columns Variables - , , Explanation
1440 . Near(1) " parameter . .specif¥ing . the
" element type to be used, . . .

=71, 2D plane strain element’
S = 2, 'thick plate  on. elastic

* foundation element

i

- : =3, £luid element .
5-8 .~ ' NPAR(2) 2 Parameter‘s‘pecifying the. total 8
e us v . number of elements in that typ
L9912 NPAR(3) Nunber of material-types’in thd

specified element

Tf NPAR(L). = 1 input the £dilowing card

Card N

26 (15, 3F10.

-5 S Material.number, greater than 1

and less than NPAR(3)
6-15 < E(N)' Young's . modulus- . of the
£ M atentan :

PR(N) Poisson's ratio: of the material




26-35 ©  RO(N) " ... - Mass density of the material
If NPAR(1) = 2 isput the_following card
.

26. (15, 7710.0)

Card No : : s
125 ¢ N " Material number
6~15 Brx Y'au'ng's mddu].us in X aizec:
16-25 ELY .. .. Young's modulus in y direction
-26-35" . POIX. . 7/ Poisson's ratio in x diredtion.’
36-45. ‘261.‘1 . Po: sst.:n'bs’_ratiu in yﬁirecugn :
des5 - RO il e Ma“;éensiﬁ RSO
; 5665 : 'r'mt five umickness of the material

6.4:8.  Element Data - :

Element:bata ;' 2" E

If NPAR(1) = 1-input the.f‘cill\ov;ihg cara’

Card No. 27 (1115): i 3 S

5 T MEL. | W Element tabar ". UEe
6=10- . 11 *fiode numberr
12-3870 0 12 : " Node' number 2
16-20 Joa3e. L node nymber 37
21235." nme T Node number 4

] 26-30- 0 oxs, | . Node number 5
31-35 °. 2. X6 . . 'Node number 6 N
36-40 ¢ 17 Node' nigiber 7.,
La0las U 1e G b Node numbet 8"
46-50 Mrye .Ha:erial tybe- number .




=.201 -

b

KG © Automatic . node  increment

4 . =~ S 6 ;engration code**

: ; - Foowe Hin ‘

———— " #The. element node numbering: should be in anti-clockwise
order. = - . 7

% Cautfon: - the. interface nodes must be humbered £irst’.for

. “the case NSOLN = 3 B P

-4 N - !

If NPAR(1) = 2 .input.the following card: - .
; : N :

* cara No. 27.(3115): ~
Y es MEL, Element number . v,
6070 T 11 7 A node pumber 1* ‘ ‘
Lo . s 1115 I ) node! nunber 2
16-20 13 node ‘number 3 v
21-25 MTYP ; }naterial, type numbér
o 26-30. . KG . autBmatic + node " iSrement

p - ) - ' generation code**,

*the node numbering must:be in, the anticlockwise order.

*HLE K

[(#+1), (M+2), ...(M+3)] are omitted, thése elements are

gene,éated by . increasing ‘the node number: of successive
eleménts, with the value KG; KG being taken from.the M}

i element ‘card.. -

0, default.sets KG=l. = Elements must bé input in

" . increasing’ élement number rorder. If cards for elements .




-.202'=
5 4 A 7 2
6.439  Earthquake Record Data
If (IEQKN).NE.O input the following, cards

Card No

27a (315):

=5 NPTS number of ‘data points in the
earthquake input.  (The time
interval is set to 0.01' secs:)
. ]

If. (NSOLN).NE,2give the following input

Card N 27b (8F

DTE . Time interval of -accelertion-

values

If (IFLGX.EQ.1)"input the next set of cards

27¢ (8£9.0 o :
) aconly ‘,x-a'ccelera&'ion value at time
ot . DM secsi W
10-18° XACCN(2). ' x-dcdeleration-value. at’ 2*DTE-
s : “secs.
. . >
‘XACVCN(NPTS)

" If (IFLGY.EQ.1) input the next set of cards




§ ' : : : I
- 203 -

aq ‘ ‘
‘i Card No. 27d (8F9.0): N :
{' : 1-9 _mc}:u(l) y-acceleration value at ting "
’ : DTE secs. , ¢ o

: ’% L ‘10—15. ' ¥ACCN(2) y,-at:,celeration
1 . - 2%D1E secs. i
i : !
; ~ ) b il
i s

