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Foreword

The purpose of this document is to present a rational
method for analyzing, designing or evaluating spread
mooring systems used with floating drilling units. This
method provides a uniform analysis tool which, when
combined with an understanding of the environment at
a particular location, the season of the year, the charac
teristics of the unit being moored, the type of hole being
drilled, and other factors, can be used to determine the
adequacy and safety of the mooring system. Although
portions of the method may be useful in analyzing other
types of mooring systems, its application to the design
of mooring systems for lay barges, tankers, derrick
barges, dredges, etc., is left to the discretion of the user.

The technology of mooring floating drilling units is con
tinually evolving. This procedure is a compilation of
those factors which are best understood and can be
quantified at this time. It is felt that the method
encompasses most of the major considerations known at
this time. Conversely, designers or analysts should not
construe that the omission of any particular phenome
non, calculation or other consideration from this docu
ment implies that it may not be significant for a partic
ular situation. It is recognized that data can be, and is,
appropriately developed from model tests. Wind, wave,
and current tank data are routinely used in design and
analysis. The utilization of data from model tests is
encouraged when it clearly represents accurate infor
mation describing a phenomenon more precisely than
the analytic method herein presented. It is further rec-
ognized that in special -circumstances where precise
environmental conditions, mooring loads, or mooring
component design data are understood, the methodology
and/or safety factors implied in this recommended
design practice may not be appropriate.

Additionally, sophisticated computer analysis methods
are being developed and employed in the industry.

These are also recognized as valuable contributions to
the understanding of mooring systems.

But it is further the purpose of this document to present
an analysis method which can be used by properly qual-

NOTE: This recommended practice is under the juris-
diction of the API Committee on Standardization of Off
shore Structures. This 1s the second edition of this
recommended practice and supersedes the first edition
dated Jan. 1, 1984. It was authorized for publication at
the 1986 Standardization Conference and later ratified
by letter ballot.

ified people who may not have access to proprietary
model tests or computer programs.

Policy

Attention Users: Portions of this publication have been
changed from the previous edition. The location of
changes have been marked with a bar in the margin as
shown to right of this paragraph. In some cases the
changes are significant, while in other cases the
changes reflect minor editorial adjustments. The bar
notations in the margins are provided as an aid to users
as to those parts of this publication that have been
changed from the previous edition, but API makes no
warranty as to the accuracy of such bar notations.

American Petroleum Institute (API) Recommended
Practices are published to facilitate the broad availabil
ity of proven, sound, engineering and operating prac
tices. These Recommended Practices are not intended to
obviate the need for applying sound judgment as to
when and where these Recommended Practices should
be utilized.

The formulation and publication of API Recommended
Practices is not intended to, in any way, inhibit anyone
from using any other practices.

Nothing contained in any API Recommended Practice
is to be construed as granting any right, by implication
or otherwise, for the manufacture, sale, or use in con
nection with any method, apparatus, or product covered
by letters patent, nor as insuring anyone against liabil
ity for infringement of letters patent.

This Recommended Practice may be used by anyone
desiring to do so, and a diligent effort has been made by
API to assure the accuracy and reliability of the data
contained herein. However, the Institute makes no
representation, warranty or guarantee in connection
with the publication of this Recommended Practice and
hereby expressly disclaims any liability or responsibil
ity for loss or damage resulting from its use, for any
violation of any federal, state or municipal regulation
with which an API recommendation may conflict, or for
the infringement of any patent resulting from the use of
this publication.

Requests for permission to reproduce or translate all
or any part of the material published herein should be
addressed to the Director, Production Department, 211
N. Evvay, Suite 1700, Dallas TX 75201.
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SECTION 1
BASIC CONSIDERATIONS AND DATA REQUIREMENTS

1.1 Basic Considerations. Drilling operations require
that horizontal displacement of the drilling vessel be
restricted within a small radius of the wellbore center-
line, primarily to protect the riser and the lower ball
joint. The allowable vessel displacement from the well-
bore should be determined by analysis of the drilling
riser, Procedures described in API RP 2Q, “Design and
Operation of Marine Drilling Riser Systems,” should be
used to determine allowable offsets for the drilling ves-
sel. Generally speaking, the drilling vessel should be
maintained within a watch circle with radius in the
range of 3 to 6 percent of water depth when drilling is
proceeding. This radius can be increased to 8 to 10 per-
cent of water depth when drilling is suspended and the
drilling riser is still connected to the seafloor. Should
the riser be disconnected from the seafloor, there is no
restriction on the size of the watch circle.

The analysis method presented assumes that all equip-
ment is either new or in a like-new condition and has
not been subjected to loading which would affect its
fatigue life. The proper maintenance and careful
inspection of all equipment is strongly encouraged. The
recommended design procedure presupposes that
winches, wildcats, fairleaders, pendants, buoys, etc., are
also properly sized and in good working order.

Mooring systems should be properly deployed. Compe-
tent personnel with proper equipment should be util-
ized. Instrumentation for determining the amount of
line out, tension in the lines, exact location of anchor
drop points, etc., can be very valuable during the
deployment of a mooring system. As part of the process
of installing a mooring system, the mooring lines should
be routinely tested. Mooring lines should be tensioned to
values which represent the maximum expected value
for the particular location. Lines which do not achieve
this value should be reset and if necessary additional
ancioring equipmentshould be added.

1.2 Purpose of Mooring Analysis. A floating drilling
vessel held on location with a spread mooring is shown
in Figure 1. When wind, current and waves act on the
vessel, the total environmental force (F') pushes the rig
a distance (x) away from its initial position over the
hole. The vessel comes to an equilibrium position when
the mooring develops a net restoring force equal to the
steady-state environmental force.

As shown in Figure 1, wind, waves, and current induce
movement of the vessel away from the wellbore and
increase the tension in the windward mooring lines
while decreasing tension in the leeward lines. Each
mooring should be analyzed to ensure that developed
tension (Tmax) does not exceed the maximum safe work-
ing load and that the load placed on the anchor (Amax)
does not exceed its holding power. The holding power of
an anchor is significantly reduced when the anchor is
subjected to a vertical load. To completely avoid vertical

Full document details: API RP 2P-1987 scan

loads, the length of mooring line outboard of the fair-
lead (Lmax) must be long enough to allow the line to
remain tangent to the sea bottom at the anchor during
periods of the highest expected line tensions. Also, the
vessel movements should be kept within certain limits
that can be tolerated by the drilling riser.

