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ABSTRACT 

The spar platforms for offshore oil exploration and production in deep and ultra deep waters are 

increasingly becoming popular.  A number of concepts have evolved, among them the ‘classic’ 

spar and “truss” spar being the most prevalent.  Time domain and frequency domain analysis 

were used to determine the dynamic responses for a typical truss spar platform.  The hyperbolic 

extrapolation wave theory and modified Morison Equation were used for simulating the sea state 

and for determining the dynamic force vector.  The platform was modeled as a rigid body with 

three degrees of freedom, surge, heave, and pitch restrained by mooring lines.  In time domain, 

Newmark Beta method was used to solve the equation of motion.  Static offset tests were 

numerically conducted to obtain the mooring line stiffness curves.  In frequency domain 

analysis, the steady state responses were obtained.  Time domain results were compared to 

frequency domain results in terms of response amplitude operator.  These results were discussed 

and compared with numerical and experimental results in the available literature. 
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1. INTRODUCTION 

The spar platforms for offshore oil exploration and production in deep and ultra deep waters are 

increasingly becoming popular.  A number of concepts have evolved, among them the ‘classic’ 

spar and ‘truss’ spar being the most prevalent.  The classic spar has an upper buoyant cylindrical 

hard tank, a keel ballast tank (soft tank) and a flooded cylindrical midsection.  The long 

midsection has large diameter and its design is mostly governed by construction loads.  The spar 

patform is very cost-ineffective.  In the late 1990s, development of truss spar concept advanced 

much with a large amount of research effort in model test [1,2], and theoretical study [3,4,5].  

Since then, ten truss spars have been designed, constructed and/or installed. 

The truss spar consists of a top hard tank and a bottom soft tank separated by a truss midsection.  

The soft tank mainly contains solid ballast to provide stability, whereas the hard tank provides 

buoyancy and contains trim ballast.  The truss section contains a number of horizontal heave 

plates designed to reduce heave motion by increasing both added mass and hydrodynamic 

damping. 

Several analytical or numerical approaches can be used to calculate the dynamic response of 

spars.  The most direct approach is the analysis in the time domain, where a wave elevation time 

series is used as input and the resulting structural responses are calculated numerically.  This 

allows direct comparison with experimental time series response.  However, this is usually quite 

expensive, and tells little about the nature of the vibration.  An approximate but less expensive 

approach is to conduct the analysis in frequency domain, which gives only the steady state 

responses that can be converted back to time domain.  

In the structural analysis in time domain, it is common practice to treat the mooring lines and 

risers as springs.  This neglects the inertia of the mooring system, as well as the additional drag 

forces that may increase the damping of the total structure.  The static offset tests were 

conducted numerically by applying variable static forces and from these tests,  mooring stiffness 

curves were obtained. 

A MATLAB program named ‘TRSPAR’ was developed to determine the responses in time 

domain.  Numerical integration using Newmark Beta method was employed and the platform 

was modeled as a rigid body with three degrees of freedom restrained by mooring lines affecting 
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the stiffness values.  Hyperbolic extrapolation formula and modified Morison equation were used 

for simulating the sea state and for determining the dynamic force vector.  Added mass and 

damping were derived from hydrodynamic considerations. 

Time domain results were compared with frequency domain results in terms of response 

amplitude operator. These results were compared with both a set of laboratory model test results 

and a set of numerical analysis results reported in the literature. 

2. NUMERICAL METHOD 

Numerical simulation was conducted for Amoco Marlin truss spar which was positioned by nine 

taut mooring lines [Fig. 1] in 988 m water depth. 

 

 

                                     Overall Spar Configuration 
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Amoco Marlin Truss Spar Mooring Arrangement 

Fig. 1: Amoco Marlin truss spar  

2.1 Analysis of Mooring Line 
 
 The force–excursion relationship is nonlinear and requires an iterative solution.  Equation of a 

catenary was used for evaluation of force-excursion relationship of a taut mooring line [9]. The 

horizontal projection and vertical projection of any segment hanging freely under its own weight 

w per unit length as shown in Fig. 2 can be expressed (considering horizontal force (Ht), top 

slope (θt), length (S) and weight (W)) as: 

Y = (Ht /W)[cosh{sinh-1(tan(θt))}-cosh{sinh-1(tan(θb))}]                                                             (1) 

X =(Ht /W)[sinh-1(tan(θt))-sinh-1(tan(θb))]                                                                                    (2) 

tan(θb) =(Vt-WS) /Ht                                                                                                                     (3) 

Vt =Ht tan(θb) 

When for any segment the bottom slope (θb) is zero, the above equation reduces to: 

Y =(Ht /W)[cosh{sinh-1(tan(θt))}
-1]                                                                                              (4) 

X =(Ht /W)[sinh-1(tan(θt))]                                                                                                            (5) 
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(a) Initial configuration with different sectional 

 

(b)Free body diagram of uniform mooring line suspended freely between two points not in the 

same elevation. 

