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CHAPTER 1

INTRODUCT ION

Wi thin the last five years, a record number of

offshore platforms have been installed which have

fundamental flexural natural frequencies within the band of

excitation provided by ocean waves F?r these structures,

modal periods are longer than 2.5 seconds and resonant dy-

namic response is possible even in moderate sea states. The

level of response associated with resonant excitation of a

structural mode depends on the modal damping present within

the v,ibrating system. For offshore platforms, the modal

damping ratio is small (less than 5%) and significant damping

controlled dynamic responses are expected. The governing de-

sign criteria for these flexible structures is often the pre-

vention of failure due to low stress/high cycle fatigue. In

this thesis, the variables which contribute in a fatigue anal-

ysis of an operational single pile platform are addressed.

The structure which is the focus of this research is a

single well gas production platform, operated by AMOCO Oil

Company, located in South Marsh Is land (SMI) Block 33 in the

Gulf of Mexico. Although the caisson stands in only 89 feet

of water, the fundamental flexural modal periods exceed three

seconds and significant dynamic response occurs, even in mod-

erate sea states. The motivation for focusing attention on

a single pile platform is that it is a relatively simple

structure exhibiting all the response characteristics of
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larger structures. With its inherent symmetry and the ab-

sence of adjacent members to obscure wave loading effects, it

is an ideal structure tò validate response prediction models.

In Chapter 2, a description of the AMOCO single pile

platform is presented.

In Chapter 3, the formulation and performance of a dy-

namic finite element model of the structure is discussed.
..

The structure is idealized as an assemblage of two-dimensional

beam elements. Soil properties are incorporated in the model

using linear soil springs. Uncertainties associated with the

resulting idealization are addressed and the performance of

the model is compared wi th field response data.

The subject of damping estimation is the topic of Chap-

ter 4. In this chapter, the four dominant sources or damping

applicable to offshore structures, namely steel hysteretic

damping, radia tion (wave making) damping, viscous hydrodyna-

mic damping and soils damping, are described. In addition,

theoretical techniques to estimate each source of modal damp-

ing are presented and compared with total damping estimates

obtained from field data.

In Chapter 5, the mean square damping controlled dynamic
.

response of the-k~OCO caisson, when subjected to a direction-

ally spread random sea, is estimated using the reciprocity

method (Vandiver, 1979) This method utilizes the principle

of reciprocity for ocean waves. Wave spreading is included

in this technique and four differen t spreading functions are

described. The chapter concludes with a discussion of vor-
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tex shedding.

In Chapter 6, the dynamic response fatigue life of the

AMOCQ caisson is estimated using a fatigue accumulation model

which assumes the stress history is a narrow band Gaussian

random process (Crandall and Mark, 1963). A versatile expres-

sion for the mean rat~ of fatigue accumulation. is produced

when this model is combined with the reciproci ty method of

re~ponse predic t ion.

Chapter 7 contains a description of field tests perform-

ed on the fu~OCO caisson in March, 1980, by Professor Vandiver

and the author. Wind, wave and acceleration response time

histories were obtained.

In Chapter 8, the analysis of this data is presented.

Both s ingie~channel arid two -channel spectral analysis tech -'

niques were used to quantify the behavior of the platform un-

der random wave loading. The use of biaxial accelerometer

data to isolate the modal directions and estimate the spread-

ing in the seas is shown. Natural frequencies and modal damp-

ing ratios are estimated for the fundamental flexural modes

using MEM spectral analysis.

In the last chapter, conclusions and recommendations for

future research are presented.
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CHAPTER 2

PLATFORM DESCRIPTION

The single pile platform (caisson) investigated through-

out this thesis is a single-well gas production platform

operated by AMOCO Oil Company. The caisson stands in 89 feet

of water in South Marsh Island Block 33 in the Gulf of Mexico.

The pile rises 40 feet above the water and is driven to a

depth of lOO feet below the mudline. On top of the pile are

three decks. The lowest (wellhead) deck is 20 feet on a side
and supports the top of the well (commonly referred to as the

Christmas (Xmas) tree). The middle (production) deck is 57

feet above sea" level and is also 20 feet square. A small
...

crane, a pig trap and a large heater vessel are the maj or

equipment ,on this deck. The top deck, 76 feet above the

water, is 24 feet on a side and is used as a heliport All
of the structural. components of the platform are fabricated

from steel. A three-dimensional drawing and an elevation

view of the caisson are shown in Figures 2. land 2.2.

One of the most interesting aspects of a single piie

platform is the caisson. It consists of the outer pile which

is 4 feet in diameter from its upper cutoff point to a level

20 feet below sea level, where the diameter increases line-

arly to 7 feet at a point 50 feet below sea level. The outer

pile remains 7 feet in diameter to its terminal depth lOa

feet below the mudl ine. The outer wall thicknes s is one

inch~ except for a 60 foot long, l.375 inch thick, section
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which starts 10 feet above the mudline. The outer pile was

installed in conventional offshore fashion in 20 to 30 foot

long sections which were welded together during the pile-

driving operation. Inside the outer pile are six smaller

diameter concentric pipes which are associated with the weii.

The diameters of these pipes range from 30 inches to 2 7/8

inches. The 30 inch pipe, commonly referred to as the drive

pile, was pile - driven to a depth 22 1 feet be low the mudline.

Together with the outer pile, these two members support all

the other internal pipes, which are in tension, and the deck

superstructure. The space between the pile and the 30 inch

drive pipe is filled with 4000 psi compressive strength grout

down to the mudline. The grout is us ed to increase both the
.'

weight and the stiffness of the caisson.

Predicting the response of a multi-legged structure is

usually complicated by the lack of symmetry and the difficul ty'
in quantifying the interaction effects of adjacent members.

A single pile platform, however, minimizes these difficul-

ties. The ~10CO caisson (Lollipop) is reasonably axisym~'

metric with the only major asymmetry a result of the place-

ment of equipment on the decks. The absence of interaction

effects is not strictly sa tis fied either . At the free sur-
face, a boat landing is attached to the pile. The landing

is cons.tructed of both horizontal and vertical tubular mem-

bers which have significant surface area in the wave impact

zone (Figures 2.3 and, 2.4). The presence of the landing in-

creases the wave loading. Also, along the entire length of
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the pile down to the mudline is a 6-5/8 inch diameter pipe

which transports the produced gas to a neighboring platform.

The pipe is held fixed by clamps which extend 20 inches from

the outer wall of the pile. The pipe complicates the flow

pattern around the pile and its effect will vary depending

on the principal direction of the seas due to shielding of

the large diameter pil~: In total, however, the effect of

the asymmetries and the additional outer members are not felt

to be s ignifican t in the res pons e prediction.

Another major reason for Studying a caisson is its com-

P 1 iance The AMOCO platform as described above has a natu-

Tal period of over 3 seconds and a damping ratio of less than

i 5% in only 89 feet of water. For structures in the ocean

with natural periods longer than 2 seconds, dynamic response

may be substantial. For the Lollipop, essentially all of

the response, except during the most severe wave conditions,

is dynamic respons e of the first fundamental bending modes.

Understandingi as well as predicting" the dynamic response of

this relatively simple structure will yield valuable insights

into the behavior of more complex deep water structures such

as tension leg platforms and guyed towers

As a first approximation, a single pile platform can be

modelled as a fixed-free cantilever beam with a lumped mass

at the free end. Analytical solutions of a fixed-free beam

are well documented (Biggs, 196 4), and yield some valuable

insights. First, for a perfectly symmetric beam, the lowest

two natural frequencies (eigenvalues) will be identical and
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the corresponding mode shapes (eigenvectors) will be ortho-

gonal to one another, but will not have a unique orientation.

Phrased another way, one mode may be arbi trarily designated

to vibrate in the x - z plane. The other fundamental bending

mode. would then be defined to vibrate in the y- z plane at

the same natural frequency Any other orthogonal pair of

modes could also be definèd~ I f the two natural frequencies
are different then the orientation of the natural modes is

uniquely defined.
Prior to any analysis, some of the response character-

istics of the AMOCO caisson can be anticipated. Al though

not perfectly symmetric or fixed t~ the seafloor, s ignifican't
respons e is probable only in the fundamental bending modes.

The lowest natural frequencies ~hould be almost identical,

and significant response during low sea states is expected.

The underlying soil at the site will also playa major role,

as a soil foundation is not as stiff as a rigid foundation.

The natural frequency calculated using a fixed-free beam

model of the Lolripop, assuming constant mass and stiffness

properties, will be an upper bound on the true value. Sim-

ilarly, the stresses in the pile will be smaller than those

calculated using this simple model. In the next chapter,
a more sophisticated finite element idealization of the AMOCO

caisson is discussed.
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CHAPTER 3

STRUCTURAL IDEALIZATION

One of the first steps taken in the design of an off-

shøre structure is to construct a realistic mathematical

model of the structure. Throughout the design phase, this

model is continually improved until the response character-

istics of the model are satisfactory to the design team., In

this thesis, a primary goal of the structural model was to

see how well a relatively simple finite element model could

replicate the observed dynamics of the AMOCO caisson. To

achieve this goal, the sensitivity of the model to variations

in mass, Stiffness, and soil properties was studied to more

accurately understand the dynamic behavior 0 f the model.

Finally, the model was subjected to sinusoidal excitation in

order to obtain the relationship between platform motion and

the maximum dynamic stress in the pile for use in a fatigue

life calculation.

3.l Description of the Model

In the course of this research, two finite element dis-

cretizations have been used to model the AMOCO caisson. The

initial idealization, using 19 nodes, was a relatively crude

model in two respects. The transition section of the pile,

where the diameter increases from 4 to 7 feet, was not ac-

curately modelled and the outer pile was assumed to have a

uniform 1 inch thickness along its length. When it was dis-
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covered that the pile was 1.375 inches thick at the mudline,

a more accurate 2l node discretization was developed. De-

tails of the initial model can be found in the 1980 report

by Cook et. al.. The intricacies 0 f the improved 2 1 -node

model will1: discussed here.

The general purpose finite element analysis program

ADINA (Automatic Dynamic Incremental Nonlinear Analysis)

developed by Bathe (l975) was used. Although ADINA can be

used for very complex nonlinear static and dynamic problems,

it handles simple linear analysis just as capably. The dis-

cretization used to model the dynamic properties of the

Lollipop incorporated 2l nodes, l6 beam elements, and 4 truss

elements in a two-dimensional analysis with translational

and rotational degrees of freedom (DOF) allowed. A schema-

tic of the 2l-node model is shown in Figure 3. l.

3. l. 1 Pile Modelling
The pile wa~ modelled using 2-node, 4 DOF beam elements~

as described in the ADINA manual. The beam elements incor-

pora ted only translational and rotational DOF and were used

to model the pile to a level 6l feet below the mudline. Beam

element properties required for each beam group were mass

density, moment of inertia, Young's modulus, Poisson's ratio,

and the group's cross-sectional area. Beam elements land

2 represented the decks. A simple frame analysis was used

to approximate the bending rigidity of the decks. Concen-

trated masses were: lumped at the upper 3 nodes to account

for the total deck mass as derived from the structural
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drawings.

Beam elements 3 through l5 represented the cumulative

effects of the outer pile, the internal drill pipes, and

the grout which fills the annulus between the outer pile and

the 30 inch drive pile down to the mudline. Seven different
beam element groups were required to adequately model the

changing mass and inertia properties along the pile length.

Determination of the bending rigidity, EI, of the pile was

complicated by the presence of grout and was computed in the

following way. An equivalent grout moment of inertia was

calculated by dividing the bending rigidi ty of the grout by

Young i s modulus for steel. This equivalent moment of iner-

tia was then added to the one calculated for the steel 'mem-

bers. This method assumes that the bending rigidi ty of tlle
grout is totally effective. In practice, the actual modulus

of the grout will reduce due to crack formation under cyclic

loading~ Reducing the effectiveness of the grout is one of

the variables in the sensitivity analysis which will be dis-

cussed later.

The diameter transition section of the pile, -20 to -50

feet, was discretized into 2 separa te elements. The proper-

ties of the top element, beam element 7, were computed us ing

the diameter at the midpoint of the element, which is 4.75

feet. For beam element 8 the average diameter of 6.25 feet

was used. In a detailed finite element model, in which local

stress concentrations were studied, a finer mesh is justi-

fied. Beam element l6 was employed as an equivalent rota-
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tional spring and was included to represent the bending

rigidity of the pile below -150 feet, since that part of the

pile was not explicitly included in the model. Therefore,

the terminal (lowest) node in the finite element model allows

rota t ion but not trans la t ion.
A lumped mass matrix was used in the finite element for-

mula t ions For those elements of the pile in the water col-

umn, an added mass equal to the displaced volume of the outer

pile was added to the structural mass. This is necessary in

order to account for the additional inertia required to acc-

elerate the platform in water. In the mass density calcula-

tion, a specific ìveight of 150 Ib/ft3 was assumed for the

grout. In addition, be low the mudl ine, it was as sumed that

the annulus between the outer pile and the drive pile was

filled with material having a specific gravity of 2 and no

virtual soil mass was added to the structural mass.

