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a b s t r a c t

The appropriate design of a mooring system to maintain the position of an offshore structure in deep sea
under various environmental loads is important. Fatigue design of the mooring line considering OPB/
IPB(out-of-plane bending/in-plane bending) became an essential factor after the incident of premature
fatigue failure of the mooring chain due to OPB/IPB in the Girassol region in West Africa. In this study,
mooring line fatigue analysis was performed considering the OPB/IPB of a spread moored FPSO in deep
sea. The tension of the mooring line was derived by hydrodynamic analysis using the de-coupled analysis
method. The floater motion time histories were calculated under the assumption that the mooring line
behaves in quasi-static manner. Additional time domain analysis was carried out by prescribing the
obtained motions on top of the selected critical mooring line, which was determined based on spectral
fatigue analysis. In addition, nonlinear finite element analysis was performed considering the material
nonlinearities, and both the interlink stiffness and stress concentration factors were derived. The fatigue
damage to the chain surface was estimated by combining both the hydrodynamic and stress analysis
results.
© 2018 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Deep-water floating offshore structures need to have a properly
designed mooring system to avoid the potential loss of operational
expenditure due to mooring chain failure. Floating structures are
expected to maintain their position under harsh environmental
conditions throughout their entire lifetime. The mooring chains are
exposed to very severe tension cycles that can lead to premature
fatigue failure of the chain. Traditionally, the fatigue strength of
mooring chains has been assessed based upon the tension cycles
that are experienced by the mooring chain. On the other hand, it
was reported in 2002 that the mooring chain of a deep-water off-
loading buoy fractured after an unexpectedly short operation time,
despite the chains being designed according to the API recom-
mendations from a fatigue strength point of view. Some research on
this failure found that friction induced locking between the adja-
cent chains caused either in-plane bending (IPB) or out-of-plane
bending (OPB), eventually leading to an excessive stress

concentration on the chain surface.
The OPB/IPB of a chain link is caused by unexpected locking and

subsequent bending, which is induced by friction between the
mating surfaces of the two adjacent chain links. Chain links are not
expected to take a bending load, even when the mooring line is
exposed to a lateral-to-axis direction load, but the initial tension of
a large mooring line tends to cause a normal force between the
roughmating surfaces, whichwill cause friction between them. The
bending load experienced by a chain link, either in the in-plane or
out-of-plane direction, will impose some additional stress con-
centration on the chain surface. Considering the sectionmodulus of
a chain link in each direction, it may be deduced that OPB has a
more detrimental influence on the fatigue damage of a chain.

After the incident in 2002, considerable research has been car-
ried out to take into account these OPB and IPB effects in the design
of mooring chains. Melis et al. (2005) explained the mechanism of
OPB/IPB and reported the relationship between the OPB stress and
pretension in the mooring chain, along with the interlink angle
between the two chains. Vargas and Jean (2005) proposed a nu-
merical methodology to derive the relationship between the
interlink angle and OPB stress, and compared it with the experi-
mental results reported by Melis et al. (2005). Lim et al. (2010)
studied numerically the influence of some analysis parameters to

* Corresponding author.
E-mail addresses: yooilkim@inha.ac.kr (Y. Kim), surk7707@naver.com

(M.-S. Kim), qkdkrrk@naver.com (M.-J. Park).
Peer review under responsibility of Society of Naval Architects of Korea.

Contents lists available at ScienceDirect

International Journal of Naval Architecture and Ocean Engineering

journal homepage: http: / /www.journals .e lsevier .com/
internat ional- journal -of-naval -archi tecture-and-ocean-engineering/

https://doi.org/10.1016/j.ijnaoe.2018.03.004
2092-6782/© 2018 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

International Journal of Naval Architecture and Ocean Engineering 11 (2019) 178e201



the OPB moment of the chain. The parameters included the friction
coefficient, proof loading, nominal tension, and chain diameter.
Hwang (2012) calculated the fatigue damage of a mooring chain of
a spread-moored FPSO in 1000m water depth. He performed so
called decoupled analysis for a hydrodynamic simulation, where
ARIANE7 and Orcaflex were used jointly. The interlink stiffness and
stress concentration factors were derived using nonlinear finite
element analysis considering contact and friction. The derived fa-
tigue life was comparable to the required fatigue life without a
sufficient margin. Rampi et al.(2016a,b) performed a multi-axial
fatigue test using a full scale chain model and evaluated the fa-
tigue strength of the considered chain. They also carried out
detailed numerical analysis using the Finite Element Method (FEM)
and compared their results with the experiment. They claimed that
the use of the multi-axial fatigue criterion instead of the uniaxial
maximum principal stress criterion is more appropriate for the
mooring chain fatigue problem when OPB and IPB are considered.
Kim and Kim (2017) calculated numerically the chain interlink
stiffness and stress concentration factor induced by both OPB and
IPB for a studless chain. They also conducted some parametric
studies on the numerical models to examine the sensitivity of the
analysis results and reported that the numerical friction model
needs to be determined carefully because its influence on the
interlink stiffness is rather significant. Luo and Heyl (2017) carried
out detailed numerical analysis to examine the OPB behaviors of
mooring chain links in a real fairlead structure with a 7-pocket
fairlead wheel. They reported that the numerical model success-
fully captures both the interlink mechanism and contact between
the chain and fairlead wheel. They showed that the presence of
fairlead wheel aggravates the fatigue strength of the mooring chain
due to the additional contact and friction between the chain and
fairlead. The classification society (Bureau Veritas, 2014) also pro-
posed design methodologies for mooring chains from a fatigue
strength point of view, considering OPB and IPB.

This paper deals with mooring line fatigue analysis considering
OPB/IPB of a spread moored FPSO in deep sea. The mooring line top
tension was derived by hydrodynamic analysis using the de-
coupled analysis method. The motion time histories of a floater
were calculated assuming that the mooring line behaves in a quasi-
static manner, where the dynamic effect of the mooring line was
not considered. Additional time domain analysis was then carried
out by prescribing the obtained motions on top of the selected
critical mooring line, which was determined based on spectral fa-
tigue analysis. In addition, nonlinear finite element analysis was
performed to derive both the interlink stiffness and stress con-
centration factors on the chain surface considering the material
nonlinearities. The fatigue damage on the chain surface was esti-
mated by combining both the hydrodynamic and stress analysis
results.

