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ABSTRACT

A comparison between predicted and measured damping
controlled dynamic response of an operational single pile
platform (AMOCO's South Marsh Island Block 33B platform) is
presented. In the predictive analysis, a finite element mo-
del of the structure and a theoretical assessment of damping
phenomena are combined with a response prediction method
which utilizes the principle of reciprocity of ‘ocean waves.
The result is a versatile expression for the estimation of
the dynamic response fatigue life of a platform in a direc-
tionally spread sea. In addition, the data analysis perfor-
med on wind, wave and response time histories, recorded in
March, 1980, is carefully described. A method is presented
which uses biaxial accelerometer data to infer platform mo-
dal orientations and to estimate wave spreading. Finally,
modal natural frequencies and damping ratios are estimated
using the Maximum Entropy Method (MEM) of spectral analysis.
Good agreement between predicted and estimated response
characteristics is attained.
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CHAPTER 1

INTRODUCT ION

Within 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. For 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 Vvibrating 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 0Oil
Company, located in South Marsh Island (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 t0 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 with field response data.

The subject of damping estimation is the topic of Chap-
ter 4. In this chapter, the four dominant sources of damping
applicable to offshore structures, namely steel hysferetic
damping, radiation (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 AMOCO 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 different 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 l1ife of the
AMOCO 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 rate of fatigue accumulation. is produced
when this model is combined with the reciprocity method of
response predictibﬁ.

Chapter 7 contains a description of field tests perform-
ed on the AMOCO 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 single-channel arnd 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.



16

CHAPTER 2

PLATFORM DESCRIPTION

The single pile platform (caisson) investigated through-
out this thesis is a single-well gas production platform
operated by AMOCO 0il 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 100 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 (productiom) deck is 57
feet above sea level and is also 20 feet square. %hsmall
crane, a pig trap and a large heater vessel are the major
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 2.1 and 2.2.

One of the most interesting aspects of a single pile
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 100
feet below the mudline. The outer wall thickness 1s one

inch; except for a 60 foot long, 1.375 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 well.
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 221 feet below 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 used 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 difficulty
in quantifying the interaction effects of adjacent members.

A single pile platform, however, minimizes these difficul-
ties. The AMOCO 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 satisfied either. At the free sur-
face, a boat landing is attached to the pile. The landing
is constructed 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 ;s 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 pile. In total, however, the effect of
the as;mmetries and the additional outer members are not felt
to be significant in the response prediction.

Another major reason for $tudying a caisson is its com-
pliance. The AMOCO platform as described above has a natu-
ral period of over 3 seconds and a damping ratio of less than
1.5% in only 89 feet of water. For structures in the ocean
with natgral 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 response of the first fundamental bending modes.
Understanding 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 cantilevef beam with a lumped mass
at the free end. Analytical solutions of a fixed-free beam
are well documented [Biggs, 1964], 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 arbitrarily 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 defined. If 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. Although
not perfectly symmetric or fixed to the seafloor, significant
response is probable only in the fundamental bending modes.
The lowest natural frequencies'éhould be almost identical,
and significant response during low sea states is expected.
The underlying soil at the site will also play a 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 Lollipop, 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-
shore 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 of 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.

3.1 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 21 node discretization was developed. De-
tails of the initial model can be found in the 1980 report
by Cook et. al.. The intricacies of the improved Zl-node
model willte discussed here.

The general purpose finite element analysis program
ADINA (Automatic Dynamic Incremental Nonlinear Analysis)
developed by Bathe [1975] 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 21 nodes, 16 beam elements, and 4 truss
elements in a two-dimensional analysis with translational
and rotatiénal degrees of freedom (DOF) allowed. A schema-

tic of the 21-node model is shown in Figure 3.1.

3.1.1 Pile Modelling

The pile was modelled using 2-node, 4 DOF beam elements,
as described in the ADINA manual. The beam elements incor-
porated only tragélational and rotational DOF and were used
to model the pile to a level 61 feet below the mudline. DBeam
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 1 and
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 15 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 rigidity of the grout by
Young'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 rigidity of the
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 fhe sensitivity analysis which will be dis-
cussed later. -

The diameter transition section of the pile, -20 to -50
feet, was discretized into 2 separate elements. The proper-
ties of the top element, beam element 7, were computed using
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 16 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 iﬁ the finite element model allows
rotation but not translation.

A lumped mass matrix was used in the finite element for-
mulations. 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 weight of 150 lb/ft3 was assumed for the
grout. In addition, below the mudliné, it was assumed that
the annulus between the outer pile and the drive pile was
filled with material having a specific”éravity 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
contribution 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. Tlese members are actually in tension, supported
by the outer piles through the comnection in the Xmas tree on
the wellhead deck. This large tension force acts to shorten
the natural period. 1In a final detailed design these pheno-

mena should be accounted for.

3.1.2 Soil-Structure Modelling

Incorporating fhe 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 éurve formulation based on existing design
procedure and then to test this formulation in an extensive
sensitivity analysis. In this way, the influence of the soil
foundation on the dynamic behavior of the platform was easily
obtained. Comparing these results with the response 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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exists.

The procedure followed to model the soil utilizes the
p-y curve formulation presented by Matlock in 1970 and out-
lined in Poulos and Davis [1980] for soils under quasi-static
loading. A p-y curve expresses the nonlinear relationship
between lateral soil load (p) and soil deformation (y) at a
location at the soil-pile interface. The method is based on
results of lateral load tests 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, th;se 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, 19791. The

basic procedure is as follows:

1) Calculate p., 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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by = (3 + =+ 0.5 ) C,d (3.1)
u
or
P, = 9Cud (3.2)
where: Cu = undrained soil shear strength at depth z
y = submerged effective unit weight of soil
d = diameter of pile (7 feet)
Z = vertical coordinate measured positive downward

from the mudline

Values of Cu and vy were obtained from a soil boring

taken at a site near the AMOCO caisson.

2) Compute ygg, the deflection at one-half the ultimate

where:

3)

4)

5)

6)

soil resistance, using

1]

750

2.5 E‘SOd | (3.3)

strain at one-half the ultimate stress as
obtained from laboratory tests. A value of
.015 was used.
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Assume a value of p, a uniformly distributed lateral
soil load, and compute the ratio p/p, at each node.
This ratio will decrease with depth as the soil
strengths increase.

Calculate y, the lateral deflection of the pile,
using

3
y = 8(p/Py) 7 ¥gg (3.4)
Compute ENL, the equivalent nodal point loading due

to the distributed load p.

Calculate K_, the linear soil spring stiffness at
each node, uUsing

_ ENL
Ky = =
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7) Compute'L , the length of the corresponding truss
element, Using

6 .
EA _  1x10
Ly = ¢ = % (3.6)
S s
where: E = Young's modulus of equivalent truss elements

=1 x 106 1b/ft2

e
it

cross-sectional area of equivalent truss element

1.0 £t2.