Three additional phenomena which influence the dynamic

characteristics of the AMOCO caisson were not included in the
~

finite element model. The first involves the use of a two-

dimensional model with no vertical degree of freedom to simu-

late the response of a three-dimensional structure. A two-

dimensional model simulates unidirectional loading which is

often sufficient in the preliminary design phase. The verti-

cal DOF was restrained, as vertical dynamic contributions are

insignificant compared to horizontal motions. The static

con tribution to the stress in the pile can be easily calcul-

ated with knowledge of the structural mass. The second phen-
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omenon not represented is the "p-delta" effect which arises

when the pile is deflected laterally from the vertical. An

additional moment is created equal to the weight of the con-

tinuum multiplied by the displacement from the centerline.

This moment tends to increase the natural period of the

structure. The third factor not included involves the inner

drill pipes. These members are actually in tension, supported

by the outer piles through the connection in the Xmas tree on
.

the wellhead deck. This 1 a rg e tension force acts to shorten

the natural period. In a f i na 1 detailed des i gn the s e pheno -

mena s ho ul d be accounted for.

3.l.2 Soil-Structure Modelling

Incorporating the effects of the soil into a dynamic

finite element model of a pile-supported platform is a topic

currently under active geotechnical research. For the struc-

tural dynamicist, the choice of a soil model represents the

largest uncertainty in the finite element idealization. Re-

cognizing these facts,tIie author chose to model the soil using

a simplified p-y curve formulation based on existing design

procedure and then to test this formulation in an extens ive

sensitivity analysis. In this way, the influence of the soil

foundation on the dynamic behavior of the platform was easily

obtained. Comparing these resul ts with the respons e charac-
teristics as measured in the field, provides a rough check on

what the behavior of the soil at the site must have been,

and also points to the importance of accurate soil-structure

modelling when the possibility of significant dynamic response
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exis ts.

The procedure followed to model the soil utilizes the

p_y curve formulation presented by Matlock in 1970 and out-

lined in Poulos and Dav-Ì3 (1980J for soils under quasi-static

loading. A p-y curve expresses the nonlinear relationshíp

between lateral soil load (p) and soil deformation (y) at a

locat ion at the soil -pile interface. Th'e method is based on

results of lateral load tpsts done on instrumented piles

The method assumes that deflection is proportional to the cube

of the ratio between the actual to ultimate loading. The

scheme assumes a uniform level of soil loading p to calculate

the properties of four linear soil springs which act at four

locations along the pile. To account for the reduction of
..

soil..stiffness under cyclic loading, these quasi-static
stiffnesses were reduced until the observed behavior was ob-

tained.
Within the ADINA program, linear soil springs are repre-

sented using truss elements. The technique outlined below

was employed to derive the soil spring stiffnesses and result-

ing truss element lengths. As mentioned above, the basic p-y

curve equations were obtained from Poulos and Davis. It

should be mentioned that several modifications of these equa-

tions have been proposed (Stevens and Audibert, 1979 J . The
basic procedure is as follows:

l) Calculate Pu' the ultimate soil resistance per
unit length of the pile, at the four truss element
locations, using the minimum at each depth of either.
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Y 2 Z
Pu = (3 + ~ + O. 5 d s ) Cud

u
(3.1)

or

p = 9C du u (3.2)

where. Cu = undrained soil shear strength at depth z

Y

d

= submerged effective unit weight of soil

= diameter of pile (7 feet)

.2 s = vertical coordinate measured positive downward
from the mudl ine

Valùes of C and y were obtained from a soil boringu

taken at a site near the fu~OCO caisson.

2) Compute Y50, the deflection at one-half the ultimate
soil resistance, using

Y50 = 2.5 E:'SOd (3.3)

wher e : E: 5 0 = strain at one-half the ultimate stress as
obtained from laboratory tests A value of
. a 1 5 wa s us e d .

3) Assume a value of p, a uniformly distributed lateral
so il load, and compute the ratio p/Pu at each node.
This ratio will decrease with depth as the soil
strengths increase .

4) Calculate y, the lateral deflection of the pile,
us ing

3
Y = 8 (p/pu) Y50 (3.4)

5) Compute ENL, the equivalent nodal point loading due
to the distributed load p.

6) Calculate Ks' the linear soil spring stiffness at
each node, using

K = ENLs Y (3.5)
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7) Compute "Ls' the length of the corresponding truss
element, using

EAL = =s Ks
lxi06

Ks (3.6)

where: E = Young's modulus of equivalent trus s elements
= 1 x i06 lb/ft2

A = cross - sect ional area of equivalent truss element

= 1. 0 ft2.

This procedure was used with the initial 19-node model

and very good resul ts were obtained on the first attempt.

However, when the more realistic 2l -node model was run with

the same soils, much different resul ts were acquired. This
prompted a thorough re-evaluation of the soil modelling and

resulted in the. sensitivity ,analysis discussed below.

3.2 Sensitivity Analysis

Once a finite element model has been thoroughly checked,

parametric variations in key parameters are imposed in order

to judge the quality of the model as an accurate representa-

tion of the real structure. For the k~OCO caisson, with know-

ledge of the measured natural periods and damping ratios,

performance of the finite element model was judged on how

well the model replicated the observed dynamics. Within the

ADINA program, model performance was obtained through the

solution of the eigenvalue problem for the bwest three nor-

mal modes, and then comparing these resul ts with the measured

data. The goal of the sensitivity analysis was to investi-

gate the major uncertainties in the model, namely soil model-

ling and grout effectiveness, through parametric variations.
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The sensitivity analysis incorporated a total of nine

runs in which either soil stiffnesses or grout effectiveness

factors were varied. The results of the parameteric study

are shown in Table 3.l and lead to the following conclusions.

The soil modelling technique described earlier, which is based

on quasi-static loading, greatly overpredicts the soil stiff-

nesses and is clearly inadequate under cyclic loading condi-

tions. A more realistic soil-structure moael is clearly war-

ranted. The importance of accurate finite element modelling

is clearly seen by comparing the first two runs. All things

being equal, the behavior of the 19 -node model was much dif-

feren t than that 0 f the 2 1 -node model. Reduc ing the grout
effectiveness factor caused the natural periods to increase

as was expected and a value of 0.5 was thought to be the most

realistic Based on these results, run #8 was selected as

the most realistic model for use in the forced vibration run

described in the next section. The lowest three mode shapes

computed in run #a are shown in Figure 3.2.

3. 3 Performance of the Optimum Model

A forced vibration analysis, using the input parameters

of run #8, was performed to establish the maximum stress/heli-

deck displacement transfer function required for fatigue life

estimation. Although any type of excitàtion can be used to

obtain this transfer function, a sinusoidal force simulating

the component of the wave spectrum at the platform's funda-

mental resonant frequency was employed. By using this type

of excitation, first mode resnonse of the nlatform is simu-
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.'

lated. In addition, initial conditions were imposed to elim-

inate initial transients. For the AMOCO caisson, this re-

quired the input 0 f initial veloc it ies at all the nodes, wi th

both initial displacements and accelerations equal to zero.

With the initial velocity at nöde 1 specified, the remaining

nodal initial velocities were calculated by mul tiplying the

node 1 value' by the fi~s~ mode shape.

The technique of modal superposition (Bathe and Wilson,

1975) was used to solve the finite element equilibrium equa-

tions of the 2l-Rode model. In this model, the 3l coupled

equations of the 2l-node model are transformed to an uncoupled

set of equations in the normal modes. The forced vibration

run was made using one mode with a damping ratio of 1.2 % in

the modal superposition analysis. With the goal of attaining

a value of the dynamic stress to displacement transfer func-

tion due to motions in the fundamental bending mode, the use

of a single mode is justified.

The Newmark method of integration, using a time step of

O.L2S seconds, was utilized to integrate the dynamic equations.

The Newmark method is an implicit uIlcondi tionally stable al-

gorithm, details of which can be found in Bathe and Wilson.

In the forced vibration run, forcing over one-half a response

cycle was applied and the resul ting output was us ed to calcul-
at~ the maximum stress to helideck displacement transfer func-

tion. At each time step, the maximum 'dynamic stress

(Smax) in the pile was determined from the maximum moment

(Mmax) as output by ADINA using Equation 3.7.
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Smax =
Mmax r

I (3. 7)

where: r = radius of the pile below the mudline = 3.5 feet

I = moment of inertia of the outer pile = l4.ïO ft4

The maximum dynamic stress in the pile is at a point 26 feet

below the mudline, based on the fini te element model results.

In terms of the structure, the implication is that the top

soil layers are very soft. The maximum stress to helideck

displacement transfer function was next calculated at each

time step by dividing Smax by the displacement at node l.

The transfer function values were essentially constant over

the half cycle of loading indicating that the model behaved

linearly. The average value of the transfer function to be

used in the fatigue analysis is ~. 9S2 kgi/ft.
In summary, the structural idealization of the AMOCO

caisson resulted in a useful finite element model. Through

the sensitivity analysis, valuable insights into the behavior

of the platform under dynamic loading were obtained. The

soil modelling technique proved inadequate in predicting the

observed performance, thus warranting improvement in the soil-

pile modeL.. In conclusion, the two-dimensional finite ele-

ment model developed here is a valuable tool in the interpre-

tation and prediction of response for the Lollipop.
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CHAPTER 4

SOURCES OF Dfu~PING

Accurate prediction of the dynamic response of a struc-

ture in the ocean requires knowledge of the various damping

phenomena present. For this thesis it is convenient to use

the technique of modal analysis to mode~. the damping control-

led response of each mode of the structure as an independent

single degree of freedom (SDOF) system. This method has merit

if the structure behaves linearly and the damping is small

(Vandiver, 1979). For the fu~OCO caisson, which has signifi-

cant damping controlled dynamic response at only one frequency,

a SDQF equivalent model will yield total response estimites

useful for preliminary design purposes. The sources of damp-

ing which will be included in the analysis are steel hysteretic

damping, radiation (wave making) damping, viscous hydrodynamic

damping, and so ils damping. Each of thes e contribut ions to

the total damping will be discussed in this chapter following

a brief overview of the subj ect of damping.

In its broadest sense, damping is the removal of energy

from a vibratory system either through internal diss ipation
or interactio.ns with the environment (Crandal l, 1970; Draper

Labs, 1978, Campbell, R.B.). Internal dissipation is the en-

ergy lost within a vibratory structural system due to inelas-

tic behavior wi thin the material and through the mechanical

connections which bind the structure together. Steel hystere-

tic damping is of this type. Environmental interactions iden-

tI.
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tify energy losses which arise in fluid-structure-soil inter-

actions. The remaining three sources of damping identified

in the previous paragraph fit this category. Damping is pre-

sent within all structural systems and the level of damping

determines the rate 0 f decay of free vi bra t ions and es tab lishes
an upper bound on the response of a vibratory system excited

at resonance. Within thé context of modal analys is, damping

is specified for each normal node using an equivalent linear

dashpot. For the AMOCO caisson, only the damping within the

first fundamental bending mode will be estimated and then con-

verted to the SDOF equivalent

4. 1 Steel Hysteretic Damping

Steel hysteretic damping refers to the energy lost due

to internal.dissipation within a steel member under cyclic

loading. Several references on the characterization of mate-

rial damping phenomena exist (Crandall, 1970; Latan and Goodman,

1961; Draper Labs (Campbell), 1978J so only the major features

required to obtain an estimate of the steel hysteretic damping

for the ~~OCO caisson will be presented here. The estimate

will be obtained assuming energy dissipation is restricted to

the outer pile which will yield a lower bound (conservative)

estimate of the true steel hysteretic damping. The initial

step requires the definition of three related material damping

measures. The mo st fundamental measure is the unit damping

energy D , which is the energy dissipated per cycle within au
unit volume of material when that material is subjected to a

sinusoidal uniaxial stress. Under these conditions, Du equals
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the area within the stress-strain hystere~is loop plotted over

one cycle. A weal th of experimental evidence has indicated

that for most structural materials D satisfiesu

D = JS nu a (4. l)

where. Sa = amplitude of sinusoidally varying uniaxial stress
J = function of temperature (for viscoelastic

materials, also a funct ion of exci tat ion
frequency)

n = constant, usually between 2 or 3.

The total damping energy Ds is the total energy dis s ipa t.ed in
the material calculated by integrating D over the volume.u

The loss factor ~s is another damping parameter which is de-

fined as

D JE n- 2s
S (4.2)~s

=
21TU

= -
1T as

where: Ds = I D dVv u

S 2

Us = Iv 2~ dV
= the peak strain energy dens i ty stored

in the material d ur i ng a cycle.