2. Theoretical background

2.1. OPB/IPB mechanism

Chain links are supposed to carry tension only when exposed to
complex external loads, such as the drift of a floater connected to
the top of the mooring line. When the external bending load be-
comes active, the successively connected chain links slide over each
other; therefore, there will be no internal bending moment. On the
other hand, owing to its significant amount of tension acting
through the chain link, it is highly likely that two adjacent chain
links will experience a frictional force when bending induced
sliding is about to occur. Fig. 1 shows three and two half chain links
connected to each other under a tension and bending moment at
the right end. Owing to the tension acting through the chain links,

some frictional forces develop on the two mating surfaces, at both
ends of a chain link, which will cause bending deformation of the
central chain link. If this is the case, the chain link will carry the
bending moment with a certain stiffness and the elastic deforma-
tion will induce a relative rotation angle with its next chain link.
The former is called the interlink stiffness and the latter is called the
interlink angle. A similar situation will occur when the central
chain link in Fig. 1 has a 90� change in orientation along the chain
axis, which is called In-plane bending.

The internal moments generated by these frictional forces are
called either the OPB or IPB moment, and can be calculated by the
moment equilibrium between the OPB/IPB moment and externally
applied loads. The internal OPB moment at the interlink location A
can be calculated using Eq. (1).

MOPB ¼ MRotation þ NTðDxsinq� DzcosqÞ (1)

where MRotation is the externally applied bending moment at the
end, and NT is the nominal tension. The IPB moment can also be
calculated using Eq. (1) by simply replacing Dz with Dy, which is the
vertical distance between point A and the loading point. Q is ten-
sion angle, shown in Fig. 1.

2.2. Overall analysis procedure

Fig. 2 shows the overall fatigue analysis procedure considering
OPB/IPB of a mooring chain. The procedure is composed of 3 main
numerical analysis parts, i.e., TT (Tension-Tension) fatigue analysis,
mooring line static analysis, and chain stress analysis, and followed
by some post-processing tasks for a fatigue damage evaluation.

These main numerical analyses can be characterized as follows:

- TT fatigue analysis: This is the mooring line fatigue analysis
without considering the OPB and IPB effect. The time his-
tories of the mooring line top tension are calculated by time
domain de-coupled floater-mooring line analysis, details of
which will be explained in detail in the following chapter.
After counting the tension cycles using the derived tension
time histories, the fatigue damage was evaluated by
combining it with the corresponding TN curve.

- Chain stress analysis: The target of this analysis is to derive
the interlink stiffness, which is induced by chain-to-chain
friction on its mating surfaces, and the Stress Concentration
Factors (SCFs) on the chain surface, which are induced by
tension and OPB/IPB, respectively. The SCFs and interlink
stiffness are derived by nonlinear finite element analysis of a
representative chain link model, taking the contact and
friction effects into consideration.

- Mooring line static analysis: Mooring line static analysis
provides the relationship between the vessel's rotational
motions and the interlink angle between two adjacent chain
links. This is a simple static analysis where the floater's
rotation is prescribed on top of the mooring line with its
interlink stiffness effect considered. The analysis results
enable the calculated tension time history to be converted to
a local stress on the chain surface.

Fatigue analysis considering OPB/IPB can also be performed
without independent TT fatigue analysis. This can be achieved by
directly modeling the interlink stiffness in the hydrodynamic
model, but the TT fatigue results cannot be obtained if this is done.
The current analysis procedure suggests independent TT fatigue
analysis, which is also important from a fatigue design point view.

Once the mooring line top tension together with the interlink
angle are calculated, local stress time history on the chain surface
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can be obtained bymultiplying the SCFs by the tension time history.
In doing so, the stress concentration effect on the chain surface are
divided into 3 different sources: tension, OPB and IPB. These SCFs
can be determined numerically by FEM under the corresponding
loading condition. Eq. (2) shows how local stress on the chain
surface can be calculated from themooring line top tension (T), and
interlink angles (a, b).

sðtÞ ¼ TðtÞ
2� A

½SCFTT ðTÞ þ SCFOPBðT ;aÞ þ SCFIPBðT ;bÞ� (2)

where A is the nominal cross section area of the chain link in the
parallel middle part and a and b are OPB and IPB angles.

Once the local stress time history at a designated location on the
chain surface for a given short-term sea state is obtained, the short-
term fatigue damage can be calculated by combining the proba-
bility density function of the stress range, and corresponding SN
curve. Long-term fatigue damage was calculated by taking the
weighted sum of the obtained short-term fatigue damage consid-
ering the number of occurrences of each short-term sea state.

2.3. De-coupled hydrodynamic analysis

Fig. 3 presents a procedural flow chart of de-coupled hydrody-
namic analysis for the dynamic behavior of combined floater-
mooring lines. The procedure is divided into two parts: quasi-
static and dynamic analysis, each of which handles the mooring

line behavior in either a quasi-static or dynamic manner. In the
quasi-static analysis step, the floater is positioned in a represen-
tative mean location, which is called the significant position, and
the wave loads including both the main and secondary swell are
applied. The significant position is a representative mean location
of the floater throughout its entire life and is determined based
upon the probabilistic distribution of a floater position in terms of
the mooring line top tension. This single representative position is
introduced because the number of short-term sea state can be
reduced by excluding the steady wind and current load cases in the
time domain simulation, eventually leading to less computational
burden. The details of the significant position will be discussed in a
later section. During the floater motion calculation, the mooring
line loads acting on the floater are considered based on the quasi-
static analysis result of the mooring line.

Quasi-static analysis is performed under the assumption that
the 2nd order force-induced low and linear force-induced wave
frequency motion responses of the floater are uncoupled. First, the
low frequency response of the floater is obtained by numerically
solving the differential equation in the time domain, as shown in
Eq. (3). Note that the low frequency motion responses, which are
excited by the 2nd order wave force, are the surge, sway, and yaw.
The other motion responses with a hydrodynamic restoring force
andmoment, such as heave, roll, and pitch are irrelevant to the 2nd
order wave force.

Fig. 1. OPB bending mechanism.

Fig. 2. Overall fatigue analysis procedure including the OPB/IPB effects.
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½M�
n
€X
o
¼

X
fFðtÞg (3)

where ½M� is 3 by 3 mass matrix of the floater and f €Xg is the column
vector, whose entries are surge, sway and yaw. fFðtÞg is an external
excitation force vector that is composed of hydrodynamic loads,
damping loads, wave drift loads, wind loads, current loads, and
mooring line loads.

At the end of each time step, the wave frequency motion re-
sponses are added to the low frequency response for output pur-
poses only. Eq. (4) shows how the wave frequency motion response
XðtÞ is calculated based on the modulus and phase angle of the
motion response RAOs, which are given as a separately performed
frequency domain analysis for the floater.

