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ABSTRACT
A comprehensive methodology is presented for designing instrumented oceanographic surface
moorings for harsh weather environments. In the past, the design of oceanographic moorings was based on
static analysis as most systems were deployed in regions where wave forcing was small. But now, many
surface moorings are being placed in ocean environments where the predominant forcing is from waves
and where the major cause of failure is cyclic fatigue. Here, dynamic analysis becomes as important as
the static calculations. In this paper, we present the equations and numerical solution techniques for the
statics and dynamics of a buoy/cable system with attached instruments. Hydrodynamic coefficients and
wore exciting forces of different shaped oceanographic buoys are given along with the material parameters for the components and instruments that make up the mooring line. We show how to combine the
results of the static and dynamic analysis with data from laboratory strength and fatigue tests of mooring
components to predict if the mooring will survive the deployment. We present an analytical model of the
dynamics of the mooring system that gives almost identical results with the numerical simulation and
can be used during preliminary design. A comprehensive design ezample using the 1995 Arabian Sea
surface mooring is presented to illustrate the design procedure.

INTRODUCTION

ments, however, showed how difEcult it was to maintain a small surface mooring for periods greater than
two months (Richardson et al., 1963). Failure rates
were high with the principle causes being kinks forming in wire-rope mooring line, corrosion of the wire
rope, fish biting through synthetic mooring line, and
breaking of steel mooring hardware.
A major engineering study in the late 1960's
and early 1970's (Berteaux and Waiden, 1970) ad" dressed these failures and led to the design of the
WHOI taut surface mooring (Fig. la) which became a
prototype for deploying instrumentation in deep ocean
environments (Berteaux, 1976). The design consists
of a combination of chain and wire rope in the upper
1500-2000 meters to protect against fish bites and nylon rope in the lower part of the mooring to give compliance. The wire rope uses a 3x19 torque-balanced
construction to prevent kinking. It is galvanized and
rubber coated to prevent corrosion. The ends of the
wire rope, where it attaches to the instrument cages,
are swaged into stainless-steel fittings and covered with

Oceanographers rely heavily on single-point
surface moorings with attached instruments to make
measurements of current, temperature, conductivity,
light transmissibility, fluorescence, and other scientific
quantities in the water-column. No other technique
exists that can provide these measurements close to
the surface and simultaneous with meteorological measurements above the surface. This is important to scientists who are studying the relationship between atmospheric forcing and ocean response. Surface moorings also allow scientists to receive data in real time
via satellites.
The history of oceanographic surface moorings at Woods Hole Oceanographic Institution
(WHOI) dates back 35 years. At that time, oceanographers envisioned a mooring with attached current
meters that would be low cost and could be deployed
easily from a small ship in water depths that ranged
from 2000 m to over 5000 m. Their initial deploy1
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Figure 1: (a) Taut oceanographic surface mooring consisting of an upper string of instruments, wire rope,
and a lower section of nylon rope that allows the mooring to stretch in strong currents, (b) Inverse-catenary
mooring that has an extra section of polypropylene
rope near the bottom to increase scope and reduce
mean tension in currents.

Figure 2: Instrumentation for oceanographic surface moorings, (a) Vector Measuring Current Meter
(VMCM) for measuring current speed and direction,
(b) SEACAT for measuring conductivity and temperature, (c) Acoustic Doppler Current Profiler (ADCP)
for measuring current profile.

water-tight polyurethane boots. At the bottom of the
mooring is a recovery system that uses an acoustically controlled release placed under a string of positively buoyant 17-inch diameter glass spheres. When
released, the glass spheres float to the surface allowing
for retrieval of all the instruments. The anchor and
anchor tackle remain on the bottom. The size of the
anchor is chosen so that it will lift off the bottom (allowing the mooring to drift) before the surface buoy is
pulled underwater. The advantages of the taut mooring are that it has a small watch circle and the attached
instruments are kept nearly vertical. The disadvantage is that, in strong currents, the mean tensions can become large enough so that the mooring will drift. Also,
as we show later, the taut mooring can experience high
dynamic in large sea states.
The instruments are attached in-line on the
mooring, usually being concentrated in the upper
chain/wire-rope section of the mooring line. On some
moorings, there have been as many as 15 scientific
and engineering instruments. On WHOI moorings, the
workhorse instrument is the Vector Measuring Current

Meter (VMCM) (Weiler and Davis, 1980) and more,
recently, an acoustic doppler current profiler (ADCP).
In both of these, the electronics are placed in pressureresistant housings and suspended in a cage made of
3/4-inch diameter stainless-steel rod. Other types of
instruments have been placed in cylindrical pressure
housings and attached to a single 1-1/4-inch diameter
stainless-steel rod which acts as the strength member
(Fig. 2). The steel cages and rods are attached to the
chain or the swage fittings at the end of the wire rope
using galvanized steel shackles and links (Fig. 3).
A variation of the taut mooring is the inversecatenary mooring (Fig. lb). The design was originally proposed in the late 1950's for mooring the
Navy Oceanographic Meteorological Automatic Device (NOMAD) buoy (Berteaux, 1976). Since then,
it has been used extensively by the National Data
Buoy Center (Canada and May, 1985) for their offshore
weather moorings. More recently, the inverse-catenary
mooring has been adapted for deploying oceanographic
instrumentation in severe current and wave environments. In this design, a piece of positively buoyant
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Figure 4: Fatigue failure of 5/3-inch pear-shaped sling
link on the 1989 MLML mooring.

the dynamic response is similar to that of the taut
oceanographic surface mooring.

ADCP

Figure 3: Instruments attached in-line on the mooring
with shackles and oval end links.

polypropylene rope is inserted near the bottom, just
above the glass-ball recovery system,in order to increase scope and at the same time prevent tangling
of excess line around the glass-ball recovery system. The extra scope helps to reduce static tensions through changes in the geometry of the mooring
line rather than through stretching. However, hydrodynamic damping constrains geometrical changes at
higher wave frequencies (Triantafyilou, 1987) so that

The success of WHOI surface moorings during oceanographic experiments of the 19S0's can be
attributed to a systematic design procedure that was
developed for analyzing the static configuration of a
mooring in currents (Berteaux, 1991). The success
can also be attributed to the fact that these early deployments (Briscoe and Weiler. 1984; Weiler et al.,
1990) took piace in environments that, except for isolated storms, experienced small sea states. However,
there has been a push in the past few years to deploy
oceanographic surface moorings in harsh-weather environments. Areas in the North Atlantic and in the
Arabian Sea which experience high winds and large
seas a significant portion of the time have been sites
of recent moorings. One mooring in particular, the
1989 Marine-Light, Mixed-Layer (MLML) taut surface
mooring deployed 400 km south of Iceland (Pleuddemann et al., 1995), highlighted the need for incorporating dynamic analysis into the design process.
This mooring parted after 70 days when a 5/8-inch
galvanized-steel sling link placed at the top of the
mooring line failed in fatigue (Fig. 4). This is in spite
of the static analysis that predicted the component
could easily withstand the maximum expected loads.
What was missing in the analysis of the 1989
MLML mooring was a procedure for predicting dynamic tensions and fatigue in mooring line components. Because of the compliance built into taut and
inverse-catenary moorings through the synthetic rope,
the instrument string is free to accelerate up and down

Design Flow Chart for
Oceanographic Moorings
ENVIRONMENTAL DATA
Sea State
Occurrence

Fatigue Failure
Analysis
Figure 5: Flow chart showing how static and dynamic
analysis are combined into ultimate-strength and fatigue analysis.