The final expression for the loss factor is valid for

systems of a single material under uniaxial stress conditions,

and it is independent of the stress level if n=2. Tabulated

data (La.zan and Goodman, 1961) for SAE L020 mild steel, which

is the type of steel typically used offshore, indicates that

n=2 and J = 500 x iO-l2 (at room temperature) for cyclic

stresses below 30 ks i. Substituting these values into Equa-

tion 4.2 yields

~s
= -

1T

JE = .0047 (4.3)
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which is an estimate of the steel hysteretic damping within

the outer pile of the Lollipop under cyclic loading. However,

to utilize this result requires a transformation to the equi-

valent SDOF model which defines first mode response of the

k~OCO caisson.

In the modelling of multi-degree-of-freedom systems, the

classic solution has been to assign an equiyalent linear dash-

pot to each mode of the structure by equating the dashpot loss

factor, n" with the actual loss factor of the system when iti
oscillates in the ith mode (Crandall, 1970). Since the AMOCO

cansson responds primarily in only its lowest fundamental

modes

n. = n = .0047i s (4.4)
1f.

A linear dashpot exerts a force FD= Rv proportional to and in

phase with the relative velocity ~ between its terminals. The

constant of proportionality, R, is termed the dashpot constant.

I h 0, f h' th dn t e SD F equi valent system or t e i mo e,

.
F. (t) (4.5)M.q + R,q + K.q =i i i i

where: M. = modal mass of i th modei
R. = total modal damping coefficienti
K. = total stiffnessi
q = generalized coordinate obtained by modal

analysis for the particular mode

F i (t) = modal exciting force.

the los s fac tor, damping rat io, and natural frequency are de-

fined as
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R, (, ,
= i i

ri ' -ii i

R. R, (, . R.
f; ,

= i i i i= =i 2/K,M. ~ 2M.(,.i i i i i

(4.6)

(4. 7)

(, .i = (K,/M.)l/2i i (4.8)

where:

2/K,M.i i = cri tical damping coefficient of i th mode.

Subs ti tuting Equations 4. 7 into 4. 5 yie lds the familiar SDOF

resonator equation for the ith mode

q + 2f;,(,.Q + (,,2qi i i = F, (t)/M.i i (4.9)

Comparing Equations 4.6 and 4.7 yields the relationship be-

tween the loss factor and the damping ratio of the i th mode.

E; .i = 1
2" ri i (4.l0)

For the equivalent SDOF linear system repres enting the

first mode of the AMOCO caisson, the damping ratio of the

first mode is made up of the sum of four components.

E;i = E;T = E;ST + E;RAD + E;VH + E;SOIL (4.ll)

where: E;ST

E; RAD

= damping ratio due to steel hysteretic damping

= damping ratio due to radiation (wave making)
damping

E;VH = damping ratio due to viscous hydrodynamic
damping

E;SOIL = damping ratio due to soils damping

The damping ratio due to steel hys teretic damping, E;ST' is
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obtained by substi tuting Equation 4.4 into Equation 4. lO.

1
~ST = ¿ ~i = .00235 = .24% (4.l2)

Equation 4. l2 is a lower bound estimate of the damping ratio

due to steel hysteretic damping which occurs during 1 st mode

vibrations of the Lollipop.

4.2 Radia tion (Wave Making) Damping
,

A platform oscillating in the ocean creates waves which

radiate outward from the structure. This mechanism repre-

sents an energy loss to the system and is therefore a form of

damping. The name usually associated with this phenomenon

ls radiation damping although the term wave making damping

is also used. The linear SDOF equivalent radiation damping

of the fLrst. mode of the AMOCO caisson can be estimated using

either 0 f two di fferent methods. The firs t approach is to
solve the linear potential flow problem for a cylinder os-

cillating in a calm sea. This solution is contained in a

1976 report by Petrauskas and the result will be recast here

in a simpler forn. The second approach utilizes the prin-

ciple of reciprocity for ocean waves and it is fully described

i~ a 1979 paper by yartdivér. The principle of reciprocity

relates the radiation damping of a structure oscillating in

a calm sea to the linear wave force exerted on the structure

if it were held fixed in incident waves. Since viscous ef-

fects are not included in either formulation, the radiation

damping as defined here is strictly a function of the iner-

tial forces.
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In the potential flow approach, the general expression

for the modal radiation damping coefficient for a uniform

cylinder in an irrotational inviscid fluid of depth h can

be expressed as

ird Pw w ~i(i\d/2)
RRAD (w) =

sinh Kh cosh Kh + Kh
rf°il(Z) cosh

L -h

2

K (Z+h) dZ J

(4. l3)

where: d = cyl inder diameter

Pw = dens i ty of water

w = frequency of r adia ted waves

K = wave number

h = water depth

il (Z) = mode shape

P 1 (Kd/ 2) = 2/ CirK/2 (Ji (Kd/2) 2 + YîCKd/2)2))

Ji and yi are first derivatives of Bessel functions of

the first and second kind, respectively.

The function Pl (Kd/2) is plotted in Figure 4. 1 versus Kd/2.

For Kd/2 values less than 1/2 or greater than 2, Pl (Kd/2) may

be approximated as

Pl (Kd/2) = ~ (~d) 3 for ~d ~ ~ (4.l4)

or

Pi(Kd/2) = l.O for Kd/2 ~ 2 (4.l5)

An expression applicable for deep water radiated waves can

be obtained from Equation 4. l3 using the deep water disper-
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sion relation K = w2/g and noting that sinhKh _ coshKh_l/2eKh.

RRAD (w)
'Id Pw w Pl (Kd/2)

=

e2Kh + 4Kh ( r: ij Z ) e K ( Z + h) dZ J 2

(4.l6)

For "back of the envelope" estimates, Equation 4. l6 can be
simplified if the first mode of the cylinder is approximated

with a simple analytic expression. For example, for a

linearly varying mode shape, ~(Z) = l+Z/h, normalized to

have a value of l.O at the free surface, Equation 4.l6 be-

comes

R (, i) -''0 ,\ Tì ~ w -..~,,;.

'Id Pw wPl (Kd/2) 7
(l - l/Kh)-

K2
(4.l7)

which holds for deep water waves. Eauation 4. l7 can be
employed to calculate the modal radiation damping ratio using

the modal mass associated with the same linear mode shape.

The AMOCO caisson oscillates at approximately 2.048

radians/second (.326 Hz, 3.07 seconds) in first mode resonant

response creating deep water radiated waves in 89 feet of

water. Since the major contribution to the radiation damping

occurs in the near surface zone, an estimate of the modal

radiation damping coefficient was initially obtained by evalu-

ating Equation 4. l6 numerically with the following inputs:

d = 4 feet, Pw = l.988 lb-sec2/Ft4, w = 2.048 rad/sec

K = .l303 lift, h = 89 feet, Pi(Kd/2) = .0278

~(Z) from Run #8 of F.E. model

to yield:

RRAD(2.048) = l4.03 lb-sec/ft
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E RAD (2 . 0 4 8 ) = 1 0 2 % - . 1 0 %

For a non-uniform diameter the expression for the modal radi-

a tion damping coefficient becomes

RRAD(w) = 'I°w w (J..O dP (Kd')il(z)eK(Z+h)dzJ'
e2Kh+ 4Kh -h l2

(::íj(z)eK(Z+h)d~ (4.18)
Evaluating Equation 4.l8 numerically using the same parameters

as above yields

RRAD (2 . 0 4 8 ) = 1 4 . a 3 1 b - s e c / f t

E: RAD (2 . a 4 8 ) = . 1 0 8 % - . 1 1 %

which is only slightly different' from the uniform diameter

result. The true value of the radiation damping ratio is

probably higher than these estimates due to the presence of

the boat landing in the surface zone.

The al te rna te approach, us ing the principl e of rec ip-
rocity to estimate the modal radiation damping, was originally

deve loped by Haskind and cast in a usable form by Newman.

As given by Vandiver (1979), the Haskind/Newman relation for

the modal radiation damping coeffic ien t is

RRAD (w) =
w3

34'Ip (j
, WO

2 2
J'I 'iFCw,e) L
o IA(w,e)12

de (4.l9)

where F (w, e) = modal exciting force exerted on a fixed body
of deep water regular waves of frequency w
and amplitude A(w,e) incident at an angle e.

g = acceleration of gravity
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If F(w,e) is assumed to be due to inertial forces only, then

the express ion for the modal radiat ion damping becomes

RRAD (w) =
'T2W7 C 2Ow M

64 g3
( ::iJ(Z) d2 "KZdZ J 2

(4.20)

whe.reCM = inertia coe.fficient from Morison's equation.

Evaluating Equation 4.20 numerically using the same para-

meters as shown earl ier yields

2
RRAD (w ) = 3. 4 7 3 CM (4.2l)

If the inertia coefficient is assumed to be a constant equal

to 2, the e s tirna te for the modal radiation damping in the

first mode of the AMOCO caisson becomes

RRAD (2 . ~ 4 8) = 1 3 . 8 9 1 b - s e c / f t

~ RAD (2 . 0 4 8 ) = . 1 a 7 % . 1 1 %

This resul t, which assumes the modal force is due strictly

to inertia effects, is virtually identical with the potential

flow resul ts, so that either method could be used to esti-

mate the modal radiation damping.

4. 3 Viscous Hydrodynamic Damping

In the previous sect ion, it was obs erved that the radi-

atio,n damping was de.pendent on the inertia forces. In an

analogous way, the viscous hydrodynamic damping is related

to the s epara ted- flow drag force term in Moris on's equation.

As stated in a report by Dunwoody and Vandiver in 1981, the

separated-flow drag f~rce influences the response of an off-

shore structure by producing an exci ta tion proportional to
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the incident flow field, a damping which increases with sea

state, and an additional excitation term related in a com-

plex fashion to the fluid and structural motion. An expres-

sion for the modal viscous hydrodynamic damping coefficient

for first mode response of a vertical cylinder can be found

in the 1980 thesis by Dunwoody to be

0 1 ITRVH = f
2" Pw CD d

-h 'I

where CD = drag coeffici ent

O' (Z) 1l2 (Z) dZr (4.22)

0' = root mean square relative velocityr

Since RVH is dependent on the relative velocity, an

exact solution of Equation 4.t2 requires iteration. To avoid

this, an approximate solution can be obtained if the struc-

tural velocities are much smaller than the fluid particle

velocities. ìfuen this is the case, the r.m.s. water particle

velocity at depth z, 0u(Z), can be computed using

o 2 (Z)u = f Øw2 G (w) e2KZdw
o 11

(4.23)

where G (w) = incident wave spectrum.
n

This express ion is valid for deep water linear waves which

decay exponentially. It is apparent in Equation 4.23 that

the magnitude of the viscous hydrodynamic damping as defined

in Equation 4.22 is proportional to the incident wave spec-

trum which caus es the damping to increase with sea state.

To estimate the modal viscous hydrodynamic damping for

the AMOCO caisson, the root mean square water particle velo-

city was calcula ted using a Bretschneider two-parameter wave
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spectrum de fined as

G (w) = ~ H 2T1 4 S
4 4w w

~ exp (-1.25 ~)w w (4.24)

where HS = s ignifican t wave he i gh t (feet)

wp = peak wave frequency (rad/sec)

Replacing the r.m.s. relative velocity by the r.m.s water

particle velocity in Equation 4.22, estimates of the modal

viscous hydrodynamic damping for .several unidirectional wave

spectra were obtained.

The resul ts are shown in Table 4.1 as a function of CD

for each of the four measured wave spectra discussed in

Chapters 7 and 8 as well as estimates for one' lower and two

higher sea states. These values were computed numerically

employing the same mode shape as in the previous section.

The estimates of the modal viscous hydrodynamic damping

ratio are probably upper bounds on the true values for a

bare cylinder since a unidirectional wave spectrum was used

to compute the incident water particle veloci ties. For the

k~OCO caisson, however, these results are likely to be re-

presentative of the true values due to the presence of the

boat landing in the surface zone.
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TAB L E 4. 1

MODAL viscous HYDRODYN~IC
DAMPING RATIOS

REEL Hs T CD=.8 CD=i.O CD=i.2
NO. P

(ft) (sec) E;VH ( % ) E;VH ( % ) E;VH ( %)

I

i * 2.5 6.0 . 08 . II .13
-

j 4. l2 7.28 . l3 .17 20

4 3 32 6.79 .ll . l4 . l6

5 3.59 7. lO . l2 . l5 .18 i

6 3.80 7. lO .12 . l6 . 19

lO. a 8.0 .33 .4l .49
20.0 9. a 63 . 79 .95

*Hs and Tp estimated from visual data for Reel #l.
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4.4 Soils Damping

Soils damping refers to the energy diss ipated wi thin the

soil mass under cyclic loading of a pile-supported offshore

structure. Compared with the other components of the total

damping discussed previously, the characterization and model-

ling of soils damping is more complex and less well estab-

lished. A literature survey was conducted and it was learned

that damping within the soil is usually modelled as the im-

aginary term of a complex stiffness (Blaney, et. al , 19 76;

Angelides and Roesset, 1980; Novak and Nogami, 1977, etc.J.

