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Abstract Exploration and production in deepwaters are dominated by compliant
offshore structural systems due to the advantages that arise from their geometry
and construction practices. Semi-submersibles are a class of floating offshore struc-
tures, which are widely preferred for deep and ultra-deepwater applications due to
their better stability characteristics and lesser sensitivity to the harsh ocean environ-
ment. A semi-submersible is positioned-restrained using the spread mooring system
with either a steel catenary geometry or taut-mooring. The present study highlights
dynamic response analysis of a semi-submersible with the spread mooring system,
and its fatigue life under cyclic environmental loads is estimated. Lateral loads that
arise from waves, wind, and current cause dynamic tension variations in the moor-
ings, influencing their fatigue life significantly, and it is observed that fatigue life of
catenary mooring lines is higher than that of taut mooring lines. Lateral loads under
different directions are considered to exhibit the influence of wave directionality on
the semi-submersible response. The nonlinear coupled dynamic analysis between
the semi-submersible and spread mooring system is carried out using commercially
available tool ANSYS AQWA, and fatigue life of the mooring system is evaluated
based on the S-N curve approach.
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1 Introduction

Rapidly depleting oil reserves and proliferate market demand for oil and gas produc-
tion has shifted from deepwaters to ultra-deepwaters using floating offshore plat-
forms (also known as floaters) like semi-submersibles, Drillships, FPSOs, etc.,
which are unique based on their geometric form, i.e. they are form dominated
designed. However, as we move towards ultra-deepwaters the choice of platform
varies depending upon the applications. The development and design of semi-
submersible hulls can be traced back to the early 1960s when there was a rapid need
to increase the stability of deepwater floating platforms. Bruce Collipp is known as
the father of semi-submersible, who first coined the term semi-submersible in 1960.
His early design and development of this structure were inspired by the stability,
obtained by partially submerging the floating structure to avoid capsizing in rough
sea conditions. The configuration of semi-submersible platforms has evolved since
the 1960s owing to their good stability even in deepwaters since they have a small
water-plane area which makes them less sensitive even under harsh environmental
loadings. Due to the few advantages, semi-submersible platforms have best opted as
the floating production platform until today.

In the recent past, many scholars studied various models of semi-submersible,
design of the mooring system, etc., for reducing the response of the platform. Webster
[1] conducted a parametric study on the damping induced by moorings and reveals
that for high pretension in mooring lines, damping induced by the mooring lines is
inversely proportional to the drag coefficient. Yilmaz and Incecik [2] developed a
time-domain model for predicting the dynamic response of moored semi-submersible
with thrusters and mooring lines for evaluating platform response and mooring forces.
Based on the results obtained, they concluded that for extreme weather conditions
maximum surge or sway response occurs based on their mean values. Senra et al. [3]
suggested that there is great need of fully integrated design methodology, considering
the coupling between structural behaviour of the vessel with mooring lines and risers.
Chen et al. [4] studied coupled motion responses of semi-submersible with taut
mooring system and found that more the number of mooring lines better will be the
performance, mooring arrangement angle has a significant effect on the platform
motion and response of dynamic tension of mooring line. Zhai et al. [5] numerically
simulated the dynamic behaviour of deepwater semi-submersible and found that
heave period as 22 s, while wave period was 8—16 s. By avoiding the maximum
response in heave degrees-of-freedom, the peak coefficient has a significant effect
on the response of the platform. Ng et al. [6] conducted experimental studies on
semi-submersible model for various bi-directional wave crossing angles, to estimate
the optimum wave crossing angle at which the response of the semi-submersible is
maximum. They found that response of the model is affected by the wave crossing
angles and the optimum wave crossing angles 40° and 55° are found to produce
maximum heave, surge and pitch responses at low-frequency range.
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Zhu and Ou [7], studied the motion performance of semi-submersible with
mooring under combined wind and wave loads by numerically and experimen-
tally. He found maximum surge motion of the platform is about 2% of water depth,
which is one of the important criteria for drilling operation to run smoothly; other-
wise, the riser connected for drilling operation will be subjected to dynamic loads
and may even fail due to large surge response of the platform. Qiao and Ou [§]
conducted model tests of a semi-submersible and validated with numerical results
of semi-submersible with different mooring systems under various water depths and
concluded that dynamic forces on mooring lines increases with increase in length of
the mooring lines, and low-frequency (LF) motion dominates the surge, sway motion
whereas, wave frequency (WF) motion dominates heave motion while pitch motion
is due to both LF and WF motions. Wu et al. [9] have conducted analytical studies on
the fatigue life of mooring lines and found various factors such as mooring pattern,
length of mooring lines, pretension, mass concentration components, damping coef-
ficients, and water depth, etc., are affecting the fatigue damage of mooring lines.
They have also found critical locations where fatigue damage can occur such as at
fairlead point for catenary mooring and top of the lower chain for taut mooring.