~

This procedure was used with the initial 19-node model
and very good results were obtained on. the first attempt.
However, when the more realistic 21-node model was run with
the same soils, much different results 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 AMOCO 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 Teplicated the observed dynamics. Within the
ADINA program, model performance was obtained through the
solution of the eigenvalue problem for the owest three nor-
mal modes, and then comparing these results 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.



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 3.1 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 model 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-
ferent than that of the 21-node model. Reducing the grout
effectiveness factor caused the natural periods to increase
as was expected aﬁd 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 #8 are shown in Figure 3.2.

3.3 DPerformance 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 excitation can be usedwto
obtain this transfer function, a sinusoidal force simulating
the component of the wave spectrum at the platform's funda-
mental ressnant frequency was employed. By using this type

of excitation, first mode response of the platform is simu-
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late&. In addition, initial conditions were imposed to elim-
inate initial transients. For the AMOCO caisson, this re-
quired the input of initial velocities at all the nodes, with
both initial displacements and accelerations equal to zero.
With the initial velocity at node 1 specified, the remaining
nodal initial velocities were calculated by multiplying the
node 1 value by the first mode shape. |

The technique of modal superposition [Bathe and Wilson,
1975] was used to solve the fiﬁite element equilibrium equa-
tions of the 21-node model. In this model, the 31 coupled
equations of the 21-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
0.125 seconds, waéﬁutilized to integrate the dynamic equatioms.
The Newmark method is an implicit unconditionally 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 resulting output was used to calcul-
ate the maximum stress to helideck displacement transfer func-
tion. At each time step, the maximum dynamic stress

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

(Mmax) as output by ADINA using Equation 3.7.
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¥
dm?x T (3.7)

Smax

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

I = moment of inertia of the outer pile = 14.70 ft4
The maximum dynamic stress in the pile is at a point 26 feet
below the mudline, based on the finite 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 1.

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 4.952 ksi/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 DAMPING

-

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 convenilent to use
the technique of modal analysis to model the damping control-
led response of each moée 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 AMOCO caisson, which has signifi-
cant damping controlled dynamic response at only one frequency,
a SDOF equivalent model will yield total response estimates
useful for preliminarf 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 soils damping. Each of these contributions to
the total damping will be discussed in this chapter following
a brief overviewkbf the subject of damping.

In its broadest sense, damping is the removal of energy
from a vibratory system either through internal dissipation
or interactions with the environment [Crandall, 1970; Draper
Labs, 1978, Campbeli, R.B.]. Internal dissipation is the en-
ergy lost within a vibratory structural system due to inelas-
tic behavior within the material and through the mechanical

connections which bind the structure together. Steel hystere-

tic damping is of this type. Environmental interactions iden-
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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 1is pre-
sent within all structural systems and the level of damping
determines the rate of decay of free vibrations and establishes
an upper bound on the response of a vibratory éystem excited

at resonance. Within Fhe context of modal analysis, damping
is spécified 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; Lazan and Goodman,
1961; Draper Labs (Campbell), 1978] so only the major features
required to obtain an estimate of the steel hysteretic damping
for the AMOCO 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 most fundamental measure is the unit damping
energy Du’ which is the energy dissipated per cycle within a
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 hysteresis loop plotted over
one cycle. A wealth of experimental evidence has indicated

that for most structural materials Du satisfies

D = Js. ! (4.1)
u a
where: Sa = amplitude of sinusoidally varying uniaxial stress
J = function of temperature (for viscoelastic
materials, also a function of excitation
frequency)
n = constant, usually between 2 or 3.

The total damping energy DS is the total energy dissipated in
the material calculated by integrating D, over the volume.

The loss factor Ng is another damping parameter which is de-

fined as
D
_ s _ JEgm-2 : ‘
ng = 770, - Sa (4.2)
where: DS = vaudV
g 2
US = IV 7%—dV = the peak strain energy density stored

in the material during 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 [Lazan and Goodman, 1961] for SAE 1020 mild steel, which
is the type of steel typically used offshore, indicates that

n=2 and J = 500 x 10 12

(at room temperature) for cyclic
stresses below 30 ksi. Substituting these values into Equa-

tion 4.2 yields

= .0047 (4.3)

= JE
n i
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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
AMOCQ caisson.

In the modelling of multi-degree-of-freedom systems, the
classic solution has been to assign an equivalent linear dash-
pot to each mode of the structure by equating the dashpot loss
factor, Ny with the actual loss factor of the system when it

th

oscillates in the 1 mode [Crandall, 1970]. Since the AMOCO

caisson responds primarily in only its lowest fundamental

modes

n; = ng = .0047 (4.4)

- .
A linear dashpot exerts a force~FD= Rv proportional to and in
phase with the relative velocity Vv between 1ts terminals. The

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

In the SDOF equivalent system for the ith mode,

M;q + R;d + Kyq = F (1) (4.5)
where: Mi = modal mass of ith mode

Ri = total modal damping coefficient

K.l = total stiffness

q = generalized coordinate obtained by modal

analysis for the particular mode

Pi(t) modal exciting force.

the loss factor, damping ratio, and natural frequency are de-

fined as



iTi

n. = (4.6)

1 Ki

Rl Riwl Rl

g = = = (4.7)

i Z/K—im-i- ZKi Zlel

- 1/2
W (Ki/Mi) (4.8)
where:

ZVKiMi = critical damping coefficient of ith mode.
Substituting Equations 4.7 into 4.5 yields the familiar SDOF
resonator equation for the ith mode

. § . 5
q + Zgiwiq *w;tq o= Pi(‘c)/M.1 (4.9)

Comparing Equations 4.6 and 4.7 yields the relationship be-

tween the loss factor and the damping ratio of the 1

.

1

_ 1
- 7N

th mode.

(4.10)

For the equivalent SDOF linear system representing the

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

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

£S01IL

The damping

=€T=

tsT
= damping

= damping
damping

= damping
damping

= damping

ratio due

(4.11)

* Epap t 5vm t GsoIL

ratio due to steel hysteretic damping

ratio due to radiation (wave making)

ratio due to viscous hydrodynamic

ratio due to soils damping

to steel hysteretic damping, gST’ is
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obtained by substituting Equation 4.4 into Equation 4.10.

Eop = %Qi = .00235 = .24% (4.12)

o

Equation 4.12 is a lower bound estimate of the damping ratio
due to steel hysteretic damping which occurs during 1% mode

vibrations of the Lollipop.