nearly in phase with the buoy. Depending on the total mass of the instruments and the amplitude and
frequency of the waves, large dynamic tensions can result at the top of the mooring line. These oscillatory
loads can be of similar magnitude to the static loading,
and they are applied over and over again as many as
10 million times during a one-year deployment. Even
in relatively benign wave environments where the goal,
is to maintain a mooring for up to one year, dynamic
tensions can play a major role in the survival. This was
made clear when two moorings of the 1993 Subnotion
experiment, deployed 1200 km west.of the Canary Islands, parted when titanium current meter cages failed
in fatigue at weld joints.
The goal of this paper is to present a comprehensive methodology for designing instrumented
oceanographic surface moorings for harsh weather environments that takes into account the effects of both
static and dynamic loading. The important point here

is that by incorporating dynamic loading -CT are able
to estimate fatigue life and to make more accurate
predictions of extreme tensions which are a combination of static and dynamic tension. Fig. 5 gives
a flow diagram of how we view the •-,•:.sign process.
The main steps are characterizing the x:ean environment in terms of wind, waves, and current. This is
followed by static and dynamic analysis for predicting
the different loads that a mooring component is likely
to experience. Finally, using the material properties
along with safety- factors, appropriate components are
selected that can resist both the extreme loads which
cause ultimate failures and the cyclic loads which are
responsible for fatigue failures.
While the offshore industry is weil versed in
many of the areas that we address in this paper, the
oceanographic community has ignored these concepts
in the design of their moorings. One of the reason's
for this is today's oceanographic engineers are required
to perform a wide variety of jobs. Besides designing
moorings, they design and buiid instruments that go
on the moorings, and they go to sea to supervise deployment and recovery. Because of these demands, it is
very difficult for them to specialize in dynamic analysis
and fatigue analysis. And because of costs, it is even
more difficult to hire outside consultants. With this
paper, we present the theory for doing sophisticated
mooring analysis, the hydrodynamic and material constants for typical buoy and mooring components, and
examples that show engineers how to apply the concepts to their designs.
Beyond this, we tailor the analysis to the specific structure of an instrumented oceanographic mooring. 3ecause of the small relative size of the buoy,
interaction between the mooring cable and the buoy
must be taken into account. For large moored offshore
structures, cable-structure interactions can be simplified by using a quasi-static approach which assumes
that the dynamics of the cable do not effect the motion of the buoy.
In the next section, we review procedures for
calculating the static configuration of the mooring and
present numerical and analytical tools for predicting
dynamic loads. This includes a presentation of methods for calculating hydrodynamic coefficients of small
axisymmetric buoys which are needed for the dynamic
calculations. Sampie calculations are presented that
show that the dynamic tensions in the mooring line are
controlled primarily by the heave motion of the buoy
and the longitudinal motion of the mooring. We use
this result in Section 3 to construct a simple analyt-

ical model for predicting dynamic tensions in surface
moorings that gives comparable results to the numerical method and matches full-scale experimental data.
In Section 4, we show how to combine results from
static and dynamic analysis to predict ultimate failures and fatigue failures. A design example is given in
Section 5 followed by conclusions.
STATIC AND DYNAMIC CALCULATIONS
The numerical calculations for the statics and
dynamics, which we present in this section, are based
on the equations of motion of the cable, attached instruments, and the surface buoy. We assume that all
the motion is confined to a single plane so that a twodimensional formulation applies. For the dynamics,
we linearize motion about the nonlinear static configuration and perform frequency domain calculations.
Our mathematical formulation follows the procedures
described in Goodman et al. (1972). The numerical
calculations for the statics are identical to Goodman et
al. (1972) whiie the dynamics are modified to include
nonlinear drag effects through an equivalent linearization procedure (Triantafyllou et ed., 1987). We also
present a novel scheme that reduces the solution to a
simple closed form matrix equation.

Figure 6: Cable coordinate svstem.
(Breslin, 1974). The fluid force tangential to the cable
axis is:
Ft0(l4-e0) = -pCoffDoU cos <p„\U cos 60Wl -r e0

Static Calculations

(3)
We start with the equations for the static
equilibrium of a cable element of unstretched length
ds, weight in water per unit unstretched length to0,
stretched cross-sectional area .4, and Young;s modulus E. Using the derivation and nomenclature given
in Triantafyllou et al. (1987) we can write:

-jj- = wosind!0-Fto(l^eo)

do0 = 1

"57

r

r" fa»cos *«•+ F"°(1 +- e°)l

(1)

(2)

where T0 is the effective static tension, (Goodman* and
Breslin, 1976), ga is the static equilibrium angle of the
cable, and e0 = T0/EA is the static strain. The coordinate system is taken along the cable with position
s and unit vectors t and n representing the tangential
(along the axis of the cable) and normal (perpendicular
to the axis of the cable) directions (Fig. 6). The fluid
forces, resolved along the coordinate axis, are given in

and the fluid force normal to the cable axis is:
Fno(l -f- e„) = — -pConDoUcos4>0\Ucoso0\\/l + e0
(4)
where D0 is the diameter of the unstretched cable, p
is the density of water, and U is the current speed as
a function of depth.
The frictional and normal drag coefficients are
represented by Cot and Con respectively. Cot is not
important for static calculations since the moorings
are, for the most part, nearly vertical and the current
is assumed to be horizontal. A value of Cot = 0.003
is most often used based on calculations of local skin
friction for steady turbulent flow along a long cylinder (White, 1974). The normal drag coefficient of a
cable is influenced by vortex-induced vibrations and
can range from a value of Con = 1.2 for a nonvibrating, smooth circular cylinder to values greater than
CDV. = 2.0 for cables vibrating with amplitudes on the
order of one cable diameter. Kim et al. (1986) measured drag coefficients of 1.4 to 1.6 for a long vertical
cables that were lightly tensioned and hanging in a
shear current. Grosenbaugh et al. (1991) measured

drag coefficients for long vertical tow cables that had
similar tension to that of a mooring cable and found
drag coefficients between 1.6 and 2.0 in shear currents.
For the mooring calculations presented in this paper,
we use a value of Con = 1-6.
There are also two geometric relations that
give the position of the cable in cartesian i, zcoordinates. These are:
dx0
= (l-i- e0) cos©.
ds

(5)

— = (lT-e0)sino0

(6)

The two cable equations and the two geometric relations along with appropriate boundary conditions can be integrated using Runge-Kutta methods
(Forsyxhe et a/., 1977) to give effective static tension
T0, cable angle o0, and x, ^-configuration. The integration begins at the surface buoy (s = L where L is
the total unstretched length of the composite mooring
line) with boundary conditions:
T0[L)

=

Fbo [cos60{L)\-1

x0(L)

=

0

r„(L)

= 0

(7)

Fbo is the steady fluid drag force acting on the buoy
and is given by:
Fbo = ■zpCDb-ibUblUbl

(8)

where Cob is the drag coefficient. .4.» is the horizontal
projected area of the buoy and b\ is the current speed
at the surface buoy.
These boundary conditions assume that all
the forces act through the center of gravity and that
the change in the draft of the buoy due to the cable
tension is small. More complicated boundary conditions that allow for the calculation of the equilibrium
draft and pitch can be used. However we find them to
be unnecessary because of the large waterplanfe area
of the surface buoys used on oceanographic moorings
and the large weight of attached instruments which
helps keep the buoy nearly vertical. The final boundary condition is that the bottom of the mooring cable
at s = 0 is located precisely at the anchor. This can
be expressed mathematically as:
,(0) = -d

(9)

where d is the water depth.
The static solution is found by guessing the cable angle at the top of the mooring line, using the guess
to calculate the other initial conditions from equation
(7), and then integrating the cable equacions to find
T0, a0i So> and z0 as a function of s. If equation (9) is
satisfied, the calculated values represent the true solution. If the end of the cable is above or below the
anchor, then the calculations must be repeated with
a modified value of ®0{L). The Newton-Raphson iteration process (Forsyxhe et ai., 1977) continues until
the correct value of <p0(L) is chosen, and the bottom
boundary constraint is satisfied.
The attached instruments are treated as cable
elements and assigned an equivalent weight in water
per unit length, a diameter, and drag coefficients that
give the proper forces. This is made necessary by the
fact that some instrument cages are more than 2 meters long. The combined instrument string can represent 20 to 40 meters of the total length of the mooring
line. An alternate (and equivalent) method (Goodman
et ai. 1972) is to treat the instruments as point masses
though the extra length of the instruments still needs
to be taken into account.
In analyzing the statics of an oceanographic
mooring, the standard procedure is to examine two
different current cases. The first case, called the "survival current", represents an extreme current profile.
Using this in the static calculations gives the maximum
static load at each location of the mooring line. It
also provides the input in terms of the equilibrium cable configuration and tension for dynamic calculations
which are needed to predict total extreme loads. The
second case, called the "design current''' corresponds to
typical operating conditions. The results of static calculations using this profile are used to verify that the
angles of the instruments are within the design range
(< 15° from the vertical). The "design" configuration
and tensions are also used as input for the numerical
codes to predict the dynamic tensions that are used in
the fatigue analysis.
Dynamic Calculations
The dynamics are calculated by linearizing the
motion about the static configuration. We assume that
all the dependent variables (i.e. the tension, the cable
angle, the longitudinal and transverse motion, and the
strain) are made up of a static part and a small dynamic part. As shown in reference (Triantafyllou et al.,
1987), the two-dimensional dynamic equations for a
cable element of mass per unit unstretched length m0,

longitudinal added mass per unit unstretched length
mpa, and transverse added mass per unit unstreteched
length mqa can then be written as:

transverse harmonic motion. The value of coefficient
ce depends on the current velocity and is given by:
TT-

Oo

(■m0

d2P
p«)^f

,m

= z

doa
o-7r<Pi
~d7 +^i

T

irds

c. = —

r.rT.

