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ABSTRACT 

The random wave groups with the same wave parameters, 
such as significant wave height, period and overshoot pa-
rameter, but with different wave groupiness are simulated by 
an empirical wave envelope spectrum involved the group 
height factor GFH and group length factor GLF based on field 
measured sea waves.  A geometrically nonlinear finite element 
method based on the total Lagrangian formulation is devel-
oped to calculate the mooring-line dynamics.  Coupled dy-
namic analysis of DDMS (Deep Draft Multi-Spar) platform 
and the attached mooring lines under the action of wave 
groups with different groupiness in deep water is executed in 
time domain.  The effects of groupiness parameters on wave 
surfaces, motions of DDMS and tensions in the mooring lines 
are detailed in this paper. 

I. INTRODUCTION 

Ocean waves often appear in sequences of high wave ele-
vations, which are known as wave groups.  They occur in  
both deep and shallow water, meanwhile, can cause severe 
loading on floating structures, especially at or close to natural 
motion frequencies.  Hence, its influence has become an im-
portant factor which should be considered in the design of  
the ocean structures. 

Johnson et al. [7] studied the effects of wave grouping on 
breakwater stability and carried out research between two 
wave trains of a wave spectrum.  Results showed that the one 
with higher groupiness was more dangerous.  Murray et al.  

[13] and Sawaragi et al. [15] investigated the effects of wave 
grouping on the slow drift oscillations of a rectangular float- 
ing vessel; Lin and Huang [11] used Linear wave theory and 
Longuet-Higgins & Steward’s group-induced second-order 
long wave (GSLW) theory to study the grouping effect on 
wave forces acting on a vertical breakwater.  If the wave 
grouping effect was considered, the calculated variance of 
total wave pressure on the vertical breakwater was closer to 
the measured value.  R. Balaji et al. [1, 2] theoretically simu-
lated wave groups based on the methodology of Xu et al.  
[17], and tested a scale modeled discus data buoy for its mo-
tion characteristics under the impact of wave groups of dif-
ferent frequencies in a wave tank.  The effect of groupiness 
parameters on the surge, heave and pitch motions of the buoy 
are detailed. 

It is well known that a certain universal shape of wave 
frequency spectrum exists in ocean wind waves, and it should 
be the same as the spectrum associated with the envelope.  Yu 
and Gui [18] and Liu et al. [12] made further investigation in 
the form of the practical wave envelope spectrum based on  
the field measured sea waves and developed an effective nu-
merical method to simulate wave groups using wave envelope 
spectrum. 

It is important to include dynamic interaction between 
surface platform and the mooring lines, because the mass and 
damping of mooring lines could be nontrivial and the surface 
platform motions will be appreciably affected by them in deep 
or ultra-deep water.  Kim et al. [8] showed that the conven-
tional uncoupled or quasi-static analysis might produce unre-
liable results when used in deepwater applications.  Tahar et al. 
[16] showed that the coupled-analysis results were compared 
well with field measurements.  Chen et al. [4, 6] solved water 
wave problems containing circular cylinders by employing  
the null-field boundary integral equation in conjunction with 
degenerate kernels and the Fourier series.  And then the 
method was extended to deal with the problems of surface- 
piercing porous cylinders [5]. 

Coupled dynamic analysis of DDMS (Deep Draft Multi- 
Spar) platform and the attached mooring lines under the  
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Fig. 1.  DDMS platform. 
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Fig. 2.  Mooring system for DDMS. 

 
 

action of wave groups with different groupiness in deep water 
is executed in time domain.  The mooring lines are attached to 
the hull through hinge connection, and they are coupled by 
matching their forces and displacements at the fairleads.  In 
the case of the mooring line dynamics, a geometrically nonli- 
near finite element method [3] is developed using isoparamet- 
ric cable element based on the total Lagrangian formulation.  
The Newmark method is used for dynamic nonlinear analysis 
of mooring lines.  The coupled motion equations are solved 
numerically by the fourth-order Runge-Kutta algorithm.  Fi-
nally, the effects of groupiness parameters on wave surfaces, 
motions of DDMS and tensions in the mooring lines are de-
tailed in the following paper. 

II. DESCRIPTION OF DDMS PLATFORM  
AND MOORING SYSTEM 

By summarizing and analyzing the respective characteris-
tics of existing types of deepwater platform, Li et al. [9, 10]  

Table 1.  Main characteristics of DDMS. 

