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Floating Production Storage and Offloading (FPSO) platforms are the most used floating structures in the
offshore oil and gas industry. They are generally kept in place with the aid of mooring lines anchored to
the seabed. In deep waters, the responses of mooring lines become more significant and difficult to be
accurately captured through experiments or numerical quasi-static models. Thus, this paper assesses
the influence of water depth, mooring line diameter as well as added inertia and drag coefficients on
the behaviour of a deepwater turret-moored FPSO platform. The commercial software, AQWA, is used
to conduct fully coupled time-domain dynamic analysis for the FPSO subjected to a unidirectional ran-
dom wave. The results highlighted the influence of water depths and mooring line diameter in reducing
surge motions and increasing mooring line tensions, at the same time furnishes valid information on the
fluctuation trend of these responses. Drag and inertia coefficients were found to have little impact on the
dynamic motions of FPSO.

� 2019 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams Uni-
versity. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
1. Introduction

Floating platforms are commonly deployed in offshore deep-
water regions for the exploration and production of oil and gas.
FPSO, in particular, has many advantages which include providing
a better option for smaller oil fieldwhere the possibility of depleting
the reserve is within a couple of years. While in operation, they can
be utilized for ExtendedWell Testing (EWT) and pilot production to
gather important reservoir data [1,2]. They are held in place by an
arrangement of mooring lines anchored to the seabed. These moor-
ing lines contribute toward the floating system’s damping, which in
turn influence its dynamic motions and mooring line tensions.

In shallow waters, the mooring induced damping is considered
insignificant. Research has shown that in relatively shallow water
depths, the effects can be ignored while still obtaining reasonably
accurate results [3]. In such cases, quasi-static analysis or uncoupled
analysis, which are computationally inexpensive can be applied.

Moreover, physical model testing of a complete scaled-down
model may be carried out for such systems operating in relatively
shallow water depth. This is generally acknowledged as the most
reliable method of testing a system. Numerical simulations are
typically validated against physical model test results before fur-
ther analysis [4].

At greater water depths, however, the damping, as well as
added mass from the mooring lines, become too significant to be
ignored. Experimental tests of a complete system with its mooring
lines in deep and ultra-deep waters is limited by the existing wave
facilities available due to their relatively shallow basin depth, mak-
ing it difficult to model platforms in deep waters within the typical
scale size (between 1:40 to 1:100). On the other hand, accurate
prediction of the system may not be possible using the relatively
simple quasi-static approach, because the method ignores the
damping effects of the mooring lines. Studies have found signifi-
cant discrepancies in the low-frequency surge motion [5] as well
as in the mooring line tensions [6,7].

Hence, to accurately predict the dynamic responses of floating
platform operating in deepwater, researchers often employ numer-
ical simulations using fully coupled dynamic analysis. The method
considers the simultaneous interaction of the platform motion
and mooring line dynamics. Studies have been conducted to
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Fig. 1. Numerical simulation process.
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benchmark coupled dynamic analysis against uncoupled quasi-
static analysis method [8,9] as well as a truncated model test
[10]. The results showed that the uncoupled approach and trun-
cated model test tend to overpredict both the low-frequency
responses and the mooring line tensions. Hence, this justifies the
need for coupled dynamic analysis in accurately estimating float-
ing system behaviour.

In order to investigate the effect of mooring line damping on the
low-frequency motions of a floating vessel, Wichers and Huijsmans
presented a numerical model which calculates the cable dynamics
by discretising the mooring line to a finite number of nodes [11].
Dynamic analysis using finite element method (FEM) has since
been in use for rigorous and accurate predictions of floating sys-
tems. Chen developed a coupled numerical simulation code called
COUPLE [12], which is capable of analysing nonlinear dynamic
responses in 6 degrees of freedom (DOF) for spars and TLPs. A sim-
ilar code, WINPOST was developed by Ran to analyse the dynamic
behaviour of floating structures together with their mooring sys-
tem [13]. The code was later modified by Arcandra for the analysis
of turret-moored FPSO systems [14]. Kim further expanded on the
code to include multiple floating systems coupled with their moor-
ing lines and risers [15].

Detailed investigations with respect to the effects of water
depths were conducted by Lin and Sayer by means of a moored
system at depths ranging from 300 to 3000 m [16,19,20]. Result
of the studies reveals that surge motion and mooring line tensions
are primarily governed by low frequency (LF) responses, and are
prominent at greater water depths. The authors strongly recom-
mend fully coupled time-domain dynamic analysis for depths
greater than 1000 m, in order to incorporate the nonlinearities
and coupling effects of the mooring and riser system.

Studies [17] have consistently shown that the low-frequency
responses of a floating platform and its mooring lines are particu-
larly sensitive to water depth. The mean offset and low-frequency
horizontal motions tend to significantly increase at greater depths,
thought to be mainly attributed to the decreasing horizontal stiff-
ness of the mooring system.

This study further explores the influence of water depth on the
dynamic response of FPSO for different mooring diameters, as well
as the effects of drag and added inertia coefficients.

A turret-moored FPSO is taken as a case study. The Commercial
software AQWA is used to numerically model the FPSO and con-
duct a fully coupled dynamic analysis simulations. Prior to the
analysis, the AQWA numerical model was validated against pub-
lished results of an experimental as well as a numerical simulation
[18]. The validation was conducted for an FPSO operating in deep-
water under the action of wind, wave, and current environment.
The AQWA model was generally found to be within reasonable
agreement particularly with the published numerical data. The
study focuses on water depths between 1000 and 2000 m.

