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1.  GENERAL CONCEPTS

INTRODUCTION

The guyed tower has been developed as a deepwater drilling and
production platform (Figure 1-1). For water depths beyond about
1,000 ft., it 1is expected that the guyed tower can provide an
economic advantage over conventional fixed platforms. Since the
guyed tower permits conventional drilling and production operations,
it also can offer advantages over floating system that use subsea
wellheads. Drilling operations are conducted from the deck of the
tower and conventional field processing equipment and utilities are
in modules on a two or three level deck.

Several engineering studies have established the conceptual
feasibility of the guyed tower (1-5). Scale model tests both in the
ocean and in wave tanks have verified the theoretical aspects of
guyed tower behavior. The first commercial application of on
offshore guyed tower for drilling and production of hydrocarbon
reserves is being made by Exxon Co. The structure is to be installed
during the summer of 1983 at the Lena prospect (Mississippi Canyon
Block 280) in 1,000 ft. of water in the Gulf of Mexico (Fig. 1-2).

The guyed tower belongs to a class of structures commonly referred to
as Compliant. The basic idea of compliancy is that the platform is
permitted to move in response to applied environmental forces rather
than rigidly resist them as in a conventional fixed platform.

DYNAMIC COMPLIANCY

It is accepted practice to design shallow water platforms using
static methods of analysis. The static approach is adequate since
the fundamental natural period of such platforms is much smaller than
the predominant periods of the waves at which significant energies
are contained. However, as the ratio of the natural period of the
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platform to the period associated with the significant energy in the
design sea state increases, inertial forces become important. These
concepts are further illustrated with reference to specific examples.

The action of Tlateral wave forces due to the design storm on a
shallow water fixed platform is known to be static. The distribution
of wave forces and associated inertial loads on a deepwater fixed
platform is shown in Figure 1-3(a). Finally both the wave forces and
inertial loads on a guyed tower are shown in Figure 1-3(b). The
following important observations can be made. The inertial forces
acting on the deepwater fixed platform are quite significant.
Furthermore, the inertial forces act in the same direction as the
wave forces and the total force for which the platform must be
designed is increased. The guyed tower exhibits an interesting
phenomenon in which the inertial forces act in a sense opposite to
the wave forces and hence decrease the magnitude of the lateral
forces for which the platform must be designed. The first example is
typical of most structures but the behavior of the guyed tower is
quite different from that wusually encountered 1in engineering
practice. While 1in most instances dynamic response leads to
amplified design forces, in the case of guyed tower dynamic action is
utilized to reduce the design forces. The behavior of the guyed
tower system is commonly referred to as compliancy. An alternate
designation would be dynamic deamplification.

The above concepts are graphically illustrated in Figure 1-4. The
ordinate in this figure represents the ratio of the dynamic Tateral
wave force to the force computed assuming the platform is rigid. The
abscissa represents the ratio of the fundamental natural period of
the platform to the period of the exciting forces assuming the latter
to be periodic. For purposes of discussion this amplification
diagram is divided into four regions. In region I, the amplification
of the wave forces is negligible. Shallow water platforms fall into
this category. The period of the platform must be less than about
twenty percent of the design wave period so that the wave forces can
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be assumed to act in a static manner. Region II is characterized by
dynamic amplification. Deepwater fixed platforms fall under this
region. The'upper Timit of this region is governed by a number of
factors including fatigue, practical design and construction
considerations and above all platform cost. At the present
state~of-the-art it is believed that the platform period can be as
high as forty to fifty percent of the period of the design wave.
Region III is characterized by high dynamic amplifications. Economic
considerations discourage design and construction of  such
structures. Compliant structures such as a guyed tower, buoyant
tower or tension leg platform belong to region 1IV. Note in
particular that the design forces for structures in this region are
only a fraction of the forces computed assuming static behavior of
the structure.

GUYED TOWER DESCRIPTION

The guyed tower platform consists of four major components: deck,
tower, foundation and mooring system (Figure 1-5). The deck can be
of the conventional modular type and can be installed using
conventional equipment and procedures. The tower supports the deck,
protects the conductors and risers, and serves as a template for
driving piles if a pile foundation is employed. The tower is similar
to a fixed platform Jjacket but has generally a uniform cross
section. It is designed using the same principles and procedures
used in the design of deepwater fixed jackets. Large permanent
buoyancy tanks are sometimes built into the upper portions of the
tower to reduce vertical loads on the foundation system. The
permanent buoyancy also provides additional restoring forces.

Two types of foundation systems have been proposed. Earlier work on
guyed tower platform utilized a vertical bearing foundation called a
spud can (Figure 1-6). It is basically a truss reinforced stiffened
shell which is artificially forced into the ocean bottom immediately
after installation until the required load carrying capability is
attained. A procedure has been devised to force the can downward by
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adding an overload in the form of a heavy drilling mud into the spud
can. Once the deck load has been placed and the tower has reached
the desired depth of penetration, the drilling mud is pumped out bf
the spud can. Extensive analytical studies and model test have been
conducted to predict the penetration of the spud can into the soil.
The spud can foundation system has been used in the test guyed tower
program conducted in the Gulf of Mexico by Exxon Production Research
Company.

More recent work identified the pile foundation as a viable alternate
to the spud can (Fig. 1-7). Experience with the performance and
installation aspects of piles in conventional platforms make the pile
foundation particularly attractive.

The piled foundation consists of sufficient number of ungrouted piles
usually located near the center of the tower. The piles are spaced
as close as practically possible to reduce foundation fixity at the
base. The piles are attached to the tower at its top by welded
connections. The pile foundation is described further in Section
2.5.1.

The mooring system consisting of several guylines attached to the
tower near mean water level and arranged radially provide lateral
support for the tower. The guylines extend from the tower to
clumpweights on the ocean floor. Anchor 1ines will connect the
clumpweights to anchoring devices installed on the ocean floor. Under
normal operating conditions the clumpweights will remain on the ocean
floor, and the platform motions will be nearly imperceptible. During
a severe storm, the weights on the stormward side of the tower will
1ift off bottom and will soften the guying sytems. This will permit
the tower and the guying systems to absorb the energy associated with
the large wave loads without appreciable increase on the guyline
tension.

The mooring system described above which incorporates clumpweights is
the one widely considered for guyed tower design. However, it is
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possible to design a mooring

certain circumstances, especially for applicatons in
waters. The merits and demerits of such a mooring

discussed in a later section.

system without clumpweights under

the deeper
system are
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2. DESIGN CONSIDERATIONS

This section of the report discusses the major design considerations
with emphasis on those factors which are particularly important for
guyed towers.

LOADS

The following types of loads should be considered in the design.

1.

Dead Loads - These are the weights of the platform structure,
permanent equipment and appurtenant structures. The platform
weight inclues platform weight in air with appropriate provision
for piles, grout, flooded water, etc.

Buoyancy and hydrostatic forces.

Live Loads - These are loads imposed on the platform during its

use and which may change. Examples of such loads are drilling
and production equipments which could be added or removed from
the platform, weight of supplies and storage items, and forces
generated from operations such as drilling, material handling,
etc.

Environmental Loads - These are loads imposed on the platform by

natural phenomena such as wind, wave, current, earthquake, soil
movement, ice, etc. The dynamic effects associated with the
response of the guyed tower to these 1loads should also be
considered.

Construction Loads -~ These 1loads vresult from fabrication,

loadout, transportation and installation of the platform and its
subsystems.
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2.3

LOADING CONDITIONS

Several representative loading conditions should be investigated
during design. Both operational and extreme design sea states should
be investigated and in each case several directions of wave approach
should be considered. Both maximum and minimum conditions of deck
payload and critical positions of drilling rig positions should also
be investigated.

Some of the important lToading conditions are identified below.

(1) Operating Condition,
(2) Design Condition,

(3) Damaged Condition, and
(4) Extreme Condition.

A more detailed treatment of these 1loading conditions and their
significance on guyed tower design are presented in a later section.

DECK

The deck configuration is primarily determined by the functional
requirements related to the drilling and production operations. It
should also be compatible with the tower configuration, which is
square or approximately square in most cases. In locating the
elevation of the lowest deck consideration should be given to the
setdown due to the substantial lateral deflection of the tower under
extreme storm.

The structural design of the deck can be done following procedures
similar to that used for fixed platforms. The dynamic effects of
wind should be investigated and accounted for in an appropriate
manner. The inertia Toads on the deck produced by the motions of the
platform should also be considered in the design of the deck.
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In order to reduce the second order forces, the design may provide
for the uncoupling of the tower and well conductors. In such cases,
the design should provide space for the vertical movement of the
wellheads.

TOWER

The overall design of the tower should follow procedures used in the
design of jackets (6). The cross sectional dimensions of the tower
are governed by the following considerations: (1) the tower should
be Tlarge enough to support the deck; (2) the tower should provide
sufficient space for the conductors and the foundation system
consisting of a number of piles; and (3) the tower should be
sufficiently stiff so that its flexural period is less than about six
seconds to avoid amplification of wave loads in that mode and hence
minimize member forces.