XðtÞ ¼ aRXðu;fÞcosðut þ∅Xðu;fÞ � kxÞ (4)

where RXðu;aÞ and ∅Xðu;aÞ are the frequency and heading angle
dependent motion RAO and its phase angle, respectively. a and f

are wave amplitude at this particular wave frequency and the
incident heading angle, respectively. k denotes the wave number.
To calculate the mooring line response, the well-known catenary
equation is employed, where the floater's current position is given
as an input. Commercially available software ARIANE7 developed
by BV is used for quasi-static analysis.

Once themotion responses of the floater, includingmooring line
effect, are obtained, an additional time domain analysis is per-
formed with a critical mooring line modelled taking the mooring
line dynamics into account. The critical mooring line out of entire
bundles needs to be selected first, which is usually done based on
the frequency domain spectral fatigue analysis results, details of
which will be explained in a later section. The dynamic response of
the selected mooring line is calculated by the transient dynamic
finite element method, where the pre-calculated motion time
histories are applied to the top of the modelled mooring line as
prescribed in the displacement boundary conditions. Transient
dynamic analysis considers the geometric nonlinear effect of the
mooring chain, so that the stress stiffening effect induced by initial
static tension can be considered, regardless of the stiffness change
due to large deformation. As a result of this analysis, the time his-
tory of mooring line top tension can be derived, which is used for
the fatigue life calculation. Commercially available software, Orca-
flex, was used for this mooring line dynamic analysis.

3. Mooring system and metoceans

3.1. Floater and mooring system

The floater assessed in this study was a box-typed FPSO, 300m
long, 60m wide and 34m deep, whose draft under full load con-
ditions was approximately 25m (see Table 1). For the fatigue
damage calculation, it was assumed that the FPSO experiences a
100% full load condition throughout its entire life, which is
considered to be the most conservative case among the different
loading conditions. On-site heading of the FPSO is 202.5� from True
North in the East direction (see Table 1).

Fig. 4 shows themooring line arrangement, floater's orientation,
and coordinate systems. Three by four mooring line bundles with
an internal angle of 60� were applied and each mooring line was
composed of a chain-wire rope-chain, as summarized in Table 2.
The top chain ran 40m and followed by wire rope, ranging from
1,967m to 2,000mdepending on the local water depth. The bottom
855m is ground chain. Tables 3 and 4 list the floater-fixed local and
space-fixed global coordinates of the fairlead and anchor locations.
Note that the Z coordinates are based on the floater's draft of 25m.

3.2. Metoceans

Metocean data includes waves (main swell, secondary swell,
and wind sea), wind, and current data. The time period that
metocean data covers spans from 1993 to 2012, but some data are
missing within this period; hence, the time period within which all
data are available was selected.

The joint probability distribution functions of wind, current, and
wave were calculated by counting the number of occurrences using
a N-dimensional histogram. The total number of occurrences was
23,815, and appropriate bin sizes were used for the wind, current,
and wave data.

The average wind speed ranges from 0 to 14m/sec; therefore,
the bin size for wind data was determined to be 2m/sec. The bin
size for the heading angle for wind data was set to 45�. A heading
angle of 0� corresponds to True North and it increases in the
clockwise direction. On the other hand, the average current speed
ranges from 0 to 2m/sec depending on the location below the free
surface, but the average current speed was used in the analysis for
simplicity. The bin size for the current speed and the heading angle
were set to 0.2m/sec and 45�, respectively. Tables 5 and 6 list the
wind and current scatter diagram, respectively.

Fig. 3. De-coupled hydrodynamic analysis procedure.
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Thewave data includes separate significant wave heights, modal
peak periods, and heading angles for the wind sea, main swell, and
secondary swell, respectively. A total of 2038 short-term sea states
were derived using the appropriate bin sizes, as summarized in
Table 7. To avoid the computation burden that the time domain
simulation demands, the short-term sea states were reduced
further to 709 according to its contribution to the total fatigue

damage. Details of the sea state reduction are explained in the
following section.

4. Significant position and critical line

4.1. Determination of the significant position

The significant position is defined as the location of a fairlead,
which is calculated by averaging the fairlead location, producing
the upper 1/3 top tension of the mooring line that belongs to the
corresponding fairlead. Therefore, the significant positions differ
according to the mooring line under consideration. The significant
position as a single representative mean location under a steady
wind, current, and wave load will produce a conservative fatigue
life estimation because of its high initial tension. The significant
position, X

!
can be calculated using Eq. (5),

X
!¼

P
i of upper 1

3 top tension X
!

i � piP
i of upper 1

3 top tensionpi
(5)

where X
!

i and pi denote the mean position vector of a fairlead for i-
th short-term environmental conditions and its probability,
respectively. The environmental loadings used to determine the
significant position depends on the subsequent computation.

Fig. 4. Mooring line arrangement.

Table 1
Main specification of FPSO.

Item Value

Full Intermediate Ballast

LBP (m) 300
Breadth (m) 60
Depth (m) 34
Hull weight (ton) 85,000
Topside weight (ton) 39,000
Draft (m) 25.0 20.0 15.5
Displacement (ton) 442,312 351,262 269,970
GM (m) 3.862 4.162 5.366
LCG (m) from AP 147.681 147.554 147.692
TCG (m) from CL 0.001 0.001 0.001
VCG (m) from Keel 21.055 21.326 22.376
Rxx, Ryy, Rzz (m) 17.9/82.1/82.2 20.3/83.2/83.4 21.5/89.0/89.4
Cb 0.96 0.96 0.96
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Combined current andwind loads should be used for the significant
position of time domain hydrodynamic analysis, because time
domain analysis takes the additional floater drift induced by mean
wave loads into consideration. On the other hand, the combined
current, wind and wave loads need to be considered in frequency
domain hydrodynamic analysis, because this linear frequency
domain analysis does not take additional floater drift induced by
wave loads into consideration.

Fig. 5 shows significant positions of themooring lines, P1 and S1,
under different combinations of environmental load. First, the
vessel is positioned at its initial position under gravity loading, and
the steady current load shown in Table 6 is applied. The interim
significant positions of the four fairleads are determined by taking
the average of the position producing the upper 1/3 top tension.
Staring from this interim significant position, the steady wind load
shown in Table 5 is applied, and the second interim significant
positions are determined in the same manner. These second
interim significant positions for mooring lines P1 and S1 are shown
in Fig. 5 as filled marks, and are used for the time domain hydro-
dynamic analysis. Finally, the wave loads, some of which are
summarized in Table 8, are applied and the final significant posi-
tions are determined, which are the hollow marks in Fig. 5. These
final significant positions under the combined current, wind, and
wave loads are used for the frequency domain hydrodynamic
analysis. The gray marks in Fig. 5 are the mean positions of the
fairleads under wave loads for all short-term sea states considered
in this study. Table 9 summarizes the calculated significant posi-
tions for mooring lines P1/S1/P6/S6 under two environmental
conditions.