4.2 Radiation (Wave Making) Damping

A platfofﬁ 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
is radiation damping although the term wave making damping
is also used. The linear SDOF equivalent radiation damping
of the first mode of the AMOCO caisson can be estimated using
either of two different methods. The first 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 form. The second approach utilizes the prin-
ciple of reciprocity for ocean waves and it is fully described
in a 1979 paper by Vandiver. 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

d p w Py (Kd/2) o 2
RRAD(w) = = S V(Z) cosh K(Z+h)dzZ
sinh Kh cosh Kh + Kh -h

(4.13)

=
o
o
—
)
o
i

cylinder diameter
= density of water

w = frequency of radiated waves

-~
i

wave number
h = water depth

Y(Z)= mode shape
p \ = 1 2 1 2
l(Kd/Z,- 2/(WK/2(J1(Kd/2) + Yl(Kd/Z) ))

J% and Y% are first derivatives of Bessel functions of

the first and second kind, respectively.
The function Pl(Kd/Z) is plotted in Figure 4.1 versus Kd/2.
For Kd/2 values less than 1/2 or greater than 2, Pl(Kd/Z) may

be approximated as

_m Kd\3 Kd 1
or
Pi(Kd/Z) = 1.0 for Kd/2 > 2 (4.15)

An expression applicable for deep water radiated waves can

be obtained from Equation 4.13 using the deep water disper-
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. . 2 "
sion relation K = w”/g and noting that sinhKh - coshmh~l/2eKh.
1d 5. w P, (Xd/2) 0 :
R, (0) = — Pw 1 row(z)eR(2rh) 47 (4.16)
RAD e“®P L 4xn “h

For '"back of the envelope'" estimates, Equation 4.16 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) = 1+Z/h, normalized to
have a value of 1.0 at the free surface, Equation 4.16 be-

comes

md o wPl(Kd/Z) 5
RRAD(w) = > (L - 1/Kh) "~ (4.17)

K
which holds for deep water waves. Edquation 4.17 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 4.16 numerically with the following inputs:

4 - 1.988 1lb-sec’/Ft*, w = 2.048 rad/sec

4 feet, P

K .1303 1/ft, h = 89 feet,Pl(Kd/Z) = .0278

$(Z) from Run #8 of F.E. model
to yield:
RRAD(2.048) = 14.03 1b-sec/ft
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ERAD(Z.O48) = .102% ~ .10

[

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

ation damping coefficient becomes

e W Q
= 4 Kd K(Z+h)
Ry n(0) = —s S AP, (X5 (2)e az
RAD 2SR h 1V2
o}
Ihw(Z)eK(Z+h)dz (4.18)

Evaluating Equation 4.18 numerically using the same parameters

as above yields

RRAD(2.048) 14.03 1b-sec/ft

.108% -~ .11

o

gRAD(2.048)
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 alternate :approach, using the principle of recip-
rocity to estimate the modal radiation damping, was originally
developed by Haskind and cast in a usable form by Newman.

As given by Vandiver [1979], the Haskind/Newman relation for

the modal radiation damping coefficient is

3 2m 2
e l%%g;%%lz de (4.19)
4rp g” o [TETT

Rpap (@)

where F(w,6)

1}

modal exciting force exerted on a fixed body
of deep water regular waves of frequency w
and amplitude A(w,6) incident at an angle 0.

g = acceleration of gravity
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If F(w,8) is assumed to be due to inertial forces only, then

the expression for the modal radiation damping becomes

ﬁ2w7p c. 2 5 2
RRAD(M) - WSM fou(z) d2 eKZdz (4.20)
64 g -h
where C, = inertia coefficient from Morison's equation.

M
Evaluating Equation 4.20 numerically using the same para-

meters as shown earlier yields

- 2
RRAD(w) = 3.473 CM (4.21)

If the inertia coefficient is assumed to be a constant equal
to 2, the estimate for the modal radiation damping in the

first mode of the AMOCO caisson becomes

RRAD(Z.Q48) 13.89 1lb-sec/ft

t

L107% ~ .11

o

Epap (2-048)

This result, which assumes the modal force is due strictly
to inertia effects, is virtually identical with the potential
flow results, so that either method could be used to esti-

mate the modal radiation damping.

4.3 Viscous Hydrodynamic Damping

In the previous section, it was observed that the radi-
ation damping was dependent on the inertia forces. In an
analogous way, the viscous hydrodynamic damping is related
to the separated-flow drag force term in Morison's equation.
As stated in a report by Dunwoody and Vandiver in 1981, the
separated-flow drag force influences the response of an off-

shore structure by producing an excitation 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 8 2
RVH = {h 7 Py CD d = g, (Z) v~ (Z2)dz (4.22)
where CD = drag coefficient
o = root mean square relative velocity

Since RVH is dependent on the relative velocity, an
exact solution of Equation 4.22 requires iteration. To avoid
this, an approximate solution can be obtained if the struc-
éural velocities are much smaller than the fluid particle
velocities. When this is the case, the r.m.s. water particle

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

g mz Gn(m) e

s 2 (2)

u

2KZ

du (4.23)

where Gh(w) incident wave spectrum.
This expression 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 causes 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 calculated using a Bretschneider two-parameter wave
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spectrum defined as

W 4 o0 4
= 1:25 4,2 "p_ ; _P_
Gn(w) T HS ws exp (-1.25 w4) (4.24)
where HS = significant wave height (feet)
Wy = 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 results 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 partlicle velocities. For the
AMOCO caisson, hokever, 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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TABLE 4.1

MODAL VISCOUS HYDRODYNAMIC
DAMPING RATIOS

REEL H T CD=.8 C.=1.0 C=1.2
NO S P ) D D
(£8) | (sec) | Eyy(%) Eyp (%) £y ()
1% 2.5 6.0 .08 .11 .13
3 4.12 7.28 .13 .17 .20
4 3.32 6.79 .11 .14 .16
) 3.59 7.10 .12 .15 .18
6 3.80 7.10 .12 .16 .19
10.0 8.0 .33 41 .49
20.0 8.0 « 03 .79 .95

*H and T estimated from visual data for Reel #1.
S P
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4.4 Soils Damping

Soils damping refers to the energy dissipated within 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 i1s 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., 1976;
Angelides and Roesset, 1980; Novak and Nogami, 1977, etc.]}
Two possible damping sources were identified; material (in-
ternal) soil damping and geometric (radiation) damping.
Material soil damping is hysteretic damping and 1s usually
specified for a particular soil mass with a constant soils
damping ratio. Geometric damping is analogous to the wave
making damping discussed previously. Geometric damping 1is
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-



valent uniformly distributed linear dashpot along the length
of the pile. For a linear dashpot, the relationship between

the damping ratio, in this case § and the damping capacity

smd’
¥(Z) is given by
D_(I)
¥(z) = =% = 4T84 (4.25)
U_(Z)

Z

where DZ(Z) energy dissipated per unit length along the

pile per cycle

peak strain energy stored in the soil per unit
length along the pile per cycle.