Two possible damping sources were identified; material (in-

ternal) soil damping and geometric (radiation) damping.

Material soil damping is hysteretic damping and is usually

specified for a particular so il mass with a constant soils

damping ratio. Geometric damping is analogous to the wave

making damping discussed previously. Geometric damping is

possible only if the frequency of oscillation exceeds a

threshold value which depends on the soil stratum at a given

location. In this section, a simple technique is developed

to evaluate the energy dissipated in the soil surrounding the

AMOCO pile when it oscillates in the first mode.

The modal soils damping is estimated by relating the

total energy dissipated in the soil during a cycle with the

soils material damping ratio. No attempt is made to explicitly

model geometric damping. As mentioned above, a soils damping

ratio constant with depth is typically assigned to a soil

stratum. This damping ratio corresponds to an assumed equi-
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valent uniformly distributed linear dashpot along the length

of the pile. For a linear dashpot, the relationship between

the damping ratio, in this case Esmd' and the damping c~pacity

~ (Z) is given by

D (Z)
t ( Z ) = z = 4 ~ E smd

Uz (Z)
(4.25)

where D (Z)
z

= energy dissipated per unit length along the
pile per cycle

peak strain energy stored in the so il per uni t
length along the pile per cycle.

If the stiffness of the soil is modelled using distrib-

Uz (Z) =

uted linear soil springs, as was done in the finite element

1
Uz (Z) = 2 ksoii (Z)

3,Uz(Z)

x2 ("')
P 1.

becomesmodel described in Chapter

(4.26) ·

where k, . 1 (Z) = soil stiffness per unit lengthsoi

Xp (Z) = peak lateral displacement of the pile
Substituting Equation 4.26 into Equation 4.25 and solving for

DZ (Z) yields

2
DZ (Z) = 2~E;smd ksoii (Z) Xp (Z) (4.27)

,
The total energy dissipated within the soil DTS is then ob-

tained by integrating Equation 4.27 over the pile length

2DTS = 2~E;smd ! ksoil(Z) Xp(Z)dz (4.28)
z

The modal equivalent of Equation 4.28, applicable when

the AMOCO caisson vibrates in the x th mode wi th a maximum

helideck displacement of ao is
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DTS = 2TI~ d" a2 f k .i(Z)~2(Z) dZsm 0 so i _
z

(4.29)

Using the 4 lumped soil springs from the finite element mo-

del changes the integration in Equation 4.29 to the summation

in Equation 4.30.

2 4= 2 TI a 0 ~ s-m-d. 1:
i=l

DTS K (Z.)~2(Z.)s i i (4 . 30 )

w her e K = lump e d so i 1 s t i f fn e s sat Z = Z.s i
~(Z.) = value of the mode shape at Z = Z.i . i

Equation 4 30 represents the energy dissipated in the

soil when the Lollipop oscillates in mode X with a peak heli-

deck displacement of ao' The final step in this technique is

to calculate the soils damping coefficient RSOIL of the equi-
.

valent SDOF system by equating energy losses. Th~ energy

loss ass'ociated with RS01L in the equivalent SDOF system is

D eq
2= TI ao wxRSOIL (4. 3l)

where D eq = energy loss per cycle due to soils damping

L f f the Xth d= natura requency 0 mo ew x

Equating Equations 4.30 and 4.3l and solving for RSOi:TI yields

2~ 4R = smd 1: ic (Z.)~2(z.).SOTt. Wx s i ii=l
(4.32)

which corresponds to a SDOF equivalent damping ratio of

~SOr.L
= ~ s md ~ K (Z.) ~ 2 (Z ' )
~ i=l s i iWx

(4. 33)
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where tSOIL = equivalent soils damping ratio of SDOF system.

Equation 4.33 was evaluated for the fundamental mode of

the fu~OCO caisson using the same mode shape~ modal mass and

natural frequency as used in the previous sections. The cor-

responding values for Ks were calculated from the soil spring

lengths Ls given in Table 3.l for run #8. The estimates of

modal soils damping coefficient and damping ra tio are shown

in Table 4.2 for a typical range of soils material damping

ratio.s t d'
sm

The estimates in Table 4.2 are indicative of the range

of soils damping parameters i'ihich contribute to first mode

response of the AMOCO caisson. In the next section, the re-

sults of the previous four sections are summar'ized to judge
.

the rela ti ve contributions of each damping source to the total
modal damping.

4.5 Damping Summary

In the previous sections of this chapter, estimates of

the four primary Sources of damping applicable to first mode

vibra tions of the AMOCO caisson have been developed. In

Chapter 8, estimates of the equivalent total modal damping

are derived for both orthogonal fundamental modes from the

acceleration time histories of a biaxial pair of accelero-

meters. In this section, the primary sources of damping are

combined with the total damping estimates obtained by analyz-

ing the responses of the Lollipop on three different days.

The results are shown in Tab le 4.3

The total modal damping ratio estimate was obtained by
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TABLE 4 2

MODAL SOILS DAMPING ESTIN~TES

i

%OIL
,

E;SO i L?'

'; s md

(% ) (lb-sec/ft) (% )

2 45.56 .35
3 Ó 8 . "3 3 .53
4 9l. II .70
5 ll3.89 .88

6 136.67 1. 06

8 l82.23 1. 4l
iO 227.78 l.76

..
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isolating the principal modal directions and then using MEM

spectral analysis to compute the damping ratio estimate and

its variance. .The confidence bounds on the estimates of ~T

are 95% confidence limits. Details of the estimation of ~T

are presented in Chapter 8. For the component sources of

damping, ~ST is a lower bound estimate since only energy dis-

sipation within the outer pile is considered. Alternatively,
,

~VH is probably an upper bound on the true value since it is

calculated using a unidirectional wave spectrum. However,

when the drag effec ts of the boat landing are fac tored in,

the estimate of ~VH becomes more representative of the true

value. Two soils damping ratios are shown which correspond

to different assumed values of ~smd~ The experimental data

suggests that ~ equals 0.6% which is approximately 60% of
SOIL

the total modal damping.

Several conclusions are evident from the data presented

in Table 4.3. First, the sum of the theoretical estimates

for the four sources of damping are, for almost all the modes,

contained wi thin the 95% confidence limi ts of the total damp:-

ing estimate. Second, the relative magnitudes of each source

of damping are probably indicative of the actual behavior with

the soi¡s damping estimate the least certain The so ils ac-

count for more than l/2 of the total, Finally, the charac-

terization of damping as it affects the dynamic response of

a structure is not an automatic exercise. A consistent mo-

del of the structure which properly incorporates the damping

phenonema applicable to the problem is a necessity if reli-

~
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able response predictions are to be obtained. In the next

chapter, a method to predict the damping controlled respons e

of an offshore structure to random wave excitation is pre-

s en t e d .
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CHAPTER 5

DAMPING CONTROLLED RESPONSE PREDICTION

In this chapter, the mean square damping controlled dy-

namic response of the fu~OCO caisson to random wave exci ta-

tion will be estimated using the method proposed by Vandiver

in 1979. This technique utilizes the principle of recip-

roci ty which was introduced in Section 4.2. The performance

of the metho d will be eval uated by comparing the predictions
to the responses measured in the field and described in

Chapters 7 and 8. In addition, the influence of wave spread-

ing on the pred~cted responses of the two ~rthogonal funda-
.

mental nodes will be delineated. A simple analysis of vortex

shedding will conclude the chapter

5. 1 Reciprocity Method

The reciprocity method for predicting the damping con-

trolled dynamic response of an offshore structure in a ran-

dom sea, proposed by Vandiver in 1979, will be employed

here. This technique yields a simple resul t for the mean

square modal response and its use is valid only for lightly

damped modes excited by line~r wave forces. Linear wave

forcing neglects drag effects, therefore the method will yield

accurate results only for those modes in which inertia forces

dominate Al though drag forces are neglected, modal damping

due to separated flow drag is included. As given by Vandiver,

the expression for the mean square dynamic response of the
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th d . h' h 1 f b d' d h f hx mo e wit in two a -power an wi t sot e resonant

frequency w isx

2. 5 C
3

RRAD (wx)
0'2

xPw g
= G (w ) (5.l)x M w

5 n x RT (wx)
x x

where 2 dynamic deflection th mode0 = mean s qua r e in xx

M = modal massx

Gn (wx) = wave elevation spectral ordinate at Wx

RRAD (wx) /RT (wx) = ratio of radiation to total damping of
the xth mo de

The term C depends both on structural geometry and the di-x

rectional wave spectrum, as well as being weakly dependent

on frequency. The determination of Cx for the AMOCO caisson.

will be presented in the next section.

Equation S.L written in terms of cyclic frequency fx is

2
0' =

X

C 'I' g 3x w
5 SSOir M f.x x

G (f )n x
tRAD-r (5.2)

Gri (fx)

=w / 2 irx

= wave spectral ordinate in cyclic frequency
domain evaluated at fx

= ratio of radiation to total damping ratio for
the xth mode

where: fx

tRAD/ tT

To aid in the comparison with the measured platform accelera-

tions, the relationship between accelerations and displace-

ments of a narrow band process

2 4 020' = Wx X
x

= l6ir4f 4,.2
x v x (S.3)
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where, 0~ = mean square acceleration response of the xth mode
x

was employed to yield

2
2.5 C

x Pw
g3

RRAD (Wx)
0.. = G (w )x M w 11 x Rt (Wx)

x x

C
3

E;RAD
2 x Pw g G (f )0.. = M fx 5 'I 11 x E;Tx x

(5.4)

(5.5)

The performance of the method was evaluated for the

AMOCO caisson by comparing the predicted mean square accele-
,

ration of each of the orthogonal fundamental bending modes,

termed mode x and mode y, using Equation 5.5 with the mea-

sured mean square accelerations of Reels 3 and 4. To achieve

.. a meaningful comparison, values of Cx and C were computed,y
as described in the next sect ion, and the spectral ordinate,..;: .J \, \4;.. I
G. (f J ~as óbtained from the measured wave spectra. In ad-
11 x

dition, the ratio E;RAD/E;T was formed using the value of E;RAD'

est ima ted in Chapter 4, with E;T obtained from the data anal-
ysis. The wave forces which excite the fundamental mode of

the AMOCO caisson are inertia dominated so the reciprocity

method is clearly applicable. The resul ts are shown in

Table 5. 1 with the predicted and measured mean square heli-

deck accelerations in close agreement. Based on these results,
the reciprocí ty method is a viable, easily applicable tech-

nique to predict the modal response of a structure excited

by linear wave forces.

5.2 - Acco~~ t ing for Wave Spreading

A realistic description of the wave environment at a

location in the ocean must account for randomness in both
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TAB L E 5. 1

COMPARISON OF PREDICTED AND MEASURED
HEL IDECK ACCELERAT ION RES PONS ES

Reel # 3 Reel # 4

Mode x Mode y Mode x Mode y

G (f) (ft2/Hz) 1. 2 l.2 .7 . 7
n

. .

C, 1. 56 .44 l.37 .63 ii

ê;

T (%) 1.0+1-.4 1.4+/-.4 .9 + 1- 2 l.l+I-.3

ê; R.A.D1 ê;T . llO . 079 . 1 2 2 . lOa

f.(Hz) .323 .328 .323 .327i

0'2
2 4 .85 . l7(ft Isec ) .48 . l8xp (.61-1.42 (.l3-.24 (. 36- 72 ) (.l5-.2Z)

O'Z (ft2/sec4) . 7l .20 .49 .23xm

M = 3162 lb-sec2/ft=lOl,8l5.5 lbm

Pw = l.988 lb-sec2/ft4
2g = 32.2 ft/sec

ê; RAD = . 1 1 %

0'2 = predicted mean square helideck accelerationxp

0'2 = measured mean square helideck acceleration
xm
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amplitude and direction of the incoming waves The recip-

rocity method described in the previous section incorporates

directional effects through the constant C , which is a
x

fun c t ion 0 f the d ire c t ion a 1 w a v e s p e c t rum G C w , e) , w her e e
ri

is the wave incidence angle. The direct ional wave spectrum

is related to the incident point wave spectrum G (w) by
ri

2'l
GnCw) = r G (w,e)d8'ion (5.6)

In most applications, Gn(w,8) is assumed to be separable into

distinct functions of wand 8.

Gri(w,8) = Gri(w)D(8) (5 7)

where D (8) = spreading funct ion

As given by Vandiver (l979),2'l 2
f G (w,8) Irx(w,8)1 d8C = 0 rix 1 2'l 2
Gn(w) 2rf irx(w,8)1 d8

o

the expression for C
x

(5 . 8)

where: r (w,8) = the modal wave force per unit wave amplitudex for mode x, for a regular wave of frequency
wand incidence angle 8.

is dependent solely on structural geometry. For a single

pile platform, r (w,8) can be written as separable functionsx
of i. and 8

Ir (w,8)1 = IrCw)coselx (5.9)

where: r (w) = the maximum modal wave force per unit wave
amplitude.