The cross section of the guyed tower can be kept uniform since an -
increased base is not required. The bracing patterns and member
sizes are selected using fixed platform design practice. The member
sizes in the upper part of the tower are governed by gravity loads,
Tocal wave loads and the pretension in the mooring system. In the
bottom part of the tower the member sizes are governed by hydrostatic
loadings. In the middle portion of the tower, the flexural mode of
the tower produces most of the stresses. Fabrication and
installation considerations will govern the design of members locally.

FOUNDATION

As mentioned in Section 1, two types of foundation systems have been
proposed for the guyed tower, the spud can and piled foundation. The
spud can is basically a truss-reinforced stiffened shell (Figure 1-6)
which is artificially forced into the ocean bottom immediately after
installation until the desired load carrying capability is attained.
The can is forced downward by adding an overload in the form of a

Y Yy,
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2.5.1

heavy drilling mud to the spud can. Once the deck load has been
placed and the tower has reached the desired depth of penetration,
the drilling mud is pumped out of the spud can. Both analytical and
experimental studies have been performed to predict the
load-settlement behavior of the spud can. The major disadvantages of
this foundation system are that the installation of the spudcan is
difficult and that the 1long term vertical settlement of the
foundation system is of concern.

More recent work identified the pile foundation as a viable alternate
to the spud can system. Experience with the performance and

- installation of piles in conventional platforms make such a

foundation the favored concept.

Pile Founded Guyed Tower

The basic idea of the guyed tower is that it acts as a rigid tower
pinned at the base in its fundamental sway mode. A pile foundation
system can be designed to act as a pivot which permits rotation of
the tower. In the design of conventional deepwater fixed platforms
the increased stiffness and foundation capacity are obtained by
increasing the size of the jacket and by spacing the piles as far
apart as possible. In the case of the guyed tower an opposite
approach is used to decrease the stiffness and thereby increase the
natural period. Specifically, the tower is designed to be slender,
and the piles are closely spaced and ungrouted. This design strategy
virtually uncouples the lateral stiffness of the tower and the
bending stiffness of the piles. The tower can be thought of as being
suspended from the piles since the pile terminations where the load
transfer is effected are located above the mean water level. The
axial flexibility of the piles in combination with their close
spacing leads to the required pivotal action.

Figure 2-1(a) shows a two dimensional representation of the gquyed
tower. Figure 2-1(b) shows a physical model which simulates the
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action of the piles. The piles are replaced with springs having the
same stiffness as the axial stiffness of the piles. Finally Figure
2-1(c) shows the analytical model in which the tower is represented
as a rigid bar with masses lumped at various locations. In this
model both the stiffness provided by the piles and the rotational
stiffness provided by the foundation are represented by a single
rotational spring. The above analytical model is designed to
illustrate how the compliant behavior is achieved in a pile founded
guyed tower.

The foundation system for the guyed tower consists of a number of
deep penetrating vertical piles. The number and size of piles is
primarily dictated by the total foundation load to be carried, pile
capacity and installation considerations. Group efficiency of piles
must also be considered in selecting the foundation configuration.
The axial loads on the piles are due to three components: (1) the
net effect of structural dead weight plus the deck payload less the
buoyancy; (2) the vertical component of the forces in the mooring
system; and (3) the axial forces due to environmental loadings. The
first two items produce about sixty to eighty percent of the axial
lToad on the most heavily loaded pile. The vertical load due to
pretension in the mooring system is quite significant.

The gravity loads and the contribution of the pretension produce
constant axial 1loads on the piles. Environmental loads produce
oscillatory axial forces. Since the oscillatory axial loads are less
than the constant compressive loads, the piles in a guyed tower are
always under compression. This is in contrast to fixed platforms in
which the piles are also subjected to tension under design
environmental conditions.

Since most of the environmental loads are resisted by the mooring
system, the shear and moment at pile head are not significant. Hence
an optimum design of the foundation system should reduce the axial
Toad on the piles. A good design strategy is to reduce the static
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component of vertical load on the foundation by use of additional
buoyancy tanks in the tower. Such buoyancy tanks must be Tlocated
sufficiently below the mean water level so that the wave forces can
be reduced.

The design of the pile foundation can be based on conventional design
procedures, except that the dynamic behavior of the soil-pile system
must be considered. In particular the cyclic degrading behavior of
the soil under lateral Tloads should be considered. Besides the
maximum stress criteria, the fatigue of the pile should also be
investigated.

Torsional rigidity is an important consideration in the design of the
foundation system. Since the torsional rigidity of the guyed tower
is provided by the foundation system, additional rigidity can be
provided by using shear piles. Conductors will also contribute to
the shear and torsion capacity and hence should be included in the
analytical model.

MOORING SYSTEMS

There are primarily two types of mooring systems. The first is
commonly referred to as a catenary mooring system. In a catenary
mooring, the mooring line exits the structure or vessel at a
fairlead, hangs in the shape of a catenary until at some distance out
from the fairlead it contacts the sea floor and is tangent to the sea
floor at this point. The line then runs along the sea floor to an
anchor which fixes the end of the mooring line. This type system is
characterized by the fact that increases in line tension caused by
increased forces at the fairlead are resisted by picking up
additional line from the sea floor, and thus its behavior is governed
by their unit weight.

The distributed clumpweight mooring (Fig. 2-2) can be viewed as an
optimized conventional catenary mooring. The stiffness of a
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conventional mooring is determined by the sag of the suspended
section which is always at a maximum due to the 1ifting action. The
most effective way to increase the stiffness is to reduce the sag of
the suspended section by reducing the unit weight of that section.
This 1is accomphished by using wire rope, which is very 1light when
compared to the weight per unit Tlength of the clumpweight,
pretensioned to about 30 percent of its breaking strength to reduce
the sag to an acceptable amount.

DESIGN OF CLUMPWEIGHT MOORING SYSTEM

The mooring system is a distinguishing feature of the guyed tower and
is the primary contributor to the lateral stiffness of the platform.
Besides providing the required lateral stiffness, the mooring system
with clumpweights also acts as a relief valve under extreme loads.
The load-deflection relationship for a typical mooring system for
lateral response is shown in Figure 2-3. It may be noted that the
load-deflection behavior is essentially linear up to a certain level
(Point A) of tower deflection which covers a wide range of operating
environmental conditions. However, during the design storm the
deflections of the tower are such that the tower responds in the
nonlinear softening part of the load-deflection curve. The
implications of the mooring system behavior on the tower response can
be 1interpreted as follows. The decrease in the mooring system
stiffness leads to an apparent increase in the instantaneous period
of the platform and this places the tower response farther to the
right in region IV of the response spectrum shown in Figure 1-4.
This further reduces the dynamic amplification of environmental
loads. Stated differently, unlike the case of a linear structure, an
increase in environmental loads does not produce a corresponding
increase in the tower response, especially in the resultant cable
forces which support the tower. Thus the mooring system can be
thought of as a relief valve which provides protection against
overloads. The static behavior of the mooring system will be
examined in more detail in a later section.
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Analysis of guyed towers reported to date model the mooring system as
a massless spring having nonlinear force displacement behavior
derived from a static analysis of the mooring system. Such an
idealization which uncouples the dynamic behavior of the tower and
the mooring system is adequate for predicting overall response of the
guyed tower and has been verified through the at sea model test
reported in Reference 2. Analytical investigations currently in
progress at Rice University also confirm this conclusion. However,
the dynamic behavior of the individual guylines should be explicitly
considered to predict the variation of tensions accurately (2, 7, 8).

The selection of a mooring system is of primary importance in a guyed
tower design since the Tlateral resistance to the environmental
loadings is almost totally provided by the mooring lines. In designs
of guyed towers to date, a starting point for the mooring system
design has been to obtain an estimate of the required initial lateral
stiffness of the mooring system which will guarantee satisfactory
tower response under operational sea states. The magnitude of this
stiffness, referred to as the initial stiffness, is governed by the
following factors: (1) the sway period of the tower should be
approximately twice the period of the design wave; (2) the stiffness
should be such that the tower deflections are acceptable under static
environmental Tloads, namely wind and current loads; and (3) the
mooring system should be sufficiently redundant such that the
platform behavior 1is acceptable even with a specified number of
mooring lines out of service when subjected to the design storm.

In addition to the required initial lateral stiffness an estimate of
the required strength level of the mooring system is useful in
selecting a preliminary mooring configuration. The term, strength
level, is used to refer to the total lateral resistance that the
mooring system must provide under extreme loading conditions before
any significant reduction 1in the mooring array stiffness occurs.
Factors influencing the required strength level are: (1) the maximum
wind load occurring during the extreme storm condition; (2) the
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nonzero mean of the combined current and wave loadings; and (3) the
P-Delta effects associated with the weight of the deck and tower
structure.