A mooring analysis is often performed in conjunction
with a riser analysis to determine: )

® Limiting environments for operating and survival
conditions

® Recommended mooring pattern

® Required length of mooring line outboard of the
fairlead

® Initial line tension

® Testload requirements for anchor

® Piggyback anchor requirements

® Operational concerns such as the need for slackening
the leeward lines during a storm

® Special details such as the clearance between a moor-
ing line and a nearby pipeline

1.8 Definitions. The industry recognizes four classifi-
cations of environmental conditions when evaluating
mooring systems.

a. Maximum Environmental Condition. The max-
imum environmental condition for a given location
and time period is defined as that combination of
wind velocity, wave height and period, water
depth and current velocity that will create the
largest force on a fixed permanent structure.
These values are generally the criteria used for
designing fixed, permanent structures. They may
not be the same values used for a floating drilling
unit since it retains the option to leave location
before these conditions develop.

b. Maximum Design Condition. The maximum
design condition is defined as that combination of
wind velocity, wave height and period, current
velocity, water depth and vessel offset for which
the mooring system fis designed. Generally the
drilling unit will likely be disconnected from sea-
floor drilling equipment as required so that large
values of offset can be tolerated. The magnitude of
these values should be known to those people
responsible for the drilling unit’s operation in
order that abandonment of location can be
achieved in a timely fashion. Generally these
values will be equal or less than the values de-
scribed in 1.8a above. The maximum design condi-
tion is the concurrent collinear combination of the
design wind, design wave and design current.

¢. Maximum Operating Condition. The maximum
operating condition is defined as that combination
of wind velocity, wave height and period, water
depth, current and offset up to which the drilling
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unit can be expected to sustain drilling operations.
These values should be known to the people
responsible for the drilling unit’s operations in
order that timely plans to suspend operations can
be performed. Generally these conditions will be
less than those described in 1.3a or 1.3b above.

d. Maximum Connected Condition. The maximum
connected condition is defined as that combination
of wind velocity, wave heights and period, water
depth, current and offset up to which the drilling
unit can be expected to hold location with the riser
connected to the BOP stack. Generally these condi
tions will be equal to or less than those described
in 1.3a and 1.3b but are greater than those de
scribed in 1.3c.

1.4 List of Symbols

Fu = Wind Force

A = Vertical Projected Area

Cs = Wind Shape Coefficient

Cu = Wind Height Coefficient

Vw = Wind Speed

Cy = Wind Force Coefficient

Fex = Current Force on the Bow

Cex = Current Force Coefficient on the Bow

S = Wetted Surface Area

Ve = SurfaceCurrentSpeed

Fey = Current Force on the Beam

Cey = Current Force Coefficient on the Beam

Fs = Current Force on a Semisubmersible Hull

Css = Current Force Coefficient on a Semi-
submersible Hull

A, = Projected Area of Cylindrical Members

Af = Projected Area of Flat Members

Cq = Current Drag Coefficient

Fiax = Mean wave drift force on the bow

(Fmdx)Rer= Mean wave Drift Force on the bow for ref
erence ship.

Fay Mean Drift Force on the Beam

(Fmdy)REF = Mean wave drift Force on the beam for
reference ship

L = Length of ship

Lper = Length of reference ship

H, = Significant Wave Height

(Hyrer = Reference significant wave height
Xg = RMS single amplitude low frequency surge
Va = RMS single amplitude low frequency sway

(xs)Rer = RMS single amplitude low frequency surge
of reference ship

(y.rer = RMS single amplitude low frequency sway
of reference ship

k = Mooring system spring stiffness at mean
offset position

(xg)y, = Significant single amplitude low frequency
surge

(¥s)y, = Significant single amplitude low frequency
sway

(X)may = Maximum single amplitude low frequency

surge

(Yg)max = Maximum single amplitude low frequency
sway

FR = Rayleigh factor

Ty = Natural period of surge or sway for the
vessel/mooring system

A = Displacement of vessel

S(w) = Ordinate of wave spectrum ft? sec (m? sec)

w = Wave Frequency

C,.C, = Wave Spectrum Coefficients

C,C,

Ts = Significant wave period

F¢ = Steady State Force for Quartering (456° off
the bow or stern) Seas

Fy = Steady State Force for Bow or Stern Seas

Fy, = Steady State Force for Beam Seas

) = Direction of the Force, F, Relative to the
Bow or Stern

z = Wave frequency motion due to quartering
environment, ft (m)

X = Surge due to bow waves, ft (m)

y = Sway due to beam waves, ft (m)

@ Arctan (y/x)

| = Chain or Wire Rope Holding Power

f Coefficient of Friction

Lew = Length of Chain or Wire Rope on Bottom

Wew Submerged Weightof Chain or Wire Rope
Per Unit Length

T = Tension in mooring line
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8 = Elastic stretch of chain

D, = Nominal chain diameter

Se = Chain length

By = Elastic stretch of wire rope

Dy = Nominal diameter of wire rope

Sw = Wire rope length

B = Coefficient for submerged weight of
mooring line

X.,Y = Coordinates of Mooring Line Catenary

8 = Arc Length of Mooring Line Catenary

Py = Horizontal Force in Mooring Line Catenary

1.5 Environmental Design Criteria

a. Wind. The design wind speed should be deter-
mined based on the statistical wind speed distribu-
tion for the most severe environment in which the
mooring system must operate. Figure 2 illustrates
a typical statistical wind speed distribution curve.
Curves similar to Figure 2 are obtained from field
data by plotting the cumulative probability versus
wind speed, Vy,, where the cumulative probability
is the probability of a measured wind speed being
equal to or less than V. It should be noted that a
cumulative probability of 0.99 for a given V,, does
not imply a 100-year storm condition. It does mean
that for the specific population of wind speeds cor-
responding to the given site and the anticipated
seasons of operation, only one percent of the time
the wind speed will exceed V.

The design wind speed for use in the formulas of
Section 8.2 should be selected in accordance with
the following criteria:

(1) The average wind speed over a one-minute
interval should be used.

(2) The wind speed should pertain to an elevation
of 10 meters above still water level.