Substituting Equations 5. 7 and 5 9 into 5.8 simplifies the

express ion for C .x
2'l 2

= 2 fD(e)cos 8d8
o

(5. LO)C x
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If mode x and mode yare used to describe the "two funda-

mental flexural modes of the Lollipop, the expression for C
y

is computed in the same fashion, utilizing

I r y ( w , e) I = I r (w) s in e I (5.ll)

to yield

2rr 2
C = 21 D(8)sin edey 0 (5.l2)

Val ues of Cx and Cy for three different spreading func-

tio.ns (unidirectional, omnidirectional, and cosine-squared)

are shown in Ta bl e 5. 2, when the x mode is 1 ined up with the

mean direction of the seas. The fourth spreading function

shown below is described in a 1980 report by Vandiver.

-Vl-e2D(e-eo) = 2rr(l-e cos(8-e ))
o

(S.l3)

where 8 = mean direction of the seas
o

e = eccentricity of an ellipse, O~e~l.O.

The spreading function described by Equation 5. l3 plots a
family of ellipses in a polar coordinate system. The values

of e corresponding to the 3 other spreading functions are

also shown in Table 5 2. The spreading function defined in

Equation 5. l3 is normalized to insure that the relationship

between the point wave amplitude spectrum and the directional

wave spectrum, as delineated in Equation 5.6, is satisfied.

Table 5.3 contains v.alues of Cx and Cy as a function of e

when the x-mode is in line wi th the mean direction of the

seas (e =0). Values of C and C used in the previous sectiono x y
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T ABL E 5. 2

Cx AND Cy FOR UNIDIRECTIONAL,

OMNIDIRECTIONAL AND COSINE-SQUARED

WAVE SPREADING

Type of Spreading D (6) C C e-x --y -
Unidi rect ional Ò (6) 2.0 o . 0 l.O

Cos ine - squared
2 2

1. 5 0.5 .95- cos 6
Tr

Omnidirec t ional
1

1 . a 1. a o. aTi

1
?

'-.

1f.
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TABLE 5.3

Cx AND Cy AS A FUNCTION OF e

e C C- -x -y

0 1 . 0 l.O

. 5 l. 07 .93

..7 l.16 .84
I

.8 l.24 76 I

i

.85 1. 31 69 i

.87 1.34 .66

.89 l. 37 .63

.90 l.39 .6l

.95 l. 52 .48

96 l.56 .44

.99 l.74 .26

l.O 2.0 0

.
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to predict response 1evels, were produced from an estimate

of e using the technique outlined in Section 8.3.2. From

the results of this section, it is clear that dirèctionality

in the seas excites both fundamental modes of the A1\¡10CO cais-

son.

5 3 Influence of Vortex Shedding

Another possible source of excitation for a cylindrical

structure in the ocean is vort~x shedding. In this section,
the vortex shedding phenomenon due to wave effects is addres-

sed in an attempt to delineate the boundary point above which

excitation, due to vortex shedding, is possible for the AMOCO

caisson. In comparison with the steady flow case, the be-

havior of a cylinder in a wave environment is more complex.

In orde~ for vortex shedding to occur, it is anticipated

that the orbital amplitude of the water particles must be on

the order of the diameter of the cylinder. This corresponds

to a Keulegan-Carpenter number of 2rr for regular waves. The

Keulegan-Carpenter number for regular waves is given by

U T
K. C. = ~ = 2rrA-e (5.19)

where Um = maximum water particle velocity

T = wave period

d = pile diameter

A = wave amplitude

Sarpkaya, 1976, has shown that for K.C...5 transverse forces

on a smooth cylinder in a uniform oscillating flow are negli-

gibly small
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Much less is known about the generation of transverse

forces in a directionally spread random wave environment.

One measure of the likelihood of significant transverse

forces is given by a root mean square Keulegan-Carpenter

number (Dunwoody, 1980)

(J T
u mK.C. = -e 5. l5)

where (J = r.m.s. water particle velocityu
T = mean period of the wave spectrum

m

F~r the worst case sea conditions observed in these field

experiments, the r.m.s. K.C. number was approximately 2.

Lift forces were ins ignifican t.

..
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CHAPTER 6

DYNfu~IC RESPONSE FATIGUE LIFE ESTIMATION

For offshore structures experiencin~ significant dynamic

respons e in "everyday" s ea stat es, the governing des ign cr i-
teria is often the prevention of failure caused by low-stress,

high cycle fatigue. In this chapter, a method is developed

to estimate the rate of accumulation of fatigue damage due to. .
first mode dynamic respons e 0 f the AMOCO caisson. The fa ti-

gue accumulation model employed assumes that the stress his-

tory is a narrow band Gauss ian process wi th Rayleigh dis-

tributed stress peaks (Crandall and Mark, 1963). Utilizing

a !tres s range S -N curve,

SNb == c (6. l)

the equation for the mean rate of accumulation of fatigue

damage is

V + b/2
F = ~ (23cr 2) r(l+b/2)c s (6.2)

where p. = mean rate of accumulation of fatigue damage at a
location in the structure which experiences a
mean square stress cr2s

+
Vo = average zero upcrossing rate of the stress process

r ( ) = the Gamma func t ion

N = mean number of cycles to failure for stress range S

b, c = constants of the S-N curve utilized.
Implicit within this equation is the Palmgren-Miner rule

for fatigue damage accumulation. This model is assumed to
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be valid for the purposes of this thesis.

To estimate the fatigue life of the fu~OCO caisson, the

maximum mean square stress within the outer pile as a func-

tion of platform dynamics and wave characteristics must be

known. The relationship between platform deflections and
maximum stress has already been estimated with the finite

element model described in Chapter 3. In particular, the

transfer function between the maximum stress in the pile and

helideck displacements was found to be 4.952 ksi/ft. for

first mode response Mathematically, the relationship be-

tween the maximum stress in the pile and helideck displace-

ments can be expres sed as:

0'2 =
s B2 20' x (6.3)

where B = 4.952 ksi/ft.

O'~ = mean square helideck displacement for mode x

Wave characteristics are incorporated in the fatigue

accumulation model using the reciprocity method to estimate

the mean square modal

C p a3
0' 2 = x WOx

response given by Equation 5.2.

80ír5M f 5x x

t:RAD
GnCfx)

t:T
(5 .2)

Comb ining Equations 5. 2 and 6.3

P a
3 ~c~ 5 t: RAD

G n CfxiJ0' 2 B2
WO

(6 4)=

80ír5s
t:Tx x

yie lds expres s ion for 2 which depends on the direction-an 0' s

ality in the seas, the incident wave spectrum, modal mass,
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modal frequency, and the ratio of radiation to total damping.

Conducting a fatigue analysis for an offshore structure

requires knowledge of the wave characteristics at the site.

The typical treatment uses past wave data to develop signifi-

cant wave height (Hs) and peak wave period (Tpl pairs each

with an assigned probability of occurrence, to represen~ the

long term statistics of the sea. Each pair is then substi tuted

in a theoretical wave spectrum and the cumula ti ve rate of

fa tigue damage, weight ed by the pro babili ty of occurrence,

is summed over all pairs. In this thes is, the equation us ed

for the fatigue life estimate (FLE) is

J
FLE = l/I:

i=l
F. P.i i (6.5)

where F.i = mean rate of accumulation of fatigue damage due
to sea stat e i

p. = annual probability of occurrence of sea s ta te ii expressed as a fraction of 1 year

J = total number of sea states.

Utilizing a Bretschneider two-parameter wave spectrum

f 4
G (f) = l. 25 H 2 -Ln 4 s f5 - 1 . 2 5 (f / f) 4e p (6.6)

where f = peak wave frequency = l/TP P
the express ion for the maximum mean square s tress becomes

2 1 Z5B2pwg3 (CxHs2cr -s - 320TI5 Mx
f 4

p

f lOx

f 4
~RA DJ -l.25(-Lj-e f~T x

(6.7)

Substi.tuting Equation 6.7 into the fatigue accumulation
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model as defined in Equation 6.2 yields a general expression

for the mean rate of accumulation of dynamic response fatigue

damage in mode x caused by sea state i.

F. =i
fx
c

'(B2p g3

w

321T5

C H 2xs
Mx

f 4-L
f 10x

E; RAD

-E
f 4lb/2

e-1.Z5(r;) J r(l+b/Z)

(6.8)
+

where \) = f .o x
In this equation, all the parameters which affect the

fatigue life estimate are present, except for the probability

of occurrence of the sea state. Careful selection of the in-

put parameters of Equation 6.8' is required becaus e fatigue
life estimates are extremely sensitive to small variations

in the inputs.

The fatigue life was estimated for the k~OCO caisson

using one set of parameters with the twelve Gulf of Mexico

sea states given in a 1979 report by Kinra and Marshall. For

this estimate, the modal mass and modal frequency were assum-

ed constant over the lifetime of the structure. The ratio

E;RAD/ E;T was fixed at .2 for all the sea states. The selection

o£ a value for Cx was not stFaightforward since modal

directions change with time, since the AMOCO caisson exhibits

no preferred modal orientation. In addition, given the truly

two -dimens ional response of the Loll ipop, all locations on

the circumference of the pile should have similar stress his-

tories. For the initial fatigue life estimate, Cx was set

equal to i. 0 which corresponds to omnidirectional seas. The
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AWS-X modified S-N curve applicable for steel members was

used to obtain band c.
The resul ts are outlined in Table 6. l. The fatigue life

of l6l. 1 years should be treated as a baseline est ima te. For

ins tance, with C equal to 2. 0, which corresponds to uni-x
directional seas, the fatigue life decreases to 35.3 years.

With Cx=i.O and E;RAD/E;T=O,.5., the fatigue life is 2l.7 years.

Using sea states other than those given in Table 6. 1 will

also influence the fatigue life estimate.

Incorporating the reciprocity method into the fatigue

accumulation model given by Equation 6.2 yields a simple ex-

pression which includes all the important features contribut-

ing to the fatigue of a dynamically-responding structure. One

factor excluded in this analysis is the contribution of large

long period storm waves to fatigue. Such waves are respon-

sible for the quasi-static response of the platform which was

not included in the dynamic respons e analys is given above.

Al though the number of such waves expected in the life of the

structure is small, the damage per cycle may be qui te large.

In a detailed fatigue analysis, both quasi-static and dynamic

contributions to the accumulation of fatigue damage should be

included.
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CHAPTER 7

DESCRIPTION OF THE FIELD TEST PROG~~~

In March of 1980, Professor Vandiver and the author

spent one week recording both environmental and response data

on the AMOCO caisson which stands in South Marsh Island (SMI)

Block 33 in the Gulf of Mexico. Prior to commenting on the

details of the trip , it is a necessity to acknowledge the

AMOCO personnel who made the trip a reality. Al Knapp and

Ken Blenkarn were supportive of the proposed research and ob-

tained approval for the experiment. Don Green, an engineer

in k~OCO' s New Orleans office, took charge of all logistical

matters and accompanied the team to ~he field. His aid was

invaluable and the week of work went smoothly because of his

effort. In addi tion, the AMOCO field personnel headquartered

on SMI SOB also contributed greatly to the success of the test

program by providing food, overnight lødging, and logistical

support.

The goal of the test program was to simultaneously mea-

sure platform accelerations, wave elevations, wind speeds,

and currents in a variety of different combinations in order

to learn as much as possible about the response characteris-

tics of a single pile platform in a random sea. Specifically,

answers were sought to the following questions. Is the plat-

form's total response the sum of two unique orthogonal bending

modes and if so can they be isolated? What are the natural

frequencies and damping ratios of these as well as higher
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modes? How important is wa ve spreading to the response of

the Lollipop and can it be measured? Prior to the trip, some

response data from the Lollipop had already been published

(Hong, Brooks, 1976) and this information has served as a

useful comparison to resul ts presented here. In the next

chapter, these and other questions are addressed.

7. 1 Instrumentation

The instrumentation used in the field consisted of four

accelerometers, a wave staff, an anemometer, an acoustic cur-

rent meter and a 4-channel FM tape recorder. The accelero-

meters, ENDEVCO model QAl16-l6, are force-balance accelero-

meters with a dynamic range between +j- 1 g, resolution to

10-6g and a sensitivity, including external amplification, of

100 volts per g. Each is housed with a separate preamplifier

in a. water-resistant cas~ about the size of a large hand-held

calculator and measures accelerations along one axis. Typi-

cally, two accelerometers were set up as a biaxial pair taped

to the deck in the center of the platform with one accelero-

meter pointing platform east and the other, platform north

The wave staff used is of the capacitance type which con-

verts sea level fluctuations into voltages. The staff con-

sists of two sections. The detection circuitry is l?cated in

a cylindrical case from which the wave probe extends down in-

to the water. At the heart of the detection circuitry are

two Colpitts oscillators, one acting as a reference signal to

the other, the latter having a frequency dependent on the

variable capacitance of the wave probe. The wave probe is
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simply an insulated wire in which the wire and the wat~r act

as the two plates of the capacitor and the insulation ls the

dielectric. The wave staff was lowered over the edge of the

wellhead deck until the probe was approximately at its zero

calibrat ion point. The staff was then tied off to the rail-

ing on the wellhead deck. A heavy weight was attached to

the lower end of the wave staff to minimize lateral motions

of the probe. The wave staff calibra tion was 0.89 vol ts per

foot of wave elevation.