Designation Quantity Unite 
Water depth 1840.8   m 
Diameter of single spar 12.50 m 
Distance between spars 35.50 m 
Outer diameter of moonpool 18.00 m 
Height of spar 99.60 m 
Average draft 151.60 m 
Total displacement 68756.00 t 
Light ship weight 28926.14 t 
Ballast weight 22000 t 
Center of gravity above keel (KG) 83.57 m 
Center of buoyancy above keel (KB) 89.82 m 
Pitch/Roll gyration radius 68.47 m 

 
 

Table 2.  Main characteristics of mooring lines for DDMS. 

Designation Quantity Unite 
Number of lines 12  
Pretension 2.0E4 KN 
Length of mooring lines 2620 m 
   
Segment 1: chain   
Length 95 m 
Diameter 245 mm 
Dry weight 287.8 kg/m 
Wet weight 250.3 kg/m 
Stiffness EA 1.03E6 KN 
Minimum breaking load (MBL) 11.8E3 KN 
Current force coefficient 2.45  
   
Segment 2: polyester   
Length 2400 m 
Diameter 210 mm 
Dry weight (RHOL) 36.52 kg/m 
Wet weight 7.77 kg/m 
Stiffness EA  3.18E5 KN 
Minimum breaking load (MBL) 12.79E3 KN 
Current force coefficient 1.2  
   
Segment 3 (ground section): chain   
Length at anchor point 125 m 

Other parameters are the same as those of segment 1 
 
 

innovated a DDMS  platform conception for deepwater drill-
ing and production.  The main characteristics of DDMS (see 
Fig. 1) platform are tabulated in Table 1.  The mooring system 
consists of twelve hybrid mooring lines which are separated 
into four groups and symmetrically arranged on the four 
columns, and each group involves three mooring lines which 
are arranged symmetrically at an interval of five degrees as 
shown in Fig. 2.  The main characteristics of the mooring lines 
are tabulated in Table 2.  The surge, heave and pitch natural 
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periods of DDMS platform are 181.0 s, 34.6 s and 78.5 s re-
spectively. 

III. NUMERICAL MODEL 

1. Motion Equation 

The present time domain analysis uses the direct nu- 
merical integration of equations of motions.  Eq. (1) describes 
the equation of motion for the coupled nonlinear model of 
DDMS. 

 [ ] ( ) [ ]( ) ( ) ( ) ( )
t

t t x t d tτ τ
−∞

 + ∞ + − + ∫�� �M m x K C x   

 ( ) ( ) ( ) ( ) ( )I D M W Ct t t t t= + + + +F F F F F  (1) 

where x(t) is the structural displacement vector, its upper dot  
is velocity vector and double upper dots is acceleration vec- 
tor; [M] is the system mass matrix; [m(∞)]is the equivalent 
added mass of the structure at infinite frequency; [K(t − τ] is 
the retardation function (inverse cosine Fourier transform of 
radiation damping) matrix; [C] is the hydrostatic restoring 
coefficient; FI(t) is the wave exciting forces; FD(t) is the vis-
cous force on Morison members of DDMS; FM(t) is the 
transmitted force matrix from the interface (mooring line); 
FW(t) is the dynamic wind force; FC(t) is the current force on 
hull.  Since we are mainly interested in the effects of wave 
grouping on the motion of moored DDMS platform, the sec-
ond order wave exciting forces, the dynamic wind forces and 
the current forces are not considered here. 

2. Wave Exciting Forces and Wave Groups 

Wave exciting forces can be computed using the following 
relationship: 

(1)

0

( ) ( ) ( )
t

I t t dτ η τ τ= −∫F h  

 (2)
1 2 1 2 1 2

0 0

( , ) ( ) ( )
t t

t t d dτ τ η τ η τ τ τ+ − −∫ ∫h  (2) 

where h(1)(t − τ) and h(2)(t −τ1, t −τ2) are respectively the linear 
and quadratic impulse response functions, which are related to 
linear transfer functions H(1)(ω) and quadratic transfer func-
tions H(2)(ω1 + ω 2): 

 (1) (1)

0
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η(t) are the time series of wave elevation.  Random wave 
can be simulated by the superposition of linear component 
waves: 

 
1

( ) 2 ( ) cos( )i i i
i

t s tη ω ω ω ε
∞

=

= ∆ +∑  (5) 

where s(ωi) is the wave frequency spectrum; ∆ω is the fre-
quency segment for the discretion of the frequency spectrum; 
εi is the random phase.  Afterward, the wave surface simu- 
lated by JONSWAP spectrum is changed into η′(t) with Hil-
bert transform.  Hence, the phase function ϕ(t) is as follows:  