(8) The cumulative probability for the design
wind speed should be 0.999.

(4) The design wind speed should be selected for
: the most severe season during which opera-
tions are to be conducted at a given site.

Figure 2 illustrates the method of determining the
design wind speed from the statistical wind speed
data. Wind speed data used to generate the distri-
bution curve should include available measured
data and storm hindcast data as well as ship’s
observations.

b. Waves. The design wave height should be deter-
mined based on the statistical wave height distri-

Full document details: API RP 2P-1987 scan

bution for the most severe environment in which
the mooring system must operate. Figure 8 illus-
trates a typical wave height distribution curve.
Curves similar to Figure 8 are obtained from field
data by plotting the cumulative probability versus
significant wave height, H,, where the cumulative
probability is the probability that the significant
wave height for an observed sea state will be equal
to or less than H,.

The design sea state is characterized by the design
wave height. The design wave height should be
selected in accordance with the following criteria:

(1) The cumulative probability for the design
wave height should be 0.999.

(2) The design wave height should be the signifi-
cant wave height for the design sea state, i.e.,
the average of the one-third highest waves.

(8) The design sea state should be selected for the
most severe season during which operations
are to be conducted at a given site.

Figure 8 illustrates the method of determining the
design wave height from the statistical wave
height data. The wave height data used to gener-
ate the distribution curve should include available
measured data and storm hindcast data as well as
ship’s observations. The wave height versus wave
period relationships for the design sea state should
be accurately determined from oceanographic data
for the area of operation. The period can signifi-
cantly affect surge and sway amplitudes and mean
drift forces. For cases where measured data are
not available, Figure 4 provides characteristic
wave period versus wave height relationships for
wind generated waves and for predominant swell
conditions.

. Currents. Accurate data for the magnitude, direc

tion, and seasonal variation of surface currents
should be obtained for the area of operations.
Based on this data the current speed for design
and operating conditions should be selected.

Ice Conditions., Normally the hulls of floating
drilling units are not designed to resist to ice load-
ing in the moored condition.

. Basis and Special Consideration for the Envi-

ronmental Design Criteria. The two commonly
used methods to designate the severity of a design
environment are:

(1) The cumulative probability method which
specifies the percentage of time during the
average year that the environment (seas, wind,
or current) will not exceed a given level; and

(2) The return period method which specifies the
average recurrence interval between the occur-
rence of a given environment.
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The cumulative probability method has been
adopted by API RP 2P and a 99.9% probability of
nonexceedance is specified as the maximum design
environment for mobile drilling units.

As a point of comparison, a storm with a 100 year
return period is often specified as the design
environment for fixed platforms, floating produc-
tion platforms, and floating units operating next to
other offshore installations. However, it would be
unduly conservative for mobile drilling units to
use: the 100-year environment for the reasons
explained below.

There is, in general, no direct correlation between
the return period and the probability of nonexceed-
ance. However, for any given location, reasonable
assumptions about the storm duration and the
environmental data base would generally result in
a 99.9% environment being considerably lower
than the 100-year environment. The selection of
the 99.9% environment is based on the operational
experience of the offshore industry. This, we
believe, is a sufficiently conservative design envi
ronment for mooring analysis of mobile drilling
units for two reasons. Firstly, the analysis tech-
nigue presented in Section 5.2 accounts for collin-
ear environmental forces. However, when extreme
environments are encountered, the winds and
waves are generally collinear, but the currents
may not necessarily be collinear with wind and
waves.

Secondly, since these units are normally not oper-
ating in close proximity to other offshore struc-
tures, the consequences of vessel movement due to
overloading the mooring system under an extreme
environment are less severe than those associated
with overloading fixed platforms or floating units
which are nearby other structures. Also, since the
anchor holding capacity of a mooring system is
normally substantially lower than the breaking
strength of the mooring line, a mooring “failure”
normally consists of anchor slippage. Anchor slip-
page in the most loaded lines would cause a redis-
tribution of loads among the other mooring lines
and, in turn, would reduce the peak line tensions

to substantially lower levels. Vessel displacement
caused by this scenario can normally be tolerated
by these units.

Special considerations of exposure risk should be
made for drilling vessels operating for an extended
period of time in a single location such as vessels
for development drilling. For drilling programs
operating for more than a full year, consideration
should be given to the return period method. In
this case, a return period of five times the expo-
sure period should be considered. The return
period environment should be compared to the
99.9% non-exceedance environment, and the most
conservative value used.

1.6 Water Depth. The water depth at the drilling loca-
tion should be determined. The slope and direction of
the ocean floor should also be determined to establish
the water depth at each anchor.

1.7 Soil Condition. Bottom soil conditions existing at
the drilling location should be determined to provide
data for evaluating anchor performance. In areas with
extremely soft soils, piggy back anchors may be
required. In areas with extremely hard bottoms, drilled
or driven pile anchors may be necessary.

1.8 Mooring Equipment. The following information
on the mooring equipment should be determined:

a. Mooring Lines. Number, diameter, maximum
useable length out from fairlead, submerged
weight per unit length, and catalog breaking
strength of mooring lines.

b. Anchors. Number, size and type of anchors.
Anchor piles may be evaluated for soil conditions
where the use of conventional anchors is question-
able.

c. Pendants. Number, diameter and length of
pendants.

d. Deck Machinery. Maximum winch/wildcat pull
(at stall) and maximum winch/wildcat brake
capacity.
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SECTION 2
MOORING SYSTEM

Typiecally, mooring systems for mobile drilling units are
of the ‘spread moored’ type wherein fairleads are
located around the periphery of the vessel. Figure 5
depicts a typical spread mooring system for semisub-
mersibles and drillships which consists of eight mooring
lines with four double drum winches (or windlasses)
located at the four corners of the vessel. Generally, the
term winch refers to the machinery to spool and store
wire rope, and a windlass is used to control the mooring
chain. The chain is stored below the windlass in a com-
partment called chain locker. Some drilling vessels
have a winch/windlass combination system for mooring
lines consisting of both wire rope and chain. A mooring
line is led to the seafloor by a fairlead which changes
the direction of pull of a mooring line. An anchor is
used to fix the line to the seafloor. A pendant buoy with
a pendant line is used for marking and retrieving the
anchor. The length of a mooring line is normally in the
range of 3000 to 6000 feet.

