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INTRODUCTION

• 1.1 PURPOSE

• The “Deepwater Port Act of 1974” (Public Law 93—627 , 1975) grants
to the Secretary of Transpor ta t ion  a u t h o r i t y  to Issue licenses f o r  the construc-
tion and operation of deepwater ports off the coast of the United States.
In the process of granting such licenses , the Secretary must determine “ that
the appl icant  has demonstrated that the deepwater por t  wil l  be const ructed
and operated using best available technology , so as to prevent or minimize
adverse impacts on the mar ine environment ” .

To implement this act , the Secretary  of Transpor ta t ion  designated the
U.S. Coast Guard as the agency to aevelop the rules and regulations under which
a deepwater port may be constructed and operated . Pursuant to this goal , the
Coast Guard has issued “Deepwater Port Regulations on Licensing Procedures
and Design Construction , Equipment and Operations Requirements ” (1975) and
“Recommended Procedure for Developing Deepwater Ports Design Criteria ” (1975).

One key element in the total safe operation of a deepwater port
is the SPM (single point mooring). The Coast Guard Regulations require the
appl icant  fo r  a deepwater port  license to submit “A descr ipt ion and the r e su l t s
of any design and evaluation studies per formed  by or fo r  the app l icant  on
a f l o a t i n g  component ” . Fur ther , the Coast Guard Recommended Desi gn C r i t e r i a
states , “The designer should submit data to support the operating mooring loads
based on phys ical dynamic model tests and supporting calculations for similar
SPMs and environments” .

As the Deepwater Port Act requires tha t  the best available tech-
nology be used to minimize risks , the Coast Guard is conduct ing  research
in a number of technical areas re lat ing to deepwater por t  design , construc-
t ion , and operation . Determinat ion of the mooring loads at a SPM and design
of a mooring system adequate for these mooring loads are among the most
important aspects of the design of the deepwater port. The U.S. Coast Guard ,
in its role in granting permits for deepwater por t s , wil l  review the desi gn
of SPMs. As a part of this teview , they will assess the manner in which mooring
loads have been established , the compatability of the established mooring
loads with various limiting criteria , and the adequate design of the mooring
lines , structures and anchor chains for the established mooring loads.

1.2 SCOPE OF STUDY

The Coast Guard recognizes that the field of SPMs is an emerg ing
technology and that the best available technology in this field Is not found
in standard text books and design manuals . In order to adequately prepare
to perforiD reviews , the Coast Guard solicited proposals for a research study
entitled “Deepvater Port Mooring Loads Determination Study ”. The objectives
of this study were stated in the Coast Guard statement of work as follows
(Coast Guard , 1976):
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• Examine all parameters that affect the mooring loads to be experienced
in all condi t ions  of possible deepwater por t  opera t ion .

• Provide guidance and direction to allow the thorough , meaningful
review of the mooring segment of the deepwater port license app lication .

• Provide a basis for the continued Coast Guard review of the total
mooring system adequacy.

In its response to the statement of work , Exxon Research and
Engineering (ER&E) proposed to develop a set of guidelines which will enable
the Coast Guard to evaluate the mooring loads submitted as part of deepwater
port applcations and the manner in which they were determined , as well as the
ad~quacy of the mooring system design and the operating and maintenance
procedures established for the mooring portion of the deepwater port. The
study was divided into eight tasks as follows:

Task 1 Background study .

Task 2 Develop guidelines for evaluating the influence of factors
affecting mooring loads.

Task 3 Develop guidelines for evaluating the conducting of model
tests and the analysis of model test data .

Task 4 Develop guidelines for evaluating factors influencing the
maximum permissible environments and mooring loads .

Task 5 Develop guidelines for evaluating mooring system designs.

Task 6 Develop guidelines for evaluating mooring—line test procedures .

Task 7 Evaluate areas for further investigation .

Task 8 Prepare interim and final reports of study .

The following report presents the data and guidelines developed as
a result of this study. Sections 2 through 7 of the report correspond to the

• above mentioned Tasks 2 through 7.

1.3 SINGLE POINT MOORINGS

• In its broadest definition , the SPM for tankers consists of an
integrated mooring and cargo transfer system which incorporates either a
cargo swivel concentric with the mooring system or a mooring swivel con-
centric with the cargo system so the tanker can freely swing around the
mooring in response to the environment while simultaneously transferring
cargo . A general schematic plan view of an SPM is shown in Figure 1— 1.



• As the tanker is free to align itself into the environment at
an SPM, mooring forces are minimized . Thus, the tanker can remain moored
and continue transferring cargo in environments more severe than could be
tolerated at moorings , such as piers and multiple buoy berths , where the
tanker is held in a fixed heading. One of the principle advantages of the

• SPM is it can be located offshore in uncongested deepwater instead of in
protected , crowded harbors and bays. (Flory, 1975).

9 The first type of SPM, known as the Catenary Anchor Leg Mooring
(CALM), was developed simultaneously and independently by Shell Oil Company
and IMODCO, then a Swedish company but now a U.S. company based in Los Angles.
Shell installed a number of CALMs in the Far East in the early 1960’s through
contracts with IHC, a Netherlands shipbuilding company . IHC became a licensee
of the Shell CALM and through a subsidiary , SBM Inc. of Monaco , has supp lied
over half of the CALMs in the world today. IMODCO developed CALMs for the
Swed ish and German navies and then became a major supp lier to oil companies;
the company also has furnished a number of CALMs for the U.S. Armed Forces
in the Far East and for handling fluidized iron ore and liquid propane .

A typical CALM system is shown in Figure 1—2. The CALM consists
of a large flat buoy, approximately 10 to 12 in (33 to 40 ft) in diameter and
3 to 5 rn (10 to 16 f t )  high , that is anchored by four  or more chains ex tending
in catenaries to anchor points on the sea floor , sometimes as far as 400 m
(1,300 ft) from the buoy. The tanker is moored by bow hawsers to a turntable
on the deck of the buoy. Floating cargo hose connects through piping on this

• turntable to a fluid swivel in the center of the buoy. Underbuoy cargo hose
connects this swivel with a manifold at the end of the submarine pipeline.

A new type of SPM, the Single Anchor Leg Mooring (SALM), was devel-
oped in the late 1960’s by ER&E. The first SALM was installed in Libya in
1969, and six more SALMs have been installed throughout the world to date.
The SALM has been licensed to SBM Inc ., IMODCO , and a new firm , SOFEC of Houston ,
Texas. As a result of extensive model testing , the SALM was selected by SEADOCK
and LOOP for their proposed deepwater ports.

The SAUl design for deepwater ports is shown in Figure 1—3. The
SAUl consists of a mooring buoy at the sea surface , which is attached to a
base on the sea floor by a single anchor leg. The buoy is drawn down against
it buoyancy by tension in the anchor leg. Tankers moor through lines to the
buoy, and a swivel in the anchor leg or on the buoy allows the tanker to swing

• around the mooring point. A fluid swivel is mounted concentric about the
anchor leg, either on top of the base or on top of a riser pivoted from the
base and forming part of the anchor leg. Cargo hoses connect to an arm on
the fluid swivel and rise to the surface , where they float and extend to the
tanker manifold .
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Another type of SPM consists of a fixed mooring tower with a
mooring turntable on its deck. The first such mooring tower, which was
installed by an Exxon affiliate in Libya in 1963, is shown in Figure 1—4.
The tower features an underwater loading arm extending from the turntable
to a riser positioned beside the tanker’s midship manifold. Several mooring
towers that employ floating loading hoses have been installed in Italy and
Scotland .

A number of other SPM systems have been proposed , and examples
of several of these have been installed . However ; to date , the CALM, SALM,
and tower—type SPM are the principal types of SPTIs used as terminals in rela-
tively shallow water. Most of the material In the following report is general

• enough to apply to any type of SPM, and some of the material will be of
use in the design and evaluation of other mooring systems. A few subsections
are particular only to the CALM and SALM.

The design of the cargo transfer components of SPMs is not covered
in this report. Only a few remarks are given applicable to the effect of
the environment on the design and operation of the cargo system. Separate
Coast Guard sponsored research is being conducted by others on cargo trans-
fer system design.

_ _ _ _
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SECTION 2

FACTORS WHICH INFLUENCE MOORING LOADS AT SPMS

2. 1. INTRODUCTION

In planning the design of an SPM, the designer must consider all
pert inent  design f ac to r s  including the site , the environment , the tanker ,
mooring operation , and the physical design parameters of the mooring . Certain
factors are very important in establishing design loads, while other factors
have odly minor e f f e c t s  on mooring loads. The designer must be aware of the sig-
nificance of the various factors and the possible effect which a change in
a parameter may have on mooring loads and mooring performance.

The Coast Guard , in evaluating the mooring system design aspec ts
of a deepwater port license application , must be able to ascertain that all
pertinent design factors have been considered by the designer. This section
describes the various parameters which are known to influence mooring loads
and mooring—system performance . The relative effects of parameters , and the
manner in which variations in parameters may effect mooring loads are discussed .
General quantitative assessments of the influences of variations in parameters
are given where possible.

2.2 INFLUENCE OF WAVES

• Wave height is generally the most important single parameter in-
fluencing SPM mooring loads . Defining waves by wave height alone is not ,
however , sufficient for design purposes. The distribution of wave energy
with period , known as the wave spectrum , also has a significant influence
on mooring loads .

2.2.1 Description Of Waves

Waves at typ ical deepwater port SPM sites , like ocean waves in
general, can be expected to be irregular. They cannot be adequately repre-
sented in terms of a regular sinusoidal wave function having a single ampli-
tude and a single frequency. It is difficult , if not impossible , to com-
pletely describe ocean waves . However , for most practical engineering
purposes the concepts of significant wave height , statistical wave height
distribution, and power or energy spectrum are used to define the important
characteristics of irregular waves in the ocean . These concepts are des-
cribed in some detail in Appendix A.

The significant wave height is the average of the highest one—
third of the peak—to—troug h waves In a wave record . Significant wave
height is a convenient means of describing irregular waves. Throughout this
report the term wave height will mean significant wave height unless other-
wise stated . Significant wave height will be designated In the report by
H .  Significan t wave height is frequently designa ted in other sources

by H113 
or similar notation .
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The term wave period applied to irregular waves is not as
commonly agreed upon as significant wave height. In this report wave period
will refer to the average of the periods of the highest one—third of the
waves in a wave record unless otherwise stated . This wave period will be
designated by T and will sometimes be referred to as significant wave

period . Other definitions of period are also common in reference to irregular
waves. In stating period , as well as wave height , the definition must be
understood . In general this report deals with concepts and trends , and the

• conclusions drawn here with regard to trends will apply as long as the
parameters being considered have consistent definitions .

2.2.2 Wave Height

Certain rules of thumb for the manner in which mooring loads vary
• with parameters have been developed from the analysis of model test data.

These rules of thumb are not precise enough for design purposes , but they
can serve to assess the effect which a change in a parameter will have on
mooring load .

Mooring hawser load has been found to increase roughly in pro-
portion to the square of wave height in the absence of wind and current.

F ~ k H 2 (2- 1)

where F = s ign i f i can t  mooring force

H —  s i gn i f i can t  wave height

k — constant  of p ropor t iona l i ty

This rule of thumb assumes that tanker size and condition remain
constant , the type of wave spectrum remains the same, and wave period
changes commensurate with the wave height. In moderate and high waves with
low to moderate wind and current acting nearly in line with the waves this
rule of thumb may still apply . Where winds and currents are high and/or at
large angles to waves , their influence will tend to overcome this rule , and
mooring forces will probably not increase in proportion to the square of
wave height. (Flory and Poranskl , 1977).

2.2.3 Wave Period And Spectrum

Wave period and the type of wave spectrum can also influence
mooring loads, though In general their influence is not as great as wave
height. Recall that the wave period is not an independent parameter , but
is related to wave height and the type of wave spectrum . Thus a change
of wave period with constant wave height generally implies a change in wave
spectrum , that is a change in the band of frequencies in which wave energy
is concentrated .

_ _ _• - --
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For a constant significant wave height , mooring loads general ly
increase with a decrease in wave period . Mooring loads increase roug hly
in proport ion to the inverse of the square root of the wave period . Thus
f rom the wave—height rule of thumb and the wave—period rule of thumb , the
following approximate relationship appears to app ly:

2
F~~ k 

H 
( 2— 2)

where T s ignif icant  wave period

and F , H , and k are defined as before
S

Several different spectra may have nearly the same mean wave period
for a given wave height. A narrow—band wave spectrum , where most of the
energy is concentrated in a narrow frequency band , may influence the response
of the SPM and the moored tanker  d i f f e r e n t l y  than a wide—band wave spec t rum .
If the natural frequency of the buoy or of some mode of response of the moored
tanker , for example roll , are very near the wave period , then response , and
thus mooring loads will be higher in a narrow band wave spectrum . Conversely,
if the natural frequencies of the buoy and tanker are near the wave period
but far enough from that period that they are hardly influenced by a narrow
band wave spectrum , those natural frequencies may be excited more by a wide—
band wave frequency. (Flory and Poranski, 1977).

2.2.4 Long—Period Wave Phenomena

Long—period wave phenomena can have a major influence on the response
of the moored tanker , and thus on mooring loads. These long—period phenomena ,
generally referred to as seiche or swell and wave grouping, are discussed
in Appendix A.

If the period of the sieche or wave ~rouping phenomena corresponds
to a natural period of the moor ing system then peak mooring forces may be
higher than would otherwise be experienced in waves of the same height.

• Wave group ing and seiche have been found in some wave records but it is
not known how common they are in ocean waves . In planning an SPM terminal ,
an analysis should be performed to determine if these long period phenomena

• exist at the site. If they are expected at the site then they should be
accounted for as much as possible in model testing . (Remery and Hermans , 1971;
Remery and Kokkeel , 1976).

2.3 INFLUENCES OF WIND AND CURRENT

Unlike the loads imposed on the tanker by waves , the static loads
imposed by wind and current can be fairly accurately determined. However ,
due to the nature of response of the tanker to these wind and currcnt loads,
the influences of wind and current on SPM loads may be difficult to determine .
The term loads here is intended broadl y to Include both forces and moments.
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Because monents are imposed when the tanker hull is at an angle
to wind or current , the tanker may move to apparently unusual positions under
the combined effects of waves, wind , and current. The loads imposed on the
hull by wind or current alone and the possible response of the vessel to
these loads are covered in this subsection . The influences of waves, wind ,
1’and current acting in combination are covered in subsection 2.4.

2.3.1 Wind Load On The Vessel

A number of model tests have been conducted in wind tunnels to
determine wind loads on typical tankers. The Oil Companies International

• Marine Forum (OCIMF ) recently commissioned a series of wind and current
model tests on VLCCs. ER&E arranged for the model testing and analyzed the
test data. This new data on ~wind and current loads on VLCCs has now been
published by OCIMF. (OCIMF , 1977; Benham, Fang, and Fetters , 1977).

The prototype wind induced loads on the vessel are determined
by model tests conducted in wind tunnels where vessel dimensions and wind

• velocity are scaled by Reynolds’ law. The model is mounted near the floor
• of the wind tunnel in order to imerse it in the boundary layer. The velocity

gradient in the boundary layer may be adjusted , for example by roughening
the floor of the wind tunnel, to approximate the 1/7th power—law profile
of the natural wind profile over water .

In wind—tunnel model tests forces and moments on the vessel are
measured in the horizontal plane with the model set at various angirs of
wind attack. Non—dimensional wind force and moment coefficients are calcu-
lated from the wind tunnel test results. The most common method of defining
these coefficients is as follows:

C Longitudinal wind force coefficientXv

C — Lateral wind force coefficientYw

C — Yaw wind moment coefficient
XYw

Typical plots of 
~~~~ 

C~~ . and C~~ as a function of angle

of attack for a typical loaded and ballasted tanker are shown in Figures
2—1 , 2—2 , and 2—3.
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The equations for calculating the longitudinal and lateral wind
force and the wind moment acting on the vessel are as follows:

k 2F
x 

= C~ ~ Pa V~ 
AT (2-3)

Fy~ = C~~ ~ Pa V~
2 

AL (2-4)

= C~~ ~ Pa V
2 

A L 
L
BP (2—5)

where ;

F = Longitudinal wind forceXw

F — Lateral wind forceYw

• M = Wind yaw moment
XYw

= Density of air

V Wind velocity
V

A
L 

= Longitudinal (broad—side) wind area

• A
T 

= Transverse (head—on) wind area

L
8~ 

= Length between perpendiculars of the vessel

k = conversion factors for units

In using wind load coefficient data and formulas , caution must be
paid to the basis of the data , the form of equation it is to be used in,
and the units to be used. Areas are sometimes based on projected areas,
and sometimes based on total area , including that part of an aft house which
is blocked from direc t view by a midship house or the forecastle .

The above coef f ic ien ts  and equations are g iven in terms of forces
acting along and transverse to the longitudinal centerline of the vessel
and moment about the center of the vessel. In subsection 3.5.3 the coefficients
are redefined in terms of lateral forces acting at the forward and aft perpen-
dicular in lieu of a moment. Another method of representing wind loading
which is sometimes used is to give the moment arm, either forward or aft ,
at which the lateral wind force must act to produce the wind—induced moment .
Yet another convention is to define coefficients in terms of the forces
acting parallel to and perpendicular to the direction of wind.
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2.3.2 Effec t Of Wind Gusts

The velocity of wind over the ocean varies with time , almost in a
manner analogous to , though not as rapidly as, wave he ight . Wind velocity is
expressed in many ways. The terms one—minute average and one—hour average
do no t need exp lanation . Fastest mile wind is the average velocity of a
one nautical—mile length of wind as it passes the point of reference. At
slow velocities a fastest mile wind may be close to the one—hour average
while at high velocities the fastest mile will be close to the on~?—minute
average . Gust velocities usually are averages over very short periods , such
as a ten—second gust. Figure 2—4 shows the relationship of average wind
veloc ities over various durations. (Vellozi , 1968).

The statistics of wind velocities are not nearly as developed as
those for waves . General relationships between the various gust and average
wind velocities may be used to convert wind veloci ty  measurements to dif-
ferent bases. However , only limited statistics on the recurrence or pen —
odici ty  of wind gusts  over the ocean are available , and randomly varying
wind velocity correspond ing to a wind spec trum have not been used in desi gn
and analysis .  Wind gust spectral density variation used for structural
design for winds over land is shown in Figure 2—5 (Vellozi , 1968). This wind
spectrum shows that for a 30 knot mean hourly wind the maximum response
will occur for a system with a natural period of about 40 seconds. However ,
the wind spectra is much broader than wave sectra , that is , wind—energy
variation occurs over a very wide range of periods.

If wind spectra were available for use in the design of offshore
moorings then the question would be raised; How should wind statistics be

• comb ined with wave statistics? It would be statistically extreme to assume
the peak wind gust occurs simultaneously with the peak wave height. It
would appear to be more valid to combine an irregular wind pattern with
an irregular wave. However , superimposing two sets of random statistics
In th is manner may produce no different effect than that produced by only
one of the sets . Furthermore , the statistics for the wind are simp ly no t
available in a useable form .

In one model test series ER&E used a varying wind . The wind
was controlled to alternate between two different velocities with a duration

• at each veloctiy of 4 minutes and a transition time of 1 minute. The period
of this varying wind was chosen to correspond with what was expected to
be the natural period of the mooring . Results of this test series showed
the peak mooring loads to be essentially the same as the peak mooring loads
measured with a steady wind of the higher wind velocity. Choosing some
other pattern of wind velocity variation might sHow varying wind to be
a si gnificant factor in determining vessel response and mooring loads .
However , ER&E now uses a steady wind velocity in model testing .

The response of the moored vessel should be analogous to a large
• structure on land. The ANSI Building Code guidelines for wind gust response

fac tors on buildings (Vellozi , 1968) provides a means of determining the gust
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dura t ion  which may inf luence the moored vessel. The wind gust response factor
is a measure of the effective dynamic load produced by gusts and serves to
relate the dynamic response phenomena to a simpler static design criteria .
The ANSI design wind gust was calculated for a 190,000 dwt ballasted vessel
moored at a typical SPM in a 45 knot wind . The analysis showed that the
des ign wind gust duration was about one minute.

Based on that analysis, it appears a steady veloc ity correspond ing
to ‘the one—minute gust velocity of the design wind is appropriate for use in
model testing and design analysis of SPM systems . Using a one—minute gust
veloc ity should produce essentially the same effect as a one—minute gust in
an irregular wind record occurr ing simul taneously with the peak wave induced
forces. The above analysis is not rigorous enough to firmly conclude this .
However , the use of the one—minute gust velocity is recommended as an interim
guideline until further investigations on this topic are performed . The one—
minute gust velocity is approximately 1.24 times the mean hourly wind.

2.3.3 Influences On Wind Loads

From wind—load  e q uit i o n s  such as those given in subsection 2.3.1 ,
it is obvious t ha t  wir. d forces and moments imposed on the vessel are propor-
tional to the square of wind velocity. Also , the forces are proportional
to the projected hull and superstructure areas , and the moment is propor-
tional to the product of the longitudinal area and the length between per-
pend iculars . Although the areas would appear to be prop ortional to the
two—thirds power of tanker size , expressed in dwt , and the length between
perpend iculars would appear to be proportional to the one—third power ,
the superstructure , freeboard , and length do not increase by quite these
propor tions. As tankers grow in size , draft and beam are usually increased
out of p ropor t ion . In general , the forces and moments due to wind increase
roug hly in p ropor t i on  to the square root of tanker size.

The configurations of the vessel’s hull and superstructure may
influence the forces and moments. There are pronounced differences in the
coefficients for mid—ship—house and bridge—aft tankers. The presence or
absence of a forecastle, large differences in bow shapes , and large d if-
ferences in superstructure shapes can also affect wind forces and moments.
These influences are discussed further in subsection 2.5.3.

• 2.3.4 Current Loads On The Vessel

Current forces and moments on typical tanker hulls have been

L 
determined by a number of model tests. The recently published OCIMF report
includes current load data for VLCCs, based on research conducted by ER&E for
OCIMF under contract. (OCIMF, 1977, Benharn , Fang, and Fetters , 1977).
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Loads due to c u r r e n t  f lowing at a g iven veloci ty  past the stationary
hul l  of a vessel at a low w a t e r — d e p t h  to d r a f t  r a t io  will  be higher than
loads imposed on the hull  as it moves at the same ve loc i ty  thoug h s t i l l
water over the bottom of the body of water. Therefore, coeff icients of drag
measured on a mov ing vessel should not be used to represent current drag
in shallow water . The loads in either case will be influenced by the mag-
nitude of the water—depth to draft ratio. Only at water—depth to draft
ratios greater than about 1.5 are the forces and moments in the two cases

• essentially the same. SPM terminal sites usually have water—depth to draft
ratios of less than 1.5 for large vessels in loaded condition. Therefore,
generally only data for the case of water flowing past the stationary vessel
should be considered in deepwater port SPN studies.

In shallow water the predominent e f f e c t s  of cu r r en t  on the vessel
are form drag and a difference in water level across the hull due to block—
age. These gravity effects are realistically modeled by Froude’s law. Vis-
cous drag contributes only about 5% to the total force on the vessel when
broadside to  the cu r r en t , but may cont r ibute  70% of the fo r ce  when the vessel
is bow—on to the cu r r en t .  Adjus tments  are sometimes made in interpret ing
c u r r e n t — f o r c e  model—tes t  data to account f o r  this  inadequate modeling of
viscous drag .

In model tes t ing fo r  s ta t ionary  current—induced forces  and moments ,
the hull  dimensions and the velocity of current flow are modeled according
to Froude ’s law. The vessel is constrained at various ang les of cur rent  a t t a c k
and the drag and lift forces and the moment due to the current are measured
in the horizontal plane . Non—d imensional current force and moment coefficients
are calc ulated f rom the measured resul ts f or the var ious angles. The most
common method of defining these coefficients is as follows :

Longitudinal current— force coefficient

C = Lateral current—force coefficient
Yc

C = Yaw current—moment  c o e f f i c i e n tXYc
Typ ical p lots of C

~~
i C~~~. and C~~ as a func tion of angle and

the water depth to draft ratio are given in Figures 2—6 , 2—7, and 2—8.

The longitudinal current force , lateral current force , and curren t
yaw moment acting on the vessel at any head ing to the current can be calculated
using the following equations:

-

~

-—

~

-

~

•••— - -• - ‘ -~~~~~ -~ ‘- ~-
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Xc Xc 2 C BP 
—

F10 C~~ ~ Pw V~
2 D LBP 

( 2 — 7 )

2 2
M
x10

_ 
~XYc 2 PW V D LBP (2—8)

where

F
x 

Longitudinal current force

F Lateral current force

Mxy0 Current yaw moment

Density of sea water

V 0 Current velocity

D Draft of vessel

• L5~ Length between perpendiculars of vessel

k Conversion factor for units

As expressed earlier in the discussion of the wind load c oe f fi c i en ’ s
and equations (subsection 2.3.1), attention must be paid to the basis , form ,
and units of current load coefficients and equations. Like the equations
for wind loads , those for current loads can take several different forms .

2.3.5 Influences On Current Loads

As with wind , current loads increase proportional to the square
of the velocity of flow. Current loads will decrease with a decrease in
draft . For a fixed draft, current loads will decrease with an increase
in water—depth to draft  rat io.  This effect is very important up to a depth
to draft ratio of about 1.5 and is less pronounced beyond that ratio.

As can be seen from the equations , current forces increase propor-
tional to the product of the draft and the length between perpendiculars ,
and the moment increase by the product of the draft and the square of this
length . Very roughly these proportions increase by the two—thirds power
of vessel size expressed in dwt , however , because both the draft and the
beam are easily defined variables , the effect of a change In tanker size
on current loads is best worked out on the basis of the dimensions. The
form of the bow of the hull , especially the presence or absence of a bulbous
bow , can have significant effects on current moments. These effects are
discussed in subsection 2 .5 .3 .
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2.4  RESPONSE TO WAVES , WIND , AND CURRENT

The motions of a vessel moored to an SPM in waves , wind , and
current can be very complex . Many dynamic f a c t o r s  inf luence the response
of the system. The mooring system is non—linear . The moored vessel is
f ree  to respond in three degrees of hor izon ta l  f reedom;  surge , sway, and
yaw. Including the vert ical  modes of vessel response and all modes of
SPM buoy response , there are a to ta l  of twelve degrees of f reedom in the
system.

In i r regular  waves the response of the tanker is caused by the
var ia t ion in the wave energy wi th  t ime . The wave induced motions of the
tanker are easily unders tood.  It is surpr is ing  to see large dynamic response

• of a tanker moored in constant  wind or cur rent  alone . However , these re-
sponses observed in steady wind or current  can be explained by analyzing
the var ia t ions of moments and forces  which occur as the tanker hull  changes
its heading to the direct ion of the stead y wind or current  f ie ld .

2 .4 .1  Vessel Response In Wind or Cur ren t

Unt 1. recently it had been assumed that  wind or cu r ren t  ac t ing  on
a vessel moored at an SPM produced an essentially constant force  on the
vessel , and that  the wind or cur ren t  f lowing past the vessel would tend
to s tabl ize  the weather— vaning action of the moored vessel. Yaw and sway
of the vessel were believed to be caused p r imar i ly  by wave action . When

• during model tests , the moored vessel was observed to yaw due to wind or
current  alone , this was a t t r i b u t e d  to vortex shedding which would not occur
on the prototype.

Now a more complete unders tand ing  of the e f f e c t s  of wind and cur ren t
has been reached throug h t heo re t i c a l  analysis , computer  s imulat ion , and model
t e s t i n g .  It has been discovered that  sustained combined yaw and sway motions
can be caused by alternating wind or cur rent  induced l i f t  forces act ing

• on the vessel hul l  in resonance with the  na tu ra l  periods of the mooring .
This phenomena can be expla ined , by r e f e r r i n g  to Figure 2— 9 , as follows .

The vessel may start in position 1, with a slack bow hawser and
a slight yaw to the d i r ec t ion  of wind . In this posi t ion the vessel is
unsymet r ica l  to the f low of a i r , and the hull  acts like an a i r fo i l  or wing
in the wind field . The lift created as air f lows around the hull causes
the hul l  to sway to s t a rboa rd .  The vessel will continue to sway until
the bow hawser becomes t au t .

L As the tension in the bow hawser tightens , it retards the motion
of the  bow to s t a r b o a r d .  The vessel then begins to yaw to port  about its bow
due to its inertia of movement as shown in the second position. The elastic
bow hawser is tensioned and then relaxed as the vessel cont inues to yaw .

- •
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The rebound of the bow hawser pulls the vessel forward toward the —
mooring buoy and the bow is again unrestrained . The angle of the vessel
hull to the wind field has now reversed , and the flow of air around the hull
now lifts the hull to port , as shown in position 3.

The vessel will sway through the center position to the port side
of the mooring until the bow hawser again becomes taut as shown in position
4. At this point , the bow is restrained and the inertia of sway is again
t r an s f e rred to yaw , causing the vessel to yaw to starboard . Once the vessel
has yawed , reversing the angle of the wind lift on the hull , it will again
sway to starboard , thus completing the cycle.

Substaining the action depends on the vessel yawing far enough
while the bow hawser is taut to reverse the angle of the hull to the wind ,
and then on the vessel swaying to the other side of the mooring before
the bow hawser becomes taut again. The action thus depends on proper phasing
of the per iods of surge , sway , and yaw of the vessel on the mooring . Under
the proper combination of wind (or current) velocity, vessel size , mass
and fr eeboard , bow hawser length and mooring system elasticity, the action
will grow to a cer tain amplitude and continue indef initely. (Wichers, 1976;
Flory and Poransk i, 1977; Muga and Freeman 1977).

2.4.2 Vessel Response In Waves

The vessel moored in waves alone tends to align itself Into the
waves and respond primarily in surge. In regular waves , the vessel will
surge back on the moor ing until the force in the hawser equals the mean
wave— induced force on the vessel and will remain essentially in equilibrium
at this position unless the waves are in resonance with a natural frequency
or a harmonic of the mooring . The natural period in surge is normally far
removed from any regular wave period . The moored vessel responds an impre—
ceivable amount in surge to regular waves having periods less than about
30 seconds. Var iations in mooring load records at the natural period of
short—period regular waves are due to vessel heave, pit ch and roll , and
due to buoy motions.

In irregular waves , the mean wave force varies wi th  t ime . Al thoug h
the moored vessel does not respond in surge to each indiv idual wave , it
may respond to variations in the mean wave force. Long—period swell or
seiche can cause long—period excitation of the moored vessel. Variations
in mean wave force may also be caused by wave grouping. A group of low
waves followed by a group of high waves will produce a var iation in mean
wave force. Wave grouping is discussed in Append ix A. The position in
surge of the vessel on the mooring, and thus the hawser load , will change
in response to the magnitudes of groups of waves. The response will be
especially pronounced if the period of wave group ing or of seiche or swell
corresponds to the natural period in surge of the mooring system .
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Considerable attention Is now being directed to wave grouping and
its possible effects on mooring systems . (Remery and Hermans , 1971; Remery
and van Oor tmerss en , 1973). It is not known how common periodic, wave gro up ing
may be at typ ical mooring sites. As explained in subsection 2.2.4, if wave
grouping is thought to occ ur at the si te then it shou ld be included in model
testing and analysis of the mooring.

The moored vessel may experience a low—frequency subharmonic
response in waves at a non—linear mooring system . This low—frequency
subharmonic response is a property of the dynamics of a non—linear elastic
system. Even with a linear mooring system the vessel may experience low—
frequency response in waves due to non—linear coupling between the response
modes . These subharmonic response phenomena are independent of the effects
of wave grouping, seiche , and swell. Only limited analysis of these
subharmonic resonances at mooring systems have been conducted to date.
(W ilson and Awadalla , 1973).

2.4.3 Vessel Response In Waves, Wind, and Current

The response of a tanker moored to an SPM in an environment composed
of waves, wind , and current can be rather complex , espec ially if the three
environmental components are not colinear . Even if they are colinear , unex-
pected things can happen .

in some model tests with a constant wind or current acting colinear
with irregular waves , the wind or current have been observed to have a steading
effec t on the response of the tanker . The peak mooring loads measured in some
such tes ts have ac tually been lower than the peak mooring loads measured in the
same wave environment without wind and current . In other tests with waves , wind
and curren t in line , peak mooring loads much higher than those measured in waves
alone have been measured . Sometimes these peak loads have been higher than would
be predicted by superimposing the static wind or current force on the peak wave
induced loads. One explanation for this is that the vessel is excited in yaw
and sway by the wind and current induced moments and forces as explained in sub-
section 2.4.1. Not only do the wind or current-induced sway and yaw motions
impose loads on the hawser , but also the yaw action increases wave induced loads.

When waves, wind , and curren t are not colinear , the response of the
vessel is even more difficult to describe and explain . Figure 2-9 shows a
moor ing load record from a typical model tes t conduc ted with a ballasted
350 ,000 dwt tanker moored in 4.4 m (15 ft) waves with a 45 knot wind at 45°
to the waves and a 1 knot current at 900 to the waves. Note the relative
magnitude of the high—frequency variation in amplitude to the low—frequency
variation in amplitude. The high—frequency load variation corresponds to
the wave—induced buoy motions and the pitch , roll , and heave of the moored
vessel. These high—frequency load variations are not negligible; they add
to the magnitude of the peak mooring loads. However , mos t of the magnitude
of the peak mooring loads are due to the slowly varying low—frequency motions
of the moored vessel.
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Figure 2-11 shows a continuation of the mooring load record in Figure - :

2-10. The 34 minute duration of the first record corresponds to the durat ion
of a typical model test. The test recorded in the second figure consisted of
a continuation of the first test in which the irregular waves were cycled over

~~~ over for a total of six cycles . The high—frequency component has been
filtered from the record of the last five cycles .

The vessel motion observed in this test was very irregular. During
most of the test , the vessel swayed and yawed in response to the wind and
current and surged in response to waves. The vessel’s bow sometimes traced
a f igure eight pattern , with peak loads being exper ienced at the top and bottom
of the figure eight. At other times, particularly during the last cycle of
the test the vessel motions appeared to damp out and the vessel responded
very little.

This example test record shows the comp lex nature of the vessel
response in waves , wind , and current , and shows the vessel motion will
not always be the same even in response to the same wave, wind , and current
environment. It is important that realistic wave, wind , and current environ-
ments be used in model tes ting and analysis. As exp lained in Appendix A ,
it is not so important that any par t icu lar  wave spectrum be used , but that
a realistic wave spec trum be used , and tha t long per iod phenomena such as
seich or wave grouping also be ref lec ted in the wave record if they exist
in nature at the site. As explained in subsecton 2 . 3 .2 , it does no t appear
to be important that wind veloci ty be varied unless wind is the predominent
forc ing function . It is impor tan t , however , tha t  the wind and cur rent  be
accurately represen ted as to direction , veloc ity,  and their moment producing
effects on the vessel. Specif ic  guidelines for  producing wave , wind , and
current effects in model tests are g iven in Section 3.

2.5 INFLUENCE OF THE TANKER

Variations in tanker size or shape do not affect mooring loads at
SPM s as much as do var ia t ions in the environment .  Never theless , where a
large range of tanker sizes are to moor at a SPM, consideration must be
given to the inf luence of tanker size on mooring loads.  The larger tankers
do not always impose the higher moor ing loads .

The state of tanker loading, that is whether the tanker is loaded
or light bal lasted , can have a maj or influence on tanker response , and
thus on moor ing loads at SPMs. Consideration must be given to the loading
condition in which tankers will most probably be exposed to severe environ-
ments .
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2.5.1 Tanker Size

Tanker size will be re fe red  to throug hout this report  in terms of
dead weight tonnage (dwt). Dead weight tonnage represen ts not only the
weight of cargo which can be carried by a vessel , but also the weight of
all f uel, water , stores , and supplies which the vessel carries. For very
app roximate reference dwt is about ten percent greater than the weight of
cargo , and about ten percent less than the total weight of wa ter d isplaced
by the vessel when loaded. Exact cargo capacity, total disp lacement , and
dimensions for tankers can be f ound in Clarkson’s Reg ister. The figures for
tanker size used in this report will be in dwt . However , as only trends with
tanker size are discussed , the princ ipals generally app ly to other means of
defin ing tanker size.

In conjunc tion with the rules of thumb relating moor ing loads
to wave height and wave per iod given in subsections 2.2.2 and 2.2.3, ano ther
rule of thumb has also been found through the analysis of model test data.
In general the mooring forces will increase proportional to the square
root of tanker size. The following general relationship then appears
to relate wave height , wave per iod , and tanker size to mooring loads:

F ~~k H 2
v’~~ (2— 9)

where D = tanker size (dw t) and F , H , T and k are def ined
S 5 5

as before. (Flory and Poranski, 1977).

Above a certain range of tanker sizes the above relationship has
generally been found to be overly conservative. Mooring loads measured
in model tests for tankers of 500,000 dwt and above have generally been no
higher than, and in some cases have been lower than, those measured on tankers
in the size range of 200 , 000 to 400 , 000 dwt . The 200 , 000 to 400 , 000 dwt
tankers moved around more in response to the environment than the largest
tankers. The situation is analogous to resonance response , although the
periods of response seem to be much longer than the periods of the excitation .
A mooring system which is optimum for a specific tanker size and environment
may not be optimum for some other tanker size. Based on the above obser-
vations , not only the larges t sized tanker , but also one or several smaller
represen tative sized tankers should be considered in designing an SPM .

Another consideration is the probable strength of the mooring fittings
on—board var ious sized tankers as discussed in subsection 4.4. A small tanker
will probably no t impose loads as high as those imposed by intermediate or
large tanker s, but its mooring fittings may not be as strong and thus , be
inadequate fo r  the mooring loads.  There fo re , mooring loads on small tankers
cannot be disregarded .

2.5.2 Tanker Loading Condition

For a given tanker size , different mooring loads will probably
be exper ienced in the loaded c o n d i t i o n  than in the  b a l l a s t e d  condi t ion .
Ther efore , bo th the loaded and the ballasted tanker must be considered .
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In most model tests in which both a loaded and a ballas ted tanker

of the same s ize have been moored to a SPM, the loaded tanker has been ob-
served to respond less to the environment than the ballasted tanker . This
appears to be a situation of resonance with the forcing function similar to
that noted above in relation to tanker size. The significant forces measured
with the loaded tanker may be equal to or higher than those measured with
the ballasted tanker. However , because the ballasted tanker moves more at
the mooring, it imposes higher peak moor ing forces. The ratio of maximum
to significant mooring forces to be used in design , as expla ined in subsec tion
3.11.2, are generally highe r for the ballasted tanker than for the loaded tanker.
T h e r e f o r e , f o r  m o d er a t e  to long moor ing dura t ions , hi gh loads may be more
probab le  w i t h  a b a l l a s t e d  tanker  than wi th  a loaded t anke r .

The more c r i t 4  ii case of ballasted or loaded tanker cannot be
ass umed , therefore , bot h cases must be considered . There may be cases in
which the loaded tanker exerts the higher loads on the mooring , depend ing
on the t a n k e r  s ize , the mooring system , and the environment . It is not
probable  tha t  an i n t e r m e d ia te  condition of tanker loading will exert
loads significantly higher than the loaded or ballasted condition .

In determining the more critical condition , loaded or ballasted ,
the mode of operation of the terminal should be considered . Because of
l i m i t a t i o n s  on the env i ronmen t  in which launches can operate , tankers  would
genera l ly  not moor to an SPM in greater than about 2 m (6 ft) waves. Once
moored , tankers may remain moored in much higher waves , possibly as high as
4.5 m (15 ft). If a tanker is to discharge cargo at the terminal , it is
unl ikely to exper ience high waves soon af ter moor in g ,  when it is still nearly
loaded. However , it is apt to remain moored in high waves in the nearly
ballasted condition to complete discharge. Conversely, at a loading terminal
t he  tanker  is more apt to experience high waves when it is nearly loaded.
Therefore , consideration of loaded tankers is more important at loading
terminals and consideration of ballasted . tankers is more important at dis-
charge terminals.

2.5.3 Other Tanker Parameters

Tanker design parameters such as hull form and superstructure
shape are generally not nearly as important as tanker size and loading
cond ition as they af fec t moor ing forces at SPMs . Two hull parameters which
may have some i n f l u e n c e  are the length—to—beam ratio and the shape of the
bow.

Wide—beam tankers  are designed wi th  re la t ively shallow loaded d r a f t s
in re la t ion  to the i r  s ize , thus enabl ing them to enter shallower po r t s  than
conventional tankers of the same size. The volume lost in draft is made up
pr imarily in beam . Such wide—beam tankers may typicall y have length—to—beam
ratios of about 5 as compared to length—to—beam ratios of about 6.5 for con-
venti onal tankers. (In this ratio length refers to the length between per-
pendic ulars) .

~
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Wide—beam tankers will experience greater loads than conventional
tankers in near b,ow—on waves. This in turn will result in higher mooring
forces. The magnitude of this effect is not known, but is believed to be
small , or negl igible, especially in conditions where conditions of cross
wind or cross current  will cause the tanker to lay at an angle to the waves.

Most large tankers have special bulbous bows which are des igned
to reduce wave—making resistance when the tanker is underway . There are
many different bulbous—bow shapes , but the effect on mooring loads is not
believed to be s ign i f i can t ly  influenced by bulbous—bow shape .

Some smaller tankers do not have bulbous bows, but have more con—
ventional ship—shaped bows . Some new very large tankers have a new bow
shape called a cylindrical bow , which has a rounded shape that var ies
l i t t l e  with depth and lacks a bulb—shaped projec t ion . Current  and wave
loads on conventional—bow hulls and cylindrical—bow hulls are different
than on bulbous—bow hulls. The magnitude of the change in effect due to
waves is believed to be neg ligible. The magnitude of the change in effec t
due to current is generally small , however , where current is an impor tant
environmental factor , and especially where underkeel clearance is small
and loaded tankers are the more important consideration , the effec t of
hull form should not be ignored .

Wind loads on the tanker hull are also influenced by hull form.
Bow—on wind forces on wide—Seam tankers will be higher than those on con-
ventional tankers of the same disp lacement, but this inf luence would not
generally be significant. Wind moments on cylindrical—bow hulls in the
ballasted condition can be substantially higher than on conventional—bow
hulls and bulbous—bow hulls. In circumstances where wind is an important
environmen tal factor and ballasted tankers are the more important consider-
ation , the effect of wind on the cylindrical—bow hull tankers should be
considered if they are believed to constitute a significant portion of the
tanker f l ee t  to be moored . (OCIMF , 1977) .

The arrangment and shape of the superstructure will influence
wind loading as discussed in Section 2.3.1. Generally this is not an
important consideration . However , there can be a significant difference
in wind loading between tankers with midship houses and bridge—aft tankers .
Almos t all large tankers have br idge—af t designs . However , smaller and
older tankers will have midship houses, Where a signif icant number of small
tankers are to be moored and the mooring loads with these tankers is of con—
cern , wind forces and moments due to the mid—ship house should be considered . 
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2.6  INFLUENCE OF THE MOORING SYSTEM

The design of the moo~~ ng system has a major influence on the
moor ing  loads . The most important mooring system parameters  are those
which affec t the elasticity of the mooring sytem. A very stiff mooring
system will  severely constrain the response of the tanker to waves and
will resul t  in very high mooring loads . Conversely , if the mooring
system is very soft , the tanker may respond too freely , build ing up
momentum as it moves under the inf luence  of waves , wind , and cur rent , and
exert ing hi gh loads on the mooring as it comes to the l imits of mooring
system elasticity . The energy theory, which relates the energy s tored  in
the mooring to the mooring loads , provides a tool for understanding the

-
• 

influence of mooring system elasticity. -
2 .6 .1  Mooring System . Elast ic i ty

Analysis of results of model tests on various SPM 5 has shown that
the elasticity of the mooring system must be within certain limits to pro-
vide near optimum mooring performance and minimize mooring loads . The
moor ing sys tem must be elastic enough to allow the moored vessel to move
under the influence of waves and other fo rces , but must be s t i f f  enoug h to
limit the extent of this motion .

In buoy— type SPMs, elasticity is generally composed of the hawser
e l a s t i c i t y  and the buoy—anchoring—system e las t ic i ty  ac t ing  in ser ies .  In a
tower— type SPM, the hawser is usually the only contributor to mooring system
elasticity. The elasticity characteristics of synthetic rope hawsers are
discussed in subsection 5.6. It is important that the proper hawser elasticity
be represen ted in mooring system analyses . Hawsers which are broken—in or
used , that is those which have experienced a number of cycles of loading,
are s i g n i f i c a n t l y  s t i f f e r  than new hawsers .  The e l a s t i c i t y  c h a r a c t e r i s t i c s
of a used synthetic hawser of the proper size , length, and material should

• be used in analysis .

Two common types of buoy—type SPM s now used at o f f s h o r e  t e rmina ls
are the SALM (s ingle anchor leg moor ing) and the CALM (ca tenary anchor leg
mooring). The SALM, shown schematically in Figure 2—12 , consists of a buoy
anchored to a base on the sea floor by a taut anchor leg . The SALM acts as
an inverted pendelum to provide e l a s t i c i t y .  The anchor leg is pre tens ioned ,
confining the buoy to move in an arc about the foundation . As the buoy is
pulled to the side , the r e s to r ing  moment exer ted by i ts buoyancy  increases .

Ignoring hawser elasticity and angle , and assuming the buoyancy
is concentrated at a point , an appr oximate expression for the horizontal
force—deflec tion relation for the simplified SALM shown in Figure 2— 12 is

F~~7.~~~~2 
( 2—10)

4~~A
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where F — the horizontal load on the mooring
D = the hor izon tal d isp lacement of the buoy
B = the net buoyancy of the buoy
1, — the length of the anchor leg

In an actual SALM, the mooring line exerts an upward force on the
buoy,  and elongation of the mooring line under load changes the geometry of the
mooring as the load increases. Furthermore , the buoy is not a point and the
mass and buoyancy of the buoy are not concentrated . Exact solution of the
load—deflec tion characteristic of an acutal SALM is complex and requires
computer analysis. The above equation is adequate , however , f or understanding
the parameters which influence mooring elasticity.

The SALM can be made stiffer by increasing the net buoyancy, B , of
the buoy. Net buoyancy is defined as the difference between the gross dis-
p lacemen t of the submerged buoy and the we igh t of the buoy and the anch or
chain suspended beneath the buoy. Decreasing the length of the anchor leg,
L, makes the mooring stiffer . Obviously , L cannot exceed the water depth ,
but can be mad e less than the water depth by submerging the buoy or by eleva-
ting the anchor point on the mooring base. (Flory, 1971; Flory , Mascenik ,
and Pedersen , 1972).

A schematic of the CALM system is shown in Figure 2—13. The elas-
ticity of the CALM is the vector summation of the elasticities o~ the multip le
catenary anchor chains. As the buoy deflects to the right , tension in the
lef t anchor chain increases and more anchor chain is l i f t e d  f r o m  the sea f l o o r .
The tension in the anchor chain to the right decreases. For a given deflection
of the buoy,  the horizontal tension in all anchor chains must be added vector—
ially to determine the resul tant  force  on the buoy . For a g iven h o r i z o n t a l
hawser force , the buoy will displace until the resultant anchor chain forces
are in equilibrium with this horizontal force.

Parameters which affec t the elasticity of the CALM buoy anchoring
system are the unit weight of the anchor cha ins , the number of anchor chains ,
the water  depth , and the pretension in the anchor cha ins .  Increas ing the
unit weight of the anchor chain, that is emp loy ing a heav ier an chor cha in ,
will increase the mooring system stiffness. Increasing the number of anchor
chains has the same affect. Increasing the pretension in the anchor chain
will increase the stiffness and will also decrease the amount of deflection
which can be applied befor e the slope of the elas ticit y c urve approaches a
vert ical asymptote. An increase in water depth will result in a softer elas-
ticity curve. Buoy size has almost no influence on the elasticity of the CALM
prov ided the buoy has sufficient buoyancy so i~ does not submerge under high
moor ing loads. (Flory, 1971; Maari, 1975).
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• 2 . 6 . 2  The Energy Theorjr

From the analysis of da ta from many model tes ts , ER&E has developed
-

• a theory relat ing the s ignif icant  mooring load to the energy stored in the
• mooring system . The principals of this theory are discussed in Append ix B.

The theory is presented in this repor t not as a required or recommended method
• of predic ting moor ing loads , but as a tool to understanding certain inter-

relationships of the parameters which affec t moor ing loads at SPMs .

In brief , the energy theory  relates the sign i f i can t  mooring load
to the significant energy, that is the energy which is stored in the moor ing
system up to the significant mooring load. The significant mooring load is
the average of the highest one—third peak mooring loads . By the theory, the
significan t energies determined at SPMs having different mooring elasticities
will be the same for the same tanker and wave height. However , the energy—
storing capabilities of d i f f e r e n t  mooring systems are functions of the shape
of the load—deflection curves for those mooring systems . If two mooring
systems have different load—deflection curves , the significant mooring loads
may be different at the two systems for the same tanker moored in the same
env ironment.

Comparing the load—deflection characteristics of two SPM systems ,
SPM A and SPM B shown in Figure 2—14 , the same amount of energy is stored in
each system as represented by the areas under the curve. SPM A , which is
stiffer than SPM B, requires ~ higher load to store the energy, and will ,
theref ore , exper ience higher significant mooring loads. (Maddox , 1972;
Flory and Poransk i, 1977).

The energy theory provides some insight into the manner in which
mooring forces vary with mooring system elasticity , wave height , and tanker
size. The energy stored in the mooring system up to the significant mooring
load will increase with an increase in tanker size or wave height. At dif-
ferent but generally similar mooring systems the increase in significant
energy wi l l  be essent ia l ly  the same for  the same increase in tanker size or
wave he ight. Thus, moor ing loads will increase more in a mooring system
having a steep load—deflection curve at the point of significant mooring
load than at a mooring system having a more gradual slope . Also , the increase• • in significant mooring load in a mooring having a very non—linear load—de-
flection curve will not be proportional to the increase in a mooring system
having a more linear load—deflection curve.

The characteristics of the load—deflection curve should be con—
sidered in de termining mooring loads , espec ially in interpolating or extra-
polat ing mooring loads for one moor ing sys tem based on those for ano ther
mooring system. The energy theory provides a tool for relating the effects
of changes in tanker size and wave he ight to the characteristics of the
mooring—system elasticity . 

~~~- -~~~~-~~ - - - -
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2.6.3 Other Mooring System Effects

• The mooring system elasticity can have other effects on mooring
loads than those demonstrated by the energy theory. A very soft mooring
sys tem , tha t is one which has a very gradual slope , can prod uce high moor ing

• loads, espec ially if the sys tem becomes stiff at relatively high loads.
On a very soft mooring system the tanker may move about freely with little

• constraint  under the inf luence of waves , wind , and current. Unrestrained
movemen t of the tanker can result in large buildups of inertia , and h igh
loads out of p ropor t ion  to the environmental  fo rces  can resul t  when the
momentum of the tanker is converted to energy stored in the mooring system.

• Very non—linear mooring—system elasticity curves which perm it large def lee—
- • dons before moderate loads are exerted and then rapidly become stiffer so

that  high loads are exerted by addi t ional  de f l ec t ion  may produce much hig her
loads than more linear mooring—system elasticity curves .

The length of the hawser can have a similar influence on mooring
loads . A very long hawser can permit the moored tanker to move freely about
the mooring with very little constraint . If the tanker moves forward on the
mooring and then moves back under the influence of the environment , it can
acquire considerable momentum before being constrained by a long hawser.
However , a very short hawser will produce a very stiff mooring system . A
rough rule of thumb is the hawser length should be approximately equal to
the beam of the moored tanker .

The hawser elasticity can also affec t the mooring loads imposed
by the mot ion  of the  moor ing buoy in response to waves . Buoy size and
mass will also have an effect on these loads. As shown in Figure 2—7 and
explained in subsection 2.4.3, the loads induced by buoy motions are
generally lower in magnitude than those induced by tanker motions. However ,
these buoy induced loads do c o n t r i b u t e  to the peak mooring loads. Buoy—
induced moor ing loads will be higher for a large or heavy mooring buoy,
either on the SALM or the CALM. Buoy induced mooring loads w ill be higher
for a stiff hawser than for a soft hawser.

The degree of non—linearity of the mooring system will influence
the subharmonic response of the moored vessel as explained briefl y in sub-
section 2.4.2. A change in the elasticity characteristics of the SPM may
change bo th the frequency and amp li tude o f th is subharm on ic respon se and
thus influence mooring loads.

2 . 7  S~~~~ARY

There are many factors which influence mooring loads at SPMs.
Wave he ight is generally the most important single parameter. As a rough

• rule of thumb , moor ing loads vary in propo rtion to the square of wave height
and to the inverse of the square root of wave period .
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Wind and current effects can cause the vessel to move about on
the mooring and can thus result in dynamic loads much higher than the
static wind and current forces. Mooring analyses should account for this
dynamic effec t as well as the relative directions of waves , w ind , and
current.

Mooring loads vary approximately  in p ropor t ion  to the square root of
tanker size. However , higher mooring loads may be experienced with inter—

• 
- mediate—size tankers than with very—large tankers. The condition of loading

F • - of the tanker is important; generally higher peak loads will be experienced
with light vessels than with loaded vessels .

The elasticity of the mooring system and the length of the hawser will
F L  influence mooring loads. Mooring systems which are very stiff may restrain the

~~~~~~~ tanker such that wave forces will impose very high loads. On very soft mooring
systems or systems with very long hawsers , the vessel may respond too freely ,
acquiring momentum which exerts high loads on the system . A change in mooring

- system design which affects elasticity may change the mooring loads .
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Figure 2- 13 - SCHEMATIC OF CATENARY ANCHOR LEG MOORING
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SECTION 3

DETERMINATION OF SPM MOORING LOAD S BY MODEL TESTIN G

3.1 INTRODUCTION

Model tests have been used for  many years as a means of s tudying
the behavior of vessels underway in a seaway. Procedures for designing
and performing such tests and for  analyzing and i n t e rp re t ing  the data f rom
such tests are highl y developed . A hi gh degree of reliabi i ty  can be p laced
on the results of such tests. Although advanced computer programs are
now available to analyze many of the moving vessel phenomena , the results
of such computer analyses are still usually ver ified through model testing .