U, (2)

If the stiffness of the soil is modelled using distrib-
uted linear soil springs, as was done in the finite element
model described in Chapter S,UZ(Z) becomes

U,(2) = 5 kooq, (D) Xé(z) (4.26)

where kéoilcz) soil stiffness per unit length

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

DZ[Z) yields

D,(2) = 2TEgpg Kggyp (2) xécz) (4.27)

The total energy dissipated within the soil Drg is then ob-
tained by integrating Equation 4.27 over the pile length

_ 2
Dpg = 27Egng i kgoi1 (2) X, (2)dz (4.28)

The modal equivalent of Equation 4.28, applicable when

th

the AMOCO caisson vibrates in the x mode with a maximum

helideck displacement of a, is
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D = 27E . a2 Ik

2
TS smd "o soil(z)w_(z) dZ (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.

4
- 2 2 .
DTS = Zﬂao Esmdizl KS(Zi)w (Zi) (4.30)
where KS = lumped soil stiffness at Z = Zi
w(Zi) = value of the mode shape at Z = Zi

Equation 4.30 represents the energy dissipated in the
soil when the Lollipop oscillates in mode X with a peak heli-

deck displacement of a The final step in this technique 1is

o
to calculate the soils damping coefficient RSOIL of the equi-
valent SDOF system by equating energy losses. The'energy

loss associated with RSO}L in the equivalent SDOF system 1s

_ 2
Deq = Ta, wXRSOIL (4.31)
where Deq = energf loss per cycle due to soils damping
w, = natural frequency of the xth mode

Equating Equations 4.30 and 4.31 and solving for RSOIE yields

R - 28smd
SOIL We oo

2
E Ks(Zi)lb (Zi) ' (4-32)

1

which corresponds to a SDOF equivalent damping ratio of

oy
n
=)
o

g

([ e I 2

2
Ky (23)9°(2) (4.33)

Z +
€

SOIL i=1

PR
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-

where EQOIL = equivalent soils damping ratio of SDOF system.

Equation 4.33 was evaluated for the fundamental mode of
the AMOCO 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 Ly given in Table 3.1 for run #8. The estimates of
modal soils damping coefficient and damping ratio are shown
in Table 4.2 for a typical range of soils material damping
ratios gsmd'

The estimates in Table 4.2 are indicative of the range
of soils damping parameters which contribute to first mode
response of the AMOCO caisson. In the next section, the re-
sults of the previous four sections are summarized to judge
the relative 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
vibrations of the AMOCO caisson have been developed. 1In
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 Table 4.3

The total modal damping ratio estimate was obtained by
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TABLE 4.2

MODAL SOILS DAMPING ESTIMATES

Ssmd Rsotn %5011
(%) (1b-sec/ft) (%)
2 45.56 .35
3 68.33 © .53
4 91.11 . .70
5 113.89 .88
6 136.67 1.06
8 182.23 1.41

10 227.78 1.76
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i1solating 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 ET
are 95% confidence limits. Details of the estimation of Er
are presented in Chapter 8. For the component sources of
damping, EST is a lower bound estimate since only energy dis-
sipation within the outer pi{e is considered. Alternatively,
gVH is proba%ly an upper bound on the true value since it is
calculated using a unidirectional wave spectrum. However,
&hen the drag effects of the boat landing are factored in,
the estimate of EVH becomes more representative of the true
value. Two soils damping ratios are shown which correspond

to different assumed values of ES The experimental data

md’
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 within the 95% confidence limits of the total damp:-
ing estimate. Second, the relative magnitudes of each source
of damping are probably indicative of the actual behavior with
the soils damping estimate the least certain. The soils ac-
count for mgre than 1/2 of the totéi: 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 1if reli-

el
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able response predictions are to be obtained. In the next
chapter, a method to predict the damping controlled response
of an offshore structure to random wave excitation is pre-

sented.
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CHAPTER 5

DAMPING CONTROLLED RESPONSE PREDICTION

In this chapter, the mean square damping controlled dy-
namic response of the AMOCO caisson to random wave excita-
tion will be estimated using the method proposed by Vandiver
in 1979. This technique utilizes the principle of recip-
rocity which was introduced in Section 4.2. The performance
of the method will be evaluated 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 predicted responses of the two orthogonal funda-
mental nodes will be delineated. A simple analysié 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 result for the mean
square modal response and its use 1is valid only for lightly
damped modes excited by linear wave forces. Linear wave
forcing neglects drag effects, therefore the method will yield
accurate results only for those modes in which inertia forces
dominate. Although 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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xth mode within two half-power bandwidths of the resonant

frequency W is

3
225G, 8 Rpap (W
Gx = z Gn(wx) —_—
Mxmx RTCNX)

(5.1)

th

i

' 2 . ) .
where o, T mean square dynamic deflection in x mode

M
X

G, ()

R (w_)/Ri{w_) = ratio of radiation to total damping of
RAD™ %77 7T x the xth mode

modal mass

wave elevation spectral ordinate at Wy

The term CX depends both on structural geometry and the di-
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 seétion.

Equation 5.1 written in terms of cyclic frequency fx is

3

C. o, 8 g

gz = X W~ G (f) ZRAD (5.2)
x 5 .5 nx S
80m~M_£,
XX
where: £ = w_ /27
X X

wave spectral ordinate in cyclic frequency

G, (£,
domain evaluated at fx

aRAD/ET = ratio of radiation to total damping ratio for
the xth mode

To aid in the comparison with the measured platform accelera-
tions, the relationship between accelerations and displace-

ments of a narrow band process

2

< (5.3)

g” = w c- = l6v4f 40
X X
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.2 .
where: oy = mean square acceleration response of the xth mode

was employed to yield

g; = Z.; ZX Py & G (w.) ;B%QE;&l (5.4)
BxPx n-ox T ¥x
3
C o g g
2 X "w °© RAD
ot = go—r7— G (f) — (5.5)
X 5T ”xfx n'ox gT

The performance of the method was evaluated for the
AMOCQ caisson by comparing the predicted mean square accele-
ration of each of the or;hogonal‘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 section, and the spectral ordinate

Gh(fx) Wa; 5%té£ﬁed from tﬂé éeasured wave spectraf In ad-
dition, the ratio ERAD/ET was formed using the value of ERAD’
estimated in Chapter 4, with ET 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 results are shown in

Table 5.1 with the predicted and measured mean square helil-
deck actelerations in close agreement. Based on these results,
the reciprocity method is a viable, easily applicable tech-

nique to predict the modal response of a structure excited

by linear wave forces.