Mooring systems for gquyed towers may consist of sixteen to
twenty-four mooring lines. Two systems which utilize twenty-four
mooring lines are shown in Figures 2-4 and 2-5. The system shown in
Figure 2-4 is arranged in twenty-four evenly spaced radial
directions. In Figure 2-5 the mooring lines are paired in twelve
radial directions. The choice of the number of mooring lines in the
system depends on many practical considerations which, in addition to
the redundancy requirement mentioned previously, include items such
as the Tlimitations and availability of installation equipment, the
cost of installation and materials, the material availability, and
the long term operation considerations. The choice between single
and paired lines is governed by such factors as the topography in the
area of the platform, the time required for the installation of the
mooring lines, the 1lifting capacities of the installation equipment,
and the clear area requirements surrounding the platform.

Figure 2-6 shows the arrangement of a single mooring line. It
consists of an anchoring system, anchor line, clumpweight, and

‘guyline. As will be discussed later, a distributed clumpweight -

offers many advantages. If a system of single lines is utilized, a
single anchor pile per line may be used (1, 3). The anchor Tline
termination is located below the mudline near the midpoint of the
pile. Locating the termination below the mudline provides a very
efficient means of lateral load transfer by minimizing the bending
moments in the pile. In addition the pull-out resistance is
significantly increased over an arrangement with the termination at
the mudline. If the ‘mooring 1lines are paired so that a single
clumpweight is used for two lines then the installation tolerance
required to ensure that both lines are evenly loaded requires that an
anchor template be positioned on the ocean floor (4). Anchor piles
are then driven through this template. In this arrangement the
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anchor line termination 1is at the mudline which would create a
greater demand on a single pile; however, multiple piles may be used
to anchor each Tine since the anchor template will serve to
o ; distribute each line load to more than one pile. Because of the
;i large mean tension level in the anchor Tines which will be sustained
throughout the design Tife of the structure the long term effects of
el lateral creep in the soil must be considered in the design of the
anchor piles.

The elevation at which the guyline enters the tower is chosen based
on installation and operational considerations and is kept
sufficiently below the water surface to avoid interference with
service vessels. In Reference 1 the optimum location is recommended
to be the Tevel of the centroid of the design wave Toadings on the
- structure. The guyline as shown in Figure 2-6 actually consists of
E two sections. The first section extends from the clumpweight to an
outboard connection located several hundred feet away from the

5? tower. The second section sometimes referred to as the pendant
o section extends from the outboard connection to the entry elevation.
gz From the entry elevation, the pendant is directed through the tower
b using fairleads or hawse pipes to an elevation where the tensioning
r and holding devices are located. Either chain or wire rope may be
&5 used for the pendant section. In both cases the abrasion, corrosion
~ and bending fatigue are important design considerations for the

b
k.

pendant section.

2.7.1 Behavior of a Single Mooring Line

In order to design an efficient mooring system a thorough knowledge
and understanding of the design parameters which influence the

™ mooring behavior is required. Fundamental to the array behavior is
& the behavior of a single mooring line. Traditionally in catenary
- spread mooring systems the design approach has been to increase the
i@ unit weight and length of the mooring lines until an acceptable

combination is found. As will be shown below the guyed tower type
m - 15 -
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mooring is a more complicated system than the conventional catenary
mooring, and additional design parameters other than the unit weight
and the length of the mooring line are available for use in its
design. The following parameters govern the load deflection behavior
of a single mooring line.

1. The pretension applied to the line.

2. The clumpweight intensity or weight per unit length.

3. The total weight of the clumpweight.
The angle of inclination of the guyline or in other words the
distance the clumpweight is placed away from the tower.

5. The length of the anchor line.

The 1length of the anchor 1line contributes to the mooring 1line
behavior in two ways. First, under extreme 1loading conditions,
excessive mooring line tensions are likely to occur unless the line
behavior becomes soft. The length of the anchor line governs the
range of the deflections over which the soft behavior of the mooring
1line will be seen after the clumpweight has 1ifted. Once all of the
anchor line is lifted off the sea floor, the mooring line tensions
will begin to increase rapidly. The possibility of overloading a
mooring line is reduced by making the anchor line longer. However

‘under moderate tensions when the clumpweight 1is still partially -

resting on the sea bottom, the anchor line is fully supported and
behaves as a Tlateral spring support for the mooring line. It
therefore reduces the overall stiffness of the mooring line. Since
the spring value of the anchor 1line is reduced as 1its length
increases, the length of the anchor 1line should be no longer than
necessary. A minimum length of one water depth plus several hundred
feet is required for installation pdrposes so that the anchor system
may be lowered separate from the clumpweight. In the designs to date
this minimum length has provided a sufficient soft behavior range.

The lateral stiffness of a single mooring line consisting of an
anchor line, distributed clumpweight and guyline is shown in Figure
2-7 for various values of clumpweight intensity and angles of
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inclination measured from the sea floor. The cable chosen for the
guyline and anchor line in this example is 5 inch diameter wire rope,
and the point of attachment to the tower is 1500 feet from the sea
bottom. The length of the anchor line is 1800 feet. The stiffness
values shown in this figure assume that the guyline is very taut and
thus are the maximum values which may be expected for a 5 inch cable
system.

In Figure 2-7 it 1is seen that the stiffness of the mooring Tline
jncreases as the intensity of the clumpweight increases and as the
angle of inclination decreases. However, note that the length of the
guyline increases rapidly as the angle of inclination decreases below
the 25 to 30 degree range. Practical limits for the minimum angle of
inclination may be obtained from the maximum available length of a
particular cable and the relative cost of handling a higher intensity
clumpweight versus purchasing additional lengths of wire rope. The
intensity of the clumpweight is limited by the allowable soil bearing
pressures and the maximum desired width of the clumpweight. A first
guess for possible ranges of the clumpweight intensity and the angTe
of inclination which provide a given initial stiffness for each
individual mooring line may be obtained dsing Figure 2-7.

A third parameter which governs the load-deflection behavior of the -

mooring line is the magnitude of the pretension applied to the
mooring line. The lateral stiffness of the guyline segment alone is
shown as a function of the guyline tension in Figure 2-8. Curves for
a wide range of angles of inclination are given. In Figure 2-8 the
stiffness of the guyline is normalized with respect to the taut line
stiffness value which was assumed when computing the curves for
anchor line - clumpweight - gquyline stiffness given in Figure 2-7.
The taut 1line lateral stiffness may be found from the simple
expression

AE 2 AE 2 .
KT = T cos eb == cos eb sin eb
-17 -
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where AE is the equivalent rope modulus, L is the approximate length
of the guyline and e, is the angle of inclination with respect to
the sea bottom.

In Figure 2-8 one may note that as the angle of inclination decreases
larger percentages of the breaking strength of the rope are required
to achieve the same ratio of actual guyline stiffness to the taut
line stiffness. Furthermore, for the 5 inch wire rope and water
depth considered in this example, to actually achieve the taut Tine
stiffness value requires tensions around the breaking strength of the
rope. Therefore the effect of the guyline tension must be included
when attempting to predict the stiffness of a guyed tower mooring
Tine particularly for the smaller values of the angle of inclination.

The initial stiffness of a single mooring line with an angle of
inclination of 25 degrees is given in Figure 2-9. In this figure the
single line stiffness is plotted as a function of the clumpweight
intensity for various ratios of pretension to the rope breaking
strength. For a given value of pretension, the stiffness of the
anchor line - <clumpweight - gquyline system increases as the
clumpweight intensity increases up to a limiting value determined
primarily by the stiffness of the guyline section.

In the following figure, Figure 2-10, the value of the pretension has
been set equal to 30 percent of the breaking strength of the
guyline. The initial stiffness of the mooring line is plotted as a
function of clumpweight intensity and angles of inclination. Similar
curves could be drawn for other values of pretension with higher
pretensions generally producing larger values of initial stiffness.
One point to note in comparing possible combinations of pretension
and angle of inclination is that larger pretensions and angles of
inclination will produce higher amounts of vertical load on the
platform. This aspect will be discussed further in a later section.

ot e

D
L2 L L PN SN,

SRy ML
NN




]

e
Bz

i |

iz

2.7.2 Behavior of the Mooring System

Thus far the discussion has primarily centered around the estimation
of the initial stiffness of an individual mooring line. However in
the design requirements the known desired stiffness quantity is the
overall stiffness of the entire mooring system. In order to
determine the requirement for a single mooring line, a qualitative
understanding of the behavior of the mooring array in terms of the
individual mooring lines is required. Without going into elaborate
details consider the simple example of two opposing mooring lines

shown in Figure 2-11.