Analyzing the response of a moored vessel is similar to , but in
some ways is more comp lex than , analyzing the respon~-e of a moving vessel.

- 
I The stationary vessel is more responsive to waves , wind, and current. Together

with the mooring system , the ship cons t i tu tes  a many—degree—of—freedom system .
• The nonlinear characteristics of the mooring system further complicate the

problem .

It is not surprising , therefore , that researchers and designers
have relied on testing with scaled models to study and de6ign SPM systems .
Although less documented and publicized than the model tes ting of moving
tankers , SW model testing dates back almost 20 years. Shell conducted model
tes ts during the des ign of their first SPM which was installed at Miri in

• 1959. Exxon conducted its f i r s t  model tests of a tanker moored to an SW
in 1959.

This section is intended to serve as a guide for  the evaluation
of the manner in which SPM model tests are conducted and the manner in which
the results are analyzed and interpreted . In general, the model tes ting
and analysis methods presented are believed to be those now recognized
as the best obtainable in the present s t a t e — o f — t h e — a r t .  Some of the methods
presented are new , but are believed to be improvements upon past methods.

3.2 SCOPE OF MODEL TEST PROGRAM

The princ ipal questions to be answered through SPM model tests

• are:

• Is the system properly designed to minimize mooring loads?

• What is the frequency of occurrence of loads of various magnitudes?

• What are the maximum loads for which the system should be designed?

The model test program mus t be broad enough in scope to tes t
those combinations of environment and tanker size and condition which are
apt to produce the highes t loads , and to acquire sufficient data to permit
statistical prediction of maximum loads. It may also be used to gather
data on other aspects of the SPM design and performance , such as vessel
motion and cargo hose loads.
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The manners in which maximum mooring loads nay be expected to vary
with the conditions of the tanker and the environment are described in
Section 2. The maximum loads on the mooring system will usually be induced
by the largest vessel under study moored in the maximum operational environ-
ment. However , in some circumstances higher loads will be experienced with
a smaller vessel or in a different environment. Maximum loads in anchor
chains and the anchoring system may sometimes occur under survival conditions
without a tanker at the mooring. Also , loads in the hose system will usually
be highest  in survival condit ions.

3.2.1 Vessel Size and Condition

The model tes t program should be planned with the tanker size and
state of loading in mind . If the terminal is to serve a wide range of tanker
sizes , then not only the largest tanker , but also an intermediate—size tanker
should be model tested. If the port is a discharge terminal , then testing
should concentrate on tankers in ballast conditions. If it is a loading
port then testing should concentrate on tankers in loaded conditions.

The maximum—size vessel will not necessarily induce the highest
loads , as other intermediate—size vessels may move more in response to the
environment and impose higher loads. In a single short test , peak mooring
loads may be higher with a loaded vessel than with a ballasted vessel. How-
ever , statistical analysis of -the maximum mooring loads measured in a series
of model tests will probably show greater deviation in peak loads for the
ballasted vessel. As a result the predicted maximum mooring load over a
long dura tion of exposure may be higher for the ballasted vessel.

Considera tion mus t be given to the state of loading which the ves sel
is more apt to be in when exposed to the maximum operational environment.
The wave height in which the vessel will moor will typically be only moderate ,
probabl y no hi gher than about 2 m (6 f t ) ,  and the vessel will  probably not
moor if very high wind or waves are expected . The vessel is thus not apt
to be exposed to severe environments in the condition of loading in which
it will be moored. The vessel is much more apt to be exposed to severe en-
vironments many hours after being moored , as it nears comp letion of loading
or discharging and is not yet ready to depart. At a loading port the vessel
will more probably be exposed to the maximum operational environment in the
near l y loaded condition . At a discharge port the vessel will more probably
be exposed to the maximum operational environment in the nearly ballas ted
CI n d i t i o n .

3.2.2 Waves, Wind, and Current

There is little reason to expect that maximum loads will be exper-
ienced in waves , wind, and curren t less than the maximum operational values
provided the relative directions remain the same. However , some variab ility
of loads will be experienced with variations in the relative directions of
these factors. Loads will probably be higher when wind and curren t are no t

------

~

-- • - 5-— -5-_ 5-  -— 5-~~~- — -- - 5 - -



H -~~~~~ -

colinear with waves , but wind or current at obtuse ang les to waves may produce
lower loads. In some cases, wind or current in combination with waves have

• been found to stabilize motions of the vessel and higher mooring loads were
measured in waves without wind or current. However , maximum waves will more
generally occur in combination with higher wind and current .

It may be necessary to test several different combinations of wind
• and current angles to waves . These combinations should be l imited to those

which are rea l i s t i c  at the s i t e .

3.3 MODEL TEST SCALE FACTOR

The choice of a scale factor to be used in the SPM model test is
a compromise between the technical requirements for accurate similitude on
the one hand and economics and model test facility limitations on the other
hand. Model scaling rules are covered in detail in most texts on fluid
mechan ics and hydrodynamics , and thus they will not be discussed here (Lang haar ,
1951 ; St ree ter , 1966). A brief discussion of Froude ’s law scaling is given
because this is the scaling law commonly used in SPM model testing .

In this report the term scale factor refers to the relationship of
the dimension of the prototype compared to the dimension of the model. For
exa mp le, if the prototype dimension is 60 times the dimension of the model ,
the scale factor , designated by X , is 60. The term scale refers to the frac-
tional ratio of the dimension of the model divided by the dimension of the
prototype , that is, 1/A , the reciprocal of scale factor. A scale of 1/60
is the equivalent to a scale factor of 60. A large—scale model is closer
to the size of the prototype than a small scale model. For examp le , 1/48
is a larger scale than 1/60. Unless otherwise indicated , the terms scale
factor and scale will refer to the length dimension.

3.3.1 Froude’s Law Scal ing of Model Tes ts

Normally the pr inc ipal effec ts to be modeled in SPM model testing are
forces due to gravity waves. Therefore , Froude ’s law scaling is used for these
model tests. Reasons for this choice are given in some of the following sub—
sections.

By Froude’s law scaling for dynam ic similitude the following con-
dition must be sa tisfied:

N,2l Iv 2l
~jt]p L~ im (3-1 )

- - - .- 
g_~4
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where V velocity
g acce]eration of gravity
L characteristic l ength
p represents prototype
m represents model

Since the acceleration of gravity is the same on the model as it is on the pro-
totype it follows that

/Vm’\2 Lm
I— I  = — = x
\VpJ Lp

• where A is the geometric on length scale factor . Thus , the ratio of the scale

velocities is X~
’2. The ratio for time scale is also A 1”2 since

Tm Lm/ Vm 
= 
(Lrn\ (Y.~\ ~. 

LL....\ =
Tp Lp/Vp ~Lp)~ Vm ) t~xl/2/ 

(3 3)

Other scale factors between prototype and the model are summarized in Table 3-1
together with their values at a length scale factor of 50.

3.3.2 Scale and Accuracy

Testing at as large a scale as practical is desirable because the
accuracy of the results will be better. The accuracies of the modeled
environments and the dimensions of the model will be proportionately better
at a larger scale . The ability to scale forces will also be better at
a larger scale because , as discussed in subsections 3.5 and 3.6, certain
phenomena scale better by one scaling rule than by another , and the devi-
ations are greater at smaller scales.

The effect of scale is more important in modeling small objects ,
such as cargo hoses , th an it is in modeling very large objects, such as
tanker hulls. For example , above a critical Reynolds number viscous—drag
coefficients are essentially independent of velocity, but small objects are
more apt to have Reynolds numbers below the critical range , and thus not
scale properly. Also , vortex shedding, a function of’ Reynolds number ,
Kuelega—Carpenter number , system stiffness , and surface roughness , may
be produced by models of small objects at conditions in which it would
not occur on the prototype. Furthermore , the frequency of vortex shedding,
a function of Strouhal number , may be different on the model than on the
prototype (Batchelor , 1967).

It is very difficult to construct accurate models of some key
components , such as swivels and cargo hoses , at small model scales. Such
components must be modeled not only with respect to size and weight , but
also with respect to friction , as in the case of fluid swivels , or to bending
rigidity, as in the case of hoses. Certain smal l components become very frag—
i]e when modeled at too smal l a scale , and distortion can cause inaccuracies.

—“-— --- - --- • -- • - - - -  --5- .-—--~~~ 5-—- -—5 - - — - - -  --
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Force and moment measurements are much more accurate at larger
model scales. There is a practical limit to how small and how accurate
force transducers can be fabricated and calibrated . A one—Newton error in
a transducer produces a much larger error when sca led up from a small model.
Furthermore , at small scales the presence of a relatively large or heavy
transducer can influence forces on the model or the response of the model ,
and in turn produce errors in the results.

I
3.3.3 Scale and Cost

The cost of an SPM model test program increases roughly in propor-
tion to the scale. There are several reasons for this. The volume of
the model test facility which is requited to run tests , and also the volume
and weight of the models which must be prepared , ii~crease approximately
in proportion to the cube of the scale. also , the duration for which a
model test must be run to represent a gi. prototype duration increases ,
though onl y by the square root of scale. This rough rule of thumb for
the cost of a model test does not app ly f or very  small scales because very
f r a g ile and accurately constructed models may be required , and precise
miniature Instrumentation may be necessary .

3.3.4 Scale and Test Facility Limitations

Limitations of available model test facilities and equipment will
govern more than cost. The length , width , and depth of the model basin , the
capac ity of the wave generators , and the pumps and fans used to produce cur-
ren t and wind will limit the size of the model which can be tested. There
may also be a limiting relationship between the depth of water in the basin
and the height of wave or velocity of current which can be produced .

Basin width may limit model motions and produce edge effects.
Limited basin length may produce reflected waves . The distance between the
test site and reflecting boundaries in combination with the scale factor dic-
tates the prototype time during which tests can be conducted without contam-
ination of the incident waves by reflected or refracted waves .

Limitations may also be imposed by the size of model which can
be manufactured in the shop or transferred into the basin. Availability
of ex isting models may also influence the cho ice of scale , as a large
tanker model may cost as much as $10,000 to construct , while another model
simu la ting the tanker on a smaller scale may already be available.

Primarily because of the above limitations , most SPM model tests
with very large crude carriers (VLCCs) have been run at scales of from
1/50 to 1/60. At a scale of 1/50 a model of a 550,000 dwt tanker will
be approximately 8.3 in (27 ft) long and will weigh approximatel y 51) kN
(11 ,000 Ib) at loaded draft. Some SPM model tests on relativel y small
VLGCs have been run at a scale of 1/38, but no noticeable Improvemen t in
results was noted. However , the results of model tests run  at a scale of
1/100 or smaller have not always been satisfactory.

• - •~~~~~• • .
~~~~~~~~~~~~~~~
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3.4 MODELING OF WAVES

The characteristics of the waves are commonly defined in terms
of the following: • -

• Significant wave height

• Significant wave period

• Wave spectrum

For model tes ting of an SPM, several opera tional waves may be defined ,
associated with the operational limits of several sizes of vessels. A maximum
or survival wave may also be defined for testing the survival of the SPM
system in severe storms when no tanker is moored. Peak or maximum wave heights
might also be defined . However , since peak values are statistical extreme
phenomena, they would not normally be duplicated in a model test of limited
duration . As discussed in subsection 2.2.1, waves ar e preferably def ined
in terms of significant wave height and amplitude spectrum.

3.4.1 Limitat~ ~~Of Wave Generators

Several types of mechanisms are used to generate waves in the various
model basins . The principal types of wave generators are mechanical flaps
or paddles , mechan ical pl ungers , and pneumatic generators. Al though the
charac teristics of these types of genera tors ar e dif feren t , there appears
to be no reason to favor any type for generating waves for SPM model testing .
Limitations of stroke amp litude and speed may, however , determine that the
wave generator at a particular basin is inadequate for the purpose . Although
pneumatic generators are claimed to have faster response time , the dep th
of the baffle between the pneumatic chamber and the wave basin , the mass
of water between the free surfaces inside and outside of the chamber , and
the compressibility of the air all impede effective transfer of the higher
frequency components to the free waves .

Wave generators generally are limited in their ability to p ro-
duce shor t per iod (high frequency) waves. For example , if a wave genera tor
cannot cycle faster than 1.5 hertz , it will not be able to produce waves
wi th periods shorter than about 5 seconds at a length scale factor of 60.
(In Froude ’s law scal ing, time scale~ by the square root of the length
sca le ) .  This i nab i l i t y  to produce the shor ter  period components of wave
spectra is common to all wave basins , as far as we are aware.

L .. , -
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3.4.2 Problems Of Matching Wave Spectrum

The significant wave height corresponds to the area under the wave
spec trum curve as explained in Appendix A. When a model basin is asked to
model a given significant wave height , and to match a defined wave spectrum ,
it must produce a model wave spectrum which envelopes an area equivalent
to that corresponding to signif icant wave height. The defined wave spectrum
may have some of its energy (ar ea) at frequenc ies higher than those which
can be prod uced in the model basin. To compensate for this lack of high
f requency energy , extra energy will be produced at medium or low frequencies ,
thus distorting the shape of the spectrum in order to produce the desired
significant wave height.

This problem is most evident at low signif icant wave heights ,
which have more high frequency energy . Figures 3— 1 , 3—2 , and 3—3 show
typical comparisons of theoretical wave spectra and model basin produced
spectra . These spectra were produced by a modern flap generator having
variable speed and variable stroke.

For the 2 m (6.5 ft) significant—wave—height spec trum , Figure 3 1
the model spec trum falls below the theore tical spec trum at frequenc ies
above 0.16 her tz, and there is almost no actual energy above 0.2 hertz.
This lack of energy,  or area under the curve , mus t be made up by add ing
more energy at medium frequencies , resulting in a high peak at 13.5 hertz
to make up the signif icant wave height. Figure 3—2 shows a 3 m (10 ft) signif-
icant—wave—height spectrum. The model spectrum falls far below the theor-
etical spectrum at frequencies above 0.15 hertz. However , a much larger
propor tion of the energy in the ~ in theoretical spectrum lies below 0.15
her tz , and thus it is easier to match than the 2 in spectrum . Still it was
necessary to add more energy at the mid frequencies to produce the signifi-
cant wave height .

The match for the 4 in (13.5 ft) significant—wave—heig ht spectrum ,
Figure 3—3 , is better . Although the model spectrum falls below the theortical
spectrum beyond about 0.14 hertz , enoug h energy has been produced to f ill
in most of this  por t ion  of the spectrum . Note the 4 m theore t ica l  spect rum
extends down to 0.06 hertz and peaks about 0.085 hertz , while the 2 in theo-
retical spectrum extends down to about 0.08 hertz and peaks at about 13.5
hertz. Approximately 40% of the energy in the 2 in energy in the theoretical
spectrum lies above 0.18 hertz while only about 10% of the ~ in theoretical
spectrum lies above 0.18 hertz.

3.4.3 Proposed Redefinition Of Model Wave Spectrum

In model ing a wave spectrum for SPM model tests , it would be
pref erable to attemp t to mo’e accurately model the medium and low—fre-
quency portions of the spectrum , than to dis tor t these por tions of the
spectrum to make up f or the deficiency in high—frequency energy. A frequency
cut—off point should be defined commensurate with the requirements of the
test program and the capabilities of the wave generators.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Typ ically the fundamental per iod of response of a SPM is greater
than 10 seconds , a l though it may have secondary frequencies of 5 seconds
or less. The natural periods of roll , pitch , and heave of large tankers
are typ ically 10 seconds or more , and , when moored at a SPM , the periods
of tanker surge, sway , and yaw are measured in minutes. Thus , wave periods
less than about 5 seconds normally have little effect on the mooring system
and moored tanker .

As an example , consider that 0.18 her tz (pro totype time) is def ined
as the spectrum analysis cut—off point for a proposed SF14 model test program .
This corresponds to a minimum period f 5.5 seconds , much below the periods of
response of interest. By this frequency cut—off method the modeled spectral
curve would be required to match the theoretical spectrum curve for frequencies
below 0.18 hertz. That is, the area under the spectrum curve below the cut—off
period of 0.18 hertz should be equal. The significant wave height would
be defined as that cdrresponding to the total area under the theoretical
spectrum .

When testing in survival conditions with cargo hoses , high—freq uency
response charac ter i s t ics  may be of major concern.  In such cases it will  be
necessary to match the high—freq uency portion of the spectrum more precisely.
This may necessi tate modeling the buoy and cargo hose system (without a tanker
moored) at a larger scale.

3.4.4 Criteria For Model Wave Spectra

A po in t—by—poin t  matching of the wave spec tr um cann ot be expe cted ,
nor would it be completely realistic. A wave spectrum as defined by a for-
mula or smooth curve is only a general descr iption of typ ical wave fr equency
distributions at the site. Pefinitions of such wave spectra are discussed in
Append ix A. Spectra differing from a spectrum measured during a specific
s torm at the s i te  will  probabl y be measured dur ing other storms .

Some tolerance in matching the spectrum must be allowed , but a
prac t i ca l  l imi t  must  be p laced on th is  to lerance .  The tolerance may be
stated in terms of the percent of deviation of the ordinate of the model
spectrum f rom the specified spectrum . From discussions with model basins
and a review of wave spectra  modeled in past tests by these bas ins , ER&E
believes it is generally realistic to expect the ordinate of the model
spect rum to deviate f rom t ha t  of the spec if ied spec trum at any f r e q u e n c y
by not more than ±30%. The app l ica t ion of this cr ite r ia to several typical
spectrum are shown in Fi gur s 3—4 and 3—5 .

Through successive trials skillful model—basin technicians can
usually improve the model spec trum to mee t this cr iter ia in a modera te
amount of time. Meeting this criteria may prove troublesome in the case
of a peculiar complex spectrum , such as one having several peaks or one very
sharp peak. Also , meeting this criteria may be difficult at low wave heights.
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The p r inc i pal d i f f i c u l t y  in m a t c h i n g  a spec t rum is tha t  of a t t e m p ti n g
to match the total energy (area under the curve) corresponding to th e signifi-
can t wave height in the absence of h ig h — f r e q u e n c y  components in the model
spectrum . As discussed in subsect ion 3 . 4 . 3 , the energy or area missing f r o m
the hig h f requency  p o r t i o n  of the  spec t rum mus t  be made up in the Intermediate
frequencies , thus c rea t ing  undes i red  peaks of energy. Redefining the signifi-
can t wave he ight of the model spectrum as proposed in subsection 3.4.3 will
eliminate this difficulty. It may then be possible to match the ordinate
of the spectrum within a closer to le rance  than the  ±30% proposed above .
This cannot be determined until attempts are made to app ly these criteria .

3.5 MODELING OF WIND

Modeling wind in SPM model tests  requ i res  special  methods of scaling.
The e f f e c t  of wind on the moored vessel is a viscous drag  phenomena . Viscous
drag effects are accurately modeled by Reynolds ’ law scaling. However, modeling
wave e f f e c t s  requires  Froude ’s law scaling , and viscous drag e f f e c t s  are dis-
torted using Froude ’s law scaling.

Model ing wind veloc ity by Reyno lds ’ law scaling is impractical in SPM
• model testing because a wind—velocity scale factor inversely proportional

to the length scale factor would have to be produced . Furthermore , by tr ue
Reynolds’ law scaling , the force produced would be independent of the scale
factor and thus the force on the model would be the same as that on the
prototype. In order to overcome these problems , the forces and~monients
produced by the wind may be scaled instead of s ca l ing  the velocity of the
wind .

Because Froude ’s law scaling is used to model  wave e f f e c t s , the
forces on the model are proportional to the cube root of prototype forces .
For compatab il i ty ,  it is desi rable  tha t  wind f o r c e s  p roduced  on the model
also scale by Froude ’s law. If wind velocity is scaled by Froude s law ,
then the wind veloci ty produced should be p r o p o r t i o n a l  to the square  root
of the scale f ac to r  and the resu l t ing  wind fo r ce s  p r o p o r t i o n a l  to the cube
root of the scale factor , provided the Reynold’s number produced is above
the critical range. However , exper ienc e has shown tha t scaled f orces are
not necessarily produced by this means. Discrepancies may be caused by the
variation of Reynolds’ number , and by such factors as the variations of model
wind velocity with elevation and spacial variation of the wind field in the
model tests.

3.5.1 Prototype Wind Forces

Instead of attempting to accurately model the velocity of the
wind by scaling laws , it is better to genera te a wind velocit y which prod uces
properly scaled forces and moments on the model by Froude ’s law scaling. 

5---~~~~~~~ -- - - -  --- - - ~~~~~~~~~~- •-- 5-
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From force and moment coefficient curves generated from wind
tunnel tests , the longitudinal wind force, lateral wind force , and wind
yaw moment acting on a vessel at any heading to the wind can be calculated
using equations 2—3 , 2—4, and 2—5 given in subsection 2.3.1.

3.5.2 Modeling Wind Forces By Wind

The most generally accep ted method of model ing wind during SPM
model testing is to produce the forces and moments on the vessel by means
of a generated wind field . A bank of fans is arranged perpendicular to
the desired wind direction at some distance from the model such that a uniform

• wind field is developed over the area occupied by the vessel at the SPM.
Figure 3—6 shows a typical fan—generated wind—field test set—up .

At the beginning of a test ser ies in which wind will be modeled ,
a series of constrained—vessel wind—force tests should be conducted to verify
that Froude ’s—law—scaled forces and moments are produced . The long itudinal
wind f orce , lateral wind force , and wind yaw moment are measured on a re-
strained vessel for a number of different wind directions. A complete rotation
of the wind field around the vessel, with associated wind—force and —moment
measurements , is noc necessary because during an actual model test under
the influence of wind , wave , and current the vessel does not present itself
to the wind at all angles . Because of this and symetry of the vessel , normally
it is sufficient to cbnduct the constrained wind test at wind angles from
O to 90 degrees off the bow of the vessel.

During the constrained tanker wind—force tests , the forces and
moments that are measured are compared to those forces and moments that have
been determined in wind—tunnel model tests. The velocity of the wind field
ganera ted by the bank of fans is adjusted until a reasonable match is obtained .

It is difficult to match the data obtained from the wind tunnel
tests exactly. One reason for the difficulty is the wind field in the
model basin is not as uniform as that generated in the wind tunnel. Another
fac tor is the vessel modeled in the SF14 tests may not be identical to the
vessel modeled in the wind tunnel tests.

A typical good wind—field distributed from an actual SF14 model
test is shown for reference in F gure 3—7. In general , a good correlation
should be assumed to exist between the wind tunnel test data and the con-
strained vessel test data if the lateral and longitudinal forces compare
within ±10 percent and the yaw moment compares within ±20 percent.

By us ing a real wind f ield modeled by Froude ’s law scaling of forces ,
the vessel response at an SPM will be accurately simulated. This method has

• been used satisfactorily by ER&E in a number of model test programs . 
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3.5.3 Indirect Means Of Modeling Wind Forces

An early method of modeling the effec t of wind during SPM model
• tests was to pull on the model with a string run to a weight over a pulley .

The we ight simulates a cünstant wind load and the string transmits this
load horizontally to the model tanker at a point which corresponds to the
center of pressure of the vessel. A typ ical set—up of this modeling techni-
que is shown in Figure 3—8. The forces thus generated on the vessel are con-
stant in magnitude but change in direction of app lication depending on the
ang le of the vessel. The magnitude of the force app lied is scaled to

• repre3ent the wind force expected on the vessel and depends on the size
and ballast condition of the vessel , and on the velocity of the wind.

Model ing wind by we ights over pulleys is unrealistic , and the
results from model tests that model wind in this manner are thoug ht to
be non—conservative. The constant force that is app lied to the vessel
restrains the vessel from normal motion . Increases in forces and moments
due to yaw of the vessel are not modeled . Maximum wind—produced forces
and moments due to lift on the hull are not developed . This method of
model ing wind bears little relationship to the prototype wind environment
or to the effects it produces. The importance of modeling the changing
wind forces and moments as the vessel moves in relation to the wind field
has been demonstrated in subsection 2.4.1.

A newly pr oposed method of modeling wind for SPM model tests is
to place fans on the model vessel to simulate the forces and moments on
the vessel due to a uniform wind field . This method could use C , C..Xw ~w

and C~~ coefficient curves generated from wind tunnel model tests , such

as those given in subsection 2.3.1. However , these curves can be reduced
into equivalent forces and a force coup le which act at the forward and
aft perpendiculars of the vessel. The following equations illustrate this
relationship:

Lateral Force at the F = 1/2 F - ~~~~~~
Aft Perpendicular YAw Yw L

BP (3—4)

Lateral Force at the 
— . 2Forward Perpendic u lar F

YFW 
— / Fy~ 

+ 
LBP

where F and 11 are the force and moment at the point of intersection ofYw XYw

the transverse and longitudinal centerlines .
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From the force coeffic ient curves the longitudinal wind force ,
lateral wind force at the aft perpendicular , and the lateral wind force at
the forward perpendicular may be calculated using the following equations:

Longitudinal Wind Force F C pa v 2 A (3—6)
Xw X w 2  w T

Lateral Wind Force at F = c p a V 2 A
Af t Perpendicular YAW YAw 2 w L (3 7)

Lateral Wind Force at F C pa V 2 A
Forward Perpendicular YFw YFW 2 w L (3—8)

where

C = A f t  la teral  wind force  coe f f i c i en t
YAw

~~~~ = Forward lateral wind force coefficient

The aft perpend icular of a vessel is the axis of the rudder post .
The forward perpendicular  is a ver t ical  line passing thorough the point
of the bow at the loaded water line. Other terms in these equations were
defined in subsection 2.3.1.

Fans may be positioned at the forward and aft perpendiculars
and on the longitud inal centerline of the vessel as shown in Figure 3—9 .
Their veloc ity may then be regulated by a yaw sensor coup led to a computer
such that they produce the desired forces on the vessel according to Froude’s
law scaling. An alternative method which has been proposed is to use only
a single fan whose position along the longitudinal centerline, direction,
and speed would be controlled by the yaw sensor .

In theory, this method for modeling wind should produce excellent
results if the simulated wind forces can be controlled to produce the
des ired wind effec t on the vessel as it moves about on the SPM in response
to the t o t a l  envi ronment .  However , t h i s  wind modeling technique has not ,
as of ye t , been used for SF14 model tests. (Chislett , 1977).

3.6 MODELING OF CURRENT

In SPM model tes ts , current may be modeled accord ing to Froude’s
law scaling. The predominent effects of current on the vessel are form
drag and , in shallow water , a difference in water level across the vessel
due to blockage. The latter phenomenon is a gravity effect and is therefore
acc ura tely modeled by Froude ’s law scal ing. Viscous drag effects are minimal
except at angles near bow—on to the current. The form or pressure drag
is of viscous origin , but appear s in general to be independent of Reynolds
number in the range of interest in SPM tests with ship—shaped bodies.

— -5-. - - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -- -~~
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It has been estimated that viscous drag contributes only about
5% to the total force on a vessel broadside to the current , but that
about 70% of the force is viscous drag when a vessel is bow—on to the
current. However , the total force due to current is much less in a bow—on
current than in a broad—side current. For example , the force produced on
a 250 kdwt tanker with 10% underkeel clearance bow—on to a 1 knot current
is 70 kN (15 ,000 lb), but the force produced when the same tanker is broadside
to the current is 1.400 kN (300,000 lb~~. The influence of 2urrent on the
moored vessel is discussed further in subsection 2.3.4 and 2.3.5.

3.6.1 Modeling Current Forces By Current

The most realistic method of modeling current in SPM model tests
is to generate a flow of water in the model basin with a velocity proportional
to the pro totype current using Froude’s law scaling . Such a current flow
Is usually produced by pumping water through a bank of inlet ducts along
the side of the basin , and re turning wa ter to the pumps through ducts on
the opposite side of the basin. The current velocity generated by this
method of modeling is relatively uniform with depth , decay ing rapidly near
the floor of the basin. Artificial spoilers on the bas~in floor can be
used to make the velocity decay more gradually with depth . However , prec ise
modeling of the velocity profile is not essential in SF14 model testing .
The current produced in the basin should be calibrated to produce a good
match with the prototype ve~,locity at a depth equivalent to about one—half
the tanker draft .

Current may be simulated by towing the model of the mooring and
the m~o~ ed tanker in cases where water depth is at least 2 times the
tanker draft and the current is nearly in—line with waves. The towing
veloc ity is scaled by Froude’s law, and should be determined by the current
velocity at a depth equivalent to about one—half the tanker draft. Variations
in towing velocity should be avoided .

In the case of low underkeel clearance towing should not be emp loy ed
because the effec t of current flowing under and around the hull cannot
be simulated . This effect of underkeel clearance is covered in Section 2.
Attempts to simulate the effect of the sea bottom by towing a false bottom
with the model will probably not be successful in waves . The false bottom
must be very large to avoid edge effec ts. Unless the false bottom is very
rigid, it will deform in the waves , thus modify ing both the waves and the
current .

3.6.2 Indirect Means of Modeling Current Forces

The several means of indirectly modeling the effect of wind dis-
cussed in subsection 3.5.3 might also be considered for modeling cur-
rent. The use of weights on strings over pulleys is not recomm e~ide i for
modeling current for the same reasons given aga inst its use for model ing
wind .

*— 
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Fans mounted on the vessel could be controlled to produce scaled
forces and moments as func tions of angle to curren t. The fans could be
programmed to produce the composite forces and moments produced by both
wind and current acting simultaneously. However , a number of problems
are invisioned in this method of modeling current.

The simulation of current effects by the use of fans is not rec-
ommended . The thrust produced by the fans mounted on deck will act far above
the vessel’s center of grav ity ,  while the real force of current acts below
the center of gravity . The thrust of the fans will produce roll in the
direction opposite to that produced by current. This effect is especially
important in shallow water where roll due to current can be pronounced. In
addition the effect of squat , the tendency of the hull of the vessel to be
drawn closer to the bottom by water flowing between the hull and the bottom ,
Is not proper ly  modeled by f a n s .  The use of f ans  to s i m u l a t e  c u r r e n t  would
be espec ially unacceptable in model tests intended to measure uriderkeel
clearance requirements.

Current forces on the vessel depend on the absolute velocity of
the water with respect to the hull and the velocity of the moving model
must be accounted for. On a moving hull the longitudinal current force ,
given equation 2—6 , must be expressed as follows ;

Fx = C
x Pw TL

BP 
(V - X) 2

where

X = Longi tud ina l  ve loci ty  of vessel

and other terms are as defined in subsection 2.3.4

Sirdlar equations can be written for the transverse forct~ and the moment on
the vessel.

The vessel ve loc i ty  tern  is n e g l i g i b l e  in t h e  case of w in d , b u t
for current it must be accounted for . Accounting for the velocity of the
vessel hull will complicate indirect modeling of current forces.

Another reason that current should not be simulated by indirect
means is there is an Interaction between the waves and the current. The
presence of a current alters the relation between wave length and wave period
as experienced by the vessel.

3.7 M O D E L I N G  OF SPM AND TANKER

Ilany d ifferent types of SPM s have been proposed and designed.
The two most common types now In use are the SAUl (Single Anchor Leg Mooring)
and the CALM (Catenary Anchor Leg ilooring). The modeling of thes~ two systems
will be discussed in detail. Other types will not be discussed because of
their very limited use to date. However , much of the following discussion
on model ing of the SALM and CALM sys tems w ill app ly to the modeling of other
SF14 systems . 

-~~~--~~~- ----~~~~~~~~~~ . .- ---—•---
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3 .7 . 1  The SPN System

The SALM system , shown in Figure 3-10 , consists of a cylindrical
buoy which is attached to a mooring base on the sea floor by means of a
single pretensioned anchor leg. The principal system parameters that must
be modeled are as follows:

• Geometric dimensions of the buoy

• Center of gravity of the buoy

• Center of buoyancy of the buoy

• Anchor—leg length and submerged weight

• Buoy freeboard

• Buoy weight in air

• Buoy gross displacement

The geometric dimensions of the buoy should as a minimum model
the length and diameter of the buoy. Fenders and other protuberanoes which
may effect drag and added mass should be included on the model . The center
of gravity and center of buoyancy should be located as close as possible
to their positions on the prototype design in order to model the dynamic
characteristics of the prototype design . The anchor leg length is defined
as the distance between the upper and low er universal joints of the system .
The net submerged buoyancy of the buoy is of major importance in modeling
the elasticity characteristics of the SALM . Net submerged buoyancy is
defined as the difference between the weight of the buoy in air and the
gross displacement of the submerged buoy .

The CALM system , shown in Figure 3— 11 , consists of a cyl indrical
buoy attached to the ocean floor by a number of anchor legs , usually four ,
six , or eight . The principal system parameters which should be scaled
to accurately model the CALM system are as follows :

• Geometric characteristics of the buoy

• Center of gravity of the buoy

• Center of buoyancy of the buoy

• Anchor chain characteristics

• Buoy freeboard

• Buoy weight in air

• Buoy gross displacement 

- •  - . - ~—
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The depth and diameter of the buoy hul l , the diameter and position
of the fender r ing,  and the positions of anchor—chain and bow—hawser attachment
points should be modeled accurately. The center of gravity and center of
buoyancy should be modeled as closely as possible to the pro totype des ign
in order to accurately model the dynamic characteristics of the buoy .

The we ight of the CALM buoy in air , the gross d isp lacemen t of the
buoy, and the freeboard of the buoy determine its installed net buoyancy .
This net buoyancy along with the anchor chain characteristics determine the
elasticity characteristics of the CALM.

The anchor—chain characteristics of the CALM system are very impor—
tant in determining the elasticity characteristics of the system . The following
parameters should be accurately modeled :

• Number of anchor legs

• Length of each anchor leg

• Submerged weight of the anchor chain (and of anchor—chain clumps if used)

• Anchor—leg elongation characteristics (except when chain is very large
or short and thus very stiff)

• Anchor—leg pretension

• Position of anchor points on the sea floor

• Depth of water at each anchor point

For any type of SF14, the type of hawser system to be used must be
modeled accurately in order to realisticly model the elasticity characteristics
of the mooring system . Important hawser modeling parameters are:

• Hawser elongation characteristics

• Hawser—system length

The load—elongation data for used ropes should be used in modeling.
This data usually can be obtained from the rope manufacturer. Compared with
the load—elongation characteristics of new rope , the used rope load—elongation
curves are much less elastic. New and used synthetic rope load—elongation
characteristics are discussed in subsection 5.6.3. The actual length of the
hawser system to be modeled must be determined by the SF14 designer.

As discussed in subsection 2.5.4, the hawser length and elasticity
can p lay very important roles in determining the SF14 design loads. Synthetic
rope elasticity characteristics are discussed in subsection 5.6.

- -. - . - -
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-; 3.7.2 The Tanker

Generally, a variety of tanker sizes and designs will moor to an
SPM. However , only several typical tanker sizes and designs need be selected
for model testing . The effect of tanker size and design on moor ing loads
is discussed in subsection 2.5.

In order to accurately model the selec ted tankers the pr inc ipal
dimensions and hull lines should be accurately modeled . The distribution
of mass must be modeled so tha t  vessel dynamics and s t a b i l i t y  are properly
modeled for each draf t condition .

The following are the principal vessel parame ters wh ich should be
modeled :

• Vessel disp lacement

• Length between perpendiculars

• Beam

• Molded depth

• Draft and trim

• Forecastle height (bow hawser attachment point)

• Center of buoyancy

• Center of gravity

• Metacentric height

• Natural period of roll

• Natural period of pitch

• Longitudinal distribution of mass

Because the d i s t i r b u t i o n  of mass in prototype tankers is not
homogen eous , it is not always possible to model exactly the center of
buoyancy, center of gravity, metacentric height , natural period of roll,
and natural per iod of pitch. The natural periods of roll and pitch are
usually de term ined by swinging the model in air while mounted on a special
pivoted table. This avoids the influence of c’amping in water. Weight may
be shif ted around slightl y to obtain the correct periods , and thus the
cen ter of grav ity may move slightly . This slight var iation in center of
gravity is prefer able to variations in the natural periods.
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If wind is to be modeled , vessel freeboard , the deck house , and
other major deck structures should be modeled . In tankers of any given
size range a var iety of deck house des igns may be found . The deck house
modeled should be typical in design and model typical longitudinal (broad—side)
and transverse (head—on) wind areas. Modeling of details such as ladders ,
stanchions , piping,  etc , is not necesary as these have almost no influence
on wind loads.

A typical rudder and screw (propeller) should be modeled , especially
if current is being modeled . These appendages contribute to the total - ‘

drag force , especially for small tankers.

3.8 MODEL TEST FACILITY CAPABILITIES

The model test f a c i l i t y  which conducts  SPM model t e s t s  must  have
the ability to accurately model the important environmental effects iden-
tified in Section 2. It must have the capability to model the SPM system
and tanker at a large enough scale factor to minimize scale effects and to
accurately measure important data. Descriptions of several model test basins
which were visi ted as par t  of this  s tudy  are given in A t t~i chment  C.

SF14 model tests should be conducted in model basins that have
the capab ility of producing irregular waves . Model tests conducted in
regular waves are of little value in establishing design mooring loads

- for SPMs. For most SPM sites waves, wind , and current will come from dif-
feren t d irec tions , and the maximum design mooring loads w i ll probably  not
be obtained if wind , wave, and current are modeled parallel in direction .
Therefore, it may be necessary that the model test facility be able to create
the effects of wind and current at various angles to the direction of the
waves .

There are many model basins which are capable of producing irregular
waves , and a number of these are large enough to permit testing models of
VLCCs moored to SFMs at a scale of 1/75 or larger. However , there are on ly
a few which are capable of conducting SF14 model tests under the combined
influence of wave , wind , and curr ent from vary ing directions . At the present
time the Netherlands Ship Model Basin (NSMB) is the only basin known to have
successfully modeled current at a large scale by means of water flowing at
angles other than parallel to the direction of wave propagation. Other basins
can produce current in line with the wave propagation either by towing the
model or by installing false bottoms and circulating pumps . Only a few model
basins , including NSMB and Offshore Technology Corporation , have exper ience
in model ing wind by means of a generated uniform wind field . Davidson Labs ,
and the Danish Ship Research Laboratory have proposed model testing SF14—vessel
systems with fans on the vessel to produce active forces which simulate the
effec t of wind .
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The competence and experience of the researchers and technicians
conducting the model tests are important considerations. Skill must be
exercised in constructing the models and in setting up the model tests.
Care must be taken in conducting each model test as careless procedures
will seriously jeopardize the results . Instrumentation must be properly
calibrated at the start of the test program and must be periodically recal-
ibrated during the test program . Data analysis and reduction are especially
critical. Electronic interference can distort measurements , as can improper
processing of data. The assistance of skilled and experienced model—test
researchers can also be of much value to the SF14 designer in determining
the scope of the model test program and in interpreting and analyzing model
test results .

The model tank that will be used should be large enough to permit
the use of large scale models in order to reduce problems associa ted w ith
scale effects. Model tests in waves should be conducted using Froude’s
law scaling in order to properly model gravity effects . Viscous drag effects
are accura tely modeled using Reynolds’ law scaling but are distorted using
Froude’s law scaling. These scaling dis tor tions are minimized by modeling
at as large a scale as possible. Conducting model tests at several different
scale ratios in order to determine the effect of scale or~ the results will
probably not be meaningful because statistical variations will probably
mask any scale effect.

3.9 INSTRUMENTATION AND DATA RECORD ING

The quality of the instrumentation and data recording system is
very important in a model test program. The care taken in accurately
modeling the environmen t and the system in order to produce scaled forces
and motions is lost if the forc es and motions are distor ted by the instru-
mentation system.

The instrumentation system must be carefully planned , fabricated ,
and calibrated to produce accurate measurements . Bulky instrumentation
can impose extraneous forces or restraints on the model and thus influence
its response . Preprocessing of data before recording should not alter
or distort the data.

3.9.1 Wave Height Measurement

Water surface elevation is usually measured by monitor ing the
change in electrical resistance or capacitance between two vertical closely
spaced wires partially emersed in the water. Such instruments are easily
cal ibra ted in place by raising or lowering the system with a micrometer—type
device. It is reasonable to expect the surface elevation can be measured
to an absolute accuracy of ±0.75 mm (±0.03 in.), limited primar ily by cap illary
effec ts , or to a relative accuracy ~~ of max imum range , whichever is less.

~ 
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Waves should be measured and analyzed to demons t ra t e  ma tch ing
of the spec i f i ed  wave spec t rum.  The length of the wave recording to be
analyzed should correspond to a minimum of 30 minutes equivalent prototype
time. Wave spectra should be checked at the beginning of the test program
and , depending on the elapsed length of the program , at the end of the
program and several times throughout the program . The generated wave train
may va ry  d u r i n g  the program f o r  reasons such as d r i f t  of e lectronics or
wear of mechanical components. It is distressing to discover at the end
of a long model test program tha t  the wave spectrum is not the same as
it was at the s t a r t .  H

It may be desirable to record waves during each test. The
waves recorded with a model vessel in the basin may be differen t than
without a model due to reflection and defraction , and the vary ing position
of the model may also effect the waves. However , a wave rec ord of ea ch
test is useful in relating vessel response and mooring loads to the wave
height  at any given t ime . For th i s  purpose the wave probe is p re f e r ab ly
placed in line with the bow of the vessel and parallel with the waves .
Furthermore , such a wave record is very valuable in determining at what
point dur ing  a test program the wave spectrum changed if it is l a te r  dis-
covered the wave spectrum no longer matches the specified spectrum . If
the spectrum has changed , without such a record it will probably be necessary
to repeat all tests conducted since the last calibration of wave spectrum .

3.9.2 Load Measurement

Axial forces  in bow hawsers and anchor legs are usual l y measured
by a stra in—gaged proof ring or load cell. The load cell is accurately
calibrated in the shop , but it should also be calibrated in place on the
model , or a t  least in the  bas in  near the model , wi th  the i n s t r u m e n t a t i o n
leads in p lace.

The accuracy of typical load cells by themselves is usually within
±0.1 percent  of f u l l  scale.  When they are instal led on the model and o u t p u t
is fed through electr ical leads , amp lified , and then recorded , the measured
signal usually has an accuracy of about ±1.0 percent of full scale. Full
scal e h-i this context means the maximum load which the device is designed
to measu re .

Ax ial for ces , shear f orces , and moments in model structures may be
measured by strain gages mounted directly on the structure or by special
inserts comprised of small high strength members which can be more accurately
strain gaged . Sometimes these forces and moments are measured directly or
indirect ly by load cells which are coupled to the structure by some means.
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The accuracy to which structural loads can be measured will depend
largely on the cleverness , resourcefulness , and accuracy of the model builder .
The instrumentation for structural loads should be calibrated in—place on
the model in the basin if at all possible .

3.9.3 Motion Measurement

A variety of motion measurement devices are used at model basins
ranging from strings over sheaves to light and laser tracking systems . Any
mechanical connection to the model may app ly forces to the model or disturb
the free motion of the model through friction or inertia . Ligh t and laser
tracking systems apply no such forces or restrictions on the model. Some
motion measurement systems are very limited in their field of measurement
while others may track model motions over the entire basin .

Several basins use pantograph systems to track the motions of the
vessel. The pantograph system consists of an articulated parallelogram
structure which is pivotally attached at one corner to a fixed point or
movable carr iage over the basin, and attached at the opposite corner to
the model. The angle of the pantogr~iph axis relative to the fixed point
and the extension of the pantograph are t rans la ted  into surge and sway
of the model. The angles of the pantograph relative to the fixed point
and to the model are translated into yaw. The pantograph may be connected
to the model by a vertical rod which is free to rise and fall relative
to the end of the pantograph. The elevation of this rod is translated
into heave of the model . Angular transducers between this rod and the model
measure pitch and roll of the model.

If the pantograph is attached to a f ixed point above the basin ,
the area over which horizontal notions can be measured is limited by the
extensibility of the pantograph. At least one model test facility mounts
the pan tograph on a two—degree—of—freedom motor—driven carriage . - The posi-
tion of the carriage in the horizontal plane is controlled by servo feed-
back fr om the pos iti on of the pantograph. As the pantograph appr oaches
the limits of its motion the carriage moves to adjust the position of the
pantograph . The position of the carriage is combined with the pantograph
surge and sway data to give the total surge and sway motion of the model.
By th is  means the position of the  model can be t racked over a large
horizontal plane area .

Light and laser tracking systems can be set up to measure trans-
lational motions over a large area . A set of two tracking systems can be
used to measure translational motions at two points on the model to deter—
mine yaw of the model .  Gyros can be used in c o n j u n c t i o n  wi th  such a system
to measure yaw , roll , and pitch.



— 3.22 —

Light and laser tracking systems can measure high frequency
motions better than pantograph tracking systems. The pantograph sys tem
must overcome friction and mass in tracking motions . A small high—in tensity
light or a reflector is the only apparatus which must be placed on the
model to meas ure translational motions , and no phys ical contac t is required
with the model.

The acc uracy of static horizontal motions which can be measured
with a good quality pantograph or light tracking system is ±1 mm (0.04 in.)
model scale. Angular displacements measured by a rheostat have an accuracy
of ±1 degree. Gyro compasses can typically measure angular displacements
with an accuracy of ±0.5 degree .

Care must be taken that pantographs or other motion—tracking
devices attached to the model and instrumentation leads going to the
model do not impede the motion of the model or impose extraneous forces
on the model.  This is especially true in tests conducted in wind . It
is generally not practical to measure the motions of very small models ,
such as the mooring buoy, except by the use of a light—track ing  system.

3.9.4 Data Recording

The data measured in the basin must be transmitted to a recording
sys tem and amplif ied and preprocessed prior to recording. Instrumentation
lead s should not be excessively long to avoid decay of the signal. The
ampl i f ica t ion  should p re fe rab ly  be linear throughout the range of the
signal. Amplification factors as well as instrument calibration factors
must be caref ully noted f or future reference during data processing .

Data may be recorded in the basin in either analog or digitized
form. The data is usually also recorded on a strip—chart using an oscillograph
recorder . This strip—chart data is useful as an immediate check of the per-
formance of the instrumentation system as well as of the model . Peak values
can be read ily ob tained , and a check can be made to assure that amplification
fac tors applied are adequate. Occasionally, a tes t must be rer un because an
instrument has failed or a peak value has exceeded the range of the recording
system .

The data recording rate must be fast enough to assure that high
frequency signals are adequately recorded . In digitizing wave data , and da ta
which has a moderate to high wave— induced component , the minimum discretization
interval should be in the neighborhood of 0.2 second pro totype time. This
generally requires that the recording be done on magnetic tape. The recorded
data may be samp led at a slower rate later during the data analysis process . 
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3.10 DATA ANALYSIS

The raw data from the model tests is of little use until analyzed .
Peaks can be measured from the raw data , and a skilled researcher can scan
the data to see trends and to es timates averages , but these cannot be used
to predict design loads. The type of analysis performed on the data will
depend on the charac teris tics of the data, the available computational
capabilities , and the uses to which the analyzed data will be put . Normally,
statistical properties are of more value than simple maximums and miuimums,
because through statistics the extreme events and their probabilities can
be pred icted.

3.10.1 Types Of Data

Generally time records of data from SPM model tests will fall
into three categories as shown in Figure 3—12.

• Type I The Type I record consists of a fast oscillating motion with
the frequency corresponding with the frequency of the waves. This
type of record is charac ter istic of all buoy motions when the buoy is
unoccupied by a vessel. It is also characteristic of the heave and ,
to some extent , the pitch and roll of the buoy when a vess el is moored
to the buoy, as well as the roll , pitch , and heave of the vessel.

• Type II The Type II record consists of a fast oscillating motion , with
the frequency corresponding in general with the frequency of the waves ,
superimposed on a slowly varying motion . The amp litudes of the fast
oscillations are large relative to the magnitude of the slowly varying
motion . This type of record is characteristic of hawser and anchor—
chain forces when the buoy is relatively large or the hawser is very
stiff.

• Type III The Type III record consists of a slowly vary ing motion with
a superimposed fast oscillating motion where the amp litudes of the fast
oscillations are small compared to the slowly oscillating motion . This
type of record is characteristic of the yaw , sway, and surge of the
vessel and of hawser and anchor—chain forces in most systems . Figure 2—10
is an example of actual model test data which corresponds to Type III.

3.10.2 Sp~ ctral Analysis Of The Data

The statistical properties may be calculated directly from the
recorded data , or a spec trum analysis may be perfor med on the data and
cer tain statistical properties then derived from the generated spectrum .
The following describes how this is generally done with recorded wave data
to determine significant wave height and mean wave period .

_ _
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The records of irregular long crested waves that are generated by
the model basin are of Type I. The disturbance of the water level at a
time T is assumed to be composed of an infinite number of components with
arbi trary and random phase angles such that

H(t) = 
n~ l ~~~~~~ ( w t  + ~~) (3-10)

where

~~ amplitude of 
~th component of H(t) with a circular

frequency of

The amount of energy contributed by waves with a frequency w ri

and an amplitude 
~ 

follows from the spectra). density , S
H~ 

which is

defined by

SR 
(ui ) dw = ~ ~~

2 (3 l1)

The moments of the spectrum M can be determined as follows :
p

p (3—12)
M J - -  S d wp H

0

If P 0 , then

= .( ~ 
dw = Area of spectrum (3-13)

If F = 1 , th en

= f - .~s11 
dc.’ = First moment of spectrum (3-14)

With the aid of the moments of the spectrum the following quantities
can be calculated :

Significant Wave Height

H
5 = 4~J (3—15) 

5-- - -  ~~~~~~~~- - -  -~~~~~~~~~
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For narrow spectra the value L~y~~ corresponds to the average
0 -~~

of the one—third highest waves (double amplitude).

Mean Wave Period

N
T 27r —~ (3—16)

For narrow spectra this value corresponds to the mean value of
instantaneous period .

3.10.3 Statistical Analysis Of The Data

Type II and Type III data should generally not be analyzed through
the spectrum process unless the record is very long and contains many cycles
of the long period component of motion . Analysis of such data should be
done direc tly fr om the digitized record . The statistical proper ties which
are commonly obtained and the manner in which these prdperties are usually
calculated are discussed below.

Data analysis should be preformed on the displacement and force
records in order to obtain -the following statistical quantities , which
are illustrated in Figure 3-13.

Mean value;x
n=M

~ x (3-17)
M 
n l  M = Number of Samples

Root-mean sauare va1ue ;~~

1 
n=M — 2 (3—18)

~ (X - x)
n 1

Significant oea~ •to—trou~h (double amplitude) value: 2

This is the mean value of the one—third largest double—amplitude values.

j~~ f~~ ant oeak value: 
~ 

+

is the mean value of the one—third highest peak to zero values .

4 - ‘ . ~~~ ~~~~~~~~ value: -

•s the mean value of the one—third largest trough to zero values.

— — - - - 5-5-- -
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Maximum p e a k — t o — t r o u g h (double amp l i tude)  value:  2 x
max

Th is is the larges t do uble amp lituded value.

Maximum value:  x +— max

This is the highest peak value.

Minimum value: x —max -

This is the lowest t rough  value .

3.11 DETERMINATION OF DESIGN LOAD S

In interpreting the results of SPM model tests for comparison or
des ign purposes , the data must be examined statistically in order to obtain
meaningful maximum values . The duration of an individual SPM model t’.~st
depends on the limitations of the model basin and the type of test b~ ing
conducted . Typica l ly ,  it is on the order of 5 minutes model—scale t ime .
In Froude ’s law scal ing,  time scales as the square root of the scalt factor.
Thus , at a model scale of 1:60, the model test duration corresponds to a
prototype time of a little more than 30 minutes .

3.11.1 Statistical And Maximum Values

For typ ical SPM model tests , the statisticall y derived mean and
significant values of the forces in the anchor chains and bow hawsers r’ie sured
during one test generally vary less than 10 percent from those measured in
other tests of the same system in the same environment. Therefore , i t  n~r~
be assumed that each model test has been conducted for a duration of t i~w
long enough to justify the assumption that the phenomena modeled in the modt~i
test is stationary ergodic . This means that the statistical properties of
the phenomena , that is the mean and signif icant values and the standard
deviation , will not change significantly if the test would have been conducted
for a longer period of time or if the test had been carried out at another
tine with the same environment.

The max imum meas ured values , unlike the statistical proper ties ,
can and do vary from test to test. Due to the random nature of the test ,
the maximum measured values may vary considerably from one test to another
carried out under the same conditions. Furthermore , if the test duration
is increased , the maximum measured value may also change.

~ 

-~~~ -~~~~~~~ --
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— 3.11.2 Probabil i ty  Analysis

Because maximum values will vary from test to test , tes t data should
not be considered individually but should be grouped and analyzed statistically
to determine probable maximum values based on storm duration and chance of
exceedence. This is commonly done by developing a distribution func tion of
the ratios of the maximum value recorded during each test with its corres—
pond ing statistically derived significant value (Haring, Adams , Beazley ,
and Kripp, 1969 and 1970; Flory and Poranski , 1977).

The value of F IF is called the force ratio , B.max S

R = — ~~~2C (3—19)

where F = maximum force
max

F = significant force

Force ratios from a number of tests are ranked in ascending order
of magnitude . The assumption is made that the values of successive force
ratios are statistically independent . Therefore , these occurrences may be
treated as Bernoulli trials and each force ratio may be assigned a probability
that its value will not be exceeded according to the following formula:

~ (3-20)

where M = Total number of occurrences

n = Rank of occurence being considered

P = Cummulative probability that an event is equal to or less than
a par t icular  value

The force ratios and their associated probabilities P are plotted
on probability paper. The type of probability theory to be used depends
on the data. A typica] force ratio probability distribution function using
normal Gaussian theory is shown plotted in Figure 3-lU . A total of 19 separate
force ratios were used to generate the plot . The data is from a typical set
of statistically homogeneous tests obtained from an actual SPM model test
series in which the duration of each test represented approximately 30 minutes
prototype time . The plotted force ratios are for bow—hawser forces.