Performing evaluation of forces in the mooring lines of an FPSO
is in strong connection with the level of the dynamicity of its beha-
viour. In this respect, various parameters and methods of analysis
of floating platforms have been studied in trying to assess the influ-
ence of mooring lines and/or risers on the behaviour of a floating
system [9,19]. Some studies conducted provide a general assess-
ment on the behaviour of a floating platform and its mooring lines
and risers in different water depths, while focusing on other
aspects in their work [5,20]. Hybrid tests, involving experimental
approaches and techniques were carried out to study the influence
of migration from deep to very deep water (>1000 m) of floating
platform [21].

Detailed investigations were conducted by Lin and Sayer by
means of a moored system at depths ranging from 300 to
3000 m [22,23] it was highlighted in the studies that surge motion
and mooring line tensions are primarily governed by low fre-
quency (LF) responses, and are prominent at greater water depths.
The authors strongly recommend the fully coupled time-domain
analysis for water depths greater than 1000 m, in order to incorpo-
rate the nonlinearities and coupling effects of the mooring and
riser system.

In the same vein, Heurtier et al. [16] reported the outcome of a
coupled analysis at 2000 m that the surge motion FPSO was also
greater at low frequency, further reiterating the influence of water
depth. Mooring diameter was reported to have a significant influ-
ence on the cumulative payload on the exerted on the FPSO hull
as well as the line length [24].
2. FPSO configurations and mooring lines’ properties

Numerical simulations using a fully coupled dynamic analysis
method were carried out using the commercial software AQWA,
utilizing the first-order potential theory for radiation and diffrac-
tion analysis [25]. Summarized process of the analysis is presented
in Fig. 1. Computations of the hull hydrodynamics were done via
3D radiation/diffraction analysis and solved by means of Quadratic
transfer function (QTF) method. The simulations were carried out
in time-domain.

In this paper, a turret moored FPSO is considered as a case
study. The design of the hull is based on the model by Kim et al.
[26] and is shown in Table 1.

The FPSO is connected to a mooring system comprising of 12
lines. The lines are divided into four groups, i.e. G1, G2, G3 and
G4, with three lines in each group. The line arrangements are as
depicted in Fig. 2 while mooring line properties for the polyester
and chain segments are shown in Table 2.

An attempt was made to keep the mooring lines arrangement
for all water depth cases as close as possible to the system at
2000 m depth (i.e. at approximately the same inclination angle
from the bottom of the seabed to the turret). Fig. 3 provides visu-
alization on the steps taken to achieve the above requirement, as
suggested by [27], by adjusting mooring line segments’ length
and introducing clump weights. Additional segments were also
added, which extends the mooring line to lie on the seabed. These
additional segments function only to achieve the required surge
mooring line restoring force. Table 3 lists the mooring line preten-
sion as well as the length of each segment suspended above the
seabed.
www.manaraa.com



Table 1
FPSO details.

Parameter Units Value

Production level bpd 120,000
Storage bbls 1,440,000
Vessel size kDWT 200
Length between perpendicular, Lpp m 310
Breadth m 47.17
Height m 28.04
Draft (80% loaded) m 15.121
Displacement MT 186,051
Surge centre of gravity from turret, CGx m �109.67
Heave centre of gravity from mean water level, CGx m �1.8
Frontal wind area m2 4209.6
Transverse wind area m2 16018.6
Roll radius of gyration at CG, Rxx m 14.036
Sway radius of gyration at CG, Ryy m 77.47
Yaw radius of gyration at CG, Rzz m 79.3
Turret in center line behind Fpp m 38.75
Turret diameter m 15.85

Fig. 2. Mooring arrangement.

Fig. 3. Mooring line inclination (side view).
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3. Governing equations

3.1. Wave force formulation

The fluid was assumed to be inviscid, incompressible, irrota-
tional and in a continuous flow, hence the fluid motion is
expressed using the Laplace equation,

Du ¼ @2u
@x2

þ @2u
@y2

þ @2u
@z2

¼ 0 ð1Þ

where u is the velocity potential which could be defined in terms of
wave-particle velocities, i.e. u, v and w, as in Eq. (2).

u ¼ @u
@x

; v ¼ @u
@z

; w ¼ @u
@y

ð2Þ

The first-order velocity potential is expressed in Eq. (3),

u1 ¼ ag
x

cosh ks
cosh kd

sin h ð3Þ
Table 2
Mooring line properties.

Parameter Units Value

Polyester

Diameter mm 156
Mass per unit length kg/m 16.7
Stiffness, EA kN 187,000
Normal drag coefficient, CDN – 1.2
Normal added inertia coefficient, CIN – 1.1
where:
a = wave amplitude, g = acceleration due to gravity, x = wave

frequency, s = effective water depth, d = water depth, h = kx�xt.
The FPSO platform is subjected to the wave condition shown in

Table 4. Current and wind are not considered in this study. A uni-
directional random wave is considered, propagating in the direc-
tion from the vessel bow (where the turret is located) to stern.
The JONSWAP spectrum model was adopted, given as:

SðxÞ ¼ / g2c2

x5 exp �ð5x4
p

4x4

 !
ð4Þ

where, xp ¼peak frequency, c = peak enhancement factor and
a = constant relating the wind speed (0.0081).

The total velocity potential due to incident (uIÞ, radiation (uRÞ
and diffraction (uDÞ waves can, therefore, be expressed as:

u X
!� �

e�ixt ¼ uI þuDð Þ þ
X6
j¼1

urjxj

" #
e�ixt ð5Þ

where X
!

= X;Y ; Zð Þ = location of a point on the body, urj = radiation
wave potential due to the motion in j direction and xj = motion in j
direction.

The incident wave velocity potential can be inferred from the
following equation:

uI X
!� �

e�ixt ¼ � igaw cosh ks
x cosh kd

ei �xtþk X cosvþY cosvð Þþe½ � ð6Þ

Eqs. (7) and (8) are the equations of diffraction and radiation
potentials respectively.

