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Chapter 1}

Introduction

Most California business and industrial centers are located on the coast. Every year, California
imports large volumes of hydrocarbons and chemicals (most of them crude 0ils) to meet the
demands of these centers. A principal means for the importation is waterborne tanker transport.
Yearly, approximately 1 billion barrels of crude oil and hydrocarbon products are transported
into California harbors. Along with the surging of the population and the recovery of economy,
California harbors are required to handle more and more incoming cargoes.

In order to transport this huge amount of cargo, some 2,500 large tankers are used. One third of
these tankers are foreign flagged. Because of the limiting water depth of California ports,
tankers are often too large to enter the ports, which results in using a large number of smaller
tankers to unload the oil from the large tankers and then bring the oil into the ports. This
operation is called lightering. By 1990, the volume of oil handled by lightering was 1.75 million
barrels per day, which was more than twice the volume four years ago.

The use of a number of smaller tankers increases the possibility of collisions, grounding,
operational casualties, fire/explosion, and overflows in the relatively shallow, narrow, congested
and environmentally sensitive waterways. Oil spills are the direct result of these accidents. A
report from the US Coast Guard Deepwater Ports Study (1993) indicates that lightering at sea
and discharging in port, This is because lightering possesses all the possible conditions to
generate the above mentioned accidents.

A Single Point Mooring System (SPMS) is an alternative way to lighter. A SPMS generally
consists of a buoy, a mooring system, and a riser. It is usually located in water deep enough for
Very Large Crude Carriers (VLCC) and Ultra Large Crude Carriers (ULCC). Lightering is no
longer necessary with using of the SPMS. Thus, SPMS reduces the number of smaller tankers
used. Also, the location of the SPMS is some distance from the coast, which provides some
degree of environmental protection through the space between coast and the SPMS.

The research project Offshore Single Point Mooring System for Import of Hazardous Liquids was
proposed with a view to lessen the effects of accidents. The objectives of the project are stated to
be:
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A. To evaluate the feasibility and reliability of offshore Single Point Mooring
System (SPMS) for two locations offshore California: EL Segundo and Morro
Bay.

B. To develop and verify the analytical procedures required to characterize the
forces, loadings, and motions developed by the components of SPMS when
subjected to extreme storm (survival) conditions and major seismic events.

C. To use these procedures to engineer and evaluate the performance and
reliability characteristics of alternative SPMS concepts.”

This research project has been carried out by two approaches: an engineering approach and an
analytical approach, which resulted in two final reports. The engineering approach focuses on
the feasibility and reliability of the use of the SPMS in California offshore. The analytical
approach provides the engineering approach with suitable analytical tools for determining the
forces and motions of the components of the SPMS. This report is the analytical final report, in
which one particular analytical problem, cable dynamics, is studied.

The research project was performed by two graduate students Mr. Wei Ma and Mr. Aaron
Salancy under the direction of Prof. William C. Webster and Prof. Robert G. Bea. Mr. Ma was
responsible for the work presented in this report while Mr. Salancy was responsible for the
engineering approach report ( Salancy, 1994).

This paper is funded in part by a grant from the National Sea Grant College Program, National
Oceanic and Atmospheric Administration, U. S. Department of Commerce, under grant number
NA36RGO537, project number R/OE-26 through California Sea Grant College, and in part by the
California State Resources Agency. The views expressed herein are those of the authors and do
not necessarily reflect the views of NOAA or any of its sub-agencics. The U. S. Government is
authorized to reproduce and distribute for governmental purposes.



Chapter 2

Statement of the Problem

Consider an ocean cable or rod (being used alternately in this report) immersed fully in the sea.
The cable is exposed to Ioadings from many sources. The primary ones are the effect of gravity
on the mass of the cable, the hydrostatic forces on the cable (both due to the water outside the
cable and to any fluids which may be inside the cabie), and the hydrodynamic forces due to the
cable motion and wave motion.

The complexity of the loadings, combined with the nonlinear geometrical characters of the rod,
requires for a theory which is able to predict the hydrodynamic and the hydrostatic force on the
rod and to evaluate the motion and the nonlinear restoring tension of the rod.

With this in mind, we have selected a theory for the dynamics of slender rods. The theory was
first introduced by Garrett (1982) and then expanded by Paulling & Webster (1986). The theory
is based on the Bernoulli beam theory and has a great flexibility in handling the rod without any
geometric limitations.

2.1 Basic Assumptions

In dealing with the motions of a rod in the sea, we make the following assumptions:
* The rod is an elastic rod with equal inertia about its principal axes.
= Therod is fully immersed in the sea.
* The motion of the rod follows Bernoulli-Euler beam theory.

* There is no rotational inertia, no torque, and no shear deformation.

2.2 Governing Equations

Let a 3-D inertia Cartesian coordinate system be located at some place in the sea. Let the
instantaneous configuration of a rod be expressed as a vector distance!, r(s,t), from the origin of
the coordinate system as a function of s, the arc length along the rod, and time (see Figure 2.1).

1 The bold face letiers are used for vector and matrix quantities.



The model, which describes external forces and internal forces acting on a segment of a typical

ocean rod, is given in figure 2.2. On the basis of conservation of linear momentum and moment
of momentum, we have equation 2.1 and equation 2.2:

N

0 r(s,t) “

Figure 2.1 Schematic sketch of the inertia coordinate system

L

St

Figure 2.2 Theoretical model of a ocean rod

F'+q = p(s,1) 2.1)
M+rxFi+m=0 (2.2)

where g is the distributed external force per unit length, F is the shear force, M is the bending
moment, and m is the twisting moment per unit 'lenglh.




By Bernoulli-Euler beam theory, the bending moment M and its derivative? with respective to
arc length s can be expressed as:

M=7¢"x(Br'")+Hr' (2.3)
M =7 x(Br"Y +H'r' + Hr" (2.4)

where H is the torque and B is the bending rigidity. Assume H=0and m =0, and plug M’ into
equation 2.2, this gives the expression of F :

Fair' —(Br"y (2.5)

where A = T-Bx?, is a scalar variable, x is the local curvature of the rod, and T(s,t), =r"-F,is

the local tension.
The equation of motion is finally obtained by plugging F into equation 2.1:

~(Br")Y" + (Ar') + g = pr{s,1) (2.6)
where g is the distributed external loadings and p is the mass density of the water.