It is recommended that at least 10 data points and preferably 20
data points should be used in developing the probability distribution . The
more data points that are used , the more statistically reliable the results
derived from the plot will be.

- î
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The data which is plo tted mus t be homogeneous , that is, it must
be from tes ts with similar s ta t i s t ica l  properties. Figure 3—15 presents a
hypothetical probability distribution in which two se ts of da ta have been
plotted in one distribution. The data as plotted fits a straight line and ,
therefore , it might be assumed that the distribution is valid . However ,
the data is not homogeneous , and in reality the data should be plo tted as
two distinct distributions as also shown in the figure. Data from tests
with ballasted tankers usually exhibits different statistical properties
than data from tests with loaded tankers.

Since the duration of each tes t for which the data has been plotted
- 

- is 30 minutes , from the distribution of values shown in Figure 3—14 , the pro—
bability P that the force ratio R will not be exceeded during a period of
30 minutes can be determined . Consequently , the probability that the force
ratio will be less than R is equal to (1 — P). The probability that

the force ratio will be larger than R during a period of t times 30 minutes
the equation :

= 1 — (1 — p)t (3—21)

where P = Probability of exceedence for test
= Probability of exceedence for design duration

t = Ratio of design duration to test duration

3.11.3 Probability Plotting

When data is plotted on probability paper , the degree to which the
plotted points lie on a straight line is an indication of the closeness of
fit of the data to the probability theory being used. In Figure 3—14 , the
data has been plotted on probability paper that assumes a normal or Gaussian
distribution . However , the line that has been faired through the data Is
not a straight line but forms a gentle curve. Since the line is not straigi t ,
the data does not exactly fit a normal Gaussian distribution.

Other probability functions may be tried to determine a more app licable
probability theory for fitting SFM mooring load data. Gumbel’s distribution
of extreme event has been found to fit most SF11 model test data extremely well.
Figure 3—16 presents the same data that was used in developing Figure 3—14
plotted on Gumbel paper . It can be seen that the straight line drawn through
the plotted points fits very well.

Gumbel’s distribution was developed for the statistical treatment of
floods and other climatological extremes. Gumbels distribution provides a
method for calculating the line of best fit through the data. This method
was used to develop the straight line drawn through the data points plotted
in Figure 3—16. Cumbel ’s distribution for extreme events appears to fit SPM
model test data extremely well and it is recommended as an improvement over
Gaussian theory for developing the extreme events associated with the SF11
mooring loads (Cumbel, 1954; Myers , Holm, and McAll ister , 1969).

j
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For convenience , the model test data shown, typically for a 30
minute storm duration , may also be plotted for longer storm durations . Figure
3—17 presents the data of Figure 3—16 plotted on Gumbel paper along wi th
the pred icted force ratios for storm durations of 2, 6, and 12 hours. These
curves have been developed from the probability theory given in equation
3—21 . From these curves the force ratios for various storm durations and
probab i l i t y  of exceedences can be obtained without further calculation .
Significant hawser forces from the model test data are multiplied by the
appropriate force ratios. The fo l lowing examples demonstra te  the procedures
that are used.

3.11.4 Example Probability Calculations

Exa~ ple l

What will be the chance that the maximum hawser force will be twice
the significant force in the hawser during exposure to a constant environment
of two hours duration?

From Figure 3—16

P — Chance that the f orce ra tio , R, is equal to or larger than
2.0 during a period of 30 minutes 0.03

and
— 

2 x 60 minutes 
—

30 minutes

From equation 3.21 it can be calculated that P~ = 0.12. Alternatively ,

this probability of 12 percent can be read direc tly from Figure 3—17.
So there is about a 12 percent chance that the maximum force will be larger
than twice the signif icant force dur ing a period of two hours , or fo ur
times the duration of the model test results .

Example 2

Wha t will be the force ratio , R, for which the chance of exceedence
will, have a probability of 50 percent during exposure to a sustained environment
of six hours duration?

6 x 60 minutes
t — -  — 1 2

30 minutes

and , P 0.50
t

From equation 3—21 it can be calculated that P 0.056. From Figure 3—16 it can
be seen that this probability corresponds to a force ratio , R, of abou t 1.9
Alternatively , th is value can be determined directly from Figure 3—17.
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Examp le 3

Assume that from model test data it has been determined that for
the maximum operational conditions the significant hawser force is 1.7
kN (380 ,000 ib). What is the maximum hawser force that can be expected
in a storm duration of 6 hours with a probability of 70 percent that it
will, not be exceeded?

A 70 percent probability of non—exceedence corresponds to a 30
percent probability of exceedence. From Figure 3—17 the force ratio for
a 6 hour storm duration and a 60 percent chance of the value not being
exceeded is 2.2.

I F  \
F (—~~~~l 6 h r x Fmax \Fs / S

theref ore

F = 2.21 x 1.7 kN = 3.75 kNmax

3.12 THE BASIS FOR MOORING LOAD CALCULATIONS

Maximum mooring—load calculations must be based on realistic corn—
binations of tanker size and condition and environments. The duration and
chance of exceedence used in the probabi l i ty  calculat ions must also be real—
istically selected . If the mooring—load ca lcula t ions  are based on sound
data and realistic maximum conditions , then undue conserva t ism need not
be included in fac tors of safe ty during the design of the mooring .

3.12.1 Basis For Tanker and Environment

Several combinations of tanker size and loading condition and environ-
ment may have to be considered in determining the maximum mooring load. As
explained in subsection 2.5.2, the maximum loads may be experienced with either
a loaded or a ballasted tanker , and higher loads in some circumstances may be
experienced with a tanker smaller than the largest for which the mooring is
designed.

Although the hig hest combinat ion of waves , wind , and curren t fr om a
given comb ination of directions will probably produce the hig hest load , limiting
mooring environments may be such that the highest waves , wind and current are
colinear , but that waves , wind, and current of lesser magnitude will occur at
non—colinear directions . The non—colinear combination of lesser waves , wind, 

-
and current may produce the highest moor ing loads.

--—--—--5-----5---5--5- 5--- -— ~~~~~~~~~~~~~~ -- — -  ~~~~-
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Comp lete model testing will probably not be necessary for more than
two or three cases. However , the possibility of high mooring loads under
var ious cond itions should be cons idered in choos ing the cases to be throrougly
investigated .

Consider as an examp le the design of a mooring for a deepwater
port off—loading terminal. Mooring loads have been determined for a ballasted
500 ,000 dwt tanker moored in 5 m (15 ft) significant height waves with 50
knot winds at 45 to the waves and a 2 knot current at 90 to the waves.
This is the most severe environment combination for which the mooring is
designed. The mooring is to be operated such that no tankers will remain
moored in more severe environments . Tankers larger than 500,000 dwt will
not be moored. Design studies based on model tests have been conducted which
show that higher mooring loads will not be experienced wi th  o ther  smaller
tankers moored , or when the 500,000 dwt tanker has a draft greater than the
bal las ted condi t ion . Then , fo r  this  example case , the peak mooring load
would be that predicted for the ballasted 500,000 dwt tanker in the cited
limiting environment.

3.12.2 Basis For Duration and Chance of Exceedence

The maximum mooring load should be ca lcu la ted  by s t a t i s t i c a l  tech-
ni ques such as those described in subsect ion 3.11. The s t a t i s t i c s  may be
developed from model test data. However , to use these data and apply the
s ta t i s t i ca l  techniques a real is t ic  dura t ion  of exposure to the most severe
environment and a reasonable chance of exceedence must be selected.

The duration is usually chosen as that associated with one mooring
and cargo transfer operation instead of the cumulative duration of many such
operations. Continuing the above examp le , the 500,000 dwt tanker would be near
the ballasted condition only during the last hours of a discharge mooring.
Prior to that time , it was more f ul ly loaded , and thus less apt to exert very
high moor ing loads. Also , because it probably came to the mooring when the
environment was mild , the most severe e n v i r o n m e n t  wi ll  probably  onl y occur
during the last hours of a discharge operation . If the total time at the
mooring is typ ically 30 ho urs, then the duration of the combination of most
severe tanker condition and environmen t may typ ically be 10 hours or less.

The selection of an appropriate chance of exceedence may take account
of the degree of confidence which can be p laced in the design data and the
consequences of a breakout . Keep tn mind that safety factors are applied to

— 
the maximum design load in the design of all components of the SF11. If assur-
ances are made that cargo discharge is discontinued and cargo hoses are lowered
before the maximum environment is reached and if chances of damage or pollution
due to a tanker breakout are small , then conservatism is not necessary and a
large chance of exceedence , say 20% or even 50% , may be appr opriate. If the
consequences of a moor ing line fa ilure are sever e or if there ar e unknowns
or doub ts in the design basis , then a low chan ce of exceed ence , say 5~ , may
be appropriate .

-~~~~~~~~~ - —  —- - —--- . ~~~~ -~~~~~~~~~~~ -5- — - --— - - — ~~~~~- — -
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3.12.3 Probab ilities and Factors of Safe_çy~

Appropria te factors of safety for the design of various components
of the mooring system are recommended in Section 5. Factors of safety are used
in engineered designs to account for variations in material properties and
construction techniques . Factors of safety are also used to cover over-
load ing due to unforeseen circumstances. If the design—basis setting and
mooring—load determination steps described above are followed , then there
will be very little probability of overloading.

Consider the probability of the most critical tanker being moored
in its most severe condition in the most severe combination of waves , wind,
and current. In general , this will be a rare event at a mooring terminal.
To this probability must be added the duration of the event and the chosen
probability of exceedence under the combination of circumstances . The chance
of a mooring load momen tarily equaling or exceeding the design moor ing load
determined in this manner will be very small.

3.13 SUMMARY

An SF11 model test program conducted for the purpose of designing
a deepwa ter por t mus t include those comb inations of env ironment , tanker size ,
and tanker condition which are apt to produce the highes t loads , and to
acquire sufficient data to permit statistical prediction of maximum loads.
It may be necessary to test several tanker sizes and several combinations
of waves , wind , and current . The models should be built to as large a
scale factor as practical to minimize scale effects and modeling and instru-
mentation inaccuracies .

The proper wave spectrum as well as wave h . i g ht  and wav e period
should be modeled . However , reasonable cr iteria should be placed on the
accuracy of the spec trum, and because of wave—frequency—generation limita-
tions, it may be necessary to ignore high—freq uency components in defining
the spectrum .

Froude ’s law scaling must be used in model testing to properly
scale the effec ts of gravity waves. Thus , it is preferable to adjust
wind veloctiy to induce wind forces which scale by Froude ’s law. The form—
drag and grav ity—force effects of current predominate over resistance
drag effec ts and , thus , it is proper to model current by Froude ’s law .
Wind induced forces may be modeled by the reac tion forces of fans mounted
on the vessel. However , such indirect means of modeling current—induced
forces appear to be potentially troublesome.

The impor tant parameters of the mooring system and the tanker
must be properly modeled . Of par ticular importance are parameters which
effec t the elasticity of the mooring system and the dynamics of the buoy
and the tanker . 

-5 ~~~~— --
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The model test facility which conducts SPM model tests must have
the ability to accurately model the important environmental effects and to
model the SPM system and tanker at a sufficiently large scale. Of par—
ticular importance may be the abili ty to model wind and current at angles
relative to the waves.

Instrumentation must be carefully prepared and data must be
properly recorded and analyzed to assure the accuracy of the measurements .
The peak values recorded in a single test are not sufficient to predict
maximum values. Generally, statistical functions based on the results of
a number of tests must be used to predict maximum values.

~~1
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TABLE 3-1

SCALE FACTORS FOR FROUDE’S LAW SCALING

Characteristic Scale Factor For Length Scale Factor
of 50

Length 
- 

X 50

Area 2,500

Volume A3 125,000

Time ~il2 7.07

Veloctiy >,~lI2 7.07

Force’ sx3 128,125

Mass’ s~3 128,125

Acceleration ~O 1

Pressure X 50

Moment’ 6,406 ,250

Angular Displacement 1

Angular Velocity ~-1I2 0.14

Angular Acceleration ~— 1 0.02

Energy’ SAU 6,406 ,250

Spring Constant 2,500

Bend ing Stiffness~ 8A5 320,312,500

Spectral Density 17,678

* S = Specific gravity of salt water 1.025

— - ---5- - 
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• I SECTION 4

FACTORS WHICH MAY LIMIT MAXIMUM PERMISSIBLE MOORING LOADS

4.1 INTRODUCTION

Designing the SPM system for the mooring loads which can be ex-
pected for a range of vessel sizes in various operating environments is not
sufficient to insure a safe mooring. Incidents have been reported of tankers

• break ing out of SPMs due to the failure of shipboard mooring fittings. It
is important that deepwater port designers and operators recognize that the
type , loca tion , and quality of the moor ing fittings aboard the vessels using
the port may limit the maximum permissible mooring loads.

Although there has been some effort within the tanker industry
toward standardizing shipboard mooring fittings , there are no overall design
standards at this time which govern the design , strength , location , and
manner of attachment of these fittings . Even if such standards were adopted
immediately they would only apply to tankers built in the future , and older
tankers might slowly oi’ never be upgraded to meet such standards. Conse-
quently, deepwa ter ports which will serve a number of tanker flee ts can
expect to see a wide variety of arrangements of mooring fittings . In some
cases , moor ing fittings on the tanker will be inadequate to resist the
loads imposed on the system in the maximum operating environment for which
the SPM is designed. Even when tanker—mounted mooring equipment is capable
of carry ing the full design load of the SPM , the SPM hawser assemb ly may
not be fully compatible with the shipboard fittings , and alternative means
of securing the hawser may be required which are not as strong . This section
will describe the various types of fittings found on tankers and establish
guidelines for assessing the load capacity of each type fitting .

In add ition to factors which limit the maximum permissable mooring
loads associated with shipboard mooring equipment , consideration should be
given to fac tors in the environment which af fec t crew safe ty and cargo hose
handling. Most shipboard mooring and cargo—handling equipment have tra—

• ditionally been designed with the conventional fixed pier in mind. These
p ier facilities are generally in sheltered and protec ted waters. Until
recently, little thought has been given by sh ip des igners to the case of
ships moored to SPMs where crews must operate mooring and cargo transfer
equ ipment in relatively severe sea conditions. Guidelines are therefore
presented for assessing limits related to operational and human factors.

4.2 MOORING PROCEDURES AT SPMs

In order to have a complete understand ing of shipboard mooring
• fittings and how they may limit the maximum permissable mooring loads , it

is hel pful to first review a typ ical SF14 mooring operation . Generally,
two launches are used when moor ing at an SF14: a mooring launch to handle
the mooring l ines , and a hose launch to handle the cargo hoses.

4 4
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The launches are normally small , approx imately 12 to 18 m (40 to
60 f t ) in leng th , and general ly cannot carry out their tasks in significant
wave heights greater than about 2 m (6 ft). The use of larger launches ,
perferably with twin screws , thruster units , or other manuver ing aids , would
increase launch capabilities. Special techniques could also be developed
to enhance and extend the ccew’s ab ility to perform line—handling functions
in higher sea states. In this regard , Gulf Coast workboat operators have
stated they believe they can service SPMs in waves up to about 3 m (10 ft)
significant height.

The following description is of a typ ical mooring opera tion at
an SPM. Prac tices differ at some SFMs . The description is not intended

• to represent a guide to the best practices , but only as background . Mooring
procedures should be developed by tanker captains , p ilots , and engineers
familiar with the local situation and the design of the specific SF11.
A typ ical mooring operation is shown in Figure 4—1 .

4.2.1 Approaching the Mooring

Prior to the approach of the tanker , the launches inspect the hoses
and moor ing lines and untangle and arrange them if necessary . The mooring
launch delivers the pilot and any special tools or fittings required for
the mooring to the tanker before it approaches the 5PM.

During the mooring approach, the hose launch pulls the hose string
to the side , clear of the path which the tanker will take to the buoy .
As the hoses are normally attached to the port manifold of the tanker ,
they are pulled to the port side during the approach. The mooring launch
then takes a messenger line from the tanker forecastle and proceeds ahead
of the tanker toward the buoy . The approach is usually made along the
d irection at which the tanker is expected to lie when moored to the SF14.
The tanker usually steers a course such that the buoy will pass to port .

The mooring launch attaches the messenger line to the floating
• pick—up rope connected to the chafing chain at the end of the 5PM hawser.

The mooring launch then stands off as the tanker continues to approach
the buoy . The tanker winches in the messenger line on the gypsy head of
its anchor windlass as it closes on the buoy . The tanker should be losing
headway as it approaches the buoy and shou~~ be nearly dead in the water
when the hawser chafing chain is finally w~~.ched aboard. The chafing chain
is then made fast to fittings on the forecastle of the tanker. In some cases
there are two hawsers . Once the tanker has stopped and the first hawser
is secured , the launch takes a messeng er line fro m the tanker fore cas t le
and attaches it to the pick—up line of the second hawser. The second hawser
is then winched in and made fast.

-• • - -
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After the tanker is moored to the buoy , the hose launch brings
the end of the hose string(s) to the side of the tanker at the midship
manifold . A line from the tanker boom is attached to the end of the hose
string or to a tag line on the end of the hose string . The end of the
hose is then lifted over the rail and fastened to the tanker ’s manifold.
If two hose strings are provided , the second hose string is then attached
to the line from the tanker boom , lifted over the rail , and fas tened to
the manifold. As pumping begins , one of the launches makes a final in-
spection of the hose string , the buoy, and the hawser to make certain there
are no leaks or other difficulties.

4.2.2 Departing the Mooring

At the completion of cargo transfer operations or in the event of
deteriorating weather or other emergencies , the tanker disconnects the cargo
hoses and lowers them over the side. The tanker then steams ahead very slowly
to remove strain from the hawser system as the hawsers are disconnected from
the ship ’s fittings and lowered to the water. The ship dr ops back f r om
the mooring to clear the hoses and then proceeds ahead and out of the mooring
area.

Although the SF14 launches are helpful and generally standby to
aid the tanker in disengaging from the mooring, their services are not
essential when departing the mooring. Even in sea conditions too severe
to all ow the la unches to opera te , the tanker can still safely disengage and
leave the mooring.

4.3 TYPES OF SHIPBOARD MOORING FITTINGS

In general , there are three types of f ittings used to sec ure SF14
• hawsers to the forecastle deck of the tanker . These are mooring brackets ,

chain stoppers , and mooring bitts. Mooring brackets , often called Smit or
towing brackets , and chain stoppers are spec ially designed to serve as attach-
ment points for the hawser chafing chain and are designed to tranfer the

• mooring forces to the ship’s structure. Mooring bitts are also used for
this purpose but are not designed to receive the chafing chain directly.
When using mooring bitts , a shor t line, called a snotter , is secured to the
b itts and attached to the end of the chafing chain .

The hawser chafing chain is brought aboard the tanker through chocks ,
small openings in the ship’s bulwark , usually at or near the center of the
bow. The ship ’s winches are used to lift the chafing chains to the forecastle
and draw them to the mooring fittings. FairLeads serve as guiding points
to lead th~ messen ger lines and pick—up lines from the chocks to the winches .
Each of these fittings will be discussed in more detail in the following
sub—sections. Table 4—1 summarizes the various types of fittings which can
be expec ted to be found on various size tankers.

• •~~~~~~~~~~~ •- ---- --
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4.3.1 Chocks

Chocks are fittings designed to allow lines or hawsers to pass
through the sh ip’s railing or bulwark near the deck level. Bow chocks
are usually mounted near the bow on the forecastle deck in pairs symetrical
about the vessel center—line . Many newer vessels are fitted with a pair
of closely spaced bow chocks between 1 to 1.5 m (3 to 5 ft) on either side
of the vessel’s center—line for use in mooring to SPITs. This is an ideal
arrangeneLl t for mooring to SPMs. Some older and smaller vessels have bow
chocks spaced as much as 15 in (50 ft) on either side of the vessel’s center-
line. A single large chock , fitted on the vessel’s center—line , is sometimes
called a Panama chock. It is common practice in the maritime industry to
use the name fairlead interchangeable with chock.

• The two principal types of chocks found on tankers are closed chocks
and roller chocks . Roller chocks are normally provided to reduce wear on
lines or hawsers when moored to a conventional f ixed pier. A roller chock
consists of a steel frame in which are mounted two , and in some cases three ,
vertical steel rollers on bronze—bushed , lubr ica ted steel pins . Some roller
chocks consist of two vertical rollers and two horizonta.]. rollers forming
a square open ing thr ough which the line passes . Roller chocks are frequently
fitted on the forecastle , often close to the bow. However , roller chocks
are poorly suited for SPM hawser assemblies as the SF14 chafing chain can
easily damage the rollers.

Closed chocks , when mounted on the forecastle , are usually called
bow chocks . Bow chocks , shown in Figure 4—2 , cons isting of heavy rings welded
into the bulwark , are more suited for SPM hawser assemblies. The minimum
bow—chock opening for convenient handling of the chafing chain is about 600 x
450 nun (24 x 18 in.). This size chock will easily pass the largest size
of chafing cha in which is normally used at SPIts. Chocks which have a ~.iinimum
opening of 400 mm (16 in.) or smaller may restrict the size of the chafing
cha in wh ich can pass through the opening . Many older and smaller tankers
have smaller chocks and cannot accept chain larger than about 64 mm (2 1/2 in.)
diameter .

Bow chocks normally have oblong or oval open ings. Two chafing
chains will usually fit through a single bow chock. However , the first
chain br ought aboard tends to center itself in the opening , thus blocking
entry of the second chain . For this reason , two closely spaced bow chocks
are preferred when dual hawser systems are used.

A spec ial type of bow chock , shown in Figure 4—3 and usually called
a bow fa irlead , is sometimes fitted on the centerline at the bow of large
tankers. It is an ideal chock for SF1ls which use sing le moor ing lines because
the large radius plates reduce the bending radius and the wear in synthetic
hawsers or chaf ing chains. Also , the large open ing allows easier handling
of large hawser assemblies which are required to resist the high moor ing
loads at SPNs. This type of bow fairlead is commonly fitted on tankers which
are mod ified to perform self—service mooring at SPMs in offshore production
fields. Two lines can normally be brought through this type fitting.

• - - — — -~~~~— ~~~•— ~— • • • —~~~~~ — • • • • •— -- — • •——- —-—  - • - -  — • -  - - •  - -
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4.3.2 Mooring Bitts

Moor ing bitts , shown in Figure 4—4 , are common mooring fittings
found on all tankers. They are fitted at cc;ivenient locations on open decks
to secure mooring lines and rigging lines. They are usually fitted near
the edge of decks about 1 in (3 ft) inboard of the ship ’s side. They are
normally located adjacent to and in line with chocks or fairleads on the
deck and at convenient locations on the bow and stern . Bitts fitted near
the ship’s center line on the f orecas tle deck are used to sec ure SPM hawsers
on smaller and older tankers which are not equipped with mooring bra ckets
or chain stoppers for this purpose. Figure 4—5 shows a typ ical arrangement
of bitts on the for ecas tle deck of an 80 ,000 dwt tanker .

Moor ing bitts normally consist of two vertical , hollow , steel
cylinders mounted on a base plate attached to the deck. They are normally
fabricated of welded—steel plate and pipe . Suitable underdeck reinforcement
should be provided under the mooring bitts ’ base plate. A slightly oversized
cap is fitted on each cylinder to prevent the line or hawser from riding
off the top of the bitts .

A similar fitting , consisting of a single vertical post , is often
fo und on docks and piers for tying off lines from ships. This fitting is
called a bollard . It is common practice in the marine industry to refer
to the twin—post mooring bitts found on ships as bollards and many ref erenc es
use the two terms interchangeably. In this study, however , only the term
mooring bitts will be used.

A line or hawser is normally secured to mooring bitts by “figure—
eighting” it around the vertical cylinders until sufficient turns have been
taken to hold the line or hawser by friction . The proper procedure to secure
the SF14 mooring line to mooring bitts using synthetic or wire—rope snotters is
discussed In more detail in subsection 4.7.2.

4.3.3 Mooring Brackets

Most newer tankers larger than about 120,000 dwt are fitted with
one or two mooring brackets or chain stoppers. Tankers above the range of
200 ,000 to 275 ,000 dwt are usually equipped with two of these fittings.

The mooring bracket, shown in Figure 4—6, is a device designed to
direc tly receive and secure the end of the SF14 hawser chafing chain . Mooring
brackets should be mounted in line with and between 2.75 and 3.75 in (9 to
12 ft) behind the bow chocks .
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The moor ing bracket consists of two side p lates mounted on a
deck plate which is welded or bolted to the deck. The end link of the
chafing chain is placed between the side walls and a sliding bolt , pass ing
through the side walls , is inser ted through the end link of the chaf ing
chain to secure the SPM hawser . The sliding bolt is locked in place by
a pin and is driven into the open or closed position by striking a short
stud welded to the top of the bolt with a heavy hammer or sledge. This
operation allows the mooring bracket to be disengaged under tension in
an emergency. Disengaging the mooring bracket with a chain under tension ,
however , is a hazardous operation as the fr ic tion developed between the

• chain and bolt may require heavy and repeated blows before the chain
releases. Injuries have been reported when releasing a mooring bracket

• under load . SF14 operators recommend that the tension be removed from the
hawser asembly before releasing the chafing chain from the mooring bracket .

In order to fit into and be secured by a mooring bracket , the end
link of the moor ing hawser chafing chain must be either a pear—shaped link
or an open—link. Subsection 5.9 discusses in more detail the construction
and connection of chafing chains. Unfortunately, there are no common des ign
standards for mooring brackets , and brackets hav ing different dimensions
are frequently encountered . The space between the side plates and the cross—
section of the bolt vary. Some have openings so narrow they will not accept
chain large enough to prov ide the necessary s trength required f or high
SPM mooring loads. Others have pins which are larger than the opening in
standard end links and require special arrangements to secure the chain .
Some mooring brackets are not properly located on the vessels forecastle
to provide the most effective mooring arrangement.

4.3.4 Chain Stoppers

Cha in stoppers consist of two side plates mounted on a base plate
with a bar or paw]. pivoted so it can be lowered to secure the chain . The
chain is drawn between the side plates such that every—other link rests hor-
izontall y on guide plates and the other links pass vertically through a gap
between the guide plates . In the pawl—type chain stopper , shown in Figure 4—7 ,
the pawl is pivoted on a pin between the two side p lates and is rai sed or
lowered by a lever . With the pawl—type chain stopper the chain must be
threaded between the plates and under the pawl .

The bar in the bar—type chain stopper , shown in Figure 4—8 , is
pivoted on one side plate and falls into a slot in the other side plate
to secure the chain. The bar pivots up and to ~the side to disengage the
cha in. The bar is usually counterweig hted . With the bar—type chain stopper
th e messenger line or pick—up rope may be lifted and lowered between the
plates so there is no need to thread through the chain stopper.

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ -• • • •
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Most chain stoppers which are intended for securing SF14 hawser
chaf ing chains are designed for 76 mm (3 in.) stud—link chain . However ,
some chain stoppers will not pass the standard enlarged open end link on
the end of the chain and this causes difficulties in securing chafing chains
designed for mooring brackets.

4.3.5 Fairleads and Winches

Fairleads are fittings which are used to change the direction of
a mooring line or hawser on the deck of the vessel. Fairleads are normally
of the pedestal or roller type shown in Figure 4—9. A roller fairlead
consis ts of a single roll er with bronze bushing se t on a ver tical pin welded
or bolted to the deck.

A fa irlead should be placed behind each chain stopper or mooring
bracket and slightly off center of a line through the stopper or bracket
and the bow chock to allow the messe nger line to properly center the chaf ing
chain in the fittings. The offset should be to the side which the rope will
lead to the winch so that the messenger line runs in a straight line from
the bow chock through the chain stopper or mooring bracket to the fairlead
as shown in Figure 4—10.

Tankers are typically equipped with mooring winches on the f ore—
cas tle f or hauling in and holding mooring lines or hawsers when the ship is
berthed at a conventional fixed pier. These mooring winches , however , are
usually not suitably located for use in hauling in an SF14 mooring line. In
most cases, the gypsy head on the anchor windlass is used to haul in the SF14
mooring line. The gypsy head is a cy linder—like fitting mounted on the end
of the anchor windlass shaft. The SF11 hawser is hauled ri by winding a few
turns of the messenger or pick—up rope around the gypsy head , and holding the
free end taut manually as the gypsy head turns . A typ ical arrangement of
deck equipmen t for a 80,000 dwt tanker is shown in Figure 4—5 .

4.4 STRENGTH OF SHIPBOARD FITTINGS

Althoug h most components of a deepwater port mooring system may
be designed to withstand very high loads , the maximum permissible mooring
load will depend on the weakest link in the system . In many cases , this
weakes t link may be the shipboard mooring fittings . The following sections
discuss the strength of individual fittings in more detail.

4.4.1 Strength of Bitts

Well de signed , fabr ica ted , and installed mooring bitts on new vessels
generally mee t the following criteria for safe working loads f or var ious
diameter bitts:
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Bitt Diameter Safe Working Loads

millimeters inches k newtons pounds

500 20 1,520 340 ,000

550 22 1,864 420,000

600 24 2 ,452 550 ,000

Safe working load is defined as one—half the ultimate capacity of the bitts .

Because construction and design defects may not be visible or because
internal corrosion may be present , it is often impossible to judge the strength
of bitts , espe cially on older vessels. The strength depends pri~nar ily on
the method used to attach the bitts to the ship ’s structure . Properly designed
and constructed bitts extend through the baseplate and are welded to both
the baseplate and the deck as shown in Figure 4—11 . Bitts which are only
butted against and welded to the basep late which is then welded to the ship ’s
deck will have a lower load capacity.

The method of attachmen t cannot be determined by visuai examination .
However , the construction may be determined by drilling throug h the bitt
and baseplate to examine the internal structure of the mooring b itt. X—ray
examination and ultrasonic inspection are other methods which have been
suggested for determining the nature of bitt construction . Examination
of the original shipyard drawings may show the method of attachmen t , however
in many cases drawings showing construction details of items such as bitts
are no t available for older vessels.

4.4.2 Strength of Chain Stoppers and Mooring Brackets

Chain stoppers and moor ing brackets are normally designed to
the breaking strength of the chain they are sized to accept . Occasionally,
they are des igned to the proof load (two—thirds of breaking strength) of
the chain they are sized to accept . The maximum pertnissable loads developed
in this section are based on the assumption that the fittings are des~ gned
to proof loads.

Using grade 3, stud—link chain to establish the required minimum
strength of these fittings , a chain stopper or mooring bracket designed to
the proof load of 76 mm (3 in.) chain would have a maximum load capacity
of about 2880 kN (640 ,000 lb). A fitting designed to the proof loa d of
54 nun (2 1/8 in.) chain would have a maximum load capacity of about 1 ,420 kN
(318 ,000 lb). 

—
~~~— ~~~~~~~~~~~~~~~~~~~~~~ •~ •
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In practice , however , chain—stopper and mooring—bracket maximum
design loads vary among tanker fleets and mooring equipment manufacturers.
Exxon , for examp le, has developed a design standard for mooring brackets which
calls for a max imum des ign load of 3470 kN (780 ,000 lb) for a fitting sized
to accept 76 mm (3 in.) chain. In almost every case chain stoppers or mooring
brackets will be more than adequate to resist the safe working loads of the
chains they are designed to accept .

Unlike mooring bitts , chain stoppers and mooring bracke ts are
installed specifically to resist the high loads encountered at SPMs . The
designers normally insure that these fittings are structurally adequate.
The designers , howev er , have no control over shipyard practices , and some
chain stoppers and mooring brackets , although sufficiently strong themselves ,
may not be properly connected to the ship.

4.5 ARRANGEMENT OF SHIPBOARD FITTINGS

The loca tion of chocks , bitts , cha in stoppers , and moor ing brackets
can have an effect on the loads experienced and thus should be taken into
account when determining the maximum permissible load for a specific vessel.

4.5.1 Spaciqg of Bow Chocks

When two mooring hawsers are necessary to provide sufficient strength
to resist the total mooring load , the spacing of the bow chocks will influence
the maximum load experienced in each hawser. If the bow chocks are widely
spaced , a high percentage of the total mooring load will be carr ied by first
one hawser and then the other as the vessel yaws from side to side. This
type of motion commonly occurs at SPMs and has frequently been observed in
both model tests and at actual SPM facilities . The causes of this type of
behavior are discussed in subsection 2.4.1.

The degree of shar ing of loads in dual hawsers is a f unc tion of
the spacing of the chocks on the bow of the tanker and the amount of yaw
of the tanker . This can be clearly seen in Figure 4—12 where the difference
in hawser elongation is shown to be roughly equal to the bow—chock spacing
times the sine of the yaw angle for small angles of yaw.

Through model testing , ARANCO found that dual mooring lines are
essen tially as ef fec tive as a single mooring line provided the chocks are
within 2 m (6 ft) of each other (Flory, Apr il, 1977). ER&E has made similar
observations throug h model testing . In model tests with dual mooring lines
run to chocks spaced approximately 3 in (10 ft) apart on the bow , ER&E found
that the peak mooring loads were shared almos t equally, but in the same cross-
current environmen t with the chocks spaced approximately 30 in (100 ft) apart
on the bow the higher loaded line took almost 75% of the peak mooring load.
Shell has stated that in a two—hawser system the highe r loaded line may take
two—thirds of the total mooring load (Langeveld , 1975).
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To avoid this unequal sharing of loads between dual hawsers on
tankers with widely spaced bow chocks , it is preferable to bring bo th hawsers
to one or a pair of fairleads on one side of the center of the bow.

4.5.2 Location of Mooring Fittings on Forecastle Deck

The location of mooring bitts , chain stoppers , and mooring bracke ts
on the forecastle deck is important to insure that they equally share in
carrying the total mooring load .

On many vessels , mooring b itts are poorly located for SF14 oper-
ations , espec ially when two moor ing hawsers are required to resist the
total mooring load . Figure 4—13 shows a typical method of using snotters
to tie—off the chafing chains of a dual hawser system. Note that because
of the location of the moor ing bitts , the two snotters required for each
chain are of unequal length . Under load both snotters elongate approximately
the same amount , but the shorter snotter takes a higher percentage of the
load . Also, the angles between the line of the chain and the snotters are
unequal. In this example, these two factors result in the nearer bitts
carry ing a higher share of the load . The unequal length of the snotters
is more significant with synthetic snotters because of their non—linear
elongation characteristics. If wire snotters were used , the load—elongation
characteristic is more linear and thus , this effect is less pronounced .

The location of mooring b itts varies considerably from vessel to
vessel and it is difficult to present general guidelines on how to adjust
the maximum permissible mooring loads accordingly. SF14 operators should
be aware of these problems , however , and be able to recognize those cases
where one mooring bitt will have to carry a higher share of the load .

Chain stoppers and mooring brackets are specifically mounted for
SPM operations and are normally placed an equal distance behind the bow
chocks and symetrically about the vessels centerline so that these pro-
blems do not occur . SPM operators should be alert , however , for the rare
vessel which m ay have fittings unequally spaced behind the bow chocks . If
this occurs , the length of the chafing chains between the hawsers and the
fi ttings should be adjusted , if poss ible , so that both hawsers share the
strain equally.

4.6 MAXIMUM LOADS FOR SHIPBOARD MOORING FITTINGS

It should be evident from the preceeding discussions tha t the
streng th of shipboard mooring fittings is highly variable. Not only have
var ious ship designers used different criteria for establishing the strength
of the fittings , but shipyards have used different methods of attaching
the fitt ings to the ship’s structure . It is prudent , therefore , to establish
conservative guidelines without unduely penalizing cargo transfer operations.
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Table 4—2 , “Maximum Loads for Shipboard Fittings” gives recommended
maximum mooring loads for mooring bitts , chain stoppers , and mooring brackets.
Loads for two catagories of construction are given depending on the method
used to attach the fitting to the ship ’s structure.

For mooring bitts , “Good Construction ” refers to bitts extending
through the base plate and welded to both the base p late and the ship ’s deck
with adequate underdeck reinforcement as discussed in Section 4.3.1. The
method of attachment cannot be determined by visual examination. Therefore,
the loads given in the column “Questionable Construction ” should be used
to establish the maximum load for mooring bitts unless the ship ’s personnel
can present evidence showing that the bitts are properl y designed and attached
to the ship’s structure .

For chain stoppers or mooring brackets , the loads given under the
column “Good Construction ” should be used unless inspection reveals that the
fitting is poorly constructed or is mounted with inadequate or no underdeck
reinforcement. In these cases, the loads listed under “Questionable Construc-
tion” should be used.

The loads given in Table 4-2 only apply to well—maintained fittings .
For f ittings which appear corroded or have spl it or broken welds , these loads
should be reduced. The amount of load reduction is a matter of subjective
judgement and would depend on the actual amount of damage to the fittings.
If some corros ion or weld damage is v isible however , other damage may be
present which can ’t be seen. Therefore , a conservative reduction factor
of between 1/3 and 1/2 should be used depending on the degree of corrosion
or other damage evident. Fittings which are severely corroded or have evidence
of poor welds or severe damage should not be used as it is impossible to
estimate the strength of these fittings.

4.7 COMPATIBILITY OF HAWSER ASSEMBLY
WITH MOORING FITTINGS

The hawser as~ embly is defined as the hawser or hawsers , the tanker—
end and buoy—end chafing chains , and all associated thimbles , shackles , con-
nec ting pieces , floats or buoys , and pick—up ropes. The design of the hawser
assembly is co rered in detail in Section 5 of this report.

Because of the wide variety of shipboard mooring fittings currentl y
installed on the world ’s tanker fleet , it is difficult to design the tanker—end
chafing chain system of the mooring hawser asse mbly to be com p letel y compatible
with all sh ipboard moor ing fittings which might be encountered. The Oil
Companies International Marine Forum (OCIMF) has been addressing this problem
for a number of years is c urr ent ly work ing on standards f or shipboard SN
moor ing fittings and SF14 hawser chafing chain arrangements.
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4.7.1 At taching to Chain Stoppers and Mooring Brackets

Before attaching the chafing chain to a mooring bracket it is usually
necessary to unshackle the pick—up rope from the end link. A ship ’s wire on
a winch may be shackled to the triang le plate of the chafing chain or the
chafing chain may be stopped off in some other manner . The tension is removed
from the pick—up rope , and the pick—up rope is unshackled from the open
link. The open link is then p laced between the plates of the mooring bracket
and the pin is dr iven through the open link. Once the chafing chain is
secured to the bracke t , tension in the ship ’s wire is relaxed , and the wire
is unshackled so the chafing chain can be released quickly in an emergency .

The des ign of moor ing brackets found on tankers vary . Some brackets
have large pins which require spec ial large open links on the end of the
chafing chains. Other mooring brackets have limited clearance between the
side plates , and standard open links canno t be inserted. For these tankers ,
the chaf ing chains may have to be attached to mooring bitts as descr ibed
in subsection 4.7.2.

Recen tly, several terminals have taken up the prac tice of plac ing
an open link and shackle in the moor ing bracke t before the moor ing approach
is made , and then shackling the end of the chafing chain to this open link
or to a short length of chain connected to this open link. Terminals that
have adopted this practice find it is more efficient and safer than the normal
method of mooring to a mooring bracket.

OCIMF is prepar ing recommendations which call for all new tankers
to be outfitted with chain stoppers. There are several different chain stopper
designs . The design may place limitations on the chafing chain design and
d ictate how the chafing chain is handled as exp lained in subsection 4.3.4.

Some chain stoppers which are otherwise designed for 76 mm (3 in.)
chain cannot pass the enlarged open link usually fitted on the end of the
chafing chain. When such chain stoppers are encountered , it may be necessary
to place a short length of extra chain in the chain stopper and shackle this
to the chafing chain.

When attaching dual hawser assemblies to chain stoppers , care should
be taken to insure that the length of chafing chains between the hawsers and
the fittings are adjusted so that both hawsers share the strain equally .

4.7.2 Attaching to Mooring Bitts

On tankers which are not fitted with chain stoppers or mooring
brackets or if the chain is improperly sized to fit the chain stoppers
or moor ing bra ckets , it will be necessary to connect the chafing chain
to mooring bitts . This is usually done with synthetic—rope or wire—rope
snotters. A snotter is a short length of line with an eye thimble at one
end and a large diameter soft—eye at the other end .
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The proper procedure to use a snotter is to shackle the eye—thimble
end of the snotter to a triangular plate or end link in the chafing chain ,

• pull the snotter tight , and f igure—eight it about the mooring bitts. The
snotter should always lead from the bottom of the bitts to the chafing
chain as this minimizes the bending moment applied to the bitts . At least
four or five complete turns should be taken about the bitt , preferably
more if there is room . Properly sized and designed snotters allow the
moored vessel to utilize the full strength rating of its mooring bitts.
SPM operators have generally found that about 25 in (85 ft) is a convenient
length of a snotter for most ships.

The ability of the deck crew to conveniently handle wire—rope
• snotters limits the size wire to about 54 mm (2 1/8 in.) diameter . The

average breaking strength of a 54 mm , solid—core , wire rope is about 1950 kN
(440 ,000 lb). Arm accepted practice is to limit the load in a wire snotter
to 55 to 60% of the new breaking strength . This allows for strength re-
duction due to sp lices , bending, and deterioration. Since the snotters are
eas ily acc ess ible and can be frequently inspec ted f or wear or damage , this
factor is acceptable. By this criteria , each snotter is capable of carrying
about 1150 kN (260,000 lb). It is thus usually necessary to use at least
two wire—rope snotters per hawser assembly to carry high mooring loads.
Different size or strength wire rope may, of co urse, require more or fewer
snotters to maintain the same load .

Many operators dislike using wire rope snotters because of the in-
convenience of handling them. Wire ropes are stiff and cumbersome and must
be kept well greased to avoid deterioration . After a wire rope has been
in service for a short time , it begins to develop shor t , broken wire strands
which can cut or stick into the deck crew’s hands caus ing minor , but painful ,
injuries. Some operators , therefore , use synthetic snotters to connect
the chafing chains to the mooring bitts .

Nylon , beca use of its high strength, is often used for synthetic
rope snotters . Using a factor of safety of 50% of new breaking strength ,
two nylon snotters of 96 nun diameter (12 in. circumference) would be required
to maintain the same load capacity as two 54 mm wire rope snotters. Because
of the hig h—elas ticity characteristics of nylon , it is likely that the two
snotters would not evenly share the total load . Also , with a high—elas ticity
snotter the amount of movement , and thus , ra te of wear , of the chafing cha in
in the bow chock as the hawser is alternatively loaded and unloaded will
be mor e than with a relatively stiff wire snotter. In addition , w ith a nylon
snotter , should the hawser or snotter fail under load , the high elas t icity
will cause a violent snap—back which could injure deck personnel in the
vic inity . Nylon is also susceptible to degradation by rus t , which is likely
to be encountered on poorly— maintained vessels .
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• Although not as commonly used , poly ester is preferable to nylon
• for synthetic—rope snotters. Polyester has lower elasticity than nylon and
• is not as susceptible to degradation by rust. The strength of polyester

is slightl y lower than nylon and , therefore , slightly larger snotters may
be required.

Use of a single snotter is not usually practical because the large
size which would be requ ired wou ld present handling difficulties for the
deck crews. SPM operators generally agree that 112 to 128 mm diameter (14
to 16 in. circumference) synthetic snotters are as large as can be conveniently
handled .

4.8 OPERATIONAL AND HUMAN FACTOR LIMITATIONS

In addition to factors limiting the maximum permissible mooring
• loads associated with shipboard mooring equipment , consideration should be

given to crew safety and cargo—hose handling. The following subsections
discuss how these factors may limit the maximum environment in which SFMs
may be operated.

4.8.1 Maximum Environment In Which Hoses Can Remain Connected

The maximum environment in which a vessel will continue cargo—
transfer operation should be slightly lower than the maximum design mooring
environment. Although the vessel may be able to rema in moored in up to
the maximum design environment , the cargo hose should be disconnected and
lowered over the side before the mooring system experiences the maximum
operational environment. Limitations on the maximum environment in which
cargo transfer operations can take place must also take into account con-
siderations for the safety of the crew , problems in handling the hoses ,
and stresses induced on the hose and the tanker manifold .

Figure 4—14 shows a typical arrangement used in connecting SPM
cargo hose to the ships manifold . Under the maximum design environment
considerable stresses and motions are induced into the cargo hoses as a
result of wave action on that portion of the hoses floating on the water
surface. At the same time , the vessel will be experiencing some rolling,
pitching, and heav ing . The vessel response to the environment depends on the
tanker size and will be greater for smaller tankers. Under these conditions ,
the prac tical considerations of disconnecting the cargo hoses and lowering
them o er the side are difficult. The risk of injury to deck personnel is
increased as mos t of this work must be done by hand and the equi pment envolved
is heavy and cumbersome . It may be impossible to avoid spilling some amount
of oil on the deck under these conditions , increasing the hazards associated
with the operation.



— 4.15 —

The maximum environment in which the ship ’s crew can safely perfor m
the cargo hose disconnec tion is a matter of subjec tive judgemnent and mus t
be decided by the vessel’s master who is responsible for his crew. Most
SF14 operators , however , recommend that the cargo hoses be disconnec ted when
wave heights approach 3.7 m (12 ft) unless the vessel has a specially modified ,
remotely—controlled , manifold coup ling system. To date , only a f ew vessels
have been equipped with such a manifold and these vessels are all dedicated
to specific SF14 facilities.

In add ition to concern for the safety of the deck crew during the
cargo hose disco nnec tion , prudent operators recognize that the risk of a
mooring system failure is highest when the vessel is moored in the maximum
design mooring environment . Should the vessel break out of its moorings
with the cargo hoses still connected it is probable that the hoses will be
overstressed with possible damage to the hose or other components in the
cargo transfer sys tem which may result in cargo sp illage and pollution .
To avoid this risk , if the hoses have not already been disconnected for
the reasons given in the previous paragraph , many operators will order
cargo hoses disconnected when the environment approaches about 80% of the
maximum mooring environment .

4.8.2 Maximum Environment In Which Hawser Can Remain Attached

Subsections 4.5 and 4.6 have discussed in some detail how the
maximum environment in which the vessel may remain moored may be limited
by the strength and efficiency of the shipboard mooring fittings . Even when
there is no physical danger of a breakout , however , considera tions for the
safety of the deck crew and the ability of the vessel to disengage safely
from the moor ing may dic tate an early depar ture if the environmental conditions
are deteriorating.

In very severe sea conditions , the vessel may be taking water over
the bow. Under these conditions, crew members working to disconnect the
hawsers from the shipboard fittings could be injured from a large wave breaking
over the forecastle. Communication with the bridge , bo th v isual and rad io
or telephone , may be poor or impossible due to spray and noise. Efforts
to relieve the strain in the hawsers , enabling the crew to safely and effi-
ciently disconnec t the chafing chains , may be frustrated by the tendency
for the vessel’s head to fall off as the ship trys to steam forward.

The vessel’s mas ter , as well as the SPM operators , shou ld keep
themselves aware of the conditions on the forecastle so that they can dis-
engage before the environment presents a hazard to the deck crew attempting
the above operations.
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4.9 SUMMARY

In very mild environments where the mooring loads are small , for
example less than 1,000 kN (225 ,000 lb), almost all vessels which may use

• the mooring will he able to remain moored in the maximum design enviror.ment.
However , SF11 systems designed for more severe environments , especially when
large sh ips are involved , may be des igned f or mooring loads in excess of

• 2,000 kN (450 ,000 ib ). In these cases , the strength of the shipboard mooring
• fitt ings may require many vessels to leave the mooring before the maximum

design environment is reached.

Unfortunately , there is a lack of standardization of shipboard
mooring fittings in the world tanker fleet. As a result , a wide var iety
of types of fittings may be encountered , some of which are underdesigned ,
poorly fabricated , or incorrectly installed . Visual inspection of these
fittings at the time the moor is made cannot always establish the strength
of the mooring fittings . This is especially true for mooring bitts , as the
strength of the bitt depends on its internal construction . A survey of
fittings mounted on tankers and discussions with naval architects has resulted

• in the list of maximum loads for various fittings given in Table 4—2. Unless
the vessel has documented evidence of the strength of th~ mooring bltts or
the method of construction or unless this can be determined by visual examin—
atiom , the loads classified as questionable construction should be used for
mooring bitts .

The use of the loads listed in Table 4—2 will require many vessels
to leave the mooring in environments less severe than that which they could
remain in if the true capacity of their fittings were known . This is unfor-
tunate as this will result in higher ber th outages and will increase costs
and congestion at the port. For these reasons , it would be prudent of tanker
fleet owners to have their shipboard mooring fittings classified as to actual
strength by a recognized classification soc iety such as the American Bureau
of Shipp ing, Lloyds Registrar of chipping, or Det Norske Veritas. This could
be done , at the owner’s option , dur ing the normal re—classification survey
or by specia l request when the vessel is at a port where a classification
society surveyor is stationed.
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TABLE 4—2

MAXIMUM LOADS FOR SHIPBOARD FITTINGS

Mooring Bitts

Good Construction Questionable Construction

Bitt Diameter k newtons pounds k newtons pounds

450 mm (18 in.) 1160 260,000 800 180 ,000

500 mis (20 in.) 1520 340,000 980 220 ,000

550 mm (22 in.) 1864 420,000 1220 275 ,000

600 mm (24 in.) 2452 550,000 1600 360 ,000

Chain Stoppers and Mooring Bracke ts

k newtons pounds k newtons pounds

For 64 mm (2 1/2 ~.) chain 1470 330 ,000 980 220 ,000

For 76 mis (3 in.) chain 1950 440,000 1330 300 ,000

• Notes:

1) Loads given are the maximum safe working loads and are defined as approx-
imately one—half the ultimate capacity of the fitting.

2) For moor ing bitts , good construction is defined as bitts which are extended
through the basep late to the deck and are welded to both the basep late
and the deck and are supported by adequate underdeck reinforcement.

3) For chain stoppers and moor ing bracke ts , good construction is defined as
fittings which are structurally tied to adequate underdeck reinforcement.

4) These loads are for well—maintained fittings . For fittings which appear
slightly corroded or have m inor split or broken welds , these loads should
be reduced by at least 1/3 to 1/2. No values can be assigned to fittings
w ith severe corros ion or evidence of poor welds .
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SECT ION 5

GUIDELINES FOR EVALUATING
MOORING SYSTEM DESIGN

5.1 INTRODUCTION

• The components of the SPM system which carry the m .’oring load must,
be des igned , fabricated , installed , and maintained in a competent manner to
assure the safety of the system. These components are the bow hawser , with
associated chafing chains and connectors , the structure of the mooring
buoy or tower , the anchor chain or chains , and the mooring base or anchor
points.

Data and standards for the design and fabrication of structures ,
such as the SPM buoy and mooring base, of anchor chain, and of anchor piles
are well known. Data and standards for the design and fabrication of SPM
hawsers and hawser assemblies are not as well establ ished or read ily
available. Therefore, most of this section pertains to information on
hawser materials , hawser rope construction , the proper ties of hawsers ,
and design practices for hawsers and hawser assemblies. Brief discussions
of the mooring structure and anchor chains are given at the end of the
section .

In the American and English synthetic rope manufacturing industries
it has been common practice to refer to the sizes of ropes by their circum-
ference in inches. As the~ e industries convert to metric or SI units the
rope sizes are being referred to by their diameter in millimeters. Because
rope diameter is generally nominal instead of precise , it is common to
multip ly the circumference in inches by 8 to determine the nominal diameter
in millimeters. Therefore , rope sizes in this report are referred to by
their nominal diameter in millimeters with the equivalant circumference
in inches given in parenthesis. For example , a 15 inch circumference rope
will be referred to as 120 mm diameter (15 in. circumference).

A list of manufacturers of large synthetic ropes is given in
Table 5—1 . The list includes those manufacturers who have experience in
manufacturing large—diameter synthetic ropes in the range of sizes used
as SPM mooring hawsers. A list of manufacturers of large chain is given
in Table 5—2.

5.2 SYNTHETIC ROPE MATERIALS

SPI’1 hawsers are usually made from one or a combination of the
following three synthetic fibers; nylon , polyester , or polypropylene . The
synthetic fibers polyeth ylene and Kevlar* are also used for large rope con-
struction but they have proper ties which make them undesi rable for SPM
hawser s. Polyethylene is weaker than other synthetic fibers and it tends
to become brittle at normal SP~-1 site temperatures. Kevlar * is very Inelastic ,
which is und esirable in an SPM hawser , and it is more susceptible to damage

• from bending than other synthetic fibers. The natural fibers m anila and hemp

4 *Kevlar is a DuPon t trade name for a high—strength , low—stretch aramid fiber. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • •~~~~~~~~~~~~~~~~~ • .•~~~



— 5.2 —

were once used for large—rope construction but have been disp laced by syn—
thetic fibers. Physical properties of typical nylon , polyester , and poly-
propylen e fibers used in rope manufacturing are presented in Table 5—3.

5.2.1 Fiber Grades and Types

The physical properties of nylon and polyester vary with fiber
manufacturers and some manufacturers produce several grades of nylon and
polyester . The main difference between the different grades of polypropylene
is resistance to sunlight. This property is not important in the large
synthetic ropes used at SPIts .

One reason that nylon fiber properties vary is that some rope
manufacturers use nylon 6.0 (epsilon amino caproic acid) while others use
nylon 6.6 (hexamethylene diamine and adipic acid). A major physical char-
acteristic difference between the two nylons is their melting points. Nylon
6.0 melts at 213 C (415 °F) and nylon 6.6 melts at 249°C (48O~ F). The d if—
ference can be significant in abrasion and fatigue resistance of SPM hawsers.
Nylon 6.6 is more difficult to manufacture so it is more expensive than
nylon 6.0 in some parts of the world . Presently, nylon 6.6 and nylon 6.0
are essentially equivalent in cost in the United States.

Polyester is produced in homo—nolymer and co—polymer forms . Co—
polymer polyester is the weaker of the two forms and is not generally used
in rope construction.

The basic nylon and polyester fibers are coated to enhance their
qualities . The coatings put on the fibers differentiate their grades. Each
coating is formulated to enhance fiber qualities important for a specific
fiber use. The nylon and polyester fibers used for synthetic ropes are
the sar ~s those used as tire cord in tires. The coatings for these fibers
are fo • ~ated for the hi ghest strength and abrasion resistance possible.

• Each manufacturer designates the different grades of fibers which
he produces by his own nomenclature . There is no industry—wide convention
for class if ying the different fiber grades , and the fiber manufacturers
hold this data as proprietary . Therefore , it is difficult to compare the
qualities of fibers produced by different manufacturers. Rope users must
rely on characteristics of hig h quality fibers and experience with and

• reputation of the different fibers to judge quality. At this time , DuPont
ny lon 6.6 type 707 and Allied polyester type 1W81 are representative of
the bcct nylon and polyester fibers available. Other fibers may be of
equal quality.

L • . .
~ ~~~~~~----

_ _ _ _ _ _ _ _ _ _ _ _ _



• ~~~~• . ~~~--- -~~~~~~~~~~-.~~~~ ‘

— 5.3 —
Nylon fibers absorb water up to 10 to 12% of their weight . As

a result , the filaments swell , shrink in length by about 10%, and lose about
10% of their strength when wet. Recognizing this strength reduction , the
strength of nylon ropes for some app lications should be reduced about 10%
below the catalog values. However , the shrinkage of nylon filaments increases
their energy absorbtion capabilities and , thus , SPN mooring loads may be
lower when the fibers are wet. Some manufacturers believe that the increase
in energy—absorb tion capability compensates for the reduction in strength
of wet nylon fiber for SPM hawsers. Recommendations on the strength reduction
for wet nylon hawsers are given in subsection 5.7.

The third fiber used for SPM hawser construction , polypropylene , is
relatively easy to manufacture. Many rope manufacturers purchase polypropy lene
in granular form and then extrude their own polypropylene fibers . Because
polypropy lene fiber manufacturing operations are usually small and because
of the great number of polypropylene fiber manufacturers , it is difficult
for the rope user to determine polypropy lene fiber quality and to judge the
quality control exercised by the different manufacturers.

Rope users must specif y high quality fiber characteristics from
rope—manufacturers with good reputation and experience to obtain the best
quality. If specific nylon— or polyester—fiber manufacturer ’s products are
not called for in rope specifications , characteristics of high quality fibers
should be specified. Characteristic for specifying hig h—quality nylon ,
polyester , and polypropylene fibers ar~ given in Table 5— .-~

Synthetic fibers are usually manufactured in either monofilament
or multifilament form. Denier per filament is sometimes used to differentiate
monofilament fibers from multifilament fibers. Denier is a measure of filament
size. It is the weight in grams of 9000 meters of filament. Wall Ropes
stated that in the U.S. cordage industry fiLaments below approximately 40
denier per filamen t are classfied multifi lament and those over this value are
classified monofilament. Wall Ropes further classified monofilament fibers
as those large enough to be used singularly in the rope manufacturing process
whereas nultifilarnen t fibers are those which must be twisted together to form
a workable filament size. The division point between monofilament and nultifil—
ament fibers is not universally defined , and it varies between countries
and between industries. Canadian Standard 40—GP—13 defines the division
between monofilamen t fiber and multifilamen t fiber to be 25 denier per fil—
ament. Filaments used in rope manufacturing are usually significantly below
or above the range of 25 to 40 denier per filament . Samson Ropes have stated
that multifilament fibers are generally stronger than monof ilament fibers.

A -44
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Monofilament polypropylene fiber is sometimes cut in approximately
1 m (3 ft) lengths to form staple fiber. This fiber form was originally
constructed to resemble natural fibers such as Manila. The cut filaments
are grouped and twisted together in a random overlapp ing fashion for rope
construction . Friction between the filaments prevents the rope from slipping
apart. Ropes manufactured with staple fiber have a hairy appearance like
natural material fibers. This can make a rope easier to handle and give the
tope abrasion protection . Ropes constructed with continuous monofilament or
multifilament fibers form the same type of fuzzy surface once abrasion begins.
Similar abrasion protection is then obtained. The ability to handle a rope
is not usually an important criteria for SPM hawsers.

Staple fiber is not believed to be superior to monofilament or
multifilamen t fibers so it is not ususally specified for SF14 hawsers. However ,
stap le—fiber ropes are as strong as continuous monofilament or multifilament
ropes and compare favorably in other rope properties , so use of stap le—f iber
ropes should not be ruled out at SPMs .

Film fibers are also manufactured for some rope applications .
Film filaments are thin tape—like strips resemb ling movie film . Polyprop-
ylene is usually the only material manufactured in this form . Film fibers
as presently manufactured are generally weaker than monofilament or multi—
filament fibers. Therefore, film fibers are not usually used for high
strength app lications such as SPM hawsers. The advantage of film fibers
for some app licatons is low cost because it is relatively easy to manufacture .

5.2.2 FIber Elasticity

The hawser between the SPM buoy and the moored tanker must provide
a certain amount of elasticity . At many SPMs, especially those in relatively
shallow water , a hawser with a large amount of elasticity is needed to keep
mooring loads within acceptable limits. The hawser elasticity also serves
as a shock absorber between the buoy and the tanker. As the buoy moves
in response to waves it can impose high loads in a stiff hawser. Buoy—induced
loads are minimized in an elastic hawser. The importance of mooring system
elastic ity is discussed further in subsection 2.6.

Hawser elasticity is determined by the hawser fiber , hawser con-
struction , and hawser length. The effect of different hawser constructions
is discussed in subsection 5.6 and limitations of hawser length are discussed in
subsec tion 2.6.

Comparative fiber load—elongation curves for the various materials
are not available. Comparative load—elongation curves for nylon , polyes ter ,
and polypropylene ropes of the same construction are given in Figure 5—1 .
Nylon is more elastic than either polypropy lene or polyester. The high
elasticity of ny lon gives it high energy—absorbtion capabilities. Therefore,
nylon is usually used in SPM hawsers , espec ially at shallow—water SPIIs.



-~~~~~~~~~ . - - -~~~~~—• -~~~~~~~~~- -~~~~~~~~~~~~~~-~~~~~. •  -~~~~~-~~~~~~~~~~~~- 

~~~~~~ 1

- 5.5 -

Polypropy lene fiber is slightly more elastic than polyester fiber.
However , polyester fibers which have been heat set as part of the rope—
making process , may be slightly more elastic than polypropylene fibers ,
which are normally not heat set. This effect causes apparent discrepancies
in comparison of elasticities for ropes of different materials. Other
possible reasons for discrepancies are discussed in subsection 5.6.1.