@uð1Þ
D

@n
¼ � @u 1ð Þ

I

@n
ð7Þ

@uð1Þ
R

@n
¼ �ixn: nj 1ð Þ þ a 1ð Þ � r

� �
ð8Þ

where n is the amplitude of translational motion (surge, sway and
heave), a stands for the amplitude of rotational motion of the plat-
www.manaraa.com
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201 251 290 95.3
28.3 44.2 59.2 189.2
321,000 509,000 670,000 820,900
1.2 1.2 1.2 2.45
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Table 4
Environmental condition.

Parameter Units Value

Water depth m 1829
Wave
Significant wave height, Hs m 12.19
Peak period, Tp s 14
Spectrum JONSWAP –
Peak factor, c – 2.5
Direction 0 180

Table 3
Mooring line pretension and suspended length.

Polyester diameter
(mm)

Depth
(m)

Pretension
(kN)

Line segment (m)

Top Middle Bottom

156 1000 589 121.9 1327.5 –
1100 585 121.9 1474.6 –
1200 612 121.9 1621 –
1300 601 121.9 1758.25 10
1400 644 121.9 1893.9 20
1500 896 121.9 1968 90.25
1600 1078 121.9 2092.5 110
1700 1283 121.9 2216.25 130
1800 1397 121.9 2360.5 130
1900 1330 121.9 2487 150
2000 1429 121.9 2689.4 91.4

201 1000 611 121.9 1327.6 –
1100 622 121.9 1474 –
1200 617 121.9 1621.25 –
1300 653 121.9 1767.6 –
1400 688 121.9 1914.1 –
1500 708 121.9 2060.75 –
1600 734 121.9 2207.4 –
1700 758 121.9 2354.1 –
1800 783 121.9 2500.8 –
1900 827 121.9 2647.1 –
2000 840 121.9 2794.1 –

251 1000 633 121.9 1328 –
1100 658 121.9 1474 –
1200 694 121.9 1621 –
1300 749 121.9 1767 –
1400 767 121.9 1914 –
1500 810 121.9 2061 –
1600 852 121.9 2208 –
1700 889 121.9 2354 –
1800 941 121.9 2500.3 –
1900 986 121.9 2646.7 –
2000 1016 121.9 2793.6 –

290 1000 675 121.9 1327.6 –
1100 728 121.9 1474 –
1200 775 121.9 1620.5 –
1300 821 121.9 1766.6 –
1400 871 121.9 1914.4 –
1500 927 121.9 2061 –
1600 963 121.9 2206.75 –
1700 1029 121.9 2354 –
1800 1092 121.9 2500.25 –
1900 1146 121.9 2646.7 –
2000 1220 121.9 2793.6 –
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form (roll, pitch and yaw), r is the position vector, while n is the out-
ward unit normal vector on the body surface. Thus, the six degrees
of freedom can be represented as:

xj ¼
nð1Þj for j ¼ 1;2;3

að1Þ
j�3 for j ¼ 4;5;6

8<
: ð9Þ

The generalised expression of radiation potential is shown in
Eq. (10),

uð1Þ
R ¼

X6
j¼1

uð1Þ
j xj ð10Þ
where uð1Þ
j is the velocity potential of rigid body motion with unit

amplitude in the jth mode when the incident wave does not exist.
The 1st order dynamic pressure distribution can be computed

using the linearized Bernoulli equation:

pð1Þ ¼ �q
@U X

!
; t

� �
@t

¼ ixqu X
!� �

e�ixt ð11Þ

where q is the fluid density.
The 1st order hydrodynamic forces on the body can then be

written in the generalised form as:

Fje�ixt ¼ �
Z
S0

p 1ð ÞnjdS¼ �ixq
Z
S0

u X
!� �

njdS

2
64

3
75e

�ixt

ð12Þ

Combining Eqs. (5) and (12), the 1st order wave force can be
expressed as:

Fj ¼ F Ij þ FDj
� �þX6

k¼1

FRjkxk

" #
e�ixt; j ¼ 1;6 ð13Þ

where:
Froude-Krylov force due to an incident wave,

F Ij ¼ �ixq
Z
S0

uIðX
!ÞnjdS ð14Þ

Diffraction force due to diffracting wave

FDj ¼ �ixq
Z
S0

uD X
!� �

njdS ð15Þ

Radiation force due to radiating wave induced by the kth body
motion

Frjk ¼ �ixq
Z
S0

uRk X
!� �

njdS ð16Þ

The added mass and damping coefficients can be obtained from
Frjk by expressing the radiation velocity potential in the complex
form:

Frjk ¼ �ixq
Z
S0

Re urk X
!� �h i

þ iln urk X
!� �h in o

njdS

¼ xq
Z
S0

ln urk X
!� �h i

njdS� ixq
Z
S0

Re urk X
!� �h i

njdS ð17Þ
3.2. Dynamics of mooring lines

AQWA software uses the discrete lump-mass model in solving
mooring line responses. The effects of line mass, drag, inline elastic
tension and bending moment are considered

In analysing the mooring lines, assuming no torque or twisting
moment, equation of motion of the mooring line can be written as:

@ T
!

@Se
þ @ V

!
@Se

þ w!þ F
!

h ¼ m
@2 R

!

@t2
ð18Þ

where T
!

= tension at the first node of the element,V
!

= shear force
at the first node of the element, w! = element weight per unit length,

F
!

h = external force per unit length, m = structural mass per unit

length, R
!

= positon at the first node of the element, and Se = cable
length.