(14)
(15)

The added mass in the longitudinal direction is zero
for the mooring cable but has a significant value for
the attached instruments.
The fluid forces are approximated by equivalent linear terms such that:

•Fnl

=
=

-bp
— bq

dp
dt
dt

=

CepCotXdffp

(21)

bq

=

CePCondcTi

(22)

where <rp is the standard deviation of the longitudinal
cable velocity and av the standard deviation of the
transverse cable velocity. The coefficient c, becomes:
9

-ui

(17)

=

cepCot^du \p\

bq

=

CcpCondu \q\

(18)
(19)

where u is the frequency of motion and \p\ and \q\
are the respective amplitudes of the longitudinal and

+ URzrj{uR/^

(23)

where now UR = \JJ/ap\ or UR = \U/crq\ depending
on the direction of motion. For both simple harmonic
motion and irregular motion denned by an input spectrum, the damping constants bp and bq depend on the
solution which must be obtained by iteration.
The solution in the frequency domain is found
by assuming:
=

T1ei
iut

(24)

=

<£ie

P

—

pe

(25)
(26)

<7

=

- KJi
qe

(27)

(16)

We determine the values of bp and 6, by assuming
harmonic motion and equating energy lost per cycle for the linear and nonlinear drag representations
(Paulling, 1979). The expressions used in the calculations which take into account the magnitude of the
steady current are (Triantafyllou et aln 1987):
bp

(20)

bp

Ti
Fn

arcsin UR

where UR is the absolute value of the ratio between the
current velocity and the cable velocity either \U/up\ or
\U/ujq\. For vaiues of UR > 1, c, = UR.
For a narrow banded random input such as
that for irregular seas, the expression bp and 67 become
(Caughey, 1963):

c. =

=

UR

(12)

dq-r dd>adsp = <pi (1 -i- e0)
(13)
ds
where p is the amplitude of longitudinal motion, q is
the amplitude of transverse motion. Z\ is the dynamic
tension, and d>\ is the dynamic angle. The vaiues of T0
and a0 are known from the static solution. The total
tension and angie are then given by:

T

~

(10)

d-q
dm0
5a, . dT0 ,
-m,a)—r = —-Tx-To— : —<pi-rFnl (11)
atas
as
as
dv
-£— da0dsq = T\IEA
as

(2 - U%) y/T=U

* icut

where T\, a,., p, and q are complex amplitudes. The
expressions are substituted into equations (10-13) to
obtain ordinär;/ differential equations with respect to
the spatial variable 5. We can write these in matrix
form as:

Ts=Ay

(28)

where y is denned as:

y =

P

V t )

(29)

M is the mass of the buoy, nu, nzz, M55> and /iis axe
frequency dependent added mass coefficients, Au, A33,
A53, and A15 are frequency dependent wave damping
coefficients, C33 and C55 are the restoring constants
for heave and pitch, and Fni, Fn3, and Fns are the
wave forces and moments. In the next section, we describe how to calculate the hydrodynamic coefficients
and wave forces for an axisymmetric buoy and give
values for three different buoy shapes.
The equations of motion for the buoy are written about its center of gravity. Here, we allow the
connection point between the cable and the buoy to
be located at any height above or below the center of
gravity. This distance is represented in equation (37)
by reif we assume that the buoy motions are harmonic along with the tension and cable angle at the
top of the mooring, then equations (35-37) simplify to:

£1
H

So

= F„ + G

TV

(38)

ON

where H is a complex matrix containing the buoy mass
plus hydrodynamic coefficients, Fn is a complex vector
which represents the wave forces, and G is complex
matrix that is a function of the static tension and angle
at the top of the cable.
The boundary condition at the top of the cable
is that its motion is compatible with the motion of the
buov. Thev are related by:

(39)

R=

cos 0O

sin <D0

— sin So

COS <po

-Zc COS 0o
zc sin 60

where R is a 2 x 3 matrix that relates the cable coordinate system to the buoy coordinated system. If
we left multiply both sides of equation (38) by RH~
and use equation (34) to eliminate TV and 0^, we finally arrive at an expression for the motion of the top
of the mooring cable in terms of known input. The
expression is:

Once p.v and <7,v are found, the dynamic tension and
dynamic cable angle at the anchor can be found from:

01

= B -1
21

(41)

and then the motion, dynamic tension, and dynamic
angle at nth node of the cable can calculated from the
partial matrix product:

7n=m>
u=l

'71

The buoy motion is found by inverting equation (39).
For harmonic calculations (i.e. at a particular wave frequency and wave amplitude), we guess chat
the amplitude of motion at each node p\ and q~i is equal
to the wave amplitude. We use this guess to determine
the B^'s and the B,-;'s. We then solve equation (40)
for p.v and ö;v and equation (41) for T\ and o\. Equation (42) allows us to solve for the motion aiong the
length of the mooring line which are then compared
to the original guess. This process continues until the
guess and solution converge within a user specified error. Away from the natural elastic frequencies of the
mooring cable, the solution process converges quickly,
usually in two iteration steps. Convergence is slower
near natural frequencies of the system.
For spectral analysis where the input is defined by a wave spectrum SV{LJ), the standard deviation of the longitudinal and transverse cable velocities av and CTJ are initially set equal to the standard
deviation of the wave velocity. This is used to calculate the transfer functions HP(LJ,S) and H^(u,s) for
the longitudinal and transverse mooring motions. The
spectrum of the cable motions Sp{u,s) and Sq(u,s)
are then found from:

Sp(u,s)

=

|ff„(w, 5)1-5»

(43)

Sa(u<S)

=

|ff,(w,5)|a5,(w)

(44)

New values of crP and <T, are found by integrating the
velocity spectra which are just w2 times the motion
spectra. The calculations are then repeated until convergence is achieved. The spectrum of the tensions at
any location can then be calculated from:
Z

PN

1

1

1

.
)=fl-RH- GB„B.^]" ELH- F,
qs '

ST^,S)=\HT(U,S)\ SV(U)

(40)

(42)

(45)

Discus Buoy
Nominal Diameter
Waterplane Area
Displaced Volume
Metacentric Height
Moment of Inertia

Spherical Buoy

3.0 m
6.2mi
2.1 m*
1.1 m
900 kg-m2

Toroid Buoy

Nominal Diameter
3.0 m
Waterplane Area
5.7 m^
Displaced Volume
3.8 m^
Metacentric Height
0.37 m
Moment of Inertia 5200 kg-m*

Nominal Diameter
2.4 m
Waterplane Area
4.0 ml
Displaced Volume
1.2mi
Metacentric Height
1.1 m
Moment of Inertia 1400 kg-m2

Figure 3: Typical oceanographic surface buoys.

Hydrodynamic Coefficients of Oceanograpbic
Buoys

about the vertical axis. This fact is used to simplify
the calculations. We consider a free floating vertical
axisymmetric body excited by regular waves of amplitude 77 and frequency u propagating in water depth
d. Cylindrical coordinates (r,0,z) are introduced with
origin at the undisturbed water surface and the z-axis
positive upwards. Viscous effects are neglected and
the assumption is made that the fluid is incompressible. The motions of the body and the fluid are assumed to be small so that linear potential theory can
be applied to describe the fluid motion. The flow is
governed by the velocity potential $ which satisfies
the Laplace equation within the fluid domain and the
appropriate boundary conditions on the free surface,
the sea bottom, the wetted surface of the body, and
the radiation condition at infinity (Mei, 1983).