! - \

£ YACCN(NPTS) . ' E ! ;
;i £ (Nsow).B0.2 give - the following cards (freq. domain !
. ~'record of earthquake data) :

i, Card No. 27e:{10F8.0): & 58

. f i 1-8 DFRFQ - - - fréquency “intérval. ‘ot the A

P . Lo . - earthquake ‘input

Card No. 27£ (10P8.0):

i-g XacoN(l)  real part of ‘the earthquake '
. ", acceleration at first frequency
: ) interval ' D
- 9:16 . YACeN(I), “imaginacys .part. of the !
3 N ) e 5. Nogslevataion. Eecora.at: ftna &

first interval.




{v
1

s
|

XACCN(2)

YACCN (NPTS)

Card No. 27g (I5):

1-5

6.4.10

NODHIS

E‘lul.d Dumal'n Data

Node ‘at which the time history

response output is requested.

1f NSOLN.EQ.3 .lnput the fallowing ~cards regardlng £lutd

elements' %

Card. No.

1-5 .
6-10

‘1-5

28 (315): "
NNT

C T

29 (315):
NSWT

NSIT

total number of £luid node

total number of flad

total number of surface wave

. nodes.’

total - humber of - radiation
damping ‘nodes.”

tQtal number of Eluxd-‘st:uctu:e

interface' nodes.




6.4.11\ :Fluid Element Information

“Card No!.31 (1615):

1-5

Card Wo. 30 (15, 29100, T5): ,\ A
N node number . o
6-15 T XL(9) x-coordinate.

1626 x2(3) ™ y-coordinate.
27-30 ID(1,3) boundary condition code;

=0 for all nodes with unknown
- pressure. .
‘= 1 for nodes Wwith known '

- 'pressure.

S11 (seduence ; first surface vave hr;qe.'
‘number) g
Nsw(r) b f‘irs‘t"snrface,wa've_n‘ede number -+
2 5. * second surface wave node. /
stqu)'_‘,, 'secor;d -#surface waw}e node

© NSWT

. NSW(NSWT) . :
32 (1615): - e \

1 (sequence . - first radiation damping fode.

number) N
; e

number s - v




!

=

L -1206 - 1
3 1
6-10 NRD(1) .. first radiation node number:
11-15 2 second radiation damping node. :
- NRD(2) Second radiation node number’
: i
NRDT ) % . o i
NRD(NRDT)' ) ki =
Card.No. 33 {1615): , ia e ¢ . 1
T1-5 1 (sequence first interface node. |
; : . |
number’) ;
6-10 NSI(1) first interface fode number: |
11-15 a2 -, seccond interface node. i
16-20 NSI(2). . second Fnfterface node number. 1
i
NSIT . ENT 1.
NsT(NsIT) v 0 ’ . 4 |
3 : : " Xy
3 e 2ty b
6.4.12  Fluid Properties . ; ¢k } .
Card No. 34 (3F10.0): i :
1-10° RHO . water density. . }
11-30 G. " . “acceleration die to gravity..' N




D a1-8s 18 .. . node numbet'

46-50 Y 2 material type

21-30 XL - x-¢oordinate at the centre line
: of ‘the structure.

6.4.13 Frequéncy Analysis Information

Card No. .35 (315): . .. ¢ * X

1-5 NOMEGA 3 _ number 'of frequency increments.
6-100 -+ OMEGA stabeing Eladuety valu. :
11-15 " pomica frequency increnent.

N .
6.4.14 ° Fluid Elements Data

Card No. 36 (314)s - .. .
1-4 " OBVAR(1) - i .element type.

=3 for fluid element:

5-87 . OPVAR(2) : number’ of elemerts:

9-12 -« OPVAR(3)"" .| . number of different materials.’

Card No. 37 (11I5):

Sl L " ‘element number. :
‘610 i ndde rumber 1,

11-15 12 fode number’2,

1620, 13 " node number 3;

21-25 14 . “nodé number 4;

2630, 0 x5 5 hode numbix 5,
3135 160 © - nodé numbet 6,

36-00 b node number ¥

i v e




NE L O S

element generation code.

The noges must be input in anti-clockwise order.

- Repeat  inputting number of caris equal to humber of
1uid elements. : .