The instantaneous lateral stiffness of the two 1line system at a

i

&E particular value of deflection is equal to the sum of the individual

- stiffness of each line and is a function of the instantaneous tension

23 of each line. For example, consider that both lines are tensioned
very highly, then the initial stiffness of the array would be twice

53 the limiting stiffness of an individual line. As the tower deflects

to the right increased tension in the left side line will not produce
any larger stiffness, since it is already at the Tlimit, and the
decreasing tension on the right side will reduce the stiffness of
that line eventually to a very low value. Therefore, the array

o

éé ‘exhibits a softening behavior with the limiting array stiffness for -

- the deflected tower being equal to the limiting stiffness for one

B line which is one-half of its initial value.

g} Now consider that both lines have a very low value of pretension such
that the initial stiffness of each line is zero for pratical

ﬁﬂ : purposes. As the tower deflects the line on the left side will

B

tighten, and its stiffness will increase eventually to its limit if
the deflection is great enough. The line on the right side will
remain slack and will not contribute to the array stiffness.
Therefore the limit of the array stiffness for the deflected tower is
again equal to that of a single 1ine, and the array shows a hardening
behavior. It stands to reason that for some moderate tension,
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between the very taut and the very slack cases, the combination of
the two lines will produce a combined stiffness which varies only
slightly about the limit for a single line as shown in Figure 2-11.
It should be noted that the softening or hardening behavior discussed
above is due to the mooring line pretension and is seen in the
initial portion of the mooring array response curves.

If the angle between each mooring line and the direction of
deflection is denoted by o and the instantaneous stiffness of each
line in its radial direction is ki then the instantaneous array
stiffness is given by

where N is the number of mooring lines.

Assuming that all the 1lines are pretensioned identically the
stiffness of the array at zero tower offset for the 24 cable array
shown in Figures 2-4 and 2-5 is found to be twelve times the
stiffness of a single line. As an example consider that the array
stiffness sought is 275 kip/ft. then the required initial single

‘mooring line stiffness is 23 kip/ft, assuming a quasi-linear response )

for the opposing line pairs. From the data given in Figures 2-9 and
2-10, one choice for a 5 inch mooring line configuration would be an
angle of inclination of 25 degrees, a clumpweight intensity of 3
kip/ft and a pretension of 30 percent of the breaking strength of the
cable.

As a first check of the behavior of the above mooring line as the
tension changes recall the data for the guyline section given in
Figure 2-8. For an angle of inclination of 25 degrees and pretension
of 30 percent of the breaking strength (Tu), the initial stiffness
of the guyline section is approximately 0.5 of the limiting value

(kmax)' If the tension increases to 50 percent of Tu the
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stiffness increases to approximately 0.85 kmax’ while if the
tension decreases to around 20 percent Tu the stiffness decreases
to about 0.2 kmax‘ Therefore as the tower deflects the opposing
lines should interact to maintain the stiffness within a reasonable

amount of the initial value.

As a further check of the choice of mooring line parameters before
proceeding with an actual analysis, the data given in Figure 2-9 may
be replotted as shown in Figure 2-12, In this figure the horizontal
stiffness of the 5 inch mooring system has been plotted versus the
maximum Tine tension for a single value of clumpweight intensity, the
chosen 3 kip/ft value. As seen in this curve the starting tension of
30 percent Tu produces the desired single line stiffness of 23
kip/ft. At a maximum line tension of 50 percent of the breaking
strength the stiffness has increased to 30 kip/ft. The tower offset
which will produce a change in tension from 30 to 50 percent is
estimated to be 20 ft. For a 20 ft. deflection the tension in the
slacking line is estimated to be 19 percent Tu with a corresponding
stiffness of 12 kip/ft. If only two opposing lines are considered
the combined initial stiffness is 46 kip/ft which will result in an
initial array stiffness of 275 kip/ft. As the tower deflects until
the Tine with increasing tension reaches 50 percent Tu’ the

“instantaneous stiffness of the two 1lines decreases to 42 kip/ft.

Therefore the array will be slightly softening; however, the choice
of mooring line still appears feasible.

Thus far we have defined the size of the cables (5 inch), the angle
of inclination (25°), the length of the anchor 1line (1800 ft.), and
the intensity of the clumpweight (3 kip/ft). The remaining quantity
to be defined is the total weight or length of the clumpweight. Two
factors influencing this choice are (1) the maximum allowable tension
and (2) the required strength level of the mooring system.

The total weight of the clumpweight to 1imit the tension to a value
of Tm may be estimated using the formula given below,
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W = v/kTm - qGZ) - (Tm - —%r ) cos e,

where dg is the submerged unit weight of the guyline and Z is the
vertical projection of the guyline. In most cases Z may be taken to
be equal to the distance from the tower fairlead to the ocean floor
since the height of the upper end of the clumpweight above the sea
floor is usually small compared to the depth.

For a maximum line tension of 1450 Kips, which is one-half the
breaking strength of the 5 in. rope, the weight of the clumpweight
would be on the order of 510 Kips resulting in a length of 170 ft.
for the clumpweight. Lifting of the clumpweight will occur at a
tower offset of 19 ft. for a 510 kip clumpweight. Due to the
strength requirements of the tower for which this mooring was
designed it was found that the size of the clumpweight could be
reduced somewhat. The length of the clumpweight was reduced to 157
ft. with a total weight of 471 Kips. Total lift will then occur at a
tower of offset of 16 ft. and a maximum line tension of 47 percent of

the breaking strength.

The design of the mooring line thus far has been accomplished by

~using approximate relationships for the line stiffness and a few

special solutions such as the solution for the tension and offset at
the point of total 1ift of the clumpweight (9). It now remains to
perform the mooring analysis which will determine the actual static
mooring response and verify the design. For purposes of this
discussion, only dead weight forces are considered to act along the
cables. The variation of cable tension as a function of the tower

movement is shown in Figure 2-13.

The horizontal force required to move the system for various values
of horizontal displacement is shown plotted in Figure 2-14. The
single line mooring exhibits a hardening behavior for deflections up
to about 16 ft. and then the stiffness of the line begins to reduce
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due to the 1ifting of the clumpweight. The relative position of the
clumpweight for various values of tower movement is shown in Figure
2-15. Initially, for no lateral deflection of the tower the front
portion of the clumpweight is off the sea bottom. About 80 percent
of the clumpweight is off the sea bottom when the tower moves 10 ft.
laterally, and finally full 1ift of the clumpweight occurs for tower
movements greater than 16 ft.

The discussion of the mooring system's behavior thus far has assumed
that no forces are acting which would restrain the lifting of the
clumpweight. These forces, called suction forces, will develop if
the clumpweight becomes embedded in the sea floor due to settmelent
or other factors and should be considered in the design of the
clumpweight (10). If the clumpweight were a single concentrated
weight, soil suction could result in a significant increase in the
predicted maximum line tension since the vertical force needed to
1ift the clumpweight off the bottom would increase by an amount equal
to the suction forces. In contrast very little difference is found
in the predicted tensions for mooring lines wusing distributed
clumpweights when suction is included since the suction forces act at
discrete points along the distributed clumpweight. Due to the
1ifting action of the distributed clumpweight only one of the

~discrete suction forces must be overcome at any one time. The value -

of the discrete suction force depends on the clumpweight geometry
along its length and the rate of pull; however, these forces are
generally small when compared to the total weight of the clumpweight.

The force-deflection behavior of a mooring system consisting of 24
guylines is shown in Figure 2-16. The ordinate in this figure shows
the horizontal force necessary to broduce the corresponding lateral
deflections shown on the abscissa. Note that the force-deformation
behavior of the mooring system is essentially linear up to a
deflection of about 16 ft. For larger deflections, the clumpweights
begin to 1ift off from sea bottom resulting in a softening of the
force-deflection behavior. There is a smooth transition between the
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stiff and soft regions of the curve; however, the general nature of
the curve is such that a bilinear representation is adequate for
preliminary design studies of the tower.

An undesirable aspect of the mooring system is the vertical component
of the cable reactions. These forces are transferred to the tower at
the point of attachment of the cables, and the foundation system must
be designed to carry these loads. The vertical force versus the
horizontal deflection of the tower is shown in Figure 2-17. It may
be noted that the vertical component of cable reaction is a
significant design parameter, but the change in vertical force due to
tower movement 1is not significant. This means that the vertical
cable reaction is primarily governed by the pretension with higher
pretensions resulting in Tlarger vertical forces. Thus the optimum
mooring system is the one which minimizes the vertical component of
cable reaction, maximizes initial stiffness and has the desired
strength level providing an adequate factor of safety against failure
under predicted values of tower deflections produced by the design
storm.

Another important design consideration is the behavior of the mooring -
system under damaged conditions. Assuming that two adjacent mooring
Tines are damaged, the force-deflection behavior of the system is ~
shown in Figures 2-16 and 2-17. Since the Tlines diametrically
opposite to the damaged lines are intact, nonzero initial deflection
is noted, and both the initial and final stiffnesses of the mooring
system are reduced. The platform behavior should be investigated for
the damaged condition of the mooring system to ensure acceptable
platform response.