The two-dimensional numerical method just
presented incorporates the exciting wave forces, moments, and hydrodynamic coefficients of the surface
buoy into the calculations. Here we present the wave
forces and moments and hydrodynamic coefficients for
three oceanographic buoys that axe currently being
used on surface moorings (Fig. 8). The 8-foot toroid
buoy was used on the original oceanographic surface
moorings of the 1960's, and is still used today on ATLAS moorings (Milburn and McCIain, 1986). The 3meter discus buoy was developed in the late 1970's to
fill the need of increased payload and reserve buoyancy (Berteaux and Roy, 1986). It has become' the
workhorse of the oceanographic community. The 10foot spherical buoy was developed recently as a buoy
with large reserve buoyancy and a shape that has improved seakeeping qualities. To date, it has been used
exclusively on oceanographic engineering test moorings. Buoy characteristics are listed in Table 1.
All of the buoys in Fig. 8 are axisymmetric

We examine the in-plane motion (surge &,
heave £3, and pitch £3) of the buoy in regular waves.
The velocity potential for this case can be expressed
as:
$(r,9,z,t)=Re{ci>(r,e,z)e-iut}

10

(45)

unit normal vector n and position vector f such that:

with

(ni,n2,nz) = n

<p(r,S,z)=<Po(r,e,z)+<h(r,0,=)+ J2 ^<?(r'ö>r)
j'=i,3,5

(46)
Here, <z>0 is the velocity potential of the undisturbed
incident harmonic wave, ©7 is the diffraction potential
for the body fixed in the wave, and o;- is the radiation
potential resulting from the forced body motion in the
jth mode of motion with unit velocity amplitude £_,-.
The velocity potential of the undisturbed incident wave can be expressed in cylindrical coordinates
as:

<p0{r,9,z) =

Pii - — A,-,- = -P

where Jm is the mth order Bessei function of first kind
and em is the Neumann's symbol such that £0 = 1 and
em = 2 for m > 1. The frequency - and wave number
k are related bv the disüersion relation:
(48)

In a similar manner, the diffraction and radiation potentials can be written in the form:
<pj(r, 9, z) = —iuT) Y^ tmim<2i-m.(r, z) cosm9

(49)

(52)

Sample Calculations of Surface Moorings

m=0

Sample calculations are presented to show
the dynamic characteristics of oceanographic surface
moorings. We will use the design for the 1991 MLML
mooring. This mooring was an inverse-catenary mooring deployed in 2850 m of water. In order to examine
characteristics of taut moorings, we perform some of
the calculations using a depth of 3700 m which is equal
to the total length of the mooring line (Fig. 12).
The mooring consisted of a 90 m long instrument string followed by 500 m of 7/16-inch and
1710 m of 3/8-inch diameter wire rope, 680 m of 7/8inch diameter nylon rope, 690 m of 1-1/8-inch diameter polypropylene rope, and 130 m of glass-balls
mounted on chain along with the anchor tackle. The
instrument string had five Multi-Variable Moored Systems (MVMS) which are modified VMCMs with additional sensors mounted in the cage, four bio-optical
sensors (BOMS) which, like a SEACAT, these consist of an instrument pressure housing that is mounted
on a steel rod, one ADCP, one engineering instrument that is attached in-line to measure mooring-line

for j = 1,3,5,7. In this case, the unknown complex
functions $jm are established through the method of
matched axisymmetric eigenfunction expansions. This
method was introduced in (Garrett, 1971) for the solution of the diffraction problem around a vertical cylinder and used for both the diffraction and radiation
problem of a vertical cylinder in (Yeung, 1981). The
technique that we use for calculating the wave exciting
forces and hydrodynamic coefficients is an extension to
arbitrarily shaped vertical axisymnietric bodies that is
described in (Mavrakos, 1985; Kokkinowrachos et al.,
1986; Mavrakos, 1988).
•>
Given the solutions for the velocity potentials
<j>7 and <j>j, we can determine the exciting wave forces
and moments used in equations (35-37) from:
n: = —iup / / {<pQ-r <>r)ri;dS

<P:r\idS

The method outlined above has been used to
obtain the hydrodynamic characteristics of the three
oceanographic buoys depicted in Fig. S. The exciting forces, moments, and hydrodynamic coefficients for
surge, heave, and pitch are given in Figs. 9-11. The
curves correspond to d — 100 m, though the results
are nearly identical to those found for d = 00.
As can be seen from Fig. 9, where the toroidal
oceanographic buoy is considered, a peculiar behavior of both the heave exciting forces and the hydrodynamic parameters is obtained near / = 0.7 Hz. This
behavior, which is typical of toroidal bodies (Garrett,
1970; Newman, 1977; Miloh, 1983), arises from the
resonance heave oscillation of the free surface enclosed
by the toroid. In the neighborhood of this resonance,
negative values of the added mass coefficients are obtained though the damping coefficients always remain
positive.

cosh fit<■z-d)}
y^ emimJm[kr) cosmd
— lurj/csmn/ca
m=ü

ij2- = gkzznhkd

(51)

where we are interested in the planer components n\,
n-3, and n$. The hydrodynamic added mass /x,;- and
damping A<;- are given by:

(47)

...

{n^,n^,niij = r x n

(50)

where the integration is taken over the wetted surface
area of the buoy. Here, n;- is defined in terms of the
11
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Figure 9: Hydro dynamic coefficients, wave forces, and wave moments for toroid buoy.
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Figure 10: Hydrodynamic coefficients, wave forces, and wave moments for discus buoy.
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Figure 11: Hydrodynamic coefficients, wave forces, and wave moments for spherical buoy.

rents. The key features of the transfer functions (Fig.
13) are the low frequency behavior corresponding to
the acceleration of the mass of the instruments and
wire rope (plus the drag of the instruments in high
sea states), the fundamental elastic natural frequency
of the nylon rope near 0.3 Hz and the heave natural
frequency of the buoy near 0.4 Hz. These natural frequencies are more damped in the higher sea states.
The dynamic coefficient of friction for the wire rope
and synthetic rope is taken as C/ = 0.003 (Grosenbaugh, 1995a).
Additional resonant frequencies above 0.5 Hz
are present but are relatively unimportant because of
the limited wave energy at these frequencies. This can
be seen in plots of the motion spectra of the buoy for
surge, heave, and, pitch (Fig. 14) where, for the most
part, the buoy follows waves. The pitch calculations
are based on potential flow, and the real response most
likely has more damping which would lower the resonant response.
We recalculate the transfer functions of the
dynamic tension using the the 8-foot toroid buoy and
10-foot spherical buoy and compare the results of all
three buovs in Fig. 15. The discus and spherical

tension, and one custom-made bioluminescence sensor
(MOORDEX). Important characteristics of the instruments are given in the Appendix.
The static configurations are calculated as described at the beginning of this section, and these are
used as input for the dynamic calculations. We use a
uniform (with depth) current of 0.02 m/s for slack conditions. For moderate currents (i.e. design current),
we use a profile that is equal to 0.60 m/s from the
surface down to a depth of 100 m, decreasing linearly
to 0.25 m/s at 1500 m depth, and then decreasing to
0.05 m/s at the anchor. The biggest difference between
the taut mooring and the inverse-catenary mooring
is the static tension in moderate currents (Fig. 12).
The larger tensions in the taut mooring (30,400 N for
the taut mooring versus 17,700 N for the inverse catenary in moderate currents) increase' the chances" of the
mooring components breaking, the buoy being pulled
underwater, or having its anchor drag.
For the initial dynamic calculation, we determine the transfer function of the dynamic tension at
the top of the taut mooring with a 3-meter discus buoy
in Sea States 3 and 7. We use the static configuration
corresponding to the taut mooring in moderate cur13
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Figure 12: Static configurations for the three cases
used in the numerical simulations. The parameters for
the 1991 MLML mooring are use for each calculation.
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Figure 14: Power spectra of surge, heave, and pitch
for a taut mooring with a discus buoy in Sea State 3
and Sea State 7.
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Figure 17: Comparison between measured tension
power spectra for the 1991 MLML mooring and predictions based on numerical simulation.

Figure 16: Comparison of transfer functions of the
tension at the top of a taut mooring and an inversecatenary mooring in moderate and slack current conditions. The analytical model represented by the solid
curve is described in Section 3.