Yang et al. [10] investigated for mooring damping effects due to superimposition
of low-frequency motion with wave frequency and concluded that response amplitude
operators (RAQ’s) and pretension of mooring plays a dominant role in damping of
the mooring system. Duetal. [11] conducted a dynamic analysis of semi-submersible
and estimated the fatigue damage of the mooring lines and concluded that platforms
in deepwaters have less stiffness, high damping ratio for which the WF components
increases and LF components decreases with increase in water depth due to higher
damping. Hence, there is a decrease in LF fatigue damage with an increase in wave
periods. Xu etal. [12], conducted model tests and numerical simulations for dynamics
of semi-submersible, mooring damping and found that taut mooring with buoy causes
stable semi-submersible motion with great mooring damping. The present study is
conducted for estimating the motion responses of the semi-submersible under spread
catenary (case 1) & taut mooring (case 2) system and evaluating the fatigue life of
the spread mooring system.

2 Description of Semi-submersible Platform

The platform geometry selected for present work is based on the configuration of
the Hai Yang Shi You—981 which is a sixth generation deepwater semi-submersible
platform which was deployed in the disputed waters of the South China Sea and
Vietnam. The semi-submersible platform consists of the deck (superstructure) with
drilling derrick, accommodation and production facilities, a helipad, accessories,
four-column members, and two horizontal pontoons members connected with hori-
zontal cylindrical members (braces). The numerical model of the semi-submersible
is shown in Fig. 1, and detailed description is shown in Table 1.
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Fig.1 Numerical model of semi-submersible

Table 1 Detailed description
of semi-submersible

Description Value Units
Deck 7442 x 74.42 x 8.6 m
Columns (4 in no’s) 17.385 x 17.385 x 21.46 |m
Pontoons (2 in no’s) 114.07 x 20.12 x 8.54 m
Displacement 48,206,800 kg
Water depth 1500 m
Draft - 19 m
The diameter of the brace | 1.8 m
Centre of gravity below —58 m
water level

The radius of gyration for |32.4 m
roll (Ry)

The radius of gyration for |32.1 m
pitch (Ry)

The radius of gyration for |34.4 m

yaw (R;)

2.1 Spread Mooring System

During the drilling operation, the platform should not displace too much from its
home position; otherwise, connected riser will be damaged. The platform is position-
restrained with either of the dynamic positioning system and spread mooring system
to avoid large displacements. In present work, a twelve-point symmetric mooring
system is used which is made up of studless chain, and the layout of mooring system
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Fig. 2 Layout of the spread mooring system

Table 2 Configuration of the spread mooring system

Mooring type Length of mooring system (m) Pretension (kN)
Upper chain Middle wire Bottom chain

Catenary mooring 500 2000 1500 3500

Taut mooring 900 1000 200 2850

is shown in Fig. 2. The angle between each cable of the bundle is 10°, and the angle
between each bundle is 70°.

Each mooring line is a combination of upper section as chain, middle section as
wire, and the lower section as chain, and the configuration and properties of spread
mooring system used are shown in Tables 2 and 3.