DESIGN OF TETHER MOORING SYSTEM
Design considerations for the second class of mooring systems

referred to as a tether system are presented in this section. In the
tether type mooring the line is suspended between the tower and
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anchoring system as shown in Figure 2-18. The anchoring system
supports the tether both horizontally and vertically. The tether
type system has an obvious economic attractiveness in that it
eliminates the material and installation costs associated with the
clumpweights and anchor lines. The design of a tether system using
wire rope is discussed below. Designs using synthetic ropes are also
possible but will not be considered in this report.

One approach to begin the design of a tether system without
clumpweights and anchor lines is to anchor the guyline section to the
sea floor at the location of the clumpweight as shown in Figure
2-18. But such a system will result in excessive tensions in the
cable under design level deflections of the tower.

The stiffness of a 5 in. wire rope with a pretension of 30 percent
Tu is 38 kip/ft which is greater than the required 23 kip/ft for a
24 cable array. Therefore it is possible to increase the flexibility
of the tether 1line and obtain the required stiffness. Three possible
actions which will increase the tether flexibility are (1) lower the
pretension which will introduce additional sag, (2) place the anchor
position further from platform which will increase the cable length,
and (3) select a different rope construction which has a lower rope

modulus.

For the particular cable under consideration it was found that
changing only the pretension was reguired. The force deflection
behavior of a pair of opposing lines is shown in Figure 2-19 for
various values of pretension. The force-deflection behavior for a
mooring system consisting of 24 lines pretensioned to 20 percent of
their breaking strength is shown in Figure 2-20. On the same figure
is shown the force-deflection behavior of the mooring system with
clumpweights. The behavior of both mooring systems 1is essentially
the same for small values of tower deflections. However the behavior
of the two systems is very different for the larger values of the
deflections. The system with clumpweights and anchor lines exhibits
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a softening behavior. As the tower deflection increases the
stiffness of the mooring system decreases. The implications of this
softening behavior are that the apparent natural period of the tower
increases and that the tension in the individual line does not
increase with tower deflections. The clumpweight acts as a safety
valve which limits the tension in the cable and the resultant forces
on the tower. On the other hand, the mooring system without
clumpweights exhibits a hardening behavior since as the tower
deflection increases the stiffness also increases. The instantaneous
value of the tower period shortens and both the tension in the cable,
and the resultant tower forces increase at a faster rate than for
small deflections.
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3.  ANALYTICAL ASPECTS

GUYED TOWER MODELLING

The specific details of the guyed tower analytical model will depend
upon the particular manner in which the results are utilized and the
accuracy of the input data. Simplified models will suffice to
predict overall responses, especially in preliminary design stages
and during parametric studies. However, more refined models will be
required during final design stages.

The guyed tower model should reflect the key analytical parameters of
stiffness, mass, and damping. The stiffness should include the
stiffness of the tower-deck system, stiffness of the mooring system
and appropriate idealization of the foundation. Both the mooring and
foundation systems will require special modelling considerations.

The overall response of the guyed tower can be predicted using a
simplified representation of the mooring system. The mooring system
can be idealized as a massless spring having nonlinear force
displacement behavior derived from a static analysis of the mooring
system. Figures 3-1 and 3-2 show the force-deflection behavior of
the horizontal and vertical springs to be used in the overall -
platform model. Note the vertical ordinate corresponding to zero
tower movement in Figure 3-2. This is due to the pretension in the
jndividual mooring lines and should be included 1in all 1inplace

analyses.

Similarly a simplified representation of the foundation system will
suffice in most analyses performed to obtain overall platform
behavior. Modelling considerations for spud can foundations is
discussed in Ref. 11. Linearization of the pile foundation behavior
is routinely performed to predict the overall response of fixed
platforms. Such linearization when performed at the level of
response expected under the particular loading conditions is adequate
for design applications. '
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Besides the elastic stiffness of the tower, mooring system and the
foundation, the guyed tower analytical model should also consider the
geometric stiffness (large displacement) effect. Consideration of
geometric stiffness will increase the natural period of the platform
and produce second order P-Delta forces which contribute to the
exciting forces.

The mass should include that of the platform steel, all
appurtenances, conductors, deck loads, the mass of water enclosed in
submerged tubular members, and the added mass of submerged members.

The major sources of damping in guyed towers are: (1) structural
damping, (2) hydrodynamic damping, and (3) foundation damping. Since
the guyed tower responds as a rigid body in its fundamental mode,
structural damping may be ignored. Hydrodynamic damping originates
from two sources: the radiation effects of propagating water Waves
and the relative velocity between the vibrating structure and fluid.
The latter should be explicitly idincluded 1in the analytical
procedure. The energy dissipation in the soil includes two
components: hysteretic energy dissipations due to cyclic loading
that takes place mainly in the soil adjacent to the pile and the
geometric or radiation energy dissipation that occurs due to the
propagation of elastic stress waves away from the pile. References -
12, 13 should be consulted for dynamic behavior of piles and 14 for
spud can foundations. |

The platform model used to compute environmental forces should
accurately represent all major platform elements. Consideration of
marine growth is particularly important in wave force computations.

Subsequent sections of this report will discuss two types of guyed
tower models: a simplified model used to predict overall platform
response, and a detailed model which is recommended in final design
stages. The analytical procedures to be used are essentially the
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3.2

same for both models. Additional complexities are introduced in the
coupled analysis of the tower-mooring system and in treating the
foundation nonlinearities.

DYNAMICS OF GUYED TOWER

The fundamental properties which provide insight into the dynamic
behavior of a structure responding linearly are its natural periods
and associated mode shapes. Strictly speaking, guyed towers are not
linear systems; however, their behavior can be linearized over a wide
range of response parameters. The principal sources of nonlinearity
in a guyed tower are the nonlinear load-deflection relationship of
the mooring system and the nonlinear hysteretic behavior of the
soil-pile system. The behavior of the array of cables is linear for
small to moderate values of tower deflection (Figure 2-3). Soil
behavior 1is nonlinear over a wide range of response conditions.
However, Tlinearization of the foundation stiffness is routinely
performed to predict the overall response of fixed platforms. Such
Tinearization when performed at the level of response expected under
the particular loading conditions is adequate for design applications.

The dynamic behavior of a guyed tower platform subjected to a wave
excitation is governed by three types of modes of vibration. These ~
are the sway, flexural and torsional modes. The sway mode is the
fundamental mode in a particular lateral direction and is basically a
rigid body mode with little or no bending. The natural period of
this mode is governed by the height of the tower, the magnitude and
distribution of the mass and above all by the lateral stiffness of
the mooring system. Under wave excitations the tower movements are
controlled by the sway mode. In fypica] guyed tower designs the
period of the sway mode is about twice the predominant period of the
design sea state.

The second mode in the same lateral direction is a bending (flexural)
mode. The period and the associated mode shape of the second mode
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are primarily governed by the magnitude and distribution of the mass
and the stiffness of the tower as well as the lateral stiffness of
the foundation. The stiffness of the mooring system has practically
no effect on the flexural period of the guyed tower. A good
approximation to the flexural period of the guyed tower can be
obtained by idealizing it as a beam pinned at the base and free at
the other end. However, the mode shape is strongly influenced by the
lateral restraint provided by the foundation.

The properties of the flexural mode are important for the prediction
of stresses and deformations in the tower. The tower should be
proportioned such that its flexural period is much shorter than the
predominant period of the design wave so that excessive stresses in
the tower can be avoided. Another consideration is the fatigue
behavior of the tower. Since fatigue 1is controlled by the smaller
waves having shorter periods, a prudent approach is to design the
tower to behave as a stiff structure in its flexural mode.

The third category of vibrational mode which governs the guyed tower
design is torsion. The primary source of torsional stiffness is the
foundation. The design should minimize the torsional period so that
dynamic amplifications in torsional excitation can be avoided,
especially under the frequently occuring smalier waves.

A fourth type of platform mode which 1is quite important for
earthquake type excitations is the vertical mode. The vertical
period is much Tless than the flexural and torsional periods. The
first three modes of a guyed tower are shown in Figure 3-3.

Approximate Computation of Sway Peridd

Even though computerized procedures and softwares are available to
compute the periods and mode shapes of complex structures, simplified
procedures are valuable especially in early design stages. The
natural period of the sway mode can be easily computed using the
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Rayleigh method. The basis of this procedure is to assume a mode
shape and then compute the maximum kinetic and potential energies
under free vibration. By equating the two, the period of vibration
can be computed. The mode shape can be assumed to be a straight
line, with the base of the tower being pinned. Referring to Figure
2-1(c)

Let Mi = mass at the ith level
Hi = height of mass i from the base
KC = cable stiffness
HC = height of location of cable from the base

The period of the sway mode is computed from the relation (5)

The accuracy of the above expression is quite satisfactory for most
preliminary applications. The natural period computed using the
above relation will be smaller than the period computed by more
accurate procedures, since the platform is constrained to vibrate in
a particular shape in this approximation.