The total gravitational forces at nodes j and j + 1 are expressed
in a 6 � 1 matrix, given as:
www.manaraa.com



Table 5
Components of FPSO added mass matrix [28].

mij Formula

m11 km11

m22 l1k
qp
2

R L2
L1

T xð Þ2k22 xð Þdx
m24;m42 l1k

q
2

R L2
L1

T xð Þ3k24 xð Þdx
m26;m62 l2k

qp
2

R L2
L1

T xð Þ2k22 xð Þxdx
m33 l1k

qp
8

R L2
L1

B xð Þ2k33 xð Þdx
m13;m31 0
m35;m53 �l2ðk ¼ L

8Þ qp8
R L2
L1

B xð Þ2k33 xð Þxdx
m44 �l1k

qp
256

R L2
L1

B xð Þ4k44 xð Þdx
m55 k44Iyy
m46;m64 l1k

qp
2

R L2
L1

T xð Þ3k24 xð Þxdx
m15;m51 m15 ¼ m51 ¼ �m11

m42
m22

m66 ¼ R L2L1 m66 xð Þdx l2k
qp
2

R L2
L1

T xð Þ2k22 xð Þx2dx

Table 6
Components of hydrostatic stiffness matrix.

Kij Formula

K33 qgSwp

K34 qg
RR
Sbo

yn3ds

K35 �qg RR
Sbo

xn3ds

K43 K43 ¼ K34

K44 qgV
�
GM4

K45 �qg RR
Sbo

xyn3ds

K46 �qgV
�
xb �Wxg

K53 K53 ¼ K35

K54 K54 ¼ K45

K55 qgV
�
GM5

K56 �qgV
�
yb þWyg
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w¼ w!j; w!jþ1

� �T ¼ 0; 0; � 1
2 mLj þM
� �

g; 0; 0; � 1
2mLjg

� �T
ð19Þ

where Lj = unstretched element length.
The wave excitation force is ignored on the dynamic cable;

thus the hydrodynamic force (FhdÞ is the summation of the
buoyant force (Fb), drag force (FD) and added mass radiation
force (Fa):

Fhd ¼ Fb þ FD þ Fa ð20Þ

Fhd ¼ Fb þ FD �ma a!j; a!jþ1

� 	T ð21Þ

where a!j = acceleration at node j.
The element buoyant force matrix is expressed as:

Fb ¼ 0; 0; 1
2qAcjLjg; 0; 0; 1

2 qAcjLj þMb

� �
g

� �T ð22Þ

where Acj = equivalent cross-sectional area, and Mb = mass of
buoy.

The time-dependent drag force of an element is given by
Eq. (23).

Fd tð Þ ¼ fd jð Þ � 1
2CdcScqw Uj tð Þ �Vj tð Þ

 

 Uj tð Þ�Vj tð Þ� �

fd jþ1ð Þ � 1
2CdbSbqw Ujþ1 tð Þ �Vjþ1 tð Þ

 

 Ujþ1 tð Þ�Vjþ1 tð Þ� �

( )

ð23Þ
where Cdc = drag coefficient of clump weight, Cdb = drag coefficient
of intermediate buoy, Sc = surface area of clump weight, Sb = surface
area of intermediate buoy, Uj = structural velocity matrix at j, and
Vj = current velocity matrix at j.

Segment tension is determined using (24) as presented in [28].

Tkþ1 sþ Dsð Þ ¼ Tk sþ Dsð Þ � Dw sð Þ½ ��1wk sð Þ ð24Þ

Where w = segment length error vector, Tk= tentative segment ten-
sion vector at the k-th iteration, Dw= length error derivative
matrix.

For each time step, the system of equation is solved until an

acceptable convergence of Tkþ1 sþ Dsð Þ is obtained. Tentative ten-
sion is used as initial tension in the previous step. Each node j is
connected to the adjacent nodes j� 1 and þ1.

3.3. Equation of motion

The six-degree of freedom (6DOF) motion of the FPSO, other-
wise known as the centroidal displacement in the x; y; z plane is
represented by equilibrium equation of motion relating the struc-
tural motion and the resultant of force vector (in this case, only
wave), total radiation force, and total force from mooring lines.
For each of the DOF, the motion of the structure in one direction
is associated with added mass and damping term in that direction
and the other directions as well.

The equation of motion is of the platform is given as:

M½ � @x2G
@t2

( )
þ C½ � @xG

@t

� �
þ K½ � xGf g ¼ F tð Þ ð25Þ

where, M½ � ¼ mþma½ �, m is the system structural mass, and ma is
the added mass component in infinite frequency. C is the damp-
ing coefficient, and K is the system stiffness consisting of contri-
butions from the hydrostatic stiffness and mooring stiffness, xG is
the structural displacement in the six degrees of freedom consid-

ered, @xG
@t is the structural velocity vector, while @x2G

@t2
is the structural

acceleration vector. Eqs. (26)–(29) show the structural mass,
added mass, hydrostatic and mooring line stiffness matrices
respectively.
m½ � ¼

m
0
0
0

mzG
�myG

0
m

0
�mzG
0

mxG

0
0
m

myG
�mxG

0

0
�mzG
myG
I11
I21
I31

mzG
0

�mxG
I12
I22
I32

�myG
mxG
0
I13
I23
I33

2
666666664

3
777777775

ð26Þ

m is the mass of the platform with the centre of gravity at xB; yG; zG.

ma½ � ¼

m11

0
m31

0
m51

0

0
m22

0
m42

0
m62

m13

0
m33

0
m53

0

0
m24

0
m44

0
m64

m15

0
m35

0
m55

0

0
m26

0
m46

0
m66

2
666666664

3
777777775

ð27Þ

Eq. (27) is a reduced form of the original matrix consisting of 36
components after eliminating added mass due to the symmetry of
FPSO, component of the added mass matrix is as shown in Table 5
as given by [29]. That is, mijdij , where, mij ¼ mji considering the