Card No. 38 (515)¢ :

=5 At NUHE‘S‘W' total n‘lfmb_er of surface wave
Ty ol ] - elements. ae w et
Cazd No. 39 (5I5): -~ ° " o e
1=5¢ \ : Nswﬁ ; - :qréuce wuvevelement number.
6-10° S IR() " first node mumhes iy .
1145 ax(2) node number 2,
" ‘node number 3. -

16-20 JK(3)

*The node numbering must be in the order of right to left.
Repeat inputting NUMESW cards equal to the total number
of surface wave .elements. r

Card No; 40 (5I5) o s ey
RS NUMERD i total ‘number of radiatien
- ik . aamping elements.

\ 3 .

~




P SIE, PO (s Lo R

* card No.

11-15
16-20

top.

41 (515) t

NRDE

JK(1)
JK(2)

JK(3)

radiation damping, - element
number.
node number 1,
% 'nodé number 2, .
node’ pumber 3, Co-

»

The  node. numbéring must be in the order from bottom to

Repeat inputting: NUMERD cards equal’to the total number.
N

of ndhtmn dampmg élement. ; ey B

Card No..43 (5I5

1-5
6-10
11-15

16-20

NIFE
STR(1)
-JK(2)

JR(3)

NUMEIF total number of interface

elements .

" Interface' elenent number.
node number i,

node number -2,

node nunbe s}

The, riode ‘numbering must be ‘in'the' order from'left to

right’for horizontal, and bottom to top for vertical line.

_elements.




b ) ' =210 -
: ;s e

H . . 'Repeat inputting NUMEIF cards

‘. inferface elements.

6.5 Qutput_fron FLUSIN 24
The sequence of output printed” by  the program .is- as
folLowss 3 - ]
: 1) Title of the problem and the control inf&maéic;n.

2) Structural element data (nodal point Coordinates, '

! . 2 boudéry conditions, equatiun nuabers associated with
. the unknown d.o.f. Vi . . <48 — !
b oy Detnils of ‘externally apphed ‘loads. o .

" 4) Damping coefEicients.

¥k ve!ocitiea, and lccelerations. A

t
i

{

i

(S

5) Initial, canditions of the’ struqtute dlsplace!ent! h l
i

i

|

5) 'z1e-ept information in the following sequence:

i) element group-selected, number of elements,

ii) material number and its elastic properties, and

iii) element nusber, associated nodes and material.

i
{
{
7) Tine vs earthquake _a;c;xér-:ion aata. -, }
) 3% 8) If the free vibration analysis "is. reguésted,. the 1
" “Ltpration - ateps, -Lhe -Eraqisncied and sssocisted mdde L i

¥ shapes of the structure. . e «
. 9) For the uncoupled: problen, the fol].ouing responses of

the structure £or each printing in:-rvu in time domain

{
|
|
! |
!




:r',..,_ s o s B

a) heave (vertical)  and surge (horizontal) displace-.

ments for the reguested node -and also. the maximum
heave ' and surge;\ responses for that time and the
dsscolated . node -nombers [ih .case, of €hick- plateé
model, only heave z-e'sponses)'; and S

" the printing interval (in the same fashion as
explained above). - : :

In frequency domain analysis prints the complex response

of the structure (node ‘nimber, real and imaqmary parts-

| of the digplacenent).

10y For the coupled problen solved by time domain ahaisis]

a) the fluid element node n\mber, its coo:dinates and -

. boundary condition,
the surface vave nodes in nquential order,

) the radiation.dampiig nodés' in sequential order,

4a) the fluid-: ltructure xutzrface nodes in seq\xentul

order,

) - the. fluid density, the acceleration due to gravity,

and thé x-coordinate of the symmetry Of the

lbtructpke,

£). “the unknown d:0.f.-and the associated equation

mm\ber: '

) the initial cbndxtwns of dynamic preasure and its

derivutionu, and -

h) £luid element characterisitcs

b) the heave and surge-velocities and accelerations for -




ecrart YR

element group and. number of ‘elements, and

& ii) element numbers, associated nodes, and material
types. . 2
11) For the coupled problem prints the following zl;sults of

the response calculation at each printing interval:

a) the héave and surge displacements at.the specified

node and maximum. heave ‘and . surge responses’ at the .