4.2. Determination of critical mooring line

As stated above, the time domain simulation considering the
mooring line dynamics was performed for a single selected critical
mooring line, which is expected to have the severest fatigue
damage. The fatigue damage for all mooring lines is unknown.
Therefore, the selection was made based on the quick frequency
domain fatigue analysis results. This spectral fatigue analysis does
not consider the second order wave excitation force, but the critical
mooring line is selected based on this approach under the
assumption that the wave frequency response takes a significant
portion of the total fatigue damage. For this spectral fatigue anal-
ysis, the tension RAOs for all mooring lines were extracted using
ORCAFLEX and the tension response spectra were calculated by
combining these RAOs and thewave scatter diagram. Fig. 6 presents
the floater-mooring line model that was used for the tension RAO
calculation of S1. For this frequency domain hydrodynamic analysis,
the floater is positioned at the significant positions determined
under the combined current, wind and wave loads, hence the
floater positions differ according to the target mooring lines.

Table 2
Main specification of the mooring line.

Top chain Wire rope Ground chain

Type 152mm R4S Studless 108mm Spiral strand 127mm R3 Studless
Length (m) 40 1967e2000 855
MBL intact (kN) 22363 12814 12171
Weight in air (kg/m) 462 61.3 323

Table 3
Fairlead locations in the global and local coordinate systems.

ID Global Local

XG(m) YG(m) ZG(m)a XF(m) YF(m) ZF(m)a

PF1 �30.80 �139.61 0.00 �24.97 140.77 0.00
PF2 �28.08 �137.41 0.00 �26.64 137.70 0.00
PF3 �25.39 �135.24 0.00 �28.30 134.66 0.00
PF4 78.04 110.01 0.00 �30.00 �131.50 0.00
PF5 79.11 112.60 0.00 �30.00 �134.30 0.00
PF6 80.18 115.18 0.00 �30.00 �137.10 0.00
SF1 �76.94 �120.50 0.00 24.97 140.77 0.00
SF2 �77.31 �117.02 0.00 26.64 137.70 0.00
SF3 �77.68 �113.58 0.00 28.30 134.66 0.00
SF4 22.61 132.97 0.00 30.00 �131.50 0.00
SF5 23.68 135.56 0.00 30.00 �134.30 0.00
SF6 24.75 138.14 0.00 30.00 �137.10 0.00

a From sea surface based on FPSO draft of 25m.

Table 4
Anchor locations in the global and local coordinate systems.

ID Global Local

XG(m) YG(m) ZG(m)a XF(m) YF(m) ZF(m)a

PA1 1491.10 �2122.99 �1269.72 �2190.03 1390.77 �1269.72
PA2 1628.47 �2009.80 �1269.22 �2273.63 1233.63 �1269.22
PA3 1757.74 �1887.51 �1268.62 �2346.26 1071.18 �1268.62
PA4 2577.94 88.19 �1250.55 �2347.96 �1068.02 �1250.55
PA5 2574.45 265.22 �1248.27 �2276.99 �1230.23 �1248.27
PA6 2558.79 441.50 �1245.53 �2195.06 �1387.10 �1245.53
SA1 �2555.55 �446.81 �1241.62 2190.03 1390.77 �1241.62
SA2 �2572.64 �269.64 �1236.88 2273.63 1233.63 �1236.88
SA3 �2577.58 �91.76 �1231.97 2346.26 1071.18 �1231.97
SA4 �1760.52 1885.24 �1172.14 2347.96 �1068.02 �1172.14
SA5 �1632.87 2007.95 �1168.37 2276.99 �1230.23 �1168.37
SA6 �1497.15 2121.53 �1164.96 2195.06 �1387.10 �1164.96

a From sea surface based on FPSO draft of 25m.

Table 5
Wind scatter diagram.

Velocity [m/s] Direction from north [deg] Total

0 45 90 135 180 225 270 315

1 0.0000 0.0000 0.0000 0.0168 0.0168 0.0252 0.0210 0.0000 0.0798
3 0.0168 0.0042 0.0084 0.0168 0.6299 3.3592 0.9406 0.1050 5.0808
5 0.0210 0.0168 0.0000 0.1050 7.0460 36.9305 4.9717 0.0714 49.1623
7 0.0042 0.0168 0.0042 0.0672 6.0298 32.8574 2.4900 0.0210 41.4907
9 0.0000 0.0168 0.0000 0.0168 0.5417 3.2585 0.2309 0.0042 4.0689
11 0.0000 0.0000 0.0000 0.0000 0.0126 0.0630 0.0084 0.0042 0.0882
13 0.0000 0.0000 0.0000 0.0042 0.0042 0.0042 0.0168 0.0000 0.0294

Total 0.0420 0.0546 0.0126 0.2267 14.2809 76.4980 8.6794 0.2058 100.0000
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Fig. 7 shows the calculated top tension RAOs for mooring line
P1/P6/S1/S6. The tension RAOs peak at a wave frequency of
0.075 Hz, and this trend does not change, even if wave heading
angle changes. Themooring line is expected to be excitedmainly by
both main and secondary swells, whose modal peak periods cover
this low frequency range.

Based on the calculated top tension RAOs and givenwave scatter

diagram, the response spectra of the mooring line top tensionwere
obtained. A total of 2038 short-term sea states were taken into
consideration and waves were defined using the JONSWAP spec-
trum with its gamma value of 1.5. The response spectra were
calculated by summing the spectra induced by the wind sea, and
the main and secondary swells coming from different directions, as
shown in Eq. (6).

Table 6
Current scatter diagram.

Velocity [m/s] Direction from north [deg] Total

0 45 90 135 180 225 270 315

0.1 2.5572 1.4193 1.5201 2.4018 4.8877 7.3357 7.3441 5.4042 32.8700
0.3 2.6034 0.4955 0.8020 3.3466 8.1587 11.4298 12.6895 8.4233 47.9488
0.5 0.5123 0.0378 0.1260 1.3143 3.2962 2.9561 3.8757 2.8427 14.9612
0.7 0.0378 0.0000 0.0084 0.2729 0.7222 0.5753 0.9826 0.5753 3.1745
0.9 0.0042 0.0000 0.0000 0.0504 0.1680 0.0462 0.1932 0.3359 0.7978
1.1 0.0000 0.0000 0.0000 0.0042 0.0126 0.0000 0.0378 0.1008 0.1554
1.3 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0210 0.0420 0.0630
1.5 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0042 0.0210 0.0252
1.7 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0042 0.0042
1.9 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total 5.7149 1.9526 2.4564 7.3903 17.2454 22.3431 25.1480 17.7493 100.0000

Table 7
Bins for the wave scatter diagram.