2.2 Environmental Conditions

The environmental conditions to which the semi-submersible is subjected to the
present work is considered for 1 year and 100 year return period for the South China
Sea. The wave, wind, and current loadings are considered in present work and are
along the 0° (following sea condition), 45° (quarter sea condition), and 90° (beam sea
condition). Because, a minimum of the bow, beam, quarter, down-line, and between-
line environmental conditions should be analysed [13]. The wind spectrum used
for the present study is the API spectrum, and the JONSWAP spectrum is used for
irregular waves. The current loading (i.e. varying nonlinearly with respect to water
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Table 3 Properties of mooring lines

Description Upper chain (studless Middle wire (spiral Bottom chain (studless
K-4 chain) strand) K-4 chain)

Mass per unit length | 163.86 36.41 163.86

(kg/m)

Equivalent 0.014 0.014 0.014

cross-section (m?)

Stiffness (kN) 676,810 833,910 676,810

Equivalent diameter | 0.095 0.095 0.095

(m)

Longitudinal drag 0.025 0.025 0.025

coefficient

Table 4 Environmental loads

Description The return period of the | Units
event
1 year 100 year
Wind speed, V wind 23.15 55 m/s
Wave height, H 6 13.3 m
Peak period, T 11.2 15.5 s
Current speed, V current 0.93 1.97 m/s

depth) is applied to the platform and is user-defined up to a depth of 150 m (i.e. 10%
of water depth) below the mean water level. Environmental conditions for which the
semi-submersible are subjected are shown in Table 4.

2.3 Governing Equations

2.3.1 Wind Force Calculation

Ansys AQWA calculates the effect of fluctuation of wind about the mean speed on
the dynamic load on the structure, and these dynamic loads generate low-frequency
motions on floating offshore structures. In the present study, API wind spectrum
is used, and Ansys AQWA calculates the wind fluctuation effect about the mean
speed on dynamic loads acting on the semi-submersible, and these loads causes low-
frequency (LF) motions on the semi-submersible. The API wind spectrum [14] used
is represented by the expression given below:

S(f)z% M
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While f and f), are frequencies in Hz, and V 2 is the mean speed for the one-hour
duration at height (Z).

2.3.2 Wave Force Calculation

The wave loads acting on the semi-submersible are calculated by boundary element
method (BEM) based on the diffraction theory using commercially available tool
Ansys AQWA. For irregular waves with slow-drift, waves can be represented in the
form of wave spectra, and the present study JONSWAP spectrum is used.

2.3.3 Coupled Dynamic Analysis of Semi-submersible and Spread
Mooring System

In a coupled analysis approach, a time-domain analysis is employed to represent
coupled semi-submersible and mooring response at every instant of time. The semi-
submersible is considered as a rigid element with six degrees-of-freedom, i.e. three
translational (surge, sway, and heave) and three rotational (roll, pitch, and yaw) in
the finite element model of the semi-submersible. The dynamic equilibrium equation
for rigid element, i.e. semi-submersible, is written as [15]:

F[(X, 3‘5" t) + FD()‘Ca t) + Fs(x, t) = PExternal(x’ -X"a t) + FRadialion()‘C» t) (4)

Fr(x, X, 1) = M(x)X (5)
where
F;(x, X, t) is inertia force vector; ‘M’ is mass matrix of semi-submersible which

includes structural mass and added mass, i.e. M = m + m,

Fp(x,1) = C(x) (6)

Fg(x,1) = K(x) (7

Fp(x,t) is damping force vector; ‘C’ is damping matrix; ‘K’ is the stiffness
matrix.
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Pexermal (X, X, 1) is external force vector, due to wind, wave, and current loads
including buoyancy, and Fragiaion (X, ¢) is radiation force vector.

x, x, X = Nodal displacement, velocity, and acceleration vector.

The dynamic variations in tension of mooring lines caused by the wave frequency
motions are calculated, and mooring cables are modelled as a dynamic system [16].

(M 4+ M)X + Cx + Kx = Fsuic + Fwr + Tu (3

‘M’ being the structural mass matrix, ‘M,’ is added mass matrix, ‘x’ is a displace-
ment vector, ‘X’ is velocity vector, ‘X’ is acceleration vector, ‘C’ is the damping
matrix, ‘K’ is stiffness matrix, ‘Fy.qc  is the static load, ‘Fy g’ is first-order wave
loads, and ‘T’ is tension in the mooring system.