 ( ) arctan[ ( ) / ( )]t t tϕ η η′=  (6) 

Based on the analysis of vast amounts of measured sea 
wave data, Liu et al. [12] proposed an empirical wave enve-
lope spectrum (Eq. (7)) involving two envelope-based factors 
GFH and GLF, and suggested that when GFH is smaller than 
around 0.7, the adopted value of GLF should be around 5-15, 
while GFH is bigger than around 0.7, the adopted value of 
GLF should be around 10-28: 

2
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f
GLF GFH

f A t

σ= =  (8) 

where fP and fPA are the peak frequency of the wave envelope 
spectrum and wave spectrum respectively; σA and ( )A t  are 
the standard deviation and the mean value of the wave enve-
lope over time respectively. 

According to the method mentioned above, the wave trains 
with different group length and different group height are 
simulated.  More details about this simulation method can be 
found in the papers written by Xu et al. [17] and Liu et al. [12]. 

3. Damping Forces 

Viscous damping induced by hull is calculated using sim- 
ple Morison’s drag item: 

 
0

1
( ) ( ) ( )

2

h

DH DHt C D u x u x dlρ= − −∫ � �F  (9) 

where CDH is the Morison drag coefficient; u and x�  are flow 
velocity and structure velocity respectively; D and h are di-
ameter and length of cylinder respectively. 

Prislin et al. [14] tested single and multiple square plates in  
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Fig. 3.  Random wave elevation (a) and wave grouping elevation (b)-(f). 

 
 

water and proposed calculating the hydrodynamic forces on a 
heave plate using Morison formulation: 

 2 31

2DP D A

U
U U L C L C

t
ρ ρ ∂= +

∂
F  (10) 

where ρ is the fluid density; L is the plate width; U and  
∂U/t∂ represent respectively the relative velocity and accel-
eration of the plate perpendicular to its plane; CD and CA are 
drag and added mass coefficients, respectively. 

4. Mooring Line Dynamics 

For the mooring-line dynamics, a geometrically nonlinear 
finite element method [3] based on the total Lagrangian for-
mulation is developed.  The finite element equations of motion 
for the cable element can be represented by the following 
matrix equation: 

 [ ][ ] ( )[ ] [ ]0 0 0
t t tt t t t

L NL
+∆ +∆     + + = −     �� K K FUM U R  (11) 

where [M] is the mass matrix of cable element; [t+∆tÜ] is the 
vector of nodal point accelerations at time t + ∆t; [U] is the 

vector of increments in the nodal point displacements; 0[ ]t
LK  

and 0[ ]t
NLK are the linear and nonlinear strain incremental 

stiffness matrices, respectively; [t+∆tR] is the vector of exter-

nally applied nodal point loads at time t + ∆t; 0[ ]t F  is the 

vector of nodal point forces equivalent to the element stresses 
at time t. 

Motion equations of the hull and dynamic equations of its 
mooring system are integrated by imposing appropriate bound- 
ary conditions at their connection points (fairleads or porches).  
In this study, hinged boundary conditions are assumed for 
DDMS and the mooring lines, that is to say, no relative move- 
ments and no bending moments are applied on the connection 
points.  By using fourth-order Runge-Kutta algorithm, the dy- 
namic equations for DDMS and its mooring system can be 
solved simultaneously in time domain. 

IV. ENVIRONMENTAL CONDITION 

A swell extreme condition in the West Africa is selected to 
carry out the simulation.  The significant wave height is 1.7 m, 
peak spectrum period is 25.0 s and overshoot parameter is  
6.0.  The sea states are generated using the JONSWAP wave  
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Fig. 4.  Random wave spectrum (a) and Wave envelope spectrum (b)-(f)  (Target —; Analyzed …). 
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Fig. 5.  Surge, heave and pitch of DDMS platform in random wave. 
 
 
spectrum and the empirical envelope spectrum proposed by 
Liu et al. [12].  Wave direction is set to be zero degree and 
parallels to x-axis (see Fig. 2).  

V. RESULTS AND DISCUSSIONS 

According to the method mentioned above, the wave trains 
with different group length (GLF) and group height (GFH)  
are simulated.  The random wave elevation without groupi- 
ness is depicted in Fig. 3(a), and the corresponding target and 
acquired wave spectrum is portrayed in Fig. 4(a).  The wave 
grouping elevations with different values of GFH and GLF  
are depicted in Fig. 3(b)-(f), and the corresponding target as 
well as acquired wave envelope spectrums are described in  
Fig. 4(b)-(f), however, the figures of corresponding target  
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Fig. 6.  Surge, heave and pitch of DDMS platform in wave groups. 