5.2.3 Fiber Abrasion Resistance

Abrasion resistance of the different fibers is a function of fiber
melting point and the fiber overlay coating or fiber surface finish . As
stated in the discussion on grades of fibers , the coatings put on ny lon and
polyester are formulated to increase strength and abrasion resistance. Poly-
propy lene is not usually coated. Unfortunatel y, because the fiber manufac-
turing industry treats data on fiber coatings as proprietary , little quart —
titative data could be obtained on fiber coatings. As a result , the physics
behind the coating effects on fibers and ropes cannot be discussed.

Fiber and rope manufacturers run their own abrasion tests to judge
the quality of various fibers. Test data indicate that polypropy lene is
inferior in abrasion resistance to ny lon and polyester . Its inferior ity
is due at least in part to its lower melting point.

Results of abrasion tests on nylon and pol yester fibers vary a
great deal . Part of the variation is due to the wide variety of testing
techniques used . However , the largest variations in test results apparently
occur because different types and grades of fibers have been tested and
compared . The specific type and grade of fiber used is not usuall y pr e-
sented in test results. Because of its lower melting point , nylon 6.0 has
poorer abrasion resistance than nylon 6.6, and abrasion test results on the
two nylons will differ . Fiber coating plays a large part in abrasion resis-
tance , so tests performed on fibers of various grades and from different
fiber manufacturers will give different results. Water also has an effect
on some fiber s and coatings, so abrasion tests on wet fibers can give different
results than tests on dry fibers.

Data available at this time does not conclusively prove either nylon
or polyester to be significantl y superior in abrasion resistance . Top grade
polyeste s such as Allied polyester type IW81 may be slightly more abrasion
resistant than top grade nylons such as DuPont nylon 6.6 type 707. Further
abrasion testing on new improved grades of polyester may show polyester to
be significantly more abrasion resistant than nylon .

5.2.4 Fiber Strength

Hawsers at SPNs must withstand very high mooring loads actd . there-
fore, must be made from very strong fibers. Fiber strength is measured
by tenacity . Tenacity is defined as the breaking strength of the filament.
in the SI system tenacity is expr essed in Newtons per rex ; Traditionally
it is expressed in grams d iv ided by denier. Tenacitites of typical
nylon , polyester , and polypropylene fibers are given in Table 5—3.
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There are stronger synthetic fibers than nylon , polyeste r , and
polypropylene but certain physical proper ties make these stronger fibers
undesirable for use in SPM hawsers. Of the three fibers used in SPM hawsers ,
nylon is the strongest , polyester ranks second , and polypropylene is weakest.
The strength difference between nylon and polyester is small and is decreasing
as improved grades of polyester are being developed . Streng th values for
some of the newest polyester fibers are not yet published but DuPont has
stated their new Dacron* type 608 is very nearly as strong as their nylon
6.6 type 707. The polypropylene fiber representated in Table 5—3 is only
about 70% as strong as the typ ical nylon represented in that table.

5.2.5 Fiber Specific Gravity

As shown in Table 5.3, polypropy lene is the only fiber of the
three with a spec ific gravity less than that of water. Polypropylene
hawsers float without the need of additional floatation . Nylon and
polyester hawsers need some form of additional floatation because their
specific gravities are greater than that of water .

Polypropy lene’s ability to float can be an advantage at SPMs
alth ough not necessarily a strong advantage . Without the need for
additional floatation , an entire polypropy lene hawser can remain visible
and be eas ily inspected for external abrasion and cuts. In addition ,
because there is no floatation to remove , polypropylen e hawsers can be
quickly winched by traction winches at SPMs designed for self—service
mooring. Because of polypropylene ’s ability to float it is commonly used
for pick—up ropes which are used to winch the mooring hawsers to the tanker
forecastle.

As expla ined in subsection 5.8.2, the cover of floatation material
serves to protect the hawser from abrasion artd cuts. Al though hawsers with
additional flotation are harder to inspec t, they are less likely to be
cut or abraided because of the protection provided by the covering floa—
tat ion . The need for additional floatation on mooring lines which must
be handled on traction winches is a disadvantage. However , floatation
dev ices are availabl e which can be quickly removed so the hawser may be
winched. Traction winches and self—serv ice mooring would not normally be
used at general SPM terminals.

5.2.6 Fiber Ultraviolet and Chemical Resistance

Ultrav iolet and chemical fiber degradation resistance of SF14 hawsers
are not usually important factors. Because of their large sizes , SPM hawsers
do not experience any significant strength loss from ultraviolet exposure
due to sunlight . Most SPMs are located in relatively clean water precluding
hawser strength loss from chemical attack. However , a general understanding
of these two forms of degradation is still important.

*Dac ron is a DuPon t trade name for polyester.
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Of the three fibers , polyester is most resistant to ultraviolet
degradation, nylon is also very resistant , but polypropyl ene read ily de-
grades when exposed to ultrav iolet rays . Many ropes of polypropylene and
some of nylon have ultraviolet inhibitors such as dyes added to slow ultra—
violet degradation .

Ultraviolet rays attack only the outer fibers of a rope. Rope
strength loss due to ultraviolet degradation will vary inversely to the
ratio of a rope ’s volume to its surface area . Rope volume is proportional
to the square of rope diameter while rope surface area is proportional
to rope d iameter . Therefore , the ratio of rope volume to rope surface
area increases in proportion to rope diameter. Relating this to ultraviolet
degradation resistance , the larger the rope is , the more resistant it is
to ultraviolet rays . Rope manufacturers have stated that polypropylene
ropes over 24 mm diameter (3 in. circumference) will not be significantly
aff ec ted by ultrav iolet rays . Nylon and polyester ropes are even more
resistant. As SPIt hawsers are usually at least 120 mm diameter (15 itt .
circumference), strength loss due to ultraviolet degradation is neglig ible.

Chemical resistance of the three fibers is generally good. In
general terms , strong ac ids degrade nylons and stron~ bases degrade poly-
esters. Polypropy lene seems to be very resistant to almost all chemicals.
Test data shows a saturated solution of chlorine at 2 1C C (70 F) will degrad e
polypropy lene (DuPont Technical Report X—225). However , exposure to the
chlorine in seawater shou.ld not cause significant effects.

Chemical resistance of a typical nylon and a typical polyester to
many chemicals are given in Table 5—5 (DuPont Technical Report X—226) . The
chemicals that degraded the nylon and polyester fibers were either concentrated
or at high temperature. The presence of chemicals at either high temperature
or in high concentration is very unlikely at SPMs.

Rust can cause chemical degradation of polyester and nylon ropes .
Besides producing flakes of rusted metal which can cut synthetic fibers ,
rust produces an acid which has been shown to readily degrade nylon , and to
degrade polyester to a lesser degree . A general evaluation for determining
remaining strength of rust—stained ropes is given in DuPont Technical Report
X—226. If half of the cross—sectional area is rust—stained , rope strength
is reduced by one—half . This evaluation may not be accurate , especially for
polyes ter ropes , but it demonstrates the importance of keeping nylon and
polyester SFM hawsers away from rusting metal . Polypropyle ne SPM hawsers
are not chemically affected by rus t but should still be kept from rusting
metal to prevent the fibers from being cut by rusted metal flakes .

Very little data has been found on the effects of petroleum products
on synthetic fibers . Data from cyclic load tests conducted by United Rope s
discussed in subsection 5.~~.2 indicates lubricating oil or grease reduces
the strength of ny lon rope . However , Samson Ropes have stated some U.S.
West Coast fishermen soak ny lon ropes in diesel fuel before use because it
allegedly improves the strength of the rope .
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Unless very unusual conditions exist at a SPM, such as proximity to a

chemical outfall , chemical degradation of SPM hawsers in service is not an
important factor (except perhaps chemical degradation caused by rust). Pre-
cautions must be taken against chemical degradation during storage or handling.
Synthetic ropes should not be stored near sources of certain chemical fumes ,
such as in paint lockers , or near chemical process operations . To prevent
degradation by rus t , SF11 hawsers must he kept from rusting metals. Proper
storage of hawsers onboard tankers is discussed in Section 4.

5.2.7 Material Recommendations

No one material , nylon , polyester , or polypropylene , can be recom-
mended for every SF11 hawser app lication . Design criteria for each SF11 will
indicate the best material to use. At most SPMs nylon is used for the hawsers
and polypropylene is used for the pick—up ropes.

Nylon’s high energy—absorbtion capability along with hig h strength
and abrasion resistance makes it preferable for many SF11 hawser applications.
The preference for nylon is based on the use of nylon 6.6; nylon 6.0 is in-
ferior to both nylon 6.6 and polyester in abrasion resistance . New grades
of polyester now being developed may approach the strength of nylon and
may be significantly more abrasion resistant than ny lon 6.6. If the new
grades of polyester prove to be superior to nylon they may be preferable
at SPMs in deep water where nylon ’s energy absorbtion capability is not
as important.

Different materials should generally not be mixed in tie same rope .
Materials are sometimes mixed to obtain the best qualities of each material ,
such as the strength and abrasion resistance of nylon or polyester and the
buoyancy of polyp ropylene . However , because of the different extensihiiittes
of the materials and polypropylene ’s susceptibility to creep, one o~ the
component fibers may take a larger percentage of the load. The strength of
mixed—material ropes may degrade more rap idl y than single—material ropes.
For this reason , specia l care must be taken in selecting and specifying
mixed—material ropes. Specia l mixed—materia l ropes which are properly
engineered to take advantage of the different material properties nay be
suitable for some applications .

The best quality nylon and polyester fibers are overlay finished .
The nylon—and polyester—fiber overlay finish processes are proprietary and ,
therefore , cannot be rigidly specified. Polypropylene fiber quality is
hard to specify because many rope manufacturers produce their own poly—
propylene fibers. To insure quality fibers are used in rope manufacturing,
high qual ity fiber characteristics should be specified from manufacturers
with good reputations and experience .

L •~~~~~~~~~~~~~ 
•
~~~~ ~~~~•
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5.3 SYNTHETIC ROPE CONSTRUCTIONS

Rope making is a very old art and there are many different forms of
rope construction in existence today. Some of the more common constructions
are parallel—lay, three—strand (also known as regular lay), eight—strand
(also known as squarebraid or plaited),nine—strand (also known as cable
lay) , and double—braid . Eight—strand and double—braid ropes are the only
rope constructions used extensively at SPMs . The main reason that cable
lay and three—strand ropes are not used is that they are subject to hockling.
Hockling is very detrimen tal to the rope . Parallel—lay ropes must be held
together by a cover which makes them hard to bend. They are also hard
to splice and they lack the elasticity which is needed at SPMs . Three—strand ,

• eight—strand , and double—braid rope constructions are discussed in the following
subsections.

5.3.1 Strands and Yarns

The preparatory treatment of the fibers in making the various
common rope constructions is the same. The process of twisting filaments
into yarns and then into strands is shown in Figure 5—2 . Monofilament or
multifilamen t synthetic fibers are broug ht together and twisted to form
yarns . Yarns are broug ht together and twisted to form strands. The size
of the rope and the final construction techni que dictates ~‘ie number of
filaments used to construct yarns and the number of yarns used to construct
strands. The process by which the strands are formed into ropes vrries
with the type of rope construction .

The direction and tightness of fiber twist in the yarns , of yarn
• twist in the strands , and of strand twist in the rope are important in deter-

mining rope characteristics. Among the characteristics affected by the
twist of the differen t components are a rope ’s tendency to twist , its breaking
strength , and its elongation characteristics.

To prevent the final rope from having an inclination to twist ,
rope strands are twisted in the opposite direction of the yarns . Eight—strand
and double—braid ropes are usually made of equal numbers of strands with
opposite twists. This gives them excellen t resistance to twisting and
hockling. The uneven number of strands in three—strand ropes makes their
construction unbalanced and prone to hockling.

The tw ist of the fibers in the yarns and the twist of the yarns
in the strands are measured by their cyclic length. The greater the cyclic
length , the less elastic and stronger the component will be .
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The twist of the strands in the rope is measured by the helix

angle or the number of picks per unit length . The helix angle is the inverse
tangent of the strand cycle length divided by the rope circumference. The
picks per unit length is a count of the number of strands on the surface of
a rope in a distance of one unit length parallel to the rope axis . Although
in different forms , both measures give the same information. As above with
fibers and yarns, the more parallel the strands are to the rope axis , the less
elastic and stronger the rope will be.

There is a lack of uniformity in the definition of strand and in
the distinction between strand and yarn. Wall Ropes uses the term strand to
refer not only to the major twisted subcomponents of three—strand and eight
strand rope , but also to the next subdivision of twisted components .

British Ropes calls each major twisted component of double—braid
rope a strand . Samson Ropes calls the adjacent parallel group of twisted
components which are wound on the same bobbin and are braided together throug h

• the rope a strand . The bobbin or spool is called a carrier and , thus the
group of components which are wound on a single bobbin is also sometimes
referred to as a carrier. Each individual major twisted component is called
art end . Thus, British Ropes calls each end a strand and Samson Ropes calls
the components on each bobbin a strand .

In this report , the term strand will refer to an end , that is , a
single major twisted component.

5.3.2 Three—Strand Ropes

Three—strand rope is the traditional form of rooe construction.
However , because it is susceptible to hockling, it is gener.~1ly unaccept-
able for use in SPM hawsers.

Three—strand rope construction is shown in Figure 5—3. Filaments
are twisted into yarns which are then twisted into strands. Three strands
are twisted together to form three—strand rope .

Because three—strand rope is the simpliest of the three rope con-
structions , it is the least expensive. Cost is the only advantage of three—
strand rope . Three—strand ropes are not well suited for SPM hawsers because of
their tendancy to hockle . }lockles result from twisting of layed rope in a
d irection opposite to the direction of lay. Hockles resemble knots on a rope ,
as shown in Figure 5—4. Hockling greatly reduces the strength of a rope.
Hockling of three—strand rope can be caused by a number of reasons , includ ing
pull ing out kinks and rapid release of load . Both events are common in 5PM
serv ice and thus hockles are likely to occur. In some services , the hockl ed
porti on of a rope can be cut out and the rope can he resp liced . However ,
because SPM hawsers must be of a certain length , and fie ld spl ices are
of quest ionable strength , this practice is not acceptable at SPMs . Because
of the tendency to hockle , three— strand ropes are being rep laced in many
app lications by braided ropes.
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5.3.3 Eight—Strand Ro~~

Eight—strand rope construction is shown in Figure 5—5. Filaments
are twisted into yarns which are twisted into strands. Two pairs of rig ht—
turn strands and two pairs of left—turn strands are braided together to form

F the rope . Right turn and left turn refer to the direction of yarn twist in
the strands. The major advantage of eight—strand rope over most other rope

IL constructions is that it will not hockle.

• Eight—strand rope construction forms a tight rope , so it holds its
shape well when under no load . Double—braid rope does not hold its shape

• as well as eight—strand rope and thus is more susceptible to grapnel damage
when used as a pick—up rope . Eight—strand rope may also be easier to man-
handl e by launch and tanker personnel. Because of the tight rope construc-
tion , eight—strand rope is harder to bend than double—braid rope . This is
not viewed as either an advantage or a disadvantage at SFMs.

New eight—strand ropes have much greater elasticity than double—
braid ropes of the same material and breaking strLngth . However , when
both ropes are broken—in the difference in elasticities is slight. Elasticities
of eight—strand and double—braid ropes are discussed in subsection 5.6.

Eight—strand ropes have a reputation of being easier to field sp lice
than double—braid ropes. Ability of field splicing is not a tna i or advantage
in SPM hawsers. SPM hawsers should not be field spliced because inferior
sp lices are likely to result. Pick—up ropes may be field spliced to remove
worn sections and eight—strand ropes are sometimes preferred for pick—up
ropes for this reason.

If severely cut , eight—strand rope can quickly degrade in strength
The surface of eight—strand rope has a knuckled appearance. A deep cut
in one st rand of an eight—strand rope will essentially destroy its ability
to take loads. Damage to one strand in an eight—strand rope will cause
uneven load ing in the rope , and will cause some of the remaining strands
to take a much higher load . This will lead to break—down of the entire
rope under sustained or repeated loading.

Eight—strand rope is the traditional form of large ropes . As
such , there are a number of eight—strand rope manufacturers. Presently ,
Hawkins and Tipson Ropemakers can manufacture the largest eight—strand
rope . Their braiding machine is capable of making up to 192 mm diameter
(24 in. circumference) eight—strand rope .

5.3.4 Double—Braid Rope

Double—braid rope constr i tion is shown in Figure ~— f - . The number
of strands used in co n s t r uc t i o n  depends i the size 1 the final rope and on
the m a n u f a c t u r e r .  B o t h  Br i t  I ~h R~~p~- - m d  *miis n R p s  doubi e — h r i  Id ropes In
the size range of 120 to 1~~8 mm d ’ m r ’ietcr ( 1 5  inch to 21 inch c ir ~~i—ife rence )
have 64 s t r a n d s  in the cove r .  r i t i s h  Ropes d - ’ m i h l e — h r m i d  c o n s t r u c t i o n  has  32

-
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s t r ands  in the  core and Samson Ropes has e i ther  24 or 36 s t rands  in the core.
Note that  the s t rands  in the core are larger  than those in the cover . Refer
to subsection 5.3.1 fo r  the d e f i n i t i o n  of s t r a n d s  as used in th i s  r epo r t .

When double—braid rope is spliced , the core and cover are joined
together so they share the loads. The percentage  of the  load shared between

• core and cover is dependent on the number of f i b e r s  and the  twis t  of each
member . Br i t i sh  Ropes have s ta ted  tha t  the loads are shared 50—50 in their
double—braid ropes . Samson Ropes have stated tha t  in t h e i r  double—braid
ropes the core and cover share the loads 50—50 at near  the  rope b r e a k i n g

• s t r eng th , but in the normal working  load range the loads are shared 60
percen t in the core and 40 percent  in the cover . The r e d i s t r i b u t i o n  of
load sharing occurs because the filaments of the core and cover become more
closely aligned as the load is increased.

Double—braid rope wil l  not  hockle .  As s t a t e d  previous ly ,  this  is a
very  important  rope characteristic for marine hawser use.

Double—braid rope is a looser construction than eight—strand rope .
Therefore, double—braid rope is easier to  bend t han  e i g h t — s t r a n d  rope.  However ,
becaus e of the loose cons t ruc t ion , doub le—bra id  rope is more suscept ib le  to
grapnel damage. Also , because of i ts  looser construction , double—bra id ropes

• may be harder to manhandle by launch and tanker operators than ei gh t — s t r a n d  rope.

Double—braid rope is more likely to retain its strength when damaged
by cuts than eight—strand rope. Because the core is protected by the cover ,
there is very little chance of the core being cut. Also , the strength of the
core is not affected by a cut in the cover . Therefore, the core is likely
to retain its entire strength when the rope is damaged . Because all strands

• of eight—strand rope are exposed , eight—strand rope does not have this safety
protection . Another reason double—braid rope is more likely to retain its
strength is that the cover is made up of many more strands than eight—strand
rope . The strength loss from one or two cut strands of the 64 outer strands
of double—braid rope will be sigt-t ificantly ’less than the strength loss from
one or two of the eight strands of eight—strand rope being cut .

Comparing ropes of the same circumference, double—braid rope is
stronger than eight—strand rope. There are two mechanisms responsible for
this. Double—braid rope is made up of many small strands; thus the con-
struction is denser , and thcre are more fibers in double—braid rope per unit
area than in eight—strand rope. For two ropes of the same circumference ,
double—bra id rope will have more fibers to carry the load than eight—strand
rope . The second reason relates to the twist of the filaments in a rope .
The more para l le l  the f i l amen t s  are to the axis  of a rope , the s t ronger
the rope will be. Because of construction differences , double—braid rope
filamen ts are more parallel to the rope axis than eight—strand rope filaments ,
thus resulting in a stronger rope size—for—size. New double—braid rope is
less elastic than eight—strand rope for this same reason .



— 5.13 —

A new type of braided rope , 12—strand sing le—braid  rope , has recently
cone on the m a r k e t .  The cons t ruc t ion  of 12 s t r and  rope is shown in F igure  5—7.
Sing le—bra id  rope is now being used as the pick—up rope at several SPMs . Its
major  advantage over double—braid rope is lower cos t .  Like double—braid  rope ,
sing le—braid  rope is a loose cons t ruc t ion  so it tends to be more suscept ible  to
grapnel  damage and harder to handle than e igh t—s t r and  ropes .

5.3.5 Rope Construction Guidelines

The two rope components of SPM hawser systems, the hawser and
the pick—up rope , have differen t functions favoring different rope con-
structions. Double—braid construction is recommended for SPM hawsers and
eight—strand rope is recommended for pick—up ropes . Three—strand rope is
not recommended fo r  SPIt hawsers or pick—up ropes because of i t s  de t r imen ta l
tendency to hockle .

SPM hawsers must have maximum s t rength  and maximum s t reng th  reten-
tion . SPM haws ers mus t also be immune f rom hockling . Eig h t — s t r a n d  and
doub le—bra id  ropes will not hockle . Of these two cons t ruc t ions , double—
braid  ropes are s t ronger  s i z e — f o r — s i z e  because more f il at t fents  are contained
per u n i t  area and the f i laments  are more parallel  to the rope axis .

Double—braid  ropes are more l ikely to re ta in  their  s t r e n g t h  with
use fo r  a number of reasons. - Strand damage will cause less s t r e n g t h  loss in
double—bra id  ropes because loads are distributed through sixty—four cover
s t rands  ra ther  than eight s t r ands .  The core s t rands of double—braid  rope
are well p ro tec ted  f rom abrasion and cuts  because of the cover bra ided over
the core .  Ei gh t — s t r a n d  rope does not  have this reserve p ro tec t ion  because
all eig ht s t r ands  are exposed . Double—braid  ropes are also more abrasion
res i s tan t , because the outer su r face  of double—braid rope is much smoother
than the outer  su r face  of eigh t — s t r a n d  rope . For the reasons of maximum
s t r e n g t h  and s t r e n g t h  r e t en t ion , double—bra id  rope is recommended for  SPM

• hawsers.

The most i m p o r t a n t  c r i t e r i a  fo r  p ick—up ropes are ease of handl ing
and res i s tance  to damage f rom grapneling or other methods used to pick up
the rope . As wi th  SFM hawsers , pick—up ropes must be immune to hockling so
t h r e e — s t r a n d  rope is not recommended .

Eig h t — s t r a n d , double—braid , and sing le—braid ropes are presen t ly
us ed succes s fu l ly  as pick—up rope~ at SPMs . All three rope const ruct ions
are adequate  fo r  pick—up ropes , but present ly eigh t—st rand  const ruct ion
is p r e f e r r e d . Because cons t ruc t ion  of ei gh t—s t r and  rope is t ight , it is
easier fo r  launch and tanker crews to handle.  It is much harder to pull
s t rands  out of e i g h t — s t r a n d  rope so eig h t — s t r a n d  ropes are more r e s i s t an t
to grapne l damage or other  damage which mig ht occur dur ing rope p ickup . For
the above reasons , eig h t — s t r a n d  rope is p r e f e r re d  fo r  pick—up ropes . 
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5.4 SYNTHETIC ROPE BREAKING STRENGTHS

SPM hawsers are sized according to rope breaking strength . At
SPM s , tankers are attached to the moor ing by only one or two hawsers , so
the hawsers must have high breaking strengths to take the mooring loads.
As SPMs are being designed to moor larger tankers in more severe environments ,
rope manufacturers have increased their rope size capabilities in recen t
years.

5.4.1 Rat ing Large—Rope Strengths

• The rated breaking strengths given by manufacturers of large syn-
thetic ropes are in general extrapolated from smaller—rope breaking strengths
or breaking strengths of rope components. Typ ical rated breaking strengths
for eight—strand and double—braid ropes are given in Table 5—6.

Extrapolation has been necessary because the size and breaking
strengths of large diameter ropes have increased at a faster rate than the
capabilities of rope break—testing aparatus . Recently , a few large ropes
in the size range used at SPMs have been break tested. New testing machines
with increased break testing capabilities are being installed , and more
testing of large ropes will soon be done . However , pr esen t ly there is no
test program underway to systematically and accurately determine the
breaking strengths of large ropes such as those used at SPIts. Rope testing
is discussed further in Section 6.

In general , European and United Kingdom rope manufactuarers pub-
lish minimum breaking strengths and United States rope manufacturers publish
average breaking strengths. Minimum breaking strength is defined as the
minimum rope strength guaranteed by the rope manufactuarer. There is gen-
eral agreemen t that , for ropes less than or equal to 72 mm diameter (9
in. circumference), minimum breaking strengths are about 10% below average
breaking strengths.

Above about 72 mm diameter (9 in circumference) most synthetic—
rope breaking strengths are determined by extrapolation or by using real—
ization factors. British Ropes and Hawkins and Tipson continue to publish
minimum breaking strengths in this range. British Ropes have break tested

Ii  a few ropes up to 144 mm diameter (18 in. circumference) and the results
t hey  have re leased exceed t h e i r  p u b l i s h e d  min imum b r e a k i n g  s t r e n g t h s .
It should be no ted  tha t  enough break t es t s  to f o r m  a statistical distribution
would be needed to c o n f i r m  p r oj e c t e d  m i n i m u m  b r e a k i n g  s t r e n g t h s .  Wal l
Rope s have s t a t ed  they  have b reak  t es ted  a l l  of t h e i r  rope s izes  and pub l i sh
average b reak ing  s t r e n g t h s  f o r  a l l  ropes t h e y  m a n u f a c t u r e . W a l l  Ropes s t a t ed
t h e i r  min imum b reak ing  s t r e n g t h s  are 10~ be l ow the  p u b l i s h e d  c at a l o g  s t r e ng t h s .
All  p u b l i s h e d  Samson rope s t r e n g t h s  ir e  l i s t e d  as ap p r o x i m a t e  averages .
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5.4.2 Determination Of Breaking Strengths By Extrapolation

Samson Ropes ext rapola tes  the breaking s t reng ths  of large ropes
f rom breaking s t rengths  measured in tests of smaller ropes .  This approach
is used becaus e Samson has not  been able to conduct  extensive break testing
of ropes larger than about 80 mm diameter (10 in. c i r c u m f e r e n c e ) .  A t r end
curve is developed based on the smal l—rope average breaking s t r e n g t h s .
Expected break ing  s t reng ths  fo r  large ropes are e x t r a p o l a t e d  f r o m  the curve .
(Benham , Tri p Memorandum , Dec ., 1976) .

The breaking s t r e n g t h s  l is ted in Samson ’s cata log f o r  l a rge  ropes
were determir.~d by this manner . For ropes 80 mm diameter (10 in.  c i r c u m f e r e n c e )
and below , the size range for  which  they  have extensive b r e a k — t e s t  da ta , Samson
claims the published values are conservat ive  average breaking strengths , but
does not state what the minimum breaking strengths are. The extrapolated
breaking strengths which Samson publishes for large ropes are claimed to be
even more conservative. Samson’s published breaking strengths include the
reduction for sp lices.

Extrapolation of breaking strengths is potentially inaccurate
and should be used with caution . Rope breaking strength is affected by
a number of fac tors which may vary with rope size. Such factors are the twist
of the yarns and strands , the helix angle of the strands , and the tensions
of the braiding machines used in rope manufacture .

5.4.3 Determination of Breaking Strengths By Realization Factors

British Ropes , Hawkins and Tipson , and United Ropes relate the
total strength of large ropes to the strength of ropP components. The relation-
ship between the strength of the component and the strength of the comp lete
rope , known as the realization fac tor , is developed from tests on small
ropes. The total rope breaking strength is determined by the following
fo rmula .

TS CS x NC x R (5 1)

where TS = Total rope breaking s t r e n g t h

CS = Component breaking s t r e n g t h

NC = Number of components

R = Real iza t ion  f a c t o r

The rope components most f r e q u e n t l y  used in e s t a b l i s h i n g  r e a l i z a t i o n
fac tors are s t r ands  or y a r n s .  A number of samples (usually 15) of the rope
component are removed and break tested . The average component breaking strength
is determ ined . Samp les of the comp lete rope are broken and , depend ing on
whether m inimum or average rope breaking strengths are desired , a minimum
or average sample—rope breaking strength is determined . The realization factor
is determ ined by div iding the sample—rope breaking strength by the component
breaking strength times the number of components.
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The tcsts are repeated for a series of rope sizes and realization
f a c t o r s  ire  de te rmined  fo r  each rope s ize.  From these rea l iza t ion  f a c t o r s
fo r  smaller  ropes , r ea l i za t i on  f a c t o r s  f o r  larger untes ted  rope sizes are
e x t r a p o l a t e d .  To de te rmine  b reak ing  s t r e n g t h s  of large ropes , sample com-
ponents  of t he  large rope are break tes ted and the component breaking
s t r e n g t h  is de t e rm ined . Total  rope s t r e n g t h  is then determined using the
a p p r o p r i a t e  r e a l i z a t i o n  f a c t o r  in equa t ion  5— 1.

The rea 1i z a t i o n — f a c t o r  method of de te rmin ing  rope s t rength  is used
in Europe  f~ r t h r e e — s t r a n d , eig h t — s t r a n d , and doub le—bra id  rope c o n s t r u c t i o n .
Realization factors differ for each rope construction and may also vary for
different rope materials and different rope sizes. The British Standards
Organization and the Internat nal Standards Organization have published real-
ization factors for three—strand and eight—strand ropes in sizes up to 96 mm
diameter (12 in. circumference) (British Standards Spec ifications 3758, 3977 ,
and 4928; ISO Standard 2307). Realization factors for larger three—strand
and eight—str and ropes are being studied by the British rope manufacturers
organization and will be published soon by British Standards.

Br itish Ropes have determined their own realization factors for
double—braid rope . To check the accuracy of their realization factors , British
Ropes are conducting a program of break testing large ropes. To date , they
have break tested ropes in sizes up to 144 mm diameter (18 in. circumference)
(Woehi eke , Tr ip Memorandum , Dec. 10, 1976). The tests on the few ropes which
British Ropes have broken indicate their realization factors are sufficient.
Repeated break testing of large ropes may show statistical variations which
necessitate adjusting the realization factors.

The nature of the rope component on which the realization factor
is based may be an i m p o r t a n t  f a c t o r  in the accuracy  of the method . The b reak ing
strength of individual s y n t h e t i c  f i l a m e n t s  vary randomly,  and a very  la rge
statistical samp le would be required to determine a reliable average (Phoenix ,
1976). Therefore , the strengths of individual rope filaments should not be
used to determine total rope breaking strength . The component on which the
realization factor is based must contain enough filaments to avoid the influence
of statistical variations in filament breaking strength . The number of fila-
ments needed cannot be defined , but the more filaments that are in the component
the more accurate the breaking—strength determination will be. The realization
factors published by British Standards and International Standards Organization
are based on rope yarns . To obtain representative component breaking strengths ,
Brit ish Standards and International Standards Organization state the average
breaking strength from fifteen yarns of the samp le rope should be used with
the realization factors.
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Like ex t rapo la t ion  of rope s t r e n g t h , use of realization factors
to de te rmine  to t a l  rope s t rength  is potentially inaccurate and should be used
with caution . Industry—standardized realization factors which relate composite
rope strength to the strength of a rope component may not be accurate for
all rope manufacturers because of var iations in rope construction . As stated
before , some of the factors which may vary are the twist of the yarns and
stra nds , the helix angle of the strands , and the tensions of the braiding
machines used in rope manufacture . Therefore, if realization factors are
to be used to determine rope breaking strength , tests should be run to develop
realization factors or to confirm the adequacy of standard realization factors
f o r  the  ropes of a pa r t i cu l a r  m a n u f a c t u r e r .

F u r t h e r  caut ion  must be exercised when using r e a l i z a t i o n  f a c t o r s
to determine double—braid rope strength . Samson Ropes have state.~ they believe
separate realization factors should be determined for the core and the cover
of double—braid rope (Benham , Trip Memo , Dec. 17 , 1976). The separate reali-
zation factors are needed because geometric factors which affect rope breaking
strength vary between the core and cover of double—braid rope. British Ropes
take fifteen strands from the core and fifteen strands from the cover to
determine a realization factor for each size of double—braid rope . (Woebleke ,
Trip ~temo , Dec . 10, 1976).

5.4.4 Effect of Splices On Breaking StrenAths

Splices are generally the weakest point in SPM hawser systems .
Incre~ sed stresses in the hawser at a splice cause a reduction in hawser
strength . Results of a 1975 Oil Companies International Marine Forum sur-
vey for SPM s showed that most of the broken hawsers reported in the study
part ed in the area of a sp lice. This report is discussed further in section
6. Both double—braid ropes and eight—str and ropes are reduced in strength
approximately 10% when spl iced , although the methods of splicing differ .

Eight—strand rope is relatively easy to splic~ because the strand
ends are simp ly braided back into the rope . Double—braid rope splicing is
more complicated. A simplified representation of the double—braid splicing
procedure is shown in Figure 5—8. A length of the core and cover are separated
at the hawser ’s end. Then part of the cover is threaded into the core and
part of the core is threaded into the cover . The exiting and entering points
of th e core and cover in the splice are buried within the cover of the hawser.
These general sp licing techn iques f or e ight—strand and double—braid ropes
app ly to both eye splices and end—for—end sp lices. An eye splice and an end—
for—end sp lice in double—braid rope are shown in Figure 5—9. Comp lete splicing
instructions can be obtained from the rope manufacturers . 

•

When a double—braid rope is tensioned , the splices tighten up, thus
prevent ing separation . However , when a double—braid rope is cycled under
ver y  low loads , double—braid rope splices may loosen and partially pull apart.
To preven t this , a l l  sp lices on double—braid ropes should be siezed and sewn
witI small line to keep them intact under low load .
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The cross—sectional area of a splice is larger than the rest of the
hawser . The change in load ca r ry ing  area at the  end of splices causes stress
concentrat ions in the hawser in this t r a n s i t i o n  zone . The stress concentrations
decrease the rope s t reng th , increase in ters trand abrasion , and increase f a t i g u e .

The catalog rated breaking strengths of double—braid ropes generally
account for the strength reduction due to factory sp lices , but those for eight—
strand ropes generally do not include the reduction in strength due to splices .
Because they cannot be effectively gripped or otherwise terminated , double—braid -

•

ropes have normally been break tested with splices. Samson and British Ropes
have stated their rated breaking stre-tgths of double—braid rope include the
effec t of splices.

Eight—strand ropes are usual’ -,reak tested with special end termin-
ations. Therefore , the breaking streng.~~s measured do not include the effect
of sp lices. British Ropes , Hawkins and Tipson , and United Ropes , do not account
for splice reduction in their published eight—strand rope rated breaking strengths.
Wall Ropes claim they do include the reduction for sp lices in their published
eight—strand rope rated breaking strengths .

Unless it is specifically stated in their catalog, the rope manu-
facturer shoul e consulted to determine if the catalog rated breaking
strengths include the reduction for splices . It is preferable that break
testing of large synthetic ropes be conducted with typical splices and that
the effect of these splices be included in the rated breaking strengths.

5.4.5 Effect of Bends on Breaking Strengths

Any bend in a rope will decrease its strength . The amount of strength
reduction is dependent on the radius of the bend . A gentle curve decreases
rope strength negligibly but a sharp bend can cause a significant decrease
in strength .

Three mechanisms cause strength reduction i-a bent ropes . The
strength of the individual synthetic fiber is reduced when bent. However ,
the amount of fiber strength reduction due to bending is probably neg l ig ible
in large ropes. The other two mechanisms are more important and will require
a more detailed explanation.

Whe n a rop e is sharp ly bent , the outer fibers are under tension
even when the rest of the hawser is slack. When a rope is loaded , the
outer fibers of the bent portion are put under higher tension than the
rest of the rope . Therefore, the outer fibers fatigue faster and reach
their breaking strengths quicker than the rest of the rope filaments .
The Increase in tension In the outer fibers of the bent por t i on  of a rope
depends on the sharpness of the bend and on the rope d iameter . As the
bend in a rope becomes sha rpe r  the  e l o n g a t i o n  of the  ou te r  f i b e r s  is g r e a t e r
so the tension difference also becomes greater. For equal bending radii ,
the elongation of outer fibers in larger ropes is greater than that in
small ropes so the tension difference is greater. 
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Rope strength is also reduced at bends due to compression of
the  inner  f i b e r s .  As a rope is bent over a radiused sur face , such as
a b i t t  or a th imble , the inner f ibers  are compressed agains t  the s u r f a c e .
1-then a rope is bent over a very small radius or an uneven su r face , these
compression stresses can be very high , causing de fo rma t ion  and c u t t i n g  of
the f i l a m e n t s .

The degree of s t r eng th  reduct ion f r o m  the three  mechanisms depends
upon the  sharpness of the bend . To keep strength reduction to a minimum ,
rope m a n u f a c t u r e r s  recommend minimum ra t ios  of bending  diameter  to hawser
di a m e t e r .  A general  rule of thumb is the bending diameter  should be at
least t h r e e  t imes the rope d iamete r .  If the hawser is to be f l exed  around
th e be n d , as a rope run around a pu l l ey ,  the r a t i o  should be 8 to 1. (Samson
Rope M a n u a l ) .

Most thimbles supp lied by rope m a n u f a c t u r e r s  have a th imble  diameter
to rope d iameter  r a t io  of between 2 and 2 .5  to 1. This is less than the recom-
mended r a t io  of 3 as given above . However , the rope around the thimble in
an eye spl ice  is be t t e r  p ro tec ted  against  wear and is not as hi ghly loaded
as an o r d i n a r y  bend in a rope.  The e f f e c t  of th imbles  on .eye splices and
s t rops  is discussed in subsection 5 .8 .1 .

SPIt hawser assemblies usual ly  have loops , r e f e r r e d  to as eyes ,
at each end fo r  connect ion purposes.  The hawser e f f e c t i v e  s t r eng th  is
decreased in the eyes because the hawser is bent . Part  of the s t rength
reduction is caused by a mechanism different from that discussed ab~~ e.

The strength reduction mechanism is shown in Figure 5—10. An eye
is formed by an eye splice or by lashing together the two legs of a strop .
At the crouch of an eye the rope is bent . Ropes can carry loads only along
their axis . Therefore , if each leg of a strop is under tension T, the tension
of tha rope in the eye is T/cos a. a is the angle between the axis of the
hawser and the rope leading from the crouch to the thimble. The tension in
eyes of single—leg hawsers wh ich have eye splices , is T/(2 cos a). The tension
is lower because the single rope under tension T splits into two legs which
share the load.

This increased tension in the eyes of strops is one mechanism
which decreases strop strength . Strops and single—leg hawsers are dis—
cussed further in subsection 5.8.3.

5.4.6 Rope Breaking Strength Guidelines

As presented above , large—r ope breaking strengths are presently
d e t e r m i n e d  by e x t r a p o l a t i o n , because the r e q u i r e m e n t s  f o r  t e s t i n g  l a rge  rones
gene ra l ly  exceed the capaci t ies  of p r e s e n t l y  ava i l ab le  break  t e s t i n g  f a c i l i t i e s .
U n t i l  the  t r ue  b reak ing  s t r e n g t h s  of the  large ropes are de t e rmined  t h r o u g h
t e s t i n g  of a number  of samples , it is recommended t h a t  ex t r apo l a t ed  b r e a k i n g
s t r e n g t h s  be t r e a t e d  as prov is iona l  breaking  s t r e n g t h s  and , thus , be used
wi th  a p p r o p r i a t e  cau t ion . 

- - •  ~~~~
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It is recommended that a test program be Initiated to determine 
-

•

new—rope breaking s t reng ths  f o r  the large size ropes which must be used
at SPMs . A sufficient number of tests should be run for each major materia l
and cons t ruc t ion  of large rope to permit  s t a t i s t i c a l  v a r i a t i o n s  to be de-
termined . Such a test program would r e q u i r e  a hig h load—stroke  f a c i l i t y .
Coordinated Equi pment Company of Long Beach , C a l i f .  is p re sen t l y  ins ta l l ing
a very—high—load break—tes t  machine which should be capable of break t es t ing
the largest  ropes presen t ly  avai lable  ( F l o r y ,  Trip Memorandum , Jan . 27 , 1977 ) .
Testing of large s y n t h e t i c  ropes is discussed f u r t h e r  in Sect ion 6.

5.5 STRENGTH REDUCTION OF USED ROPES

SPM hawser s t reng th may degrade  in service due to f a t i gue , cuts ,
and abrasion . Sy n t h e t i c  ropes can also be degraded by exposure to chemicals
or u l t r a v i o l e t  r ad ia t ion , but , as exp lained in subsection 5.2.6, SPM hawsers
are not usually affected by these strength reduction mechanisms because of
t h e i r  size and the  n a t u r e  of t he i r  service .

5 . 5 . 1  gue Of Sy n t h e t i c  Ropes

E x p e r i m e n t s  have shown that  s y n t h e t i c — r o p e  s t r e n g t h  may degrade
due to c y c l i c  l o a d i n g .  The s t r eng th  degrada t ion  of SPM hawsers due to
cyc l ic  load ing  is caused by a number of mechanisms . Synthetic—rope strength
degradati on is s i m i l a r  to meta l  f a t i g u e  in tha t  the s t r e ng t h  decreases
gradually under the influence of cyclic loading. Hawser—strength degradation
due to cyclic loading is referred to , therefore , as fatigue . However , the
mechan isms causing loss of strength are not necessarily the same as those
which cause metal fatigue .

The mechanism of synthetic rope fatigue is not fully understood
and cannot be accurately predicted. Part of the strength degradation may
be caus ed by fa ti guing of the hawser fibers but it is believed interstrand
abrasion causes the major strength degradation .

When a rope elongates , the fibers rub against each other causing
interstrand abrasion . As exp lained in subsection 5.3, the fibers are twisted
and intertwined in constructing the rope . Each fiber elongates when a rope
is loaded , but the elongation is also caused by the straightening of the
twisted and intertwined fibers. As the fibers are elongated and straig htened ,
they move relative to each other. The ultimate result is interstrand abrasion
and hawser strength degradation .

One factor which may affect the rate at which the fibers abraid
due to elongation is their position in the hawser. When a rope is loaded ,
the twist of the fibers relative to the axis of the hawser creates a compres-
sive load . The compressive load is greatest at the center of the hawser
and zero at the outer surface. This compressive load on the inner fibers
increases the interstrand abrasion caused by the fibers rubbing against
each other. The increasing interstrand abrasion caused by the compressive
load is dependen t on the loads and the size of the hawser. It is theorized
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that larger ropes may f a t i g u e  more rapidly than small ropes . No data has
been found re la t ing e f f e c t  of syn the t i c  rope size on the ra te  of f a t i g u e .
However , because rope size may be a f a c t o r  in i n t e r s t r and  abrasion , use
of f a t i gue tests on small ropes to determine the f a t i gue of large ropes
may not be accura te .

Fiber tempera ture  is another important  f a c t o r  in the ra te  of
• 

- in te rstrand  abrasion . Under cyclic loading heat bui lds  up in the rope .
• The higher the tempera ture , the more rapid the i n t e r s t r a n d  abrasion . As

f iber  temperature  approaches the mater ia l  mel t ing  poin t , i n t e r s t r a n d  abrasion
can be very rap id .

Rate of loading can a f f e c t  rope s t reng th  in several ways . Rap id
cycling of a rope will cause heat bui ld—up which resu l t s  in in t er s tr and  abra—
sion and loss of s t r e n g t h . However , rope m a n u f a c t u r e r s  repor t  a rapid ra te  of
loading dur ing break tes t ing can resul t  in the rope breaking  at a hig her
s t rength than would have been expected at a moderate rate  of loading .  Very
rapid loading of ropes , amount ing  to shock loading,  can cause ropes to lose
strength or break even thoug h the shock load did not approach the breaking  s t reng th
of the rope . Shock load condit ions are genera l ly  not exper ienced in SPM
hawsers , but may be the cause of some hawser f a i l u r e s .

Most of the energy stored in an SPIt hawser as it e longates  is released
as the hawser cont rac t s , however , some energy is dissipated as hea t  when
the hawser c o n t r a c t s.  The amount  of hea t  produced depends on thd magni tude
and f requency  of the loads. Heat b ” i ld—up is not  usual ly  a problem in SPIt
hawsers as they are usual ly wet when a tanker is moored and get pe r iod ica l ly
immersed whi le  a tanker  is moored . Genera l ly ,  SPIt hawser t e m p e r a t u r e s  would
probably not increase s u f f i c i e n t l y  to increase interstrand abrasion and accel-
erate fatigue .

Tight lashing or seizing on the SPIt hawser may affect the rope
fat igue rate . The two legs of a strop are usually lashed together . Single—leg
hawsers are usually seized at splices and sometimes lashed with small rope
to hold buoys in place. The lashing rope puts a compressive load on the load
carrying fibers. Nylon rope swells and shrinks in length when wet. Thus,
nylon lash ing app lied to a nylon rope will tighten when wet. The quantitative
effec t of lashing—rope—induced compressive loads on SPIt hawsers is not known.
However , Aramco has attributed a failed SPM hawser to lashing which was app lied
too tight (Flory , Trip  Memorand um , Apr il 18, 1977). To prevent detrimental
compressive loads , it is recommended that the lashing rope tension be kept
to a min imum and that polyester , or some other material be used instead of
ny lon fo r  the lashing rope .

Another factor which may affect rope fatigue is the load range over
wh ich the rope is cycled . Avai lable  data ind ica tes  a rope which is cyc l ica l ly

• loaded over a given load range wi th  zero load as the lowe r l i m i t  wi l l  f a t i g u e
quicker  than if it were cycled over the same load range w i t h  a load above zero
as the lowe r l i m i t .  Because the load—elonga t ion  cu rve  f o r  s y n t h e t i c  ropes is
non—l inear , as shown in Fi gure 5— 1 , the  rope is cycled over a longer s t roke when
cycled to zero load . For examp le , on the curve  fo r  ny lon the rope e longa t e s
24% when loaded f r om  0 to 20% of breaking s t r e n g t h , but  e longates  only 12% when
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loaded f rom 10 to 30% of breaking s t rength . In te rs t rand  abrasion is hi gher ,
and thus loss of s t r eng th  is greater  when the rope is loaded over a 20% of
breaking s t rength  range with 0 as the lower l imit  than when it is cycled
over the same range with 10% of breaking s t rength  as the lower l imi t .

5 .5 .2  Results  of Cyclic Load Tests

As s ta ted  above , hawser f a t i g u e  is not  f u l l y  understood . A number of
cyclic—loading test programs have been conducted on synthetic ropes. These
tests have usually been conducted to compare the fatigue characteristics of
different rope materials or fiber coatings for the same type of rope construc-
tion . Important parameters and test procedures have varied between the test
programs , so it is difficult to compare test results . Some of the more impor-
tant factors which vary between the various test programs are; fiber manufacturer ,
fiber type , f iber gr ade , length and arrangement of test specimen , rate of loading,
and the load ranges over which the test ropes were cycled . Brief discussions
of the results of several cyclic loading test programs follow .

Hawkins and Tipson have performed cyclic loading tests on small
diameter three—strand nylon 6.0, polyester , pol ypr opylene , and supermix ropes
(Woehleke, Tr ip Memorandum , Dec . 10, 1976). Supermix is a rope produced by
Hawkins and Tipson using a mixture of polypropylene and polyester fibers.
Nylon , polyester , and supermix ropes were cycled to 75% of their breaking
strengths . Each loading cycle lasted approximately one minute. Two nylon
6.0 ropes were tested , one broke after 49 loadings and the other broke after
55 load ings . The cycling was stopped after 200 loadings on the one polyes ter
rope and one supermix rope that were tested. The two ropes were then loaded
to breaking . The polyester rope broke at its original strength and the supermix
rope broke at 91.5% of its original strength .

Hawkins and Tipson repeated the tests , load ing four ropes to 50%
of their breaking strengths. The rope materials were nylon 6.0, polyester ,
polypropy lene staple , and polypropylene film . All ropes survived 200 loadings
and were then broken . Their final breaking strengths follow .

Nylon 6.0 79.5% of original strength
Polyester 100.0% of original strength
Polypr opy lene stap le 93.4% of original strength
Pol ypropylene film 102.0% of original strength

Shell Oil has run a more complete fatigue testing program . 56 mm
d iameter (7 in. circumference) ropes of various materials and constructions
were tested. Comp lete details of the test program and its results have not
been made known . The results published by Langveld (Oct. 15 , 1973) are shown
in Figure 5—11. The figure shows a classic cyclic—fatigue—failure curve with
a horizontal asymtote at about 30% of original breaking strength indicating
f ail ure wil l  probabl y not occur if cyclic loads do not exceed this value .
The results were used by Shell to help develop fac tors of safe ty for SPIt
hawsers (see subsection 5.7).
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U n i t e d  Popes  r an  c y c l i c  l o a d i ng  tests to compare ny lon 6.0 and nylon
6 . 6  f i b e r s  ( F l o r v , Tri p M e m o r a n d u m , Oct. 27, 1976). Several types of nylon
6 . 6  f i b e r s  w i t h  d i ffe ro n t c o a t i n g s  were t e s t e d .  56 mm d i ame te r  (7  i n .  c i r c u m —

• ~e r ence)  ° - s t r a n d  r o ~ - ’ - s  were cyc led  f r o m  zero to 30% of breaking s t r e n g t h  at
one load cyr 1 e per m i - i t e .  U n i t e d  f i r s t  ran comparison f a t i gue t e s t s  on ny lon
6 . 0  t r o t n y l o n  n .6 r op~~~ in n d r y  c o n d i t i o n . No s i g n i f i c a n t  d i f f e r e n c e  in pe r—
formaro - -- was n o t e d  i n  b -se d ry  t e s t s  up to 5000 cycles .

• The s-on e t e s t s  were then  c o n d u c t e d  on ny lon 6 .0  and n y l o n  6 . 6  rope~
w e t r e c l  w i t h  fr e s h  e t o r .  A f t e r  as f ew  as 1500 cycles , the  ny lon 6 .0  showed
severe  a b r a s i o n  and m e l t i n g  be tween  the  a d j a c e n t  s t r a n d s .  N y lon 6 .6  did not
e - ’ J i  h i  t h i s  e f f e c t  a f t e r  5000 cy c le s

Uni ted Ropes  then  conduc ted  f a t i g u e  tes ts  on nylon 6 . 6  ropes wi th
s e v e r a l  s u r f ac e  t r e a t m o n t s .  Ropes with and wi thou t  su r face  t r ea tmen t s  were
test d in the wet  o n d i t i o n .  Ropes impregna ted  with oil or grease f o r  lubri-
cation ore also tested wet . Table 5—7 gives the results of these comparison

• tests. The result s s h o w  that the  coated ropes lost  l i t t l e  s t r e n g t h  a f t e r
cyclin g hut that th roo- oated ropes lost about 10% of their rated breaking
strer~~th a f t e r  ~~~ith cycles . The results also show that the oil lubricated
ropos lost about l~~ of their rated breaking strength . The oil tended to
ex t r u d e o u t  r~~ t i -  f i b e r s  and at r : t n ds  ari d was not  e f f e c t i v e  as a l u b r i c a n t .
I t s  r r e s e o c e , howev er , ~,ts ap p a r e n t ly  d e t r i m e n t a l  to the f i b e r s  of the  rope .

Cyc l i c  l o a d i n g  r e s t s  were run  by Wall  Ropes a number  of y e a r s  act e
to assess (1 i f f r~~I r n y l o n  6 .6  coat t ngs  and to compare p o l y e s t e r  and ny lon
(U -h i eke , ‘l e e t i ng ~~- ‘ uotan dum , Feb . 2 , 1 9 7 7 ) .  The t e s t s  were p e r f o r m e d  on
‘.~et 48 sn d i a r r e t e r  (6 i n .  c i r c u m f e r e n c e )  t h r e e — s t r a n d  ropes .  Each t e s t  samp le
wa s cyc l ed s i x tiro- ~ f i r  t h e  m o r n i n g  and six times in the  evening  to 60% of
the  - r o w  rope b r r o l  s t re g th . the r a t e  of loading was about  30 c m / m i n u t e
(12 ~n . / m i r 1 u t e ) .  The res t  per iod  in t e s t i n g  allowed the ropes to  regain
some i f  t h e i r  St  ret cii sad it made the t e s t i ng  a p p a r a t u s  a v a i l a b l e  f or  o t h e r
w o r k .  A f ew  ny l o n  ropes wi th e x p e r i m e n t a l  coa t ings  f a i l e d  a f t e r  a p p r o x i r m i t e l y
50 l o a c I i n c~s. The average  f o r  the  n y l o n  ropes was about 600 l oad ings .  The

~~ best was 900 l o a d i n g s.  The p o l y e s t e r  rope tes ted  was cycled 2 , 000 t i n e s
b e f o r e  the  t e s t  was r r r m i n a t e d .  The cycled po lyes t e r  rope was t hen  loaded
u n t i l  i t b r ok e .  The rope had r e t a i n e d  near ly  i t s  or ig inal  s t r e n g t h .

B r i t i s h  Ropes cy c l i c a l l y  loaded 14 rn d i ame te r  ( 1 . 7 5  i n .  c ir ~~aw —
f or - r o e nylon , p o l y e s t e r , - n d  p o l y p r o p y l e n e  ropes ( B r i t i s h  Ropes , 1°66 .
The coor s were  I - r i l e d  1 Imes between 0 and 75% of t h e i r  b r e a k i n g  st  r~- a c ~~h s .
Al 1 samp le ropes suriv ed t i ’  yci  ic l o a d i n g s .  The r e a c t i o n s  of t h e  r r p c s
ta the  c y c l i c  l o a d i n g  wer i-  ~r u d i e d , and it was conc luded  t h a t  ny lon  and pol y e s t e r
ropes h ye l~~ t to’ r ye  I r- in i i I ng cha rac  t er  is t i r s  than  pol y p r e o v  1 - 0 0  r edes

A f a t  i~~ • i r  trig p r o r a m  on smal l , wet  ny lon  and p o lv st e r  r pes
i - , ~ r -  t n t  I c  h e i - - ~ c-- - d i -  r-d b y t) uPoti t • T h r e e — s t r a n d  ropes are  cyc i i ca lv
I c - a d - -i I -

~~~ 
1) t o  7~~’ •~~ - f r  l - r - - i k i n g  s t r e n g t h s .  Not enoug h t e st s  h a v e

-0 • L H ~i I I ’  ar -  c ry  • ‘ i  a O s  nt
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Exxon Research and Engineering Company cycl ically loaded 64 mm
diameter (8 in. circumference) nylon three—strand ropes and nylon yarns
at the Nat iona l  Engineering Labora to ry  in Scotland ( N . E . L .  Report , March 16 ,
1976) .  In a p re l iminary  test , a test rope was cycled between 20 and 40% of
its breaking s t rength . No apparent  s t r e n g t h  degradat ion  was produced even
when cycled more than 30 , 000 t imes .