The dynamic-tension transfer function of the moorings show that the response of the taut and inversecatenary moorings in moderate currents are similar
(Fig. 16). In slack current conditions the effects of
the spring in the synthetic rope are absent so that the
resonance at 0.3 Hz is not present and the heave natural frequency of the buoy is reduced. The soiid curve
corresponds to an analytical model that is described
in the next section.
For the final calculation in this section, we use
the inverse-catenary design of the 1991 MLML mooring and compare estimated tension spectra for six dif-

Sea State | Discus | Sphere | Toroid
2220 N 2150 N 1 2350 N
3
4130 N 3950 N 1 4250 N
1
Table 1: Comparison of the standard deviations of the
tensions at the top of taut mooring for different buoy
shaDes.
buoys show little difference except for slight offset of
the buoy natural frequency. The toroid buoy is similar
at low frequencies but shows large differences near 0.75
Hz where the free-surface resonance within the center
of the toroid occurs. The tensions on the mooring line
calculated from Equation (45) show differences in Sea
State 3 and in Sea State 7 with the spherical buoy
giving the best result (Table 1).
'.
r
The next calculation compares the dynamic
tensions of a taut mooring and an inverse-catenary
moorings in slack and moderate current conditions.
Each mooring uses a 3-meter discus buoy. In a weak
current, the loop in the synthetic rope of the inversecatenary mooring is present. In a moderate current,
the loop is pulled nearly straight, and the total mooring line forms a catenary with positive curvature.

Sea State

3
4
5
5-H
6
7

Measured

1960
2340
2940
3530
3750
4020

N
N
N
N
N
N

Simulation |

2160
2520
3010
3690
3720
4050

N
N
N
N
N
N

Analytical Model

2210
2570
3060
3810
3780
4120

N
N
N
N
N
N

Table 2: Comparison of the standard deviations of the
tensions at the top of 1991 MLML moorings for given
sea states.
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ferent sea states with actual measurements (Fig. 17).
Qualitatively, the fit to the data is good. The standard deviation of the tensions, given in Table 2, show
errors of 11% for the lowest sea state and errors that
are less than 3% for the other sea states.

describing the heave motion of the buoy, one describing the vertical motion of the instruments (i.e. point
mass and damper), and one describing the longitudinal motion of the combination wire rope/synthetic
rope mooring line. These can be solved to give the
transfer function of the tension at the top of the mooring. The spectral response for a given sea state can
then be calculated from equation (45). For a string
of instruments with total mass and added mass of M
including any hardware used to connect the instruments together and an equivalent linearized damping
constant 3 which is related to the number and size of
the instruments, the transfer function of the tension
is:

ANALYTICAL MODEL
In this section, we present an analytical model
that can used for preliminary dynamic analysis of
instrumented oceanographic surface moorings. The
model simplifies the problem by treating only the vertical motion of the buoy and the longitudinal motion
of the mooring line and attached instruments. We will
show through comparison with the two-dimensional
numerical model that the analytical model captures
all the important dynamic effects and gives accurate
predictions of the dynamic tension at the top of the
mooring line.
The analytical model was proposed by
Grosenbaugh (1995b) for predicting the tensions at the
top of a mooring iine where the tensions are greatest. The model simplifies the problem by treating
only the vertical motion of the buoy and the longitudinal motion of the mooring line and attached instruments. The justification for this assumption is
based on the effects of hydrodynamic damping. The
transverse motions that are excited at the top by the
buoy's surge and pitch motions dissipate quickly as
they travel down the mooring line and have little effect
on the dynamic tension. Conversely, the longitudinal
motions are maintained by the hydrodynamic damping
all the way down the mooring line even for the inversecatenary mooring where the slope of the mooring line
can become negative in slack current conditions.
The major simplifying assumption of the
model is that the dynamics of the instruments and
their connecting hardware can be combined into a single point mass and damper that hangs just below the
buoy. The instruments are typically located within the
top few hundred meters of the mooring. Our assumption is that the whole instrument string moves as a
single unit with the same amplitude and phase of the
surface buoy. This creates an effect where the dynamic
tension at top of the mooring line is a'function of'the
sum of their mass, added mass, and viscous damping.
In fact, for a heavily instrumented mooring, 90-95% of
the dynamic tension can be attributed to the instruments. The remaining tension comes from the elastic
strain of the wire and synthetic rope.
Using these assumptions, the system is represented by three coupled differential equations: one

HT{u) = Hz(u) [-Mu2 -f iSu-

(54)

a(EsA,k, cot k,L, - EwAwkw tan *„,!„,)]
The first two terms in brackets account for inertia and drag of the instrument string located above
the wire rope. The drag force on the instruments is
a function of the standard deviation of the buoy's
heave velocity which is calculated from the buoy's
heave transfer function as described below. The third
term in brackets is associated with the strain of the
synthetic rope where E, is Young's modulus, A, is
the cross-sectional area, and L, is the length of the
synthetic rope. This term becomes important when
k,L, = T/2 which defines the fundamental elastic natural frequency. The wave number of the synthetic rope
k, is denned by:

K, =

m,u- — itTi'o,Lj

E^A,

(55)

where ov* is the standard deviation of the mooring
line's longitudinal velocity averaged over the length
of the synthetic rope, m, is the mass per unit length,
and 65 is the equivalent linearized damping constant
.per unit length of the synthetic rope. The last term
in brackets is associated with the response of the wire
rope where Ew is Young's modulus, .4«, is the crosssectional area, and Lw is the length of the wire rope.
The wave number kw is given by:

k

=

mww — i(Tpb.M*
Äti»-Tlti

(56)

where m.M is the mass per unit length and 6U. is the
equivalent linearized damping constant per unit length
16

of the wire rope. Again, <7p is averaged over the length
of the wire rope.
Finally, the term HzM is the transfer function of the buoy's heave response in waves taking into
account the presence of the instruments and the mooring line. It is given by:
Hz(u) = F„. [C33 - M^J + xB-s^-r

Instrument
String

(57)

Wire
Rope

a(E,A,k,cazk,L, - EwAwkwx.ankwLw)\~l
where Mz = Mr iV/33 ~ M ~ Ma is the sum of the
mass and added mass of the buoy and the instrument
string, Bz = -333 -i- 5 is the sum of the damping of the
buoy and the instrument string, and

Synthetic

Rope

a=(l-r r/'.V cocfc,I>tan/;wIw j

(53)

The heave motion of the buoy for a given sea state is
given bv:
Sz(u) = \Hu(u)fS«(u)
(59)
where 5j(w) is the power spectrum of the buoy motion. Integration of w2 times the motion spectrum
gives standard deviation of the heave velocity which is
used to calculate the damping coefficient of the instruments.
The analytical model is compared in Fig. 16
to the three different configurations of the 1991 MLML
inverse catenary mooring shown in Fig. 12. The comparison between the analytical model and the numerical model is made using the transfer function of the
dynamic tension Hr{u) given by Equation (55) and
the parameters listed in Table 3.
For both small and large sea states, the analytical model gives similar results to those of the numerical model of the taut mooring and the inversecatenary mooring in moderate currents. For the 1991
MLML mooring, the configuration of the mooring line
could be represented by the moderate-current case
over 95% of the time. The spectra in Fig. 17 all correspond to moderate to strong currents, and the analytical model gives excellent fits to the full-scale measurements (Grosenbaugh, 1995b). The standard deviations of the tension for the six different sea states^are
nearly identical to the results of the numerical model
(Table 2). This shows the validity of the assumption
that the heave motion of the buoy and the longitudinal motion of the mooring line are the cause of the
dynamic tension.
An advantage of the analytical model is that
it shows explicitly the individual effects of the instruments, mooring hardware, wire rope and synthetic

Total mass (M)
Total added mass (Ma)
Damping constant (B)
Length

1080 kg
400 kg
1260 ,Vj:/m2
30 m

Mass per length (mw)
Young's modulus (£«,)
Cross-sectional area (A^)
Length (Lv)
Friction coefficient (C/)

0.45 kgm~l
1.0 x 10n ;V/m2
1.2 x 10-* m2
2110 m
0.003

Mass per length (m,)
Young's moduius [E,)
Cross-sectional area (A3)
Length (£,,)
Friction Coefficient (Cf)

0.33 tjm"1
4.8 x 10* :V/m2
5.0 x 10"* m2
1370 m
0.003

Table 3: Parameters used in analytical model for 1991
MLML mooring.
rope that go into the overall dynamic response. This
is important to engineers in the early phases of the
design process when it is being decided how many instruments and how much wire and synthetic rope will
be used in the mooring. The analytical model is an
order of magnitude faster than numerical simulations
and gives accurate results for moorings with the instruments concentrated in the top 300 m of the mooring
(Grosenbaugh, 1995b). At a minimum, the analytical
model can be used to verify the results of numerical
simulations.