3 Numerical Simulation and Analysis

To carry out coupled dynamic analysis of the semi-submersible with spread mooring
system commercially available tool Ansys AQWA is employed, and the simulations
have been carried out for 10,000s with a time step of 0.1 s.

3.1 Comparison of Response Amplitude Operators

Before carrying out further analysis, response amplitude operators (RAOs) of the
semi-submersible is checked. The response amplitude operators of the present study
and that obtained by Zhai et al. [5] are found to be closely matching and can be seen
from Figs. 3, 4, and 5. But, there is little shift in the plots is observed, and this might
be due to the reason that we have considered slow-drift with an irregular wave in
the analysis, and Zhai et al. [5] has not given details whether they have considered
slow-drift with irregular wave for analysis or not.

Surge response amplitude operator (RAO) of the present study is having a less
initial amplitude of 1.1 m as shown in Fig. 3, which is advantageous for response
analysis because RAO helps in determining the response spectrum. Heave response
amplitude operator (RAO) curve in closely matching except, but there is a shift in
the frequencies has been observed, and this can be due to the effect of slow-drift with
an irregular wave.

The magnitude of heave RAO is quite high for Zhai et al. [5] compared to the
present study, which indicates the better heave response of the platform considered
for the present study. Response amplitude operator of pitch response for the present
study shows less amplitude, as seen in Fig. 5 and possesses better response. From
Figs. 4, 5, and 6, it is evident that RAO plots are closely matching, but there is a
slight shift in the RAO plots has been observed, and this can be due to the effect of
slow-drift with irregular waves. The present study considered the slow-drift with an
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irregular wave to assess the importance of wave-frequency effects on the drift of the
vessel.

3.2 Natural Periods and Damping Ratios

Free decay tests were conducted in commercially available numerical solver Ansys
AQWA. Semi-submersible is found to be active in all six degree of freedom, i.e. it
has motion even in stiff degrees-of-freedom, i.e. vertical plane motion (roll, pitch,
and heave). Unlike in triceratops, which is flexible in the horizontal plane of motion,
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Fig. 6 Surge response time history using catenary mooring for the 1 year return period

i.e., surge, sway, and yaw and stiff in the vertical plane of motion, i.e. heave, roll,
and pitch [17]. Natural damping ratios for catenary mooring are larger than that of
taut mooring in almost all degrees of freedom, and this can be due to large length of

catenary mooring lines (Table 5).

3.3 Motion Responses of the Semi-submersible

3.3.1 Time History Response of Semi-submersible

The semi-submersible motion time history plots with catenary and taut mooring
under 1 year return period for 0°, 45°, and 90° wave directions are shown below.
Motion responses under surge, heave, and pitch d-o-f and during 1 year return period
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Table 5 Natural periods and damping ratios

D-o-f | Catenary mooring Taut mooring

Natural periods (sec) | Damping ratio (%) | Natural periods (sec) | Damping ratio (%)

Surge | 85.82 0.2-13.9 84.62 0.8-6.2

Sway |117.55 0.6-12.1 118.73 0.05-6.9

Heave | 20.8 2.1-3.4 20.94 1.3-2.07

Roll 23.82 344 24 2.9-10.9

Pitch 24.56 0.008-5.28 24.74 1.6-6.6

Yaw 39.82 3.1-4.8 54 1.3-3.6

are only shown, while other responses being insignificant and during 100 years return
period are omitted for brevity.

The motion of semi-submersible is shown in the form of time history response
plots, which is considered from the position of the centre of gravity of semi-
submersible in global coordinates, i.e. x = 22.4 m for the surge d-o-f and z = —
5.8 m for heave d-o-f. From Figs. 6 and 7, it is clear that the surge response with
catenary and taut is significant for 0°, 45° wave directions.