The derivation of equation 2.6 was made possible by the assumptions made in section 2.1. See
Appendix | for the some detailed derivations.

2.3 Formulation of External and Internal Forces

As was mentioned in the previous sections, the external and internal forces on the rod are:
* Gravity force on the mass of the rod.
* The hydrostatic forces on the rod (both due to the water outside of the rod and to any
fluids which may inside the rod3).
* The hydrodynamic forces due to the rod motion and wave motion.

2 The superscript prime, ', is used (o represent the paru'alldt:rivalivc with respect to
arc length s. The superscript dot, . , is used to represent the time derivative,

3 A mooring line used in the marine applications is usually not bollow. The
assumption that the rod may be hollow expands the application of the theory.



The geometrical definition of the rod is given in figure 2.3.

Definition:

The fluid inside £ = the sea water

the tube
i = the fluid inside the tube
t = the tube

pf(s) = the mass density of the sea water
p;(E}) = the mass density of the inside fluid
p(s) = the mass density of the tube

Agds) = the ouler cross-section of the rod
Ay(s)  =the inner cross-section of the rod

The tube A5

= the structural cross-section of the rod

Figure 2.3 Geometrical definition of the rod

The effect of gravity on the mass of the rod leads to a distributed load given by:

q,(s) = -p,g(A; - A)e, 2.7

The hydrodynamic forces acting on the rod consist of an added-mass force, a drag force, and a
Froude-Krylov force. The Morrison equation is used to predict the first two terms:

g (s:1) = pACUN(V, - F) (2.8a)
a0 = Ezf-DfCDN(V, - FIN(V, - ) (2.8b)

where Cy and Cp are added-mass coefficient and drag coefficient andV¥ is the velocity of the

wave motion. N is a transfer matrix defined by:

N=I-(Y®r , ¢ (2.8¢)



Figure 2.4 Schematic of the segment

The Froude-Krylov force arises from water pressure on the surface of the rod. Therefore, it is
sometimes called generalized buoyancy force. Considering a segment of the rod shown in figure
2.4, the Froude-Krylov force on this segment is the summation of the buoyancy force and the
acceleration force (high order terms are neglected). Remember that the two ends of the segment
are not exposed to the fluid. Thus, minus the surface pressure on the ends from the Froude-
Krylov forces of the segment with two ends exposed to the fluid, we have the Froude-Krylov
force due to the sea waler outside the rod:

* Buoyancy: p,A,ge,
* Pressure due to wave acceleration: p!A!l"f

* Pressure at two ends of the segment:

dA d(PA,r
pressure at Af—é—’:PIAfr'_ﬁ_( AT
2 3s 2 o
0 é(P,A,r'
pressure at Af+-f‘£__f_;_p[A!,r__‘ff (P,A,r)
2 ds 2 s

where P is the pressure at the mid-section of the segment.



Subtract the pressure at ends from the summation of the buoyancy force and acceleration force,

we have:

4" =p(ge, +V A, +(PArY (2.9a)
Similarly, we have the Froude-Krylov force for the fluid inside the rod:

¢ " = ~pgAe, - (PArY  (2.9b)

The governing equation is finally obtained by substituting equation 2.7, 2.8 and 2.9 into equation
2.6: '

p Al + NC, o
MF +(Br")" - (Ar') = +§Dp,C,|vf st (2.10a)
+g/P;A; P4 - PA e,

with a stretch constrained equation

rora1e2-1 (2.10b)
EA

Equation 2.10b is a statement of the extendibility of the rod. The definitions of the terms used in
equation 2.10 are given below. Some of the definitions were given before. The others were not.

Definition:
A;  : the outer cross-section of the rod,
A, : the inner cross-section of the rod (if it is hollow),
A, :=(A;-A), the structural cross-section of the rod,
B : = EI, the bending rigidity of the rod,
Cqs  :the drag coefficient,
C. :the added-mass coefficient,
M = (pA +pA)l+p,AC_N, the virtual mass matrix,
N :=I-r'r', the normal operalor, |
T : the tension,
v™¢ . the fluid acceleration at s,



v, : the normal velocity of the rod at s with respective to the sea water,
1 : the mass density of the sea water,

[ : the mass density of the liquid inside the rod,

P, : the mass density of the rod,

A :=(T+PA, -PA,)-Bx? the effective tension.

2.4 Numerical Implementation

The purpose of this section is to discuss the numerical implementation of the governing
equations derived in the previous section. A finite element solution method is employed to
discretize the vector governing equations into algebraic equations. The method, based on the
Galerkin’s method, uses a set of shape functions to approximate the cable and the variations of
the tensions (and other parameters) along it. By using this method, the original vectored
equations are converted into 15 scalar equations with 15 unknowns.

Two sets of shape functions are used. One set of shape functions, a(s), describes the shape of
the rod. The other set, '¥(s), describes the variation of h and other material properties. Therefore,

the position of the rod in the inertia coordinate system, the effective tension, and the distributed
loadings are approximated as (summation rule is employed):

r(s,t)=U,(t)a;(s)e,

A'(s't) = A‘m(‘)q'm(s)

q(s,t} = g, (1)1, (s)e, (2.11)

where n=1,3, i=1,4 and m=1,3.