Kronecker delta function, dij ¼ 0ifi–j;
1ifi ¼ j:

�
The stiffness matrix is given as KT ¼ KHS þ KM½ �, consisting of

hydrostatic and mooring line stiffness, presented as a combined
6x6 matrix as in equations below. Components of the hydrostatic
stiffness matrix are given in Table 6.
www.manaraa.com
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KHS ¼

0
0
0
0
0
0

0
0
0
0
0
0

0
0
K33

K43

K53

0

0
0
K34

K44

K54

0

0
0
K35

K45

K55

0

0
0
0
K46

K46

0

2
666666664

3
777777775

ð28Þ

Km ¼

K11

0
0
0
K51

0

0
K22

0
K42

0
0

0
0
K33

0
0
0

0
K24

0
K44

0
0

K15

0
0
0
K55

0

0
0
0
0
0
K66

2
666666664

3
777777775

ð29Þ

where; K11 ¼ K22 ¼ 4T
L , K24 ¼ K42 ¼ �K15 ¼ �K51 ¼ 4TD

L , K33 ¼ 4KI ,

K55 ¼ K44 ¼ 4TD2

L þ 2KIR
2 þ 4TD, K44 ¼ 4TR2

L , T is the tension in the
line pretension caused by excess buoyancy and L is the stretched
cable length.

Damping coefficient matrix is as presented in Eq. (30),

C ¼

0
0
0
0
0
0

0
C22

0
C42

0
C62

0
0
C33

0
C53

0

0
C24

0
C44

0
C64

0
0
C35

0
C55

0

0
C26

0
C46

0
C66

2
666666664

3
777777775

ð30Þ

where,cjk and mjk are the two-dimensional damping coefficient and
added mass for each FPSO strip section, xT is the coordinate of the
transom stern, the integration performed along the length L. Com-
ponent of the damping matrix are presented as given by [30].

C22 ¼
Z
L

c22 xð Þdxþ Um22 xTð Þ; C24 ¼
Z
L

c24 xð Þdxþ Um24ðxTÞ

C26 ¼
Z
L

xc22 xð Þdxþ U
Z
L

m22 xð Þdxþ UxTm22 xTð Þ � U2

xe
2 c22ðxTÞ

C33 ¼
Z
L

c33 xð Þdxþ Um33ðxTÞ

C35 ¼ �
Z
L

xc33 xð Þdx� U
Z
L

m33 xð Þdx� UxTm33 xTð Þ þ U2

xe
2 c33ðxTÞ

C42 ¼
Z
L

c24 xð Þdxþ Um24ðxTÞ; C44 ¼
Z
L

c44 xð Þdxþ Um44ðxTÞ

C46 ¼
Z
L

xc24 xð Þdxþ U
Z
L

m24 xð Þdxþ UxTm24 xTð Þ � U2

xe
2 c24ðxTÞ

C53 ¼ �
Z
L

xc33 xð Þdxþ U
Z
L

m33 xð Þdx� UxTm33 xTð Þ

C55 ¼
Z
L

x2c33 xð Þdxþ U2

xe
2

Z
L

m33 xð Þdxþ Ux2Tm33 xTð Þ � U2

xe
2 c33ðxTÞ

C62 ¼ �
Z
L

xc22 xð Þdx� U
Z
L

m22 xð Þdxþ UxTm22 xTð Þ
C64 ¼
Z
L

xc24 xð Þdx� U
Z
L

m24 xð Þdxþ UxTm24 xTð Þ

C66 ¼
Z
L

x2c22 xð Þdxþ U2

xe
2

Z
L

m22 xð Þdxþ Ux2Tm22 xTð Þ � U2

xe
2 c22ðxTÞ

The platform response is determined by solving the equation of
motion using the two-stage predictor-corrector numerical analysis
scheme.

Given the time domain global equation of motion as:

Ft ¼ MA ð31Þ
where M is the assembled structural and added mass matrix, A, the
unknown acceleration vector and Ft , the total applied force vector.Ft

is first computed as a function of the known time, position and
velocity. A is then solved using Eq. (31), the predicted velocity
and position at time t þ dt are given respectively as:

V� t þ dtð Þ ¼ V tð Þ þ A tð Þdt ð32Þ

X� t þ dtð Þ ¼ X tð Þ þ V tð Þdt þ A tð Þdt
2

2
ð33Þ

In the second stage, the total applied force F�
t is estimated at

time t þ dt. The estimated acceleration A� is solved using Eq.
(31), and the corrected velocity and position at time t þ dt are
given respectively using Taylor’s theorem:

V t þ dtð Þ ¼ V tð Þ þ A tð Þ þ A� t þ dtð Þ
2

dt ð34Þ

X t þ dtð Þ ¼ X tð Þ þ V tð Þdt þ 2A tð Þ þ A� t þ dtð Þ
6

dt2 ð35Þ
4. Results and discussions

4.1. Static offset

In order to match the surge mooring line restoring forces for the
cases considered, the static offset of the systems is made to match
as close as possible for all tested depths. Fig. 4 shows the results for
diameter, D = 156 mm, which agrees well for the tested depths.
Cases of D = 201 mm, 251 mm and 290 mm were also conducted
and results are found to agree well among each other.

4.2. Effect of mooring line diameter

Coupled dynamic analyses were conducted for various polye-
ster segment diameter, i.e. D = 156 mm, 201 mm, 251 mm and
290 mm, at 1000 m and 2000 m water depths. The chain segment
properties remain the same for all cases considered.