A shipshape vessel is subjected to much smaller envi-
ronmental forces when the weather approaches the ves-
sel’'s bow or stern. One operational problem associated
with spread moorings for drillships is the limited abil-
ity to rotate the vessel into the predominant weather,
thus avoiding high environmental loads from the beam
direction. A turret-moored drillship, as shown in Figure
6, can head into the predominant environment, min-
imizing the environmental forces imposed on the vessel.
This capability is achieved by placing the wire rope
winches on top of a turret which can rotate with rela-
tion to the hull of the vessel. Powered thrusters are used
to rotate the vessel into the weather.

2.1 Mooring Pattern. Many possible arrangements are
available for spacing the mooring lines around a drill-
ing unit. Normally, orientation of the lines is based on
consideration of the type of hull and the surfaces of the
hull exposed to the environment. The beam or side
areas of ships and barges are generally larger than the
bow area, so that the mooring lines are arranged to
provide greater support on the beam. For semisubmers-
ibles, approximately the same area is exposed on both
the bow and beam, and symmetric mooring patterns
are frequently employed. Final selection of a mooring
pattern should be based on hull type and the prevailing
direction of wind, current, and waves. In some areas
where strong winds or currents come from one direc-
tion only, strongly asymmetric mooring patterns with
lines concentrated to one side have been used
successfully.

Typical mooring patterns are shown in Figure 7. The
most commonly used patterns are the 80-60° eight line
(Figure 7a) and the symmetric eight line (Figure 7b).
In some areas where strong wind or current comes
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from a predictable direction, skewed mooring patterns
as illustrated in Figure 7g have been successfully used.
Asymmetric mooring patterns are sometimes used when
pipelines or shipping fairways are in close proximity of
the drill site (Figure 7h).

2.2 Type of Mooring. Mooring systems of floating drill-
ing vessels can be divided into three categories: an all
wire rope system, an all chain system, and a chain/wire
rope combination system. Advantages and limitations of
each system are discussed below.

a. All Wire Rope System. Wire rope is more light-
weight than chain. Therefore, in general, wire
rope provides more restoring force in deep water
than chain and requires lower pretensions. How-
ever, to prevent anchor uplift, much longer line
length is required for an all wire rope system.
Also, wear due to abrasion between wire rope and
a hard seafloor can sometimes become a problem.
Moreover, wire rope needs careful maintenance.
Corrosion due to lack of lubrication or mechanical
damage to the wire rope could cause mooring
failure.

b. All Chain System. Chain has shown durability in
offshore operations. It has better resistance to bot-
tom abrasion and contributes significantly to
anchor holding capacity. However, because of its
heavy weight, it is undesirable for deepwater
operations. During anchor deployment, chain
requires windlasses with large shaft horsepower
and brake capacities. In addition, anchor handling
boats must have larger bollard pull capacities to
deploy the anchors.

¢. Chain/Wire Rope Combination System. In this
system, the chain is outboard between the anchor
and the wire rope. By proper selection of the
length of wire rope, a combination system offers
the advantages of low pretension requirement,
high restoring force, added anchor holding capac-
ity, and good resistance to bottom abrasion. These
advantages make it the best system for deepwater
operations. Semisubmersibles with chain/wire rope
combination mooring which are capable of drilling
in 5,000 feet of water in hostile environments have
been built. Anchor deployment and retrieval are
sometimes more time consuming with a combina-
tion system, and workboats with chain lockers are
often required to store the chain. However, new
combination winch/windlass systems that elimi-
nate the need for workboats with chain lockers are
available today, and the time for making the wire
rope/chain connections can be markedly reduced
or eliminated.
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SECTION 3
ENVIRONMENTAL FORCES AND VESSEL MOTIONS

3.1 Basic Considerations. The recommended mooring
analysis procedure outlined in Section 5 requires the
evaluation of forces on the drilling unit due to wind,
waves, and currents and the evaluation of oscillatory
displacements due to waves. Wind, waves, and current
" each produces a steady state force. These forces are
evaluated individually and summed to get the total
steady state environmental force. This steady state
force produces a steady state displacement which is a
function of the stiffness of the mooring system. The
total displacement is equal to the sum of the oscillatory
wave displacement and the steady state displacement.
The loads and stresses in the mooring system are then
evaluated based on the total displacement and the stiff-
ness of the mooring system.

Oscillatory wave displacements are computed for free
floating hulls neglecting the restraint provided by the
mooring system. For normal hull forms and mooring
system configurations the restraint provided by the
mooring system does not appreciably affect the wave
frequency component of the horizontal displacement
due to waves. However, it significantly affects the low
frequency component.

3.2 Wind. The force due to wind may be determined
by using wind tunnel model test data or equations

given in this section. The wind speed used is defined in
Section 1.5a.

a. Model Tests. Model test data may be used to pre-
dict wind loads for mooring system design pro-
vided that a representative model of the unit is
tested, that the unit is tested in a credible facility,
and that the condition of the model in the tests,
i.e., draft, deck cargo arrangement, ete., closely
matches the expected conditions that the unit will
see in service. Care should also be taken to assure
that the character of the flow in the model test is
the same as the character of flow for the full scale
unit.

b. Wind Force Calculation. The force due to wind
acting on a moored drilling unit should be deter-
mined using Equation 3.1.

Fy = Cy2(CsCrA)V®, 8.1)

Where
F, = wind force, Ibs (N)

Cy = 0.0034 Ib/(ft2 « k2) (0.615 Nsecz/m¢)
Cs = shape coefficient

Chn = height coefficient

A = vertical projected area of each surface

exposed to the wind, ft(m?2)
Vw = design wind speed, knots (m/sec)

Full document details: API RP 2P-1987 scan

The projected area exposed to the wind should
include all columns, deck members, deck houses,
trusses, crane booms, derrick substructure and
drilling derrick as well as that portion of the hull
above the waterline. (Except as noted below, no
shielding should be considered.)

In calculating wind areas, the following proce-
dures should be followed:

(1) The projected area of all columns should be
included.

(2) The blocked in projected area of several deck
houses may be used instead of calculating the
area of each individual unit. However, when
this is done, a shape factor, Cq of 1.10 should
be used.

(8) Isolated structures such as derricks and cranes
should be calculated individually.