An anemometer was used to determine the wind speed at a

point on the structure. A simple four cup rotary anemometer

was used which produces an ac signal whose amplitude is a

function of the wind velocity. The anemometer was calibrated

in the MIT Acoustics and Vibrat ions Lab wind tunnel by Peter

Stein, a graduate student The wind speed to frequency cali-

bration is u = i. 4lf + 1 for u in knots and f in cycles per

second. In the field, the anemometer was placed six feet

above the wellhead deck on the north side of the structure for

the first two measurements and then moved to a location lO

feet above the wellhead deck, three feét inside the east edge.

Neither location was free from turbulence caused by wind in-

teracting with the structure.
A Neil Brown two-axis acoustic current meter was also

brought along in an effort to measure the water particle

velocity field around the platform. HoweveF, after some

brief success on the second day, the current meter connector

was damaged preventing use of the unit for the remainder of
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the trip. The initial results indicated that no mean current

was present and that the water particle velocities were wave

induced.

Data was recorded with a 4-channel Tandberg Model lOa

FM tape recorder. The recorder uses standard 1/4 inch tape

and has six input voltage settings for each channel ranging

from +/-0.5 volts to +/-20 volts. The output r.ang.e__ for any

input range is + / - 5 vol ts . A smal 1 screen on the front 0 f

the tape recorder shows the input leve 1 of each channe 1 thus

simplifying the choice of input vol tage range and allowing

the user to preview the recorded signal. Channel four of the

recorder was also used to record vo ice commentary. The fre-

quency reproduction of the recorder is very good wi th errors
.-

less than. l% between recorded and playback signal. All of

the data was recorded at 1 7/8 ips.

7.2 Test Summary

A brief descriptive sumary ,of the itinerary during the
1980 test program is outlined below:

March 23 - Professor Vandiver and the author travelled from
Boston to New Orleans to Lafayette, Louisiana.

March 24 - Travelled by helicopter from Intracoastal City
to the AMOCO caisson. Recorded the first reel
of data.

March 25 - Two more reels of data recorded. Current meter
was tested and briefly deployed.

March 26 - Adverse weather conditions prevented travel to
the Lo II ipop .

March 27 - Adverse weather conditions prevented travel to
the Lollipop.
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March 28 - Returned to the AMOCO caisson~ to find the current
meter caDle damaged. Recorded the final three
reels of data.

March 29 - Poor weather conditions complicated off-loading
of equipment from the Lollipop. The MIT team
was split up; the author and half of the equip-
ment reached shore, Prof. Vandiver was. "forced
to remain offshore as the weather deteriorated.

March 30 - Prof. Vandiver and the author regroup in New
Orleans and return to Boston in the afternoon.

The specifics of each recorded reel of data and the en-

vironmental conditions at that time are schematically repre-

sented in Figures 7.l ~ 7.3.
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FIG. 7.1: SUMMARY OF FIELD TESTS 1 & 2
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CHAPTER 8

RANDOM DATA ANALYSIS

In this chapter, the analysis performed on the data re-

corded in March, 1980, is described. The primary goals of

the data analysis were: Cl) to extract estimates of natural
frequencies, damping ratios, and mean square responses of the

platform response acceleration time histories; (2) to compute

wave spectra, and to derive significant wave heights and peak

wave periods from the recorded sea surface fluctuations; and

(3) to investigate the relationships between pairs of accel-

erometers to identify spatial platform respons e characteris-

tic s .

8. 1 Preliminary Data Process ing

All of the data processing was done using a G~n-Rad mar-

keted Time/Data system which combines a 4-channel lO-bit A/D

converter with a Digital PDP-ll/34 minicomputer. The Gen-Rad

supplied software /uses TSL (Time Series Language) to perform

a variety of :time series analysis related tasks. The only

TSL program used in this analysis is a program called SCRIBE

which handles the A/D conversion. As described in Chapter 7,

six reels of data, each containing four channels, were recor-

ded in March, 1980. All the accelerometer and wave data was

digitized using SCRIBE with a sampling frequency of 6.4 Hz..

Each tape was previewed prior to the conversion to determine

the maximum usable length of data. Also, during the conver-

sion sequence, the output levels of each channel were moni-
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.tored to insure that no spurious data or voice transmission

would be converted. The data was stored in blocks of 512

points and dc-coupling was used to avoid attenuation of

low-frequency components. The output of the SCRIBE program

is a TSL data file which contains the digitized output vol-

tages of each channel. A summary 0 f the AID convers ion of

each reel is shown in Table 8. l.

Following the AID conversion, an unformatted direct ac-

cess FORTRAN file is produced for each channe 1 us ing the pro-

gram T~~NSL. Next, each file is converted to zero-mean, using

the program BZERO, to remove any input offsets which may have

been present during the ?riginal recording. The data is then

s cal ed to convert the tape recor~er vo ltage outputs back in-
to the proper engineering units. The scale factors applicable

to each channel are shown in Table 8.2. The preliminary data

processing is finished once all the channels have been pro-

perly scaled. Simultaneous wave elevation and EAW and NAW

accelerometer time histories from reel 3 are shown in Fig-

ures 8.l - 8.3. The wave elevation record has the distinct

characterisi tcs of a Gauss ian wide band process while the

response time histories are representative of narrow band

processes.

8.2 Single-Channel Spectral Analysis

The method of spectral analysis used in this thesis is

the Maximum Entropy Method (MEM). This method was intro-

duced by Burg in 1967 and it is a nonlinear, data adaptive

..
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TABLE 8. 2

SCALE FACTORS

REEL NO. I NP UT CHANNELS SCALE
VOL TAGE SCAßED FACTOR

1 +l - 5 EAW, NAW A

2 + / - iO NAH, NAP
B

NAW,NAB

3 +j -lO EAW, NAW B

+j - 5 WSE C

4 +j-lO EAW, NAW, EAT B

+ / - 5 WSE C
- ,

5 +/-10 EAW,NAW B

+j - 5 WSE C

6 +/-lO EAW,NAW B

+/ -5 WSE C

A = 0.332

B = 0.644-
C = l.l24

2ft/sec /volt
2ft/sec jvol t

ft/vol t
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method capable of achieving higher resolution spectral es-

timates with less data than conventional methods (Briggs,

1981). The application of MEM to the analysis of offshore

platforms was initiated by Campbell (l980) for single-channel

analysis and extended to two -channels by Briggs (l 98 l). The

MEM programs used in this thesis were written by Brad Campbell,

during his tenure as an MIT graduate student.

The first step in single-channel analysis is to compute

an estimate of the autocorrelation function R (n) from thexx
digitized time series. The program ACORP, which employs an

overlap and save FFT algorithm (Oppenheim and Schaffer,

1975), was used to compute a biased zero-me~n autocorrelation

function. An autocorrelation is a measure of the linear de-

pendence between two points, in the same time history, a time

difference n apart. The value of the autocorrelation at zero

lag (n=O) is the mean square strength of the signal. In this

analysis, a maximum lag of 80 seconds (5l2 points) was

selected which corresponds to a frequency resolution of

.OL25 Hz. The variance associated with this resolution band-

width depends on the number of data segments used in the es-

timate of the autocorrelation function. Specifically, the

variance decreases with the inverse of the number of segments

averaged. Achieving an acceptable variance for a des ired re-

solution often requires long data lengths. Fortunately, in

this analysis the data records are long enough to achieve an

acceptable variance.

A summary of the parameters used in ACORP are shown in
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Table 8.3. Figures 8.4 -8.6 contain sample sea surface and

accelera tion response autocorrelations from reel 3. The

acceleration autocorrelations are representative of a narrow

band Gaussian sine wave process, which is characteristic of

a lightly damped single degree of freedom system.

The next step in the analysis is the computation of MEM

spectral estimates using the autocorrelations as input. To

use MEM effectively requires practice because the shape of

the computed spectral estimate depends on the number of lags

selected. Specifically, the selection of too few lags may

yield an estima te wi th less detail than optimum, while too

many lags may introduce artificial features, such as spurious

peaks, into the sp-ectrum. For the analyst, there are four

different criteria avai1.able' wi thin the MEM computer programs

which aid in the selection of the number of lags to use. Of

the four criteria, Akaike's FPE criteria (Akaike, 1970J is

used most frequently as a general guide to the optimum number

of lags.

8.2. 1 Response Spectral Estimates
A response spectrum of a dynamically responding structure

contains spectral peaks as socia ted'. with each excited vibration
mode. In t~is thes is, MEM single -channel spectral analys is

was used to compute response spectral estimates for the AMOCO

caisson. Then, the natural frequencies and damping ratios

associa ted with the fundamental bending modes were estimated.

Within the MEM programs, natural frequencies are esti-

mated using a maximum response estimator, while damping ratio
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TAB LE 8. 3

AUTOCORRELATION PARAMETERS FOR EACH REEL

REEL NO. NO OF 512 PT. TOTAL NO. TOTAL RECORD
SEGMENTS OF POINTS LENGTH (min)

1 60 30,720 80.0

2 58 29,696 77.33

3 58 29,696 77.33

4 58 29,696 77.33

5 49 25,088 65.33

6 33 l6,896 44.0
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estimates are half-power bandwidth estimates (Campbell, 1980).

The variances of thes e es tima tes are also computed, enab ling

the analyst to specify confidence limits for an estimate.

Since both estimates and variances change with lag number,

modal response characteristics cannot be conclusively infer-

red from a single response spectrum. Adequate identification
requires knowledge of the variation of these estimates as a

function of lag number. The computer program MEMAM was

wri tten for this purpos e, as it computes est ima tes and vari-

ances of both natural frequency (fn) and damping ratio (tn)

up to 100 lags. Above LOO lags, the program MEMNV (NV = No

Variance calculation is performed) can be used to compute es-

timates of fn and tn' Plots 0.£ .fn and tn versus lag number

are. then produced from which accurate estimates of f and tn n
can be made. This procedure will be demonstrated for reel. 3

data in Section 8.3. l.

Natural frequency and damping ratio estimates associated

with a specific lag number are shown in Table 8.4. Also in-

cluded in this table are the optimum number of lags, based on

the Akaike' s FPE criteria. MEM spectral estimates, using lOl

lags, associated with the EAW and NAW accelerometers, as re-

corded on reel 3 are shown in Figures 8.7 and 8.8. From

these plots it is obvious that the AMOCO caisson responds

significantly in only its fundamental bending modes and that

the natural frequencies of these modes are almost identical.

In Section 8 3.l, a method is presented to isolate the orient-

ation of these modes.
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TABLE 8.4

NATURAL FREQUENCY AND DAMPING RATIO ESTI~L~TES
ALONG EAST AND NORTH AXES

CHANNEL OPT IMUM LAG fi C; 1

LAG USED
(Hz) ( %)

1 - EAP 255 255 .325 1. 05
1 - NAP 256 256 .328 l. 03

2 - NAH 276 lOl .326 l.60
2 - NAP 249 lOl '. .326 1. 6l
2 - NAW 298 10l . 326 1. 54
2 - NAB 25l lOl .326 1. 64

3 - EAW 300 lOl .324 1. 35
.. - NAW 265 lOl .327 l. 82.)

4 - EAW 229 lOl . 323 1. 01

4 - NAW 260 lOl .325 .83
4 - EAT 244 lOl .323 99

..'

5 - EAW 295 295 .323 l.50
5 - NAW 278 278 .327 1. 87

6 - EAW 300 lOl . 324 1. II

6 - NAW 24l lOl .326 1 58
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8.2.2 Wave Spectral Estimates

Wave spect ra were als 0 obtained us ing the MEM pro grams.

Bseful wave data was recorded on four of the six reels and

the resul ting spectra are interesting. In general, wave

spectra are only stationary over a time period in which the

sea conditions stay relatively constant. On the days the

wave data was recorded the weather was variable and the spec-

tra are different. The reel 3 wave spectrum (Figure 8.9) has

two dominant peaks indicating a swell component overlying

wind-driven seas. The small peak at .32 Hz is the resul t of
anchoring the staff to a moving platform. Both platform

motions introduced at the anchor point on the wellhead deck

and radiated waves produced due to the platform's vibration
.

contribute to this peak. The reel 4 wave spectrum, shown in

Figure 8.l0, is typical of theoretical single-peaked spectra.

La ter in the day, however, the wind increased in strength and

shifted directions, creating a significant number of high fre-

quency waves as can be seen in Figures 8.ll and S.l2. An ap-

proximate value of significant wave height (Hs) was derived

from the mean square of the wave record R (0) using the re-nn

lation, H =4 (R (0)) l/2, which assumes the wave spectrum is as nn
narrow band process (Conner and Su.nder, 1980). The peak
periods and significant wave heights derived from these spec-

tra are contained in Table 8.6.