"printing time and the associated node numbers

b) ' the velocitiss and accelerations at that printing
tiie 1n the sane fashion as mentioned above,

ietns hydvatyianin: preasures 56 fhe fluid-structure

interface ‘nodes,

for all the £1uid nodes, and
&) . the hydrédynentc .pressized at that. kimé l:—or all the

ﬂuiq nodes. " o R

6.6 Discussion

The, software described is a‘general purpose program for .

any coupléd £luid-structure interaction system.. Though the
program is written' for floating’ structurés “it can easily be

adapted for bottom fixed, semi-submersible, or. gravity type

3 sgru‘ccures. Also, - the.response of -offshore structures. to-

e X <
loading, other than - earthquake, can be‘ evaluated by

ifputting’ the time vs. load table (current or ice) or

frequency vs load (vave) ‘tableas - the externally applied

load to the ‘structure. iy

d) the hydrodynamic pressure derivatives at that time.




o i

,handle SI units with- minor modiflcatlons.

The ‘program’can beé extended to handle three dimensional,

; s ; . - o
(structare and’ fluid) finite elements. ' Nonlinearities of

the fluid medium, and .thus' ‘the cavitation effect, can also

be dncorporated in the 'analysis.’ . Moré sophisticated
technigues such as the ‘Boundary Intégral Technique (DeRuntz

and Geers, 1978; Zienkiewicz, 1975); the Boundary Element

Method '(Brebbia,1978), and. infinite elements (Zienkiewicz

“and Bettess, 1975) can be incorporated: to:model the infinite

extent ‘of the -fluid. medium. In‘'the present program -the

width- of -the fluid region is'set sufficiently.large: such '

that any increase in it should not affect the hydrodynamic’

pressure values more than 1%.. Another improvement would-be

the. incorporation of wavé diffraction’and refraction effects

using “E£inite . and infinite . elements ' ‘(Bettess anad

zienkiewicz; 1977). .

LS
S

The present version can perform only time-domain:

analysis of the coupled fluid-structure interaction problem.
Free vibration and frequency domain analysis of the coupled

problem. Gan-be . a valuab‘i‘e addition ‘to the _program. . The

'progzam has heen tested with EPS. units but can be adapted to




_structure interaction analysis are as'listeq below.

& structures,} 1nc1udmg

: CHAPTER 7 ¥ .
GENERAL DISCUSSION ‘AND ' CONCLUSIONS

7.1 Contrlbutlons to the -Field of

The.contributions of . the present study to; coupled £liid-

s A
[One. of ' the -indicated reasons for 'selecting: floating

productlon—sto:age or power: plant facilitfies

\_Earthqua’ke cusnmnmg effect of the fluid medium supporting

the Eloatlnq structure. The st

" in the offshore envlronment detailed in Chapter 3 has. proved
——tbat, i fact, the vertical acceleratlun componenl: of the
- earthquake ‘will be amplifisd €6 a: michan 35 . Linbs to khat

- at; the sedbed. - The - £luid medlum does”’ not. transmit the

_hcrizontal earthquake acceleration component Since’it is™a
Ry

shear-free ‘medium. Eut, most of the station- keeping

' flaannq platforms are “moored to - the sea—buttom either by

single anchor’ leg ‘méoring or: mooring caissons,”unless they

are, dynamically positioned. .Hence ‘the. horizontal earthquake

acceleration nt will be

_through | the mooring systém. - Thus," the “floating. s»truct\‘ufe‘

‘can ‘be. subjected to more severe seismic ‘accelerations

compared to those on land, ' This justifies the significance

and the need for-further elaborate analysis *of Eloating

the nonlinear. hydkm_iynam ic

intéractions effect of the sutrbinding £1ulds
: & g

tidy of earthquake phenofiena. |

r red to the ‘structure'




Though the coupled fluidystructufe interaction problems:
Ihave been. @iscussed by’ various-authors in the'past, no.

attempts were made to illustrafe. the appllcablhty of ‘the.

procedure to ‘any sample structure. The n erical examples

in Chapter 4 -are -first of . their kind 'wherein ‘complete

_hydrodynamic interactido- effects, namely, surface. wave

eéfects, ingerface hydrodynanic pressure effécts, ‘radiation

boundary | conditions, and the flexibility of “the strucr_ure

are -irigorporatéds | The. response of'a Eloating structare

_subjected ‘to. amplified earthquake accelerations’ is,found to

be about 10 percent higher: than chose! for- & comparable. -
structure on land. - E P 4 o