(4) Open truss work commonly used for derrick
mast and booms may be approximated by tak-
ing 60 percent of the projected block area of
one face.

(5) Areas should be calculated for the appropriate
hull draft for the given operating condition.

¢. Shape Coefficients. The shape coefficients, Cs, of
Table 1 should be used.

d. Height Coefficients. Wind velocity increases with
height above the water. In order to account for
this change, a height coefficient, Cy, is included.
The height coefficients, Cp,, of Table 2 should be
used. -

3.3 Current. Force due to current should be based on
the results of model tests or the Equations 3.2, 33 or
3.4.

a. Model Tests. Model test data may be used to pre-
dict current loads for mooring system design pro-
vided that a representative underwater model of
the unit is tested, that the unitis tested in a credi-
ble facility, and that the contribution to current
load made by thrusters, anchor bolsters, bilge
keels, and other appendages be accounted for.
Care should be taken to assure that the character
of the flow in the model test is the same as the
character of the flow for the full-scale unit.

b. Current Force Calculations. If current forces are
to be calculated, the following equations should be
used:

(1) Force due to bow or stern current on ship-
shaped hulls.
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Fex = CoSV2e 82
Where
F¢ = current force on the bow, 1b (N)
Cex = current force coefficient on the bow
0.016 1b/(ft?  kt?) (2.89 Nsec?/m¢)
S = wetted surface area of the hull including
appendages, ft2(m?)
V. = designcurrent speed, kts (m/sec)

(2) Force due to beam current on ship-shaped
hulls.

Fey = Cey8VE (3.3)
Where
Fe¢y = current force on the beam, 1b (N)
Cey = current force coefficienton the beam
= 0.40 1b/(ft? e kt?) (72.37 Nsec’/m?)

(8) Force due to current on semisubmersible hulls,

Fos = Cs{CqA+CyAp) V2, (8.4)
Where
Fe current foree, 1b (N)

current force coefficient for semi-
submersible hulls
2.85 1b/(ft? ¢ kt?) (615.62 Nsec®/m?)
Cq = drag coefficient (dimensionless)
= 0,60 forcircular members, See Figure 8 for
membershaving flat surfaces.
A. = summation of total projected areas of all ¢ylin-
drical members below the waterline, ft2 (m?2)
A; = summation of projected areas of all members
having flat surfaces below the waterline,
ftz (m?)

8.4 Steady Drift Force. Three wave related phenom-
ena affect mooring system design. They are: 1) steady
state mean drift force, 2) surge, sway, and yaw
response at or near the predominant period of the
waves, and 3) oscillatory drift forces at or near the nat-
ural period of the spring/mass system of the moored
vessel.

The steady state mean drift forces are typically much
smaller than the wave forces that excite surge and
sway response. However, drift forces may still contrib-
ute significantly to the total mean environmental force
acting on the vessel. Therefore, wave drift forces should
be accounted for in the mooring system design.

Mean wave drift forces may be predicted using model
tests or using advanced hydrodynamic computer analy-
sis. In the absence of available wave drift force predic-
tions, the following procedure for estimating mean
wave drift force may be used. This procedure uses
design curves for typical drillships and semisubmersi-
bles to facilitate calculation. These design curves were
generated by an advanced vessel motions computer
program which has been verified and calibrated by
extensive modeltest data.

a, Mean Drift Force For Ship-Shaped Hulls, The
mean wave drift force for ship-shaped hulls in
bow, quartering and beam seas can be estimated

@]
2
non

by Figures 9 through 20, according to the size of
the vessel and the direction of the waves relative
to the hull. Drift forces for stern and stern quar-
tering seas are nearly equal to bow and bow quar-
tering values, respectively.

The curves in these Figures are for drillships of
400 ft to 540 ft length. For drillships which are
outside this length range, the mean drift force can
be estimated by extrapolation or the procedure
described below. ’

Let:
2
Fmdx = (Fma)REF * (f;LE';) (8.5a)
L 2
Findy = (Fmdy)REF X (m) (8.5b)

where (Fmdx)rer and (Fndy)REF are bow mean
wave drift force (Figures 9-14) and beam mean
wave drift force (Figures 15-20), respectively, for
the reference ship which most closely fits the ship
at hand, taken at a significant wave height of

(He)reF = Hg x (L';JEF ) (3.6)

The data presented in Figures 9 through 20 are
appropriate for ship-shape vessels with normal
hull form. Care should be used in applying this
data to vessels with blunt bows or sterns or other
unusual hull features.

b. Mean Wave Drift Force For Semisubmersible
Hulls. The mean wave drift force for semisub-
mersible hulls may be evaluated by the curves in
Figures 21-23. The drift force curve in each figure
represents the upper bound of the mean wave drift
forces generated by the advanced motions com-
puter program for four semisubmersible designs
including typical 4, 6, and 8 circular column twin
hull designs and the pentagon design.

385 Low Frequeney Vessel Motions. A moored vessel
is subjected to two types of drift forces — the mean
wave drift force produces a steady vessel offset and the
oscillatory drift force produces low frequency surge,
sway, and yaw motions about the mean vessel offset.

Low frequency motions can be predicted by model tests
or by advanced analytical methods. In the absence of
those tools, low frequency surge and sway motions can
be estimated by the following procedure. Yaw motions
are normally neglected in mooring analysis.

a, Ship-Shape Hulls. Figures 9-20 can be used to
estimate the rms (root mean square) single ampli-
tude low frequency motions for ship-shaped ves-
sels. The curves in these Figures are for drillships
of 400 ft to 540 ft length. For drillships which are
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outside this length range, the method described in
Section 3.4 can be used to estimate the low fre-
quency motions.

The curves presented are appropriate for mooring
spring stiffness of 18 kips per foot of vessel offset.
For other mooring stiffnesses, the results from
Figures 9-20 should be adjusted by Equation 3.7a
or 3.7b,

Xg = (XS)REF(%)% (8.7a)

¥s = (YOrer (%)’ (3.7b)

where:

(xg reF is the rms single amplitude low frequency
surge from Figures 9-14.

k is the mooring system spring stiffness in kips/ft
taken at the vessel’s mean position.

(ys)rer is the rms single amplitude low frequency
sway from Figures 15-20.

The significant single amplitude low frequency
motions are given by Equations 3.8a and 3.8b.