It is the usual practice in engineering computations to neglect the
effect of the geometric stiffness when computing platform periods and
mode shapes. Consideration of the geometric stiffness will result in
a decrease in stiffness and hence an increase in period. This
increase in period due to geometric stiffness is negligibly small for
shallow water platforms. It is of some importance for the tall
slender guyed towers. The sway period was found to increase by about
10 percent due to geometric stiffness for a guyed tower in a 1600 ft.
water depth. The following simplified relation can be wused to
evaluate the effect of geometric stiffness on sway mode.
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in which TO Period computed without the effect of geometric

stiffness
T = Period considering geometric stiffness
r = W H 5
Kc Hc
W = Net vertical load on the platform
Kc =  Cable stiffness
HC = Height of the point of attachment of cable to the tower

from the base.
GUYED TOWER BEHAVIOR UNDER WAVES
The behavior of the guyed tower under three types of sea states are
of interest: (1) operating sea states, (2) 100-year design sea

states, and (3) rare intense sea states.

Operating Sea States - The selection strength and stiffness of the

mooring system are influenced by the operating sea states.

The operating condition usually includes some nominal environmental
loadings. This condition may govern the design of a number of
platform elements because of the 1lower allowable stresses.
Furthermore, the smaller wave periods associated with the operating
waves lead to higher amplifications in the flexural and torsional
modes which in turn produce most of the stresses in the tower. The
required axial capacity of the piles may also be controlled by the
operating condition because of the higher factor of safety specified
for this condition and due to the fact that the contribution of the
design environmental loads to foundation forces is relatively small.
The motions of the platform under operating conditions must be
analyzed to ensure comfort of personnel. '
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Since the platform response is 1linear for this range of mooring
system behavior linearized frequncy domain methods could be used for
such applications. '

Design condition refers to the behavior of the platform subjected to
the 100 year storm. Dynamic analysis of the platform must be
performed to determine member forces, deflections and foundation
reactions. The overall design of the guyed tower is dictated by this
condition. Satisfactory performance of the conductors 1is an
important design consideration (1, 3).

A time history approach should be used in determining the response of
tower. Fundamental to the time domain approach is the use of
realistic wave force histories. Irregular representation of the sea
state which contains proper distribution of energy associated with
the various wave components that make up the sea must be used in such
dynamic analysis. Since the dynamic response of structures is
sensitive to the specific features of the exciting wave forces, a
number of wave force histories of representative characteristics
should be used in design.

A technique that combines the design wave approach wused in
conventional static analysis and the irregular representation of the -
sea state for dynamic analysis is often used in practice. In this
approach the inertial loads due to platform motions are computed from
the dynamic analysis using an irregular representation of the sea
state. These loads are next combined with static wave forces based
on nonlinear wave theories such as Stokes V or Stream Function.

Since the guyed tower is dynamicé]]y sensitive to a number of
environmental effects the interaction of various parameters should be
investigated. The effect of wave-current interaction is discussed in
Reference 1 and a plot from there is shown in Figure 3-4. Dynamic
sensitivity of guyed tower platforms to wind excitations is discussed
in Reference 15.
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Finally, performance of the guyed tower should be assessed for
overload conditions. In the design of conventional platforms, the
safety of the structure under extreme environmental conditions is
ensured by the use of appropriate factors of safety in the strength
and capacity of platform elements. Examples are the use of allowable
stresses less than the failure stress of the material and the use of
appropriate factors of safety in determining foundation capacity.
' Besides the use of factors of safety, the integrity of the guyed
tower must be examined for specific overload conditions since the
behavior of the guyed tower is nonlinear and explicit analyses are
needed to identify the failure modes of a guyed tower. The overall
failure could be due either to overstressing of the piles or to the
P_Delta forces which are the overturning moments produced by gravity
loads acting through the lateral deflections. Hence the preferred
approach should be to limit the Jateral deflections of the platform,
1imit the stresses in the piles and ensure that the mooring lines can
accommodate the excursions of the tower without reaching their
breaking strength. Stated differently, while the behavior of
conventional fixed platforms is controlled by loads, the guyed tower
behavior is governed by deflections.

Damaged condition analysis refers to the investigation of the safety
of the guyed tower assuming failure of one or more critical elements -
of the system. Since the mooring system fis vital to the integrity of
the guyed tower, the performance of the guyed tower must be
investigated assuming failure of one or more of the mooring lines.
Deflections of the platform should not be excessive and the forces in
the platform elements such as the cables, structural members and
piles should be within allowable limits. The overall integrity of
the platform with particular reference to its overturning tendency

must also be examined.

Some results for a representative guyed tower in 1,500-ft. water
depth are presented here for purposes of illustration. A perspective
view of the tower is shown in Figure 3-5. The horizontal force vs.
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3.5

3.5.1

FATIGUE ANALYSIS

Fatigue behavior of the tower and the guying system must be
investigated. Since the fundamental natural period of the platform
is much larger than the wave periods the associated vibrational modes
do not contribute to the fatigue damage of the guyed tower. However,
the flexural modes of the guyed tower play the same role as the
fundamental period of a fixed platform as far as the fatigue behavior
is concerned. In particular, as the flexural and torsional periods
of the guyed tower approach the 4 to 6 seconds range, fatigue becomes
a major design consideration for the guyed tower.

The cumulative fatigue damage of the guyed tower can be determined
using the probabilistic spectral fatigue analysis procedures
currently used for deepwater fixed platforms (16—19). This
linearized frequency domain approach is valid for the guyed tower
since the mooring system response fall into the linear ranges for
most of the every day sea states which contribute to the fatigue
damage of the tower.

Spectral Dynamic Fatigue Analysis

The theoretical background on the spectral dynamic fatigue ahalysis -
is described in References 16 and 17. Using a time domain dynamic
structural analysis procedure, the transfer functions for hot-spot
stresses at selected number of points around the ends of each member
in the structure are generated as a function of wave frequncy and
direction. For each stress location of interest, the response
spectrum is computed by multiplying the transfer function by the wave
spectrum applicable to that partiéu]ar sea state. The response
spectrum 1is then used to generate short term stress statistics
applying a Rayleigh distribution for the stress ranges. The RMS
response amplitude and mean zero-crossing period of the stress
response are also computed. The short term stress statistics are
obtained for each sea state in the long term wave data and fatigue
damages are calculated using Miner's rule.
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The following important aspects of detailed fatigue analysis are
discussed in subsequnt sections.

Time Domain Structural Analysis
. Stress Concentration Factors (SCF)
Fatigue (S-N) Curves

B W opo
L ] L]

. Computation of Cumulative Damage Ratio (CDR)

Time Domain Structural Analysis -~ The structural analysis must be

i |

performed on three dimensional space frame models of the platform
consisting of all major structural framing. Appurtenances such as
conductors, boatlandings, etc., which contribute to wave forces were
adequately simulated. The first few frequencies and associated mode
shapes must be computed.

The platform 1is subjected to each of the waves selected for
generating transfer functions and dynamic response determined by
integrating the modal equations of motion. Two percent modal damping
is appropriate for each mode (6).

The time-step analysis is continued till a steady state condition is
achieved. During the last cycle of response, the member end forces
are computed for ten or more wave positions corresponding to time
steps at equal increments in a complete wave cycle. The stress data
at these wave positions are interpolated to obtain the stress cycle
from which the stress range is determined.

The structural analysis described above which adequately represents
the dynamic effects neglects the static contribution due to the
higher modes. The importance of including the static effects has
been recognized and an elegant approach called the static plus
inertial can be used (18) to account for the static response of
higher modes. The basis of this procedure is as follows. Let X(t)
be the vector representing joint displacements at time t. The
displacements can be considered in two parts, static and inertial.
That is
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X(t) = X(t) + X(t)

static inertial

The static displacements are obtained by the regular static analysis
using a complete set of wave loads. The inertial displacements are
computed from the dynamic analysis mentioned earlier. Note that
inertial displacements do not include the contribution of static
effects, it is the displacement due only to inertial and damping
forces.

Fatigue (S-N) Curves - The S-N curves for tubular connection of
platforms can be selected based on the criteria specified in
API RP2A (6).

Stress Concentration Factors (SCF) - Empirical hot spot stress

concentration factors are developed for the ends of each member in
the structure. These factors recognize separately the effects of
axial load, in-plane bending and out-of-plane bending in a branch
member at a tubular connection. The various types of formulae used
to compute stress concentration factors are available in References
19-21.

Computation of Cumulative Fatigue Damage Ratio - The wave spectrum

,;jj

Sv(w) can be related to the response spectrum Sg(w) by the

transfer function Tc(w) as follows:

Sc(w) = Tc(m) ' Sv(m)
In this case S0 is the hot-spot stress at selected circumferential
points of a specified member end. The transfer function, Tc, is
defined for this section as the square of the ratio of the response
amplitude to the wave amplitude. The stress spectrum is obtained
using the above procedure for all combinations of sea states and
incident directions for selected joints and member ends in the jacket.
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Let m, be the 1ith spectral moment

spectrum and defined by

with i =0, 1, 2, . . . etc.

associated with the stress

The probability distribution of the stress ranges can be approximated

by a Rayleigh distribution of the form:

2
r -r /8m
P(l") =Im—e 0

o

The average period of the stress response cycle is computed from

m, 1/2
Cav = 21[ {ﬁg}

The fatigue damage is computed using the well-known Miner's rule.