One of the main reasons for the few’ applications of the

"procedure is the difficulty in solving the resulting’

unsymmetric coupled equations of ‘motion. - Various.

approximations were made by previous’investigators to modify

‘thé final equations symmetric. - Sharan (1978) developed .a

modified Newmark-'8 method to solve. the. unsymetric coupled
equaucns and “tested it wu:h numerical examples without
surface vave effects and radiation damping. " In Chapter 4 a

new numen.cal integration schame, based on the W)lson-

method; has been developed o ‘solve: the’ couplea unsymmetric

equations of mutlon. The scheme has been tested with -the

‘numetical examples ‘and proved to be stahle for comparatively

mgh damping 1evels. A




An innovative approximate modelling technique to-study

. ) 5 o
the coupled fluid-structure system .is td “isolate the fluid

from the structure, evaluate the hydrodynamic effects of the

Eluxd ‘on. the~floating ‘rigid body,  incorporate thegs e effects

as an addition to the earthquake force on the, structure, and

evaluate the response Of the structure. To illustrate this

", procedure the noa:mg platfcrm is assumed as a’ thick. plate

resting on elastic: founaahon. Alnew mgn preclslon

triangular thick plate benamg element resting on elastic

foundation has been developed. in Chapter 'S to model the

f;oauhg platform: . The hydrodynamic pressires evaluatéd

with a rigid body assumption - :(Chapter. ) are incorporated as

the'external load at the Eluld structure Lnterface in-

addition to-'the external earthquake acce;_eratwns, and the

response 'evaluated. ° The:results ‘show a’ dighificant

improvement over those obtained igncring\the hydrodynamic

The ‘dis Ge. 'of tHis dure  is.-the

1ncapab111ty of evaluatmg the ‘importance. of raﬂiatwn

damping or surface wave effécts.

Two aiffe:ent'techniques of ‘idealizing the complex

_cross-sec:mnal propertles of the ﬂoanng pvlat;fcrms have'

been adopted- for the n\m\erxcal examples.

i) Modelling the: platform as a thick plate made up of the

same orthotropic  material 'but 'of e equivalient

thickness, ‘reduced- from the. original, so that the
S ek : Szt "th
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fundamental frequency. of “the equlvalent structure will

be’ very close or equal tothe ongmal one, or

11) Modeliing ‘the platform as a .thick plate one. with the-

same thickness as the original platform with a pseudo
¢ material of ‘reduced elastic. and orthgtropic material

properties so -that -the fundamental frequency of the

By permmmg the frequency ' analysis of the .modelled

structure, thh ‘perturbations of the unknowns, the values,

'modelrand the original structure are compatible. a

| conespandmg to the’ best. cun\patlble frequency are ‘chosen as

the'data: . =

“A" general . purpose. computer program FLUSIN has been

developed: to study the'coupled fluid-structure systems. The

program_can be used for time and frequency domain analyses

of coupled and uncoupled fluid-structure systéms.

sl

,The 'program organizat

on is similar, to, NONSAP. It

includes the flexibility of incorporating any finite.element

module; dynamic storage allocation scheme, storing only non-

zero elements of the upﬁér‘ half of ‘the large “symmetric’

system ri\atrices, eiixcxent Eree-vxbrat;on and Earced

response algonthms, etc.

i
1
i
i
i
|
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il 9z Lmutatlons of ‘the Studx 1 o ol o T P
M 5 % The. assumptlons and 11m1tatlohs of . the ptesent study

are:!

i) -the dinteraction between:'the . structure jand the fluid:

are assumed to be lirear,
“ii) the infinite extent of the £luid medium is festricted

to.a finite region, beyoid which the “change in thé

accu acy of the result is less than 1%;

iii) the wave . refractxnn and dlffractxon effects are

neglected, = St : i
19) only. earthquake accelerations are pemitted, as ' the

external iorces, in the computer algaritmn,

v) the effects of the superstructute on the fluatlnq B

platim:m are neglected.

7.3.Conclusions

A conprehensive. study of the fluid-structire interaction

’efﬁects on . the dynamic respcnse of flaanng structures

subjected to earthquake accelera:mns has been presented.

