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ABSTRACT

In the design and analysis of multi-leg mooring systems, it is significant, but difficult, to determine the tensions in the
mooring legs. The analysis is complicated primarily because of the nonlinear behavior of the cables. The equilibrium equa
tions of the moored body are indeterminate if the number of mooring legs is more than the number of unconstrained de
grees of freedom being considered at the moored body. In the presence of spatially variable sub-surface currents, it is gener
ally not appropriate to approximate the cable behavior by catenary equation, as the current-induced drag forces are both
position- and orientation-dependent. A method based on direct spatial integration will be demonstrated for the nonlinear
static analysis of three-dimensional multi-leg mooring system response to steady currents. This method is well-suited for use
on microcomputers.

SOLUTION ALGORITHMS

Newton -Raphson Quasi-Linearization

Given a coupled set of nonlinear first-order differential equa
tions, it is possible to develop a convergence acceleration proce
dure of successive iteration upon quasi-linear equations. In this
section, the conversion of a nonlinear two-point boundary-prob

lem into an iterative set of linear two-point boundary-value prob
lems will be presented.

Assume a set of 2N nonlinear first-order differential equations:

(I)

(2a)

(2a)

i,j=I,2, ... ,2N

k=I,2, ... ,N

k=I,2, ... ,N

with N nonlinear boundary conditions at boundary S = 0:

and N nonlinear boundary conditions at boundary S = Lo:

ary-value problem is then further decomposed into a set of initial
value problems so that spatial integration may be performed along
each mooring leg. The solutions to each of the quasi-linearized
initial-value problems are recombined so as to always satisfy the
boundary conditions during the iterations. The nonlinear bound
ary-value problem is then solved by successive iterations similar
to the relaxation methods (Press et aI., 1986). The algorithm, us
ing the Newton-Raphson method of gradient scaling for nonlinear
first-order differential equation, has been shown to be quite effi
cient (Leonard, 1979; Chiou, 1989). The advantage of this ap
proach is that only a relatively small amount of variables need to
be retained in computer memory. Thus, the solution for a large set

of simultaneous algebraic equations, as generated by lumped pa
rameter methods or finite element methods, can be avoided.

INTRODUCTION

A multi-leg mooring system, which is comprised of cables, an
chors and the moored body, provides efficient restraint in all di
rections to the moored body by transmitting the forces on the ca
bles and moored body to the anchors. Such a system has been
employed in a wide variety of applications in the ocean (Nordell
and Meggitt, 1981; Knapp, 1987). A few examples of multi-leg
mooring systems include the systems used to restrain tension leg
platforms and guyed towers for deepwater oil operations. A state
of-the-art review regarding the behavior of cables as mooring sys
tem components, the types and selection of cables, and the various
classes of anchors and their applications was presented by Skop
(1988).

In the design and analysis of multi-leg mooring systems, it is
significant, but difficult, to determine the tensions in the mooring
legs. The analysis is complicated primarily because of the nonlin
ear behavior of the cables (Leonard, 1988). The equilibrium equa
tions of the moored body are statically indeterminate if the num
ber of mooring legs is more than the number of unconstrained
degrees of freedom being considered at the moored body. Due to
this reason, some analyses of multi-leg mooring systems are based

on the mathematical programming, i.e., optimization schemes
(Jones and Nelson, 1982; Sekita, 1982; Wilson and Orgill, 1984).
In the presence of spatially variable subsurface currents, it is gen
erally not appropriate to approximate the cable behavior by cate
nary equation, as the current-induced drag forces are both posi

tion- and orientation-dependent. The paper will demonstrate a
convergence acceleration method using direct spatial integration
for the nonlinear static analysis of three-dimensional multi-leg
mooring system response to steady currents. Examples are in
cluded to demonstrate the capability of the method.

The mathematical model of the NL-leg mooring system may be
formulated as a (NL + I)-point nonlinear boundary-value problem.
The boundary-value problem, posed as a set of nonlinear differen
tial equations, is first transformed into an iterative set of quasi-lin

earized boundary-value problems. Each quasi-linearized bound-
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where S is the independent variable (e.g., cable arc length), {Yi I are
the 2N dependent variables (e.g., tension components and location

coordinates), Iji(~ Y)} are nonlinear functions of {Yj}, and

{hk (Yj)} and {hk (Yj)} are nonlinear functions of {Yj} at S = 0