 
 

and acquired wave spectrums have not been exhibited here 
because of the same as Fig. 3(a).  The figures show that the 
simulated waves with the desired wave groupiness can be 
numerically obtained.  Fig. 3(b)-(d) with GFH = 0.7 and GLF = 
10.0, 17.5 and 28.0 respectively describe that wave envelope 
containing more consecutive high waves when the value of 
GLF increases.  In Fig. 4(b)-(d), the corresponding wave en-
velope spectrums, illustrate that peak value of spectrum in-
creases when the value of GLF increases.  It can be seen from 
Fig. 3(e), (b), and (f) with GLF = 10.0 and GFH = 0.5, 0.7 and 
0.9 respectively that the fluctuation of wave envelope be- 
comes stronger when the value of GFH increases.  As the 
corresponding wave envelope spectrums, Fig. 4(e), (b), and (f) 
show that the peak value of spectrum increases when the value 
of GFH increases. 
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Fig. 5 demonstrates surge, heave and pitch of DDMS 

platform in random wave (see Fig. 3(a)) without groupiness, 
and Figs. 6-10 describe surge, heave and pitch of DDMS  
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platform in relevant wave groups depicted in Fig. 3(b)-(f) 
respectively.  The corresponding spectrums of surge, heave 
and pitch of DDMS platform in random wave or wave groups  
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Table 3.  Statistics of surge, heave and pitch of DDMS platform. 

 Random Wave 
GFH = 0.7 
GLF = 10.0 

GFH = 0.7 
GLF = 17.5 

GFH = 0.7 
GLF = 28.0 

GFH = 0.5 
GLF = 10.0 

GFH = 0.9 
GLF = 10.0 

Max 4.523 11.227 13.081 13.626 12.647 9.755 
Min -4.748 -11.697 -12.432 -12.965 -12.523 -11.453 

Average 0.009 0.095 -0.018 -0.067 0.045 0.151 
Surge (m) 

Stdev 2.282 4.726 4.311 4.435 4.650 4.648 
Max 0.099 0.861 1.112 1.380 1.104 0.542 
Min -0.095 -0.920 -1.174 -1.453 -1.176 -0.522 

Average 0.000 -0.001 -0.001 -0.001 -0.001 -0.001 
Heave (m) 

Stdev 0.033 0.320 0.405 0.496 0.405 0.186 
Max 5.809 11.320 10.817 11.429 10.152 11.719 
Min -6.103 -11.238 -11.424 -11.619 -10.693 -11.489 

Average 0.005 0.016 0.005 -0.006 0.009 0.019 
Pitch (deg) 

Stdev 3.004 4.468 4.576 4.632 4.504 4.478 
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Fig. 11. Spectrum of surge, heave and pitch of DDMS platform in ran-
dom wave. 
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Fig. 12. Spectrum of surge, heave and pitch of DDMS platform in wave 

groups. 
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Fig. 13. Spectrum of surge, heave and pitch of DDMS platform in wave 

groups. 
 
 

are depicted in Figs. 11-16 respectively.  The statistics of surge, 
heave and pitch of DDMS platform are listed in Table 3.  As 
demonstrated from the figures and Table 3, wave groupiness  
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groups. 
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Fig. 15. Spectrum of surge, heave and pitch of DDMS platform in wave 

groups. 
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has evident effects on the motion responses of the moored 
DDMS platform.  The surge, heave and pitch of DDMS are 
much larger in wave groups than those in random wave  
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Fig. 17.  Tensions of mooring lines (a) #2, (b) #5 in random wave. 
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Fig. 18.  Tensions of mooring lines (a) #2, (b) #5 in wave groups.  
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Fig. 19.  Tensions of mooring lines (a) #2, (b) #5 in wave groups.  
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Fig. 20.  Tensions of mooring lines (a) #2, (b) #5 in wave groups.  

 
without groupiness.  Table 3 and Figs. 6-8 with GFH = 0.7 and 
GLF = 10.0, 17.5 and 28.0 respectively show that maximum 
values of surge and heave of the hull increase when the value 
of GLF increases, but the average and standard deviation 

values are affected slightly.  Table 3 and Figs. 9, 6, and 10  
with GLF = 10.0 and GFH = 0.5, 0.7 and 0.9 respectively 
illustrate that the maximum values of surge and heave of the 
hull decrease when the value of GFH increases, but the  
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Table 4.  Statistics of tensions of the mooring lines. 