The study of the seaquake phenomenon presented in

i
i .Chapter '3 shows - that Water does not seem to afford . the
; S ..cushioning éffect. as pcpularly beneved, in' fdet it
3 ‘amplifiss e accéleraticns. I has been estinated- Ehat the.
: SCEATETAETANE  CEANSMITER £ UhG .BOLEaW ‘of FNE.platform
: floating ‘at & Water depth of 40¢ is amplified to about 22

times to those at the Seabed, -and the corresponding




amplification ‘Eactor for a LPG platform in a water depth of
80 is ;stxm;aa to be 31.. For shallow and moderately déep
conditions, it appears ‘awplificnt_ion increases with the
water gepth. These large accplerations. could induce large
negative hydrodynamic pressures and could eventually lead to

the. cavitation phenomenon, a non-linear effect of the fluid

mediin which is beyond the scope of this thesis. Further.

improvement in-the estimation of amplification factors may

be.achieved by modelling the £iu
masses and springs. < i Y
R X w'

In’ chuptar 4 the Buler-ngranqian approach of “the

'development of the coupled [luid—-structure xntuactxon

equation is detailed in its entirety and the implications of
various approximations, such.as the rigid body:assumption
and neglect-of compressibility, have been explained.- (From

the approximate analysis assuming the - FNP  platform. as a

. rigid-rectangular body floating in-a water depth of 40, the

hydrodynamic pressure,sat the fluid-structure interface were
evaluated for different frequencies. It was noted that the
: N >

maximum pressure results for a frequency of 7about 1 Hz.

Another lnteresting observation ,is the high heave added mass-

and damping coefficient values for the. FNP platform.

B . . s

e appncauon of the new numerical. integration

procedure devaloped to solve the unsymmetric coupled

matrix equation’ has been deionstrated ‘successfully in

 medium using more lurped-

et b o 22



evaluatmq the ‘coupling effect of the fluid on the dynamc
i ( LR ‘responsé of the FNP and LEG platforma. The margxnal
; : 3

aifference .betveen the response of. the “Structure with and.

B *‘without ‘the’ Fluid-structure interaction. effect’ (but

i " including, the el'datic foundation) does hot-seem’ to,warrant:

" the computational cdst, about three to four fold.. It leads

“to a confiicting situation between the computational cost,

! ; and the - sopmsucanon in the modelling. More parametric ;

. Ghudtes are to be caeried out for oihie types’ of structutes
located in‘ deeper waters beEo:e making mo:e defxmte

comment. However, it' is Cleat “emat the accelération

amplification effects in water ax:e much higher than’ thcse on '

‘land. | ST Y Ehie

& & . The two-phase solution of’ the'’ coupled problem, namely,
lsclatan the  Fluid from. the: structure, perforqu.né the.
hydrodynamic analysis of ‘the’ fluid. (with ‘a’ ri—gid f£loating

body) ’separatély, and then mcorporatmg this efféct to the

ke .. structure. as additional external loadlng at. the flum—
structure mte:ﬁace, yielded responses of about one thud ‘of

thnse with t.he complete - fluid-structute Lnte:actlon., a

further  advantage 'of the coupled ana1ysis is ‘the

hydrodynamic inertial and damping properties, including the ;

t‘ , o ks sunultaneous incorporation of the txme/frequency dependent
1

fiexlbxlxty ‘of the structure. o 3 i B *




|
|

£

- The evolution of a’thigk plate bending element Erom the

sixteen nodéd three dimensional isoparametric finite element
(Fig. 5.1) permits modellinj of the platform usiag a' thick
‘plate element accounting fpr-the three dimensionality, with

a le 0 ion cost.. "Hence the new

 high“precision triangular thx'cx plate bending element
resting ‘on elastic foundation, developqd in chapter 5, can

be' an - effective - technique’ of modelling “Ene fluanng

platfozms. vAs further impr n -the. hy y o

pzessuren evaluated by, the approximte techmquas were. :

-cunverted to: three dmenslonal valuea, and incox‘porated as

g ext_ernal loads ac:lnq on the platform’ in ‘addition to. the

earthquake accelerations. 3

/' & frequency domain analysis has ‘also been‘ illustrated

using the 'thick.plate  on elastic. foundation®. model.  The °

amplified earthquake accelérations were transferred into the
frequency domain by @sing 2 forward: Fast Fourier Transform
for this purposé. Againy it -has been no¥iced that: maximum
heave response occurs around 1 Hz, as expected.