Figs. 5, 6 and Table 7 show the surge spectrum and the statisti-
cal values for 1000 m and 2000 m water depth for various mooring
line diameters, i.e. 156 mm, 201 mm, 251 mm, 290 mm. Figs. 5 and
6 show dominant low frequency surge motion. Also, a significant
reduction in the surge response corresponding to the increase in
mooring line diameter was observed. Table 7 shows a reduction
of the Standard Deviation (S.D) and the maximum surge spectrum
response corresponding to the increase in mooring line diameter.
This is due to higher mooring line damping possessed by larger line
diameters; however, their effect is observed to decrease as the
diameter increases.

At 2000 m water depth, the surge spectrum and statistical val-
ues of D = 251 mm and 290 mm were relatively observed to be
equal. A reduction in the maximum surge was recorded for up to
www.manaraa.com



Fig. 4. Surge static offset (D = 156 mm).

Fig. 5. Surge spectrum (1000 m).

Fig. 6. Surge spectrum (2000 m).

Table 7
Surge statistical values (in m).

D = 156 mm D = 201 mm D = 251 mm D = 290 mm

Depth = 1000 m max 10.7 10.32 8.1 6.37
min �20.54 �20.79 �20 �19.39
mean �4.63 �4.55 �4.57 �4.57
s.d. 5.33 4.86 4.1 3.62

Depth = 2000 m max 9.6 4.38 2.96 2.54
min �19.08 �18.08 �16.84 �16.75
mean �4.51 �4.55 �4.51 �4.49
s.d. 4.96 3.23 2.73 2.67
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54% from diameter 156 mm to 201 mm, 32% from mooring line
diameter 201 mm to 251 mm, and 14% from diameters 251 mm
to 290 mm respectively. This implies that at deeper waters,
increasing the mooring line diameter past a certain range will
not have any significant effect on the surge motions.
Table 8 shows no significant changes for the heave, roll and
pitch, which is due to the fact that these motions are primarily gov-
erned by the structural damping of the hull and the contribution of
mooring line stiffness is small in these motions. Due to their natu-
ral frequencies close to the typical ocean waves’ frequencies, the
three motions are wave frequency (WF) dominated. Hence, WF-
dominated motions of heave, pitch and roll are largely unaffected
by mooring line diameter at both 1000 m and 2000 m water depth
as shown in Table 9.

The mooring line tensions of line group G3 at 1000 m and
2000 m as in Figs. 7 and 8 show a reduction in tension spectrum
with increasing line diameter in the dominated Lower Frequency
(LF) region, which is similar to the surge spectrum.
4.3. Effect of water depth

The analysis was conducted using polyester mooring line diam-
eters, i.e. D = 156 mm, 201 mm, 256 mm and 290 mm, and simu-
lations carried out at water depths ranging from 1000 m to 2000 m,
at 100 m intervals, for each mooring line diameter. The peak points
of the spectrum were presented for comparison between the surge
and line tension. The statistical data are presented in Tables 10 and
11.

A general decrease in peak surge responses for all mooring line
diameters at all water depths were observed in Fig. 9. However, for
mooring line diameter 156 mm, the decrease was relatively linear
in trend up to 1400 m water depth, after which a sudden increase
in the peak surge value was recorded from 1400 m to 1500 m
www.manaraa.com



Table 8
Heave, roll, and pitch statistical values.

Motion Depth D = 156 mm D = 201 mm D = 251 mm D = 290 mm

Heave (m) 1000 max 8.21 8.22 8.27 8.28
min �9.82 �9.91 �9.91 �9.91
mean �0.09 �0.09 �0.09 �0.10
s.d. 2.35 2.37 2.38 2.39

2000 max 8.09 8.14 8.16 8.16
min �9.95 �9.82 �9.88 �9.98
mean �0.23 �0.13 �0.15 �0.19
s.d. 2.36 2.35 2.36 2.38

Roll (rad) 1000 max 0.01668 0.01499 0.01486 0.01465
min �0.01677 �0.01403 �0.01351 �0.01373
mean 0.00015 0.00015 0.00015 0.00015
s.d. 0.00419 0.00383 0.00378 0.00378

2000 max 0.01417 0.01451 0.01583 0.01568
min �0.01390 �0.01403 �0.01539 �0.01533
mean 0.00015 0.00015 0.00015 0.00015
s.d. 0.00365 0.00384 0.00396 0.00383

Pitch (rad) 1000 max 0.07422 0.07482 0.07488 0.07488
min �0.06428 �0.06400 �0.06422 �0.06429
mean 0.00193 0.00195 0.00196 0.00199
s.d. 0.01777 0.01787 0.01794 0.01798

2000 max 0.07501 0.07442 0.07477 0.07534
min �0.06361 �0.06397 �0.06397 �0.06387
mean 0.00279 0.00216 0.00232 0.00251
s.d. 0.01785 0.01775 0.01783 0.01792

Table 9
Tension G3 statistical values (in kN).

D = 156 mm D = 201 mm D = 251 mm D = 290 mm

Depth = 1000 m max 5072.14 5106.77 5365.6 5280.52
min 519.98 538.13 793.37 1038.38
mean 2380.32 2433.15 2485.57 2593.67
s.d. 757.8 683.45 601.43 546.38

Depth = 2000 m max 6526.56 5411.68 5468.37 6117.35
min 3098.31 1357.16 2126.01 2723.15
mean 4728.18 3046.59 3551.21 4142
s.d. 560.48 540.78 454.88 438.69

Fig. 7. Tension spectrum G3 (depth = 1000 m). Fig. 8. Tension spectrum G3 (depth = 2000 m).

734 M.O. Ahmed Ali et al. / Ain Shams Engineering Journal 11 (2020) 727–739
before resuming the normal decreasing trend. This is probably due
to the significant ‘‘jump” in pretension from 1400 m to 1500 m,
which is necessary to maintain the surge mooring line restoring
force in the static offset as shown in Table 12. Subsequent percent-
age increase in pretension at water depth intervals is less than 7%
from water depth 1000 m to 1400 m, at 1500 m, the pretension
increment was 28%, which is four times greater than the previous
increment recorded. For water depth between 1500 m and 2000 m,
the increase was less than 17%. This will also be in agreement with
the trend of surge maximum and S.D values when plotted using
Table 10.