Shape functions a(s) and ¥(s) are selected to be:

1 “\ ad /«""'fr Shape Function a(s):

038 | s S 5 s
| ] =1-3(=) +2(—

06! \_\ _; ay(s) (L) (L)
? X : s $2 .53

04 ‘\ a,(s)=- L 2("[':') + (E)

. i‘ 5.2 8.3
0|/ S H\\; a3(s) = 3=)" - 2(7)
T\;/ a4(s) = —(-Isj)2 + (%)3

Figure 2.5 Shape function a(s)

gy
038
_ _ _ Shape Function Y/(s):
o S wem =X ey
04 _ - AT l L L
S L weeada-dy
0 . . L . Y2 T L
; R $ s
R B OB G CORE
02 e . . e :
0 02 04 0.6 0.8 i

Figure 2.6 Shape function ¥(s)
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We now use U,, A,, and g, to represent the nodal and mid-section values:

lf!a(‘) - ru(oyl) AJ(‘)- A(O,t) ‘L(f) _q(o’ I)
U, (1)=Lr!(0,1) L L
U, (1) =r(L,1) ORRICYI R HORY (S

U ) =Ly A0=ALY g0 =L (212)

It turns out that variables, such as r(s,1), q(5,¢), and A(s,t), etc., can be approximated by their -

nodal values and shape functions as follows:

7(5,1) = F(0,1)a,(s) + Lr'(0,t)a,(s) + F(L,1)a,(s) + Lr'(L,t)a,(s)
£(5,0) = £(0.)¥,(5) + (o (s) + (L, (3

A1) = AO%,(5) + AZ,00(5) + ALY (5)

B(s) = BO(5) + B2 w,(6) + BILI¥,(5)

a(5,0) = 90,0Y,(5) + a5 ¥(5) + ALY

M(s,t) = M(O,t}y (s} + M(%,r)wz(s) + ML, t)y,(s) (2.13)

To obtain the discretized form of the governing equation, we rewrite equation 2.10a as follows:
Mi+(Br")' = (Ar') -q=0 (2.14)

Multiplying both side of the equation with a(s) and integrating it with respect to s from 0 to L for
a segment (or an element) of the rod with length L:

L
f{M'r' +(Br") - (Ar') - q}a(s)ds =0
0

Integrating the above equation by parts results in equation 2.15:

11



L

f {Mra,s)+ Br'al{s) + Ar'a)(s) - qa,(s)}ds

0 (2.15)
= Br'a!|t +{Ar' - (Br")'}a, |}

The first term on the right-hand side of the equation are the bending momeats at the ends of the

element. The second boundary term are the forces at the ends. The right side of the equation

will vanish when the natural boundary condition of the element is applied.

Inserting equations 2.11, 2.12 and 2.13 into equation 2.15, we obtain the discretized form of the
equation of motion for an element of a rod with length L:

YieMaUsy + @nBU,, + ﬁibuimUh =BG (2.16a)

where the summation algorithm is employed. i and k run from 1 to 4; m and n runs from 1 to 3;
and ay,, Buws Yium, and u,, represent:

I y LY "
Cipm = z;{ﬂ,-(g)a, (E)y . (§)d§
] y t 1
ﬁ.h,. - 'E'!:a.'(g)ag (g) Y. (g)dg
Vim = L[3,()a, (8, (£)dE
1]
!
Hon = Lfa,(5)y, (E)dE
4]
Similarly, we obtain the discretized form of the equation for equation 2.10b:
1 1
EﬁhUhUu = E(rm + 27,6, } (2.16b)
where n,, and T, represent:

M = L[ ¥(5) ¥ (8)d5 .

T = L[ v.(E)dE

12



For three dimensional motions, equation 2.16a corresponds to 12 scalar equations and equation
2.16b corresponds to 3 scalar equations. There are a total of 15 equations for one element of a
rod with 15 unknowns. A long cable can be divided into a series of smoothly connected
elements. For each element, we have 15 equations of motion. Assembling these equations
results in an algebraic equation system which can be solved by one of the famous numerical
schemes.

2.5 The Static Problem

For the static problem, all the terms related to the time derivatives are zero. Therefore, equation
2.16a is reduced to

QMBMUbl + ﬁd’mimubc = K Gmn (2.] 7)
The fixed-point iteration method is employed to solve the equations. Let 1% and 32 be a first
guess, then the new values of U and A are

U, =U. +68U,

A, =A% +6h_

Plugging the new expression of U and A inta equation 2.17 and equation 2.16b, and discarding

all the high order terms, the static problem to be solved is then represented by the following

equations:
4B OV, + B AL0U,, + BinOA UL = g, — 04 B UL, - B AU,

8A 5 1 (2.18ab)
BunUudU,, - Utu{EI‘ - Pgrill} - 5(7.. +21,.6 - B UiUs)

The terms in the bracket on the left hand side olflequation 2.18b result from the deviation of the
stretch, where dy| represent:

13



oy, = 8U,,
Oy, = 0.58U,, + 0.1256U,, + 0. 56U, - 0.1256U,,
Oy, = 86U,

Equation 2.18 follows the form Ax = B, where the unknown x consists of the 15 unknowns
mentioned above. Gauss elimination is used to solve the equation system. However, the tensor
expression of equation 2.18 is inconvenient for algebraic solution. Thus, a renumbermg
operation is performed. The unknown x is rearranged as :

{8U,,,6U 5, 8U,,,0U,,,0U,, U, 84, 8A,,8U,, 6U,, 80U, 8U,,,8U,,, 8U,,, 61}

2.6 The Dynamic Problem
As done in the static probiem, we conclude that the dynamic equation of the motion of a rod is

of the form MU = ¢, where vector ¢ consists of all the terms which are not time derivatives. We
use the Adams-Moulton method to solve the dynamic problem.

Let & be time step from t=nto t=n+1. We can approximately represent M, U, and ¢ by

. {n+l} ‘n} f(ml) ()
b, - Oy ¢ =& 2“ M, AL My ; M, (2.19)

where Taylor's expansion was employed to obtain the values at t = n+1:

(ne1) n) ¥ s m
M =M" +J.¢ Ou,

1 1

{n+>) fae=)
fnsl) (n) K. 2 {n) K 2 {n}
€ =C RN, 6”1 +a 6}"-

e M, omed ae md g,
-’-& - ,”K& i T T
du, ou, A,
! i ] {n-1)
(r+d) (mez) 3 _ 2 h
2 {») ~{n) 2 - {n) ALY - (n)
, *=ur—u” A e Sul™ - hi™ 4+ Eéu*

14



With the help of equation 2.19, equation 2.16a can be written in the following form:

<n+')

h? (u) w . J () ‘*) (u)
R S S ay R
(o) h,K"’” (® (2.20)

Equation 2.16b is of the form d; = 0. The value of d; at the end of any time siep can be expressed
by the value at the beginning of the time step plus high order terms. Setting djequal to zero at
the new time step results in the following constraint equation for j =1, 3:

dv - d, K, auﬁux"nn -0 (2.21)

Equation 2.21 is expanded to be of the form:

h2 {n+ n 2 (ne - d", h f"} "
{42, 2}{ oM} + {— T 2}{ 6»1”}- +5,,K,, g (2.22)
where
fh%l &dj ,(u%J c'l’d’v
2;K,1 E'a_u*'lzz m = A

Equation 2.20 and 2.22 are solved to obtain the increment of the generalized velocity, 4, and the
effective tension A. The values of « and Aat the new time are obtained by the following
approach:

ufﬂﬂ m - — {(5 (n) +2&(-J}
* * (2.23)

Pl aa‘;’

The values of u and A at time t = n+1 serve as a starting point for the next calculation.