5.2 -Accounting 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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TABLE 5.1

HELIDECK ACCELERATION RESPONSES

Reel #3 Reel #4
Mode x Mode y Mode x Mode y
G, (£) (£t%/Hz) | 1.2 1.2 7 .7
C, 1.56 .44 1.37 .63
ET(%) 1.04/-.4 | 1.4%/-.4| .9+/-.2 | 1.1+/-.3
Erap’/ Bt .110 .079 .122 .100
£, (Hz) .323 . 328 323 .327
“zx (£t%/sect)| .85 17 48 18
xp (.61-1.42] (.13-.24] (.36-.72)| (.15-.22)
2 2 4
" em (ft®/sec’) .71 .20 .49 .23

M

[}

kel
[

0Q
1}

.11%

Q
1]

Q
]

32.2 ft/sec?

1.988 1b-sec?/ft?

3162 1b-sec?/ft=101,815.5 1b_

predicted mean square helideck acceleration

measured mean square helideck acceleration
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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 Cx’ which is a
function of the directional wave spectrum Gn(w,e),where 8

is the wave incidence angle. The directional wave spectrum

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

27
Gn(w) = g Gn(m,e)de (5.6)

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

distinct functions of w and 6.

Gn(w,e) = Gn(w)D(e) (5.7)

where D(8) = spreading function.

As given by Vandiver (1979), the expression for CX
2m

[ 6 (w,8) |T (u,8)]%ds .
c. = —_10 : (5.8)
X 1 2w 2
G, (w) -z-—n-g T (w,8) ]| de
where: rxcw,e) = the modal wave force per unit wave amplitude

for mode x, for a regular wave of frequency
w and incidence angle 6.

is dependent solely on structural geometry. For a single
pile platform, Fx(w,e) can be written as separable functions

of w and 9

!FX(w,e)l = |I'(w)coss]| (5.9)
where: I'(w) = the maximum modal wave force per unit wave
amplitude.

Substituting Equations 5.7 and 5.9 into 5.8 simplifies the
expression for Cx'

AL 2
C_ =2/D(8)cos

x ! 8de (5.10)
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If mode x and mode y are used to describe the 'two funda-

mental flexural modes of the Lollipop, the expression for C

Y
is computed in the same fashion, utilizing
1ry(w,e)| = |T(w)sind | (5.11)
to yield
2m 2
Cy = 2/ D(8)sin"~6de (5.12)
o

Values of Cy and C_, for three different spreading func-

y
tions (unidirectional, omnidirectional, and cosine-squared)
are shown in Table 5.2, when the x mode is lined up with the

mean direction of the seas. The fourth spreading function

shown below is described in a 1980 report by Vandiver.

N
D(8-6.) = 1-¢

T 2m(1l-e cos(e-eo)) (5.13)
where eo = mean direction of the seas
e = eccentricity of an ellipse, 0<e<l1.0.

The spreading function described by Equation 5.13 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 5.13 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 values of CX and Cy as a function of e
when the x-mode is in line with the mean direction of the

seas (60=0). Values of CX and CY used inthe previous section
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TABLE 5.2

CK AND CY FOR UNIDIRECTIONAL,

OMNIDIRECTIONAL AND COSINE-SQUARED

WAVE SPREADING

Type of Spreading D(8) Sy

Unidirectional $(8) 2.0
. 2 2

Cosine-squared 7 cos 8 1.5

Omnidirectional ;? 1.0
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TABLE 5.3
C, AND CY AS A FUNCTION OF e

e Lo o
0 1.0 1.0
.5 1.07 .93
7 1.16 .84
.8 1.24 .76
.85 1.31 .69
.87 1.34 .66
.89 1.37 .63
.90 1.39 .61
.95 1.52 .48
.96 1.56 .44
.99 1.74 .26
1.0 2.0 0
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to predict response levels, 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 directionality
in the seas excites both fundamental modes of the AMOCO cais-

son.

5.3 Influence of Vortex Shedding

Another possible source of excitation for a cylindrical
structure in the ocean is vortex 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 1s more complex.

in order 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 2w for regular waves. The

Keulegan-Carpenter number for regular waves is given by

K.C. = E‘é‘,—T - 22 (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]

Ol
K.C. =——a-— 5.15)
where g, = T.m.s. water particle velocity
T, = mean period of the wave spectrum

For the worst case sea conditions observed in these field
experiments, the r.m.s. K.C. number was approximately 2.

Lift forces were insignificant.
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CHAPTER 6

DYNAMIC RESPONSE FATIGUE LIFE ESTIMATION

For offshore structures experiencing significant dynamic

response in "everyday' sea states, the governing design cri-

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 dynaﬁic respbnée of the AMOCO caisson. The fati-
gue accumulation model employed assumes that the stress his-
tory is a narrow band Gaussian process with Rayleigh dis-
tributed stress peaks [Crandall and Mark, 1963]. .Utilizing
a Stress range S-N curve,

s = ¢ “ (6.1)

the equation for the mean rate of accumulation of fatigue

damage is
v _+ b/2
F=-2 2% %) " ra+b/2) (6.2)
where F'= mean rate of accumulation of fatigue damage at a

location in the structure which experiences a
mean square stress og

v = average zero upcrossing rate of the stress process

the Gamma function

3
~
s

[}

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 AMOCO 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 expressed as:

2 _ 2 2 '
g = B Ty (6.3)
where B = 4.952 ksi/ft.
oi = 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 response given by Equation 5.2.
3

C P8 g
o2 = X ¥ G, (£f,) —AD (5.2)
X 5 s n-Tx £
80w M_£ T
XX
Combining Equations 5.2 and 6.3
» 2 P8 [C ERAD
oy = BY < X G (£ (6.4)
80w fox &7 n

yields an expression for cé which depends on the direction-

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 ETP) pairs each

with an assigned probability of occurrence, to represent the

long term statistics of the sea. Each pair is then substituted
in a theoretical wave spectrum and the cumulative rate of

fatigue damage, weighted by the probability of occurrence,

is summed over all pairs. In this thesis, the equation used

for the fatigue life estimate (FLE) is

J . # : .
FLE = 1/% Pipi (6.5)
i=1
where Fi = mean rate of accumulation of fatigue damage due
to sea state 1
P.l = annual probability of occurrence of sea state 1

expressed as a fraction of 1 year
J = total number of sea states.

Utilizing a Bretschneider two-parameter wave spectrum
4
Gn(f) _ 1.25 H 2 "p_ o l.ZS(fp/f) (6.6)

where fp = peak wave frequency = l/Tp

the expression for the maximum mean square stress becomes

2 3 2 o4 5.4

2 L25BTee” [CHST £ “RAD | _-1.25(£D) (6.7)
s E M .
320w . X

£ &p

X

Substituting 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 1i.