ULTIMATE AND FATIGUE ANALYSIS
The flow chart shown in Fig. 5 serves as a
guide in performing ultimate and fatigue failure analysis of a mooring. The first step in both processes
"involves characterizing the environmental forcing in
terms of the expected currents and waves. These are
used to calculate static and dynamic tensions which
are then incorporated into the failure analysis. The
static and dynamic results are then combined during
the ultimate failure analysis. The fatigue failure analysis is depends primarily on the dynamic results.
Design and survival current profiles are determined from historical oceanographic data. Many times
the moorings are placed in locations that have never
been instrumented and so estimates must be made.
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Sea
State
No.
1
2
3
4
5
6
"T

8
9

Wind
Speed
{ms-1)
0-3.5
3.5-5.5
5.5-8.5
8.5-11
11-14
14-17
17-20
20-24
>24

aignmcant
Wave Height

fm)
0.72
1.52
1.93
2.37
3.05
4.20
5.32
7.20
9.00

?eax
Freq.
,'Hz'l
0.204
0.149
0.135
0.125
0.112
0.099
0.087
0.080
0.074

p ercentage
P ■obabilitv
of Sea State
20.7
11.7
10.5
12.8
17.5
16.4
7.3
2.2
0.4
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140
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180
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Figure 18: Time series of the tension at the top of the
1991 MLML mooring in Sea State 7.

Table 4: Sea state occurrences for Arabian Sea mooring site.

computing:
The current profiles used in the design of the Arabian
Sea surface mooring were determined from ship observations of surface currents and estimates of how they
changed with depth.

0~ T

-u;

Sr(u)dij

(60)

In addition for fatigue failure analysis, the mean frequency (in Hertz) of the tension fm for each sea state
is needed and is determined from:

A description of the wave environment is constructed from observations within or near the deployment area. A source of such data is the U.S. Navy
Marine Climatic Atlas of the World (Meserve, 1974)
which can be used to construct a listing of the significant wave height, peak wave frequency, and probability of occurrence for a range of sea states. Wave
data for the Arabian Sea surface mooring site are
presented in Table 4. A wave amplitude spectrum
corresponding to each sea state can be constructed
by assuming that the shape is given by a modified
Pierson-Moskowitz spectrum for fuily-developed seas
or a JONSWAP spectrum for fetch limited seas (Faltisen, 1990).

•J)du

(61)

Ultimate Failure Analysis
Ultimate failure analysis involves determining
the maximum expected load on a mooring component
and comparing this value to the ultimate strength. If
the extreme load is greater than the ultimate strength
then the part is likely to fail. In practice for oceanographic moorings, a safety factor of 2.5 is applied so
that the design criterion for all mooring components
is:

The next step is to calculate the static tension
and equilibrium mooring configuration corresponding
to the design and survival current profiles. The configuration is then used to determine the tension power
spectrum for each sea state of interest. This can be
done by calculating the transfer function of the tension numerically and using Equation (45) to determine ST(U). Alternatively, the analytical model*can
be used, if applicable, to calculate HT(<u) at the top of
the mooring where the tensions are the greatest, and
this can be used for the components of the instrument
string.

Tvi\timate

(62)
2.5
The instantaneous tension on any mooring
component is the combination of the static tension T0
and the dynamic tension Tj. as given by Equation (14).
For oceanographic moorings that are heavely instrumented, the dynamic tension can be of the same magnitude as the static tension (Fig. 18) and, thus, cannot
be ignored in calculating the total extreme load.
The static component of the extreme tension
T' is found using the survival current profile. The
contribution from the dynamic tension is determined
by first calculating a-j- using the survival current profile for the equilibrium mooring-line configuration and
t extreme

The standard deviation of the tension or is
needed for both the ultimate and fatigue failure analysis. This is determined from the tension spectra by
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the amplitude spectrum of "he largest expected sea
state. The extreme dynamic tension is then based on
choosing the average tension of the highest l/'n tension amplitudes. We write this vaiue as T1/" where
we choose n = 1000. For the largest sea state in Table
5 (Sea State 7) which occurs 0.1% of the time over an
eight month deployment, r1/1000 rums out to be me
average of the five highest dynamic tensions assuming
a mean wave frequency of 0.25 Hz.
Water wave amplitudes closely foilow a
Rayleigh distribution. If we assume that the amplitudes of the tension also follow a Rayleigh distribution,
we can write the extreme dynamic tension as:
ri/iooo = 3-85^

where F is a gamma function and <TT is the standard
deviation of the tension corresponding to a particular sea state. The parameters q and y are fatigue
constants related to the material and geometry of the
given mooring component.
The material constants are found from laboratory experiments in which a number of identical mooring components are cycled with constant-amplitude
dynamic tension until they fail. The number of cycles
at which the failure occurs is assumed to be related to
the amplitude of the dynamic tension through:
N =

(63)

(64)

This formula assumes the survival current occurs at
the same time as the maximum dynamic tension, and
thus provides additional margin of safety in the calculation.
Fatigue Failure Analysis
To predict the fatigue life of a mooring component, we adopt the Palmgren-Miner theory for cumulative damage (Miner, 1945). The theory is linear
and assumes that fatigue damage occurring from a single cycle of loading at one amplitude can be added to
the sum of the damage from ail previous cycles even if
the previous amplitudes were different. If a mooring
component will break after a total of N cycles when
subjected to a constant amplitude dynamic tension T,
then it follows from the Palmgren-Miner theory that
the fraction of damage after one cycle is N~l.
If the same part is subjected to a narrowbanded random loading such as that caused by waveinduced motions during a particular sea state, then^the
fraction of damage over one cycle is the expected value
of N~l. If we assume again that the peak tensions follow a Rayleigh probability distribution, then it is easy
to show (Triantafyllou et aL, 1986) that the expected
value of N~l corresponding to a given sea state is
£(;V-1) =

' y/2oT

r(i

q

-)

(66)

Equation (66) is used widely to approximate components made of metal including wire rope. Synthetic
rope can aiso be approximated with this equation but
with a lesser degree of accuracy. By performing tests
with different values of T, we can determine q and y
using least-squares techniques.
We determined material constants for various
si2es of galvanized-steel sling links and shackles like
the ones used on the MLML moorings by choosing 12
parts and cycling them until one part failed. By doing
this at different loads, we found that the links can be
represented with q = 3.S and y = 1.7y„ (Fig. 19) and
the shackles can be represented by q = 3.7 and y =
1.5yu (Fig. 20) where yu is the ultimate strength of the
given component. This method of taking the extreme
minimum value was chosen because our emphasis is on
insuring the survivability of the mooring.
We aiso tested the wire rope with swage fittings. This data is presented in Fig. 21 along with
other wire-rope fatigue data from. Here the material
constants are q = 4.6 and y — 2.4yu.
The material values for the links and shackles
correspond to tests performed at a mean tension of
17,800 N. To account for differences in the mean load,
we determine an effective y and use this in Equation
"(65). The effective value y' is given by (Collins, 1993):

where again <x4- is calculated from the survival current and the largest exoected sea state. The extreme
tension is tnen:
r„treme = T0« -r 3.35<4

y_\i

V =y

yu - 17, 800

(67)

where Tm is the mean tension which is determined
from the static analyis.
The amount of fatigue damage due to a given
sea state is the fraction of damage that occurs over
one cycle times the total number of cycles that occur
during that sea state. For a deployment that lasts a
total of r seconds, the number of cycles v that occur

(65)
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for a given sea state is:
PMr^KmdSMKLmiMOMEMUn

a
0
X

v=TfmP{h„fv)

S/ft-knt r*m-st»—o S*m I
?*.*« **m-Sim—a SMf u

(68)

•where P(hs, fp) is the percentage probability of occurrence for a given sea state with significant wave height
h, and peak frequency fp (Table 4). The fatigue damage for a given sea state is then:

77%-mm 6fld U* Ina «w

""°-v°„

D = vE{N -M

(69)

The total amount of fatigue damage for the whole deployment is the sum of the damage over all sea states.
Thus, the criteria for predicting a fatigue failure is:
O,dN0f«y»m

EJ>i>

i
factor of safety

(70)