Different loading ranges were then tested. Test ropes were cycled
between 24% and 44% of their breaking strength in some tests and 24% and 75%
of their breaking strength in other tests. The loading period var ied  between
two and three cycles per minute. The results of the Exxon tests are given in
Table 5—8.

5.5.3 Conclusions Based on Available Cyclic—Loading_Test Data

On the basis of these limited test results , conclusions which were and
can be drawn with regards to SPM hawsers are:

1) For top—grade nylon 6.6 rope , the cyclic load ing pattern must include
at least transient loads exceeding 60% of breaking strength for rope
strength to degrade quickly.

2) Low—grade nylons may be subjec t to rapid degradation due to fatigue ,
especially when wet.

3) Polyester apparently has excellen t resistance to fatigue .

4) Because of the many factors which may effect rate of fatigue of synthetic
ropes and the random cyclic—loading nature of SPIt mooring loads , it
would be difficult to devise a cyclic loading rope test program which
could accurately model the life of an SPIt hawser.

5.5.4 Eff ect of Cuts and Abrasion

SPIt hawser strength can also degrade from cuts and abrasion. SPIt
hawser systems should be designed to minimize the chance of cuts and abrasion .
However , because of the type of service SPM hawsers experience , cuts and
abrasion are likely to occur.

If abr asion is observed , action should be taken to prevent any
additional damage. If abrasion is allowed to continue hawser strength may
decrease rapidly. When a cut or abraided area is observed , the hawser
should be examined closely and evaluated to determ ine if the hawser should
be retired . Cuts and abrasion of ropes are discussed further in Section 6.

- -
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5.5.5 Strength of Used Ropes Guidelines

The s t rength  of an SPM hawser may degrade g r a d u a l l y  w i t h  t ime due
to fatigue . However , a moderate number of cycles not exceeding 60% of breaking
s t r e n g t h  wil l  not cause serious loss of s t r eng th , and t o p — q u a l i t y  ny lon  can
withstand very many cycles not exceeding 30% of breaking strength . Cuts and
abrasion may also dec rease hawser s t r e n g t h . To check fo r  c u t s  and abras ion ,
SPM hawsers should be f r e q u e n t l y  inspected.  Due to f a t i gue , SPM hawsers should
be per iodica l ly  rep laced i r regardless  of appearance .  SPK hawser  inspec t ion
and rep lacemen t criteria are discussed in detail in Section 6.

5.6 ROPE ELASTICITY CHARACTERISTICS

The SW hawser e l a s t i c i ty  is an element in the e l a s t i c i t y  of the
mooring system , and the mooring system elasticity has a significant influence
on mooring loads. This re la t ionsh ip  is discussed f u l l y  in subsect ion  2 .6 .
In many SPM s a high degree of hawser elasticity is desired.

5 . 6 . 1  Apparent  Discrepancies in Available Data

Althoug h many e las t ic i ty  curves f o r  s y n t h e t i c  ropes of va r ious  con-
structions and materials in new and broken—in condition have been published ,
comparison of var ious curves is difficult and at tines confusing . Sufficient
i n fo rmat ion  on the exac t type of m a t e r i a l  or c o n s t r u c t i o n  and on the  manner
In which the tests were run and the r e su l t s  a n a l y z e d  and p resen ted  are usua l l y
not inc luded .  For tests  on broken—in or used ropes , d a t a  on the n a t u r e  of
the break—in  or use are usual ly lacking .

D i f f e r e n c e s  in the manner of t e s t ing  and the p r e s e n t a t i o n  of data
appear to be the causes of most of the discrepancies in elasticity data.
Normal ly  a rope is tensioned to a slight nominal  load b e f o r e  r eco rd ing  of
load—elonga t ion  cha rac t e r i s t i c s .  However , some of the  pub l i shed  da ta  is
from tests in which the rope was initially comp letely relaxed . Such data
c h a r a c t e r i s t i c a l l y  shows a much larger e longa t ion .

Rate of loading will affect load—elongation characteristics as
well as breaking strength . Elongation is normally plotted against percent
of b reak ing  s t r e n g t h , but the b reak ing  s t r e n g t h  is seldom d e f i n e d . Some
data  may be p lo t ted  against  rated min imum or average  b reak ing  s t r e n g t h ,
and other  da ta may be p lotted against the break strength obtained in the
p a r t i c u l a r  tes ts.

Comparison of e longat ion da t a  f o r  broken—in or used ropes is
made even more d i f f i c u l t  by o ther  f a c t o r s .  Af t e r  cycling, the rope is
permanent ly  set at  a longer l eng th  and the e l a s t i c i t y  is less. E l a s t i c i t y
remain ing  a f t e r  the  rope has been cycl ic  loaded wi l l  depend on the m a g n i t u d e
and ra te  of loading ,  if t ens ion  was m a i n t a i n e d  f o r  some t ime , and on the
length of t ime and t rea tmen t of the  rope since l o a d i n g.  Much of t he  elonga-
t ion data fo r  b roken—in  rope is p lo t t ed  aga ins t  p e r c e n t a g e  of new b r e ak i n g
s t r eng th - The e longat ion  a ,  a pe rcen t of the  L e n g t h  a f t e r  p e r m a n e n t  set
is of more importance to SPIt d e s i g n e r s .  The p e r c e n t  of p e r m an e n t  set  over
o r ig ina l  length  should be g iven .



4 1

— 5.~~6 —

It  is hoped t h a t  in the  f u t u r e  invest  L~~aL o rs arid n i n h i ~ 0 turers will he
more cons i s ten t  in t h e i r  test  p r o c e d u r e s  and  i-r on - cocp i - ’e  in t h e i r  r r e s ( n t a t ~~ons .
It is recommended t ha t  f u r t h e r  bas ic  w o r k  be done on j e w  -t a d  u~-; c-d syn ~ a
rope elasticity charac teristics. The f o l l o w i n e  d i s c u s s i o n  p r e s e n t s  some d t t ~
from which general comparisons can be made.

5 . 6 . 2  Rope Mate r ia l  and E l a s t i c i t y

Elasticities of new polypropy lene , polyester , anh ~ ion - i :e-~—strand
ropes are compared in Figure 5—1. The differences in elasciciti ~ s - f 

t i C

var i o u s  f i b e r s  are d iscussed  in subsec t ion  5.~~.2.

There is some disagreement  between 0 .5 -  and -hi~~L f s l  d a t a  en t he
relative elasticities -of polypropylene rope and polyehter ro 1~e. 

i~~~~ij s h
rope m a n u f a c t u r e r s  usual ly heat  set t h r e e — s t r a n d  and ei~~h — st  L a nd pcl\-- a . or
and ny lon rope . Heat setting causes the f i b e r s  to b e t t e r  - -- form to t la -
twisted construction , but it also lowers the strength of ~hc rope r l i ~ r l i  y .

U . S .  n i l i t a r y  s p e c i f i c a t i o n s  p r o h i b i t  heat s e t t i n g , and t ots , U.S. nantifac—
t u r e r s  u s u a l l y  do not heat  set  the i r  ropes .  Heat  se tt i n g  of n’-’l o t  and ~~~~

ester rope increases the percentage of elongation at a given load , at leasi
when cre w.

Compar i son  of e l a s t i c i ty  curves fo r  n o n — h e a t — s e t  nylon , polv prop vlora - ,
and p o l y e s t e r  ropes , as shown in Fi gure  5—1 , shows nylon is most c1~~~t I c ,
pol y p r o p y lene is less e las t i c , and po lyes te r  is least  e la s t i c .  - a - • n t- i *

compar i son  of the  e l a s t i c i t y  curve  f o r  h e a t — s e t  pol y e s t e r  a~~ ~‘ i t i  t l e . t

of n o n — h e a t — s e t  po lypropy lene rope , as pub l i shed  b y [n r  1 ish rope -i i i i u f o -  t i r -  r s
wi l l  show p o l y e s t e r  is sl igh t l y  more e l a s t i c  than  p o ly p r op v  - k - n i ’ .

5 . 6 . 3  Rope C o n s t r u c t i o n  and E la s t i c i~~~

The e l a s t i c i t i e s  of new t h r e e — s t r a n d , & - i i h t — s t r a n d , n il deuhi~ -- 1 - ra ’ c 1
nylon ropes are  shown in Fi gure 5— 13 .  T h i s  d a t a  i s  fo r :  wet  rope . The s : - rp cs
were soaked in w a t e r  f o r  24 h o u r s  p r i o r  to t e s t i n z .  ~o d at a  ~or - t r \  i i i ~s ‘f
t hese  c o n s t r u c t i o n s  tes ted in a comparab le  m a n n e r  cou lo  f un d .

This  d a t a  shows eig h t—st rand  r ope  to  be th e  most  r -  lis tic - m d  di r rt :~ e—
bra id  rope to  be t h e  least e l a s t i c .  T h r e e — s t r a n d  c - p c  i s  only  s l i g h t l y  i e ss
elastic than eig ht— strand rope , and data fro ri some so i re e s  m d  i r a t  s t h e  ~w-o
c o n s t r u c t i o n s  have  e s s e n t i a l l y  i d e n t i c a l  e l a s t i c i t y  character istics .

E l a s t i c i t i e s  of a l l  th ree  c o n s t r u c t i o n s  s i l l  v a r y  w i t h  t h e  d - i a i i s
of c o n s t r u c t i o n , such as the t w i s t  of f i b e r s , t h e  l a i c t h  i f lay , ~tid the
t i g h t n e s s  of c o n s t r u c t i o n .  Thus , da t a  fo r  ropes of the saire C - - st n r c  I I

but from different manufacture ra may show v a r i a t i o n s , l ir e s t r i n ~~t h of  ‘Ii- -

rope will generally vary inversely with elast i cit y f i n -  r o r - - ;  ol the e t r e
c o n s t r u c t  ion .
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5 .6 .4  E las t i c i ty  of Broken—In ~~~~~~

Figure 5—12 shows elasticity curves for the polypropylene , polyes ter ,
and nylon three—strand ropes presented in Figure 5—1 after they have been
broken—in . The elasticity of each rope in the broken—in condition is approx-
imately two—thirds of tha t  when new. Ap p a r e n t l y , most of th i s  loss in e l a s t i c i t y

• is due to tightening of the rope structure. No data has been found to indicate
that the e las t i c i ty  proper t ies  of any of the three mater ia l s  s u b s t a n t i a l l y
changes as the ropes are broken—in .

Comparison of elasticity curves of new three—strand , eight—strand
and double—braid  ropes show that  double—braid  rope is s u b s t a n t i a l l y  less
elastic than either three—strand or eight—strand rope. Comparison of elas—
ticity curves for broken—in rope based on percent  of or i ginal  length  indicates
three—strand rope and eight—strand rope remain more elastic than double—braid
rope . Figure 5—14 shows the broken—in elasticities of the three samp les
of Figure 5—13 after cycling 10 times to 50% of the breaking strength and
then maintaining that load for 24 hours. The elongation is plotted in percent
of new—rope length .

Elasticity of broken—in ropes is more meaningfully compared on
the basis of elongation in percent of the broken—in rope length when the
energy—absorption capacity of the rope is a consideration . Comparing the
data of Figure 5—14 with that of Figure 5—13 shows the broken—in double—
braid rope had a permanent elongation of about 8% while the eight—strand
rope had a permanent elongation of about 18%.

Data provided by British Ropes for broken—in three—strand , eight—
strand , and double—braid nylon rope is shown in Figure 5—15. These ropes
were cycled in the dry condition to approximately 40 percent of the new breirking
strength . The data shows that , when plotted on the basis of broken—in length ,
there is very little difference in the load—elongation characteristics of
the three types of rope construction . Comparison of this data with other
data is comp licated by the facts that elongation was measured from a relaxed
condition , and that breaking strength is plotted on the basis of percent of
broken— in strength. Data provided by Samson Ropes (1969) for eight—strand
and double—bra id dry ny lon rope cycled 200 times also shows that the Load—
elongation curve for broken—in eight—strand rope is almost the same as that
for broken—in double—braid rope.

The differences in elongation characteristics for new ropes of
various constructions but of the same material are due to construction

• differences , pr imarily the length and tig htness of the lay of the fibers ,
yarns , and strands. After the ropes are broken—in , the tightness of construc—
don is increased and the lays may become more equivalent. The primary
mechanism of elongation is then the elasticity of the material. This may
exp lain why three—strand , eight—strand , and double—braid ropes have different
load—elongation characteristics when new but similar load—elongation charac-
teristics when broken—in .
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Data on the elongation characteristics of used or b r o k e n — i n  rope
from various sources does not show good agreement . Figure 5—16 compares
data for nylon double—braid rope from various sources . In their catalog , Samson
states that nylon double—braid rope looses 6 percent of its elasticity when
broken— in. The test data from Wall is after 10 cycles as shown in the prevous
figure . The test data from Samson is apparently taken after many more cycles .

• It is not clear if the various data shown in the curve were plotted on the
basis of new or broken—in rope length .

5.6.5 
~~~~ 

Elongation Guidelines

For the purpose of design and analysis of SPMs , the load—elongation
• - 

cha rac t e r i s t i c s  of broken—in rope should be used.  As exp lained in sub-
section 2.6, the elasticity characteristics of the mooring system are im-
portant in determining mooring loads , and , especially in relatively shallow
wa ter , the elasticity of the hawser is an important contributor to mooring
system elasticity. After only a few load ings , the hawser will have a per--
manent elongation and the load—elongation characteristic will be essentially

• that of a broken—in rope .

When compared on the basis of broken—in length , there is little
difference in the elasticity curves of three—strand , eight—s trand , and double—
braid rope. New three—strand and eight—strand ropes are significantly more
elastic than double—braid rope , and theref ore , might be preferred . However ,
on the basis of broken—in elasticity there is no reason to favor one construc-
tion over another.

Data on the elasticity of used or broken—in ropes does not show
good agreement. The manners of cycling the ropes and the methods of plotting
the data have varied . There is a need for a coordinated program of obtaining
load—elongation characteristics for ropes of various constructions and materials
on a consistent basis.

5.7 SPM HAWSER FACTORS OF SAFETY

The factors of safety for sing le and dual—hawser systems which
are now called for by the American Bureau of Shipp ing (ABS ) Rules for SPIts
(1974) are 1.67 and 2.5 respectively. In this study, the bases by wh ich
SPM hawser factors of safety have been set in the past are re—assessed .
The recommended practices in which mooring loads are defined and determined ,
the certainty with which hawser breaking strength can be determined in both
the new and used condition , and the manners in which tankers are moored to
SPIts are considered . Based on this review , slightly hig her factors of safety
tha n those specif ied by ABS are recommended for SPIts at U.S. deepwater ports
because of their critical sensitive nature .

—- - • - -~~~~~~~~~~~ -~~~~~- -~~~--~~~~~~~--- -— ~L~~4
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• 5 . 7 . 1  Fac tors  Which Limit  Hawser Fac to r s  of S a f e t y

The view might be taken tha t  the cost of very  large hawsers is not
high , and therefore , very high factors of safety should be set for the hawser

• p o r t ion  of the mooring sys tem.  I t  is t r u e  tha t  economics should  not  be a
c r i t e r i a  in s iz ing hawsers .  However , o the r  more p r a c t i c a l  and t e c h n i c a l  consid-
era t ions  require tha t  hawser s ize and , t h e r e f o r e , hawser f a c t o r  of s a f e t y
can not be excessive .

The i n f l u e n c e s  of ove r—al l  moor ing system e l a s t i c i t y  and of hawser
• elasticity on mooring loads have been discussed in subsection 2.6. Hawser

• stiffness increases proportional to hawser breaking strength . An increase in
hawser stiffness will cause an increase in mooring loads , not only in the

- 
• hawser , but also in other po r t i ons  of the moor ing  system , such as the anchor

chain , the buoy structure , and the shipboard mooring fittings. The increase
in mooring load is not proportional to the increase in hawser strength ; an
increase in hawser s t r e n g t h  wi l l  lead to an increase  in hawser f a c t o r  of
safe ty ,  but the increase in factor of safety will be less than the increase
in strength .

The increase in f a c t o r  of s a f e t y  achieved by i n c r e a s i n g  the b reak ing
st re ng th of the hawser may ac tual l y decrease factors of safety in other
por t ions  of the moor ing sys tem.  This f a c t  may be overlooked when inc reas ing
hawser size on existing SPIts. In a new design , the strength of the buoy
and anchoring system can be increased , although at some cost. However , the
strength of shipboard mooring fittings cannot generally be increased. Limita-
t ions of sh ipboard  mooring f i t t i n g s  are discussed in Sect ion 4.

Although no part of the mooring system should be designed to fail ,
the consequences of a failed hawser are usually less severe than the con-
sequences of a buoy , foundation , or anchor—chain failure which in turn
could cause failure of cargo piping or hose , or the consequences of a ship-
board mooring—fitting failure which could cause personal injury. The SPIt
hawser may p r e f e r a b l y  be the  weakest  p a r t  of the  moor ing s y s t e m , provided
that cargo load ing is discontinued , and hoses are disconnected in environ-
ments approaching the design environment.

A practic~ l limitation on hawser size is the difficulty of handling
very  large hawsers and of l i f t i n g  them and the associa ted  th imbles  and hard-
ware to the f o r e c a s t l e  of the  t a n k e r .  The w i n c h i n g  c a p a c i t y  of many t anke r s
is l imi t ed .  ARAIICO personnel have stated some tankers can onl y lift about
2 , 300 kg (5 , 000 lbs) of hawser  and h a r d w a r e  ( F l o r y ,  ARAMCO T r i p  Memorandum
Apr i l  18 , 1 9 7 7 ) .  Ti e  t h i m b l e  a lone  f o r  a 192 mm d i a m e t e r  ( 2 4  i n .  c i r c u m f e r -
ence) hawser weighs a p p r o x i m a t e l y 750 kg (1 , 700 i b s ) ,  and a hawser  of t h i s
size when wet would wei gh a p p r o x i m a t e l y  300 kg per meter (200 lb per foot)
of l eng th . Thus , a hawser  of t h i s  s i ze  would p r o b a b l y  be i m p r a c t i c a l  unless
spec ia l p rov i s ions  were prov ided  onboar d  the  t nker.
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Unreasonably hi gh hawser f a c t o r s  of s a f e t y  which would r e q u i r e  the
use of very large , very stiff hawsers would cause difficulties in design; may
increase the r isk of f a i l u r e  of o ther  par ts  of the mooring sys t em;  and may
be impract ica l  because of shi pboard mooring f i t t i n g  and winch l i m i t a t i o n s .
Real is t ic  f a c t o r s  of s a f e t y  should be prescr ibed and met t h r o u g h r a t i o n a l
design prac t ices  and adequate hawser inspection and rep lacement criteria.

5 . 7 . 2  D e f i n i t i o n  Of Mooring Load And Breaking Strength

The f a c t o r  of s a f e t y  of the SPI t hawser is def ined  as the r a t i o
of the new—hawser breaking strength to the predicted maximum mooring load .
A realistic basis for determining hawser loads and a consistent definition
of maximum mooring loads are required in setting factors of safety. The
maximum mooring load at an SPM is a function not only of the environment ,
the tanker , and the mooring system , but also of the statistics of the randoml y
varying load in the hawser. The influences of the environment , tanker , and
mooring system are discussed in Section 2. The manners in which mooring loads
are determined and maximum mooring loads calculated by statistical analysis
are discussed in Section 3.

There wi l l  only be a very  small chance that  the  maximum moor ing
load will be exceeded when the design basis is realistically set , tha t is:
if the mooring loads are accurately determined ; the most critical tanker ,
tanker condition , and environmen t are used to determine the maximum mooring
loads; and the proper statistics are used in the analysis. Furthermore ,
because of the nature of the statistics of the mooring loads and the com-
bination of factors which produce the loads , ther e will only be a small
chance that  the maximum mooring load wil l  be approached .  T h e r e f o r e , i f t h e
maximum mooring load is realistically determined and defined , the factor
of s a f e t y  which should be app lied to t ha t  load does not need to a c c o u n t
for loads in excess of that load or for frequent app lications of that load.

The s t r eng th  on which the  f a c t o r  of s a f e t y  is based should  be
defined as the minimum breaking strength of the synthetic rope as rated by
the manufacturer. I-lost rope manufacturers will state the minimum breaking
streng th which they will guarantee . Rope manufacturers indicate the minimum
breaking s t r eng ths  are typ ical ly  approximate ly  10% less than  the average  b r e a k i n g
s t r e n g t h .

The breaking s t r e n g t h  on which the f a c t o r  of s a f e t y  is based must
• take i n to  account the e f f e c t  of sp l ices .  Sp lices are f r e q u e n t l y  a poin t  of

weakness of hawsers in se rv ice .  Gene ra ll y ,  doub le—bra id  rope is t e s t ed  w i t h
typ ical splices, and thus the rated breaking strength of this rope accounts
for the reduction in strength due to splices . Eight—strand and three—strand
ropes are generally tested without sp l ices , and thus a reduction , generall y
10%, must be made in the ra ted break ing streng th of these ropes for sp lices.

• .
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Although the new breaking strength of strop—type hawser arrangements
may be as l i t t l e  as about 1.7 t imes the s t r e n g t h  of the ind iv idua l  legs due
to the effect of bend in the eyes , as discussed in subsection 5.8.3, this does
not appear to be a point of weakness of strops in service. A more important
f a c t o r  is that  the bulk  of each leg in a s t rop  is not as g rea t  as tha t  of a
single—leg hawser of the same strength ; thus the strop s t r e n g t h  may degrade
faster in service due to damage and wear. Therefore, it is recommended the
breaking s t reng th  of s t rop—type  hawsers should be taken as 90% of the  to ta l
strength of the two legs . This topic is covered f u r t h e r  in subsec t ion  5 .8 .3 .

The strength of nylon rope is known to be reduced by approximately
10% when wet. The hawser at an SPIt f l o a t s  in the water  between moorings
and dips to the water occasionally when connected to the moored tanker. Thus,
the SPIt hawser is usually wet when loaded . Nylon is the most common ma te r i a l
for SN hawsers and has given good service in the past without taking into
account i ts  reduced s t reng th  when wet in se t t ing  sa fe ty  f a c t o r s .  Manufac—
tu re r s  have s ta ted  that , because nylon has beer, used successfully f or year s,

• the p roper t i es  of ny lon are well known , and the reduct ion in s t r e n g t h  when
wet is at least p a r t i a l l y  o f f s e t  b y an increase in e l a s t i c i t y ,  there  is
no need to set a higher criteria for nylon than for other synthetic rope
m a t e r i a l s .  This reasoning appears sound ; no reduct ion  in s t r e n g t h  need
be taken for wet nylon in setting SPIt hawser factors of safety.

5.7.3 Single—Hawser System

The number and arrangemen t of hawsers between the SPM and the
moored vessel must be considered in setting safety factors. When on ly  one
hawser is used to moor the tanker , total reliance must be placed on this sing le
hawser as there  is no backup in case of f a i l u r e . A s t r o p — t y p e  assembly
or an assembly having two or more hawsers joined to a sing le c h a f i n g  cha in
at the tanker end are considered to be single hawsers for the  purpose of this
discussion . Breaking load is defined as the effective total breaking strength
of such assembl ies .

As a result of extensive SPIt operating experience and rope testing ,
Shell set criteria that the working load in a sing le—hawser system should be
no more than 40% of the breaking strength and that the maximum load should
not exceed 60% of the breaking strength (Langeveld , 1973). Shell gave no
definition of working load to be used in contunction with the criteria . ABS
inco rpora t ed  the c r i t e r i a  t h a t  the max imum moor ing  load should  not  exceed
60% of the breakIng str ength of a sing le—hawser system in its Rules for SPIts.
Stated another way, the ABS criteria is the factor of safety of a sing le—hawser
sys tem should  be 1.67 based on b r e a k i n g  load to maximum mooring load (AB S, 1974).

~~~~~~~~ •
~~~~~~~~~~~~

•
~~~~~~~~~~~~~~~~~



~
-

~
• -~~~~~~~~~~~~~~ - - • • - ~~~ ~~~~~~ •~~~~~-•~~~~~~~~ ~~~~-~~~~~~~~~~~~~~ — -- •~~~~~~~~~~~~~~~~~~~ - •~~

— 5 .32  —
Re—examination of this criteria shows that it may be unconservative

for critical app lications. The princi p le consideration is there is no redun-
dancy in a single—hawser c ater and the tanker is unrestrained in the event
of an SN hawser failure. It hoses are still connected and cargo transfer
is still underway, an oil spill will probably result. If the mooring is in
restricted waters the tanker may he involved in a collison or grounding before
it can recover control and get underway . Other considerations are that the
SPIt hawser may fail at a load below its rated breaking strength due to either
latent quality defects or to undetected wear and damage , and that mooring
loads hi gher than the predicted maximum mooring load may occur due to extreme
event statistics or operational mishaps .

A factor of safety of 2.0 on breaking load to maximum mooring load
is proposed as being more prudent for single hawser systems in sensitive loca-
tions. This criteria limits peak mooring loads to half the rated breaking
strength . This criteria is slightly higher than that now generally used.
Few SPIt hawser failures were experienced with systems designed to the previous
criteria . However , the consequences of the failure of an SN hawser at a U.S.
deepwater port warrant this revised criteria .

5.7.4 Dual—Hawser System

An arrangemen t of two or more independent SPIt hawsers in parallel
between the SPIt and the tanker provides redundancy in the event one line
fails. However , in the event of failure of one line , the remaining hawser
or hawsers must be strong enough to withstand the entire mooring load . Also ,
because of the arrangements of mooring fittings on board tankers , the mooring
load may not be shared equally between the hawsers . Systems with three or
or more hawsers are generally impractical because of the arrangemen t of mooring
fittings on tankers. Therefore , consideration is given here to dual—hawser
arrangements only.

For dual—hawser systems , the ABS Rules for SPMs (1974) require a
factor of safety of 2.5 on the maximum mooring load to the combined strength
of the two lines. This criteria was essentially in agreement with criteria
which had been independently developed and successfully employed by Exxon .
Shell , IMO DCO , and SBM Inc .

With dual—hawser systems the total mooring load may not be shared
equally between the two hawsers . As discussed in subsection 4.~~.1 and shown
in Figure 4—12 , if the two hawsers are not brought through the same or adjacent
how chocks , one hawser will take more of the moor ing load as the tanker yaws .
Shell has stated that in a dual mooring hawser system the higher loaded line
may take two thirds of the total mooring load . Based on this ph i losophy and
the factor of safety criteria of 1.67 cited set for single hawsers , Shel l
set a factor of safety of 2.5 for dual—hawser systems (Langeveld , 1975).

_ _ _  
L~~4
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Factors in the sharing of loads between dual hawsers are the degree
of elasticity of the hawsers , the matching of length and elasticity of the
two hawsers , and the matching of positions at which the hawsers are attached
on the tanker forecastle. As the tanker yaws , the percentage of sharing
of loads between two hawsers is a function of the difference in elongation
between the two hawsers and the elasticity of the hawsers. With very stiff
SPM hawsers, only a small difference in elongation can cause a large dif—
ference in loads between the two lines. Also , if the two hawsers are of un-
equal length or of different elasticities , the loads will not be equally
shared even if the chocks are closely spaced and the tanker does not yaw.
If one hawser is attached to a fitting very near the chock and the other
hawser is attached to a fitting far from the chock the effect is the same
as with hawsers of unequal length .

In this study calculations were made of the sharing of hawser load
experienced in a dual—hawser system due to tanker yaw. A maximum tanker—yaw
angle of 45 0 occurring simultaneous with the design mooring load was assumed .
Two broken—in 50 m (165 ft) long double—braid nylon hawsers were used in the
analysis. The relationship of differential hawser length to tanker yaw and
spread of bow chocks were those shown in Figure 4—12 and discussed in sub—
section 4.5.1.

With a factor of safety of 2.5 and a chock sp icing of 2 m (6.5 it),
the higher loaded line was loaded to approximately 50% of its breaking strength ,
an acceptable load level . However , with a chock spacing of 10 m .(33 ftl ,
one hawser will take all the load and be loaded to 80% of its breaking strength .
With a factor of safety of 3.0 on a dual—hawser system under the same circum-
stanc es of one hawser tak ing all of the load , that hawser is loaded to only
67% of its breaking strength .

A dual—hawser system provides a redundancy or safety backup in
that if one hawser breaks the tanker can be held until corrective action is
taken . This is only effective , however , if each hawser is strong enough to
withstand the maximum mooring load by itself. With a dual—hawser factor
of safety of 2.5, one hawser would be loaded to 80% of its breaking strength
in the absence of the other hawser . A load of this magnitude could fail a
used hawser. Although it would appear to be unlikely that two very high
mooring loads would occur in sequence , on several occasions the second
line of a dual—hawser system has failed shortly after the first line failed.
With a dual—hawser system factor of safety of 3.0, one line alone would be
loaded only to 67% of its breaking strength .

A factor of safety of 3.0 is more prudent for dual hawser systems
at SPM~ at U.S. deepwater ports than the 2.5 factor of safety now generall y
used. The 2.5 factor of safety is adequate provided that both hawsers share
the mooring load within a ratio of 2:1. However , for terminals which must
serve a wide var iety of tankers which may not be equipped with proper mooring
fittings and chocks , a hig h inbalance of load may occur. Also , if one hawser
par ts , the second hawser may be loaded to near its breaking strength if a fac—
tor of safety of 2.5 is used .
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5 .7.5  A l t e r n a t i v e  Factor of Safety On S ign i f i can t  Load

In some mooring appl ications, repeated cycling to loads slightly
lower than the maximum mooring load could cause f a t i gue of the ropes , thus
reducing the breaking s t rength  and causing f a i l u r e .  For examp le , at a site
where long period swell was the predominent f ac to r , the na ture  of var ia t ion
in mooring loads may be almost regular and the ratio of maximum load to sig—
nifican t load may be relatively small.

Based on the analysis of cycl ic—load f a t i g u e  data given in sub-
section 5 .5 .2 , a f a c t o r  of s a f e t y  of 4.0 on significant mooring load appears
to be prudent. App lying a factor of safety of 4.0 on the significant mooring
load would essentially restrict cyclic loads to less than 25% of breaking
s t reng th . Cycl ic—load  data fo r  top—qua l i ty  ny lon ropes show they will not
be f a t i gued by even a large number of cyclic loads up to 30% of breaking
s t rength .

The s a f e t y  f a c t o r  c r i te r ia  of 4 .0  based on the s i g n i f i c a n t  moor ing
load correspond ing to the maximum mooring load is proposed to preclude de-
gradat ion of hawser strength due to cyclic loading . The significant mooring—
load safety—factor criteria will govern when the maximum mooring load is less
than twice the significant load for single—hawser systems . It is unlikely
that situations will exist which will cause this criteria to govern in the
case of dual—hawser systems .

5 . 7 . 6  Recommended Factors of Safety

The above re—examination of the bases fcr factors of safety concludes
tha t factors of safety slightly higher than those now recommended by ABS and
commonly used by the industry should be used for hawsers at SPIts for U.S.
deepwater ports. A factor of safety of 3.0 for dual—hawser systems is rec-
ommended . A factor of safety of 2.0 is recommended for single hawsers.
These factors of safety are defined as the ratio of the rated minimum breaking
strength of the synthetic rope making up the hawser system , with splices and
other factors accounted for , to the predicted maximum mooring load . Another
criteria of a factor of safety of 4.0 on significant mooring load is recommended
to lim it fati gue effects .

These f a c t o r s  of s a f e t y  are based on the premise  tha t  the maximum
SPIt hawser load has been realistically and accurately determined and the new
break ing  s t r e n g t h  of the SPIt hawsers  have been p rope r ly  assessed.  They are
based on the p rac t i ces  tha t  the SPIt hawsers are f r e q u e n t l y  inspected and
pe r iod ica l ly rep laced to assure the i r  breaking s t r e n g t h s  have not  s e r ious ly
degraded .
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5.8 SPIt HAWSER ASSEMBLIES

The SPIt hawser consists of a s y n t h e t i c  rope sp liced to f o r m  an
endless strop or with eye splices at each end. The ends of the strop or
the eye splices are enclosed by thimbles and are attached to short lengths
of chain to prevent  chaf ing  on the buoy and the tanker . C h a f i n g  chains and
related hardware are discussed in subsection 5.9. Unless the synthetic rope
is lighter than water , floatation must be p laced on the hawser assembly.

5.8.1 Hawser Thimbles

Hawser eyes sh ould genera l ly  be protected by thimbles . The term
hawser eye refers to the loops formed at the end of the hawser. Thimbles
p r o t e c t  the hawser from abrasion , keep the hawser at the proper bending radius ,
and distribute contact stresses over a sufficient length of hawser. Eyes without
thimbles may be acceptable where the eyes are placed over large bollards on
the  SPM . A t yp i ca l  th imble  is shown in Figure 5 — 1 7 .

Fac tors  which are importan t in th imble  design are t h i m b l e  size and
shape , abrasion protection placed between the hawser and thimble , and thimble
mate r i a l .  Thimbles are sized according to rope size to prevent significant
strength decrease due to hawser bending and to provide adequate surface contact
area between the hawser and thimble. As explained in subsection 5.4.5, a sharp
bend in a hawser will significantly reduce its strength . Hawser abrasion
caused by rubb ing between the thimble and the hawser must also be protected
a g a i n s t .

The mouth or entrance opening in the thimble should allow for hawser
elongation . When loaded , the hawser eye elongates resulting in the crotch
of the eye pulling away from the th~ mble . If the thimble housing tigh t ly
encloses the legs of the eye near tl~i cro tch , the outside of the legs will
rub against the thimble , as shown in Figure 5—18 , resulting in hawser abrasion .
Therefore, the opening in the thimble should be designed to allow the eve
to elongate without contacting the lip of the opening.

The shape of the thimble which contacts the rope should be snooth
and without sharp corners. Any sharp corners will cause stress concentra-
tions in the hawser which will reduce hawser strength . Half—circular shaped
thimbles as shown in Figure 5—18 , present abrup t corners which cause stress
concentrations . The shape of the hawser should be continuous and be smoothly
faired. The thimble shape of Figure 5—17 is well designed .

Rope manufacturers are now producing special detachable t h i m b l e s .
Detachable thimbles have the advantage the thimbles can be reused by removing
them from used hawsers and p lacing them on replacement hawsers in the field .
Ordinary thimbles must be shi pped back to the rope manufacturer for resp liciri g
i n t o  a new hawser .  ~iost SPIt op e r a t o r s  f i n d  t h i s  too cost  lv and b o t h e r s o m e
to do.

•

~

•

~ 

• •
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It is important that detachable thimbles are properly desi gned .
Care must be taken so that the pin holding the thimble to the hawser cannot
accidental ly come out . A ty p i c a l  de t achab le  th imble  is shown in F igu re  5—1 ° .

D i f f e r e n t  desi gn c r i t e r i a  may app ly to the buoy—end  and t a n k e r — e n d
thimbles. Minimum weight is usually an important criteria for tanker—end
thimbles because they must be supported by a buoy and must be lifted by
tankers to moor. A heavy thimble with the appropriate support buoy m a y
exceed winch capab i l i t i e s  of many t ankers . The buoy—end th imble  is not
lif ted by the tanker; it is supported by the SPIt buoy so thimble weight
is not as impor tan t  a c r i t e r i a . Minimum abrasion is the most i m p o r t a n t
criteria for buoy—end thimbles. The thimble—to—bu oy connection design
varies between SPMs and the specific design will  d i c t a t e  the best  t h i m b l e
to use. A thimble specially designed f or use on the bu oy end of an SPIt
hawser is shown in Figure 5—20.

A coating or covering is usually placed between the hawser and
thimble to prevent hawser abrasion . Leather typically is placed around the
eye up to , and sometimes past , the crotch . The leather  acts  as a skin over
the hawser , taking the abrasion which would otherwise take p lace on the
hawser .  Leather s e f f ec t i venes s  depends on i ts thickness , on how well
it is p laced on the eye , and on the thimble  design.

Polyurethane has recently been in t roduced as a means of p ro tec t ing
the eye f r o m  chaf ing . In s tandard  closed thimbles the po lyure thane  is cast
in place by pouring it into the cavity between the rope and the thimble wall.
Polyurethane encapsulation holds the hawser securely in the thimble so no

F abrasion between hawser and thimble can occur . As polyure tha ne is app lied
in the liquid state , cloth or plastic film should be wraped around the pro—
tion of rope to be covered to prevent polyurethane from adhering to or entering
the hawser f i be r s .  If pol yure thane  does adhere to or pene t ra t e  the hawser
fibers , the rope may be stiffened , and rope strength may degrade more rapidly
due to wear. Because polyurethane is a semiflexible material , it may be applied
along the rope beyond the th imble  to provide f u r t h e r  p r o t e c t i o n  agains t  abras ion .

On unthimbled eyes and on eyes which will be placed in detachable
th imbles , po lyure thane  may be sprayed on the eye to provide  cha fe  p r o t e c t i o n .
The polyurethane coating remains flexible. As with cast polyurethane , the
rope should be wraped with cloth or plastic to preven t the sprayed poly-
urethane from adhering to or penetrating the fibers.

The t h i rd  fac tor  a f f e c t i n g  pe r fo rmance  of the  rope in the th imble
is thimble  m a t e r i a l .  It is importan t t ha t  rust  does not  fo rm on the  t h i m b l e
in the vicinity of the rope . This is particularly true of nylon rope .
Rust f o r m s  an acid which readil y a t tacks  nylon causing s t r eng th  degradation
of the rope . Polyester is not as severely attacked by the acid formed
rust and polypropy lene fibers are immune to attack by the acid formed
by rust . In add ition , flakes of rusted metal from the thimble may get into
the rope fibers , cutting fibers and causing rope strength degradation .



— 5.37 —

• 

- 

Thimbles are usually made of stainless steel or galvanized steel.
If pr oper ly  manu f a c tu red , galvanized steel thimbles will not rust during
the service life of an SPM hawser. However , galvanized thimbles should not
be reused unless they are thoroug hly inspected fo r  rus t or are regalvanized .

Stainless—steel thimbles are preferable to galvanized thimbles
fo r  SPIt hawsers .  S ta in less—stee l  thimbles are resistant to rust so they
may be reused if properly maintained . The surface of stainless steel is
smoother than the surface of galvanized steel , so the risk of fiber abrasion
on the hawser surface is less. For the above reasons stainless—steel thimbles
are recommended for SPIt hawsers.

5 .8 .2  Hawser Floa ta t ion

The specific gravities of nylon and polyester are greater than
the specific gravity of water , so nylon and polyester SPIt hawsers need some
f o r m  of f l o a t a t i o n  ma te r i a l  to s tay on the s u r f a c e .  The spec i f ic  g r a v i t y
of polyp ropy lene is less than that of water so polypropylene ropes float
without additional floatation .

Those types of floatation which cover the hawser also provide
ex te rna l  abrasion p ro t ec t i on . The f lo a t a t i o n  cover is usually p laced along
the e n t i r e  hawser length  to provide comp lete abras ion p r o t e c t i o n  even thoug h
comp lete coverage by floatatlon material is not needed to keep the hawser
afloat. Three types of permanent floatation are commonly used : bead floats ,
tube floats (also known as floatation sleeves or hose floatation) , and
collar floats (also known as lace—on floats). The three types of floatation
are shown in Fi gure 5—21.

Bead f l o a t s  are doug hnut—shaped  r ings cons i s t ing  of c losed—cel l
plastic foam or a hollow hard p lastic shell filled with foam . They are

• threaded onto a hawser before both ends are eye spliced . To permit the
hawser to f lex  and cont rac t , bead f l o a t s  should not  be packed t ig h t l y onto
the hawser.  It is not p rac t ica l  to a t t a ch  each bead to the hawser i t s e l f.
T h e r e f o r e , bead f l o a t s  are f r e e  to move along a hawser and tend to bunch
at one end. To restrict movemen t of bead floats on a hawser , small rope
is wrapped around the hawser or specia l collars are tied to the hawser
at i n t e rvais .  Experience has shown b€~ad f l o a t s  to be undes i rab le .  Bead
floats have been known to bang against each other sometimes shattering
or breaking off , especially in cold weather .

Tube f l oa t s  are long tubes made of c losed—cel l  foam covered wi th
a flexible jacket. One form of tube float consists of a thin—walled rubber
hose covered by closed—cell  foam . Like bead f l o a t s , tube f l o a t s  are threaded
onto the hawser be fo re  both ends are eye sp liced . If tube  f l oa t s  are not
t ied to the hawser they tend to bunch up at the lower end . Some m a n u f a c t u r e r s
wrap small  l ine around the hawser to r e s t r i c t  tube f l o a t  movement .

_ 
~~ - - -- - •
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Collar floats are split tubes or sheets of closed cell foam covered
wi th  so f t  p l as t ic  or p l a s t i c—impregna ted  c 1.oth w i t h  an axial  spl i t  seam .
Collar f loa ts ar e typ ically about 1 meter (3 f t )  long and about 25 to 50 mm
(1 to 2 i n . )  th ick .  The ed ges of the sp lit tud e or sheet are provided with
eye le t s .  The collar  may be placed over the hawser and then laced toge ther
with small rope .

Collar floats and tube floats are usually sewn or tied onto a
hawser . If not properly sewn on to compensate for hawser elongation , collar
floats will break off when a hawser is elongated. •

Collar f l o a t s  have several advantages over bead and tube f l o a t s .
As they  Er e  a t t ached  d i r e c t l y  to the hawser , col lar  f l oa t s  will not bang
together or bunch up at one end of the hawser. Collar floats need not
be put on at the rope factory so the hawser and floats can be shipped
separa te ly.  This makes shipp ing easier as the hawser can be shipped on
a reel or packed in a re la t ive ly  small c r a t e .  As col lar  f l o a t s  cam be
put on the hawser in the f ie ld by the SPM opera t ing  personnel , they  can
also be removed and placed on new hawsers in the field . Collar—float life
is dependent upon envi ronment  condi t ions  and handl ing  care .  If the SPI-f
is in a mild locat ion and if the  hawser is c a r e f u l l y  handled , collar  f l o a t s
may be reused a number of times .

5.8.3  Comparison of Strops and Eye— Spl iced  Hawsers

A rope can be spliced to construct either an eye—sp liced hawser or
an endless ioop called a strop (also known as a grommet). Both constructions 

- •

are used at SPMs . A s t rop  and an eye—sl iced  hawser are shown in F igure  5 — 2 2 .

A strop is constructed by end—for—end splicing the four ends of two
ropes to form a single loop . It is important that loads are equally &iared
by both legs in the strop . The two sides of the loop , refered to as legs ,
are u s u a l l y  lashed together  with small line to ho ld  them toge the r  and p reven t
them from tangling.

It is important that one sp lice he made in each leg to insure
equal loading, and the splices shou ld be adjacen t hut  p r e f e r a b l y  s tagered
so they do not cha fe  aga ins t  each o t h e r .  Sp l ices  a f f e c t  hawser e l a s t i c i t y .
If the elasticities of the two legs are uneven , the stiffer leg will elongate
less and experience highe r loads , resulting in more rapid wear and a reduction
in s t r e n g t h  of the  s t r o p .  Strops  are  sometimes c o n s t r u c t e d  by e n d — f o r — e n d  •

‘~p lic ing the  two ends of a s ingle rope . This type  of s t r op  has one splice.
To e q u a l i z e  the elongations of the legs , the unspliced leg is sometimes pre—

~t r i ’t c h e d .  This method is not adequate in equalizing the elongations and
- i - h ogs of t he  two legs.
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The breaking s t r eng th  of a s t rop  may not be as hi gh as the  combined —

b reaking  s t rength  of the two legs , because of the manner in which the eye
is loaded . The arrangements of the eyes in eye—spliced and strop hawsers
are shown in Figure 5—2 3.

In an eye—sp liced hawser the area of rope around the thimble is - 
-

equal to the area of rope in t h e  midsection . Under tension T , the t o t a l
tension is present  in the midsection , but the tension in each leg of the
sp lice around the th imble  is T/2 (neg lec t ing  the e f f e c t  of the  angle  of the
crotch covered in subsection 5 . 4 . 5 ) .  Althoug h the s t r eng th  of the rope around 

- •

the radius of the thimble is reduced due to curvature , the rope is under less
tension around the thimble , and does not tend to break in this area.

In the strop hawser the area of rope around the radius of the thimble
is the same as the area of each ind ividual leg ,  but  is only half  the  to ta l
area of rope in the midsection . Therefore, the rope around the thimble is
under the same tension as each leg in the midsec t ion . Because the s t r eng th
of the rope around the thimble is reduced due to curvature , the rope tends
to break at th is  point  at a load less than the combined breaking s t r e n g t h
of the two legs which make up the midsection .

The different manufacturers do not agree on the strength reduction
in the eyes of strops . Samson Ropes and Wall Ropes believe the predominate
strength reduction comes from the hawser being bent. A test conducted
by Samson Ropes indicates the strength of a strop may be 1.7 times the
minimum breaking strength of the rope which makes up each leg. (Samson ,
TR 12—74, 1974). This reduction in strength is attributed to the bend
in the hawser at the eyes . British Ropes and Hawkins and Tipson believe
the reduction in strength in the eye of a strop is neglig ible.

Based on experience in service , the reduction in new breaking
s t reng th  in the eyes of s t rops  does not  appear  to be sig n i f i c a n t  w i t h
respect to the s t r eng th  of used hawsers .  The sect ion of rope in the bend
of the  eye , which may be the weakest  po in t  in a new s t r o p ,  is well  pro-
tected by the thimble against cuts , abrasion , and other external damage.
Although strops have failed in ser-iice due to wear or other factors along
their unprotected length , no incident of a used rope failing in the eye
section is known .

A more important factor in the strength of used strops may be the
bulk of rope in each leg of a strop as compared with the bulk of rope in an
eye—spliced hawser. External damage of a given magnitude , for example a
cut  of a g iven depth or abrasion over a given area , w i l l  cause a g r e a t e r
strength reduction in a strop hawser than in an eye—sp l iced hawser of the
same new breaking strength . For example , a 25 mm (1 inch) deep cut in a 120
mm diameter (15 in. circumference) leg of a strop hawser would cause a larger
r e d u c t i o n  in s t r e n g t h  than the  same d e p t h  of cut in a 168 mm d i a m e t e r  (21
in.  c i r c u m f e r e n c e )  eye—sp liced h a w s e r .  Thus , the  s t r e n g th  of a used s t rop
hawser may not be as great as that of a used eye—sp liced hawser of the same
o r i g i n a l  s t r e n g t h . 