(xs)y, =2 x4 (3.8a)
(yody, =2vs (3.8b)

The maximum single amplitude low frequency
motions are given by Equations 3.9a and 3.9b.

(xS)max=(Xs)‘/,, x Fp (8.9a)
(¥s) max=(ys)% * Fr (8.9b)
where

(Xg)max and (ys) max are the maximum single
amplitude low frequency surge and sway, respec-
tively, in 3-hour duration.

Fr is a Rayleigh factor which can be determined
by Equation 3.9¢c.

Fg=v1/2 1n (10800/Ty) (3.9¢)

where Ty is the natural period of the moored ves-
sel which can be estimated by Equation 3.10.

Ty = 20 % (3.10)

where A is the vessel displacement in long tons.

. Semisubmersible Hulls. Figures 21-23 can be
used to estimate the rms single amplitude low fre-
quency surge and sway for semisubmersibles.
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Equations 3.7 thru 3.10 above can then be used to
estimate significant and maximum single ampli-
tude motions. The curve in each figure represents
the upper bound of the low frequency vessel
motions generated by the advanced motions com-
puter program for four semisubmersible designs
including typical 4, 6, and 8 circular column twin
hull designs and the pentagon design.

3.6 Wave Frequency Vessel Motions. The motions of
the vessel at the frequency of the waves is an important
contribution to the total mooring system loads, particu-
larly in shallow water. These wave frequency motions
can be obtained from random wave model test data, or
computer analysis using either time or frequency
domain techniques. In the absence of these tools, the fol-
lowing approach can be used to estimate the wave fre-
quency motions.

a. Spectral Analysis Method. The evaluation of
wave displacement by the method of spectral
analysis involves first determining the response
spectrum as a function of frequency over the full
range of wave frequencies. The response spectrum
is then integrated and the square root is taken to
determine the rms response. Finally the signifi-
cant and maximum responses can be obtained by
using appropriate Rayleigh factors. The specific
recommended procedure is outlined in detail in
the following sections, and an example calculation
is provided in Section 6. The procedure has been
simplified in the following respects.

(1) The wave spectrum is considered to be unidi-
rectional, i.e, no wave spreading function is
considered.

(2) No coupling of motions is considered.

The spectral analysis method has been shown to
agree with measured wave displacements with
errors on the order of 10% to 20%. This amount of
error is considered “state of the art” and the safety
factors of Section 4 have been selected to account
for such errors and to yield designs which are con-
sistent with proven field experience.

b. The Design Wave Spectrum. Appropriate design
wave spectra for a specific geographical area may
be available from meteorological consultants; how-
ever, it is more likely that sea state data will be
available in the form of significant wave height,
and period versus cumulative frequency of occur-
rence or in the form of wind speed versus cumula-
tive frequency of occurrence as illustrated in Fig-
ures 2 and 3. In this case the significant wave
height, significant wave period and design wind
speed corresponding to the operating condition
and the design condition should be determined as
outlined in Section 1.5. Then for each condition,
the corresponding wave spectrum may be evalu-
ated using either Equation 3.11 or Equation 3.12.
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C.Hz2 C ators for intermediate class units may be inter-
S(w) = =L > 2 (3.11) polated. Characteristics of the various classes of
T Tytet drilling units are tabulated in Table 8.
C c d. Caleculated Response. The response spectrum is
S(w) = i - — (3.12) determined by multiplying each point on the wave
b Vwle spectrum by the square of the value of the
response operator at the corresponding frequency.
Where Once the response spectrum is determined over
- a 2 the complete range of wave frequencies, it can be
S(e) = ordinate of wave spectrum ft? sec (m*sec) integrated numerically to determine the rms sin-
H; = significant wave height, ft(m) gle amplitude response. Based on the Rayleigh dis-
B tribution of peak responses, the significant
G, = 263 (dimensionless) response is 2.0 times the rms response, and the
C, = 1050 (dimensionless) maximum response is 1.86 times the significant
response. The example mooring analysis of Section
C; = 8.4(0.78) ft?/sect (m?%/sec?) 6 illustrates the complete procedure for evaluating
C, = 77300 (5414) kt¢/sect (m*/sec?) ::g: o‘firequency motions by the spectral analysis
= wave frequency rad/sec (rad/sec)

@ quency 8.7 Oblique Environment. Wind and current force
T, = significant wave period, sec (sec) due to environments approaching from an oblique

Vw = design wind speed, kis (m/sec) direction may be evaluated by Equation 3.18.

Equations 8.11 and 8.12 will not normally yield
exactly the same spectrum; one or the other should
be selected depending on whether wave height
data or wind speed data are considered to be more
reliable for the geographical area under consider-
ation. If the value of T; is not available from ocean-
ographic data, the appropriate value may be esti-
mated using Figure 4. The design wave height,
H;, is the significant wave height in the statistical
sense, i.e., the average of the 1/8 highest waves.
The value of Ts is the corresponding wave period.
The design wind speed is the same as defined in
Section 1.5a.

The wave spectrum defined by Equations 8.11 and
8.12 is known as the ISSC spectrum. Other wave
spectra such as the Pierson-Moskowitz spectrum,
Bretschneider spectrum, and the Jonswap spec-
trum can be used if they are more appropriate for
thedrilling location under consideration.

. Response Amplitude Operators. Motion response

operators for surge in head seas and sway in beam
seas should be available from carefully conducted
model tests over a full range of wave frequencies.
Analytical motion response operators obtained by
integrating wave pressure over the wetted surface
of the drilling unit and solving the basic equations
of motion, may also be used. Care should be taken
to assure that curves are for single amplitude
response per unit wave amplitude. In the absence
of model test data or analytical curves, the
response operators of Figures 24, 256 and 26 may
be used. Response operators are given for three
classes of semisubmersible drilling units and two
classes of ship-shape drilling units. Response oper-
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(8.18)

2 cos’¢p 2 sin%g
F=F - |+Fy|-——
¢ [l +cos’¢] Y[l + sin%]
Where

Fy = force due to oblique environment, lbs (N)

F, = forceon the bow due to a bow environment,

1bs (N)

Fy = force on the beam due to a beam environment,
Ibs (N) -

¢ = direction of approaching environment (degree
off bow)

Oscillatory wave frequency motions due to oblique
environments such as a quartering environment (45° off
bow) should be obtained by computer programs which
calculate surge and sway response operators for the
oblique environment. Surge and sway motions for the
response operators should be combined with proper
phase. In the absence of these programs, Equation 8.14
can be used for quartering wave frequency motions.

z = \] x%cos%p + y2siny (8.14)
Where
z = wave frequency motion due to quartering
environment, ft (m)
x = surge due tobow waves, ft (m)
y = sway due to beam waves, ft (m)
= arctan (y/x)
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SECTION 4
MOORING DESIGN CRITERIA

4.1 Offset

a. Definition of Mean Offset. The mean offset is
defined as the vessel displacement due to the com-
bination of wind, current, and mean wave drift
forces.

b. Definition of Maximum Offset. The maximum
offset is the mean offset plus appropriately com-
bined wave frequency and low frequency vessel
motions. Maximum offset can be determined by
the following procedure.