Figure 19: Cyclic fatigue curve for links.
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Figure 20: Cyclic fatigue curve for shackles.
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where Dj is the damage associated with the jth sea
state.
The factor of safety accounts for the uncertainties caused by the order of the loading and by
the effects of corrosion. For quasi-random loading, the
Miner's sum given by the left hand side of Equation
(70) ranges between 0.6 and 1.5. Corrosion, on the
other hand, can reduce fatigue strength by as much as
half (Collins. 1993). Accordingly, we use a factor of
safety of 4.0, accepting a mooring component only if
the analysis shows that it loses no more than a quarter
of its life during a deployment.
This analysis was applied in retrospect to
the 1989 and 1991 MLML moorings (Grosenbaugh,
1995c). In particular, it predicted that the 5/8-inch
pear-shaped siing link shown in Fig. 4 would last 44.4
days compared to the actual time to failure of 70 days.
In addition, the 5/8-inch shackles used at the top of
the mooring line would have had a fractional loss-of-life
of 1.19. Based on our criteria of safety factor of four,
this part would not have been acceptable. The fatigue
resistance of the 1991 mooring was improved by using
an inverse catenary design which helped to lower the
.mean tension, using 7/8-inch sling links and 3/4-inch
■shackles in the upper part of the mooring, and reducing the deployment time by 15%. The 7/8-inch sling
links were predicted to have a fractional loss-of-life of
0.19 while the shackles were predicted to have a fractional loss of 0.23. The 1991 mooring was recovered
with the mooring hardware showing little wear.
Design Example
We will analyze two components of the 1995
Arabian Sea Surface Mooring to demonstrate the design techniques for determining ultimate strength and

Figure 21: Cyclic fatigue curve for wire rope.
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fatigue resistance. The components are a 3/4-inch
chain shackle that is located at the top of the mooring where tensions are the highest and the 3/3-inch
wire rope which begins at the bottom of the instrument string. The steps in this example are the same
for all other mooring components so this can serve a
step-by-step guide for engineering analysis.
The Arabian Sea surface mooring was an
inverse-catenary mooring (Fig. 22) containing approximately 1150 m of 1 1/8-inch diameter polypropylene
rope, 1680 m of 7/8-inch diameter nylon rope, and
1610 m of 3/8-inch and 7/16-inch diameter wire rope.
Above this was a 250 m long instrument string containing 1/2-inch diameter wire rope, 3/4-inch chain,
and a suite of instruments that included 5 VMCMs,
four MVMSs, four SEACATs, one large custom made
instrument for detecting Zooplankton with sound (Holiday Instrument), and 13 temperature sensors.
The purpose of the mooring was to study
ocean surface mixing in a region where cooiing may
occur during the summer. In the Arabian Sea, it
is thought that strong monsoon winds during June,
July, and August may cause increased mixing with the
cooler water from below the surface. This hypothesis
could only be answered with a surface mooring.
As seen in Table 4, the Arabian Sea is characterized by strong winds and high sea states. During
10% of the deployment, the winds are expected to be
gale force. During the monsoon months this percentage increases to 25%. Wich the large number of instruments on the mooring, dynamic tensions will be high.
Currents are also strong creating large static tensions.
The 3/4-inch shackles are used to attach ail of
the instruments to the mooring line, the most heaveiy
tensioned shackle is located just above the top VMCM.
Thus, for tensions in the analysis, we will use the tension at the top of the mooring line for the calculations.
Fig. 23 shows the mooring configuration and static
tension at the buoy in the design and survival currents. These were calculated using the static analysis
procedures outlined in Section 2.
The dynamic tensions are calculated for each
of the sea states in Table 4. We will use the numerical
model for a random sea input, relying on equations
(43-45) ,to calculate the tension power spectra of the
final mooring design shown in Fig. 22. For the wave
spectra, we use modified Pierson-Moskowitz spectra.
This is conservative as fetch-limited spectra may be
more appropriate. The tension spectra calculated in
this manner are given in Fig. 24 and the standard
deviations of the tension and average frequency are

iTsJV Surf»« bwy Carrie*
..
'1 m«T#erot©atG«4 wiiioii
^"H and •««•lüt« wwwimw

y

\

\?

ffmoeratur». canduetivrey,
diformd exy^an, and Lin« zanmem *«n*er»,
and backup MWtMt* tffuwwwr

9 Voetßr M*a#t*rtnq Currm** M#Ur (VMCM)
3 and Xemvmmmrm fod (Tpod)
i Mum*VanaM* Moormd 5y*t#m (MVMS)3 current* t*fWWf«nft, dim»wd oxygen.
[[gnc, and gtMfwniefi

a

9
tTTod
3 VMCM

3

«TPod
1 MVMS

3 TFo4 & HotfUay Hameevmtle Irftrurrmrrt
sj for MUcxtnq totmmnrten Mtn «cunm
3 VMCM

3
t TTod

*

• TPod
1 MVMS
«TPoJ
S
I MVMS

3
'* TPo4
J SEACAT CanduesJwvy/T«
»Trod
1 SEACAT
«TPoJ
JSEACAT

J ITo*
JSEACAT
* TPod

' SpooUi twrWnyto*

^
[9 rr-fnch q\M— flotation ball*
in piM»Ue nmrahnt*

Aeou*tic £*&•»•*

\ Ql, Anenor..(Dtfaw 4032 m)-.-;.' y

Figure 22: Schematic drawing of the 1995 Arabian Sea
mooring.
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Sea Scate
1
2
3
4
5
6
7
8
9

Design Current:
<rr (N) fm (Hz)
2240
0.391
2S80
0.359
3100
0.349
3340
0.342
3570
0.332
3970
0.321
4410
0.308
4760
0.299
5250
0.288

Survival Current
cr'T (N)

—
—
—
—
—
—
—
5110

Table 5: Standard deviation and mean frequency of
tensions at the top of the 1995 Arabian Sea surface
mooring.
given in Table 5. We note that much of the preliminary dynamic analysis of the design of the Arabian
Sea mooring was performed with the analytical model
as the assumptions of nearly taut mooring line and
instrument-string length less than 300 m apply.
The extreme dynamic tension is calculated using Equation (63) with the extreme standard deviation of erf = 5110 N corresponding to Sea State 9
and the survival current profile (last column of Table 5). We then determine the total extreme tension
using Equation (64) with the extreme static tension
of Tg = 28,100 N which corresponds to the survival
current (Fig. 23). Thus,

Figure 23: Static design and survival configurations
for the Arabian Sea mooring.

Arabian 5«« Sunaca Mowing

-T«treme

=

23,100 N ~ 3.S5 x 5110 N (71)

=

52,700 N

The ultimate strength of a 3/4-inch shackle is 254,000
N. This represents a safety factor of 5.3 which easily
satisfies the design constraints.
The fatigue analysis covers a six-month deployment (184 days). This corresponds to 16 million
seconds or roughly five million cycles of loading. Using
the probabilities in Tables 4, the average frequencies
in Table 5 (corresponding to the design current), and
Equation (68), we calculate the number of cycles corresponding to each sea state (column 1 in Table 6). The
standard deviations in Table 5 along with the material fatigue constants represented by the dashed line in
Fig. 20 (y=1.5 and q=3.7) are substituted into Equation (65) to give the damage per cycle for each sea
state. The fraction of life lost due to the j'th sea state

Figure 24: Tension power spectra at the top of the
Arabian Sea Mooring corresponding to the sea states
listed in Table 5.
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Cycles
1.237 xlO°
0.668 xlO6
0.583 xlO0
0.S96 xlO0
0.924 xlOs
0.837 x!0°
0.382 xlO0
0.105 xlO0
0.013 xlOd

Sea State
0

3
4
5
6
7
3
g

1

l

Shot-Peened
Galvanized
Fraction Lost
Fraction Lost
0.010
0.045
0.059
0.013
0.067
0.015
0.024
0.106
0.040
0.180
0.054
0.242
0.036
0.163
0.013
0.059
0.003
0.015
Sum = 0.936 1 Sum = 0.208

Table 6: Summary of fatigue analysis for 3/4-inch galvanized and shot-peened shackles.

is given by Equation (69) (column 3 in Table 6). Summing these values gives the total fraction of life lost
during the deployment. The value for the galvanized
shackie is 0.936 which gives a safety factor of only 1.1
which is below the acceptable value of 4.0.
Going to a larger shackle was not an option because the shackie pin would not fit through the ends
of the instruments and it would be too expensive to
modify all of the instrument cages. The solution in
this case was to use a shackle that was shot peened and
painted with an corrosion-resistant coating. The ultimate strength of this part is the same as the galvanized
component. The fatigue resistance of the shot-peened
shackie, estimated from the data point in Fig. 20, is
increased by 509o. Using fatigue constants of (y=2.25
and q=3.7), we recalculated the damage per cycle and
the fraction of life lost due to the jth sea state (column
4 in Table 5). Summing these numbers gives a value
for the shot-peened shackle of 0.208 which produces
an acceptable safety factor of 4.8.
To analyze the strength and fatigue properties
of the 3/8-inch wire rope, we take the static and dynamic tensions at the junction between the wire rope
and the instrument string. In the numerical simulation
this involves outputting the tension at the intersecting node. The extreme static tension corresponding to
the survival current is 20,300 N. The extreme dynamic
tension corresponding to Sea State 9 (and the survivalcurrent mooring configuration) is found from the numerically calculated value for the standard deviation
of the tension (last column of Table 7). The extreme
total tension is then found from Equation (64):

Tt■ztreme

=

Sea State
1
2
3
4
5
6
7
8
9

Design Current
a- (N) fm (HZ)
0.504
720
0.466
360
0.454
910
0.445
970
0.432
1020
0.417
1120
0.400
1230
0.388
1310
0-374
1430

Survival Current
<TT

W)

—
—
—
—
—
—
—
—
1420

Table 7: Standard deviation and mean frequency of
tensions in 3/8-Inch Wire Rope 1995 Arabian Sea Surface Mooring.