s g -

The computer sa‘f,g;a:e developed for this research-is a

versatile one. . It can handle’

i) r.wo—dlmenvé:lanal free vibration analysis of sttuptﬁ_rsn,




11) twu—dlmenslonal dynamic rasponse analysls of
--structures subjectad to earthquake accelerunon (in
/both time and- frequency domain); "

313) two-aimensional dynamic ' response < of = floating
interdction effects

and s

‘of . thick plates on elas:;c fourdation (in ‘both’ the
time and ‘the ’frequency domain).’subjected to earthquake
accelerations.’ g3

The software includes the NONSAP alqozlthm Of dynamic

storage allocation technique, virtually euminating ‘the

p o linitation on' the size of the structure (number of dogrees
o Of Ereedom) that can be analyzed. It alsc incorpoxates the

scheme of smnng cnly the elements belov the skyline of ‘the

uppex half’ -of ' the symmetnc matrices. Since the new
numerical mtegratmr_a ‘procedure developed in' Chapter 4
donverts the unsymmetric coupled matrix equation dntoins
EnaEN e BHA TN, 3 mohalderab el B4V Ny AT SO ATE B

is achieved by this procedire.

The ' program can also handlé any other types of external

time/requency dependent loads very easily, ' External nodal

the structure can easily be taken into account.

A

structursws without and ~with fluid-structure

iv) free vxbra\uon analysls and forced tesponse analysis

stiffeners (elastic supports) or podal masses and:dampers on .




The. coupled. fluid-structure interaction. analysis.-for

Gther types'of ofEshors structures can éasily be performed

by perscribing the proper boundary conditions

7.4 Scope for Further Reséarch

Uséful foreseeable extensions of the ‘present study are

i)

i)

iii),

i ‘the £luid lnedl.um.

. the following:

Inclusion of cavitation effect- Eor the estxm&tion of

‘amplified earthquake  decelerations ' in- the otfshore

environment. by cunsxdermg the nonlinear effects of

Three—dimensional finite element': caupled fl\ud-
structure 1nteraction analysis, in .spite of the

expense involved.

Extéhsion of - the coupled’ £luid-structyre formulaticn

to *'study _semi-submersibles’ “and tether-noored

platforms. o

Incorporatxon of the non-linear effects of “the

"dtructure as well as the £luid in the coupled fluid-

structure formulation.

[Investigation' of the response of the Goupled Fluid-

structure Eystem sub]ected to Othet envxronmental
forces snch as wave, tsunami, 1ce, ‘wind, etc:

Incorporation of improved finite element modelling of

the -,

nfinite radiation 'boundary ‘(by including

boundary ‘integral or infinite elements).
7 : s

N




. E vﬂ) _Study of v-ve tadutmn And diffrncr_ion szects in
=" view of thn lqueness ot the stx\ncéuru. : . o |

] . - . viil) Ptoblbililtic lnd SPEQtral l\\llyu s of the z:onpled

£1u£d-ltr|letutc sy:tel.

i B ic dies of the relative
. xmrtance of vanous hwrodyna-ic affacts tamng

& inm account the nunlme'anty.
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APP;'.ND’IX 3
COMPUTER PROGRAb? VBRIFI{;&TION
In order.to verify the validity of the computer program
2 vell-known. example of a £loating. rigid circular cylinder
is selected.. The added mass and damplnq caeff;clents

evalnated using the program are. compated in Fig. Al

with those of Newton(1975) and the results are fnund to

check very, well..

5 a second example a dan-reservoir mceracemn study

is" compared Al consta.nt accelenation ay is applied o the

. base of the dam-and the'hydmiyn ic pressure at various

dépths along the interface is evaluated; 1ncoxporat1nq
the flexibility of the structure, surface wave, and

radiation damping: ‘effects, ' The result. is compared with

that of Sharan (1978) in"Fig. A-2 where:m the structure .

" is assumed to be rigid and' the surface wave and radiation

damping effeéts were neglected, The;maximum“pressures

compare very'well, but the variation across the depth

evaluated by.the author is mare‘reaﬁstic to what is expected,

namely, the hydrodyna:mc pressure at.the fixed botton should

be near zero.
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(b) Finite Element Modelling of Floating Circular Hull
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