Let:

(WF)nax = Maximum wave frequency motion

(WF) y, = Significant wave frequency motion
(LF)max = Maximum low frequency motion
(LF)y, = Significant low frequency motion

(1) If (LF)max > (WF)pae then Maximum offset =
Mean offset + (LF)pax + (WF) 4,

(2) If (WF) 2y > (LF) a0 then Maximum offset =
Mean offset + (WF)ax + (LF) y,

A parametric study has been performed to assess
the risk level associated with this method of com-
bining wave and low frequency motions. The
chance of exceeding the combined motions defined
above was estimated using a probabilistic ap-
proach for different hull forms, water depths,
environments, and types of mooring. The results of
the study indicate that the combined low and wave
frequency motions defined in this manner would
be exceeded approximately once in three hours.
This appears a proper risk level for the operations
addressed by this Recommended Practice.

c. Offset Limits. The offsets of the drilling unit from
the wellbore must be controlled to prevent damage
to the drilling riser and the BOP stack.

(1) Maximum Operating Condition. The mean
offset should be controlled under the operating
condition because of its direct relevance to the
mean ball joint angle. The allowable mean
offset should be determined by a drilling riser
analysis. Allowable mean offsets depend on
many factors such as water depth, environ-
ment, and riser system. They normally fall in
a range of 2.5% to 6% of water depth. Gener-
ally the lower bound applies to deepwater
(1500-2000 ft) operations, and the upper bound
applies to shallow water (200-300 ft) opera-
tions.

(2) Maximum Connected Condition. The maxi-
mum offset should be controlled under the
maximum connected condition to prevent
damage to the mechanical stop in the ball joint
below the drilling riser. The allowable maxi-
mum offset should be determined by a drilling
riser analysis. Allowable maximum offsets
depend on many factors such as water depth,
environment, and riser system. They normally
fall in a range of 8% to 12% of water depth.
Generally the lower bound applies to deep-
water (1500-2000 ft) operations, and the upper
bound applies to shallow water (200-300 ft)
operations.

(3) Maximum Design Condition. For the maxi-
mum design condition, if the riser is discon-
nected from the well, there is no restriction on
vessel offset. Design criteria for this condition
consists only of restrictions on loads in the
mooring lines.

4.2 Maximum Mooring Line Tension. The maximum
mooring line tension is calculated at the maximum ves-
sel offset. The tension in the most loaded line at the
design condition should not exceed 50% of the ultimate
strength of the line. The ultimate strength of the line
may be taken as the catalog break strength (CBS) of
the wire rope (provided it is new or in like-new condi-
tion). Worn rope should be limited to lesser design
loads. The ultimate strength of chain may be taken as
the break test load (BTL) provided the chain is new or
in like-new condition. Used or worn chain should be
limited to lesser design loads. The tension in the most
loaded line at the maximum operating condition
should not exceed 33% of the ultimate strength of the
Jine. Mooring line adjustments to alleviate tensions can
be considered in the analysis.

4.3 Line Length. The mooring line (outboard line)
length should be sufficient to allow the lines to come in
tangent to the ocean bottom at the anchor when the sys-
tem reaches the maximum anticipated offset.

4.4 Drag Anchor Holding Power. Floating drilling
units are commonly moored with drag anchors. In
hard-to-anchor bottom soil conditions, anchor piles and
explosive embedment anchors are sometimes used. The
following discussion will address the holding power of
drag anchors only.

The holding power of a drag anchor in a particular soil
condition represents the maximum sustained horizontal
load the anchor will resist in that soil before dragging.
The length of mooring chain or wire connected to the
anchor that remains on the bottom soil will also con-
tribute to the holding power of that mooring line and
will reduce the horizontal load imposed on the anchor.
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a. Anchor Holding P'ower. Anchor holding power is
a function of several factors, including the
following:

1) Anchor type — Fluke area, fluke angle, fluke
smoothness, anchor weight, tripping palms,
stabilizer bars, ete.

2) Bottom soil condition — Soft mud, sand, gravel,
clay, rock, coral, ete.

8) Anchor behavior during deployment — Open-
ing of the flukes, penetration of the flukes,
depth of burial of the anchor, stability of the
anchor during dragging, soil behavior over the
flukes, ete.

Due to the wide variation of these factors, the pre-
diction of an anchor’s holding power is difficult.
Exact holding power can only be determined after
the anchor is deployed and test loaded.

Anchor performance data for the specific anchor
type and soil condition should be obtained if possi-
ble. In the absence of credible anchor performance
data, Figures 27 and 28 may be used to estimate
the holding power of anchors commonly used to
moor floating drilling units.

Figures 27 and 28 are from “Handbook for Marine
Geotechnical Engineering,” Naval Civil Engineer-
ing Laboratory, 1985. There are other sources of
data on anchor holding capacity. Sometimes there
are significant differences among the prediction
curves from different sources because of differ-
ences in test conditions (size of anchor, type of soil,
and test hardware) and test data interpretation.
Furthermore, some of the anchors such as the
Bruce anchor and the Stevpris anchor have been
modified recently. The performances of the modi-
fied anchors can be substantially different from
those predicted by these figures.

b. Chain and Wire Rope Holding Power. The hold-
ing power of chain may be estimated using Equa-
tion 4.8.