Hs Tp Heading

Range Representative
value

Range Representative
value

Range Representative
value

0e1 0.5 0e3 1.5 337.5e22.5 0
3e6 4.5 22.5e67.5 45

1e2 1.5 6e9 7.5 67.5e112.5 90
9e12 10.5 112.5e157.5 135
12e15 13.5 157.5e202.5 180

2e3 2.5 15e18 16.5 202.5e247.5 225
18e21 19.5 247.5e292.5 270
21e24 22.5 292.5e337.5 315

Fig. 5. Significant positions of mooring lines P1 and S1.
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Table 8
Example of the short-term sea states.

No. Wind Sea Main Swell Secondary Swell No. of Occur-ence

Hs Tp Heading Hs Tp Heading Hs Tp Heading

1 0.5 1.5 0 0.5 10.5 180 0.5 10.5 225 1
2 0.5 1.5 0 1.5 10.5 180 0.5 13.5 180 2
3 0.5 1.5 45 0.5 7.5 180 0.5 10.5 225 1
4 0.5 1.5 45 0.5 10.5 180 0.5 13.5 180 1
5 0.5 1.5 45 0.5 13.5 225 0.5 10.5 180 1
6 0.5 1.5 45 1.5 10.5 180 0.5 13.5 180 1
7 0.5 1.5 45 1.5 13.5 180 0.5 19.5 225 1
8 0.5 1.5 90 1.5 13.5 225 0.5 10.5 180 1
9 0.5 1.5 135 0.5 7.5 180 0.5 13.5 180 1
10 0.5 1.5 135 0.5 7.5 180 0.5 13.5 225 1
11 0.5 1.5 135 0.5 10.5 180 0.5 13.5 225 1
12 0.5 1.5 135 1.5 10.5 180 0.5 13.5 180 1
13 0.5 1.5 135 1.5 13.5 225 0.5 4.5 180 1
14 0.5 1.5 180 0.5 7.5 180 0.5 10.5 180 1
15 0.5 1.5 180 0.5 7.5 180 0.5 10.5 225 6
16 0.5 1.5 180 0.5 7.5 180 0.5 13.5 180 3
17 0.5 1.5 180 0.5 7.5 180 0.5 13.5 225 5
18 0.5 1.5 180 0.5 7.5 180 0.5 16.5 225 1
19 0.5 1.5 180 0.5 10.5 180 0.5 7.5 180 3
20 0.5 1.5 180 0.5 10.5 180 0.5 10.5 180 2

Table 9
Calculated significant positions for mooring lines P1/S1/P6/S6.

East [m] North [m] Heading [deg]

Under Current þ wind P1 �4.84 �4.32 202.74
S1 �1.65 �4.87 202.76
P6 �7.55 �10.68 202.74
S6 �4.33 �13.81 202.76

Under Current þ wind þ wave P1 �4.11 �2.25 202.73
S1 �0.86 �2.92 202.76
P6 �7.38 �10.26 202.74
S6 �4.15 �13.45 202.76

Fig. 6. Floater-mooring line model for frequency domain hydrodynamic analysis.
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STTðuÞ ¼ jHðu;fwwÞj2SwwðuÞ þ jHðu;fmswellÞj2SmswellðuÞ
þ jHðu;fsswellÞj2SsswellðuÞ (6)

where SwwðuÞ, SmswellðuÞ and SsswellðuÞ are the wave spectra of wind
sea, main, and secondary swell, respectively. Fig. 8 gives some ex-
amples of the response spectra for the four selected sea states,
which produced the largest fatigue damage. This shows that the
main contribution of fatigue damage comes from both the main
and secondary swell, rather than the wind sea.

The TN curve of API 2SK was used for the spectral fatigue
analysis. The TN curve of API 2SK is given by Eq. (7).

NRM ¼ K (7)

where N is number of cycles and R is the ratio of the tension range
to the reference breaking strength. M and K are the constants for
the TN curve, which is 3.0 and 316 for a common studless link. The
reference breaking strength for the chain is usually taken as the
minimum breaking strength of the chain.

Table 10 lists the results of spectral fatigue analysis. The fatigue

Fig. 7. Top tension response amplitude operator for mooring lines P1/P6/S1/S6.
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damage was calculated under the assumption of a narrow band-
width of the response spectrum; hence, the Rayleigh distribution of
the tension range was introduced and the damage was calculated

using the zeroth order moment of the response spectrum. Table 10
shows that mooring line S1 had the largest expected fatigue
damage and was selected as the critical mooring line that will be
considered in the detailed time domain simulation.

4.3. Reduced sea states

As stated before, the 2038 short-term sea states were reduced to
709 short-term sea states based on their contribution to the total
fatigue damage. Using the fatigue damage calculated by spectral
fatigue analysis, the top 709 short-term sea states were selected
and considered to be critical short-term sea states. To compensate

Fig. 8. Top tension response spectra for S1 (Each subtitle means Hs;ww/Tp;ww/fww/Hs;mswell/Tp;mswell/fmswellHs;sswell/Tp;sswell/fsswell).

Table 10
Estimated fatigue damage from spectral fatigue analysis.

Long-term fatigue damage
(25 years)

Expected Life
[years]

P1 0.00601 4159
P6 0.00635 3935
S1 0.00841 2973
S6 0.00750 3334
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for the damage contribution coming from the 1329 discarded
short-term sea states, the fatigue damage factor was introduced
and calculated using Eq. (8).

DRATIO ¼ Dnon�Critical;SFA

DCritical;SFA
(8)

whereDCritical;SFA and Dnon�Critical;SFA are themean fatigue damage of
critical and non-critical sea states calculated by spectral fatigue
analysis procedure, respectively. Once the fatigue damage factor
was derived using spectral fatigue analysis, the fatigue damage
calculated by time domain analysis for 709 critical short-term sea
states can be corrected using Eq. (9).

DTotal ¼ DCritical þ DCritical � DRATIO (9)

Table 11 lists calculated fatigue damage for both the critical and
non-critical sea states, together with the fatigue damage factor. The
fatigue damage factor for the critical mooring line, S1, was 0.0815.
The derived fatigue damage factor will be used for fatigue analysis
considering OPB/IPB under the assumption that the ratio of the
damage contribution will remain the same.