-— - •“-----~~~~~~~~~~~
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It is recommended the strength of a strop hawser be rated as 1.8
times the strength of each individual leg ; that is , the total breaking strength
of a s t rop  hawser should be reduced by 10%. This r educ t ion  in r a t ed  b r e a k i n g
strength is in addition to that which should be taken into account in determining
the minimum breaking strength of the rope as discussed in subsection 5.4.

• This r educ t ion  in ra ted  breaking  s t r e n g t h  f o r  s t rop  hawsers  is to account
for the possibilities tha t the new breaking strength may be reduced by the
effect of bends in the eyes and the breaking strength may be reduced more
rap idly in service than that of an eye splicec4 hawser.

Eye sp liced hawsers should be preferred over strops for SPIts.
F .  Strops were favored for a number of years because at the  t ime  ropes of

sufficient strength to singly take the hig h loads at SPIts were not available.
Splicing the rope in a strop was the only way to produce a hawser assembly
capable of withstand ing the hig h loads.  Since the development  of strops ,
hawser size has increased so that eye—sp liced hawsers can now take the high
loads.

5 .8 .4  Pa i r ing  of Dual Hawsers

Where dual hawsers are used at  an SPIt, care must be taken that the
pair of hawsers are matched in length and elasticity. If one hawser is shorter
than the other , the shorter hawser will take more than half the mooring load.
Likewise , if one hawser is stiffer than the other , the stiffer line will take
more than half the mooring load .

• Rope manufacturers can splice hawser assemblies to a tolerance
of ± 1% of a spec i f ied  length . Thus , it can be spec i f i ed  tha t  the two
hawsers of a matched pair are sp liced so t h e i r  lengths  are w i t h i n  ±1 % of
each other . No s i g n i f i c a n t  unequal  shar ing of the moor ing load would occur
between hawsers in a pai r  spliced to this  length t o l e r a n c e .

The two hawsers in a pai r  should be matched as to c o n s t r u c t i o n  and
material. Obviously, an eight—strand hawser should not be used with a double—
bra id  hawser .- Also , a ny lon hawser should  not  be used w i t h  a po lyes te r  hawser .
Sli ght va r i a t ions  in e l a s t i c i t y  can ex i s t  in hawsers made on d i f f e r e n t  m a c h i n e s
in which twisting and braiding tensions are different , and can also exist in
hawsers made from different batches or grades of fibers of the same material.
Therefore , pa ired hawsers should pref erably he made on the same machine and
should be made f r o m  the same grade of m a t e r i a l .

Because the length of the hawser will increase with use , haw sers
which are manufactured as pairs should continue to be used as pairs. If one
hawser is retired from service due to damage , then the pa ired hawser should
also be retired. An exception could be made if the used undamaged hawser
can be pa i red  to a n o t h e r  undamaged used hawser which was e s sen t i a l l y  iden-
t i ca l  to it when new , which has had a s imi la r  se rv ice  h i s t o r y ,  and is of
essentially the same length in the used condition . A used hawser should
never be p a i r e d  wi th  a new hawser .
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5.9 CHAFING CHAINS

Chafing chains are usually p laced between the buoy and the hawser
and at the tanker end of the hawser. They serve to protect hawsers from
rapid strength degradation caused by chafing, abrasion , and cuts at the buoy
and tanker  ends of the  hawser .

• The a r r a n g e m e n t  and design of c h a f i n g — c h a i r  assemblies var ies  and
it is difficult to furnish a chafing chain assembly which is compatible with
the SPIt moor ing  f i t t i n g s  on all t ankers .  A comittee of OC1MF is now stud ying
chafing—chain assembly design and intends to issue standards for compatible
designs of tanker fittings and SPM chafing chains in the near future. A
typical tanker—end chafing—chain assembly is shown in Figure 5—24. Typ ical
d imension for chain links and shackles are given in Figure 5—25. Typ ical
chain breaking strengths are given in Table 5—9

5 .9 .1  C h a f i n g  Chain Componenets

SPM chafing chains are made up of s tock  s t u d — l i n k  chain and chain
fittings which are available from numerous manufacturers. The technology
for manufacturing chain in the SPIt chafing—chain size range is well estab-
lished. Classification societies have standards for manufacturing and testing
such chain and chain fittings. The American Bureau of Shipp ing (ABS) rules
for manufacturing and testing chains are given in Rules for Building and
Class ing Steel Vessels.

SPIt c h a f i n g  chains are made f r o m  short lengths of chain so it is
not usually practical to perform all of the testing procedures specified by
the classification societies for each length of SPM chafing chain . It is ,
therefore , important that SPM chafing chains come from batches of chain which
have been manufactured and tested to classification society specifications.
When specia l alloy chain , not covered b y any c l a s s i f i c a t i o n  soc ie ty ,  is used
for SPIt chafing chains , classification society testing procedures should still
be followed to insure high quality and strength chains. Chain manufacturers
i n su re  t he i r  chain is h ig h q u a l i t y  by proof loading all chain as part of the
manufacturing process . Proof loading also improves elasticity properties
of chain . Test and inspection certificates should be provided by the chain
manufacturer or supp lier.

The chafing chain of Figure 5—24 is made of 76 mm (3 in.) diameter
chain . Many SPIts are now fitted with chafing chains of this size and the
SPM moor ing fittings on most large tankers are sized for this chain . This
size is in accordance with th-~ proposed OCIMF recommendation that chain
s toppers  on new tankers be sized for 76 mm (3 in.) chain. If an SPIt is to
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be designed fo r  small (in the size range up to 100 kdwt)  generally older
tankers , smaller chain and fittings may be required . The bow chocks and

• mooring f i t t i n g s  of many small tankers have chaf ing  chain size r e s t r i c t i o n s .
Also , the winches on some older tankers cannot lift chafing chain assemblies
weighing mor e than about 2 ,300 kg (5,000 i b ) .  Chaf ing  chains f o r  such vessels

• are usually made of 54 mm ( 2 — 1 / 8  in . )  chain and the f i t t i n g s  used in assembling
the chafing chain are sized appropriately.

Three methods are used to m a n u f a c t u r e  s tud—l ink  chains . The most
common m a n u f a c t u r i n g  method fo r  chain in the SPI t—chaf ing—chain  size range is

• to flash weld chain out of bar stock. A simplified representation of the
f lash—welding  procedure  is shown in Figure 5—26.  A length of bar s tock is
heated and bent to form a link interlocking with the end of the preceeding

• chain . A f t e r  the link is fo r med , a stud is inserted in the link and the
link is squeezed toge ther .  The compress ive  load put  on the l ink when the
stud is inser ted  holds the s tud in p lace.  The s tuds  increase  the s t r e n g t h
of chain by up to 20%, so i t  is i m p o r t a n t  t ha t  they s t ay  in place.  To
insure studs remain in place , chain manufacturers will weld them in place
fo r  a small addi t ional  f ee .  The s tuds  used by several chain manufacturers
have p r o t r u d i n g  lugs at each end which penetrate the chain stock to hold

• the lugs in p lace. As chaf ing  chains are located in posi t ions  where they
can be frequently inspec ted to detect missing studs , it is not necessary that
specia l provis ions  be made to re ta in  the s tuds .

Other methods of stud—link chain manufacturing are to cast inter-
locking chain links or to assemble forged or cast chain—link halves . Baldt
Corpora t ion  produces Di_Lok* chain by press ing  two ma t ing  halves t o g e t h e r .
Di—Lok chain is claimed to be slightly more abrasion resistant than flash
welded chain , but it is also more expens ive .  For SPIt chafing chains the
extra cost of Di—Lok chain is not generally warranted over that of flash—
welded chain.

The shackles , end links , and other fittings used to make up chafing
chain assemblies are generally stock items suppied by chain manufacturers.
The assembly fittings should be manufactured to the same standards as the
chain . Because tanker—end chaf ing  chains are usua l ly  sized at 76 mm (3 i n . )
d iameter to fit common ship—board mooring fittings , they may be stronger
than necessary to withstand the mooring load . Fittings used in the assembly

• need not have the same strength as the chafing chain , but should he strong
enoug h to withstand the mooring load with the appropriate factor of safety.
Proof loading of fittings should be performed where possible . Certificates
should be furn ished for the various fittings which make up the load—carrying
por tion of the chafing—chain assembly.

*Di...Lok is a reg is te red  t rademark  of Ba ld t  C o r p o r a t i o n .

L • - - - _ _ _ _ _-  _ _ _ _ _ _
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5 . 9 . 2  Chain Support  Buoy

Tanker—end chafing chains must be supported by buoys when not con-
nected to a tanker so the chafing chain does not sink to the bottom , dr agg ing
the hawser and pick—up rope with i t .  Two typical  chain suppor t  buoys  are
shown in Figure 5—27. The pendent—type of support buoy is connected to the
chafing chain by a short length of small chain shackled to the chafing chain
at a poin t  near the hawser thimble.  The chaf ing  chain of Figure 5—24 is
provided with a special link for this purpose. It is important that the
support buoy is connected at the hawser—end of the tanker—end chafing chein
so the support buoy will hang outboard of the tanker.

The hawse—type of chain—support buoy of Figure 5 -27 consists of a
closed—cell—foam buoy or steel—shell buoy built around a pipe with an inside
diameter slightly larger than the maximum chain dimension . The hollow buoy
is placed over the chaf ing  chain and secured d i r e c t l y  to it by a pin passing
throug h the chain l ink .  A d isadvantage of the  hollow type of chain support
buoy is t h a t  the chain which i t  covers cannot  be drawn th roug h the  tanker
chock. Thus, more chain is required and the weight of the assembly is greater .
The haw se—type  buoy e l iminates  the  problem of the  buoy chafing against the
hawser , wh ich sometim es occurs with pendant type buoys .

There is no definitive criteria for sizing the necessary buoyancy
of chain support buoys . Generally, cha in support buoys are sized so there
is at least a 2O~( and prefer-ably a 50% reserve buoyancy with the chafing
chain and buoy thimble attached. Other criteria important in selecting
chain support buoys are that the support buoy should not interfere with
SPIt mooring operat ions and it should not abraid the hawser.

5.9.3 Chaf ing~ Chain Arrar~gernent

Mooring fittings on tankers which visit SPIts vary widely in con-
struction and strength . It would be difficult to de~ ign a chaf ing cha in
compatible with all tankers . Each SPM situation should be examined to
determ ine the bes t chaf ing cha in design compatible with most tankers which
will moor .  For most SPMs , it is impor t an t  for tanker—end chafing chains
to be compa t ib l e  to as wide a v a r i e t y  of mooring f i t t i n g s  as possible.

Depending on the tanker  moor ing f it t i n g s , the c h a f i n g  chain is
connected to the tanker  in d i f f e r e n t  ways . The three  types of moor ing
f i t t i n g s  which are common on t anker  bows are moor ing b r acke t s , cha in  s toppe r s ,
and bitts. These mooring fittings and the methods in which chafing chains
are at tached to these fittings are discussed in Section 4.

If a tanker  does not  have e i t h e r  a moor ing  b racke t  or a cha in
stopper , snot ters are normally used to attach the SPIt c h a f i n g  chain  to
b itts on the tanker forecastle. The snotter is shackled either to the
open link at the end of the chafing chain or to the triangle plate in the
chafing chain assembly. The manner in which snotters should be attached to
b it t s  is discussed in subsec t ion  4 . 7 .2 .
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The design of moor ing b racke ts  found on tankers  vary . On some

tankers , the mooring bracket may not be compatible with the chafing chain
• and the c h a f i n g  chain may have to be a t t a ched  to b i t t s.

OCIMF is prepar ing  recommendations which call fo r  all new tankers
to be o u t f i t t e d  wi th  chain s toppers .  There are several d i f f e r e n t  chain—
stopper designs . The design may place l i m i t a t i o n s  on the cha f ing—cha in

• design and dictate how the chafing chain is handled . Chain stoppers f i t t e d
on tankers for the purpose of mooring to SPMs are normally sized fo r  76 mm
(3 in.) chain . However , some designs of chain stopper do not permit pas—
sage of the  enlarged open end l i nk  on t h i s  chain . On such vessels , a short
length of chain may have to be shackled to the open link to pass throug h
the chain s topper .

Buoy—end chaf ing chains are simp ler in design than tanker—end chafing
chains. Buoy—end chafing chains are usually permanently connected to the buoy
so their versatility is not important. The SPM buoy supports  the buoy—end
chafing chain so chain support buoys are not needed . Buoy—end chafing chains
are usually made of the same chain size and grade as the tanker—end cha f ing  

-

chain . Buoy—end chaf ing—chain  length depends on the SN buoy design.  They
must be long enough to prevent the hawser from abraiding against the buoy .
Buoy—end c h a f i n g  chains  o f t e n  are as shor t  as 3 m (10 f t ) .  Open l inks are
usually placed on both ends of buoy-end chafing chains so they may be shackled
to the hawser thimble link and the SPIt buoy mooring bracket.

5.9.4 Chafing—Chain Factor of Safety

Because the strength of chafing—chain assemblies are more adequately
assured , c h a f i n g  chains genera l ly  need not be as s t rong  as the synthetic rope
which makes up the hawser . The strength of synthetic rope degrades in service
in an unpredictable manner due to cuts , wear , abrasion , and fatigue . Also ,
the strength of new rope cannot be accurately determined through testing .
Stud—l ink  chain and other components of the c h a f i n g — c h a i n  assembly can be
proof tes ted to assure their  s t r eng th . Under normal c i rcumstances , the s t r e n g t h
of t he  chain will  degrade slowly due to abrasion and corrosion . Thus , the
chaf ing cha in is no t likel y to fail in an unpredictable manner.

The stud—link chain used as chafing chains for SPIts which serve VLCCs
is usua l ly  76 mm (3 in.) chain. Several chain grades having different strengths
are available. Grade 3 chain is usually used , because it has high strength
and genera l ly  is no more expensive than Grade 2 chain . Grade 3 76 mm (3 i n . )
chain has a breaking s t r e n g t h  of 4.315 kN (970 , 000 l b ) .  Thus , chaf ing  chains
may be significantl y stronger than the SPIt’s hawsers . This extra strength
is not viewed as a detrimen t because the extra strength gives a larger marg in
for abrasion fatigue and corrosion . Therefore, the chaf ing chain can remain
in service longer than the synthetic rope .
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For convenience in handling and mooring, some components of the
cha f ing  chain , such as shackles and open links , may be designed f o r  s t r e n g t h s
less than that of the stud link chain . To size these components a minimum
factor of safety should be defined .

As discussed in subsection 5.7, the minimum factor of safety of
ind ividual lines in dual moor ing line systems should be 1.5. Commensorate
with the philosophy that each line in a dual moor ing line system should be
capable of taking the entire mooring load, the chaf ing chain assembly in
each leg of a dual mooring line system should have a minimum f a c t o r  of s a f e ty
of 1.25.

The minimum factor of safety of 2 which is recommended on a single—
hawser system is more than is justified for the chafing chain assembly in
such a system . A factor of safety of 1.75 based on breaking strength of
the chain and other components of the chafing chain assembly will provide
a safe ty fac tor of approximately 1.2 based on proof load of these components.
This f a c t o r  of s a f e t y  of 1.75 on breaking s t rength  is recommended fo r  the
chafing chain assembly of single—hawser systems.

5.9.5 Chafing Chain Inspection and Replacement

SPIt chaf ing  chains should be inspected along with SPM hawsers
during every tanker mooring . They should also be periodically r~emnoved
from the water for a close inspection . SPIt chafing chains can remain in
service longer than SN hawsers , but should be rep laced when wear or da mage
reduces their strength below an acceptable level .

It is impractical to inspect chafing chains before a tanker moors.
Tanker—end chafing chains are submerged when a tanker is not moored . Thus,
it is more convenient to visually inspect them after the tanker moors.
Shortly after the chafing—chain assembly is secured to the tanker , it should
be visually inspec ted for missing studs , deformation , and excessive abrasion
or corros ion . If excessive abrasion or corrosion is observed , measurements
should be made to determine the strength of the chain.

During per iod ic close inspec tions of the mooring lines , the chaf ing
chains should be brought on the deck of a launch or work—boat and closely
checked for defor mation , fa tigue cracks , excess ive corros ion, and abrasion .
Remaining chain streng th can be determined by measuring the size of links
during close inspections. Shackles should be examined to assure pins are
properly secured .

Fatigue cracks indicate the chafing chain is approaching catastrophic
failure. 5PM chafing chains are unlikely to develop fatigue cracks except
after very long use. If fatigue cracks are observed , the chafing chain and
fittings tha t have been in use as long as the chafing chain should be retired .
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If chain links are defor med , the entire chafing chain should be
removed form service because it has probably been overloaded . Loose studs may
be welded in place provided proper attention is paid to welding procedures
to avoid stress concentrations and metalurgical problems . Individual links
with missing studs or excessive abrasion may be replaced by Kenter shackles
of s t r e n g t h  equ iva len t  to the chaf ing  chain .

SPM cha f ing chains ar e more likely to degrade fr om abras ion and
corrosion than from fatigue or deformation . It is desirable to min imize
abras ion and corr osion , but , due to the nature of their use , 5PM chaf ing  chains
will abraid and corrode with time. Chain strength will degrade gradually due
to these causes and at some point  the chain should be r e t i r e d .  The remaining
strength of chafing chain should be assessed during periodic close inspections
to determine if the chafing chain should be retired .

Precise means of determining the remaining strength of used chain
are not  known . The approx imate  s t r eng th  of used chain can be determined by
measuring the remaining area of material at points of wear or corrosion .
The min imum cross—sectional area correspond ing to the minimum desired strength
-~tay he de t e rmined  by equa t ing  the minimum area to the cross—sect ional  area
of a smal le r  size chain of the same grade and cons t ruc t ion  hav ing the minimum
desired strength . The chafing chain should be retired when the cross—sectional
area at any poin t  in a link corresponds to this minimum cross—sect iona l  area .

At a point of abrasion , the cross—section of the chain stock will
not be round and it will  be d i f f i c u l t  tc determine the exac t c ross—sec t iona l
a rea .  Several methods may be used to estimate the cross—sectional area at
the point of maximum abrasion . One method is to average the maximum and
minimum chain stock diameters at the point of abrasion . The average diameter
is squared and multiplied by 7r/4 to obtain the cross—sectional area . The
minimum diameter at the point of abrasion may be used to conservatively
estimate the cross—sectional area . This method is not as accurate and is
probabl y over—conservative. The cross—sectional area can be accurately
determined by using micrometers or other instruments to measure the exact
shape of the cross—section but this method is believed to be unpractical
for  f i e l d  use .  - •

It is recommended that the average—diameter method be used to estimate
the cross—sectional area for the purpose of replacing chains. Chafing chains
should g e n e r a l l y  be rep laced when their remaining strength , as determined
by t h i s  method , is 90% of the  strength required to meet the factors of safety
given in subsection 5.9.4.

5.10 SPM STRUCTURAL DESIGN

The techn i ques f o r  s t r u c t u r a l  des ign  of f l o a t i n g  s t r u c t u r e s , such
as SP ’ I buoys , and f o r  f i x e d  s t r u c t u r e s , such as SPIt towers or m o o r i n g  bases ,
are well established. In the past , the design of SPIt buoys has g e n e r a l l y  been 
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guided by the rules of several classification societies for ship and barge
hulls. Practices for offshore drilling structures and for onshore structures
have been applied to the design of SPIt towers and mooring bases as well as to
SPIt buoys . Recent ly,  several c l a s s i f i ca t ion  societies have ~ssued spec i f i c
rules for SPMs .

5.10.1 ABS Rules

The American Bureau of Shipp ing Rules f or Building and Class ing
Single Point Moorings (1974) contains an extensive section on structural
design and another section on welding. These structural—desi gn r ules cover
various types of loading and combinations of loading conditions . In general ,
the rules limit tensile stress in structural components to less than 80% of
yield strength under combined conditions of grav ity, waves , wind , current ,
and mooring loads. The c r i t e r i a  and methods of analysis  g iven in the rules
fo l low the ABS rules for ship hulls. Although generally intended to app ly -

•

to buoy hul l s , the rules  are broad enough to app ly to mooring bases and SPIt
towers.

The ABS rules call for the structure to be st ress anal yzed and sug-
gests the use of f i n i t e — e l e m e n t  t echn iques . An analysis  of t ransmiss ion of
the hawser load from the hawser attachment point to the anchor—leg attachment
points or to the foundation is called for.

The ABS Rules also call fo r  an analysis of loads imposed under sur—
vival conditions without a tanker at the mooring. In the case of a buoy—type
SPIt , the survival  loads on the buoy and anchoring system will probably not be
as hi gh as the  maximum loads wi th  a tanker moored. However , for a mooring
tower the peak loads imposed by waves , wind , and current in the survival con—
ditions may control the design of the structure .

The ABS Rules call for a factor of safety of 2 against destructive
yield ing for bear ings which carry the mooring load .

- : 5.10.2 Other Applicable Structural Ru les

The Amer ican Petroleum I n s t i t u te  (API ) document  API RP2A Recommended
Practice for Planning, Design and Construction of Fixed Offshore Platforms (1977)
contains much app licable mater ial for the design of SPIt towers and mooring bases.
Although primar ily intended for fixed structu res , the API Practice includes
material appropriate for buoy design .

The Norwegian classification society Det Norske Veritas has just
formula ted tentative Rules For The Desi Construction , and Inspe ction
of O f f s h o r e  Loading Systems ( 1 9 7 7 ) .  These ru l e s  are not  gene ra l ly  appl icab le
to SPIts for terminals in relatively shallow water , as at U.S. deepwater
ports . The Norske Veritas Rules have been developed primarily for SPIts
at production fields in relatively deep water. However , they may contain
items applicable to SPIt terminals in relatively shallow water .
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5.11 SPM ANCHORING SYSTEM DESIGN

The SPM buoy or tower must  be securel y anchored to the sea f loor
in order to resist  the mooring load . In a SALM (s ingle anchor  leg moor ing)
the anchor ing system consists of a sing le very  large chain a t tached  to a
base on the ocean f l o o r .  In a CALM ( ca tena ry  anchor leg moor ing)  the
anchor ing  sys tem consists of a number of anchor chains extending rad ia l ly
f rom the  buoy in ca tenar ies  to piles or anchors at some d is tance  f r o m  the
buoy .  The SAUl and CALM are shown in Fi gures 1—3 and 1—2 respectively.
A tower type SPIt, such as tha t  shown in Figure 1.4 , would be anchored d i r ec t ly

• to the sea f loor  much in the same manner as a SAUl base.  This subsect ion
discusses important aspects in the design of the anchoring system of SPMs .

5.11.1 Anchor Chains

• The chains used in anchoring SPM buoys are large stud—link anchor
chains. The construction of stud—link chain is discussed in subsection 5.9
Flash—welded or cast stud—link anchor chain as large as 178 mm (7 in.)
are available fro~-~ several manufacturers. Chain size refers to the diameter
of the cross—section of the chain. Table 5—9 gives representative strengths
of large s t u d — l i n k  anchor chain .

Several grades of material are used in stud—link anchor chain .
Nor mal streng th , high strength , and extra high strength chain are classified
as grade 1, grade 2, and grade 3 chain respec tively by classification societies.
Amer ican Bureau of Shipp ing refers to these categories simp ly as “Grad es’ .
Lloyds Register  p re f ixes  the grade numbers  wi th  “U” . Both Norske Veritas
and Germanischer Lloyd prefixes them with “K”. Bureau Veritas (French) pre-
fixes them with “Q” . The test loads fo r  chains of these grades  are the same
for each of the above mentioned classification societies .

The designation Oil Rig Quality, ORQ, has no of f i c ial signif icance ,
however , most chain manufacturers list chain by this designation , and the pr oof
and break loads claimed by these manufa~ turers are equivalent , apparent ly
by mutual agreement. The American Petroleum Institute (API ) specification
2F, Mooring Chain , (1977) was developed to serve as an inspection criteria
for chain for dr illing vessels and is now commonly used by oil companies in
procuring ORQ chain. The API mooring chain specification covers metallurgy
and inspec tion procedures and calls for studs to be welded in place.

The min imum proof and break loads called for in the API specifica-
tion do not correspond to the proof and break loads for ORQ chain listed by
the manufacturers. The API specified minimum proof and break loads follow
the following formula.

Proof  Load (kN)  = .0 l4d 2 (4 4— .08d) ( 5 . 2 )

Break Load (kN) = .02 11d
2 ( 44 — .OB d) ( 5 . 3

where d = nomina l  d i a m e t e r  in mm
-)

Proof Load (Ib ) = 2030.5d (44—2.032d) (5.2a )

Break Load ( l b )  3060.3d 2 ( 4 4 — 2 . 0 32 d )  (5 .3a )

where d = nom inal d iameter in inches

• • ~
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Althoug h ORQ chain is rated by the chain manufac tu re r s  as being
higher in streng th than grade 3 chain , it is not necessarily stronger. The
minimum proof and breaking strengths given by the manufacturers for grade 3
chain are prescr ibed by classification society rules while the values listed
by the manufacturers for ORQ chain are not so governed. The minimum tensile
strength for steel used in grade 3 chain is 70 kp/mm 2 (99 , 600 lb/ in 2 )
as per c l a s s i f i ca t ion  society rules (ABS Rules fo r  Steel Vessels) .  ORQ chain
made in accordance wi th  the API sp eci fica t ion  mus t be of steel wi th  a min-
imum tensile strength of 65 kpfmrn~ (93,000 lb/in

2).

• Special hig h—st reng th  chains are also available from t-h~ various

chain m a n u f a c t u r e r s .  Such chain is re fe r red  to b y various names such as super—
- - alloy , special alloy , or extra strength chain . The test loads listed by the

manufacturers for these special grades of chain va ry .  Al thoug h the  testing
• loads for these chains are not listed by the classification societies , the

chains can be tested and classed by the testing societies to the rated loads.

Table 5.9 gives break test loads for various grades of chain in
• typ ical sizes in the  range f rom 54 mm (2 1/8 i n . )  to 178 mm (7  i n . ) .  Table

5.2 lists manufacturers o~f chain larger than 5 inch . Not all manufac tu re r s
manufac tu re  all grades of chain in the larger sizes.  There is generally

¶ 1 no cost d if f e r e n c e  between grade 2 and grade 3 chain and , t he re fo re , grade
2 chain is not normally used to anchor SPIts.

5 . 1 1 . 2  Anchor  Leg Design

The size and s t r eng th  of chain used to anchor the SPIt buoy depends
on the type of mooring and on the mooring loads. A short length of chain
as la rge  as 152 to 178 mm (6 to 7 inch) would normally be used to anchor an
SAUl b u o y .  As the length of anchor chain on a SALM is very short , large ,
ve ry—hi gh — s t r e n g t h  chain can be used wi th  l i t t l e  increase in cost .

Four , six , or eight very long anchor chains , generally in the
range of 102 to 127 mm (4 to 5 inch)  are normal ly  used to anchor a CALM

• buoy.  The unit  weight of anchor chain is an impor tant  f a c t o r  in determin ing
the e l a s t i c i ty  of the CALM system. Heavy chain may be desirable to provide
the proper catenary elasticity characteristics. Therefore , the cha in may
be sized to prov ide the proper weight as much as to provide strength . There—
fore , chains stronger than grade 3 are generally not used at CALMs .

L 

The length of anchor chain at a CALM is another  impor tan t  parameter
in determin ing the system elasticity and also the loads on the anchoring
points . Generally, the chain should be long enough so that no vertical load is
appl ied to the anchor point. If all of the chain in an anchor leg is lifted
f r o m  the sea f loor then an upward load as well as a hor izon ta l  load is app lied
to the anchor point . This is only permissible if the anchor point is de—
signed to withstand an upward load. The catenary elasticity characteristic
changes when a l l  the  chain is l i f t e d , and th i s  c h a r a c t e r i s t i c  should be
r e f l e c t -  d in t he  des ign  ana lys i s .
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Instead of emp loying heavy chain throughout the anchor leg at a
CALM, heavier chain may be used in only a portion of the anchor leg to
achieve the desirable elasticity. Alternatively, we ights , refered to as
sinkers , may be attached to the anchor leg to alter the catenary elasticity
charac teristics.

5.11.3 Anchor Chain Loads and Safety Factors

The maximum mooring load for the anchor chain of an SPIt should be
determined based on the same design conditions and same prediction techniques
as emp loyed for hawser loads. The anchor—chain loads should preferably be
calculated d irec tly from the results of model tests instead of being related
to hawser loads. The load in the anchor leg due to a steady load on the
hawser in calm water can be calculated by statics. However , the dynamic
loads in the anchor chain may be influenced by the dynamic response of the
buoy and by wave forces on the chain. Therefore, it is p r e f e r a b l e  that  the
anchor—chain load s ta t i s t ics  be separately analyzed .

The ABS Rules for Classing SPIts (1974) call for anchor legs of buoy—
typ e SPIts to be designed with a f a c t o r  of s a fe ty  of 3 based on the breaking
load of the cha~~~. This safety factor is consistent with design practices
fo r  anchor cha ins on multiple buoy moorings used by the U.S. Navy and others
fo r  many years .

The f ac to r  of s a f e t y  fo r  anchor chains must  account for corrosion
and chain wear. Wear between adjacent chain links will reduce the effective
area of the  chain and reduce its s t r eng th . Corrosion will  also reduce chain
area and strength . In catenary anchor chains the portion of the chain which
lies on the sea f loor and is p icked—up and laid down , known as the d ip section ,
will be abraided if the  sea f loor  is sand , coral , or rock. For such moorings
where abrasion is severe , the factor of safety of 3 has proven to be satisfactory.
On some moorings , the dip section of the chain is oversized to allow for
abrasion .

At either a CALM or a SALM , an anchor chain failure may result in
damage to the cargo system . Failure of an anchor chain at an SALM will permit
the buoy and the moored tanker to drift free . If prompt action is not taken
the cargo hoses connecting the underwater fluid swivel w i t h  the t anker  m a n i f o l d
may be overstressed or broken . However , if cargo operations were suspended
and the hoses disconnected before failure of the ancho r chain , then there
would be no r isk of po l lu t ion .

Fai lure  of any one leg of the  anchor ing  system of a CALM could
result in overstressing or breaking of the underwater hose connecting the
buoy wi th the pipel ine manifold on the sea floor. The buoy is held in
place oveç the m a n i f o l d  by the • -rn chor legs , and if one leg is broken the

- A 
- —
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buoy will sh i f t  posit ion . Under a high load , the buoy will probably s h i f t
• beyond the l imits of the  underwater  cargo hose . This would occur even if

• the floating cargo hoses were disconnected.

Failure of an individual anchor leg on a CALM will not cause
the buoy to d r i f t  f ree . However , the mooring load is not shared equall y
among the several anchor legs, and substained or repeated high loads from
the same direct ion might lead to f a i lu re  of addi t ional  anchor legs.

5.11.4 Anchor Chain Inspection and Replacement

The anchor cha ins of an SPIt should be per iod ical ly  inspected f or
wear and corrosion . The short single anchor leg of a SALM can be easily
inspected by divers. The underwater fluid swivels of a SALM should be
removed and brought to the surface for detailed inspection and overhaul
every several years. Depending on the design and on other factors this
may be necessary at in terv als of appr oximately 5 years. The SALH anchor
cha in may be brought to the surface and inspected in detail at the same

• time.

The long anchor chains of a CALM should also be periodically
inspected by divers. It is more difficult to inspect that portion of the
chain which lays on the sea floor. At long intervals , for examj5le when-
ever the buoy is brought ashore for overhaul, the anchor chains of a
CALM should be brought to the surface for detailed inspection .

Fatigue of anchor chains has not been known to be a problem at
SPIts. The pretension app lied to the anchor chains and the dynamic loads
imposed on the anchor chains in normal service are much lower than the
breaking strength of the chain. The pretension app lied to the anchor chain
of a SALM is about 15 to 20% and the maximum load is not more than 33% of the
breaking strength of the chain. The pretension applied to each anchor chain
in a CALM is about 2 to 5%, and the maximum load is not more than 33% of the
breaking strength . Maximum loads in the anchor chains are approached only
rarel y.  Al though the percen t of breaking load app lied as p re t ens ion  is higher
in the  SALM , the load range , in terms percent  of breaking  load , which is
dynamically app lied to the chain is larger in the CALM.

During inspection of anchor chains attention should be given to
ev idence of fatigue cracking . If fatigue cracking is noted in any portion
of a chain the  e n t i r e  chain should be c a r e f u l ly checked , and unless  the

• fatigue cracking is found by detailed inspection to be confined to only
one or several links which can be replaced , the entire chain should be
rep laced.

V ~~~~~~~~~~ -~~~-
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The cond it ion of studs in the chain and of shackle pins and
other connec tion devices should be checked during inspections . Missing
studs reduce the strength of stud—link chains. Loose studs may fall
out of the chain . Studs should preferably be welded in p lace during
manufacturing, especially in the short anchor chain of a SALM where the
add itional cost is relatively small.

Pins of shackles should be secured by bolts or welding during
assembly of the anchor chain to assure they will not work loose in service.
The integrity of the means of securing these pins should be checked during
inspection . Signs of deforma tion of shackles and pins should also be checked ,
as deformation is a sign of overloading of the anchor chain system .

5.11.5 Strength of Used Chain

The rate of chain wear between links should be determined during
inspections. The approximate strength of the worn chain can be determined
by measuring the remaining cross—sectional area of the chain as described in
subsection 5.8.4.

A definitive rep lacement cr iter ia for SPM anchor chains has not
been de term ined by the industry. As a tentative criteria it is recommended
that anchor chains be replaced when the strength is reduced by wear such
that the remaining strength is 33% below that required to satisfy the fac tor
of safety of 3 criteria for new anchor chain .

5.11.6 Design of Piles and Anchors

The ABS Rules for Classing SPMs (1974) spec ify the minimum fac tor
of safety against pullout of an anchor point should be 2. For anchor points
emp loying conventional anchors , a pull tes t at the max imum des ign load should
be applied to each anchor. Piled anchor points are much preferred to con-
ventional anchors because their holding security can better be determin~ d
through design and analysis . Where conventional anchors are used on catenary
anchor legs , their position and security should be frequently checked , as
movement of an anchor can destroy the balance of loads in the anchoring
sys tem and may shif t the pos ition of the buoy so far that the underwa ter
cargo hoses are overstressed . Resetting of anchors and repretensioning of

• the anchor chains may be necessary in service.

• The ABS Rules recommend that anchor piles and pile founda t ions be
designed to comply with API RP2A Recommended Practice for Planning, Designing
and Construc tion, Fixed Offshore Platforms (1977). The API Practice is a fairly
comprehens ive guide to underwater pile design and installation . It covers
such subjects as soil investigation , pile capacity, pile penetration , material,
wall th ickness , and grouting. Investigation of soil conditions is important
to assure adequate pile and foundation designs . Pile oriving records and
grouting records are important to assure the installed piles are adequate
for the design load .
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5.12 SUMMARY

The components of the SPM system which carry the mooring load are
the hawser assembly, the buoy or tower structure , the anchor chains , and the
mooring base structure or anchor points. The design and fabrication of
structures , anchor cha in , and anchor points should be done in acc ordance
with published rules and standards. Data and standards for the design
and fabrication of large synthetic—rope SPM hawsers are not as well estab-
lished or readily available.

The SPM hawser normally consists of a large—diameter synthetic
rope spliced either with eyes at each end or in a continuous loop, known
as a strop . The eyes or ends of the strop are normally protec ted by
thimbles to limit the radius of bending and to protect against wear.

Nylon is preferred as a material for SPM hawsers beca use of its
elastic characteristics , however , pol yester and polypropylene are sometimes
used. Nylon is highest in streng th of the three common SPM hawser materials.

• The properties of nylon , polyester , and polypropylene vary with the grade
• of material and the proprietary process of the fiber manufacturers. The

results of var ious tests indica te nylon 6.6 is better than nylon 6.0 for
SPM hawsers.

The newest grades of polyester are almost as strong as nylon .
Polypropylene is significantly weaker . Nylon looses approximately 10% of
its streng th when wet , but this is not a serious defic iency and exper ience
with nylon hawsers has been good . Polyester and polypropylene are sig—
nif ican tly stiffer than nylon and , theref ore , are not as des irable for
SPM hawsers. Chemical and ultraviolet degradation would not normally
be a problem in large diameter SPM hawsers.

L Double—braid rope is preferable to eight—strand or three—strand
rope as an SPM hawser because it is stronger when compared on an equiv-
alent—size basis and is less likely to be damaged in service. Three—
strand rope is undesirable because of its tendency to hockle. Although
three—strand and eight—strand ropes are more elastic than double—braid
rope when new , once the ropes aio broken—in their elasticities are similar .
Eight—strand rope may be preferable for pick—up ropes.

The rated breaking s t reng ths  of very large synthe t ic—ropes  are
generally based on extrapola t ions  f rom the s t rengths  of the rope corn—
ponents or f rom the s t rengths  of smaller ropes .  Only a few break tests
have been conducted on very large ropes to date because of the limita—
tions of testing machines , but the resu l t s  of these tests confirm the
rated breaking strengths .
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The minimum breaking strength of the rope , as guaranteed by
the rope manufac turer , should be used for design purposes. This breaking
strength should account for the effec t of splices. The strength of a
strop should be rated as 90% of the total strength of the two legs to
account for the possible influence of bends and the possibility of more
degradation of strength in service due to wear as compared with an eye—
spliced hawser of equal strength .

Cuts , abrasion , and other wear are the pr inciple causes of
rope strength degradation in service. Careful inspection practices
should be established and followed to detect such damage. Significant
strength degradation due to cyclic loading or occasional high loads will

• probably not occur with top quality nylon or polyester hawsers. Results
of cyclic—loading tests on top—quality nylon ropes indicate strength will
not decrease rapidly unless the loads exceed 60% of the breaking strength ,

• and that cyclic loading below 30% of breaking strength will not cause
fa i lure  of the rope .

A re—examination of the bases for hawser factors of safety has
been made. For dual—hawser systems , a factor of safety of 3.0 is recommended .
A factor of safety of 2.0 is recommended for single—hawser systems . These
fac tors of safe ty are defined as the ratio of the rated minimum breaking
strength of the synthetic rope , with splices and other fac tors acco unted
for , to the predicted maximum mooring load . These factors of safety are
intended for hawsers at SPMs for U.S. deepwater ports and are slightly more
conservative than those specified in the ABS Rules for SPMs .

Thimbles , floatation dev ices , chafing chains , and other hardware
are important components of the SPM hawser asembly. Thimbles should be
designed to avoid points of stress in the hawser and to protect the hawser
from wear. Protection in the form of leather or plastic covering is
normally provided on the rope within the thimble. Floatation is necessary
to support nylon or polyester hawsers , and the cover ing of floatation
material serves to protect the hawser. The chafing chain at the tanker
end of the hawser should be designed , as much as possible , to be compa tible
with the various shipboard mooring—fitting arrangements which are likely
to be encountered.

The ABS Rules for Building and Classing Single Point Moorings
(1974) cover most aspects of the design of buoy and tower—type SPMs .
Other standards and rules also contain applicable material and may be
used to supp lemen t the ABS rules. Classification society rules cover
the testing of anchor chains.
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TABLE 5-4

CHkRACTERISTICS OF HIGH QUALITY NYLON, POLYESTER,
_______ — AND POLYPROPYLENE FIBERS

Ny lon - Bright
White
Virgin
Overlay Finished
Continuous Filament
Light Resistant
Minimum Tenacity of 8,0 Grams per Denier

Polyester - Bright
White
Virgin
Overlay Finished
Continuous Filament
Minimum Tenacity of 7,0 Grams per Denier

Polypropylene - White
Virgin
Continuous Filament
Light Resistant
Minimum Tenacity of 5.5 Grams per Denier



I
:1

~~~~; ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~— —

~~~~~~~ 
~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~o • v ~~~~~~~~ ~~~ _ —_ ,.. 4~~ •’ I•. — — — —

~~~~

~ ~~~ ‘- ‘- ‘- ~~ ~~~ ‘- ‘- ~~~~~~~‘ ‘ ‘

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~ 
.2.~~~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~(I) —- - - -, ‘- -“~~~~ -- -- -

~ 00 0  0 00 0 0 0  O I J 0 0 0 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0 0 0 0 C J O O
14) 3 3~~~! C-~~~~~~~ - 0 .
00 .5 0’ 0’ .5

-4 0. ‘~~~~~~~~~ ‘ ‘ .‘

>5 (44 U, U, LL. U~~~k C & C & 4L I& t4- M. ~~~ L I L CL h4 L U, U U. L U~~%A t L u t , . U IL U_

~ j:i
~~~ ~~~~~~~ ~~~~~~~~~~ ~

144
o -

~~~
-
~~ ~~~~~~~~._ l, O~~~~4C

~~~ , ! ° --
~~ - 

~~ i i ~~~~~~~~~~~~~i i  ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ ;~~“ 9 3 5  0~~~ 4- —
C)- o~~~~0
~~ ‘~~O1~~~-

E-~ ~~~~~~~~~~~

~~~ ~~~~~~~~ ~~~

_

~~~~~;

C)) ° U~~ ’~~ ~~~~~~~~~~~~~~~~~~~~~ s~~~ o~~~ ~0

~~~~~~~~~~~ 

:~~~~~~~~:

C.) ! 0 00 0 0U 0 0 0 0 0 0 0  0 0 0 0 0 0  0 0 0 0  0 0 0 0( ’ O O O O L)  0 (4 ~ l’i
S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~-~ - -~ 0. ~ 0.1

0’ ~~~~~~~~ 
~~ 0

0.

-9’. 44) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~
? -

~~
‘•

~~
‘- 0 ’  

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ 
-

~~~ ~ 4))

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ C . 5  ~~~~~~~~~~~~~~~~~~~~~ ‘C

04
‘0~ 

Cli

0 ~~~~~~~~~~~“~~T~~~
2 2  U

0 I X x x X I I I I~~~ 1 “4
u 0 0 0 0 0 an a a  u C

.40
— — C,)

,,, 
9 : : ,  

~~~~~ ~91 ,‘.~~~~~~~~~~ 0-.
0 .~ ~~~~~~~~ ,‘. -‘ •~ •~ F 40

- 
~ 

~ 2 F “ (4) 1’ C,

5 -’ ’. (4) •9. 0’ ‘ ‘ ,..“‘ 6
‘ l; ’~~ 4 ,’ ,’ ; ! ,’ ,’ ,’ ,I~~~’ ~~~~,

. ,‘ ,‘ ,‘ ,‘ • z~~~~’ ’ o i ’ ,’ , r’ ’ ” ’.~~~.’ Y , ’1~’ ° 0
O - — ~~~~~~~~~~~~ - -~~~ ’-’~~ o ’ ~~--’ ’- 9 ’ - -  O - - o’ -’~~~ ~~~~-‘ ‘- ‘ - ‘ “  0~~~~~~’~~~~~~~ 

.- 
1-,‘9 ~~~ -~~~~~~~~ ~~



0)
4 0 0 4
044). 0 -4- 0 0 0 0 0 0

~~4 - . 4  ~0 0’) C’S N. US 0 ‘0 ‘4-
-~~ 4 ‘- ~ NJ (41 C”) -.4’ US N.

0
14

NJ C’S C”) ,.4 N. 0’ ‘-4 C’-)
Z ~~ ~0 NJ 0 1S C” 0’

‘-4 ~~ N. ~~ 0 (‘4 )IS N. ‘4- (‘4
0 .—4 .‘4 ,-4 ,-4 C’-) (‘S
04

0)

0
14 Cc 0 0 ‘0 ‘0 ‘- ~ .-~ ~0 US N. 0 0 0 40) Q
0) 0. 145 ~~ (‘S 0’) ‘0 C’S 0 ~~ I/S US U’) 4 .4- (4’)

‘Ci ) 4- . 4  (‘4 NJ C’S C’S 4 US ‘0 ‘-0 ~~~ -4 C’) 4 ‘0
‘04 0) .SC .04 .04 ,,.4 ‘4

CO C))
14

~~ -4
I 0 NJ ‘0 US ‘-4 .4 (‘4 ‘0 N. NJ US 0 US II’) 0’
04 0 4 Z  .-4 -4’ 0) ‘0 U’) ‘.0 0’ 4 ‘-4 .04 ‘0 0 0’ NJ

‘-4 .C~ -4 NJ 4 N. 0 C’S ‘0 0 ~~ -l US 4 NJ NJ
.0 “-4 .-4 ~~I .-4 C’-) NJ NJ C’S C”) ‘45 US ‘0 N. ~~Ci
0
0

0) US NJ .4- .04 C”) 0’~ 0 ‘0 0 0 “S C’- 4 C’S
0- ~~ (“1 ~~ US NJ 0’ ~~ ‘0 US ‘0 NJ ‘4’ ~~ C’S
54 (‘4 C’S CC) 4 US US ‘0 N. 0’ NJ 4 ‘0 ~~ -I

. I ‘-4 o-l o-I NJ
0

‘-4

Z ~~ NJ ~~ ‘0 ‘.0 4 ‘45 N. ‘0 US 0’ ‘.0 0
Z ‘.0 (‘S 0 0 NJ ‘.0 (‘4 0 (‘4 0 C’S (‘I ~~
)~ NJ 4 N. 0 C’S ‘0 0 ‘4- (‘4 ‘0 C’S C’S C’S ‘4’

,.I .-I -. (44 NJ NJ C’S C’S 4 I’S ‘0 N. ~~ 0’

H
C-i

U
~~ 4 0 0 4

4) 0. 0’ 0’ 0 ‘.0 0 0 (‘5 US ~~C/) ‘.454 (‘4 (45 0’) (‘4 ‘0 0 ‘4’ ~~-~ ‘-4 — — ~~ (‘4 C’S CC) C’S -1-
‘0 4). 0

0 I-I
(‘S P~ -4’ N. ~(‘C US N. -.4’ US C’S .-I

Z N. 0 ‘4’ 0 US (‘S (‘S .04 N.
44 C,) ..‘4 .)~ US N. ~~ 0 -l C’S US N.
.) 4-4 0 ‘-1 .04 .4 ,‘4 -4 (4-4

1-’ 4).

~o:
H

(4,
@1

I-)
‘~~ 0
0 ~ 03
4-4 0. 0’ US CC) ‘0 0 0 (‘S N. (‘S
0. ‘Ci 1.0.4 US 0) C’S N. NJ N. C-I N. 0

4) W I.~ .-4 “4 NJ NJ C”) (‘S -.4- ‘1’ ‘0
4-’ CO 4.1)

14 031
4-I WI
4/) ~‘1 N. N. ‘0 ~~ C’S ‘0 C’-) (‘4 NJ

I “Z  0 ‘C) C’S (‘4 (4) 4 ~~ NJ
1~4 0 .)d C’- ~~ 0 C’) .4’ ‘0 ~~ ‘-1 ‘0
.40 0. — — ,04 .04 -4 NJ CM

‘-4
C.)

4.
1,7
4). ~~ NJ 0’ ~~ ,-I 4 0’ ‘0 CC~-.4 0’ .4- ~~ C’S 0 ‘0 (‘4 0’) US

40 ,)~ .04 NJ NJ C”) -.4- .4’ US If) N.
0
-4

~ — ‘0 ‘0 CC) -4- -4- (‘S ‘-I 0
Z ~~ N. ~ 0 ~ ‘.0 (45 US US
~~ I~~ 0 (‘4 US N’ 0 C’S ‘.0 CCC

C—) ‘.4 , 4  -4 NJ NJ (‘4 C’S

1)4 0)
5 . 0  ‘Ci
C i C )  40

0’ 0 —. (‘4 C’S .4- (15 ‘0 0~ ‘-‘ ‘4’ ‘0 ~~ 0 Ci
14 54 ‘-I .04 — . I  ~~4 .04 .04 NJ (‘4 (‘4 (‘4 C’S 0
-4 0.
C.)

0

S NJ 0 X~ ~ ‘ 4 NJ 0 ~~ 4 (‘~1 ~~ 4 0 ‘.4
‘.4 5 N. ~~~ 5) 0’ 0 — C’-) CM -4’ ‘0 0’ 0 NJ 4
0 .04 ‘9’ , l  — .04 .4 C’-I NJ (‘1 NJ 41

lI.

~

. 1r. I:T. - r

~

_ ..,,,.

~

— ——— --

~

———— ——’- ——— - — — — ——- — • -—
~ 

— — .—-— •
~~~~