Peyw = fL,, W, (4.8)
Where
P.w = chain or wire rope holding power, 1b (N)

f = coefficient of friction between chain and the
ocean bottom, dimensionless

w = length of chain or wire rope in contact with
the ocean bottom, ft (m)

Wew = submerged unit weight of chain or wire
rope, lb/ft (kg/m)

The coefficient of friction, f, depends upon the
actual ocean bottom at the anchoring location.

Generalized friction factors for chain are given in
Table 4. The starting friction factors may be
used to compute the holding power of the chain,
The sliding friction factor may be used to compute
forces on the chain during deployment.

45 Comments on Mooring Design Criteria. Recom-
mended Practice RP 2P has been written based on the
probabilistic analysis method as opposed to the more
traditional deterministic analysis method. This choice
was made because the design environments and motions
of a floating hull in a random sea can be more accu-
rately described in probabilistic terms.

The three primary factors in any design for offshore
installations are the environmental criteria, the load
analysis procedures, and the allowable stress and
deflection criteria. For example, API RP 2P specifies
that the appropriately combined low and wave fre-
quency vessel motions be used with a safety factor of
2.0 relative to the line breaking strength, for checking
line tensions in conjunction with the 99.9% environment.
The selection of this combination of design environ-
ment, statistical level of vessel motions, and safety fac-
tor is empirical and based on operational experience
and judgment. It is important to note that the level of
vessel motions (maximum, significant, ete.) and the
safety factor cannot be selected independently of the
maximum design environment since taken together
they define the total risk level.

Since the RP 2P analysis method is somewhat of a
break with tradition for the offshore industry, there
may be a tendency to adopt certain portions of the
method and reject the others; for instance, the mooring
analysis procedures and tension criteria might be ap-
plied with the 100-year storm design environment. This
would result in a gross, unwarranted increase in system
reliability over what has proven safe and economiecal in
many rig-years of experience. This Recommended
Practice does not address an analysis method for eval-
uating the mooring system’s capability in extreme
events such as 100-year storm conditions in severe
environmental areas, and therefore, it is recommended
that this analysis method 20t be used for such analyses.

It should be emphasized that the selective use of the
mooring analysis procedures out of context can lead to
misleading results. In RP 2P, wind loads, current loads,
mean wave loads, and vessel surge motions are specifi-
cally accounted for; however, contributions due to bend-
ing over fairleaders, line dynamics, vessel heave, pitch,
and roll motions, etc., are not computed specifically.
These contributions are usually not the major factors
influencing mooring line loads in drilling applications,
and are therefore lumped together and accounted for
by a safety factor on the maximum allowable mooring
line load. If a more comprehensive mooring analysis is
made, for example, dynamic mooring analysis, corre-
sponding change in allowable load can be justified.
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SECTION 5
MOORING ANALYSIS PROCEDURE

5.1 Basie Considerations. The general procedure out-
lined below is recommended for the analysis of mooring
systems for floating drilling units. Systems designed in
accordance with this procedure and satisfying the
design criteria as defined in Section 4 should be ade-
quate for the selected environment. Use of this proce-
dure isillustrated in the example of Section 6.

5.2 Preliminary Calculations

a. Determine wind and current velocities, significant
wave heights and periods for the maximum design,
connected and operating conditions. For many
operations, the drilling riser stays connected under
the maximum design condition. In this case, only
the maximum design and operating conditions
need to be analyzed since the maximum connected
condition is the same as the maximum design
condition.

b. Determine the mooring pattern, lengths of chain
and wire rope to be deployed, and initial tension.

¢. Determine the steady state environmental forces
acting on the hull for the maximum operating,
maximum connected, and maximum design condi-
tion using either model test data or the equations
described in Section 3.2 through 3.4. Consider
environmental forces to be simultaneous and col-
linear unless environmental data for an area show
that other conditions are appropriate.

d. Determine the low frequency motions using the
data and procedures described in Section 3.5.
Since calculation of low frequency motions
requires the knowledge of the mooring stiffness,
the mooring stiffness at the mean offset should be
determined first using the restoring force versus
offset curves described in Section 5.3.

e. Determine the significant and maximum single
amplitude wave frequency vessel motions using
the data and procedures described in Section 3.6.

f. Determine the direction of approach for weather
(relative to the bow). Bow, beam, and quartering
(45° off the bow or stern) approaches should be
considered unless local weather, hull design, or
mooring design (turret mooring) dictate otherwise.

g. Determine the maximum allowable offset for max-
imum operating and maximum connected condi-
tions.

5.8 Mooring Analysis Procedure

a. Prepare force versus offset and suspended line
length versus offset curves for the most loaded line
and the horizontal restoring force for the multi-
line system using the basic catenary relationships
of Figure 29 and the mooring pattern geometry as

illustrated in Figure 30. The curves should prop-
erly account for stretch in the mooring lines. For
mooring lines with non uniform weight (i.e., com-
bined chain and wire rope systems), the catenary
relationships become more complex and computer
analysis is normally employed.

Recommended values for elasticity of mooring
lines are given below. For chain, the elasticity,
T/8., in lbs of tension per foot of stretch is:

T/6. = 1.2 x 107 D #/S, (5.1)
where:

T mooring line tension (Ibs)

Se elastic stretch of chain (feet)

De
Sc

nominal chain diameter (in)
chain length (feet)

For wire rope:

T/6w= 7.7 % 108 DW%Sy (5.2)
where:

8w = elastic stretch of wire rope (feet)

Dw = nominal diameter of wire rope (in.)

Sw

The stretch coefficient for wire rope in Equation
(6.2) is appropriate for six strand wire ropes
commonly used in mooring applicatiors. For other
types of wire rope such as spiral strand the stretch
coefficient may differ.

"

wire rope length (feet)

The recommended values for the submerged
weight of wire rope or chain per unit length can
be calculated by Equation 5.3.

Submerged weight = weight in air x g (5.3)

B = 0.87 (chain)
B = 0.83 (wire rope)

. Enter the force versus offset curve for the total

mooring system at the restoring force required to
withstand the steady state environmental force.

. Determine the vessel's mean offset and mean line

tension corresponding to the above steady state
force.

. Add the maximum single amplitude motion to the

mean offset to determine the maximum vessel
offset and maximum line tension. The maximum
single amplitude motion is defined as the properly
combined wave frequency and low frequency
motions. (Section 4.1)

. Determine the maximum suspended line length.

To avoid anchor uplift, the maximum suspended
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