15



2.7 The Ocean Bottom Boundary Condition

A great deal of attention has been paid to the ocean bottom boundary condition. Assume that the
ocean bottom is flat and elastic. It would be reasonable to use an elastic layer, or a spring mat in
this case, to represent the ocean bottom. Therefore, the distributed bottom support force can be
written in the following form:

S .
gt = |50 (r-¢,-Dip,)) D-(r-e,-Dy}>0 (2.24)
0 otherwise

where D is the distance to the outer most fiber of the rod; Dy is the ocean depth; and S
represents:

S=pgA +pgA - pgA,

A schematic of the ocean bottom represented by an elastic layer is shown in figure 2.7.

Anchor line
diameter =D

Nominal
bottom

2D

4 Bottom Pressure

Figure 2.7 Schematic of the ocean bottom represented by an elastic layer

¢
Due to the addition of the ocean bottom support force, an extra term, the distributed ocean
bottom support force, is added 10 the equation of motion. Remember when we derived equation

16



2.16a, we multiplied both sides of the equation by the shape function a(s) and then integrated it
with respect to s from 0 to L. We apply the same method to obtain the extra term:

L
quPﬁualds - Fh{%(n +D,, )}l‘ = ?’u-%LUu (2.25)

Due to the presentation of the ocean bottom, the shape coefficients y and pare no longer

constants for the element near the touch down point. Therefore, the two cocfficients should be
calculated for the element near the touch down point.

2.8 Enei'gy Dissipation

In the previous sections, we made the assumption that the material studied is a pure elastic
material. However, in the real world, materials do not behave in a perfectly elastic manner even
at very low stresses. Energy is absorbed in an inelastic material system. The inelastic behavior
of the material leads to the concept of energy dissipation.

Energy dissipation is defined to be proportional to the rate of the strain energy:

L 1
Energy dissipationD = -C iJ'Tsds - - E,,K; Z)X_blm (2.26)
ded h= ’

where C is the damping constant.

Multiplying both side of the stretch constraint equation by the tension A, we may find that the

equation represents the energy balance of the rod. By employing the concept of the energy

dissipation, we modify equation 2.22 by a factor: FACT = 1- %:

h? b 1, .. W b 2 gy O b e
{_421Ky= 2 }{1_1'6“1(; )}"‘{‘FACFTzszm 2 }{E'f‘sa{m)}' 12 +'5'21Kjk 2“1(;) (2.27)

FACT is suggested to be larger than 0.90.

17



Chapter 3

Results and Discussions

3.1 Validation

Several cases wete studied, using the developed FORTRAN program CABLE, to validate and
demonstrate the capabilities of the theory and the numerical approach employed in this project.
We computed two problems for which analytical solutions could be obtained. One of the
problems is a catenary moor. The other is a column exhibits post buckling behavior (elastica).
The elastica has such a behavior that by increasing the external compressive load beyond the
critical load, gradually, the column is not going to collapse but rather undergo large deformation.
The theoretical results were obtained by Love (1927).

The configurations of the two cases are shown in figure 3.1,

y/L

I< /L _

Catenary Elastica

Figure 3.1 Schematic of the catenary moor and the elastica
Calculation results are shown in the following'two tables. Table 3.1 is the comparison of the

results of the catenary moor obtained from the program CABLE with the closed-form solution.
Table 3.2 is the comparison of the results of the elastica. The error in the tables represeats the

18



difference between the closed-form results and the numerical results. L is the length of the rod
and P is the applied loading.

Table 3.1 Comparison of the numerical results with the closed-form results for
a catenary (10 elements)

wAl/p « (degree) x/1 yii
1 45.001 -0.88137 -0.41421
2 63.434 -0.72182 -0.61803
5 78.689 -0.46249 -0.81981
10 84.289 -0.29982 -0.90499
Error < 0.001 0.00001 0.00001

Table 3.2 Comparison of the numerical results with the closed-form results for
an elastica (25 elements)

P/Pc3 o (degree) x/1 y/l
2.542258 140.005 0.75037 -0.10696
9.116218 176.007 0.42151 -0.57720

Emor < 0.007 0.00006 0.000604

In the above verification, a good match was found even for a coarse discretization.

We further demonstrated the capability of the theory by solving a more complex problem.
Considering a marine cable, we performed a dynamic calculation. First, we performed the static
calculation to obtain the equilibrium configuration of the cable (see figure 3.2). Then, the top

]
1

4 w is the weight per unit length.
5 Pc is the critical compressive foad.

19



end of the cable was driven by a sinusoidal motion with the amplitude of the motion being 5.08
meters in x direction and 2.1 meters in z direction. Calculation was performed and the history of

the motion of the cable was recorded by the program (See the work examples in Chapter 4).
Figure 3.3 presents the time history of the top end tension of the cable.

Total unstretched length = 1200 m
Link diameter = 0076 m
i y Stiffness,EA = SE+08 N
Mass perunit length = 135.35 kg/m

——
X D= 120'“1

_1839m

Figure 3.2 Schematic of a catenary marine cable

2510° - . —
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i . ;
210" » S
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“; e S, ,; l f H ' il | '
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Z Pl Lo § ot
é‘ 110" v i i i .
I Y [ -
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! !
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Figure 3.3 Time history of the tension at the top end of the cable
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A comparison was made with the calculation results presented by Lindahl and Sjoberg (1983). A
good agreement was obtained.