From Figs. 8 and 9, it can be seen that the heave response under catenary and
taut moorings are almost the same, irrespective of wave directions. Also, one can
conclude that the heave response of the semi-submersible under taut mooring is more
than that under catenary mooring. Figures 10 and 11 show that the pitch response of
the semi-submersible is almost the same under the catenary and taut mooring system
(Table 6).

——Under 0° wave direction — Under 45" wave direction Under 90" wave direction |

40 1

B A

10 1 1 1
0 1000 2000 3000

5000 6000
Time (sec)

L 1 1
4000 7000 8000 9000 10000

Fig. 7 Surge response time history using taut mooring for the 1 year return period
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Fig. 8 Heave response time history using catenary mooring for the 1 year return period
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Fig. 9 Heave response time history using taut mooring for the 1 year return period

4 T T T T T T T T T
|""I.lntler 0 wave direction —Under 45 wave direction — Under 90" wave direction

Pitch (deg)

1 I | 1 1 1 J
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Time (sec)

Fig. 10 Pitch response time history using catenary mooring for the 1 year return period
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Fig. 11 Pitch response time history using taut mooring for the 1 year return period

Table 6 Semi-submersible response statistics for the 1 year return period

D-o-f Statistics Spread catenary mooring Spread taut mooring
0° 45° 90° 0° 45° 90°
Surge (m) | Minimum 15.97 19.45 22.37 12.88 19.33 22.86
Maximum 40.15 29.83 22.51 41.13 30.22 23.11
Mean 25.6 23.9 22.44 26.11 24.48 23
Standard deviation | 3.28 1.51 0.02 3.98 1.73 0.03
Heave (m) | Minimum -779 |=771 |—-176 —698 |—688 |—6.72
Maximum —4.12 | —423 | —-425 |—-348 |—-345 |-34
Mean -6 -6 —-601 |—518 |—5.17 |—5.18
Standard deviation | 0.44 0.46 0.43 0.42 0.44 0.43
Pitch (deg) | Minimum —-517 |—381 |—13 —641 |—431 |—143
Maximum 2.21 1.27 —-1.17 |2.04 0.76 —1.34
Mean —-132 |—-126 |[—124 |—-171 |—153 |—-1.39
Standard deviation | 0.86 0.63 0.01 1.01 0.66 0.01

3.4 Mooring Line Tension

In deep waters mooring lines will become more flexible and dynamic effects on
mooring lines will be strong under the dynamic motion of the platform due to envi-
ronmental loads. Hydrodynamic loads acting on the mooring lines are due to the
combined effect of inertial loads, incident wave forces, and drag forces, and the total
load is evaluated using the Morison formula. From mooring tension statistics, it is
evident that the mooring tensions in environmental loading for catenary mooring >
taut mooring for directions 0° > 45° > 90°. The tension in mooring lines which are
significant, i.e. most loaded mooring lines, based on the mooring tension statistics is
only shown, and others are omitted for brevity (Fig. 12).
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Fig. 12 Tension in the catenary mooring line—11 and taut mooring line—2 for 0° wave direction
4 Fatigue Analysis

4.1 Palmgren-Miners Rule-Based Fatigue Analysis

The nonlinear dynamic variation in mooring line tensions will cause the fatigue
damage of mooring lines, which will be estimated by Palmgren-Miners rule based
on the S—N curve approach [18]. According to the Palmgren-Miners rule, the annual
cumulative fatigue damage of the mooring line can be predicted by using the formula:

m

D:ZI”V— 9)

i=1

where n; is the number of cycles per year for tension range interval, and N; is the
number of cycles to failure under constant tension range ‘i’ as per the S—N curve. The
stress in the mooring lines we have got is non-zero mean stress, which is modified
as effective stress using Goodman criteria [19], and rain flow counting method is
used to analyse the time history of the mooring stress. Parameters for S-N curve are
chosen according to the standard code [20], and fatigue life is then calculated from
estimated damage and then extrapolated for 10,000 s to find the fatigue life of the
spread mooring system.