5. Nonlinear stress analysis

5.1. FE model, loads and boundary conditions

Static nonlinear finite element analysis needs to be performed
for the mooring chain model to derive the interlink stiffness and
SCFs on the chain surface. Generally, a representative 3 and 2 half
chain model is used for the analysis under the appropriate loads
and boundary conditions, as shown in Fig. 9. For both the OPB and
IPB models, 3 and 2 half chain links were considered to minimize
the potential influences from the boundary conditions, which may
not reflect the reality of the true chain links. The far left end of the
half chain was fully fixed and both the nominal tension and forced
rotational displacement were applied at the loading point located
in the center of the far right half chain, which was coupled kine-
matically with the nodes on the cutting surface of the final half
chain. The chain link in the middle was used for the interlink
stiffness and SCFs.

Fig. 10 shows the finite element mesh model used for the
analysis. Eight-node hexahedral elements with incompatible
displacement mode were used to mesh the chain. The mesh size
was determined in such a way that 48 elements were used in the
circumferential direction of the chain on its outer surface and 32
elements were used in the longitudinal direction along chain's
parallel middle body. Twenty four elements were used along the
curve part of the chain. To extract the surface stresses, 4-noded
membrane elements with negligible stiffness were used on the
entire chain surface.

All 3 and 2 half chains shown in Fig. 9 were separate indepen-
dent entities, so that contact interaction was defined on the mating
surfaces. Fig. 11 shows the contacting surfaces of three adjacent
chain links, half of the side chain is shown for brevity. Two con-
tacting surfaces were not allowed to penetrate into each other and

friction was taken into account with a coefficient of 0.7. This hard
contact is formulated as the Lagrange multiplier method, so that
penetration is strictly prohibited. The contacting surfaces were
selected in such a way that they included the potential future
contact area after the deformation or rotation of chains.

Because the mooring lines are exposed to a certain loading
sequence from its fabrication stage to the operation one, the load
steps shown in Fig. 12 were taken into consideration in mooring
chain stress analysis. 70% of the maximum breaking load was
applied to the chain as a tensile load to simulate the proof load test
after fabrication. Major plastic deformation is meant to take place
in this load step, leading to some geometrical changes near the
chain-to-chain contact area. A representative tensile load, which
was properly determined, was then applied to the chain as the
tensile load. The representative tensile load is usually determined
by averaging all the time histories of the tensile load for all sea
states that themooring lines are exposed to. As a final step, bending
was applied by prescribing the rotational angle to the end of the
modeled chain.

To consider the potential plastic deformation during the proof
loading step, the elasto-plastic material behavior was reflected in
the analysis. The classical Mises-Hill model with the associated
flow rule was employed and stress-strain relationship after yield
was modeled based on the following Ramberg-Osgood equation
(Ramberg and Osgood, 1943). Table 12 lists the material properties
used for the elasto-plastic analysis.

εnom ¼ snom
E

þ a
s0
E

�
snom
s0

�n

(10)

snom: Nominal stress
εnom: Nominal strain
s0: Yield strength
E: Young modulus
a: Young modulus
n: Hardening exponent

5.2. Interlink stiffness

Fig. 13 presents the contour plot of the maximum principal
stress on the chain surface for each load step. The contact area was
removed intentionally for better visibility. The stress plot in
Fig. 13(a) shows that some residual stress remains after release of
the proof load, which indicates that plastic deformation must have
occurred during the proof loading process, leading to geometric
change. Fig. 13(c) presents the stress distribution on the tensile side
of the chain under an OPB load, so that the stress increase is very
significant compared to the opposite compressive side of the chain.
Fig. 13(d) shows the stress distribution under an IPB load; hence,
the stress increase in the lower part of the chain is larger than that
of the upper part.

The interlink stiffness is defined as the stiffness of the chain
links under moment loading, which is caused by the frictional
resistance of two adjacent chain links, and defined as the slope of
the moment-interlink angle curve. The OPB/IPB moment can be
calculated using Eq. (1) and the interlink angle was measured
directly from the FE analysis results. Fig. 14 shows the moment-
interlink angle curve, which was extracted directly from the FE
analysis results. The linear relationship between the moment and
interlink angle was maintained and the slopes were similar in the
OPB and IPB cases, which is expected. The maximum value of the
prescribed angle at the far right end of both the OPB and IPBmodels

Table 11
Fatigue damage factor for the different mooring lines.

DCritical;SFA Dnon�Critical;SFA DRATIO

P1 0.00552 0.00049 0.0888
P6 0.00583 0.00053 0.0904
S1 0.00777 0.00063 0.0815
S6 0.00693 0.00056 0.0813
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shown in Fig. 9 was 3�, which corresponds to an interlink angle
slightly less than 1�. Slight curvature during the early stages of
rotation may be associated with the elastic deformation around the
contact area of the two mating surfaces. Linear regression was
applied to the data shown in Fig. 14 and the interlink stiffness of
OPB and IPB was 161.8 and 149.3 kN-m/deg, respectively.

5.3. Stress concentration factor

Local stresses on the chain surface were derived and the SCFs
were calculated by dividing the local stresses with the nominal
stress. Local stresses were decomposed into a tension-induced one
(tension stress, sTT ), OPB-induced one (OPB stress, sOPB), and IPB-
induced one (IPB stress, sIPB). For the OPB or IPB-induced

Fig. 9. Geometric models for the mooring chain stress analysis.

Fig. 10. Finite element mesh model.

Fig. 11. Contact surfaces.

Y. Kim et al. / International Journal of Naval Architecture and Ocean Engineering 11 (2019) 178e201 189



stresses, the total stresses after the bending load were subtracted
from those before the bending load; hence, only bending-induced
stresses were considered. The stress concentration factors were
defined as the ratio between the maximum absolute values of the

principal stresses and the nominal tensile stress. The nominal
tensile stress is defined as the tensile load divided by the nominal
cross section area of the chain parallel middle body. Fig. 15 shows
the distribution of SCF on the chain surface, except for the con-
tacting area. The maximum value reached approximately 3.9 and a
located at the outer surface of the curved area at both ends of the
chain, under this particular tension level.

Figs. 16 and 17 show the SCFs under OPB and IPB conditions,
respectively. In the case of these bending cases, the SCFs changed
with the change in interlink angle. For the OPB case, the maximum
SCFs were located in the middle of the inner surface of the curved
area and the magnitude increases with increasing interlink angle.
For the IPB, the maximum SCFs were located in the middle of the
outer surface of the curved area. Similarly, the magnitude increased

Fig. 12. Load steps for mooring chain stress analysis.

Table 12
Material properties.

Parameters Value

Young's modulus 2.09Eþ05 MPa
Poisson's ratio 0.3
Yield strength 700MPa
Hardening exponent 0.597
Yield offset 12.84

Fig. 13. Stress distribution on the chain surface at each load step.
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with increasing interlink angle. A comparison of themaximum SCFs
under the same interlink angle showed that the SCFs under OPB are
larger than those under IPB.