3.2 Analysis of a Catenary Anchor Leg Mooring System

The previously described computer program was used to perform the simulations of a catenary
anchor leg mooring system (CALM). Two primary ocean environmental conditions were
studied. One of the conditions was the condition of 2-year return period wind, wave and current.
Under this condition, the dynamic analysis of the CALM with a San Diego class tanker was
performed. The other environmental condition was the condition of 100-year return period wind,
wave, and current. In this case, the dynamic tension of the CALM only was analyzed.

The most loaded line was analyzed based on the procedure recommended by APl RP 2FP1. A
quasi-static analysis was simulated under mean plus low frequency tension. The maximum
tension was determined by the combination of the mean, the significant low frequency and the
maximum wave frequency tension. The resulting tensions are given in Table 3.3. The reader is
referred to Salancy (1994) for a detailed explanation of the environmental criteria used here.

Mooring parameters used in the analysis are given in Table 3.4. Figure 3.4-3.7 give the time

history fairlead motion (surge only) and top end tension of the most loaded mooring line.

Table 3.3 Resulting Tension

Case I: CALM with the tanker Case II: CALM only

Mean Tension 98 kips | Mean Tension 73 kips
Mean + Low Frequency 100 kips | Mean + Low Frequency 80 kips
Maximum Tension 102 kips | Maximum Tension 96 kips
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Table 3.4 Mooring Paratmeters

Top Segment:

Elastic Stiffness 400,000 kips
Mass 4.6 slugs/ft
Buoyancy 19.1 lbs/ft
Added Mass Coefficient 3.8

Drag Coefficient 1.0
Diameter for Hydrodynamic force 0.625 fi

Line Length 100 fi
Mid-Segment:

Elastic Stiffness 200,000 kips
Mass 0.652 slugs/ft
Buoyancy 2.7 lbs/ft
Added Mass Coefficient 3.8

Drag Coefficient 1.0
Diameter for Hydrodynamic force 0.292 ft

Line Length 1100 fi

Low Segment

Elastic Stiffness 400,000 kips
Mass 4.6 slugs/ft
Buoyancy 19.1 Ibs/ft
Added Mass Coefficient 3.8

Drag Coefficient 1.0
Diameter for Hydrodynamic force 0.625 ft

Line Length 3300 ft
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Chapter 4

User Manual

This part of the report serves as the user manual of the program CABLE (The source code is
included as Appendix III to this report). It describes the input and the output format of the
program.

CABLE is a cable analysis program for static and dynamic analysis of ocean cables. It is based
on the theory of dynamics of slender rods introduced by Garrrett (1982). The detailed theoretical
background was documented in the previous chapters.

An ocean cable is exposed to loadings from many sources. The primary ones included in this
program consist of the effect of gravity on the mass of the cable, the hydrostatic forces on the
cable (both due to water outside of the cable and to any fluids which may be inside the cable),
and the hydrodynamic forces due to the cable motion and wave motion.

Various boundary constraints are included in the programs. The program includes the
contributions from the spring, damper, external static force, and concentrated mass at nodes. The
ocean bottom is modeled by an elastic layer. A forced motion can also be enforced.

Several examples were studied to validate the program. Based on these validation studies and on
the experience obtained during an intensive use of this program by the authors, it can be expected
that the program is free of significant errors.

CABLE requires one ASCII input data fileS. The program asks users to give the name of the
input file. Calculation resuits are sent to an ASCII output file also named by the user. The
program produces two supplementary data files as well to record some intermediate and time-
domain results. File 'snapshot’ contains some intermediate results. File 'timeseries' contains a

time history of displacement, slopes, and tensions at the top end (always numbered node #1) of
the cable.

A great deal of attention has been paid to the input/output format of the program. The program
was developed so that the input of the program has the same format as that of the output.

6 An additiona} input data file may be required to input the external forced motion.
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Therefore, an output of the previous calculation could serve as an input for the next calculation.
This is one of the great advantages of this program, which is very useful for iteration.

Any unit system can be used in the program. The only requirement is that the use of units be
consistent.

This program was written in the standard FORTRAN 77 language, suitable for any IBM-
compatible personal computer or workstations.

Several terms have been used frequently in the following text. These terms consist of a blank
line, a text line, a new line, and a text phrase. A line, with the combination of a return, occupies
one line in the input/output file. A blank line provides a spacing line between the previous line
and the following line. A text line, with maximum of 80 characters, gives general information
about the calculation to be carried out. Except for the text line in the first line of the input file,
users are not required to give the information. Instead, a blank line may be used. The
information will be printed out automatically by the program. A text phrase has the same
function as a text line. But it only consists of a portion of a line. Like the text line, it may be
omitted in the input file. Italicized fonts are used to mark the text phrases and text lines so that
they can be different from other descriptions. A new line is required at some places in the file. It
often marks some data input.

In the final section of this pan, three work examples are presented.



Input/output data file

On the first line of the data file: Text Line

This is the only text line needed to be filled out by the user. General information about the
calculation can be given in this line. For instance: '

Single Point Mooring System : Static Analysis of A Mooring Line May 24, 1994

One Blank Line
Text Line: I. Global Constants

Category | gives the constants involved in the calculation.

One Blank Line
Text Line: a. Indexes

One Blank Line

New Line: NODE NODE (# of nodes)

NODE is the number of nodes. As is mentioned above, the italicized phrase is a description and
can be omitted in the input data file. NODE is an integer. The input format of NODE is I3,
starting from column 2 of the line. The maximum number of nodes is preset to be 50, but it can
be changed by modifying the dimensions of the corresponding array defined in the files named
‘parametrics.inc’ and 'variables.inc'.



New Line: NELTYP NELTYP (# of different element types)

NELTYP is the number of different element types. The maximum number of element types is 10
for a single rod. This preset dimension can be changed. NELTYP is an integer. The input
format of NELTYP is 13, starting from column 2 of the line.

New Line: NDIM  NDIM (% of dimensions -2 or 3)

NDIM is the dimensions of the space. This program is designed to be capable of handling both
two dimensional and three dimensional spaces. NDIM is an integer. The input format of NDIM
is 13, starting from column 2 of the line,
NDIM =2, Two dimensional analysis. For two dimensiona! problem, only data
related to x and y coordinate axes are needed.
NDIM =3, Three dimensional analysis.

New Line: JOB JOB (I = static, 2 = dynamic)

JOB is the job code. JOB is an integer. The input format of JOB is 13, starting from column 2
of the line.