Fatigue life for a mooring line from the group of mooring lines, which are
extremely loaded and least loaded are only discussed, because of a profuseness
of data. The most loaded catenary mooring lines for 1 year return period under 0°
wave loading are found to be mooring line #11 for which corresponding fatigue life
2.12 years. Similarly, under 45° wave loading for mooring line #3 having fatigue life
11.56 years and for 90° wave direction mooring line #6 is the most loaded having
fatigue life of 18.5 years as shown in Fig. 13. The most loaded taut mooring line #2
have 1.28 years fatigue life for 0° wave direction. For 45° wave heading mooring
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Fig. 13 Fatigue life of catenary and taut mooring lines under 1 year return period

line #3 is found to be most loaded and have 3 years of fatigue life, and mooring lines
#4 and #10 are observed to be the most loaded having fatigue life of 1.36 years.

The fatigue life for spread catenary and taut moorings under various wave direc-
tions for one year return period is only shown. While fatigue life of the mooring
lines under 100 years return period is omitted for brevity. Hence, based on the results
obtained as shown in Fig. 13, one can conclude that fatigue life for spread catenary
mooring is more than that of taut mooring.

5 Conclusion

Coupled dynamic response analysis of semi-submersible with spread mooring system
has been carried out, and observations are made based on the results obtained. The
natural periods of semi-submersible with taut mooring is greater than that of catenary
mooring, and this can be due to less horizontal force component in taut mooring. The
damping ratios of catenary mooring are greater than taut mooring, and this might
be due to more length of catenary mooring. The semi-submersible response in surge
d-o-f using catenary mooring under 0°, 45° environmental loading is better than that
of taut mooring, while the response in the pitch d-o-f is nearly same for both taut and
catenary mooring for 45° loading. While heave response is almost the same for both
mooring system, under 0° and 45° loading. Based on the mooring tension statistics
shown in Table 7, the standard deviation of tension in taut mooring lines is less than
that of catenary mooring lines irrespective of the direction of environmental loading.
Hence, the fatigue life of the spread catenary mooring is found to be more than that
of taut mooring and possesses various advantages over taut mooring lines.

In general, global responses of the semi-submersible are affected by mooring
configuration, water depth, and pretension in mooring lines due to the coupling
effects. For future work, one can consider the effect of vortex-induced vibration on
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Table 7 Mooring tension statistics for 1 year return period

Mooring lines | Mooring tension statistics | Spread catenary Spread taut mooring
mooring
0° 45° 90° 0° 45° 90°
#2 (MN) Minimum 6.08 |6.15 |631 |[3.72 |3.84 |37
Maximum 7.15 |7.03 |7.04 |59 537 |5.12
Mean 6.69 |6.68 |6.71 |[4.56 |45 4.4
Standard deviation 0.12 |0.11 0.1 0.31 0.2 0.19
#3 (MN) Minimum 644 |6.62 |658 |[3.02 |323 |3.34
Maximum 7.71 743 |723 495 |4.88 |4.091
Mean 695 694 |6.89 |4.06 |4.09 |4.15
Standard deviation 0.16 |0.11 [0.08 [0.25 |0.2 0.22
#4 (MN) Minimum 6 6.51 |6.58 |325 ([3.23 |3.23
Maximum 724 |7.12 |724 |4.89 487 |[5.02
Mean 6.68 |6.8 6.89 |4.16 |4.14 |4.17
Standard deviation 0.15 |0.08 [0.08 [0.21 |0.2 0.23
#6 (MN) Minimum 6.09 |6.5 6.55 [3.09 |3.67 |[3.63
Maximum 7.15 |7.15 729 |498 (492 |52
Mean 6.69 [6.82 |69 413 |4.28 |44
Standard deviation 0.12 [0.08 |0.1 0.24 [0.17 |0.21
#11 (MN) Minimum 6.38 |6.64 |6.6 312 322 |3.28
Maximum 7.86 |7.43 |7.19 |493 |4.87 |497
Mean 698 695 |6.88 |4.11 |4.11 |4.16
Standard deviation 0.18 |0.11 [0.07 [0.23 |0.2 0.22

the moorings and effect of corrosion, for evaluating the fatigue life of the spread
mooring system.
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