For a continuous stationary random stress process (15), CDR is given

by,
R =1 o E{l;-%- dr
zav Yo

where:

T = Time duration of the random stress process.

Zav = Average period for stress variation in the random
process.

P(r) = Probability density function of stress range.

N(r) = Average number of cycles to failure at a stress
range r.
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Once P(r) and N(r) are defined, the integration in the CDR equation
is carried out numerically.

The fatigue 1life of the gquylines should also be investigated
considering the axial and bending behavior. A procedure similar to
that described above can be used to generate the transfer functions
for stress ranges. Fatigue characteristics of steel rope and strand
are available in references 22 and 23. Portions of the guylines that
pass through paraleads and bending shoes are particularly susceptible
to fatigue failure and should be investigated

HUMAN COMFORT TO DECK MOVEMENT

Excessive platform motion can cause operational problems and affect
personnel efficiency and should be investigated. The acceleration at
deck levels should be computed for various operational sea states and
then compared with tolerance Tlevels, specified 1in various
publications, e.g., Ref. 24.

B s AN
£ L L PN OO

]
N W, 227
S SN P




3

.

TET 7]
R

~ HORIZONTAL
(KIPS)

G |

¥

|

6,000 |
FIILL ARRAY

b i
=)
o
e

4,000 |

m

DAMAGED
2,000

-
£

HORIZONTAL
=2,000 DEFLECTION
(FT)

-4,000

-6,000

-8,000

" HORIZONTAL FORCE VS. HORIZONTAL DEFLECTION

FIGURE 3-1



VERTICAL
" FORGCE
(KIPS)

-11,000

FULL ARRAY

-10,000

_
1 \"/( DAMAGED

L

- 9,000

L ' [ C i I 1 i 1
-40 -30 -20 -10 0 10 20 30 40
| HORIZONTAL DEFLECTION (FT) |

VERTICAL FORCE VS. HORIZONTAL DEFLECTION

FIGURE 3-2



£€-¢ NNYId
NOILV.LOY ANV NOILD3HIA-A JHL NI S3dVHS 3AONW d31dn0D
o068 p°9 = xm......-. 72088°8 = mc._.._. %6822 = ><;m._. A
300N qut 3QON an? 30N 1st 1|—N

|

s N s I e L (7 L2 e s




M

P

£

T
&

-
4
]
J

i

[

—rrre

i |

£

[
el

a8
i H

i |

=

DECK OFFSET - FEET

1500 FT GUYED TOWER
SWAY PERIOD=28.3 SEC

0 10 20 30 20 50

CREST HEIGHT - FEET

FIGURE 3-4 (REF, 1)
WAVE-CURRENT INTERACTION



TN .r.n.,.A ok —— 7 — 7 N~
. ,ﬁmw. et O T \Mﬁw; 24\ k_r’k_w.w. B2 DD 2D DD DGR LN

VLSRR

IPNT] 1540 !\v(.u\\.yﬂm gD SNt N TN
e

AN N o\
L g S . 4....\ k !
RAEEA PN

%w g

i .ca‘ 62,0 i v.tiv.m‘ % AT

_ fmwma% i e sl

R T PROLIM LY . 0 YRV RERS LORGa Lt S SR GAL N )

. e o R b SR SN eSO A e R
N ] & A I N N\ <IN ! oA

R e B e e e e e e A e s v =

ﬁ..ﬁmﬁw@ 5% .».p.,aﬁw;ﬂwamm AT SRR arSiNE e
TN STl e T P AT e T L o i By B I AR [ e I NS AR S Fn g
w w,...wmw,., .m_ %Ww@hmm“ ».wmﬁw mw.@.wqw%sm i R
2 e
=2

C (D 3 o [EDoomo(oo 3 wnoomoowmoozu

FIGURE 3-5
GUYED TOWER - PERSPECTIVE

G-



9-€ JNIIA

JNIL "SA NOILVAITI FJAVM

00°0¢-
00°0€-

00-02-

NOILVYA3N3 3AVM
R—
. 00°02-

NOILVA3T3 3AVM

00°CL-
G ))
>

o ——
—
L —
—
—
——

00°01~

(L)

/

T
00°0

V

]
=
|
|

00°0lL
00°0l

00°02
-
1

00°02

(03S) 3WIL
00°0¥Z  00°0ZZ 00°00Z 00°08! 00°081 00°0Ovi  00°0Z!  00°00I 00°08 00°09 00°0¥ 00°02 000

(20 (22 0o oo 0 (7 D €D D oED o €D LD eI Ll LmnonidoLia



£=€ 3YN9I4
INIL "SA 13S440 %03d

00°8
I

o
Id-X N

\
=
_ o
- . 5
o
o
3 -~ o
3 o
|¢°Id 0
(=]
°g
m
m
~ |.'
s o
Ste) 5
o
O
o
=z
| 000y
o<
o
>
§
[w)
| ol =
Btz N
he 5
(=
o
Lol ll
3 [~ Oh e
l‘l .
O~ W
o
(=]
N
K=
z -
4 W
o
(=]
"
>
z .
Ly :
o
(=]

(93S) 1L .
) : : ¢ ® 00°0¥ 00°02 00°0
oo.ov.w oo.ON-N oo.oo.w oo.ow._ oo.ow.— 00 o*.— 00 ON__ 00 co._ 00 o.w 00 o.o ) )

QUSRI i S 0 PORCIE PRI SR I oo SN S S 0 I

g 401

NOI1133743




8-€ 34n9Id

WIL "SA YYIHS 3ISVE

[o0] 93]
) > | >
N AN
Sm am
(=] : o
own ow
xT pu o
m m
ju ; u
-y 0 D 0
[=] (=]
. - H . >
3= ; ; : 8z
> >
i 1
- LO ‘ Lo
UOI QOI
e o3
o (=]
.o \/ g >\/ ) > > A > K
2 ]V < <<<<( W \ k=
oX oxX
— —
0 0
@ @
= : Fo
(= o
o Z o
~ ¢ N
l.o l.o
o (=]
o c [~
]
WO | WO
o N O N
= =
o o
. (938) IWIL .
00 OJN 00 ON.N 00 QQ.N 00 Om.— 00 om.— [¢]0) ov.— 00 ON.— 00 oo.— 00 O.a 00 o.w 00 O.v 00 O_N 00°0
!
e —_— S -3 e eopmg oy e o - S e o ey ~ S -
i Fxm%z. ﬁ%mh E TR ﬂr:im Fuim ﬁ}h . H.W i g Mr#m ﬁ.rkk # kﬁ,m m,,[hr:w M ey 4 mr-sr .




(gOL X M-di¥)
3dOT3ANI LNIWOW DNIGN3S

6~€ JUNOI4
S3dOT3IAN3 ISNOdS3YH JINVNAQ

(gOL X sdi%)
IdOTIANI HVIHS

S oL S 4 1 rA 1)
T T Y r | | 1 - -
| ’ i —_
R, v B} m—————
|
o0 € 0 oo L. . £ (o L2 . .2 ¢




01-€ JY¥n9I1d

S37140Hd LHODIIMJANTD

AVeYeNeNenons

—rppsmy

‘1 ¥9°SH

‘M 96°€¢

‘0Lt

‘¥ 06'vE

‘0¢ +

o et

(1) @vaidivd LV 138440 HamolL

S

N, .as!....l.],ka
g d

=

[ Lol €23

0 ﬂ‘.?&w ” T ey STy = ma ey - .
bis b s d 1 M?Eﬁ el ik Lo Mif, b H Etm




1T-€ JUN9I4
S3ANIT DNIHOOW LNV.L 3NIT NI OML ODNISOT 40 103443

00°0
NOI1133743Q d01

00°02 0001
NI

*¥10-X

J

00°0¢
(1

00°0F

(33S) 3WIL
00-0y2 007022  00°00z  00°08l  00°091  00-Ovl  00°0z1 00700l  00°08 00703  00°0y  00°QZ 00°0

00°0
NOI1237430 401

00°02 00°01-
*¥I1d-X NI

00-Cg
(L3)

r

00° 0¥

L2022 e o DD g o 120 €90 ol I3 @iz o oy ooz



7

3

[

TR

Y 0T

i

b I N

&

5 B

r”

T

.