JOB =1, Static analysis.
JOB =2, Dynamic analysis.

New Line: JSNAP  JSNAP ( snapshot each JSNAP iterations)

JSNAP is an index. Intermediate results at each JSNAP iteration in static analysis or each
JSNAP time increments in dynamic analysis are recorded. The output of the intermediate results
is sent to the file named 'snapshot'. JSNAP is an integer. The input format of JSNAP is 13,
starting from column 2 of the fine. i
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New Line: JMOTN JMOTN ( = 1, sin. motion, = 2, input forced motion)

JMOTN is used to define the type of the external forced motion. JMOTN is an integer. The
input format of JMOTN is I3, starting from column 2 of the line.
JMOTN =1, Sinusoidal forced motion. Users are asked to input the amplitude
and period of the motion.
JMOTN =2, Arbitrary forced motion. The time domain data, stored in the file
named "forcedmotion”, should be given. See the explanation
below for detail.

New Line: NCNSTR  NCNSTR( # of constrained nodes)

NCNSTR is the number of constrained nodes. NCNSTR is an integer. The input format of
NCNSTR s I3, starting from column 2 of the line. NCNSTR must be less than NODE.

One Blank Line
Text Line: b. Parameters

One Blank Line

New Line: RELAX, DAMP, ITER relaxation, damping const. , # iteration

RELAX is a parameter used to damp the speed of iteration. It is advised to set this parameter to
be less than 0.5. RELAX is a real number. The input format of RELAX is F10.5, starting from
column 1 of the line. DAMP is the coefficient of structural damping. The input format of
DAMP is also F10.5, starting from column 11. ITER is the number of jterations used in the
static analysis. Generally, the greater the number of iterations, the greater the accuracy. ITER is
an integer. The input format of ITER is 15, sfarting from column 21 of the same line where
RELAX and DAMPare.



New Line: TBGN, TEND, TSTEP  begin time, end time & time step

TBGN, TEND, TSTEP are used to determine the starting time, ending time, and time increment
in the dynamic calculation. It is obvious that TEND > TBGN. These three parameters are real
numbers. The input formats of them are F9.5 with TBGN staring from column 2, TEND starting
from column 12, and TSTEP starting from column 22, respectively.

New Line: CD,CM drag and added-mass coefficients

CD and CM are drag and added-mass coefficients of the rod. CD and CM are real numbers. The
input formats of them are F10.5 with CD starting from column 1 and CM starting from column
11, respectively.

New Line: RUF, RUL, G mass density of water, fluid,; gravity

RUF is the mass density of the sea water. RUI is the mass density of the fluid inside the rod (if it
is hollow). G is the acceleration of gravity. These three variables are real numbers. The input
formats of them are F10.5 with RUF starting from column 1, RUI starting from column 11, and
G starting from column 21, respectively.

New Line: BTMDPTH bottom depth
Two Blank Lines

BTMDPTH is the depth of the ocean bottom. Since the program requires the right-hand inertia
coordinate system sit at the surface of stilt water with y axis pointing upward, BTMDPTH is
always less than zero. BTMDPTH is a real number with input format of F10.2 starting from
column 1 of the line.
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Text Line: II. Element and Nodal Information

In Category II, material properties of the element type and nodal information, such as position
and tension at the nodes, are defined.

One Blank Line
Text Line: a. Physical Properties for Each Element Type
One Blank Line
DO1I=1, NELTYP Ist End Mid. 2nd End Phrase
New Live: EEL(LJ) (1) (2) (3)  Young'smod, type #
New Line: MOI(LJ) (1) (2) (3)  moment of inertia, (I)
New Line: AFEL(I,]) (1) (2) (3)  cross-section area (Af)
New Line: AIEL(LJ) (1) (2} (3) internal cavity area (Ai)
New Line; DFEL (L 1) (1) (2) {3) dist. (o outermost fiber
New Line: MEL(LJ) (1) 2 (3)  mass of the rod per unit length
New Line: DEL (L J) (1) (2) (3)  diameters for hydrodynamic forces
New Line: BUOYEL (1,]) (1) (2) (3)  buoyancylunit length
Black Line
ENDDO
EEL = Young's module
MOI = moment of inertia of the rod
AFEL = cross-section area of the element
AIEL = internal cavity area of the element
DFEL = distance to the outermost fiber
MEL = mass of the rod per unit length

30



DEL
BUOYEL

EEL is a real number with the input format of 1PE11.5 starting from column 2 of the line.

MO is the moment of inertia of the rod. Three values of MOI of an element should be given
with MOI (1) is the moment of inertia at the first end of the element, MOI (2} is the moment of
inertia at the mid-section, and MOI (3} is the moment of inertia at the second end. MOI is a real
number. The input formats of MOI are 1PE11.5 with MOI (1) starting from column 2, MOI (2)

= buoyancy per unit length

= diameter for hydrodynamic forces

starting from column 14, MOI (3) starting from column 26, respectively.

The remaining variables are all real. Each variable has three evaluations at the first end, mid-
section, and second end of the element. Each variable consists of one line in the input data file

and has the same input format as that of MOL

One Blank Line
Text Line: b. Coordinates and Lambdas for Each Node
One Blank Line
DO1=1,NODE X Y z Phrase
New Line: R(LJ) (1) (2) (3) x,y andzposition at node #1
New Line: RPRM (L J) (1) (2) (3) x',y and 2’ slopes
New Line: RDOT(LJ]) (1) {2) (3) x-dot, y-dot, and z-dot
New Line: RPMDT (L, ]) (1) (2) (3) x'dot, y'dot,and 7'-dot
New Line: LAMBDA (L ]) (1) (2) lambda at prev. ctr. and at node
Blank Line
ENDDO
R = components of nodal position in :Ic, ¥y, and z direction
RPRM = components of slopes at node in x, v, and z direction
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RDOT = components of time derivative of Rin x, y, and z direction
RPMDT = components of time derivative of RPRM in x, y, and z direction
LAMBDA = tension at the previous mid-section and at the node

The inertia coordinate system is required to sit at the surface of the still water with its y axis
pointing upward. It is also required that the top end of the rod be assigned the node #1.
Variables R, RPRM, RDOT, and RPMDT are all expressed in this inertia coordinate system.