8.2. 3 Wind Spe ctral Es tima te s

Anemometer voltage outputs were recorded on ree ls 3, 5,

and 6. Wind speed estimates were derived from this informa-
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t ion us ing the anemomete r frequency to wind speed cal ibra t ion

factor, u=l.4lf + l, for u in knots and f in Hz The fre-
quency content of the anemometer voltage signal was obtained

using the Gen-Rad supplied conven tional real -time spectral

analysis program TSLAP. The frequency axis of the spectral

estimate was then scaled to correspond to wind speed in knots.

The resul t is a wind speed in tens i ty "spectrum" as shown in

Figure 8.l3 for 20 minutes of reel 3 data. A similar analysis

was performed on the other two reels and the approximate mean

wind speeds are shown in Table 8.6.

8.3 Two-Channel Analysis - Biaxial Pair of Accelerometers

In this thesis, a primary goal of the two-channel anal-

ysis was to isolate the two fundamental bending modes of the

AMOCO caisson from the response time histories of a biaxial

pair of accelerometers. As observed in Section 8.2.l, the

analysis of a single channel of response yields no information

about the modal orientat ion since both modes have virtually

the same natural frequency and a single accelerometer measures

components of both modes along its sensitive axis. However,

joint analysis of the time histories of a biaxial pair of ac-

celerometers can yield valuable insight into the response

characteristics of the single pile platform. If the modes

can be isolated, single-channel techniques can be used to

estimate modal natural frequencies, damping ratios, and mean

square respons e magnitudes.

8.3. 1 Modal Orientation Identification
The AMOCO caisson responds predominantly in its two
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fundamental bending modes. These modes are orthogonal to one

another and have almost identical natural frequencies. The

frequencies differ because of platform asymmetries and day-

to-day changes in the soil behavior at the site. Since the

frequenc ies are different, the modal orientation, measured

relative to a fixed coordinate system, at any particular time

is uniquely defined. In addition, through modal analysis,

these two modes are independent of one another and depend

strictly on the mass and stiffness properties of the system.

Therefore, directionality in ~he seas influences the modal

orientation only indirectly, through changes in the soil pro-

perties which occur under cyclic loading. In this section,

the modal directions are isolated by analyzing the response

time histories of a biaxial pair of accelerometers.

Accelerometers in a biaxial pair measure platform re-

sponses along two axes. For the Lollipop, the placement of

the accelerome ters was chos en strictly for day- to -day repro-

ducibility, by lining one up with platform east, the other

with platform north. Therefore, unles s the modes are along

the East-North (E-N) axes, the E-N accelerometers record com-

ponents of both modes. This introduces coupling between the

E-N accelerometers. The auto - and cross -correlation functions
of the E-N biaxial pair ton_tain the,se response: characteristics.

The detection scheme developed to isolate the modal

orientation uses the correlation functions in the same manner

as knowledge of the normal and shear stresses on a 2 -D beam

section is used to isolate the principal stress axes. In the



LO 9

beam, the prine ipal axes define the surface on which only

normal stress acts (shear stress equals zero). The angle at

which this óccurs is obtained using a Mohr i s circle analysis.

Using the same algorithm, the characteristics of response

versus orientat ion in the horizontal plane can be investigated
by rotating the E-N correlation functions. Specifically, for

the AMOCO caisson, a new set of correlation functions, cor-

responding to an imaginary biaxial accelerometer pair at

angle a (see Figure 8 .l4), was obtained using

rRii (n;a) Rl2 (n;a)l =

L RZi (n;a) R22 (n;aU

r cosa

1- sino...

s inaJ lR (n) R (n)Jee en
cosa R (n) R (n)ne nn

r c~sa

L s ina

-5 inì

coso. J

Equation 8.l was simplified, r ecogni zing

(8. l)

Ren (n) =Rne (-n), to

yield the four equations necessary to compute a rotated set

of correlation functions.

Rii(n;a) = R (n)cos2a+R (n)sinZa+(R (n)+R (-n)) coso.sino.e e nn en en

R22(n;a)
(8 .2)

= R (n) sin Za+R (n) cos 2a+ (R (n) +R (-n)) cosas inaee nn en en

RiZ(n;a)
(8.3)

= R (n)cosZa-R C-n)sin2a+(R (n)-R (n))coso.sinaen . en nn e e

Ri 2 ( - n; a)

(8.4)
= R C-n)sin2a-R (n)sin2a+(R (n)-R (n))cosasincien en nn ee

(8.5)
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where. Rii(n;a) = autocorrelation along I-axis for angle a

R22(n;a) =

Rl2 (n;a) =

autocorrelation along 2-axis for angle a

cross-correlation between the l-Z axes
for angle a

A modal orientation identifica~ion analysis was perform-

ed to isolate the modal directions associated with each reel

of Lollipop data containing bíaxial accelerometer time his-

tories. The analysis scheme developed to make a positive

identification of the unique modal orientation uses five

sources of informa tion in two phases. In the first phase,

plots of natural frequency, damping ratio and mean square re-

sponse estimates along the l-2 axes as a function of a for

-45°~a~45?, are produced. Since the modes have distinct nat-
...

ural frequencies, the angle associated with the maximum sep-

aration in natural frequencies should define the modal di-

rections. Similarly in the true modal coordinates the damping

values should be minimums. At other angles the reponse peaks

will be broader due to the pres ence of two components. The

natural frequency estimate associated with each autorcorrel-

ation file was computed by counting autocorrelation cycles

and dividing by the time. The damping ratio estimate was ob-

tained using log decrements. For all but one case, these es-

t imates were inconclus i ve and often contradictory. The best
results, obtained from reel 3, are shown in Figures 8.LS and

8. l6. In both figures, the solid line represents the orient-

ation of the l-axis, while the 2-axis is the dashed lìne,

plotted versus a. At a degrees, the ordinates represent the
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est i ma t e s i n th e E - N a xes

A plot of mean square Lollipop response along the l-2

axes as a function of a indicates directionality in the seas~

The directionality of the forcing only influences the modal

orientation through modification of the soil properties under

cyclic pile loading. It is hypothesized, however, that if

the seas remain constant in direction over a sufficient per-

iod of time, the soil properties will adjust to the motion

and the principal modal direction will tend to line up with

the dominant forcing direction. The plot of mean square re-

sponse versus angle is shown in Figure 8.17 for reel 3 The

dominant forcing direction is l3 degrees North of East which

agrees with the observed sea conditions. In addition, it is

anticipated that the orientation of the dominant mode will

correspond closely with this direction, if sufficient time

has passed for the soils to adjust. To test this hypothesis,

a second phase of analysis was performed.

In the second phase, the ~orTelation between rotated bi-

axial pairs was computed as a function of a to find the angle

at which the correlation is a minimum. This angle should cor-

respond to the modal axes since, in theory, mode~ are indep-

endent and responses in one modal direction do not affect

motions in the other The single pile platform is an ideal
structure to test this hypothes is because of its simple geo-

metry and near equal i ty of modal natural frequenc ies . In the

offshore community, the correlation between modes is an impor-

tant issue in fatigue analysis. If the modes are independent,
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the stress contributions caused by motions in both modes can

be simply summed together.

The correlation between biaxial accelerometers was in-

vestigated in both frequency and time domains. In the fre-

quency domain, the measure of correlation is the coherence

function (somet ime s called the coherency squared; Benda t and

Preisol, 1980) which is defined as

y XyZ (f)

2

= J GXY (£) I
Gxx (f) Gyy (f)

O.(y 2(f).(l- xy - (8.6)

where y xy 2 (f) = coherence function between time histories
x and y at frequency f.

GXY (f) = cros s - spec trum between x and y processes

G (f) = auto spec trum of x processxx

G (f) = autospectrum of y process.yy

A coherence of 1 at a frequency indicates perfect correlation

while a value of 0 implies the time histories are uncorrela ted

(incoherent) at that frequency. The computer program BTSPEC,

a two -channel Blaêkman-Tukey spectral analysis program, was

used to compute the coherence between biaxial accelerometer

pairs. By plotting the coherence at the frequency of the

fundamental modes, f=. 325Hz, as a function of a., th~__~ngle

associated with the minimum coherence is easily obtained. The

plot for reel 3 is shown in Figure 8.18. The minimum coher-

ence is .008 at an angle of 13 degrees. This implies that at
this angle, the accelerometer responses in the fundamental

modes are essentially uncorrelated so this must be the modal
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orientation. At angles other than l3 degrees, coupling exists

between the biaxial accelerometers The maximum coherence

is .384 at - 32 degrees.

To verify this result in the time domain, plots of the

correlation coefficient P12 (n,a)

Ri2(n;a)
Pl2(n;a) = ,02Pl2(n1;a)~l

(Ri i (n; a) + R 2 2 (n; a) ) l/ 2

(8.7)
were produced at the angles of a associated with the maximum

and minimum coherences, and at a=O. The results for reel 3

are shown in Figures 8.l9-8 2l. The magnitude of the correl-

ation coefficient is substantially reduced along the modal

axes defined by a=l3 degrees. For reel 3, the modal orienta-

tion lines up exactly with the dominant forcing and the cor-

relation along the modal axes is essentially zero.

The same analysis was performed for the other four reels

which contain biaxial accelerometer time histories The re-

sults are shown in Table 8.5. In all cases, the estimated

principal modal axis is within 8 degrees of the estimated

dominant forcing direction. In addition, the levels of co-

herence associat.ed wi th the' modal orientations are small (less

than 5 %), as they should be, for reels l, 3, and 4. However,

for reels 5 and 6, the coherence of the modal oreintations are

l8% and 38%, respectively, of the maximum coherence.

A hypothesis has been developed to explain this high

level of coherence for reels 5 and 6. Reels 4, 5, and 6 were

recorded on the same dåy; reel 4 in the morning, 5 and 6 in
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TAB L E 8. 5

MODAL ORI ENTATION RESULTS

REEL NO. a.F a. COHERENCY a. COHERENCYmode
SQUARED max

SQUARED(Degrees) (De grees) (Degrees)ê ê
a. a.mode max

"

1- _ 32 0 - 250 .0006 +2 a 0, . l2 5

.
3 +130 +l3° .008 _ 320 .384

4 + 320 + 35 0 .009 - lO 0 .l94

I

5 - 1 30 - 70 . 030 +380 l65
.. - ,

6 - i 80 - i 50 .076 +300 .202

a.F - Angle associated with dominant forcing direction.

a.mode - Angle associated wi tfu the modal direct ions,
(minimum coherence)

a. - Angle associated with the maximum coherencemax
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the afternoon. The weather on this day was in a state of

transition and the seas changed from East-North-East (ENE)

in the morning to East-South-East (ESE) in the afternoon.

From Table 8.5, the estimated dominant forcing direction

changes from 32 degrees North of East in reel 4 to l8 degrees

South of East in reel 6 At the same time, the modal orienta-

tion changes from 35 degrees to -l5 degrees. Based on this

information, it seems the change in modal orientation lags

the dominant forcing direction by at most a few hours. This

behavior would explain the high coherence between the modal

axes in reels 5 and 6 as due to a nonstationary process If
the modal orientation changed during the recording of a reel,

. the coherence would not disappear between the modal directions.
.
In any case, these results indicate that changes in the di-

rectionality of the wave forcing may indeed alter the modal

orientation. However, more research is necessary to conclusi-

vely verify this resul t.
Once the mdd~l orientation was isolated, single-channel

MEM spectral analysis w~s used to estimate the natural fre-

quency and damping ratios associated with the fundamental ben-

ding modes of the AMOCO caisson. To estimate reasonable values

of damping ratio and natural frequency of a mode using MEM,

knowledge of the sensitivity of these estimates as a function

of lag is required. As discussed in Section 8.2.l., the pro-

grams MEMk~ and MEMNV are used for this purpose. Here, plots of

natural frequency and damping ratio estimates versus lag num-

ber are shown in Figures 8.22-8.25 for the modal axes of reel 3.
,



ø . 3300

0.,. 3280

""
N:iv
L&
t-
oe:i
t: . 326Ø
(J
L&

~(.
Z
L&~o
L&
0:"
ti. 3240
-J
oe
0:~
1-
oeZ
%:
L&

rø . 3220

e.32faø
ra. e

l24

t0e ø

LAGS

2fae . 0 30e . ø

'FIG 8. 22: REEL 3 NA TURAL FREQ. EST.
FOR MODE 1 3 DEG. N. OF E.



l25

o .3300

0'. 32SØ
1'
N ..:iv
w
r-~i:
t: . 3260
CI
w
~
toz
w::o
w~
l. . 324Ø
..~~::i-~z
i:
u.
i: . 3220

a . 320a
a. ra 1 e9 . 0 2raa . 9

LAGS (SEe)
3aa . a

FIG 8.23: REEL 3 NATURAL FREQ. EST.
FOR MODE 32 DEG.S. OF E.