 Unit (N) 
Random 

Wave 
GFH = 0.7 
GLF = 10.0 

GFH = 0.7 
GLF = 17.5 

GFH = 0.7 
GLF = 28.0 

GFH = 0.5 
GLF = 10.0 

GFH = 0.9 
GLF = 10.0 

Max 20729440 21450754 21686130 21768194 20084577 21413157 
Min 19261721 18610488 18395003 18343244 19902359 18650704 

Average 19997779 20010261 19998584 19993095 19997231 20016229 
Mooring line #2 

Stdev 365452.7 592458.6 577542.5 589111.9 32336.9 584571.9 
Max 20004804 20065124 20085160 20106416 20729440 20040240 
Min 19989303 19922780 19902453 19880027 19261721 19954593 

Average 19996808 19997271 19997139 19997137 19997779 19997266 
Mooring line #5 

Stdev 2721.3 25610.0 32395.7 39663.4 365452.7 14896.4 
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Fig. 21.  Tensions of mooring lines (a) #2, (b) #5 in wave groups. 
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Fig. 22.  Tensions of mooring lines (a) #2, (b) #5 in wave groups. 

 
 
average values and standard deviation values are slightly af-
fected.  It can also be seen from Table 3 and Figs. 6-10 that 
pitch of DDMS platform is slightly affected by the value of 
GLF or GFH.  Compared with GLF, the value of GFH has 
more intense influence on motion response of the hull, espe-
cially for heave. 

Comparing Fig. 11 with Figs. 12-16, we can find that the 
spectrum energy affected by wave groupiness is larger than 
that without wave groupiness.  It is to be noted that the peak 
frequency values of surge spectrum in Figs. 12-16 move to 
lower frequencies which are more closed to surge natural 
frequency (0.0055 Hz) of the hull than that in Fig. 11, owing  
to the effect of wave groupiness.  Probably this phenomenon 
could explain the reason why surge of the hull in wave groups 
is much larger than that in random wave without wave groupi- 
ness.  Figs. 12-14 with GFH = 0.7 and GLF = 10.0, 17.5 and 

28.0 show respectively that the peak value of surge spectrum 
decreases considerably when GLF varies from 10.0 to 17.5, 
but marginally increases when GLF varies from 17.5 to 28.0, 
while the peak frequency values are nearly the same.  Mean-
while the peak value of heave spectrum increases evidently, 
and pitch spectrum varies slightly.  Figs. 12, 15, and 16 with 
GLF = 10.0 and GFH = 0.5, 0.7 and 0.9 demonstrate that the 
peak value of surge spectrum increases when the value of 
GFH increases, however, the peak value of heave spectrum 
decreases considerably, and pitch spectrum varies slightly. 

Figs. 17-22 demonstrate tensions of mooring lines (a) #2,  
(b) #5 in random wave or wave groups mentioned above.  The 
statistics of tensions of the mooring lines are listed in Table 4.  
The wave groupiness has little effect on the max, min and 
average values of tensions of mooring lines, however, the 
influence on standard deviation is immense, especially for 
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mooring line (b) #5.  Standard deviation increases when  
GFH = 0.7 and GLF increases from 10.0 to 28.0.  On the 
contrary, it decreases when GLF = 10.0 and GFH increases 
from 0.5 to 0.9. 

VI. SUMMARY AND CONCLUSION 

In this paper, the coupled dynamic analysis of moored 
DDMS platform under wave groups in deep water is presented 
and the effects of wave grouping on wave elevation and the 
motion response of the hull are investigated.  Wave groups are 
simulated by JONSWAP spectrum and an empirical wave 
envelope spectrum involved two envelope-based factors GFH 
and GLF.  Compared to the random waves of the same energy 
level, without groupiness, the wave groups have great effect 
on the motion of moored DDMS platform. 

The effects of inertia and damping of the mooring lines are 
very important for the dynamic analysis of a compliant plat-
form moored in deep or ultra-deep water.  The geometri- 
cally nonlinear finite element method developed in this paper 
can be effectively executed for the mooring line dynamics 
analysis. 

The motion responses of a moored floating structure in 
deep water under irregular waves with different grouping can 
be predicted qualitatively by the numerical simulation in time 
domain. 

The second order wave drift forces, wave drift damping, 
dynamic wind forces and current forces are supposed to be 
important for coupled dynamic analysis of moored floating 
structures and would be investigated in future study. 
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