6. Fatigue analysis

6.1. Tension-tension fatigue analysis

The fatigue damage was calculated for the determined critical
line under selected 709 short-term sea states. Time domain tran-
sient dynamic analysis was carried out using ORCAFLEX with a
single critical mooring line modeled and the calculated floater
motion was prescribed on the top of the mooring line. Motion
analysis of the floater started from the significant position deter-
mined under the current and wind loads, and dynamically

fluctuating wave loads were applied to the floater. The hydrody-
namic loading acting on the mooring line was not taken into ac-
count in this computation. Once the significant position was
determined, the mooring line payout length was adjusted so that
the calculated position and corresponding tensions were main-
tained without external loads. During this motion analysis, the
mooring lines were assumed to deform quasi-statically. The anal-
ysis was performed using ARIANE7. Figs. 18 and 19 shows 6 DOF
motion time histories of the floater under two representative short-
term sea states, which are summarized in Table 13. For both cases,
planar motions, such as surge, sway, and yaw, contain slowly
varying low frequency responses, together with the wave fre-
quency ones. As explained previously, these wave frequency re-
sponses were generated by combining the motion RAOs and
incoming wave information, whereas the low frequency responses
were calculated by solving the motion equation. The natural pe-
riods of surge, sway and yaw motions were obtained by running
free decay simulation and they turned out to be about 540 s s,
570 s s and 150 s s, respectively.

Following the de-coupled hydrodynamic analysis procedure,
line dynamic analysis was performed using ORCAFLEX. The selected
mooring line, whose fatigue life was expected to be the shortest
was modeled with the truss elements with its top positioned at the
significant position. The node at the top of the mooring line was
forced to move according to the calculated motion time histories as
the prescribed boundary condition. The dynamic behavior of the
mooring line was obtained via transient dynamic analysis with the
geometric nonlinear effect taken into consideration. The geometric
nonlinear effect is essential for the mooring line dynamic analysis
because of its potential large deformation and stress stiffening ef-
fect. Fig. 20 shows the time histories of themooring line top tension
for the selected two short-term sea states. Fig. 20 clearly indicates
that the mooring line top tension fluctuates in both the low and
wave frequency components. Fig. 21 shows the FFT results of the
top tension time histories shown in Fig. 20, which clearly shows
that the low frequency response induced by the slowly varying
second order wave force remain below a frequency of 0.01 Hz. The
long-term fatigue damage of the critical mooring line was 1067
years, which satisfies the design fatigue life of 25 years. The fatigue
damages were calculated by combining TN curve of Eq. (7), and
tension load cycles. Tension load cycles were obtained by applying
the Rainflow counting method to the tension time histories.

6.2. Fatigue damage considering OPB and IPB

To calculate the fatigue damage considering OPB and IPB, the
stress time histories at arbitrary locations on the chain surface need
to be derived first. The stress time history at a typical nodal point on
the chain surface can be calculated using Eq. (11). The nominal
tensile stress is defined as the ratio of the mooring line tension to
the chain cross section area. The tension, OPB, and OPB induced
stresses were calculated by subtracting the stress component at the
corresponding load step from that at the previous load step, so that
stress increases induced by corresponding load are derived and
used for the SCFs.

si ¼ sTTi±sOPBi±sIPBi

¼ sn

�
sTTi
sn

±
sOPBi
sn

±
sIPBi
sn

�

¼ snðSCFTTi±SCFOPBi±SCFIPBiÞ

(11)

si : Stress at i-th node

Fig. 14. Interlink angle vs. OPB/IPB moment.

Fig. 15. Tension SCF under T¼ 2705 kN.
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sTTi : Tension-induced stress at the i-th node
sOPBi : OPB-induced stress at the i-th node
sIPBi : IPB-induced stress at the i-th node
SCFTTi : Tension-induced stress concentration factor at the i-th
node
SCFOPBi : OPB-induced stress concentration factor at the i-th
node
SCFIPBi : IPB-induced stress concentration factor at the i-th node
sn : Nominal tensile stress.

Because the SCFs are given as a function of the interlink angle,
which is not previously known, additional numerical analysis
needs to be carried out to determine the relationship between the
interlink angle and floater's motion. For this, two assumptions were
introduced. The first assumption states that the floater's motion is
not influenced by the interlink stiffness, so that the motion analysis
results without considering the interlink stiffness is used to derive
the interlink angle. The second assumption states that the interlink
angle is determined purely by the floater's rotational motions, i.e.,
roll, pitch, and yaw, without being influenced by its translation
motions. Under this assumption, the time histories of the interlink

stiffness can be derived from the floater's rotational motion time
histories, provided that the relationship between the floater's
rotational motion and interlink angle is given. The relationship can
be obtained from mooring line static analysis. Static analysis was
performed under the prescribed rotational motions of the floater,
roll, pitch, and yaw, on top of the chain considering the relative
position of the fairlead. For the analysis, only the selected critical
mooring line was modeled and each chain link was modeled with a
rigid beam and connected to each other via a flexible rotational
joint whose stiffness was set to be the interlink stiffness calculated
by nonlinear stress analysis. The relationships between the inter-
link angle and rotational motions were then derived, as shown in
Fig. 22. Owing to inclined orientation of the mooring chain, both
the OPB and IPB interlink angles were developed at the same time
under each rotational motion. Fig. 22 shows that the relationships
between the interlink angle and the floater's rotational motions are
linear.

Now that both the tension and interlink angle time histories are
prepared, the local stress time histories can be derived using Eq.
(11). Figs. 23 and 24 show the stress time histories at a certain

Fig. 16. OPB SCFs.

Fig. 17. IPB SCFs.
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nodes on chain surface induced by each loading components, for
the selected sea states. The figures clearly show that the stress
range induced by tension and OPB is dominant over that induced by
IPB.

Because fatigue analysis considering OPB and IPB is based on the
local stresses on the chain surface, the relevant SN curve is neces-
sary for a life prediction. The B1 in sea water for the free corrosion
SN curve provided by DNVGL-RP-C203(DNVGL, 2016) expressed as
Eq. (12) was used. Log aD and m of the SN curves were set to be
12.436 and 3.0, respectively.

ncðsÞ ¼ aDs
�m (12)

nc(s): The number of stress ranges (number of cycles)
s : Stress range (double amplitude) in MPa
aD: The intercept parameter of the S-N curve
m: The slope of the S-N curve

Figs. 25 and 26 show the contour plot of the short-term fatigue

Fig. 18. Motion time histories of FPSO under sea state 709.
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damage of the two selected sea states under either tension or OPB/
IPB load. The fatigue damages were calculated by combining stress
cycles obtained by Rainflow counting method, and corresponding
SN curve. The location of the maximum fatigue damage moves to
the inside of the round part of the chain when OPB/IPB is consid-
ered: from outermost of the round part under a tension load. A
comparison of Figs. 25 and 26 revealed the spatial distributions of
short-term fatigue damage to be similar with the difference lying in
the absolute values. Note that the maximum fatigue damage

Fig. 19. Motion time histories of FPSO under sea state 692.