R, RPRM, RDOT, RPMDT, LAMBDA are real numbers. R, RPRM, RDOT, RPMDT have
the same pattern of input format. The input format is F11.5 with the component in x direction
starting from column 2, component in y direction starting from column 14, and component in z
direction (3 D only) starting from column 26, respectively. LAMBDA has the input format of
1PE12.5 with the previous mid-section tension starting from column 1, followed by the nodal
tension starting from column 13 of the line.

Text Line: ¢. Connections between nodes

Text Line: length elmt type
DO1=1, NODE-]

New line: LNTHEL (1), JELTYP (D), Jfrom node i to node j

- ENDDO

Two Blank Lines

LNTHEL is the length of the element. JELTYP is the type of the element. Each element may
have different length and different type (material and geometrical properties). The maximum
element type, as mentioned above, is 10. LNTHEL is a real number with input format of F7.1.
It is placed between column 2 and column 8. JELTYP is an integer. Its input format is I7 and it
is placed between column 10 and column 16.
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Text Line: IIl. Nodal Constraints
One Blank Line

Boundary constraints at the nodes, such as spring, damper, initial static forces, and concentrated
mass, will be set in Category I1I. Only transitional spring and damping constraints are
considered in the program. '

The transitional constraints are considered to be an arbitrarily oriented orthogonal spring and
damper system. The directions of the system, along which the spring and damper act, are
determined by the projection of the primary, 1st, and 2nd (3D only) axes of this system in the
inertia coordinate system. The projection are read and stored in array REFCOS (1), REFCOS
(2), and REFCOS (3), respectively. Since orthogonality is required, directions other than the
primary axis of a 2-D space (or primary and 1st axes of a 3-D apace) will be modified
automatically to achieve this.

Spring will be in effect when the specified node moves away from reference position and when
the spring constant given in some directions is less than 1.0e10. When the spring constant is
larger than 1.0e10 in a direction, there is absolutely no motion allowed in this direction. It is
important to note that the locking of a node in one direction will result in Jocking the node in

other directions uniess the orthogonal spring system is parallel to the global coordinate system.

Damper and initial force are in action when the input values of them are not zero. Damping
force is a linear function of velocity at the node. Initial force is considered as a static external
force. Initial force is put on the right-hand side of the stiffness equation.

Forced motion of the reference point in one direction is in effect when the value of the spring
canstant in this direction is not larger than 1.0e10, and the amplitudes of moticn (in-phase and/or
out-phase) in the direction is not zero. If all the above conditions are satisfied, the magnitude of
the spring constant is not important. This is because that the motion is a forced motion. The
forced motion is a sinusoidal motion with the form:

DISAMP(1}-SIN(FREQ-t) + DISAMP(2)-COS(FREQ-1)

Other forms of forced motions are also allowed. Users are required 1o establish an ASCII input
data file, named ‘timeseries ' to input the required information. Since the types of the forced
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motions are different from the case to the case, it is suggested that the users develop their own
scheme to read in the data. The corresponding subroutine, where the data being read, is the
subroutine bondcns. See detailed explanations given there.

DO I=1,NODE
New Line: Node No. NODEC (1)
Blank Line
Text Line:  a. linear constraints
Text Line:  direction cosines
Text Line; primary Istperp. 2nd perp. ref. position
New Line: REFCOS (L J,1) (L,1,1) (L2,1) (L3,1) REFPOS(L1) xdirection
New Line: REFCOS (L J,2) (L L,2) (L22) (L3,2) REFPOS(L2) ydirection
New Line: REFCOS (L 1,3) (LL3) (L23) (L,3,3) REFPOS(L3) zdirection

New Line: SPGCONT (L ]) (L1) (L2) (L3) spring constant
New Line: DMPCONT (L)) (L1) (L2) (L3) damping constant
New Line; FINITL(, J) (L1) (L2) (L3) initial force

New Line: CMASS (1) (1) concentrated mass
Blank Line

Text Line: b, Motion of Reference Point af Node |

Blank Line
New Line: FREQ (1) motion frequency ( rad | sec )
Blank Line
Text Line: in-phase out-phase
DISAMP (L 1,1) DISAMP(L1,2) x direction amplitude
DISAMP (L 2,1) DISAMP(L22) Y direction amplitude
Blank Line
ENDDO
Blank Line f
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NODEC is an array containing the nodal number of the constrained nodes. Its input format is
13, starting from column 9 of the line.

REFCOS is the direction cosines of axes of the orthogonal system in the inertia coordinate
system (ICS). For example, { REFCOS (I,1,1), REFCOS (I,1,2), REFCOS (,1,3)}
are the direction cosines of the primary axis in ICS. By induction, { REFCOS (1, 2, 1),
REFCOS (1, 2,2), REFCOS (1,2, 3) }aad {REFCOS (I, 3, 1), REFCOS ( I,3,2)
REFCOS (1, 3, 3 ) } are the direction cosines of the first perpendicular and second
perpendicular axes in ICS, respectively. REFPOS is position of a reference point in ICS. If the
position of the constrained node coincides with that of the reference point, there is no
contribution force from the spring. Variable REFCOS (1,1, 1), REFCOS ( 1,2,1),
REFCOS (1,3, 1) (3D only), and REFPOS (1, 1) are placed in the same line. The input
format of them is F8.5 for REFCOS and F10.3 for REFPOS. REFCOS (I, 1, 1)is placed
between column 5 and column 12. REFCOS (1, 2,1)is placed between column 17 and
column 24 ( for 2-D space, skip this step). You don't need to input REFCOS (1, 3, 1) since
REFCOS (1, 3, 1) can be oblained by the cross product of REFCOS (1, 1, 1) and REFCOS
(1,2,1). REFPOS (I, 1) starts from column 41. Same rule applies for the set { REFCOS (],
1,2), REFCOS (1,2,2), REFCOS (1,3,2), REFCOS (I,2)}and { REFCOS (I,1,3),
REFCOS (1,2,3), REFCOS (1,3,3), REFCOS (1,3)} ( for a 2-D problem, use a blank
line instead of it).