——- - —— -  __ __
~
. _ __

~ 
—



~~~~~~~~~~ -~~- ~~~~~~~~~~~~~~~ . . .“.~~
.

‘I
TABLE 5-7

UN ITED RO PE WORKS WET FATIGUE D STRENGTH TESTS
56 nun DIPINETER (7 in. CIRCUMF E RENCE ) NYLON 6. 6 RO PE

Breaking Strength*
Sample Construction Treatment Kilograms Force

A 3 x 3 strand** Coated 54,000

• B 3 x 3 strand** Not coated 50,000

C 3 x 3 strand** Oil lubricated 47,650

• D 4 x 3 strand Coated 53,325

E 4 x 3 strand Noncoated 50,500

F 4 x 3 strand Oil lubricated 45,325

All samples were wetted with fresh water.
All samples were cycled 5000 times to 307. of breaking strength at one

load cycle per minute and then loaded to breaking point.

*Catalog breaking s t rength  is 56 , 000 kgf and this  is claimed to be 10%
conservat ive .

x 3 s t rand is also referred to as 9-s t rand or cable- lay rope .

1; 
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TABLE 5-8

EXXON CYCLIC LOADING TESTS
64 turn DIAMETER (8 in. CIRCUMFERENCE)

Breaking Percentage
Load Range Cycles/mm No. Of Cycles Load Retained Strength

167-304 kN 3 10,000 667 kN 97

167-304 3 20 , 000 706 100

167-304 3 10 , 000 559 81

167-520 2 20 520 — *

167-520 2 750 520 -*

167-520 2 10, 000 471 68

*Rope failed during cyclic loading at indicated number of cycles



TABLE 5-9

LARG E CHAIN BREAKING LOADS

Size Grade 3 Oil Rig Quality Special  Al loy
mm in. kN kips* kN kips kN kips

54 2 1/8 2 , 269 510 2 , 438 548

76 3 4 , 315 970 4 , 648 1, 045 6 , 036 1, 357

• 102 4 7 , 259 1, 632 8, 881 1, 996 .5  10 , 160 2 , 284

127 5 10, 707 2 ,407 12 , 900 2 , 900 14 , 973 3, 366

152 6 14,488 3,257 15,871 3,568

178 7 18, 627 4 , 188 20 , 594 4 , 630

*1 kip = 1000 lbs

Note :

Proof loads are approximately 70% of breaking loads ,
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Figure 5-8 - SIMPLIFIED DOUBLE-BRAID ROPE SPLICiNG PROCEDURE
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Figure 5-9 - EXA MPLES OF EYE SPLICE AND END-FOR-END
SPLICE IN DOUBLE-BRAID ROP E
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Figure 5-10 - STRENGTH REDUCTION MECHANISM DUE TO ANGLE OF
ROPE IN EYES
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Figure 5-17 - EXA MPLE OF A TYPICA L HAWSE R THIMBLE
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Figure 5-18 - EXAMPLES OF POORLY DESIGNED THI MBLES



Figure 5-19 - EXAMPLE OF A DETACHABLE HAWSER THIMBLE



Figure 5-20 - EXAMPLE OF A BUOY-END HAWSER THIMBLE
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Figure 5- 21 - EXAMPLES OF DIFFERENT TYPES OF HAWSER FLOTATION
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Figure 5-22 - EXAMPLES OF STROP AND EYE-SPLICED HAWSERS
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Figure 5-23 - SINGLE-LEG AND DOUBLE-LEG (GROMMET ) HAWSERS
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• SECTION 6

TESTING , INSPECTION , AND REPLACEMENT CRITERIA
FOR SPM HAWSERS

6.1 INTRODUCTION

Although synthet ic  ropes have been used in the marine indust ry
for many years , relatively litt le information exists on rope tes ting, inspec-
tion , and replacement criteria of the large—size synthetic ropes used as
SPM hawsers. Most of the synthetic—rope testing that has been carried out
to date has been with smaller—size ropes (<72 mm diameter , 9 in. circumference)
due to a greater demand for this size of rope and due to the limitations
of existing testing equipment.

This section will document available information on rope testing ,
inspec tion , and replacemen t criteria . This information is based on the

• results of a litera tu re search , disc uss ions with several of the major
European and U.S. rope manufacturers, discussions with rope testing organ-
izations , and a review of recent SPM user experience. The major emphasis
will be on information related to larger—diameter (>72 mm) ropes . However ,
reference will also be made to cer tain effor ts on smaller ropes when this
information is believed to be of significance for use with the larger ropes .

6.2 ROPE TESTING

6.2.1 Present Status of Testing Large Ropes

Extensive testing of synthetic ropes in sizes larger than about
• 72 mm diameter (9 inch circumference) has not been carried out . There are

several reasons for this. First the demand for large—diameter ropes is
generally limited and hence will not support major research and development
programs by the rope manufacturers. The major use of these large—diameter
synthetic ropes is as hawsers for SPMs . Secondly ,  testing equipmen t capabl e
cf developing the high tension loads and long strokes needed to break large—
diameter rope specimens is not readily available at present .

Generally, most rope manufac turers have based the strength and
performance criteria of the larger—sized marine ropes on extrapolations of
test information for smaller—sized synthetic ropes made of the same material
and of similar or identical construction. Several rope manufacturers have
carried out limited testing on the larger ropes in order to confirm their
extrapolation methods and procedures. However , only a few such tes ts have
been cond ucted , and in some instances special testing setups and methods
have been required to enable the use of existing test equipment. Therefure,
the rated breaking strengths listed in the rope manufacturets ’ ca talogs fo r
the larger sized ropes have generally not been verified by testing. 

-- - -•~~~~~~~.•- -. . — . A
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Very few tests on used SPM hawsers have been per formed to da te .

In add ition to the problems cited above, sp licing of used ropes is difficult
and,therefore, preparing a short test specimen from a long used hawser is
no t usually possible . ARAMCO is presently carrying out a program of testing
used hawsers. This program will be discussed In more detail in subsection
6.5.4.

6 .2 . 2  Large—Rope Testing Equipment

The manufacturers of large diameter synthetic ropes do not have
equ ipment capable of loading these ropes to break . Several commercial
testing firms have performed limited breaking tests on large—diameter syn-
thetic ropes . These organizations , along with a listing of their testing
equipment and large rope tes ting exper ience , are given in Append ix D.

The National Engineering Laboratory (NEL) in Scotland has developed
tentative plans for the addition of a new testing machine specifically for
testing large—d iameter ropes. It would appear , at this time , that government
or industry funding will be necessary to help suppor t NEL in development of
this equ ipment (Benham , November , 1976).

New testing equipment presently under construction at Coordinated
Equipment Company (CEC) in California appears to meet the requirements to
perf orm static break ing tests on new and used SPM ropes (Flory , Jan ua r y ,  1977).
The test bed is long enough to accommodate large sections of rope and , perhaps ,
entire lengths of SPM hawsers. In addition , the hydraulic cylinders have
the capacity to achieve the catalog breaking strengths of the largest hawsers
now made. However , installation of this test apparatus is not yet comp leted
so its capabilities are yet to be proven . Several rope manufacturers are
stud ying the possibility of break testing ropes at CEC.

6.2.3 Rope Testing Specifications

A number of specif ications are available which cover the requiremen ts
for testing of synthetic ropes. Table 6—1 is a listing ot the more common
spec ifications and the issuing agencies. Unfortunately, most of these specifi-
cations were developed for testing of smaller—sized ropes (<96 mm diameter)
and have limited applicability for testing very large ropes. In addition , most
of the specifications were developed for ropes of stranded and plaited con—
St ruct ion .

Several of the issuing agencies are currentl y in the process of
updating the specifications to include larger ropes and double—braided rope
construction . Until these specifications are updated and expanded , use of
the existing documents for testing of larger ropes should be done with care.
Items in the existing documents , such as minimum specimen length and rate
of specimen loading, may be misleading or not applicable to  large ropes.
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The SPM Rope Committ ee of the Oil Companies International Marine
Forum have been advocating the need for developing a comprehensive testing
specification covering large diameter SPM hawsers. The need for such a
specification Is more urgent now that testing equipment capable of performing
tensile tests on large ropes wil l  soon be avai lable .  Indust ry  use of a specifi-
cation covering large rope testing will assure that test data can be compared
and correlated on the same test basis.

6 .2 . 4  Tvoes of RoDe Tests

Rope testing for SPM hawsers can be divided into two main categories.
• The f irst  category is tests carried out on new ropes to demonstrate or confirm

that the product in the new conditon meets the claims of the manufacturer  and
the specification of the user . These tests would include :

• Tensile tests to demon strate new rope breaking strength , load—elongation
characteristics, and splice re l iab i l i ty .

• Cyclic loading tests to access the effect of fatigue loading on rope
f ibers  and on ropes of various materials  and types of construction .

• External abrasion tests to access how various rope constructions and
materials will perform in an abrasive f ield appl icat ion .

• Exposure tests to assess how various rope constructions and material s
sustain the effects of ul t raviolet  l ight  and chemical a t tack .

The second main category of rope tes t ing are tests carried out
on used SPM ropes to determine the condition and retained strength after
various periods and types of’ service. These tests would normally consist
of tensile breaking strength and load—elongation tests per formed on rope
spec imens taken from SPM hawsers retired from service.

At present , there is no s imple and r e li ab le  non—des t ruc t ive  f ie ld
test that can be performed on a hawser to determine when it should be replaced.
Comprehensive test programs could be carried out on hawsers after various
lengths of service to determine which measureable properties accuratel y in-
dicate rope condition ari d residual s trength . These types of programs will
be discussed In subsection 6 . 5 .4 .

The following subsections discuss several of the above—mentioned
types of tests In more detail  and o u t l i n e  cer ta in  key items for considerat ion
when carrying out such tests .

-~~~~
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6.2.5 Static Tensile Tests

Based on discussions with rope man ufac turers and personnel ex-
per ienced in rope testing , the following parameters are considered to be
the most important when performing static tensile tests on ropes :

• Spec imen leng th
• End—connection details
• Type and qual i ty  of rope sp lices
• Rate of specimen loading

Rope test specimens should be of su f f i c ien t  length to minimize
effec ts in the test that would not be present in the actual rope being used
in service. Normally the rope should be tested with an eye at each end through
which the pin or bollard of the test machine would be passed. Each eye should
be formed with a typical eye splice. The specimens should have a minimum
length of undisturbed rope equal to about 8 to 12 times the rope circumference
between the ends of each eye splice (See Figure 6—1). The sum of the lengths
of the two eye splices and the undisturbed rope will produce a tes t spec imen
with an overall minimum length of about 20 to 25 times the circumference
of the rope being tested.

The testing equipment must have the capability to stretch the speci-
men to the breaking point. This could require a machine stroke of up to
50 percent of the unstretched specimen length depending on rope material ,
type of construction , and whether the rope is new or used. Thus the overall
length of the test bed may have to be as much as about 40 times the circum-
ference of the rope .

For testing large—d iameter ropes , an eye—spliced test specimen
between two large pins is the best mounting arrangement. Pin diameters should
be approximately two times the rope diameter to simulate the condition of
a thimble and to avoid overstressing of the eye. Such an arrangemen t not
only tests the strength of the pure rope , but also tests the strength of
eye—sp lices similar to those used on SPM hawsers . Testing of smaller three—
strand and eight—strand rope specimens has in the past been done with the
ends secured by wedge grips . The effects of the wedge grips on the breaking
strength of the specimen is questionable , and this arrang emen t does no t simul ate
typ ical hawser conditions. Personnel experienced in rope testIng claim that
for larger—diameter ropes the effect of the wedge grips wou ld probably be
even more pronounced than for smaller ropes . Hence , they recommend not using

• wedge grips for testing large—sized ropes.

Generally rope tensile tests carried out on an eye—spliced specimen
result in f~~Jl ’i re at or near the spiiLt~, as this is usually the weakest point
in the rope . Hence , the test results should accurately reflect the effects
of the sp lice. Spl ices used in test specimens should be carried out by per-
sonnel trained in rope splicing, and the splices should be made in the same
manner as that to be used on the final SPM hawser.
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When tensile testing used SPM ropes , the ideal arrangement would
be to test the en t i r e  rope as a single test specimen. However , this wil l
probably not be possible due to test—equi pment bed—length and stroke l imita-
t ions.  A representat ive test specimen conta in ing  one of the original eye splices
sho uld be taken from the used rope . Splicing a new eye on the other end of
a used rope specimen wi l l  most likel y be d i f f i cul t  or impossible , as the rope
becomes very t ight  and the strands become hard wi th  use. It may , therefore ,
become necessary to use some type of bi t t  or cleat arrangement to t ie —off
tne free end of the rope specimen . Selection of the proper diac ter of end
f i t t ing  Is important to avoid fa i lure  at the bi t t  or cleat due to excessive
rope bending.

In s i tua t ions  where it is not possible to teSt used rope specimens ,
testing of yarns from the used rope may reveal q u a l i t a t i v e  informat ion  on
the strength degradation of the used rope.

Ano ther item that  can cause var ia t ions  in the  result s  of tensile
tests is the rate of load application to the test specimen . Some testing
specifications recommend the rate of loading be constant regardless of spec-
imen size or length . Other specifications recommend that the strain rate
be constant , that is the rate of’ loading be proport ional  to the length of
the test specimen . Because of their energy absorbing characteristics , syn-
thetic ropes will break at different loads depending on the rate at which
they are loaded . In general , the faster a synthetic rope is loaded , the
higher the breaking load will be (this does not apply when the rate of loading
approaches a shook loading s i t u a t i o n) .  This question of loading rate appears
to be an area requiring further research , especial ly in regard to testing
of large ropes of d i f f e ren t  mater ials  and const ruct ions .

6 .2 . 6  Cy c l i c  Loading Tests

When performing cyclic loading tests on rope specimens the following
it ems , in addition to those mentioned in subsection 6.2.5 , are considered
as the more impor tan t  parameters:

• Frequency of load ing

• Pat tern of loading

Cyclic loadi ng tests on smaller sized ropes , 64 and 72 mm diameter ,
(8 inch and 9 inch circumference) have shown that frequency of loading wil l
s ign i f ican t ly  a f fec t  rope performance.  For a cycl ic  loading pat tern of
constant  ampl i tude , as the frequency of loading increases the rope strength
general ly deteriorates  more r a p i d l y ,  that  is the s t rength w i l l  decrease
by a cer ta in  percentage in fewer cycles.

Li -. •~~~~• • •~~ • .
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Discussions with rope nanuficturers and personnel from rope testing

organizations have confirmed the importance of the loading pattern in cyclic
load tests. A rope cyclically loaded from zero load to 40 percent of its
new rope breaking strength may experience more strength deterioration than
the same rope cycled the same number of times from 10 to 50 percent of its
new—rope breaking strength . This is discussed further in subsection 5.5.1.

Beca use of the impor tance of so many parame ters in cycl ic tes ts ,
comparison of available test data is extremely difficult. Standards for
cyclic load tests need to be developed for large—diameter synthetic ropes.
The standards for cyclic loading should be developed keeping in mind the
use of the rope as an 5PM hawser and the type of loading history the rope
is most likely to see in service.

6.2.7 Other Tests

There are no universally accepted standards for abrasion testing
of ropes. Various types of abrasion tests have been developed by rope fiber
manufacturers and rope manufacturers. Most of these tests are car-
ried out on rope fibers or very small (about 12 mm diameter) samp le ropes.
These tests are conducted to determine the qualities and relative performance
of dif f e r e n t rope f ibers , fiber finishes , and rope constructions . Because
of the lack of standardization in this area , comparisons of test data are
extremely difficult. Information on the relative abrasion proper~ties of
the various synthetic rope fibers is covered in subsection 5.2.3.

Tests have been carried out to determine the effects of chemical
attack and ultraviolet light on rope fibers and small diameter ropes.
Results of some of these efforts are covered in subsection 5.2.6.

6.3 IN—PLANT INSPECTION OF NEW ROPE

Inspection of ropes can be divided into two categories; in—p lant
inspection and field inspectIon . In—plant inspection should be carried c~ut
on new rope at the rope manufa ctu rer ’s p lant to assure that the rope has beun
made in accordance with the purchase specification and has the properties
claimed by the manufacturer.

There is no established industry specification covering in—plant
inspection of large synthetic ropes for SPM service. The nest ipplicable
specifications in this area presentl y in the public domain are the U.S.
Mili tary Specifications listed in Table 6—2. Unfortunately , these speci-
ficat ions at present cover ropes onl y through 96 mm diameter (12 in . circum-
ference). However , a number of the quality assurance provisions in these
specif icat ion s are app licable for larger—sized ropes .

~~~~~~~~~~~~~~~~~~~~~~ 
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6.3.1 In—Plant  Inspection Items

The general types of inspection that should be carr ied out as
par t of an in—plant inspection of new 5PM ropes are as follows :

• Check that rope size, mater ials , and type of construction are in accordance
with the purchase specification .

• “New—rope length” should be measured and witnessed or certified by
the manufacturer. New—rope length is usually defined as the distance
from center to center of the two end thimbles when the rope is under
a tension T = 1.54 d2*, where T is the rope tension in Newtons and
d is the nominal rope diameter in mm . The new—rope length should agree
with the purchase documents. A check of new—rope length is especially
important on dual—hawser SPM systems to insure that the lengths of the
two ropes are such that the system will share the loads as designed .

• The general condition of the rope should be checked along its entire
length . Defects such as pulled or missing strands or yarns , fusion ,
chafe , abrasion , cuts, or discoloration should be noted. Such defects
should be reviewed carefully with ~he manufacturer to assess the
cause and extent and to determine if the rope is still fit for field
service.

• All splices should be inspected for comp liance with standard manu—
facturer ’s sp licing instructions for the type of rope construction.
Double—braided ropes should be examined to insure that the splices
have been lock—stitched to prevent them from working loose under low
or no—load conditions.

• Floatation should be checked to insure that the proper type and size
floatation devices have been supplied and that the installation has
been carr ied out properly.

• Thimbles should be examined prior to any encapsulation to insure that
no sharp edges are present where the rope could chafe or abrade .
Chafe protection in the thimble area should be examined to insure
that it has been properl y app lied .

• All hawser hardware , including chains , plates , connecting links , and
shackles should be checked for compliance with the purchase specification .
Material , testing, and certification documentation should be presented
where applicable.

*ln the English System of units T = 200 d2, where T Is the rope tension in
pounds and d is the nominal rope diameter in inches. 

~~~~~ -- 
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6.3.2 Determination Of Strength Of New Rope

Because the large diameter rope used in SPM hawsers is very expensive
to make and very difficult and expensive to test , it is not practical to test
a samp le of each lot of rope to break. The U.S. Military Spec ifications call
for such testing of smaller ropes wh ich are bo ught in large quantities. Means
of determining the breaking strength of a new manufactured rope from tests
on samples of components of the rope may be practical .

A method of testing specimens of rope components and applying a
realization factor to determine the strength of a new rope has been developed
and is being applied by some rope r~anufacturers in England . This realization
factor method is described in subsection 5.4.3. By this method , an inspector
can selec t samp le yarns or strands for break testing fr om the spools used
in making the rope . Based on the breaking loads achieved by these yarn or
strand specimens and on the realization factor developed for the rope construc-
tion , the breaking test of the manufactured rope can be determined . U.S.
rope manufacturers question the reliability of the realization factor method
of determining breaking loads . Thus far , real iza tion fac to rs have ~~~ been
established for the products of U.S. manufacturers.

The realization factor method of determining rope breaking strength
should be investigated further. If it is found to be reliable , it should be
adopted as a means of Inspecting and certif ying large—diameter synthetic
ropes for hawsers at deepwater ports.

6.4 FIELD INSPECTION OF USED ROPE

SPM hawsers should be examined frequently while in service to detect
deterioration such as cuts , abrasion , f using, snagging , or normal progress ive
wear of strands. Through such field inspections the rope user may be able
to estimate the approximate residual strength in the used rope and deter-
mine if the rope should remain in service or be discarded . Unfortunately,
there are no known inspection techniques or test procedures which accurately
determine the residual strength of used ropes .

6.4.1 Preparat ion For Field Inspection

The pr inc ipal causes of reduc tion in SPM hawser stre ng th ar e
external wear and damage. An experienced inspector will be able to detect
signs of wear and damage and may be able to assess their effects on rope
strength . The qualifications and experience of the field inspector are
important. The inspector should be a technicall y or iented person knowl-
edgeable in the ba sic pr incip les of rope design . The inspector should
be familiar with the construction and appearance of SPM ropes and splices
when new. In addition , he should be familiar with the nature and appearance
of the types of damage which can degrade rope strength , such as abrasion ,
cut or pulled strands , friction burns , damaged splices , and e f fe ct s of
chemical degradation . 

~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ ~~~~~~~~~~~~~~~ 
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Discussions with the manufacturer of the rope will help in determining
the manner in which defects should be assessed and the methods of estimating
the amount of strength loss due to defects. Formulas may be developed relating
the number of damaged strands or yarns to the loss of hawser strength. The
field inspector should also be aware of the manufacturer ’s rated strength
of the rope being inspected and either the design factor of safety for the
particular rope application or the residual strength at which the rope should
be retired .

6.4.2 Field Inspection Items

The following general rules of thumb for the strength of used ropes
have been suggested by rope manufacturers.

The outer yarns on three—strand , eight—strand , and nine—strand
ropes constitute about 10% of the structure of each strand , and the failure
of any one strand would amount to failure of the rope . Therefore, if a sub-
stantial pr opor tion of the outer yarns on any one st rand are damaged , for
example by fusion or ab ras ion , then the rope should be rated at only about
90% of its original strength .

Typ ical ly,  a large double—braid SPM hawser consists of an outer
cover made up of 64 strands and a core of 24 to 36 strands. The structure
of double—braid rope is discussed in subsection 5.3.4. If it is assumed
that the rope cover is designed to carry about 50% of the load in the rope ,
then the effect of cover strand wear on the strength of the rope can be estim-
ated by comparing the remaining intact bulk of the damaged cover with the
bulk of an undamaged section of the rope . As a general guideline , rope manu-
facturers recommend that if the bulk of the surface strands of the cover
of a double—braided rope has been reduced by 50% or more for a distance along
the ax is of the rope of fo ur or more rope d iameters then the rope should
be rep laced.

The following guidelines for the field inspection of double—braided
ropes are presented based on discussions with personnel experienced with
the cons t ru ction of this type of rope :

Cut or Pulled Strands — Based on the previous discussion concerning
number of st rands in the cover and por tion of load carried by the cover ,
each cut or pulled strand in the cover would , in princ ip le , result in about
a 2% rope strength loss . If one cut strand reduces the rope breaking strength
by 2% , then for example , 3 cut strands would theoretically reduce the rope
strength by 6%. This would be true if the cut strands in the rope were
at random . However , be cause abra sion su r faces ar e normally localized , cut
strands are usually adjacent to each other. In this case strength loss
is progressive and other guidelines are needed . As a general rule , for
double—braided ropes 40 mm diameter (5 inch circumference) nd larger , ei ght
or more adjacent cut strands indicate severe damage and the rope should
be discarded . 

“~~~~~~ -~~~~~~~~~ - --~~~~~~~~~-
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Pulled strands repre sent a po tential hazard for  snagging some f orei gn
object during rope operation. A pulled strand may be re—incorporated back
into the rope by hand work ing the loop back throug h the intersections of the
braided surface. In the event that it is not possible to do this , the loop
fo rm ed by the pulled strand should be cut and the strand ends buried . Seizing
the rope at this point would prov ide added protection . If there should be
eight or more adjacent pulled strands that cannot be re—incorporated back
into the rope , then the rope should be rep laced.

Core Abrasion — The core con tr ibutes approx imately 50 percen t of -
the strength of a new double—braid rope and retains most of the strength
in service even if the cover is severly worn or damaged . Normally the core
is protected against wear and damage by the cover. However , the core should
be spot—checked periodically by par ting the cover strands. If the core shows
visible damage then the rope should be replaced. With ropes having a nylon
cover , heavy use and shrinkage may make the cover strands impossible to separate
in order to inspect the core. This condition would indicate a rope that has
probably been subjected to considerable loading and it would be wise to consider
replacing the hawser .

Internal wear of the core caused by repeated fl~xing of the rope ,
par ticular ly  when wet , and by par ticles of grit worked into the core may
be indicated by the presence of powdered fibers. Such conditions indicate
the rope ghould be replaced .

Core Failure — Core failure of a double—braided rope can be detected
by visual examination of the rope under moderate load . Any section of the rope
that necks—down (diameter Is reduced) under this load condition should be sus-
pec ted of a core failure. A more detailed inspection of the core should be
carr ied out for  any suspec ted areas and the rope replaced if a core fa ilure
is detected. This type of inspection is quite easy fo r  pol ypropylene ropes
which do not require any external floatation devices . However , for  nylon
and polyester ropes , an in—service visual inspection for core failure will
be diff icult to perform due to the floatation devices covering all or a por-
tion of the rope .

The following inspection guidelines would be app licable to all
types of rope cons t ruc t ion :

Friction Burns — Friction of synthetic ropes .irtder high tension
or render ing over bits and capstans can generate heat sufficient to melt
or fuse together the outer fibers. This type of fiber melting can lead to
serious degradation of the rope . Normally the melted or fused section will
be axial to the rope and could affec t the strength of the entire cover .
If burns or melting are visible for a length of four or more rope diameters ,
the rope should be discarded .

—- --— —  - - —- - — -----~~~ - -- -~~~- -- -~~~~~~~



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -~~~~~~~~~~~~~~~~ -- -~~~~~~~~~~~ ----~~~~~~~~~~~- -

— 6.11 —

Visual inspec tion can readily detect melting or fusion . However ,
cautIon must be taken because there is no fool—proof method of detecting a fiber
or strand that may have been weakened f r om high temperatures . These weakened
fibers or strands will have the same appearance as any other fibers or strands.
This type of damage represents an extremely difficult item to inspect . If
there is any question that the rope has undergone excessive heating, then
it should be replaced.

Eyes and Splices — Each eye and spl ice sh ou ld be checked dur ing
field inspection to assure that excessive abrasion in and beyond the thimbles
has not taken place. The cond ition of the chafe protection provided in the
thimble and eye area of the rope will be a good indicator of the amount of
abrasion being experienced in that part of the hawser. In addition , on double—
bra id rope the sp lice should be checked to insure that the sewing or seizing
has not come loose and that the splice is not pulling out .

Mooring Hardware — The f ield inspec tion should al so incl ude the
chains and other hardware items covered in subsections 5.8 and 5.9. The con—
dition of the floats is generally a good indicator of areas where rope abrasfon
and damage may have taken place. lf the floats have been badly chafed or
damaged then the rope in those areas should be carefully inspected for similar
type damage. If the floats are in good condition , then there is a high proba-
bility that the rope in those areas has not been subjected to severe abrasion
or cuts.

6.4.3 Frequency and Method Of Field Inspection

The interval between detailed SPM hawser inspec t ions  should depend
on the frequency of tanker moorings , the severity of service , and the manner
in which the ropes are handled between moorings. A terminal such as a ~~~~
deepwater port where tankers would be moored very frequently, f o r  example several
times a week , would experience a high utilization of the mooring hawsers. At
ARAMCO , where the hawsers are in almost continuous service , the following
inspec tion frequ ency and proced ures are be ing successf ul ly  imp lemented :

• The hawsers are patroled and a visual inspection is made with speci&
attention given to critical locations around the splices and thimble
areas prior to each mooring and again while the tanker is moored .

• Once each month the hawsers are inspected in more detail by bringing
the over the deck of the SPM service vessel. Here a detailed visual
inspec tion of the rope , floa tation equipmen t , and associa ted hawser
fittings can be carried out . Any signs of hawser chafe , abras ion , cuts,
or other damages are noted and if severe enough , the rope is retired
from service. Generally, the hawser inspect ion can be carried out without
removing the flotation material. Floats are usually slid around to
expose that portion of rope where inspection is desired .

p - ~~~4
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At other locations where the terminal is used infrequently , for
example once a mon th , it may be appropriate to carry out a detailed inspection
prior to each mooring at the SW. This would be especially true if the nooring
hawsers were left on the buoy between vessel moorings and the environmen t
between moor ings is rela tively severe.’ The action of waves and current and
coll ision with drif ting objec ts or pass ing boats may cause chaf ing, abras ion
or cuts of the hawsers while left unattended at the SW. At some locations
where frequency of vessel moorings is low or excessive rope wear between
moor ings has been exper ienced, the hawsers are removed from the SW and towed
to a protected location or brought on—shore between moorings . This practice
minimizes the possibility of hawser damage between tanker moorings and also
fac ilitates easier inspection of the ropes between moorings .

6.5 ROPE REPLACEMENT CRITERIA

At present there are no universal rules or guidelines used by SPM
operators to determine when to rep lace bow hawsers. Generally, haws er rep lace-
ment criteria are established at each site based on operating experience and
the results of field inspections of used ropes.

As discussed in subsection 5.8.6, both ropes of a dual—hawser SW
system should be changed out at the same time. This should be done even if
one r ope appears to be in reasonabl y good condition . Should only one of the
ropes be r ep laced , the two hawsers (one new and one used) will h ave s ignif-
icantly different load/elongation characteristics. This will result in a
disproportionate share of the load being taken by the older or stiffer rope
and could lead to a premature hawser failure .

The principal methods now used for determining ~~ -~n SW hawsers
need rep lacem ent are :  f ixed replacemen t in terval , rope elongation criteria ,
and rep lacemen t based on number of tankers moored.

6.5.1 Fixed Replacement Interval

At most SPMs the hawsers are inspected on a regular basis in a manner
similar to that described in subsection 6.4. If the inspection uncovers
potential weak points in the ropes , the hawsers are retired and rep laced with
new ones . The interval between inspections depends on site and operating
conditions.

Some ter minals keep hawsers in servtce until damage or deterioration
Is detected during a periodic inspection . Hawsers have been known to remain
in service for several years without severe damage or deterioration . 
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Mos t terminals , however , retire SW hawsers after a set period of
time In service regardless of their apparent condition . This fixed replace-
ment interval varies f ro m fo ur mon ths to eighteen mon ths or more depend ing
on the frequency of hawser use and severity of environmental conditons at
the site. ARAMCO is currently carrying out a test program on used hawsers
to better define the optimum fixed replacemen t interval at their facilities.
This test program is discussed further in subsection 6.5.4.

6.5.2 Rope Elongation Criteria

Some SW users have suggested using an elongation criteria as a
basis for hawser retirement. By such a cr iteria the leng th of the hawser
would per iodically be measured , and when a def ined limit of per manen t elonga tion
was reached , for example 15% permanent elongation , the hawser would be retired .

Unfortunately, this proposal has several drawbacks . Certain synthetic
rope ma ter ials , such as nylon , undergo shrinkage when wet and remain shortened
until loaded again. In addition , synthetic ropes retain some elongation af ter
loading but with time return to a shorter length . These factors will mask
the true permanent elongation of the used rope . Another problem will be
that of obtaining an accurate measurement of rope length in the field . The
rope must be detached from the SF11, brought to shore and laid out on a test
bed . A slight pre tension or reference load , explained in subsection 6.3.1,
must be applied to the rope to ob tain a leng th measurement comparable to the
new—rope length . Humidity and temperature may also have to be controlled ,
to obtain a comparable measurement.

6.5.3 Replacement Based on Number of Tankers Moored

Another method sometimes used as a criteria for hawser replacement
is to record the number of tankers which have moored , or the number of hours
that a tanker has been moored to the buoy. Hawser service life is limited
to a certain number of vessel moorings or a certain tota l duration of mooring
hours . The obvious problem with these types of hawser rep lacemen t schemes
is they f a i l  to accoun t for  tanker size d if f e rences , f r eq uency of calls , and
environmental conditions during the mooring. All of these items p lay an
important part in the loading history of the mooring line and the resultant
serv ice life of the rope .

At som e loca tions , hawser rep lacement criteria may be a comb ination
of the above mentioned methods. At other locations , no establ ished rules are
followed and hawser replacemen t is based comp letely on per iodic fiela inspections .

6.5.4 Opera ting Experience

During 1975 , the Rope Sub—Committee of the Oil Companies International
Marine Forum undertook a survey of SW users to determine frequency of rope
failures. Twenty—four rope failure reports were received as a result of this
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~ 4
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survey . Over 85% of the failures reported occurred during the first 12 months
of rope use. Over 50% of the reported failures occurred in the rope splice
or thimble areas . Althoug h s u f f i c i e n t  de ta i l  was not  g iven , these f a i l u r e s
were most probab ly a result  of abrasion or cha fe  of the  ropes in the th imble
area . Discussions with SPM operators and rope manufacturers have substantiated
that  cha f ing  or abrasion at thimble areas is the major cause of rope deterioration
and subsequent fa i lures .

Of the SPM users surveyed , 8% of the f a i l u r e  repor t s  were for ropes
re t i red  f rom service without  a true rope ~t f a ilu r e hI . The r epor t s  indicated
that excessive abrasion was the reason fo r  rep lacement .

ARAMC O is presently replacing hawsers at their SPM s a f t e r  six months
of service if they have not  been re t i red  earl ier  because of damage. Dur ing
the f i r s t  year of operat ion approximate ly  25% of the mooring lines were r e t i r ed
before  six months of serv ice. Most of these were r e t i r ed  because of cha f ing
damage . Chaf ing on the thimble and the ship ’s anchor flukes were the most
common cause of this damage . Approx ima te ly  5% of the l ines were damaged
by the work boat , pr inc ipally b y the p rope l l e r . Improved desi gn and opera t iona l
pract ices  have now almost e l iminated these causes of damage. ARAMCO retired
onl y one mooring line due to damage before 6 months of service during 1976.

ARANCO is curren t ly car ry ing out a test  program at the Na t iona l
Engineer ing  Labora tory  in Scotland to access res idua l strengths of bow hawsers
a f t e r  various in—service  per iods .  (F lo ry ,  Apri l , 19 7 7 ) .  Tests  are p lanned
on several hawser specimens tha t  have seen service of 2 , 4, 5 and 6 months
respectively.  In this manner , i t  is hoped that  a r e l a t ionsh ip  between service
l i fe  and residua l hawser s t r eng th  can be developed . Based on these tes ts ,
and perhaps tests  on ropes which have been in service fo r  longer per iods
of t ine , ARANCO will be able to b e t t e r  eva lua te  thei r  present  hawser rep lace-
ment criteria and be able to establish better guidelines for field inspection
of SF11 ropes .

6.6 SUMMARY

The areas of t e s t i ng , inspection , and replacement criteria for large—
diameter SW hawsers require  additional research and standardization efforts .
Extrapolating test results and operating experience on smaller ropes to predict
performance characteristics of large ropes will always leave questions un-
answered . The only sure way to develop guidelines and standards for the use
and replacemen t of large syn the tic rope s is to ca r ry  out appropr ia te testi ng
and research on typical sizes and types of ropes.

Testing equipmen t capable of performing proper tests on new and
used SF14 hawsers is just now being developed . Test programs , such as ARANCO’s,
on hawsers with different service—lives will help to develop rep lacemen t
criteria for SW hawsers .
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U n t i l  these test programs have been completed , continued close field
inspection and conservative rope design , opera ting ,  and retirement criteria
should be emp loyed .

-‘1
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RO PE TESTING SPECiFICATIONS

Ti t l e  Number ~~.~u inR _ A~ en~~

Tex t i l e  Test Method FED —STD—191 U . S .  Army Research and Develop-
ment Command

Standard Test Methods Apri l  ~4 , 197th Cordage In s t i t u t e
For Stranded and P la i t ed  issue 2300 Calver t  St.
Ropes Washington , D.C.

Methods of’ Sampling and 40—GP—1 Canadian Government Specifications
Testing Cordage Board

Department of Supply & Services
Ottawa , Canada

t’t~thods of Test For Cor— BS—5053 British Standards Ins t i tu te
dage and All ied Art icles 2 Park Place

London , ~ng1and

Ropes—Determinat ion of ISO—2307 International Organization for
Certain Physical  and Standardiza t ion
Mechanical Properties
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TABLE 6-2

U.S. MILITARY PURCHASE SPECIFICATIONS FOR ROPE

Specification Name Identification Number

• Rope Polypropylene MIL.-R—2~O49A

• Rope , Fibrous , Polyester/Polypropylene MIL—R— ’~39~42
Dual Fiber

• Rope , Nylon MIL—R—173~43D

• Rope , Nylon (Spun Yarn) MIL-R—~43161B

• Rope , Nylon , Double—braided MIL_R_214O5OB

• Rope , Nylon , Plaited MIL—R—2U337

• Rope , Polyester MIL—R—3O500B

• Rope , Polyester , Fiber MIL—R—2~h 335



L L L1

B = Pin diameter

D = Rope diameter
L1 = Length Of eye plu s eye splice

-

- 
L2 = Length of pure rope

- , L1 = Length of total rope specime n

F Figure 6-1 - EYE-SPLICED TEST PIECE BETWEEN TWO
PINS
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TOPICS FOR FURTHER INVESTIGATION

7.1 INTRODUCTION

This stud y has been the first comprehensive investigation of the
man ner in which mooring loads for SPMs are determined and the manner in
which the SPIt is designed to withstand those loads. The time and resources
available for the study did not permit an in—depth investigation of all
pertinent topics. As topics were studied and data were gathered , it became
evident that some additional investigation would be required.

The principal top ics which require further investigation pertain
to the engineering properties of large—diameter synthetic ropes of the
type used on SF14 hawsers , and the rate and manner in which the strength
of these hawsers degrades in service.  The data ob ta ined  on these topics
during this study was sufficient to establish gen eral guidelines for engi-
neering properties and to recommend factors of safety which are believed
to be conservative. Nevertheless , further data on these top ics is needed
to backup, or , if necessary , to modify the guidelines and recommendations.

Four topics for further research are recommended as follows :

• Establish Test Procedures for Large—Diameter Synthetic Ropes

• Determine Large—Diameter Synthetic Rope Properties

• Develop Non—destructive Means and Practices fo r  D e t e r m i n i n g  New—
Rope Streng th

• Develop Means and Prac ti ces for  De te rm in ing Used—Rope Strength

The Coast Guard should consider initiating studies in these areas . More
detailed discussions of each of these topics are given in the following
subsections.

7.2  ESTABLISH TEST PROCEDURES FOR
LARGE—DIAMETER SYNTHETIC ROPES

As pointed out in subsection 6.2.3, there are no testing specif-
ica tions now ava ilable wh ich specif ical ly  and ad equa tely app ly to large—
size (generally larger than 96 mm diameter , 12 in. circumference) syn-
thetic ropes . Several agencies are flow in the process of updating their
spec if ica tions to incl ude these very large ropes. However , it cannot be
foreseen how soon these spec if ica tions will be ava ilable or how adeq uate
and app licable these specifications will be to SF14 hawsers. 
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Sp e c i f i c a ti o n s  are needed to cover the f o l l o w i n g  general  ca tegor ies
of la rge  s y n t h e t i c  SF14 hawser  t e s t i n g .

• Te sile Les t ing  of new ropes

• Cy c l i c  load ing  of new ropes

• Abras ion  t e s t i n g  of new ropes

• Tensile testing of used ropes

Fo r tensile tes t ing and cyclic load ing,  the spec i f i ca t ions  should ,
as a minimum , cover the fo l lowing parameters :

• Specimen l eng th

• End—connection details

• Type and c~iality of rope splices

• Rate of spec imen loading

Specifications for cyLlic loading should include the manner in which data
is p r e s e n t e d .  The means of se lec t ing  and p r e p a r i n g  specimens of used rope
should be spec i f i ed . A method of abrasion tes t ing should be spec i f i ed
which adequatel y simulates the types of abrasion which are experienced by
SF11 hawsers in service.

The Coast Guard should acquaint itself with the efforts of the
several agencies which are now prepar ing  spec i f i ca t i ons  fo r  t e s t i ng  large
ropes. If necessary and feasible , the Coast Guard should become involved
in and support the efforts of one or several of these agencies to assure
the specifications adequately cover the needs of testing SF11 hawsers. If
it appears participation with these agencies will not lead to timely or
adeqaute SW—hawser testing specifications , then the Coast Guard should
sponsor the developmen t of such specifications.

7.3 DETERMINE LARGE—DIAMETER ROPE PROPERTIES

One objective of the present stud y was to gather and assess the

- - data ava ilable in publications and from rope manufacturers on strengths
and other characteristics of large—diameter synthetic ropes of the types
which are used in SF11 hawse r s .  Of p a r t i c u l a r  in te rest ere da ta  on the
statistical variation of breaking strength , the load—elongation character-
istics of new and used rope , and the effects of cyclic Loading, abrasion ,
cuts , and other types of damage on breaking strength . We had hoped that

- —-- — n- -~
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throug h a caref ul analysis of such da ta mo re comple te recommenda tions and
guidelines for field inspection and hawser rep lacemen t criteria could be
developed. Only a limited amount of such data was obtained . Direct com-
parison of data from different sources , or even from the same source , was
difficult because of known or apparent discrepancies in the materials or
rope cons tr uctions , the methods by which the ropes were tested , or the
manners in which the data were analyzed and reported .

There is a need , there fore , for a well—planned and coordinated
program of testing large—d iameter synthetic ropes of the types commonly
used on SPM hawsers. The following are the pr inci pal typPs of testing
which should be cond ucted:

• Comparison of break tests for various nylon grades and types ,

• Determination of statistical variations of breaking loads ,

• Comparison of cyclic—loading strength degradation for various nylon
grades and types ,

• Determination of break—load strength retention as a function of cyclic—
loading his tory ,  and

• Determination of new and used load—elongation properties of ropes of
var ious materials and constructions .

Much of the testing could be done with relatively small rope ,
for  exa mple appr ox ima tely 40 mm diameter (5 in. circumference). This
testing could be conducted relatively inexpensively on most existing test
machines . Some of the testing , particularly the cyclic loading testing ,
should be partially conducted or repeated with large ropes to verify the
influence of scale. Such testing would be relatively expensive.

It is recommended the Coast Guard contract for a comprehensive
test program to quantitatively determine the eng ineer ing proper ties of
very—large synthetic ropes . in preparation for such a test program , the
method s of testing must be defined , as detailed in the preceeding subsection .
A more accurate knowledge of the eng ineer ing properties of large—diameter
synthetic ropes may permit decreasing or possibly require increasing the
fac tors of safety recommended in this report.

7.4 DEVELO P NON—DESTRUCTIVE MEANS OF
DETERMINING NEW—ROPE STRENGTH 

—

A r e l i ab le  means of de termin ing the  breaking strength of new large—
diameter synthetic rope by non—destructive testing as p a r t  of in—p l an t  in-
spec t ion  is needed .  The method must not  reduce the strength of the rope
or requ ire breaking a sample length of the rope .

~~~~~~~~~~~f l i i 1 I f l T j i~~~~ f f f l f l  I nTL I IrT . rl1Ji1J~~F [f .1. imJ1.~ir .i:~j i . LTflL . ]L~~ T. - . - . - -
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The large ropes used in SF14 hawsers are very expensive , costing
ro ug hly $175 per meter ($50 per foot) for a typ ical 168 mm diameter (21 in.
cir cumferen ce) ny lon double—braid rope . Only approximately 100 in (330 ft)
of rope may typ ical ly be ordered at a t ime . A specimen of such rope fo r
break t es t ing  prepared with eye splices would cost a p p r o x i m a t e l y  $4 , 000.
Machines are generally not available for break testing such large ropes,
and the cost of tes t ing would be hi gh.  Thus , it is i m p r a c t i c a l  to r equ i r e
a d e s t r u c t i v e  break  test  of such a l a rge—size  rope fo r  each SF11 hawser
o r d e r .

The realization factor method of determining the strength of a
syn the t i c  rope f r o m  break tests  conducted on sample components  of the  rope ,
such as s t r a n d s  or ya rns , is descr ibed in subsection 5 . 4 . 3 .  This method
is now emp loyed in Eng land fo r  c e r t i f ying the s t r e n g t h  of l a r g e — s i z e  syn-
the t i c  ropes . However , U.S. rope manufacturers question the reliability
of the realization factor method of determining breaking strengths.

The Coast Gua rd should sponsor an inves t iga t ion  of methods  of
non—destructively determining the strengths of new large—diameter synthetic
ropes . The study should include an investigation of the realization factor
method , and also seek out and investigate alternative methods of determining
new rope str~ r~~th. As a result of such a study, a method of certif ying the
new b reak ing  s t r eng th s  of hawsers fo r deepwater  ports  would be developed.

7.5 DEVELOP MEANS AND PRACTICES FOR
DETERMINING USED—ROPE STRENGTH

There is also a need f or a method of quickly, easily , and rel iably
determining the strength of used rope through inspection and non—destructi ve
testing in the field . Routine determination of the remaining strength
of a used rope by break testing to determine if it is fit for further service
is impractical. Not only are test machines with sufficient capacity, bed—
length , and stroke no t commonly ava ilable , but broken rope would be unfit
for further service.

Much data which could lead to a field inspection and testing
method would be gained f rom a prog ram of t e s t i n g  hawsers which have been
retired from service. Facilities such as ARANCO’s Ju ’aymah deepwater
port  would p robably be w i l l i n g  to f u r n i s h  used hawsers at no cost . The
new Coordinated Equipment high—capacity test machine will probab ly be
capab le  of perf orming such tests.

To ob t a in  m e a n i n g f u l  da ta , c a r e f u l  p r e p a r a t i o n s  mus t  be made f o r
t e s t i n g .  The service  h i s t o r y  of the  hawser shou ld  be documented. Pre-
f erab l y the h wser should come from an SPM equipped with l o a d — r n ~~~it r i n c
and recording equipment , and the comp lete loading record should be avail-
able for  anal ysis . Prior to testing , a detailed inspecti on of the hawser
should be conducted. Any indication of significant damage or ~t t ec t s  should
be noted and measured as to its extent and its position on the hawscr.



Photographs of such damage and defects should be taken . A load—elongation
record should be made as the hawser is loaded . A f t e r  b r eak ing  the hawser ,
the location and nature of the break should be noted and correlated , if
possible , with the damages and defec ts noted  d u r i n g  the inspec t ion .

Through analysis of the resul ts  of a series of such tes ts , hope-
f u l l y  some pa t t e rn  of correlat ion between types and ex tents  of damage and
defects with the remaining strength of the rope can be made. Possibly an
album of p ic tu res  of typ ical de fec t s  and damage and the r e s u l t i n g  3t r e n g t h
reduc t ions  can be prepared fo r  use in f ie ld  inspec t ions.  Possibly some
observation or discovery can be made which will lead to the developmen t of
a non—destructive field—testing method . Also , some relationship may be
establ ished be tween the serv ice history or , if ava i lable , the loading
record and the strength of the used hawser.

The Coast Guard should inves t iga te  the f e a s i b i l i t y  of c o n d u c t i n g
such a series of t e s t s .  Two important r equ i r emen t s  are the a v a i l a b i l i t y
of a s u f f i c i e n t  number of su i t ab le  used hawsers  and the availability of a
long—stroke  hig h—capac i ty  test machine .  A number of facilities throug hout
the world would probably  be wi l l ing  to f u r n i s h  specimens . The machine now
being installed at Coordinated Equipment Co. will probably be suitable for
conducting the testing.
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APPENDIX A

WAVE DESCRIPTION CONCEPTS

Th is Append ix is in tended  as a primer on ocean waves and the methods
by which they are described. Ocean waves are very comp lex. Winds acting
on the ocean surface produce a system of wave trains of different heights and
lengths propagating in various directions . The result of this simultaneous
superposition of waves of many shapes and energy contents is a very irregular
appearance of the sea surface , which is difficult to describe mathematically.
Therefore , various efforts to simplify the description of ocean waves as
they occur in nature have been undertaken .

The first concept to be introduced in modern times is that of the
sig n i f i c a nt wave he ight. Following this , it was recognized that the only
way to deal with the complex sea sur fa ce , aS it occurs in nature , is by sta—
tistics or statistical summaries . A number of studies were undertaken in
the decade folowing the introduction of the significant wave height for the
purpose of charac ter izing the sea surface by ‘,~istical correlations.
The next major development in describing the irregular sea surface was the
introduction of various spectral concepts. At the present time , attention
is being focused on certain aspects of long—period components of the wave
spectrum.

The following discussion is a summary of these concepts , statistical
distributions , and matters of current interest.

A .1 Significant Wave Conce~~

The concept of the significant wave was introduced by Sverdrup and
Munk (1947)* , but according to Kinsman (1965) the work was actually comp leted in
1943, being initially classified. The forecasting aspects associated with
the significant wave concept have been revised many times , most notably by
C. L. Bretschneider. Readers should consult the latest references for infor-
mation on this subject. Our concern here is a brief review of the significant
wave he ight as a means of describing the irregular sea surface.

What is the “significant wave height ”? The significant wave height
is not art identifiable wave form which pr opaga tes l ike a phys ical wave as
pred icted by classical wave theories. The significant wave height and its
associated parameter the significant period are statistical properties defined
as fol lows :

H — The average height of the h ighest one—third of the waves
on a wave record (significan t wave height).

T The average per iod of the h ighest one—third of the waves
on a wave record (s ignif icant period) .

The symbols H and T w i l l  be used throughout this report. The symbols H
113

and T 1~~3 
are f r e q u e n t l y  used in other papers on ocean waves .

~~~~~~ * From personal  communica t ion  wi th  R . L. Wiegel , March 17 , 1977 , 11. P. O ’Brien
should also be given credit for introducing this concept .

~
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The significant wave height is a particularly important value for 
-:

a number of reasons. An observer tends to neglect the small waves and notice
onl y the larger waves when visually estimating wave heights. The significant
height has generally been found to correspond to wave heig ht estima tes based
on visual observations. The practice of reporting sea conditions on a signif-
ican t height basis is widespread , and most observed and recorded wave da ta
is presented in the form of significant wave heights. Also , the statistical
distribution of wave heights and most energy—spectrum techniques have been
related to the significan t height . In fact , the significant height carr ies
the major portion of energy of the spectrum . Finally, the e f f e c ts tha t
irregular seas have on many types of fixed and floating objects and on various
shore processes have been r ela ted to signif ican t wave he ights , at least with
suf f ic ient acc uracy for  many eng ineering applications .

In summary, the irregular sea can be described by two terms , the
significant wave height and the significant period. However , designers some-
times have need to know other statistical fea tures of the sea , such as the
maximum wave or maximum water surface elevation . This need led to a number
of studies which attempted to establish the statistical correlations for
real ocean waves . A brief summary of these correlations is presented in the
next subsection . -:

A.2 Statistical Distributions

The examination of wave and swell records by numerous investigators
shows that the height of waves follows a certain statistical distribution which
co n f orms close ly to the random—walk distribution stud ied by Raleigh (1880).
This is a probability distribution of the positive skew type , shown in Figure
A — I .  The t heo re t i ca l  curve has been found by Putz  (1950) and Barber (1950)
to con fo rm c losely  to the s ca t t e r  of real ocean wave da t a .  The area under
the curve represen ts  the t o t a l  number of waves present  in any record of su i tab le
length .

The abscissa throug h the  centroid  of the  to ta l  area defines the average
wave heig ht , H .  The o rd ina te  th roug h the  cent roid  def ines  the p robab i l i t y  of

occur rence  of the average wave , is less than the maximum ordinate  which determines
the p r o b a b i l i t y  of occur rence  of the most f r e q u e n t  or most probable wave. Stated
another  way,  the wave hei g ht of the  most p robab le  wave is less than the average
wave heig h t .

Fi gure A—i i l l u s t r a t e s  these concepts .  On the basis  of th is
d i s t rlb t ui o n , the average wave height  (H ) ,  the  s i g n i f i c a n t  wave hei ght

( H ) ,  and the  1/ 10 highest  wave hei ght 
~~~~~~~ 

may be approx ima ted

as f o l l o w s :

H 0. 539 ~~ H 2 
( A — i )

H = 1 .4 1  (A — 2 )

H
1110 — 1.80 H (A—3)

- - - - - -- - -
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where H is the mean squared wave height or the average of all the
squared values of wave heights in a wave record .

From these equations it follows that:

H = 0 . 6 2 5  H (A—4 )
0 S

1
1/10 

= 1.27 ‘I s 
(A—5)

As indicated in the preceeding section , the maximum wave height
is a criteria of importance , but because of its infrequent occurrence , it
is difficult to recognize and to measure. Its determination is more satis-
factoril y accomplished on the statistical basis of its relationship to the
height of the average wave , H , or the height of the significant wave , H .

A f ew  s el e c t e d  r e su l t s  of wave heig ht s t a t i s t i ca l  cor re la t ions  are given in —

Tab le A — i .

P r o m  t h ese da t a , i t  is seen that the most probable maximum wave
he i— ~~t , , can range between 1.5 and 1.9 times the significan t wave

hei-~ht , H .  it is also known that the maximum wave height will depend

on the d u r a t i o n  of the storm or l e n g t h  of the wave record . The following
relotio nsh ip may be used to approximate this maximum wave height.

‘I = 0.707 H Ln N (A 6)
max 5

w~~-re N is the number of waves in the record . When N is not known , a practical
assumption for this maximum wave height is

1 = 1.77 II (A—7)
max s

-:q iat [one ~\— 6 and A— 7 should be used with caution for very severe storm waves
or t o waves in  very shallow water near the breaking point .

Various investigators do not agree as well on wave—period distri—
but ion as they do on wave—heig ht d istribution . Generally ,  however , stud tes
have shown that the  s i g n i f i c a n t  period , T , is about  equal  to  the average

wave period , T, for typical irregular sea conditions where the average period
ranc;es from four to ten seconds. For longer period waves , the average period
ran he as little as 75 percent of the significan t period. The International
Sh ip Structures Congress generall y concludes tha t the av erag e per iod may be
t :~~~ t ’i as 90 percent of  the significant period . Mean apparen t period , T, is a
term o cassionallv used and it is considered generally to be equal to the
av . rage  peL

A
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A.3 Wave Spectrum Concepts

A major  advance in the descript ion of i r regular  ocean surface  waves
was prop osed b y Pierson ( 1 9 5 2 ) ,  who merged certain concepts from classical
mechanics and the theory of stochastic processes with the energy or power
spec trum in order to predict the behavior of ocean waves . For a comp lete des-
cription ot the developmen t and use of the power spectrum as app lied to ocean
waves , the reader should consult  the work by Kinsman (1965 ) .

In its simp lest form , the energy spectrum allocates the amount of
energy of the sea surface according to frequency. For small amp litude sin-
usoidal waves of the form

‘7(t) = A cos (kx — wt),

wher e ~7(t) = the fluctuating water—surface elevation

A = amplitude
k = wave number

= wave f r e q uency
x = dummy va riabl es in the space

and time dimensions

the mean total energy per unit surface area is

E = 1/2 pg A
2 

= 1/8 pg H
2 

(A—8)

where H = the wave hei ght measured f ro m crest to trough.
P — dens ity of wa ter
g = acceleration of gravi ty

One of the fundamental pre m ises of the spec tral approach is that irreg ular
waves are the result of the superposition of an infinite number of simple
sine waves of small amp litudes and having a continuous frequency distribution .
This process can be approximated with a finite number of small—amp litude
sine waves having discrete frequencies. Under these conditions , the mean total
energy  per u n i t  s u r f a c e  area is given by

E = ~~~ (11
1

2 
+ 112

2 
+ 113

2 + ... + H~~ + . . . )  (A—9 )

where H is th e wave he ight associated with a given discrete frequency .

For purposes of i l l u s t r a t i o n, Figure A— 2 is presented which shows
the contribution of energy according to frequency from the ind ividual corn—
ponent waves . The reader ’s attention is directed to the note accompanying
this figure . Indications of height are intended merely to point out that
the spectral energy density for  a spec if ied f requency  is the resul t of an

-
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iden tifiable wave (or waves) having that frequency. Wave records can be
synthec ized from the superposition of a finite number of discrete wave
forms . Amp litude spectra obtained from such synthetic records are indistin-
guishable from amplitude spectra derived from real ocean wave records. In
many cases , such synthetic records are adequate for engineering purposes.

The determination of spectra from wave records depends crucially
up on cer tain de tails of the anal ytic procedure , among the mos t impor tan t of
which are; length of record , samp ling interval , degree and type of filtering
and smoothing, and length of autocovariance function if the autocovariance
method is utilized . In general , some compromise between stability, confidence ,
resolution , and practical limitations of available computer time and budget
must be achieved . Additional details on the various analytic procedures
are available from the appropriate references.

In order to make the spectral expressions useful for practical
purp oses , the mean wind must be taken into account. Although there are
some minor differences in the coefficients as presented by various inves-
tigators , the general form of the wave energy spectrum is

5
H2 

(~‘~ 
= AW

_m 
e~~

W
~~ (A—b )

where coeff icien ts A, B, m aicd n define the spectrum . The most widely used
energy spectrum formula t ions  take m = 5 and ti = 4. The coefficient A is

proport ional  to the square of the significant wave heigh t (H 2
) and inversely

proportional to the fourth power of the significant or average wave period

(T 4 or T 4
). The coefficient B is inversely proportional to the fourth

power of the significant wave period (T 4)~ The energy contained in the
spec trum is the area under the curve.

A .4 Descr ibing the Ener gy Spec trum

There are significant differences between the various spectrum
formulas which appear in the open literature . These differences , which are
no t always obvious , include termin ology,  symbolic notation , and other spectral
descriptions. The suggested descript ions for identification of the different
spec tral densi ty ord ina tes , as shown in Figure A— 3 , are due to Michel (1967’ .