Table 13
Selected sea states.

Sea state ID Wind Sea Main Swell Secondary Swell

Hs Tp Heading Hs Tp Heading Hs Tp Heading

709 0.5 4.5 225 1.5 13.5 180 0.5 16.5 225
692 1.5 4.5 225 1.5 13.5 225 0.5 10.5 180
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Fig. 20. Example of the mooring line(S1) top tension time histories.

Fig. 21. FFT results of the mooring line(S1) top tension time histories.
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Fig. 22. Relationship between the interlink angle and rotational motions.

Fig. 23. Stress time history on the chain surface under sea state 709.
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Fig. 24. Stress time history on the chain surface under sea state 692.

Fig. 25. Spatial distribution of short-term fatigue damage under sea state 709.
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increased by a factor of 10 once OPB and IPB were considered in the
fatigue damage calculation, which can be attributed to the influ-
ence of OPB considering its relatively large contribution to the total
stress range shown in Figs. 23 and 24.

Fig. 27(b) shows the short-term fatigue damage under
tension þ OPB þ IPB for all 709 short-term sea states considered.
Fig. 27(c) shows the weighted short-term fatigue damage that was
obtained bymultiplying the short-term fatigue damage of Fig. 27(b)
by the probability of occurrence of each short-term sea state shown
in Fig. 27(a). The short-term fatigue damage without considering
the probability peaked at its ID of 583, which has a 2.5m significant
wave height for both wind sea and primary swell with a heading
angle of 180�. The sea state IDs were assigned in ascending order of
short-term fatigue damage obtained by spectral fatigue analysis,
and Fig. 27(c) shows that the spectral fatigue analysis produces
consistent results compared to the detailed time domain analysis
results, even though it considers only the wave frequency compo-
nent in a linear manner. This also supports the idea that sea state
screening based on the spectral fatigue analysis is a valid approach.
Fig. 28 shows the correlation plot of the short-term fatigue damage
for different load combinations: one with tension and the other
with tension þ OPB þ IPB. The correlation between the two sets of
fatigue damage are quite strong, showing that larger fatigue dam-
age under a tension load also produces larger fatigue damage under
combined tension and OPB/IPB. The fatigue damage considering
OPB and IPB were approximately 4e5 times larger than the
tension-only cases.

Fig. 29 shows the spatial distribution of the long-term fatigue
damage on the chain surface for each loading combination case.
The long-term fatigue damage was obtained by combining the
short-term fatigue damage of the 709 sea states, and the fatigue
damage factor of S1 was used to compensate for the potential
contribution coming from the uncovered non-critical sea states.

The spatial distribution of the long-term fatigue damage was also
similar to that of the short-term ones, and the damage increase
ratio caused by OPB and IPB was slightly lower than 10 from the
maximum value perspective. The expected fatigue lives under
tension and tension þ OPB þ IPB were 395 and 48 years, respec-
tively, which satisfies the design requirement of a 25 year fatigue
life without a safety margin.

The fatigue life under a tension load is expected to match that
obtained by the TN approach performed in the previous section, but
there was some deviation between the two results, i.e., 395 year
from the SN approach and 1067 year by the TN approach. The de-
viation may be due to the difference between the SN and corre-
sponding TN curve, which do not match each other precisely under
the same conditions.

7. Conclusions

Based upon the study carried out in this paper, the following
conclusions were derived:

- Mooring chain fatigue analysis of a 300m FPSO, which is
expected to operate in West Africa, was carried out consid-
ering the OPB and IPB effects using the proposed fatigue
analysis procedure. The entire fatigue analysis procedurewas
set up based on the de-coupled hydrodynamic analysis
combined with the nonlinear stress analysis including the
contact and friction effect.

- The critical mooring line from a fatigue strength point of
view was determined based on the frequency domain spec-
tral fatigue analysis results without considering OPB and IPB.
The most critical mooring line was S1 and its expected fa-
tigue life was 2973 years. The actual fatigue life was far less

Fig. 26. Spatial distribution of short-term fatigue damage under sea state 692.
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than that due to the low frequency contribution, which was
not taken into account in linear spectral analysis.

- To minimize the computational burdens of time domain
analysis, 709 critical sea states were selected out of an initial

2038 sea states based on the spectral fatigue analysis results.
The criticality of the sea states ordered by the spectral fatigue
analysis results were found to be reasonable compared to the
time domain analysis results. The damage contribution

Fig. 27. Short-term sea states and fatigue damage under tension þ OPB þ IPB.
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coming from the non-critical sea states was taken into ac-
count in terms of the fatigue damage factor.

- Interlink stiffness and SCFs on the chain surface were derived
by nonlinear finite element analysis. Three and two half
chain links were modeled with solid elements and the in-
teractions among each chain were realized using the hard
contact model with the friction effect taken into account. The
interlink stiffness values for both OPB and IPB were similar
and were used for mooring line static analysis.

- The expected fatigue life of mooring line S1 under a tension
load calculated by the TN approach was 1067 years, which
satisfied the design fatigue life of 25 years. The calculated
fatigue life was shorter than that of the spectral analysis
results, which can be attributed to the low frequency
response of the mooring line tension, which was not
considered in the spectral analysis.

- Two short-term fatigue damage, one with OPB/IPB and the
other without, showed a very strong correlation between
them, demonstrating that the larger fatigue damage under a
tension load also produces larger fatigue damage under
combined tension and OPB/IPB. The short-term fatigue
damage considering OPB and IPB were approximately 4e5
times larger than the tension only cases.

- The calculated long-term fatigue lives under tension and
tensionþ OPBþ IPB were 395 and 48 years, respectively. The
maximum fatigue damage under combined tension and OPB/
IPB was observed at the inner corner of the rounded part of
the chain link, which is the spot where fatigue cracks were
reported. The inclusion of OPB and IPB in fatigue analysis
increased the level of fatigue damage by a factor of 8.
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Fig. 28. Correlation of the fatigue damages (Tension vs. Tension þ OPB þ IPB).

Fig. 29. Spatial distribution of long-term fatigue damage.
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