2.3 2 .4 £ Ab/2
e B BeE G 5 Frap e-1.25(fﬂ)‘q P (1+b/2)
e M 7 10 TE; X (
327 X X
(6.8)
+
where v, = fx’

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 because fatigue
life estimates are extreﬁely sensitive to small variations
in the inputs.

The fatigue life was estimated for the AMOCO 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
ERAD/ET was fixed at .2 for all the sea states. The selection
of a value for CX was not straightforward since modal
directions change with time, since the AMOCO caisson exhibits
no preferred modal orientation. In addition, given the truly
two-dimensional response of the Lollipop, all locations on
the circumference of the pile should have similar stress his-
tories. For the initial fatigue life estimate, C_ was set

X
equal to 1.0 which corresponds to omnidirectional seas. The
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AWS-X modified S-N curve applicable for steel members was
used to obtain b and c.

The results are outlined in Table 6.1. The fatigue life
of 161.1 years should be treated as a baseline estimate. For
instance, with CX equal to 2.0, which corresponds to uni-
directional seas, the fatigue life decreases to 35.3 years.
With CX=1.O and ERAD/€T=OJS, the fatigue life is 21.7 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
accunulation 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 egcluded 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 response analysis given above.
Although the number of such waves expected in the life of the
structure is small, the damage per cycle may be quite large.
In a detailed fatigue analysis, both quasi-static and dynamic
contributions to the accumulation of fatigue damage should be

incXuded.
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CHAPTER 7

DESCRIPTION OF THE FIELD TEST PROGRAM

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 AMOCO's New Orleans office, took charge of all logistical
matters and accompanied the team to the field. His aid was
invaluable and the week of work went smoothly because of his
effort. In addition, the AMOCO field personnel headquartered
on SMI 50B also contributed greatly to the success of the test
program by providing food, overnight lodging, 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 wave 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 results 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 QA116-16, are force-balance accelero-
meters with a dynamic range between +/- 1 g, resolution to
lO'ég and a sgnsitivity, including external amplification, of
100 volts per g. Each is"housed with a separate preamplifier
in a water-resistant case 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 located in
a ¢ylindrical 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 1is
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simply an insulated wire in which the wire and the water act
as the two plates of the capacitor and the insulation is the
dielectric. The wave staff was lowered over the edge of the
wellhead deck until the probe was approximately at 1its zero
calibration 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 calibration was 0.89 volts 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 1is a
function of the wind velocity. The anemometer was calibrated
in the MIT Acoustics and Vibrations Lab wind tqnnel by Peter
Stein, a graduate student. The wind speed to frequency cali-
bration is u = 1.41f + 1 for u in knots and £ 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 10
feet above the wellhead deck, three feet 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. However, after 5Some
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 particlemvelocities were wave
induced.

Data was recorded with a 4-channel Tandberg Model 100
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 range. for any
input range is +/-5 volts. A small screen on the front of
the tape recorder shows the input level of each channel thus
simplifying the choice of input voltage range and allowing
the user to preview the recorded signal. Channel four of the
recorder was also used to record voice commentary. The fre-
quency reproduction of the recorder is very good with errors
less than .1% between recorded and playback signal. All of

the data was recorded at 1 7/8 ips.

7.2 Test Summary

A brief descriptive summary .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 Lollipop.

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 cable 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 7.1 -~ 7.3,
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REEL 1
3-24-80: 1510-1645

1-3 FEET SANE
20 KNOTS
3 1 - NAP
I il 2 —~EAP
2 3 -~ NAW
il4 4 - WSE
KEY
1,2,3,4 - CHANNEL NO, L ANE - ANEMOMETER .
NA, EA - NORTH, EAST ACCELEROMETER WSE - WAVE STAFF
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REEL 2
3-25-80: 0900-1118
4 ANE
l - NAH 1123314
2 - NAP
3 NA @g@ . 5-8 FEET
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4 - NAB

FIG, 7.1: SUMMARY OF FIELD TESTS 1 & 2
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REEL 3
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FIG, 7.3:
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REEL 6
3-28-80: 1630-1715
*
4
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/

20 kNOTS
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T

SUMMARY OF FIELD TESTS 5 & 6
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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: (1) to extract estimates of natural
frequencies, damping ratios, and mean square responses of the
platform response acceleration time histories; (Z) 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 response characteris-

tics.

8.1 Preliminary Data Processing

All of the data processing was done using a Gen-Rad mar-
keted Time/Data system which combines a 4-channel 10-bit A/D
converter with a ﬁigital PDP-11/34 minicomputer. The Gen-Rad
supplied software uses TSL (Time Series Language) to perform
a variety offtiﬁe‘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. Thé déta 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 of the A/D conversion of

each reel is shown in Table 8.1.

Following the A/D conversion, an unformatted direct ac-
cess FORTRAN file is produced for .each channel using the pro-
gram TRANSL. Next, each file is converted to zero-mean, using
the program BZERO, to remove any input offsets which may have
been present during the original recording. The data is then
scaled to convert the tape recorder voltage 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 8.1 - 8.3. The wave elevation record has the distinct
characterisitcs of a Gaussian 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. INPUT CHANNELS SCALE
VOLTAGE SCALRED FACTOR
1 +/-5 EAW,NAW A
2 +/-10 NAH, NAP B
NAW,NAB
3 +/-10 EAW, NAW B
+/-5 WSE C
4 +/-10 EAW,NAW, EAT B
+/-5 WSE C
5 +/-10 EAW,NAW B
+/-5 WSE C
6 +/-10 EAW,NAW B
+/-5 WSE C

O w >
noon o

0.332 ft/secz/volt
0.642 ft/secz/volt
1.124 ft/volt
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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 [1980] for single-channel
analysis and extended to two-channels by Briggs [1981]. 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 Rxx(n) from the
digitized time series. T%e program ACORP, which employs an
overlap and save FFT algorithm [Oppenheim and Schaffer,
1975}, was used to compute a biased zero-mean autocorrelation
function. An autocorrelation is a measure of the linear de-
pendence between two points, in the samé time history, a time
difference n apart. The value of the autocorrelation at zero
lag (n=0) is the mean square strength of the signal. In this
analysis, a maximum lag of 80 seconds (512 points) was
selected which corresponds to a frequency resolution of
.0125 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 desired 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
acceleration 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 estimate with less detail than optimum, while too
many lags may introduce artificial features, such as spurious
peaks, into the spectrum. For the analyst, there are four
different criteria available within 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, 1970] 1is
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 associated with each excited vibration
mode. In this thesis, MEM single-channel spectral analysis
was used to compute response spectral estimates for the AMOCO
caisson. Then, the natural frequencies and damping ratios
associated with the fundamental bending modes were estimated.