Unlike D = 156 mm, the surge responses of the other three
mooring line diameters displayed more consistent decreasing
trend. The decrease is most significant at lower water depths
(between 1000 and 1500 m) but becomes less pronounced at dee-
per waters (greater than1500 m). In addition, maximum and S.D
values were observed to decrease, as shown in Table 10; the rate
of decrease also becoming smaller the greater the depth.
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Table 10
Surge statistical results.

Diameter 1000 1100 1200 1300 1400 1500

156 mm max 10.7 10.25 10.06 9.63 9.62 10.64
min �20.54 �20.24 �20.29 �20.18 �20.18 �20.1
mean �4.63 �4.62 �4.57 �4.65 �4.51 �4.6
s.d. 5.33 5.13 4.95 4.8 4.71 5.4

201 mm max 10.32 9.77 8.78 8.35 7.14 6.21
min �20.79 �20.68 �20.25 �20.18 �19.57 �19.29
mean �4.55 �4.6 �4.63 �4.58 �4.52 �4.55
s.d. 4.86 4.63 4.3 4.11 3.87 3.71

251 mm max 8.1 7.06 6.08 5.46 4.57 4.02
min �20 �19.68 �19.28 �18.87 �18.37 �18.1
mean �4.57 �4.56 �4.55 �4.49 �4.52 �4.53
s.d. 4.1 3.78 3.54 3.39 3.17 3.07

290 mm max 6.37 5.45 4.59 3.92 3.24 2.87
min �19.39 �18.95 �18.4 �18.06 �17.61 �17.47
mean �4.57 �4.52 �4.5 �4.5 �4.47 �4.5
s.d. 3.62 3.37 3.17 3.02 2.89 2.84

Diameter 1600 1700 1800 1900 2000
156 mm max 10.51 10.29 10.22 9.98 9.6

min �19.91 �19.64 �19.53 �19.35 �19.08
mean �4.54 �4.53 �4.5 �4.48 �4.51
s.d. 5.28 5.21 5.16 5.05 4.96

201 mm max 5.76 5.39 5.03 4.81 4.38
min �18.96 �18.75 �18.55 �18.24 �18.08
mean �4.53 �4.54 �4.56 �4.51 �4.55
s.d. 3.57 3.46 3.37 3.32 3.23

251 mm max 3.47 3.27 3.23 3.15 2.96
min �17.66 �17.4 �17.23 �17.08 �16.84
mean �4.5 �4.5 �4.5 �4.5 �4.51
s.d. 2.96 2.87 2.84 2.8 2.73

290 mm max 2.62 2.59 2.56 2.48 2.54
min �17.2 �17.02 �16.87 �16.74 �16.75
mean �4.51 �4.49 �4.48 �4.48 �4.49
s.d. 2.73 2.71 2.68 2.65 2.67

Table 11
Statistical results of tension G3.

Diameter 1000 1100 1200 1300 1400 1500

156 mm max 5072.14 5060.03 5077 5095.4 5125 5673.5
min 519.98 436.89 498.33 499.4 633.75 1635.41
mean 2380.32 2369.97 2434.5 2408.03 2562.78 3249.09
s.d. 757.8 755.82 727.35 722.88 683.01 698.3

201 mm max 5106.77 4918.93 5113.39 4908.16 5044.15 5175.49
min 538.13 566.68 573.69 648.37 804.25 931.4
mean 2433.15 2457.32 2443.31 2535.16 2623.32 2676.57
s.d. 683.45 654.41 638.51 609.94 582.84 570.31

251 mm max 5365.6 5278.22 5246.74 5198.53 5155.09 5127.91
min 793.37 836.96 941.01 1109.1 1165.38 1308.61
mean 2485.57 2548.57 2641.52 2788.27 2839.46 2958.54
s.d. 601.43 568.89 538.63 515.41 497.81 482.38

290 mm max 5280.52 5334.5 5425 5566.4 5647.52 5742.33
min 1038.38 1188.92 1320.53 1454.55 1611.5 1786.54
mean 2593.67 2732.84 2860.7 2989.48 3131.68 3291.72
s.d. 546.38 518.76 498.22 490.51 472.65 466.68

Diameter 1600 1700 1800 1900 2000
156 mm max 6006.84 6445.32 6655.91 6356.08 6526.56

min 2116.82 2704.95 3019.05 2772.13 3098.31
mean 3757.2 4339.99 4659.82 4448.04 4728.18
s.d. 658.53 627.27 606.96 588.06 560.48

201 mm max 5225.22 5204.87 5314.6 5375.48 5411.68
min 1047.52 1103.11 1152.82 1291.54 1357.16
mean 2750.34 2816.45 2885.46 3006.44 3046.59
s.d. 561.14 555.05 550.16 540.22 540.78

251 mm max 5186.78 5256.67 5346.56 5437.87 5468.37
min 1462.46 1601.34 1793.96 1963.4 2126.01
mean 3079.64 3185.13 3332.87 3463.46 3551.21
s.d. 471.78 466.23 457.27 452.48 454.88

290 mm max 5782.5 5854.5 5944.57 5995.79 6117.35
min 1915.57 2117.49 2323.76 2502.13 2723.15
mean 3396.13 3588.42 3770.46 3927.79 4142
s.d. 455.09 453.52 446.04 442.1 438.69
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Fig. 9. Surge peak point in the spectrum.

Table 12
Mooring line pretension.