T
T

o

i |

e
L

o

g |

.4

T

g

i |

§ow o

|

4.1

4. METHODS OF GUYED TOWER ANALYSIS

Two different approaches can be effectively used to predict the
response of guyed tower platforms subjected to environmental forces.
The first approach called coupled analysis incorporates an explicit
model of the mooring system to predict the response of the tower and
the mooring system in a single analysis. In the second approach
called uncoupled analysis two separate analyses are performed; first
to predict the overall platform response and the second to predict
the response of the mooring system itself. Obviously, the first
technique is more accurate and much more computationally involved.
If judiciously used the second approach can also yield reliable
results for design applications. |

COUPLED ANALYSIS

The analytical model consists of the tower, mooring lines and the
foundation system (Fig. 4-1). The tower could be modelled as a three
dimensional space frame idealized with elastic beam elements. A
simplified model of the tower which properly reflects the elastic
stiffness and hydrodynamic properties could also be wused. The
foundation system can be modelled in an equivalent linear manner or
can be modelled in detail using elastic beam elements to represent -
piles and nonlinear p-y and t-z curves to account for nonlinear -
hysteretic behavior of the soil. The specific details of the model
will depend upon the features of the computer program being used. If
a linearized foundation is used in the overall analysis, a separate
analysis of the foundation which accounts for the nonlinear soil
behavior should be performed to determine local stresses in the piles.

The mooring system should be modelled accurately incorporating the
lead 1lines, clumpweights, and anchor 1lines. The suction forces
exerted on the clumpweight by the seafloor soil should also be
included. The cables should be modelled by finite elements which |
account for their large deflection behavior.
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The governing equations of motion can be written as

.

Mx + Cx + Kx = F (1)

in which M is the mass matrix and should be computed as discussed in
Section 2 including the contribution of hydrodynamic wmass. The
damping matrix C should include structural and foundation damping and
the contribution of hydrodynamic radiation damping. The stiffness
matrix K includes contribution of the tower, foundation and mooring
lines and is nonlinear.

The large deflection effects of the guyed tower, that is the
additional overturning effect produced by the vertical loads acting
through tower deflections should be properly included in the
analysis. This can be done by including the geometric stiffness in
the formulation of element stiffness matrix or can be accounted for
in a simplified manner. The latter will result in additional lateral
forces being applied to the platform.

The right hand side of Eq. 1 should include both permanent and
environmental forces. The former includes dead and live Tloads,
hydrostatic forces and pretension in the mooring lines. The
“environmental loads are wind, wave, current and earthquake induced -
ground motions, if applicable.

The equation of motion can be numerically integrated in time domain
and various response parameters such as deflections, base shear,
member forces, etc. can be determined.

Obviously the coupled analysis is éxtreme]y complex and can only be
justified in final design stages as a verification tool.
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4.

2

UNCOUPLED ANALYSIS

The fundamental assumption made in this case is that the dynamic
behavior of the mooring sytem does not substantially affect the
overall response of the guyed tower. The tower response is computed
using a simplified model of the mooring system and subsegently a
separate analysis of the mooring system is performed to determine the
individual guyline forces.

In the uncoupled analysis of the guyed tower platform, the mooring
system is modeled as a massless spring having nonlinear force-
displacement behavior derived from a static or dynamic analysis of
the mooring system. The lateral force vs horizontal deflection at
the point of attachement of the mooring system to the tower is shown
plotted in Figure 3-5. The corrresponding plot of the horizontal
displacement vs vertical force is shown in Figure 3-6. The nonzero
ordinate in the latter plot represents the vertical force introduced
on the platform due to pretension in the cables.

Having determined the overall platform response, a separate analysis
of the mooring system can be performed. The forces or displacements
at the tower-mooring system interface can be used as input in this
analysis which could include the dynamic response of the guylines.

The uncoupled analysis of the mooring system can be based on any one
of the following methods.

1. Direct Integration Method
2. Modified Modal Technique

The second approach is particularly suited for the uncoupled analysis
because of its computational efficiency. The basis of this procedure
is discussed in References 25-27 and is briefly reviewed here.
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The equation of motion is written as

Mx + Cx *+ Q = F(t) (1)
in which

Q= (KT * KC)X (2)
KT = stiffness of the tower
KC = stiffness of the cable

The cable stiffness'can be written as,

Ko = Kep = (Kgp = K¢ (3)

Now, Eqn. (1) can be written as,

Mx + Cx + K*x = F(t) + Fy(t) (4)
in which

K = KKy (5)

F(t) = (Ko - KX (6)

Note that KCI is the initial stiffness of the mooring system.

Eq. 4 can be uncoupled using the modal coordinates of the undamped
system defined by

Mx + K*x = 0 ’ (7)

The excitation term on the right hand side includes the environmental
forces as well as a correction term to account for the nonlinearities
of the mooring system. Since the correction term is a function of
the displacement, an iterative procedure is needed. The iteration
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can start by assuming that the displacement at any instant t is the
same as that at a previous step and this scheme should converge in as
few as two iterations to the correct answer, '

Forces

The following forces should be considered in the guyed tower analysis.

Gravity loads

Buoyancy

Vertical component of the mooring system reaction
Wind

Wave

Current

0O O O O O O o

Other environmental forces such as earthquake induced ground
motions where applicable.

Computation of environmental forces follow procedures similar to that
used for fixed platforms. Wind can be considered to act statically
in most cases, but the dynamic effects of wind should be evaluated
and included if found significant.

"The wave force computation should follow guidelines discussed in -

Ref. 5. In particular the interaction of the wave and current and
the relative velocity effects should be considered in the analysis.
The force exerted by waves on a cylindrical member is computed from

-C. 2 ¥ X my2 du
F_CDZD(u-x)[u-x|+CM P 5
in which
F = fluid force per unit length acting normal to the axis
of a member.
CD = Drag coefficient
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CM = Mass coefficient
= Mass density of water
D = Diameter of member
u = Component of fluid velocity normal to the axis of the
member
%% = Component of fluid acceleration normal to the axis of
the member

Current velocity should be added vectorially to the wave particle
velocity and total should be interpreted as u in the above expression.

Fluid forces associated with the platform acceleration are accounted
for by added mass.

Wind - The simultaneous action of wind should be considered together
with wave and current forces. For most guyed tower configurations
wind may be assumed to act in a static manner, at least in early
design stages. Wind dynamics should be investigated if found
appropriate (15).

References 28 and 29 present information on several aspects of guyed
tower behavior.
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5.1

5.  FABRICATION AND INSTALLATION

The specific details of the guyed tower fabrication and installation
procedure will depend on the nature of the particular project and
also the availibility of suitable equipment. Only general conceptual
procedures are discussed here. The discussion is intended to point
out the unique aspects of guyed tower fabrication and installation
operations.

Fabrication and installation of the deck can follow procedures used
for fixed platforms and will not be discussed here.

FABRICATION PROCEDURES

Fabrication techniques closely resembling those for conventional
fixed platforms can be used for the guyed tower. However, variations
of the conventional procedures are needed to account for the
particular features of the guyed tower. Specifically since the guyed
tower is a slender tower the structural framing is relatively light,
especially in the lower positions of the tower. With conventional
bent roll-up erection procedures, it is possible that overstressing
can occur. For this reason, the erection scheme shown in Figures 5-1

‘through 5-7 have been developed for the Lena guyed tower presently ~

under fabrication. The intent is: (1) to fabricate substructures
called "box sections" that have inherent structural strength without
the addition of temporary construction bracing; and (2) to rotate
these substructures into final position within the overall tower
structures. A further advantage is that more work is done close to
the ground, reducing the amount of expense associated with work high
in the air. |

The load-out and tie-down schemes will also be similar to those used
for conventional platforms. The details will depend on the yard and
the project particulars.
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5.

2

INSTALLATION PROCEDURES

Installation phase of a guyed tower involves following tasks:

1. Transportation of the tower from the fabrication yard to the
installation site.

2. Launch, uprighting, and setting the tower on location.

3. Anchor pile, clump weight and guyline installation.

4, Pile installation

5. Deck installation.

Transportation - Guyed towers of the order of 1,000 ft. long can be

transported as a single piece using existing barges (Figure 5-8).
For towers longer than 1,000 ft. either new generation barges should
be built or multipiece installation techniques similar to those used
for deepwater jackets could be adapted. The horizontal mating of two
guyed tower sections separately transported and launched is
conceptually feasible.

Launch, Uprighting and Setting - Guyed towers can be launched either

endways or sideways following conventional offshore procedures. A
single piece side launch is shown 1in Figure 5.9. A two piece
installation 1is shown in Figures 5-10 through 5-16. Uprighting and
setting can also be performed by extending techniques used for
conventional platforms. Specifically the tower will be upended by
controlled flooding, brought a]ongside a derrick barge on a preset
mooring and set on bottom (Figure 5-17).

Anchor Pile, Clump Weight and Guyline Installation - The installation

of these components is unique to a guyed tower. A dynamically
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positioned construction vessel is preferred for the above
operations. Detailed engineering is required for the planning of the
above operations.

Pile Installation - Installation of the main and torsion piles can be

accomplished using conventional techniques. In particular above-water
hammer and follower arrangement can be used to drive the main and
torsion piles.

Deck Installation - Modular deck installation can be accomplished by

a derrick barge.
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