Within the MEM programs, natural frequencies are esti-

mated using a maximum response estimator, while damping ratio



TABLE 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 16,896 44.0
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estimates are half-power bandwidth estimates [Campbell, 1980].
The variances of these estimates are also computed, enabling
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
written for this purpose, as it computes estimates and vari-
ances of both natural frequency (fn) and damping ratio (En)
up to 100 lags. Above 100 lags, the program MEMNV (NV = No
Variance calculation is performed) can be used to compute es-
timates of £ and €,- Plots of £ and £, versus lag number
are ¥hen produced from which accurate estimates of fn and En
can be made. This procedure will be demonstrated for reel 3.
data in Section 8.3.1.

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 101
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 8.3.1, a method is presented to isolate the orient-

ation of these modes.
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TABLE 8.4

NATURAL FREQUENCY AND DAMPING RATIO ESTIMATES

ALONG EAST AND NORTH AXES

CHANNEL OPTIMUM LAG 1 El
LAG USED s

= (Hz) (%)
1 - EAP 255 255 . 325 1.05
1 - NAP 256 256 . 3528 1.03
2 - NAH 276 101 . 326 1.60
2 - NAP 249 101 .326 1.61
2 - NAW 298 101 .326 1.54
2 ~ NAB 251 101 .326 1.64
3 - EAW 300 101 . 324 1.35
3 - NAW 265 101 . 327 1.82
4 - EAW 229 101 .323 1.01
4 - NAW 260 101 . 325 .83
4 - EAT 244 101 . 323 - 99
5 - EAW 295 295 . 323 1.50
5 - NAW 278 278 327 1.87
6 - EAW 300 101 . 324 1.11
6 - NAW 241 101 .326 1.58
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8.2.2 Wave Spectral Estimates

Wave spectra were also obtained using the MEM programs.
Useful wave data was recorded on four of the six reels and
the resulting 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 differént. 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 result 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 8.10, is typical of theoretical single-peaked spectra.
Later 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 8.11 and 8.12. An ap-
proximate value of significant wave height (H;) was derived
from the mean square of the wave record Rnn(O) using the re-
lation, HS=4(Rnn(O))1/2, which assumes the wave spectrum 1s a
narrow band process [Conner and Sunder, 1980]. The peak
periods and significant wave heights derived from these spec-

tra are contained in Table 8.6.

8.2.3 Wind Spectral Estimates

Anemometer voltage outputs were recorded on reels 3, 5,

and 6. Wind speed estimates were derived from this informa-
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tion using the anemometer frequency to wind speed calibration
factor, u=1.41f + 1, for u in knots and f in Hz. The fre-
quency content of the anemometer voltage signal was obtained
using the Gen-Rad supplied conventional real-time spectral
analysis program TSLAP. The frequency axis of the spectral
estimate was then scaled to correspond to wind speed in knots.
The result is a wind speed intensity 'spectrum' as shown in
Figure 8.13 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 8.2.1, the
analysis of a single channel of response yields no information
about the modal orientation 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 respomnse
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 response 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
frequencies 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 the seas influences the modal

orientation only indirectly, through changes in the soil pro-

vy

erties 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.
Agcelerometers in a biaxial pair measure platform re-
sponses along two axes. For the Lollipop, the placement of
the accelerometers was chosen strictly for day-to-day repro-
ducibility, by lining one up with platform east, the other
with platform north. Therefore, unless 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-corrélation functions
of the E-N biaxial pair contain these 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
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beam, the principal axes define the surface on which only
normal stress acts (shear stress equals zero). The angle at
which this occurs is obtained using a Mohr's circle analysis.
Using the same algorithm, the characteristics of response
versus orientation 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 8.14), was obtained using

Rll(n;a) Rlz(n;a) cosa sina Ree(n) Ren(n) cosa -sinc

Ryp(m5a) Ry, (nsa) gsinu cosa| | R__(n) R_(n)| |sina cosa
(8.1)

Equation 8.1 was simplified, recognizing Ren(n)=Rne(—n), to
yield the four equations necessary to compute a rotated set

of correlation functions.

2 .2 .
Rll(n;a) = Ree(n)cos a+Rnn(n)51n a+(Ren(n)+Ren(—n)) cosasina

(8.2)

.2 2 .
Rzz(n;a) = Ree(n)51n a+Rnn(n)cos a+(Ren(n)+Ren(-n))cosa51na

(8.3)

Za-Ren(-n)sin2a+(Rnn(n)-Ree(n))cosagina

RlZCn;a) = Ren(p)cos
(8.4)

2

.2 . .
Rlz(-n;a) = Ren(-n)51n a-RenCn)51n a+CRnn(n)—Ree(n))cosa51na

(8.5)
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where: Rll(n;a) = autocorrelation along l-axis for angle «
Rzz(n;a) = autocorrelation along 2-axis for angle «
Rlz(n;a) = cross-correlation between the 1-2 axes

for angle o

A modal orientation identification analysis was perform-
ed to isolate the modal directions associated with each reel
of Lollipop data containing biaxial accelerometer time his-
tories. The analysis scheme developed to make a positive
identification of the unique modal orientation uses five
sources of information in two phases. In the first phase,
plots of natural frequency, damping ratio and mean square re-
sponse estimates along the 1-2 axes as a function of a for
-45°<0<45°, are produced. S%Pce 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 presence 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-
timates were inconclusive and often contradictory. The best
results, obtained from reel 3, are shown in Figures 8.15 and
8.16. In both figures, the solid line represents the orient-
ation of the l-axis, while the 2-axis is the dashed 1line,

plotted versus a. At 0 degrees, the ordinates represent the
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estimates in the E-N axes.

A plot of mean square Lollipop response along the 1-2
axes as a function of o 1ndicates 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 13 degrees North of East which
agrees with the observed sea conditions. In addition,iit 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 correlation 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, modes 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 hypothesis because of its simple geo-
metry and near equality of modal natural frequencies. 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 (sometimes called the coherency squared; Bendat and

Preisol, 1980) which is defined as

2
G, ., (£) .
Yot = Loy Zina (3.6)
G, (£)G _(£) Y
Yy
where Yo ZCf) = coherence function between time histories
Y x and y at frequency f.
ny(f) = cross-spectrum between x and y processes
xx(f) = autospectrum of X process
ny(f) = autospectrum of y process.