Water depth Units 1000 1100 1200 1300 1400 1500
Pretension kN 589 585 612 601 644 896
Water depth 1600 1700 1800 1900 2000
Pretension kN 1078 1283 1397 1330 1429
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No significant changes were observed in the mean surge of all
the scenarios considered; hence it is concluded that the water
depth does not significantly affect the mean surge motion.
Fig. 10 shows a plot of peak tension spectrum of G3 mooring line.

A general decrease linearly with increasing water depth was
recorded for D = 156 mm, which shows a similar trend with the
previously discussed surge response. On the other hand, the max-
imum, minimum and mean tension were observed to increase sig-
nificantly from water depths of 1400–1800 m, which is also
Fig. 10. Tension G3 peak p
connected with the increase in pretension as shown in Fig. 12.
The difference in pretension is less than 50 kN for each subsequent
100 m depth interval from 1000 m to 1400 m. From 1400 m to
1800 m however, the pretension increases by more than 100 kN
for each 100 m depth increase. The statistical values for
D = 156 mm show strong agreement with the previous Figs. 9
and 10. Also, the tension S.D. for D = 156 mm, when observed from
Table 11, generally decreases in a relatively more linear fashion,
with the jump at 1500 m much less pronounced.
www.manaraa.com
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Table 13
Tension G3 statistical values (in kN).

Parameter Units Value

Case 1a Case 1b Case 2a Case 2b

Diameter mm 156 156 290 290
Normal drag coefficient, CDN – 1.2 2 1.2 2
Normal added inertia coefficient, CIN – 1.1 2 1.1 2

M.O. Ahmed Ali et al. / Ain Shams Engineering Journal 11 (2020) 727–739 737
In contrast to D = 156 mm, the line tension peak spectrum
points for D = 201 mm, 251 mm, and 290 mm decrease in a non-
linear fashion. A similar trend is also observed for the correspond-
ing S.D values, while the mean tensions generally increase linearly
with increasing depth. Interestingly, the correlation between the
maximum tension value with the pretension for D = 201 and
251 mm appear to weaken compared to D = 156 mm. This might
be attributed to the geometric state of the mooring lines. When
D = 156 mm, the lines are taut, and the dynamic effects are said
to be minimal. However, the remaining three diameters are gener-
ally found to be less taut, particularly at greater water depths.
Hence greater dynamic effects are expected. This can be antici-
pated from the significantly lower line pretension required to
maintain the surge mooring line restoring force (see Table 3),
and later proven by the greater significance of the WF component
relative to the overall spectrum, as previously found in Fig. 8. Thus
the maximum tension response trend becomes more complex to
predict for D = 201 mm, 251 mm, and 290 mm.
Fig. 11. Surge spectrum (D = 156 mm).

Fig. 12. Surge spectrum (D = 290 mm).
4.4. Effect of drag and added inertia coefficients

To investigate the significance of mooring line drag and added
inertia, the two coefficients from the previous simulations are
increased for the polyester segments, as shown in Table 13. The
four cases are simulated at 2000 m water depths. Case 1a and Case
2a are the original simulations found in the previous section. All
other parameters, e.g., line length, line weight, pretension, etc.
remain the same.

Figs. 11–14 show the surge and mooring line spectrum. It is
observed that, the LF surge motion and mooring tension reduces
with the increase of the hydrodynamic coefficients. Table 14 show
the statistical parameters for the 6 DOF in addition to mooring line
tension (G3). Only the max. LF surge motion and mooring tension,
which is primarily given by surge, reduce by increasing the hydro-
dynamic coefficients while there is no much change in the other
DOF. This is due to the fact that the mooring line damping reduces
the LF responses only, which in this case is the surge motions and
mooring line tension.
www.manaraa.com
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Table 14
Summary of statistical results.

Case 1a Case 1b Case 2a Case 2b

Surge (m) max 9.60 9.25 2.54 2.47
min �19.08 �19.13 �16.75 �16.28
mean �4.51 �4.51 �4.49 �4.49
s.d. 4.96 4.76 2.67 2.59

Heave (m) max 8.09 8.10 8.16 8.19
min �9.95 �9.96 �9.98 �10.02
mean �0.23 �0.23 �0.19 �0.19
s.d. 2.36 2.37 2.38 2.39

Roll (rad) max 0.01417 0.01447 0.01568 0.01530
min �0.01390 �0.01418 �0.01533 �0.01497
mean 0.00015 0.00015 0.00015 0.00015
s.d. 0.00365 0.00370 0.00383 0.00371

Pitch (rad) max 0.07501 0.07509 0.07534 0.07555
min �0.06361 �0.06369 �0.06387 �0.06400
mean 0.00279 0.00279 0.00251 0.00251
s.d. 0.01785 0.01786 0.01792 0.01798

G3 (kN) max 6527 6512 6117 6225
min 3098 3147 2723 2655
mean 4728 4728 4142 4142
s.d. 560 537 439 488
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5. Conclusion

A study was conducted to investigate the effects of water depth,
mooring line diameter as well as drag and added inertia coeffi-
cients on the dynamic motions and mooring line tensions of FPSO
platform in deep waters using coupled dynamic analysis. Based on
the results, the following conclusions can be drawn:

� The surge motion is governed by LF responses, mainly influ-
ences by mooring line diameter which affects the mooring line
damping. For relatively deep waters, the effect of mooring line
diameter is insignificant beyond certain range. The effect of
mooring dimeter on the mooring line tension is similar to its
effect on surge motion response.

� Water depth affects the surge response, particularly the LF
motions. This is due to the increase in the mooring line length
which adds to the mooring line damping. The similar trend
has been observed in mooring line tensions.

� As the hydrodynamic coefficients influence the mooring line
damping, which decreases the LF motions and tensions, only
surge motion and mooring line tensions affected by changing
these coefficients.
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