2 . 5.0

2. rae

1"~v
li
l- ,. 5.0
oo
%:
Hl-
(Jli
o
Hl-
oo~
(!
Z
H
a.i:
ooa
:i
Lii:

1 . rae

ra . 5.0

ia . .00

.0. e

l26

95 X CONFIDENCE LIMITS

t 00 . ø
LAGS

2.00 . ø 3.00 . .ø

FIG 8.24: REEL 3 DAMPING RA TIG EST
FOR MODE 1 3 DEG. N. OF E.



2.50

2.0ra

'"
N:iv
I.
i- 1. 50
oc:t
Hi-
(fI.
o
Hi-
oc~
(!
Z
Ha.~
oc
ci
~
tu~

1.ara

0.50

ra . 00

0.0

l27

95 % CONFIDENCE LIMITS

1 rara . 0

LAGS

200 . a S0ra . a

FIG 8.25: REEL 3 DAMPING RA TIO EST.
FOR MODE 32 DEG. S. OF E.



,

l28

Superimposed on these plots are the approximate mean value

and the associated 95% confidence bounds. Natural frequency

estimates have small variance and are therefore fairly easy

to estimate. The damping ratio estimate, however, is diffi-

cul t to select and is based on the behavior of the estimator

and the optimum number of lags. In general, the MEM estimates

will oscillate with large amplitude initially and then settle

down as the number of lags is increased The values of damp-

ing ratio selected in Figures 8.24 and 8.25 were selected

bas ed on an approximate mean value for lags above 200 i t is

obvious from this procedure that the damping ratio estimates

should have large confidence limits.

Similar analysis was performed for the other reels of

data. The resulting estimates o~ modal natural frequency and

damping ratio are contained in Table 8.6, which is in the

next section. In this table, the damping ratio estimates

associated with reel 5 are significantly larger than t he other

reels. The higher damping ratio estimates are due to a dy-

namic absorber, which was operating on the platform when reel

5 was recorded. The absorber consisted of a 600 pound bag of

water, hung as a pendulum from the production deck, and tuned

to oscillate at the frequency of the fundamental modes The

absorber was restrained to oscillate alongi'the East - West axis.

A detailed description of the estimation of the damping as-

socia ted with the dYnamic absorber is contained in a report

by Lu and Vandiver to be presented at the 1982 Offshore Tech-

nology Conference.
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8,3.2 Identification of Wave Spreading

A single pile platform, which responds significantly at

only the frequency associated with the fundamental bending

modes, acts as a trans duce r 0 f the wave forc ing. Spec ifi-
cally, in a directionally spread sea, the maximum mean squaré'

response should correspond in direction to the principal di-

rection of the seas, if only wave forcing is present. In

this section, the mean square response information associated

with a biaxial pair of accelero~eters is used to estimate the

spreading in the seas.
As described in Section 5.2, wave spreading can be char-

acterized in several ways. Here, the spreading function as-

sociated with the eccentricity of an ellipse as defined in

Equation 5.l3 will be used. To calculate an estimate of the

eccentr ic i ty from a biaxial pair of acce lerometer records
measured on the AMOCO caisson requires the following steps:

l)

2 )

Isolate the dominant forcing direction aF as

outlined in the previous section (see Figure

8. l7 and Table 8.5) and record the values of
mean square response along both axes.

Equate the maximum mean square value R (0; aF)
max

wi th the maj or axis of an ellipse and the minimum

value R ' (O;aF) with the minor axis.min
Compute the eccentricity which is defined as3)

(a2_b2)l/2
2 . R . 2(Q'a ))l/2(R (O,aF) -

max min 'F (8.8)e = =
2 R (0 ;ap)a max

where a = maj or axis of an ellipse
b = minor axis of an ellipse
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Estimates of the eccentricity were calculated for all

biaxial accelerometer pairs and these results are shown in

Table 8.6. In all cas es, except for reel 3, the spreading in

the seas is greater than cosine-squared spreading. A summary

of the important observed and derived data obtained for the

reels containing biaxial accelerometer time histories is con-

tained in Table 8.6.

8.3.3 Platform Displacements

Real-time displacements of the AMOCO caisson can be ob-

tained by judiciously double-integrating both acceleration

time histories of a biaxial pair of accelerometers and plot-

ting the resulting displacement records as ordered pairs.

Knowledge of the displacement time history of a structure en-

ables the analyst to directly calculate the dynamic component

of stres s within the pile as a funct ion of time The total
displacement response of the Lollipop is much simpler than

mul ti-pile structures since only two modes contribute signifi~

cantly to the total respons e. However, even with only two

modes, the displa~ement of the caisson is random and very dif-

ferent from the displacements calculated assuming unidi- Ii

rectional seas.

The computer program used in this thesis to successfully

double integrate a time series, DUBINT, was written by Jen-y

Jong, an MIT graduate student. The program uses the follow-

ing sequence of operations on an input zero-mean digitized

acceleration time history to obtain the displacement trace.
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1) Least squares fi t (Removes linear trend)

2) Integrate (uses digital integration technique
developed by Schuessler and Ibler, 1974).

3) High pass filter (Removes low frequency components)

4) Least Squares fi t
5) Integrate

6) High pass fil ter
7) Least squares fi t

The results of the double integration are shown in Fig-

ures 8.26 and 8.27 for 200 seconds of the reel 3 EAW accelero-

meter time history. Similar resul ts were obtained for the
NAW accelerometer. The initial SO seconds of the displacement

record are not usable. This is because the double integration

routine requires some initial time to reach steady-state be-

havior.

The EAW and NAW displacement time histories are then

plotted as ordered pairs ,in the horizontal plane using the

program VECTOR. Figures 8.28-8.30 are plots of the displace-

ment trace of the, Lollipop measured by the EAW and NAW accele-

rometers on reel 3. In Figure 8.28, the motion starts in a

predominantly Northeast to Southwest pattern, shifts to a

circular counter -clockwise motion and ends, in Figure 8.30,

in an almost north-south movement. The motion is clearly

random as is the corTespond~ng dynamic stress field wi thin

the pile.
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8.4 Two-Channel Analysis - Mode Shape Identification

In addition to the identification of the spatial orienta-

tion of the fundamental bending modes of the fuvl0CO caisson,

two-channel spectral analysis can be used to isolate higher

vibration modes, identify mode shapes, and compute transfer

functions between two locations on the structure or between

an input and an output. Each of thes e topics is thoroughly
addressed in the thesis by Briggs, 1981, in which he applied

.
multichannel MEM spectral analysis techniques to the Lollipop

data. Some of his resul ts are included here in order to docu-

ment all pertinent data analysis of the ~10CO caisson in a

single source. In particular, his analysis of reel 2 (Load

Case 2 in his the~is) is summarized here.

The primary reason for recording a set ,of four acclero-

meters in reel 2 was to identify the response mode shapes of

the Loll ipop. Mode shape identifica tion is accomplished us ing

the values of the transfer functions between accelerometers

at each of the platform's responding natural modes. Cross-

spectral magnitude~, phase and coherence estimates are requir-

ed to isolate these modes. As an illustration, the cross-

spectral resul ts between north pointing accelerometers on the

helideck (NAH) and the wellhead deck (NAW) are shown in Fig-

ures 8.3l-8.34. The magnitude of the cross-spectral estimate

is plotted on log scale to show detail at all sampled fre-

quencies. The significant spectral peaks are as socia ted with
a mode from the phase and coherence estima~es. For instance,

for the fundamental flexure peak, the accelerometers are in
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phase with one another with un i ty coherence indicating firs t
mode response. The tape recorder noise peaks will be discus-

sed in the next paragraph. Once the modal response frequen-

c ies are known, the values of the trans fer function between

one pair of accelerometers at thes e frequencies are tabulated'.

After analysis of each pair of accelerometers, an estimate

of the mode shape can be made. Results 0 f this procedure are
shown in Table 8.7. The estimated mode shape of the first

two fundamental modes is plotted in Figure 8.35 against the

mode shape from the finite element model discussed in Chapter

3.

The tape recorder noise (TRN) peaks identified in Figure

8.3l were isolated by recording a tape wi th grounded inputs
..

and then computing the noise spectrum. Figure 8.36 shows the

noise spectrum normalized to the same uni ts and plotted on

the same scale as the cross-spectral magnitude. The presence

of nois e in the measurements introduces significant errors

into the spectral estimates unless the signal to noise ratio

(SNR) is large For the Lollipop, which responds predomin-

antly in only its lowest bending modes, the second and third

modal responses have relatively small SNR and the spectra~l

estimates at these frequencies are less reliable.
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TABLE 8. 7
SUMMARY OF CROSS-SPECTRAL ESTIMATES

FIRST THREE FLEXURA MODRS (RRI~~S 1 19R11

Phase
Accelerometers (DegJ Coherence .. Transfer Function

Fundamental Fl exure = 0.32 Hz

NAH and NAP 0 1.00 0.85
NAH and NAW 0 1.00 0.70
NAH and NAB 0 1.00 0.40

Second Flexure = 1.20 Hz

NAH and NAP 0 1.00 o~ 57
NAH and NAW 12 O. 70 0.07
NAH and NAB 180 0.95 0.65

Th i rd F1 exure = 3.06 Hz

NA P. arid NAP 15 0.00 0.15..4

NAH and NAW 180 0.05 0.15
NAH and NAB 180 0.00 0.10
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CHAPTER 9

SUMMRY AND CONCLUSIONS

The dynamic response characteristics of an operational

single pile platform, the ~~OCO caisson, have been investi-

gated along two different paths. The first approach combined

a dynamic finite element model, a theoretical assessment of

damping and an effective technique 0 f predicting platform

response levels to yield estimates of the dynamic response

fatigue life of the structure. The analysis of wind, wave

and response time histories provided the other source of in-

formation about response characteristics.

Fatigue life estimation for a dynamically responding off-

shore platform is full of uncertainty. For the designer, un-

certainty begins in the formulation of a structural model.

Dynamic finite element models are particularly sensitive to

changes in the foundation and extreme care must be taken if

accurate structural natural frequencies are to be obtained.

Accurate characterization of the damping phenomena is also a

requirement. Separa tely estimating the contributions to the
total damping, as outlined here, is a first step toward in-

suring the structural model accurately represents the physical

system. More research is needed to establish the modal soils

damping associated with a dynamically responding platform.

Also, the relationship between damping and exciting forces

should not be ignored. Radiation (wave making) and viscous

hydrodynamic damping are proportional to the inertial and
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drag forces , respectively.

Recognition of the relationship between radiation damping

and linear wave forces, using the principle of reciprocity of

ocean waves, leads to an expression to predict response levels

of a structure subj ected to random direc~ionally spread seas ~

For the AMOCO caisson, predicted responses. agreed closely wi th

measured response levels.

Incorporating r€sul ts from the fini te element model wi th

the reciprocity method, a versatile equation for the mean rate

of accumulation of fatigue damage was produced. With this ex-

pression, the sensitivity of the fatigue accumulation model

to small variations in i~put parameters is quickly establ ished.
The model explicitly incl udes wave spreading. More research
ís needed to quantify the statistics of the stress field with-

in a structural member under resonant response condi tions when

several modes are excited.

The other maj or portion of the research leading to this

thesis was the analysis of wind, wave and response time his-

tories recorded on~ the AMOCO single pile platform in March,

1980. The major thrust of the analysis was an attempt to iso-
late the orientation of the fundamental flexural bending modes

from the time histories of a biaxial pair of accelerometers.

Using a correlation function rotation scheme based on a Mohr's

circle algorithm, the response characteristics of the platform

as a function of rotation angle were investigated. Both the

modal orientation, defined as the angle where the coherence,

evaluated at the natural frequency of the first mode, between
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accelerometers was a minimum, and the dominant forcing di-

rection, the angle associated with the maximum mean square

response, were isolated for each biaxial pair.

Resul ts indicate that the modal orientation and the dom-

inant forcing were less than lO degrees' apart' in all cases.
Also, orthogonal fundamental mode responses were observed to

be incoherent for three reels which indicates modal responses

may be independent in certain cases. In addition, when the

forc ing changed direct ion, the modal orientation, as defined

above, shifted. direction as well This would imply that di-
recti.onality in the forcing alters the modal orientation and

the most probable mechanism is through modifications of the

soils properties under cyclic loading. The dominant response

direction was also used to estimate spreading in the incident

wave field and the results seem plausible. However, at the

present stage of research, with data from only one structure,

the conclusions drawn here are speculative. Further experi:

ments are necessary.

A single pile' platform is a relatively simple structure

which exhibits most of the dynamic response characteristics

associated with larger flexible structures. In this research,

the factors which influence a fatigue analysis of one such.

structure have been identified. In addition, analysis of

field data has identified several characteristics of response

which need verificat ion. The ins talla t ion of a carefully de-
signed fully instrumented single pile structure would supply

the offshore community with the data necessary to clearly id-
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entify the behavior of a dynamically responding platform in

a random sea.
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