Fraction Lost
Cycles
0
0.0004
1.659 xlO
0.0004
0.867 xlO6
6
0.0005
0.753 xlO
6
0.0008
0.906 xlO
0.0013
1.202 xlO6
0.0019
1.087 xlO6
0.0013
1
0.496 xlO6
0.0005
0.136 xlO6
8
0.0001
0.024 xlO6
9
Sum Fraction Lost = 0.0072

Sea State
1
2
3
4
5
6

Table 8: Summary of fatigue analysis for 3/S-inch wire
rope.
=

25,800 AT

In ultimate strength tests of 3/8-inch wire rope with
swage fittings on the end, the wire breaks a few centimeters away from the swage joint with an average
strength of 65,900 N. This represents a safety factor
of 2.6 which satisfies the design constraints. Three
hundred meters of 3/8-inch wire rope were eliminated
from the original mooring design to achieve a safety
factor above 2.5.
For fatigue analysis, we use the probabilities
in Tables 4, the average frequencies in Table 7 (corresponding to the design current), and Equation (68) to
determine the number of cycles corresponding to each
sea state (column 1 in Table 8). The standard deviations in Table 7 (for the design current) along with the

20,300 iV + 3.35 x 1420 iV (72)
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material fatigue constants represented by the dashed
line in Fig. 21 (y=2.4 and q=4.6) are substituted into
equation (65) to give the damage per cycle for each sea
state. The fraction of life lost due to the ;'th sea state
is given by equation (69). Summing these values gives
a total fraction of life lost during the deployment of
only 0.0072 (Table 8). Thus, fatigue of the wire rope
is not a concern.
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APPENDIX

The analysis of the shackle and the wire rope
are examples where ultimate strength analysis (of
the wire rope) and fatigue analysis (of the shackle)
led to design changes. Similar analyses were performed on all mooring components including the instrument strength members. Fatigue results led to
using oval-shaped links (instead of pear-shaped links)
and strengthening the welds at the ends of the VMCM
and MVMS instrument cages.

The following tables give important parameters of oceanographic instruments used on the 1991
Marine-Light Mixed-Layer mooring and the 1995 Arabian Sea mooring. These values are used for the static
and dynamic calculations presented in this paper.
In the tables. Type corresponds to the the
method of attachment. Open Cage uses a structural
frame of 3/4-inch stainless-steel rod with the instrument suspended inside the frame. Examples of this
are the VMCM and ADCP shown in Fig. 2. SideMounted on Rod corresponds to the instrument housing clamped to a single piece of 1-1/4-inch diameter
stainless-steel rod which acts as the strength member. An example of this is the SEACAT shown in Fig.
2. In-Line Cylinder corresponds to a cylinder pressure housing with attachment points mounted on the
end caps so that pressure housing becomes the structural member of the mooring line. An example of this
is the engineering instrument that measures mooringline tension. Clamp to Mooring Line uses a clamp
that hold the instrument in place on the mooring line
by friction.
The added mass and drag coefficients are estimates made by the authors. The drag coefficient is
assumed to be the same for both vertical and transverse motion.

CONCLUSIONS

Dynamic analysis is key to designing oceanographic surface moorings for rough water environments. It is important in predicting both extreme
loads and fatigue damage. We have presented a frequency domain numerical method and an analytical
model that allow designers to perform these calculations in different sea states and have shown how to
incorporate the results into ultimate strength and fatigue analysis.
The analytical model described in Section 3 is
useful in the eariy stages of design because it shows explicitly the individual effects of the instruments, mooring hardware, wire rope and synthetic rope that go into
the overall dynamic response. It is orders of magnitude
faster than numerical simulations, and gives accurate
results for moorings with the instruments concentrated
in the top portion of the mooring.

Table Al
Vector Measuring Current Meter (VMCM)

Hydrodynamic coefficients and wave exciting
forces of different shaped oceanographic buoys are
given along wich the material and fatigue parameters for the components and instruments that make
up the mooring line and instrument strings. These are
used with the results from static and dynamic analysis to predict if a mooring will survive a deployment.
The case study of the Arabian Sea surface mooring
shows how the design techniques presented in this paper can isolate weaknesses and lead to improve designs
in terms of ultimate strength and fatigue resistance.

Type
Length
Mass
Weight in Water
Vertical Added Mass
Transverse Added Mass
Vertical Projected Area
Transverse Projected Area
Drag Coefficient
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Open Cage
2.9 m
81 kg
495 N
20 kg
33 kg
0.09 m2
0.56 mr
1.0

Table A 6
Custom-Made Bio-■Optical Sensor
(MOORDEX)

Table A2
Multi-Variable Moored Systi■m (MVMS)
Type
Length
Mass
Weight in Water
Vertical Added Mass
Transverse Added Mass
Vertical Projected Area
Transverse Projected Area
Drag Coefficient

Open Cage
2.9 m
94.6 kg
581 N
21kg
35 kg
0.10 m2
0.68 m1.0

Type
Length
Mass
Weight in Water
Vertical Added Mass
Transverse Added Mass
Vertical Projected Area
Transverse Projected Area
Drag Coefficient

Table A3
Acoustic Doppler Current Profiler (ADCP)
Type
~
Length
Mass
Weight in Water
Vertical Added Mass
Transverse Added Mass
Vertical Projected Area
Transverse Projected Area
Drag Coefficient

Table A7
Holliday Bio-Acoustic Instrument

Open Cage
2.3 m
107 kg
516 N
27 kg
54 kg
0.26 m2
0.93 m1.0

Type
Length
Mass
Weight in Water
Vertical Added Mass
Transverse Added Mass
Vertical Projected Area
Transverse Projected Area
Drag Coefficient

Table A4
SEACAT
Side-Mounted on Rod
Type
2.0 m
Length
18 kg
Mass
112 N
Weight in Water
0.5 kg
Vertical Added Mass
6.6 kg
Transverse Added Mass
0.01 mVertical Projected Area
0.05 rnr
Transverse Projected Area
1.0
Drag Coefficient

Open Cage
2.9 m
138 kg
1030 N
20 kg
33 kg
0.09 m2
0.56 m2
1.0

Table A8
Temperature Pod Sensors (TPod)
Type
Length
Mass
Weight in Water
Vertical Added Mass
Transverse Added Mass
Vertical Projected Area
Transverse Projected Area
Drag Coefficient

Table A5
Bio-Optical Moored System (BOMS)
Type
Length
Mass
Weight in Water
Vertical Added Mass
Transverse Added Mass
Vertical Projected Area
Transverse Projected Area
Drag Coefficient

Custom- Made Attachment
2.0 m
157 kg
979 N
51 kg
32 kg
0.29 m0.19 m0.8

Clamp to Mooring Line
0.5 m
4.5 kg
35.6 N
0.6 kg
4.0 kg
0.01 m2
0.05 m2
1.0

Table A9
Engineering Instrument

Side-Mounted on Rod
2.9 m
61.5 kg
'305 N
4.5 kg
25 kg
0.03 m2
0.15 mr
1.0

Type
Length
Mass
Weight in Water
Vertical Added Mass
Transverse Added Mass
Vertical Projected Area
Transverse Projected Area
Drag Coefficient
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In-Line CylLi
1.0 m
40 kg
225 N
2.0 kg
19 kg
0.02 w?
0.08 m2
1.0
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