SPGCONT is a spring constant array. Its input format is 1PE12.5 with SPGCONT (L1)
starting from column 1, SPGCONT (1, 2) starting from column 13, and SPGCONT (], 3)
starting from column 25 (for a 3 D problem, skip this step), respectively.

DMPCONT is a damping constant array. Its input format is F10.5 with DMPCONT (L1)
starting from column 3, DMPCONT (1, 2) starting from column 15, and DMPCONT (I, 3)

starting from column 27 (for a 3 D problem, skip this step), fespectively.

FINITL is an applied external static force array. It follows the same input rule as SPGCONT
does.

CMASS is a concentrated mass placed on the constrained node. It has the input format of F10.5
and is placed between column 3 and column 12. ,.
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FREQ is the frequency of the forced sinusoidal motion. It is placed between column 1 and

column 15 with input format of F15.10.

DISAMP is the amplitude of the forced motion. DISAMP (1, 1, 1) and DISAMP (1, 1, 2) are the
amplitudes of the in-phase and out-phase forced motion in x direction. DISAMP (1, 2, 1) and
DISAMP (1, 2, 2) are the amplitudes in y direction. DISAMP (I, 3, 1) and DISAMP (1, 3, 2)
are amplitudes in z direction. The input format of DISAMP is F9.3 with in-phase component
starting from column 2 and out-phase component starting from column 12 of the line.

36



Blank Line
Text Line: IV. Environmental Data
Blank Line

Environmental conditions are to be given in the Category IV. Current and linear waves are
considered to be the major contributions from the environment.

Text Line: a. Currentsat NVC depths
Blank Line
Text Line: Depth x-vel y-vel z-vel
DOI=1,NVC
New Line: vC(L,1) VC(L,2) VC(L3) VC(L4)
. ENDDO
Blank Line

Current is evaluated at several depths. The number of evaluations is defined by the variable
NVC. VCis an array containing depths and components of velocity of current in x, y, and z
directions. The input format of NVC is I3, starting from column 15. The input format of VC is
F10.4, with the first components of VC starting from column 1 of the line. On the same line, the
second, third, and the fourth components of VC are placed. The second components is placed
between column 11 and 20. The third component is placed between column 21 and 30. The
fourth component is placed between column 31 and 40. Skip the last step if you are dealing with
a two dimensional problem.
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Text Line: Waves
Blank Line

New Line: AW, SIGMAW  wave amplitude and frequency (rad/sec)

New Line: DIRW wave direction relative to x axis

AW is the amplitude of linear incoming wave. SIGMAW is the frequency of the wave. DIRW
is the direction of wave relative to x axis. The input format of AW is F10.6, starting from
column 1 of the line. On the same line, SIGMAW is placed. Its input format is F10.5, starting

from column 11 of the line. DIRW is placed on a new line with input format of F10.7. 1t starts
from column 1 of the line.

End of Input File
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Three examples are given in Appendix II. As it was mentioned at the beginning of this manual,
there is no difference between the format of the input file and that of the output file. Therefore,
an output file can serve as an input file for another calculation. The following examples
demonstrate advantages of this format. The examples were designed so that the next example
uses the output of previous example as an iaput.

The first print-out, static-problem-without-bottom, was an output of calculation of a mooring
line hanging in the sea with its top end fixed at the sea level and its lower end fixed at the ocean
bottom. Ocean bottom was not present in this case. Therefore some portion of the mooring line
was below the ocean bottom. Absence of the ocean bottom didn't meet the physical reality.
Hence, at the next step, the ocean bottom was modeled by a layer of springs. The output of the
first example was used as an input file for the second case. Only the depth of the ocean bottom
(BTMDPTH) was modified. The static equilibrium was then obtained, which was shown in the
second print-out, stafic-problem-with-bottom . In the last example, dynamic analysis of this
mooring line with its top end driven by a sinusoidal motion was performed. The third print-out,
dynamic-problem, is the results of the calculation. The configuration of the cable shown in the
last print-out is the configuration at time t = 120s. The time history of the tension of the cable at
its top end was depicted in figure 3.3 shown in the previous chapter.

The charts shown in the previous chapter were drawn on the basis of the data obtained by these
three examples.
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Chapter 5

Conclusions

A finite-element based model has been developed to evaluate and determine the dynamics of
cable. One of the important features of the mode] is that it has the ability to predict a variety of
nonlinear marine mooring line motions. In this model, various loadings encountered in
submerged marine applications are included. The loadings include the forces on the rod due to
hydrodynamic effects resulting from the rod's motion and the exterior fluid motion (estimated
here using the Morison equation), the effect of pressure gradients in both the external and
internal fluid (the rod is perhaps hollow and filled with fluid), and the weight of the rod. Besides
this, the model also incorporates bending rigidity which extends the scope of its application.

The model has been computerized and a code has been written in standard FORTRAN 77. The
Code CABLE carries out a time domain calculation of the motion and tension of cables. The
program can be operated on personal computers as well as work stations. A User Manual of the
program is included as Chapter IV 1o this report. Several cases were studied, using the
developed FORTRAN program CABLE, to validate and demonstrate the capabilities of the
theory and the numerical approach employed in this report.

The computer code has been applied to a catenary anchor leg mooring system (CALM). Two
primary ocean environmental conditions have been chosen. The example applications served to
show the potential use of the code CABLE as well as to provide the engineering approach with
necessary information.
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Appendix L. The Geometrical Relationships

The following geometrical relationships are useful in the derivation of equation 2.6. Let r(s,t) be
a vector distance from the origin of the inertia coordinate system to the point P, located by the
arc length s. Let {P; e, e, e, } forms a local coordinate system with its origin placed at P, The
directions of this local coordinate system is defined by the base {e, e, e}, where e, is the
normal of the rod at the point P; & is the tangent ; and e, is the cross product of e,and €

The geometrical relationships were derived with the help of the figure shown above:

r'ee =r'(s,t)= ¢ = xe_(s,1)

[ "
eb-etxen-r X =—p
K

r"or' - Ir"l2 -1
(F' ) =2r"-r" =2e ke (s,1)=0=>7"-r" = ke (st)=0

(rr.rn)r_rr_rm_'_rﬂ_ru _rr.rm+x2 -0=rr_r::f__x2
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Appendix I1. Working Examples
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