A coherence of 1 at a frequency indicates perfect correlation
while a value of 0 implies the time histories are uncorrelated
(incoherent) at that frequency. The computer program BTSPEC,
a two-channel Blackman-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, £=.325 Hz, as a function of o, the_angle
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 13 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 plz(n;a)

Ry, (n5a)
pqp(n5a) = »0<p,(n5a)<1

(Ry;(n3a) + Rzz(n;a))l/2

(8.7)
were produced at the angles of o associated with the maximum
and minimum coherences, and at o=0. The results for reel 3
are shown in Figures 8.19-8.21. The magnitude of the correl-
ation coefficient is substantially reduced along the modal
axes defined by a=13 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. 1In all cases, the estimated
principal modal axis is within 8 degrees of the estimated
dominant forcing direction. In addition, the levels of co-
herence associated with the modal orientations are small (less
than 5%), as they should be, for reels 1, 3, and 4. However,
for reels 5 and 6, the coherence of the modal oreintations are
18% 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 day; reel 4 in the morning, 5 and 6 in
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TABLE 8.5

MODAL ORIENTATION RESULTS

REEL NO. | o a COHERENCY a COHERENCY
F mode | "SoyARED Max |~ gOGUARED
(Degrees) | (Degrees) a (Degrees) a
| “node “nax
1 -32° -25° .0006 +20° .125
3 +13° +13° .008 -32° . 384
4 +32° +35° .009 -10° .194
5 -13° - 7° .030 +38° . 165
L 2 - <
6 -18° -15° .076 +30° .202
“F - Angle associated with dominant forcing direction.

“node - Angle associated with the modal directions,
(minimum coherence)

Cax Angle associated with the maximum coherence
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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 18 degrees
South of East in reel 6. At the same time, the modal orienta-
tion changes from 35 degrees to -15 degrees. Based on this
information, it seems the change in modal orientation lags
the dominant forcing directio£ 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 result.

Once the mddal orientation was isolated, single-channel
MEM spectral analysis was 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 1s required. As discussed in Section 8.2.1., the pro-
grams MEMAM and MEMNV are used for this purpose. Here, plots
natural frequency and damping ratio estimates versus lag num-

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

of

3.
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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-
cult 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
based on an approximate mean value for lags above 200. It 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 of 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 the 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 alongythe East-West axis.
A detailed description of the estimation of the damping as-
sociated with the dynamic absorber is contained in a report
by Lu and Vandiver to be presented at the 1982 Offshore Tech-

nology Conference.



129

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 transducer of the wave forcing. Specifi-
callyf in a directionally spread sea, the maximum mean square
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 accelerometers 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 5.13 will be used. To calculate an estimate of the
eccentricity from a biaxial pair of accelerometer records
measured on the AMOCO caisson requires the following steps:

1) Isolate the dominant forcing direction ap as
outlined in the previous section (see Figure
8.17 and Table 8.5) and record the values of
mean square response along both axes.

2) Equate the maximum mean square value Rmax[o;aF)
with the major axis of an ellipse and the minimum
value Rmin(O;aF) with the minor axis.

3) Compute the eccentricity which is defined as

2.4, ) 2. 1/2
- (az—bz)l/2 _ (Rmax (O’aF) Rmin (O’QF)) 3.8
e = 2 = ( . )
a Rmaxco’aF)
where a = major axis of an ellipse
b = minor axis of an ellipse



130

Estimates of the eccentricity were calculated for all
biaxial accelerometer pairs and these results are shown in
Table 8.6. In all cases, 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 stress within the pile as a function of time. The total
displacement response of the Lollipop is much simpler than
multi-pile structures since only two modes contribute signifi-
cantly to the total response. However, even with only two
modes, the displaéement of the caisson is random and very dif-
ferent from the displacements calculated assuming unidi- z
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 fit (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 fit

5) Integrate

6) High pass filter

7) Least squares fit

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 results were obtained for the
NAW accelerometer. The initial 50 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 corresponding dynamic stress field within

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 AMOCO 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 these topics is thoroughly
addressed in the thesis by Briggs, 1981, in which he applied
multichannel MEM épectral analysis techniques to the Lollipop
data. Some of his results are included here in order to docu-
ment all pertinent data analysis of the AMOCO caisson in a
single source. In particular, his analysis of reel 2 (Load
Case 2 in his thesis) 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 Lollipop. Mode shape identification is accomplished using
the values of the transfer functions between accelerometers
at each of the platform's responding natural modes. Cross-
spectral magnitudes, phase and coherence estimates are requir-
ed to isolate these modes. As an illustration, the cross-
spectral results between north pointing accelerometers on the
helideck (NAH) and the wellhead deck (NAW) are shown in Fig-
ures 8.31-8.34. 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 associated with
a mode from the phase and coherence estimates. For instance,

for the fundamental flexure peak, the accelerometers are in
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phase with one another with unity coherence indicating first
mode response. The tape recorder noise peaks will be discus-
sed in the next paragraph. Once the modal response frequen-
cies are known, the values of the transfer function between
one pair of accelerometers at these frequencies are tabulated.
After analysis of each pair of accelerometers, an estimate
of the mode shape can be made. Results of this procedure are
shown in Table 8.7. The estimated mode shape of the first
two fundamental modes is plotted in Figute 8.35 against the
mode shape from the finite element model discussed in Chapter
3.

The tape recorder noise (TRN) peaks identified in Figure
8.31 were isolated by recording a tape with grounded inputs
and theﬁ computing the noise spectrum. Figure 8.36 shows the
noise spectrum normalized to the same units and plotted on
the same scale as the cross-spectral magnitude. The presence
of noise in the méasurements inéroduces 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 spectral

estimates at these frequencies are less reliable.
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TABLE 8.7
SUMMARY OF CROSS-SPECTRAL ESTIMATES

FIRST THREE FLEXURAL MODFS [RRIGGS, 1981]

Phase
Accelerometers [Deg] Coherence Sg. Transfer Function

Fundamental Flexure = 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 ) 0.57

NAH and NAW 12 0.70 0.07
NAH and NAB 180 0.95 Q.65

Third Flexure = 3.06 Hz

NAH and NAP 15 0.00 0.15
NAH and NAW 180 0.05 0.15
NAH and NAB 180 0.00 0.10
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CHAPTER 9

SUMMARY AND CONCLUSIONS

The dynamic response characteristics of an operational
single pile platform, the AMOCO 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 of 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 1life 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. Separately 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 subjected to random directionally spread seas..
For the AMOCO caisson, predicted responses. agreed closely with
measured response levels.

Incorporating results from the finite element model with
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 input parameters is quickly established.
The model explicitly includes wave spreading. More research
is needed to quantify the statistics of the stress field with-
in a structural member under resonant response conditions when
several modes are excited.

The other major 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 1solated for each biaxial pair.

Results indicate that the modal orientation and the dom-
inant forcing were less than 10 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
forcing changed direction, the modal orientation, as defined
above, shifted.direction as well. This would imply that di-
rectionality in the forcing alters the modal orientation and
the most probable mechanism is through modifications of the
solls properties under cyclic loading. The dominant response
direction was also used to estimate,spreadiﬂg 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 verification. The installation 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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