- ‘ith regard to the abscissa of the energy spectrum ; cyclic
frequency (f 1/T), angular c ircular frequency (w= 2 lr/T), and period (T)
have been used. Period (T) when used app ears usuall y with one of the above
f requencies , and of the two types of frequency, circular frequency has t h e
more common usage. 

~~~~~~~~~~~~~~~~~ -‘ ‘ .--.- ~~~~~~ - - -~~~~ ~~~~~~~~~
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The ordinate of the energy spectrum , generally called spectral
density, is presented in various terminolog ies and desi gnated by various
symbolic notations . The average energy of the wave system is related
to the sum of the square of the wave component heig hts or amplirrd -s (area
under the energy spectrum ) and is also related to the average of all the

squared values of wave—component heights (11
2
) or amp litudes in ou

ocean wave record. Michael (1967) has suggested the following terminology
for identif ying the various spectral density ordinates , the rorrespondiig
spectra , and relation to the significant wave height.

1. Amplitude Spectrum. This is the spectral form which was first presented
by Pierson (1952) and which appears in Pierson , Neumann and James (1955).
The spectral density is a function of the square of the wave omp litude ,
and the significant wave height is related to the area (in this case
twice the variance) under the spectral curve by the following r~~~~~v i o ’i :

11 = 2.83~~ 2 x Variance
5 

_________ (A—li )
= 2.83 \f(Area)1

2. Amplitude Half Spectrum. Some investigators found it more con-
venient to work with the variance directly rather than t o  take t’~ice
the variance. When this is done , the spectral density is re1 -~t ’e~i
to one—half of the square of the wave amp litudes and the significant
wave hei ght is related to the area (in this case the variance) under
the spectral curve by the following:

H = 2.83~~2 x Variance = 4~~ Var iance
_______ (A—1 2)

= 4~~/(Area)2

Obvious l y, in comparing equations A— il and A— 12 , (Area)., = Variance
where as (Area)

1 
= 2 x Variance.

3. Height Spectrum. Other investigators have found it even more convenient
to work with heights. Under these conditions , the area under the spec-
tral . function is four tines the area obtained when ampli t ti -~ o- are used.

since height is twice the amplitude and (Heig ht)
2 

= 4 x (Amp l itude)~~.
Therefore, the spectral density is a function of the square of the wave
height , and the significant wave height relation to the area under the
spectral curve Is ob tained as follows :

H 2.83~ J2 x (Variance)

H 2.83~~[RAr ea)

H
: 

= 1.4I4~~ 4 x ( A r e a )
1

H = 1.4I4~~
’R
~ rea)3 

(A— 13 )

_ _ _  — -  - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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4. Height Double Spectrum. F ina l ly ,  some invest igators  found that , by

taking twice the (height)
2 

rather than the (amplitude)
2
, the

constant relating signif icant wave heigh t and the square roo t of the
area under the resulting spectrum could be made equal to unity.
Accordingly, the area is eight times that given when amplitudes are
used , and the significant height relation is as follows :

H = 2.83\/(Area)1

H = ‘~/8 x (Area)1

H =‘\!(Area)
4 

(A—l4)

There are a number of precautions to be observed in working with wave
energy spectrum . First , the units of the spectral density ordinates (i.e.,

English units of ft
2
—sec or Metric units of m

2
—sec and of the values of

frequency on the abscissa (i.e., cyclic (f) or circular (w)) should be esta-
blished. Second , determine the specific formulation appropriate to the ordin-
ate values. Sometimes this can be done by examining the symbolic notation ;
otherwise the Raleigh distribution factor used in conjunction with the area
to determine significant wave height (or wave amplitude) should be inspected.
Finally,  the reader can readjust the spectral formulation into a form most
convenient for his purposes.

A.5 Comparison of Wave Energy Spectra

There are a number of different wave—energy spectra formulations.
These wave—spec tra formulations derive from their corresponding wave genera-
tion relationships . There are two general methods in use: the wave—spec-
trum method and the significant—wave method . Although the top ic of wave
generation is beyond the scope of this Append ix , a minimum amount of backgro und
information Is necessary. Although both methods are based on certain theo-
re tical concep ts, both require sufficient data for calibration purposes , and
therefore, may be termed semi—empirical or curve fitting approaches . When
sufficient data is available for calibration for both methods , then both methods
yield generally accurate estimates of the wave parameter .

Wave—spec tra formulations that are derived from the wave—spectrum
method are termed wind—speed spectra since wind .speed is directly related
to the spectral density values . Those that derive from the significant—wave
me thod are termed height/period spectra since they -ise significant height
and significan t or mean apparent period to derive the spectral density ordinates . 

--~ -~~~----~~-- - . -*~~- - ~~~~---—— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- -~~~~~-
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Again , It is to be emphasized that both methods utilize the distri-
bution functions derived theoretically by Longuet—Higgins (1952) which is sup-
por ted by the empirical relations derived from an analys is of ocean wave da ta
by Putz (1952). Also, both methods are based on actual wave data , although the
data was not the same for both methods , and the methods of analysis of the data
were somewhat different.

All of the spectral formulations for both categories have the same
general form:

2h
2 
(w) AW

_m
C 

-~~ 
-n 

(A-is)

wher e the coeff icien ts A, B, m and n define the spectrum and govern the total - -
energy (area under the spectrum ) and the distribution of energy at various
frequencies.

In the following subsections , some of the more popular wave spectra
are compared. These spectra will be discussed in terms of the height—double
spectr um with a base of circular frequency (a’). All spectra will be in English

units and will use the notation 2h
2
(w) for the ordinate of spectral density

and H 2 
for the area under the spectrum curve.

A.6 Wind-Speed Energy Spectra

One of the fundamental concepts governing the wave spectrum formulations
is that waves generate from the high frec~uency end of the spectrum due to a trans-
fer of energy from the wind field to the wave system . With this premise , Neumann
(1952) developed the co—cumulative power spectra from which the variance could be
predicted. From the latter , the generated wave energy can be determined . In
essence , the wave—spectrum formulations permit predictions of the wave spectrum
directly from a knowledge of the wind field. With the wave spectrum , the signif-
icant height as well as the statistical distribution of waves can be determined.

Therefore , in order to predict the spectrum , it is necessary to know
the history of the wind field , or to assume that a steady wind of a spec ified
magnitude has been acting on a particular fetch of the ocean surface for a given
time duration .

Three commonly used wind—speed spectra , with wind speed (V) ex-
pressed in knots are:

1 . Neumann spectrum (as used in the Pierson Neumann James wave prediction
technique):

2 — 2
2h 2 (w) 4 OO cA ~ 

6 e - (725 /V )w (A - 16 )

U
s O.00436V

2 5  (A—17)

- - - -‘

~
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2. Neumann spectrum , (as modified by Roll—Fischer and others):

2h2 (w) ~O0~ 
5
e 
-(725/V )w 

(A-id)

H 0.0195 V
2 

(A—19)

3. Pierson—Moskowitz spectrum

~4 —~4
2h2 (w) 135 w

5
e 
— (97,000/V ~~‘~‘ (A—20 )

H = 0.0187 V
2 

(A—21)

A .? Significant—Wave Method Formulations (Height/Period Energy Soectrai

In contrast to the wave spectra method , the significant wave
method requires a knowledge of the significant wave height and period from
which the spectrum can be determined. ~stimates ~f the significant wave
height and period are obtained from the wind speed , fetch length , and wind
duration by reference to empirical data.

The significant—wave method does not require consideration of the
history of wind speed , dura tion , and fe tch leng th , and ther ef ore , there is a
belief that it is somewhat less laborious to apply than is the wave spectrum
method . Establishing these wave generation parameters is the most subjective
and difficult procedure in the art of wave forecasting . These wave properties
are sometimes more readily determinable , at least to a su itabl e degree of
accuracy, for a reg ion under consideration than is a comp lete history of
wind characteristics.

For practical applications , if a wind speed Is given then any wave
prediction technique desired may be chosen to determine fully developed or
partially developed wave characteristics. The wave spectrum can then be
determined from these wave characteristics. If sea cond itions are given
in terms of a significant height and period then the wave spectrum can be
computed directly.

Three commonly used height/period spectra are:

i4~ Bretschneider spectrum (used in conjuntion with the Sverdrup-Munk—
Bretschneider wave prediction technique):

2h 2 ( w )  (1~2O0 H 2
/T~~ )w 5 (1O5O

~
’T
s
)
~ 

(A—22)

H 0.025 V
2 
(for fully developed seas only) (A—23)

0~ 

-~~~~~-~~~~~~ - - -~~~~~~~~-~~~~~~ 
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5. ISSC spectrum (International Ship Structures Congress modification
of the Bretschneider Spectrum):

14 4
2h2 (w) = (2760 H

2
/T

4)w
_5
e~~

69O
~
’T
s 

)w 
(A—214)

H = 0.025 V2 (for fully developed seas only) (A-25)

6. Roll—Fischer spectrum as used by some model basins for fully developed
seas (its spectrum curve is nearly the same as equation A-l8):

2h2 (w) = (5050 H 2
/T

4
) 5

e~~
5 2 6 /T

~~~ ( A 26 )

H = 0.0195 V
2 

(A—27 )

The Roll—Fischer height/period spectra , 6, is equivalent to the Roll—
Fischer Neuman spectrum , 2, except the formulation is in a more convenient form.
The above list of spectra is not meant to be complete , but only to include typical
spectra encountered in model testing .

A.8 Which Spectrum Should Be Used

It should be remembered that these spectra , and other such spectra
represen ted b y for mula , are mathematical descriptions of curves fit through
a number of spectra derived from actual wave records which were measured
in generally similar sites and environments . They do not represent point
by poin t each measured spec tra bu t only the mean of the po in ts of the fa mi ly
of actual spectra. In other words , they are simp ly curve fitting f ormulas
and in no sense can be cons idered as “theoretical spectra”. Hoffman , who
has compared many ac tual spec tra with f ormu la spec tra , has stated the actual
spectra height may show a sigma variation of 30¼ or more from app licable
formula spec trum .* A spec trum derived from an actual wave record may fit
any one of several for mula spectra , depend ing on the experience of the
investigator.

Miche l (1967) has compared the six spectra described above (repro-
duced in Figure A— 4) for the case of a typ ical fully developed 30 ft. (signifi-
can t wave he ight) sea. Each of the spectra is associated with a particular
wave predic tion (hindcasting) technique which relates a given significant
wave height and significan t or mean period to a particular wind speed acting
over some fetch distance for some length of time . To achieve a full y developed
30 ft. sea , the six spec tra requ ire wind speeds rang ing from 34 to 40 knots.

*From personal communication with D. Hoffman , Apr il 27 , 1977. 

-- “- - - -~ ~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Comparing the wave spectra on the b~ cis of equal wave heights in-
stead of equivalent wave—generation parameters shows three of the six spectra
generally similar in form and two others , Bretschneider and ISSC , different
from the others. The comparison is made on the basis of full y developed seas.
A Bretschneider spectrum for a partially developed sea is shown as 4A in
Figure A—4 . That spectrum is very close to the Pierson Moskowitz spectrum
and close to the Neumann and Roll—Fischer spectra. Had the spectra been
compar ed on the basis of equivalent wave generation parameters they would
have illustrated pronounced differences primarily due to differences in
significant wave height which wou ld be man ifes t by d if f e r e n t are as und er
the curve. The wave heights which would be predicted for 0 knot winds
for each spectrum range from 30 ft. (for 1) to 40 ft. (for 4 and 5). It
is to be emphasized that these differences originate with and are directly
related to the wave prediction technique and are not due to the specific
spec tral formulations.

Three spectra are compared with a spectrum produced in a model
basin in Figure A—5 . The model basin spectrum has a lower wave height and
lower mean period because the basin did not produce the high—frequ ency compon-
ents of the spectrum , a common deficiency of model basin, spectra. Note ,
however , that either the Roll—Fisher spectrum , 2/ 6 , the Pierson Moskowitz
spectrum , 3, or the Bretschneider spectrum , 4A, fit reasonably well with
the model basin spectrum .

Within the limitations of present wave prediction technology , it
is generally not justified to exert considerable effort in determining what
formula to apply to the spectrum . Several different spectrum may adequatel y
fit the waves common at the site , and may also serve reasonably well as proto—
types for the spectrum to be modeled . If considerable wave—record data are
available for a particular site , then this wave data and a spectrum developed
from i t  will better serve for purposes of modeling and analysis than a formula
spectrum predicted for the site. Therefore, within the present state—of—the—
art , it is difficult to justify a highly  sophisticated analysis for most
projects . However , when the consequences of failure are so great as to truly
constitute a potential disaster , then advanced approaches to the description
of the waves may be necessary.

A .9 Second—Order Wave Phenomena

A tention is now being. given to long—period wave phenomena and their
possible effe”ts on mooring systems . These long—period phenomena are generally
referred to as seiche , swell , and wave grouping . These phenomena will
not usuall y he evident in wave spectra , but are recognizable in long wave
records. In a typical irregular—wave record , waves of many different fre-
quencies are randomly superimposed to create a record such as the top record
in Figure A— 6 . 

- - -
~~ -t- --~~~~~~~~~- - -- -
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The second record in the figure shows an irregular wave with a slowly
vary ing mean . The slow variation in mean water level may be due to seiche ,
that is the movement of water back and forth across a basin , or to a very
long—per iod swell. A complete spectral analysis of this record would show
two peaks ; one encompassing the band of the irregular waves , and another
at the frequency of the slowly varying mean water level. Normall y , the
very long—period wave would be overlooked in a wave spectrum unless special
attention is devoted to it in the analysis.

The third record in Figure A—6 shows an examp le of wave grouping
in which several waves of sl ightly different period are superimposed. Wave
grouping is characterized by successive occurrence of waves of hig h amplitude.
Wave gro up ing has been f ound in some wave r ecords , but it is not known how
common it is in ocean waves . Several firms , including ER&E and NS~1B, are
now investigating certain aspects of wave group ing.

Because the variation in mean water level associated with wave
grouping is negligible if present at all , there will be no power in a routine
amp litude—spectral analysis at the period of wave group ing. A phase—spectral
analys is, however , may indicate definite phase relat ionshi ps between the
component waves . A spectral analysis taken at very fine frequency—band widths
may show two closely spaced peaks . These peaks correspond to the frequencies
of the superimposed waves which are components of the wave group ing. The
amp litude of the resultant wave varies at a frequency equal to the differences
between the two superimposed frequencies.

f
g 

= — (A—28)

where f
1 

and f
2 

are the f r eq uenc ies of the super impo sed waves and f

is the frequency of the wave group ing.

Wave group ing can be detected through a spectral analysis of the
envelope of the wave record. A curve drawn throug h the peaks of the wave
record will form this envelope as shown in the figure . A spectral analysis
of this curve will reveal the presence of wave group ing.

Lông—per iod wave phenomena , such as seiche , swell , and wave ~r i i ~hn~
may affect the notions of a moored vessel as much as the short period wave
phenomena depicted in the conventional wave spectrum . Therefore , anal ysis
should be perfor med to determine if these long—period phenomena exist at
the mooring site . If seiche , swell , or wave grouping are expected at the
moor ing site then they should be accounted for as much as possible in model
testing and analysis. If they are not expected to be present at the mooring
si te , then checks should be made during model testing to assure they are
not presen t in the model basin and affecting the results of the tests . 
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WAVE—HEIGHT STATISTICAL CORRELATIONS
ACCORDING TO VARIOUS RESEARCHERS

TABLE A—i

Reference Source H /H H lB H /H
5 0 1/10 S ma x 5

~Iunk (1940) Field data 1.53 - -

Seiwell (1948) Field data 1.57 — —
Wiegel (1949) Field data — 1.29 1.87

Barb er (1950) Theoretical 1.61 — 1.50

Putz (1950) Field data 1.63 — —

Longuet—Higgins (1952) Theoretical 1.60 1.27 1.77

Putz (1952) Theoretical 1.57 1.29 1.80

Darbyshire (1952) Field data 1.60 — 1.50

Hemada , et.al (1953) Experimental 1.35 — —

I..
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APPENDIX B

THE ENERGY THEORY OF SPM MOORING LOAD S

This appendix describes a theory which relates the elasticity of the
SPM system to the mooring loads which are experienced in irregular waves. The
theory is presented here not as a required or recommended method of pred icting
mooring loads at SPMs, but as an aid in understanding the influence of mooring
system elasticity on mooring loads .

Through the analysis of data from model tests and some full—scale
tests of tankers moored to SPMs, Exx on Research and Eng ineering has developed
several empirical design techniques . One of the tools used in these techniques
is known as the significant energy technique. From analysis of mooring load
data it was discovered there is a relationship be tween the area under the
mooring elasticity curve up to the significant force and the test enviro—
nmen t and tanker—size parameters . The mooring elasticity properties and the
tanker size or mass constitute a dynamic system which is excited by the enviro-
nment. The energy theory may be thought of as an analog for  unders tand ing
the dynamic inter—relationships of these parameters.

The following is a brief  d isucss ion of the major  pr inc ipals of the
significant energy theory.

B.1 Elasticity of the Moorin~

The elasticity of an SPM is the sum of the non—linear elasticities
of the buoy anchoring system and the bow—hawser system. From model test and
field experience it has become evident that the mooring system elasticity
should not be too non—elastic or stiff because the mooring forces caused by
waves would then be extremely high. It is also evident from observations
that a very elastic or soft mooring system allows the tanker excessive freedom
to move; thus , the tanker acquries substantial kinetic energy . This kinetic
energy eventually transfers to the mooring system in the form of potential
energy as the motion is arrested . This potential energy is evident as strain
in the mooring system. In the design of an SPM a proper mooring system elas—
ticity must be established which is stiff enough to minimize the motions of
the moored vessels and the resultant forces due to these motions and yet not
be so stiff as to cause high mooring loads.

The elasticity of the mooring system is influenced by various
param eters , as discussed in Section 2 of this report. Different SPMs
may have differen t elasticity characteristics. The elasticity charac—
teristic of an SPM is important in determining the mooring loads wh ich
will, be experienced at that mooring.

B.2 Significant Mooring Force

The siginficant mooring force is defined as the average of
the hig hest one—third peaks in the bow—hawser mooring—load record . It
is similar in concept to the significant wave heigh t (see Appendix A) and
can be calculated by the same methods.
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The significant force is a statistical value which remains essen-
tially constant regardless of the length of the record , provided the record
Is of sufficient length and other parameters are not varied. It may be
used directly as a means of comparing the relative merit of several proposed
mooring systems . The probable maximum force for a given duration of the
record may be determined from the force by the statistical methods discussed
in Section 2.

B .3  The Significant Energy Concept

Figure B—i shows mooring elasticity curves for two mooring systems
SPM A and 8PM B. If a given tanker were to be moored in a given environ-
ment to SPM A , a significant mooring force , Fa 

would be experienced. If

the same tanker were to be moored in the same environment to SPM B , a dif-
ferent significant force F

b 
would be experienced. The area under the

elasticity curve for SPM A up to force F has the physical equivalence of

energy stored in this system when it is deflected by the significant force
F , and therefore , it is ref’ered to as the significant energy E .  In

the same manner significant energy E
b 

may be defined for SFM B.

From the analysis of many model test records for SPMs having
different elasticities , it has been discovered that for a given tanker size
and a given environment the energy under the elasticity curve up to the signi-
ficant force i~, essentially equal for different SPMs of not too dissimilar
designs . For the example given here , energy E

a 
would equal energy

because the tanker size and environment are the same even though the moorings
are different .

If a different tanker were moored at SPM A , a different significant
force F ’  would be measured and a different significant energy E ’  would be

determined . If the same tanker were to moor at SPM A in a different environ-
ment yet another significant force F ”  would result , thus establishing another

significant energy E ” . From these tests at SPM A the measured significant

~r.~r-~ y E ’  for the different tanker size , and the measured significant energy

f r  the different environment , would be equal to the respective signi—

.-~n.~rgies Eb ’ and E
b” ~‘0?’ 8PM B.

p
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A series of curves may be developed giving the relationship between -

tanker size and environment and the significant energy levels based on the
results of a large number of model tests. Figure B—2 is an example of such
a significant—energy curve . 

-

The designer of a system , knowing tanker size and environment - -

may use such a significant—energy curve to determine the significant energy
corresponding to the significant force . Knowing the elasticity curve for - -

an SPM under study, the designer may then determine the significant hawser
force corresponding to the significant energy under the elasticity curve .

The significant—energy theory should be used with caution in predicting
mooring loads , especially when the method is based on load data for a different
SPM. The description given here does not deal with the effects of wind and
current in combination with waves. The effects of certain differences in 

-
-

the mooring system , such as hawser length and water depth , must be accounted
for In other ways when applying the energy technique. The use of the energy - -

technique as an empirical method for predicting mooring loads should only
be done when sufficient mooring load data for the same or similar SPM systems
are available and when the effects of the various parameters are understood .

I

-
. 
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APPENDIX C

MODEL TEST BASINS

DANISH SHIP RESEARCH LABORATORY
Skibs teknisk Labora tory
Hjortekaevsvej 99
D K—2 90 0

Lyngby (Copenhagen), Danmark

Test Basin

The DRSL test basin is a towing tank 240 rn (800 ft) long , 12 m
(40 f t ) wide , and 5.5 in (18 ft) deep . The towing carriage has a maximum
velocity of 15 rn/s (50 ft/s) and can tow models that weigh up to 10,000 kg
(22 ,000 lb) and are 8 m (26 ft) long. The towing carriage has an onboard
compu ter having a max imum logging frequ ency of 17 ,000 Hz.

Wave Generation

DRSL uses a pneumatic wave generator capable of creating regular
and irregular waves . The generator is controlled by an 8—hole paper tape
which can contain any type of wave signal.

Current Generation

The tank has no capability to generate a current , but it may be
possible to tow models through deep water.

- j Instrumentation

Force — No in forma tion ava ilable

Disp lacement — Horizontal large—amp litude planar—motion mechanism ,
and a Seisport optical tracker . Verticle small—
amp litude planar motion mechanism

Velocities — Differentiation of displacement

Acceleration — Double—differentiation of disp lacemen t and accelerome ters

Water Level — Wave probes
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HYDRONAUTICS SHIP MODEL BASIN, INC.
7710 Pindell School Road
Laurel , Maryland 20810

Test Basin

The test basin at HYDRONAUTICS is a towing tank 127 m (418 ft)
long and 7.6 m (25 ft) wide. The maximum water depth is 4 m (13 ft). Although
the water level may be lowered , the existing wave generator (as described
below) and beach do not extend to the total depth of the tank. Therefore,
the existing equipment is not able to produce waves in shallow water . There
is a 3.4 m (11 ft) diameter , 13 m (43 ft) deep pit located near the center
of the basin . The main towing carriage has a maximum velocity of 6 m/s (20
ft/s) and the high speed carriage can reach velocities of 9 rn/S (30 ft/s).
A data acquisition and computer center is onboard the main carriage.

Current Generation

HSMB can simula te curren t only by towing the model through the basin
with the carriage. Thus , the simulated current can only be parallel  to the
generated waves .

Wind Generation

Wind in line wi th waves can be gen era ted by fans. HSMB will have
in the near future a 1 m (3.3 ft) diameter axial—flow fan with a variable speed
dr ive. However , it would be difficult to model wind at angles to the waves
because the bui lding walls are very close to the edge of the tank.

Wave Generation

The wave generator is a vertical—moving wedge dr iven by hyd rau lic
power . The hydraulic drive mechanism is controlled by a bank of 10 potentio-
meters. Each po ten tiometer cont rols the amp litude and frequency of a sinu—
soidal signal generator. These 10 signals are combined to form a 10—component
irregular signal for wave generation . This control system permits the gener—
at ion of very long non—repeating wave trains.

Instrumentation

Force — Reluctance block guages and Shavits Load Cells.

Displacement — A two—arm horizontal—linkage mecha~nsm for surge ,
sway , yaw , and heave , and gyr oscopes f or p itch
and roll  

-~~~ ~~~~~~~ ---- .V .- -~~~~~~~ --- -~~~~~~~~~~~ V - - _- ~~~ .— -  - - _
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Velocity — Differentiation of disp lacement

Acceleration — Double—differentiation of displacement or accelerometers

Water Level — Wave probe

Water Velocity — Measure carriage velocity

NETHERLANDS SHIP MODEL BASIN
Haag steed 2
Pos t Box 28
6700 4A Wagen ingen
The Netherlands

Tes t Ba sins

• WAVE AND CURRENT BASIN

The Wave and Current Basin is 60 rn (200 ft) long , 40 m (133 ft)
wide , and 1.0 m (3.3 ft) deep . This basin is used to study systems requiring
waves and current acting simultaneously at angles to each other , such as
dr illi r~ olatforms , sing le—point moorings , open sea dredging, harbor entrances ,
etc. The water depth is adjustable. A maximum 0.6 n/s (2.0 ft/s) current
velocity can be created parallel to the short edges of the basin at a water
dep th of up to 0.5 m (1.6 ft). The current direction is reversible . Wave
generation flaps (described below) are located on one long side and ~ne short
side . Regular or irregular waves can be generated at any angle to the current .

• SHALLOW WATER BASIN

The Shall ow Water Basin is a towing tank wh ich ha s a leng th of 216 m
(710 ft), a width of 16 m (52 ft) and a variable water depth of zero to 1 m
(3.3 ft). At the center of the basin , there is a 3 m (9.8 ft) deep pit suitable
for testing larger structures . The Shallow Water Basin carriage has a maximum
velocity of 3 n/s (10 ft/s) and has onboard analog data recording devices .
A mechanical wave generator , described below , is at one end of the basin
and a wave absorb ing beach is opposite the wave generator . There are no
means to generate a current in this basin other than by towing the model .

• SEAKEEPING BASIN

The Seakeep ing Basin is primarily used for vessel seakeeping tests.
The tank is 100 n (328 ft) long , 24 m (78.7 It) wide , and 2.4 m (7.9 ft deep).
The towing carriage has a maximum velocity of 4.5 n/s (15 ft/s) and has onboard
digital data recording equipment . Wave generators (described bel~ w) line two
adjac ent walls of the basin to enable creation of regular or irregular waves
f rom any dlrect ton. Wave damping beaches are installed on the basin edges
oppos ite the wave generators. There are no means to generate a current in
t he  b a s i n  ot h e r  t h a n  towing  the m o d e l .  

-~~~-~~~~~~~~~~~~
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Current Generation

Current is generated in the Wave and Current Basin by pumping water
throug h inlet or if ices , across the bas in , and out through outlet orifices. The
pumping units have a maximum capa cit y of 15 m3/s (530 cfs). The other basins
can simulate current only by towing the model.

Wave Generation

The wave generators for the Wave and Current Basin , Shallow Water
Basin, and Seakeeping Basin are snake—type wave makers consisting of banks
of flaps hinged at the bottom. Long crested irregular waves are generated
when the flaps are oscillated with varying frequency at a constant stroke .
The range of oscillation frequency corresponds to the frequency range of
the irregular  waves , and thus , waves of d ifferent frequencies are sequentiall y
generated .

The sequence of wave frequencies is generated by an electronic
con trol system , of which the main part consists of a set of 96 potentiometers ,
each controlling the frequency of one wave component .

Wind Genera tion

Wind is created by banks of axial flow fans. Each fan is controlled
by a potentiometer .

Ins trumen tat ion

Force — Full bridge strain gauges or reluctance block gauges——as
appropriate to the force level and required resolution.

Displacement — Pantograph system and an optical system of servo—con-
trolled cameras which f ollow a halog en light. The
optical system measures heave, surge , and sway.
Gyroscopes meas ure pitch , roll and yaw . The gyro—
optical system allows for vessel to be comp le tely
free of the instrumentation except for wire leads.

Velocity — Differentiation of displacemen t , rate gyros , tachrneters

Accelera tions — D o u b l e — d i f f e r e n t i a t i o n  of d isp lacement  or acce le rometers

Water Level — Wave probe , servo—con trolled wave followers

Water Velocities — Screw—type current meters

Wind Velocities — Cup—type anemometer 

—-—~~~~~~~~~~~~ - - - — — . - — — — . ~~~~-- — —  - - . — — -~~~
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OFFSHORE TECHNOLOGY CORPORATION
578 En terpr ise Street 

-

Escond ido , Cal ifornia  92025

Tes t Basin

I 
The OTC test basin is 90 m (295 ft) long , 14.6 m (48 ft) wide , and

4.6 rn (15 ft) deep . The water depth in the basin can be varied and for shallow
water tests a special wave generator is used . Approx imately two—thirds the
way down the basin is a square pit 4.6 m (15 ft) deep (below basin floor)
which measures 5.5 m (18 ft) square at the top and 4.6 m (15 ft) square at
the bottom. M unmanned carriage runs as wheels along the length of the
bas in. The carriage has a maximum velocity of 3 rn/s (10 ft/s). Another
carriage on wheels is used to support instrumentation at fixed positions
over the basin . The data acquisition and computer center is located in a
room adjacent to the basin . Sixty—four channels of digital data can be recorded .

Wind Generation

Wind can be genera ted by two larg e duc ted fa ns, each powered by a
37 kW (50 hp) motor or by ten 3 ft diameter fans powered by 1 hp motor. The
fans are placed beside the basin and can be either aimed directly at the
model , or air can be channeled , through ductwork to the vicinity of the model.
Wind speed is con trolled by vary ing fan—blade pitch or varying the suction
or ifice. Wind can be blown at angles to the waves only when the basin is
at maximum water depth. At shallow water depths , the bas in side walls will
interfere with cross winds .

Current Generation

OTC can generate a current up to about .3 rn/s (1 ft/s) parallel
to the waves by setting up a circulation pattern in the basin . Water is
pumped throug h nozzles in the side of a submerged pipe.

Wave Genera tion

Cassette tapes are generated by the computer to control the irregular
wave generat ion system. The signal on the tape is calculated to generate
a wave train with the designated spectral shape . The main wav e generator
is a large steel flap pivoted at the bottom and driven by a hydraulic cylinder.
The shallow—water wave generator is a set of four flaps pivoted at the top
and dr iven b y f o u r  small  hydraulic cyl inders.

_ - - - —~‘-._ .-—- --_.-— —.—-_-- ,_ ——.- ,— -— — - — — — —_ . -  - — —- ~~~~~~~~~ . -  _
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~.nstrumentat ion

Force — Load cells

Disp lacement — Six—degree—of—freedom mechanical motion sensor

Vel ocities — Differentiation of displacements

Acceleration — Accelerometers and double—differentiation of dIsplacement

Water Level — Capacitance wave probes

Water Velocity — Savonls rotor , el ectromagnetic probe

Wind Velocity. — Annemometer

Pressure — Pressure sensors

U.S. NAVAL ACADEMY HYDROMECHANICS LABORATORY
Richover Hall
Annapolis , Mary lan d

Test Basin

The model tank basin is presently und er construction. It is 116 m
(380 ft) and 7.9 m (26 ft) wIde . The depth of water Is 14 .9 m (16 ft) deep.
Although the water level can be reduced , the wave maker and wave absorber beach
would be ineffective at shallow water depths. The tank will be equipped with
a high speed carriage capable of speeds up to 7.6 rn/s (25 ft/s).

Wave Generation

Wave generation is controll ed by an independent PDP 11—05 computer.
The desired wave amplitude spectrum is specified and the computer generates
control signals having random phasing . The control signals are fed to the
wave making flap. The generated waves are analyzed and compared with the
specified spectrum by the computer . The computer then corrects the control
signals. This process is repeated until the desired wave spectrum is attained.
A given wave train may be repeated as often as desired , and the control sig-
nals can be recorded so that the exac t wave train can be re—established in
the future.

Current Generation

There Is no capability to generate a current In the basin . The model
must be towed to sImulat e current effects.

A - _ - ~~~~~~~~~ - — — -~~~~ -—~~~~~“ - - - - . -- .~~~~~~~~~~~~~~~~~~~ 
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Wind Generation

No provision has been made for producing wind . Wind could be pro—
duced in line with the waves. However , the adjacent walls of the building do
not make it possible to produce winds at angles to the waves.

Limitations on Use of the Facilities

The primary function of the Hydromechanic Laboratory is instruction
of midshipmen . Private firms could make use of the facilities only under
extraordinary circumstances.

OTHER MODEL TEST BASINS

The following basins were not visited during the course of this
study, but are understood to have facilities and capabilities similar to
those described above and may be suitable for deepwater port model tests.

BRITISH HOVERCRAFT CORPORATION, LTD.
Experimental and Electronics Laboratory
East Cowes
Isle of Wrig ht , Eng land

BRITISH HYD RAULIC RESEARCH STATION
Wall ing ford , Berkshire
England

CANADIAN CENTER FOR INLAND WATERWAYS
867 Lakeshore Blvd .
Box 5050
Burlington , Ontario L7R4A6

CHICAGO BRIDGE AND IRON COMPAN Y
901 Wes t 22nd Stree t
Oak Brook , Illinois 60521

NAVA L SHIP RESEARCH DEVELOPM ENT CENTER
Canderock Labora tory
Bethesda , Maryland 20034

SHIP RESEARCH INSTITUT E OF NORWAY
Novges Skipfforskningsinstituft
N— 7034
Trondhelm , Norway

SOGREA H, INC.
Avenue Leon—Blum
Grenoble , France

-
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STEVENS INSTITUTE OF TECHNOLOGY
Davidson Laboratories
Castle Point Station
Hoboken , New Jersey 07030 
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APPENDIX D

ROPE TESTING ORGANI ATIONS

COORDINATED EQUIPMENT COMPANY
P.O. Box 1244
Wilmington , Cal ifo rn ia 90744

~~pe Test Facilities

Coord inated Equipment Co (CEC) has acquired ten very large hydra ulic
cylinders and five hig h—stre ngth beams which were surp lus from the GLOMAR
EXPLORER submarine salvage project. There are three different cylinder designs .
The load capac-iaties and strokes of these cylinders are as follows :

Maximum Force
çyj~inder Type Stroke Compression Tension

(mm) (in) (MN) (Short Tons) (MN) (Short Tons)

1 2972 117 8.3 924 14.2 1588
II 1651 65 18.9 2121 15.4 1722

III 1295 51 18.9 2121 15.4 1722

CEC plans to construct a test bed with an overall length of 53m (174 ft).
With cylinders Typ e I in place , this bed will accommodate a maximum test specimen
length of 34.7 m (114 ft) and will, he capable of app lying a maximum stroke of
5.9 m (19.5 ft) to the specimen . The maximum load app lied in this set—up is
14.2 MN (1588 short tons). Other set—ups and capacities are summarized in
Figure D.1.

Experience in Testing Large Ro~~~

Since CEC s equipment is not yet operational , they have no experi ence
in its use. However , CEC p lan to have the new tes t mach ine installed and
operational by the end of 1977. This test machine will be adequate for static
break testing large—diameter hawsers used on SPMs . The maximum load capacity
is more than adequate to test the largest hawsers now made. The stroke and
bed length are adequate for testing rope specimens of sufficient length to
incl ude typ ical sp lice or end effects. The stroke may be sufficient to test

L 

halves of used SPM hawsers with original  eye sp lices .

CEC has extens ive experience in testing smaller synthetic ropes , as
well as wire ropes and other load—carrying components. One of the large
cy linders is now temporarily installed on a 15 m (50 ft) long test bed for
u s -  i n tesring short lengths of large wire and synthetic rope .

~
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ENGINEERING MECHANICS LABORATORY
National Bureau of Standards
Gaithersburg, Maryland

Rope Testing Facilities:

• A 54 MN (6000 short ton) static testing machine capable of accommodating
rope specimens of overall length up to 17.7 in (58 ft). The working stroke
of the machine is 1.5 m (5 ft). (See NBS Special Publicaton 355 for
further details on thIs machine .)

Experience in Testing Large Ropes:

• No known experience in testing large ropes.

FRITZ LABORATORY
Leh igh University
Leh igh, Pennsy lvan ia

Test Facilities

• A 22 MN (2500 short ton) static testing machine capable of accommodating
rope spec imens of overall length up to 12.2 in (40 ft). The hydraulic
working stroke of the machine is 0.9 in (3 ft). The maximum rate of
specimen load ing is 76 mm/mm (3 in/mm ) when using the hydraulic working
st roke and up to 610 mm /n~in (24 in/mm ) with the mechanical screws .

• A 3.5 MN (400 short ton) static testing machine capable of accommodating
rope specimens of overall length up to 6.9 in (22.5 ft) at speeds of
about 28 mm/mm (1.1 in/mm ) under no load and about 10 mm/mm (0.4 m i
m m )  under maximum load .

Experience in Testing Large Ropes

• Static break testing program for Samson Cordage Works on new double—
braided nylon ropes of up to 120 mm diameter (15 inch circumference).

• Several static break testing programs for Columbia Rope Company on
new three—strand nylon ropes of up to 120 mm diameter (15 inch
circumference).



NATIONAL COAL BOARD
Mining Research and Development Establ ishment
Mechanical Testing Branch
Stanhope Bretby
Burton on Trent , Darbishire , England

RoDe Test Facilities:

• A 1L5 MN (500 short ton) static testing machine with a 15.2 m (50 ft)
test bed and a working stroke of 3.0 m (10 ft).

Exoerierice in Testing Large RoDes

• Static break testing program for British Ropes on new 144 mm diameter
(18 inch circumference) double-braided nylon ropes.

NATIONAL ENGINEERING LABORATORY
Department of Trade & Industry
East Kilbrj.de , Glas gow , Scotland

Rooe Test Facilities:

• A 10 MN (1120 short ton) static testing machine capable of accommodating
rope specimens of overall l ength up to 8.0 m (26 ft). The working
stroke of the machine is 1.5 m (5 ft) and the maximum crosahead speed
is 150 mm/mm . (6 in ./min.). For loads below 5 MN (560 short ton), the
crosshead speed can be doubled .

• A 1.2 MN (134 short ton) static or cycl ic l oading testing machine capable
of accommodating rope specimens between 0.6 and 7.0 a (2—23 ft) lung
at speeds from 0 to 400 gun/mm . (0—16 in ./miri.). This machine is equipped
to control and measure such parameters as load , velocity of travel , and
rope elongation .

• A dynamic load test facility which simulates shock l oading conditions
on ropes. In this unit impact energy of 155 kJ (1114 ,000 ft—lbs) is
achieved by a large linear induction motor and speeds up to 17.8 m/s
(58.3 ft/s) are reached as the 100 kg (220 ibs) carriage , supported on
air bearings , is propelled al ong parallel rails to pick up the free
end of a rope and break it under impact conditions. At these speeds
sufficient energy is stored to break ropes of all types of construction

~~~~ in synthetic or natural fibers up to about 150 kN (17 short ton) breaking
load.
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Neither of the latter two machines mentioneti above is suitable for
testing of large—diameter ropes because of strength ~:.~~~ations. The 10
MN static testing machine has been used to carry out a few tests on large
diameter ropes in an endless grommet configuration . However , due ‘~o specimen
length and stroke restrictions this machine is probably not suitable for
testing large diameter ropes with eye splices.

MEL has developed tentative plans for the construction of a new
testing machine . The new machine would have a 10 MN (1120 shor~ “ s)
capacity and be able to accommodate rope spec imens of up to 30-.6~ ~ (100—200
ft) long. The working stroke of the machine would allow for about a 50%
stretch of the specimen . Plans for the testing machine are currently on
a “hold status” until NEL can ascertain the level of interest in use of
the machine by industry as well as possibl e construction funding by industry.

Experience in Testing Large Roces

• Static break testing program for British Ropes on new 128 mm diameter
(16 inch circumference) doubl e—braided nylon ropes.

• Static break testing program for ARAMC O on used 120 mm diameter (15
inch circumference) double—braided nylon ropes.

• Static break testing and cyclic tests for Exxon Research and Engineering
Co. on new and used 64 and 72 mm diameter (8 and 9 inch circuaference)
nylon ropes. New ropes were all three—strand construction . Used ropes
were of three—strand , eight—strand and double—braided construction .
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APPENDIX E

GLOSSARY

Aft Perpendicular A vertical line passing through the rudder
post.

Anchor Windlass A machine mounted on the forecastle
of a ship for deck hoisting or lowering
the ship’s anchor.

Ballasted Tanker A tanker empty of cargo and partially filled
with ballast. More generally a tanker having
less than roughly one half of its loaded
capacity of cargo or ballast onboard.

Bitts A pair of ver tical steel posts mounted on
a baseplate on the deck of a vessel end
used to secure lines and r’pes.

Braided Rope Rope constructed by braid Lng or inter—
wearing strands together.

Bollard A single ver tical pos t moun ted on a pier
and used to secure lines and ropes. Also
another name for a bitt.

Bow Chock A large chock mounted at or near the vessel
centerline at the bow.

Breaking Length A measure of the strength of a rope in rela-
tion to its weight per unit length ; the length
of rope having a weight equal to the breaking
load of the rope ; the length of rope which
can be hung free without breaking due to its
own weight.

Breaking Strength The axial load applied to a rope which results
in rupture.

• Bulbous Bow A special bow design having a bulb—shaped
protrusion extending forward beneath the
water line.

Carrier The bobbin or spool on which the strand or
group of strands are carried on the ropemaking
machine during the braiding or twisting of the
rope ; also sometimes used to refer to
the strand or the group of strands which
are wound on a carrier.

_ _ _ _ _ _ _ _
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Catenary Anchor Leg Mooring A single point mooring system in which the
(CALM) vessel is moored to a buoy which is anchored

by multiple anchor legs extending in catenaires
to anchor points on the sea floor some distance
from the buoy . Generally the mooring swivel
is mounted on the deck of the buoy and the
cargo swivel is mounted concentric with and
above the mooring swivel.

Chaf ing Chain A short length of chain attached to the end
of the hawser assembly and connected to a
strong point on the SPM or the moored vessel,
intended to reduce chafing against the deck
and fairleads.

Chain Stopper Two parallel vertical plates moun ted on the
vessel deck with a pivoted bar or pawl
which drops down to bear on the exterior
of a chain link to secure the chafing chain .

Chain—Support Buoy A buoy used to support the chafing chain at the
tanker end of an SPM hawser when tankers are

• not moored .

Chance of Exceedance The probability that a given value will be ex-
ceeded in a defined duration or number of

• occurrences.

Chance of Non—Exceedance The probability that a given value will not
be exceeded in a defined duration or number
of occurences.

Cycle The distance parallel to the axis of the rope
in which a strand makes one comp lete sp iral ,
same as lay length and pitch .

Cylindrical Bow A special ship—bow design having a rounded shape
that is essentially constant with depth and
lacks a bulb—shaped projec tion .

Deadweight Tonnage (dwt) The weight of a full load of cargo together
with all fuel , water , stores , and supplies .

Denier A measure of size of a fiber ; the weight in
grams of 9,000 meters of filamen t , the lower
the denier the finer the yarn.

Design Environment The maximum combination of waves , wind , and
current in which a vessel may remain moored
without exceeding the design load . 

— -•-- . •--~~~~- ~~- - - - “— ~~~~~~~~~ •~~~~~~~~~ - - -..~~~~~~-- - -~~~~~~ -~~~~~-• - -



~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

— E.3 —

Design Load The maximum l oad which should be applied
to a rope consistant with the factor of
safety for the type of rope use.

Double—Braid Rope A rope consisting of a hollow core of many
braided strands enclosed in a cover of many
braided strands.

Eight—Strand Rope A rope consisting of two pairs of strands
twisted to the right and two pairs of strands
twisted to the left and braided together such
that pairs of strands of opposite twist al :.-~r—
nately overlay one-on-another .

End The largest twisted sub—component of the rope ,
same as strand.

1~
Factor of Safety The ratio of the rated breaking strength of a

new rope to the design load .

Fairleads Fittings used to change the direction of
- 

• lead of a rope or l ine on the deck of a
vessel. Usually a vertically mounted roller.
Also used to refer to chocks .

Fiber A single filament or group of filaments fur—
nisned on bobbins or spools by the fiber
manufacturer .

Fid A tapered pin , sometimes hol l ow at one end ,
used to separate the strands of a rope and
to insert the ends of strands when spl icing
rope .

Filament The smallest unit or component of the rope ,
a singl e extruded el ement of synthe tic material .

Film A generally flat extruded element. whose wid th
is much greater than its thickness , where tne
thickness is usual l y less than 0.25 • r~fl (0.01 in).

Forecastle The deck near the bow of a ship, usually one
level above the main deck.

Forward Perpendicular A vertical l ine passing through the furcmost
point of the bow at. the loaded—water line .
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Froude’s Law Scal ing Dynam ic similitude model ing in which the
ratio of the square of velocity to the
product of the gravitational constant and
a length parameter is kept constant , gen-
erally used for SFM model testing and other
studies where gravitational effects pre-
dominate .

Grommet An endless rope , sp liced end—to—end at one or
more p laces , sometimes with thimbles at each
end to form a hawser of two parallel ropes.
Same as strop.

Gypsy Head A cy linder—like fitting on the end of a winch
or windlass shaft used to haul or slack ropes
or hawsers by winding a few turns of the line
around it and hold ing the free end of the lin e
taut as the gypsy head turns .

Hawser The mooring rope between an SPM and a moored
vessel. Generally any large rope 40 mm or more

• in diameter (greater than 5 inches circumference).

Hawser Assembly The assembly, includ ing the hawser , thimbles ,
c h a f i n g  cha in , and floatation , used to moor a
vessel to an SPN.

Hawser Eye A loop at the end of a hawser or strop used
for connection purposes.

Hawser Float A floatation device attached to a polyester or
nylon hawser to support the hawser when tank’~rs
are not moored .

Hawser—Lay Rope A three—strand rope In which the direction
of twist of the yarns making up the strands
Is opposite the direction of twist of the
strands. More generall y any three—strand rope.

Heave Vertical transl :tional movemen t of a vessel.

Hocicle A defec t in a rope in which strands are
kinked or twisted contrary to the direction
of their normal lay. Usually caused by
impropcr handling of the rope . Resembles a
knot in the rope .

Irregular Waves Ocean waves made up of many waves of different
frequencies. Generally non—sinusoidal waves .



Lashing Wrapp ing or binding the two legs of a strop
together with small rope. Also wrapp ing a

• rope with smaller rope to prevent abrasion
or to secure or prevent a collar from slipping .

Lay The direc tion in which the strands of a rope
are twisted.

Lay Length The length along the axis of a rope in which
a strand t~akes one comp lete spiral around the

• axis, same as cycle and pitch .

• 
Left—Hand Lay Twisted as a left—hand screw thread , with twist

in direction of fingers of fist of left hand
will advance in direction of thumb .

Leng th Between Perpendiculars The distance between the forward and aft per-
pendiculars.

Line Stranded assembly made from metallic wires.
Also used to refer to synthetic rope especially
small rope .

Loaded Tanker A tanker full or almost full of its capacity
of cargo .

Manifold A cargo hose or piping connection point on a
tanker; usually located on the main deck at
midships. On an SPM normally loca ted at the
end of the under—water p ipel ine and may also
be located on a buoy, base , or mooring tower.

Maximum Operating Environment The maximum combination of waves , wind , and
current in which a vessel may remain moored
without exceeding the design load .

Maximum Wave Heig ht The maximum d i f f e r e nc e  in elevation between
successive wave t roughs and wave crests .
A l t e r n at i v e l y ,  the maximum crest e levat ion
above the still water level.

Messenger Line A small rope lowered f ron  the vessel to a
launch for the purpose of raising the pickup
rope or hawser to the vessel’s deck.

Monofilament A coarse circular filament , in excess of 25
to 50 denier.
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Mooring Bracket Two parallel vertical plates mounted on the
vessel deck with a sliding bolt passing
through the plates which is used to secure
the end link of a chafing chain .

Moor ing Tower A single point mooring system in which the
vessel is moored to a rigid or semi—rig id
tower extending above the sea surface and
rig idly secured to the sea floor. Generally,
the mooring swivel is mounted on the upper deck
of the tower and the cargo swivel is mounted
concentric with and above the mooring swivel.

Multifilament A fine filament less than 25 to 50 denier
per filament.

Nine—Strand Rope A rope consisting of three 3—strand ropes
twisted together in a lay opposite to the
direction of lay of the 3—strand rope .

Nylon Generic name for long—chain polymeric amide
molecules in which recurring amide groups
are par t of the main polymer chain .

Nylon 6.6 A long—chain polymer of hexamethylene diamine
and adipic acid .

Nylon 6.0 A long—chain polymer of epsilon amino caproic
acid.

Open Link A chain without a stud , normally placed on
thimbles and the ends of chafing chains to
allow the components to be shackled .

Overlay Finish Coating or process applied to synthetic fibers
to improve fiber properties.

Panama Chock A single large chock mounted in the center of
the bow.

Picks per inch A count of the number of strands on the surface
of the rope in a distance of one inch parallel
to the rope axis.

Pickup Rope A rope , usually smaller than the hawser , attached
to the vessel end of the hawser assembly for the
purpose of raising the hawser assembly to the
vessel forecastle and drawing it through the
chocks .
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Pitch Rotational movement of a vessel about the trans-
verse centerline.

Pitch The length along the axis of a twisted rope
in which one—strand makes one comp lete sp iral
around the axis , same as lay length and cycle.

Plaited Rope Same as eight—strand rope .

Polyamide Another name for nylon .

Polyester A thermosetting synthetic resin made by esterifi—
cation of polybasic organic ac ids with poly—

• hydr ic acids.

Polyethylene A thermo—p lastic material composed of polymers
of ethylene .

• Polypropy lene A crystalline , thermo—p lastic resin made
by the polymerization of propy lene , C

3
H
6
.

Proof Load A test load applied to a chain to prove its
quality and ability to take load , normal ly
approximately two—thirds of the breaking
streng th of the chain .

Realization Factor The ratio of the breaking strength of a rope
to the product of the strength of an indiv-
idual strand or yarn times the number of
strands or yarns in the rope . Sometimes
used by manufacturers and classification
societies to determine the strength of a
rope from tests conduc ted on samp le strands.

Reference Load , P A low—level load applied to samples of ropes to
remove sag and slack when measuring leng th ,
circumference , and certain other properties;

• freq uently the load in kilonewtons equivalent
to 29 times the diameter in millimeters squared ,
P (kN) = 29 D2 (mm 2 ) [P ( i b )  = 200 D2 (in 2 f l .

Right—Hand Lay Twisted as right—hand screw thread , with twist
in direction of fingers of fist of righ t hand
with advance in direction of thumb .

1L ~ . .
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Roll Rotational movement of a vessel about the
longitudinal centerline .

Roller Chock A steel frame mounted at the edge of the deck
with two or three vertical steel rollers designed
for use with wire lines alongside piers.

Rope Strand assembly made from natural or synthetic
fibers. (Also used to refer to wire lines.)

‘S’ Lay Another name for left—hand lay.

Scale, l/X The fractional ratio of the dimension of the
model divided by the dimension of the prot~ —
type , the reciprocal of scale factor.

Scale factor ,X The ratio of the dimension of the prototype
• to the dimension of the model , unless other-

wise spec if ied , the dimension is normally length .

Seas Wind dr iven waves , more generally any short or
intermed iate period generally irreglar waves
which are not swell.

Seizing Wrapping a small rope around a large rope to
protect against damage , to prevent a splice
from working loose , or to prevent an accessory ,
such as a float , from slipping along the rope .

Sewing Passing a small rope through the structure of a
large rope to secure a splice from working loose,
or to secure an accessory , such as a float , from
slipping along the rope.

Shackle A fitting used as a connecting link between SPM
hawsers and chafing chains, usually a “D” shaped
fitting with a removable pin forming the straight
leg of the “D”.

Siech The resonant oscillation of water back and
forth across a basin.

Significant Mooring Force, Fs 
The average of the highest one—third of the
peaks in a mooring force record .

Significan t period , T
5 

The average of the periods of the highest one—
third of the waves in a wave record . 
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Significant wave height , The average of the highest one—third of the peak—
to—trough waves in a wave record .

Single Anchor Leg Mooring (SALM) A single point mooring system in which the
vessel is moored to a buoy which is anchored
by a single anchor leg to a base or anchor
on the sea floor . Generally, the anchor leg
is maintained under tension by the buoy ,
the mooring swivel forms a part of the anchor
leg, and the cargo swivel is concentric with
the anchor leg or its point of attachment
to either the base or the buoy .

Single Buoy Mooring (SBM) A single point mooring in which the vessel is
moored to a single buoy at the sea surface.
generally another name for single point mooring .

Single Point Mooring (SPM) A mooring and cargo transfer system for vessels
including a mooring swivel and a cargo trans-
fer swivel , in which at one point either the
cargo transfer swivel is concentric with the
mooring—load.-carrying system or the mooring
swivel is concentric with the cargo transfer
system such that the moored vess~ l may swing
completely around the mooring point while trans—
fe”r ing cargo .

Smit Bracket Another name for mooring bracket .

Snotter A short line or grommet made ci’ wire or syn-
thetic rope used to connect chafing chain to
bitts on the vessel deck; if a grommet , it
normally has no thimbles; if a single line ,
it normally has a thimbled eye at one end and
an unthimbled eye at the other end .

Strand A component of rope composed of several twisted
yarns; the direction of twist of strands is usually
opposite to that of the yarns .

Stiching Same as sewing.

Stitch Length The length along the axis of a braided rope
in which one yarn or strand makes one complete
spiral around the axis .

Strop Another name for grommet . 
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Surge Longitudinal (fore and aft) translational
movement of a vessel .

Sway Transverse (sideways) translational movement
of a vessel .

Swell Waves which are no longer driven by wind , more
generally any long period , genorally regular
waves.

Tenacity A measure of unit breaking stress , the breaking
strength of the fiber in grams divided by the
denier.

Terylene Another name for polyester .

Tex A unit of fiber fineness assessed by the
weight in grams of 1000 meters of yarn ; the
lower the number the finer the yarn , 1 tex
9 denier.

Thimble A circular or pear—shaped barrel with a con-
toured groove on its exterior to fit the eye
of a rope , usual ].y with a hole through its
center for a shackle pin , and usually with
covers around part or most of the groove to
protect the rope.

Thimble Encapsulation Material placed between 3PM hawsers and
thimbl es to prevent hawser abrasion .

Three—Strand Rope A rope consisting of three strands twisted
together in a spiral pattern .

Towing Bracket Another name for mooring bracket .

Turn Another name f or cycle.

Very Large Crude Carrier (VLCC) A tanker larger than about 150 ,000 dwt , some-
times ~400,O00 dwt is defined as an upper l imit
to this tanker size classs with tanker l arger
than ~400 ,000 dwt , referred to as ultra— large
crude carriers (ULCC).

Wave Amplitude Generally the elevation of the wave crest above
the stil.l water level .
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Wave Grouping A tendency of irregular waves to vary in
amplitude in a periodic or non—random manner.

Wave Height Generally the difference in elevation between
the l owest point on a wave (the wave trough)
and the highest point on a wave (the wave crest).
For irregular waves , several different wave
heights having different probabilities of’ oc-
currence may be defined . See significant wave
height , maximum wave height .

Wave Spectrum The distribution of wave energy with wave fre-
quency, the power spectrum of’ the waves .

Wide—Beam Tanker A tanker having a relatively shallow loaded
draft and relatively wide beam in relation to
it~ cargo capacity, generally a tanker w:th a
length to bean ratio of approximately 5.

Yarn Next to the smallest component of rope , composed
of twisted fibers or filaments.

Yaw Rotational movement of a vessel about the ver—
tical axis passing through toe transverse and
longitudinal centerlines.

‘Z’ Lay Another name for right—hand lay .
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