Fig. 2. Multi component mooring line 
 

If Ht, Y, W , θt are known then, 

tan(θb) =sinh[cosh-1[cosh{sinh-1(tan(θt))}-(YW/Ht)]]                                                                (6) 

S = Ht(tan(θt)-tan(θb)) /W                                                                                                           (7) 

and X can be evaluated by Eq.(2). 

The extension of any segment under increased line tension can be approximately evaluated as 

follows. Let the initial average line tension be To when the segment length is So. For increased 

average line tension T, the stretched length becomes: 

S =So[1 + (T-To) /EA]                                                                                                               (8) 

where, E and A are the Young’s modulus and effective area of the segment respectively. 
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T and To is the arithmetic means of the line tensions at two ends. The total weight of any 

segment (W) remains same, 

W = (SoWo) /S                                                                                                                          (9) 

where W is the modified unit weight due to stretching and Wo is the unit weight of the 

unstreched segment. 

If Ho, θ0, h, zero bottom slope and the elastic and physical properties of the segments, as shown 

in Fig. 3(a), are chosen as the known parameters. The unknowns which are to be evaluated are 

Sc, Sh and then Yc, Yh , Xc and Xh. 

The following steps are used to find the unknowns given above. 

Step 1 Calculate Vo from the known values of Ho and θ0. 

Step 2 Find the slope at the junction of the clump weight and mooring line, then find vertical 

force at the junction Vj (which will be equal to ShWcl as the bottom slope is equal to zero). 

Using the known values of the horizontal force, use Eq. (4) to find Yh. 

Step 3 Find Sc =(Vo-ShWcl) /Wc and then find Yc using Eq. (1). 

Step 4 Add up Yc and Yh and compare with h. If the difference is less than a specified limit, go 

to the next step, otherwise change Vj appropriately and repeat the procedure from step 2. 

For the first iteration the change of Vj can be taken as ± 1% depending upon the sign of 

error. For the subsequent iterations the following equation is to be used to get a new value 

of Vj. 

(Vj)k+1 = (Vj)k-[ek((Vj)k-1-(Vj)k) / (ek-1-ek)] 

 

(a) Initial configuration. 
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(b) Final configuration. 

Fig. 3. Configuration of mooring line for increased horizontal force, H. 

 

where, k is the number of the last iteration, (Vj)k is the vertical force at the junction of the 

mooring line and clump weight and ek is the difference between the vertical projection of 

the hanging length of the mooring line calculated in the kth iteration and the mooring level 

(h). 

Step 5 Find Xc and Xh from Eqs. (2) and (5), respectively. 

Step 6 Find initial total hanging length Si = Sc + Sh and its horizontal projection Xi = Xc + Xh. 

For an excursion of δ at the attachment point the resultant horizontal force is given by: 

)10()cos()
,1

()( jjj

pj
HH  


   

where p is the total number of mooring lines, θj the angle between the jth mooring line and the 

direction of excursion. δj is the excursion for the jth mooring line and Hj(δj) is the associated 

horizontal force, with  δj = δ cos(π- θj). 

The particulars for the multi component taut mooring line are given in Table 1. 
 

Table 1. Characteristics of prototype mooring 
 Upper section Middle section Lower section 

type K4 Chain Spiral strand K4 Chain 
Size (cm) 12.4 12.4 12.4 

Length outboard (m) 76 1829 46 
Wet weight (Kg/m) 278 65 278 

Eff. Modulus EA (Kn) 666˟103 1.34˟106 859˟103 
Breaking strength (Kn) 13.2˟103 12.5˟103 13.2˟103 
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2.2 Time Domain Analysis 

The nonlinear time domain numerical model performed step-by-step numerical integration of the 

exact large amplitude equation of motion, producing time histories of motions.  The fluid forces 

on individual members were computed by the modified Morison equation in which the 

integration of the forces was performed over the instantaneous wetted length.  The total force at 

each time step was obtained by summing the forces on the individual members.  Incident wave 

kinematics was calculated by using hyperbolic extrapolation formula.  A numerical model for a 

truss spar was developed that was able to predict the dynamic responses at any instant. 

Considering that the incident waves were long crested and were advancing in the x-direction, the 

truss spar was approximated by a rigid body of three degrees of freedom (surge, heave and 

pitch), deriving static resistance from support systems (mooring lines) and hydrostatic stiffness. 

As shown in Fig. 4, two coordinate systems were employed in the analysis [6], the space fixed 

coordinate system oxz and two dimensional local coordinate Gζη which was fixed on the body 

with the origin at its center of gravity (CG).  The point B denoted the center of buoyancy and 

point F denoted fairlead. 

The space-fixed coordinates were related to the body-fixed coordinates by: 

)11(
cossin
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Where Xg, Zg denoted surge and heave motions at G and θ denoted the pitch angle about the y-

axis considered positive clockwise.  The coordinates of G at its mean position in calm water 

were given by (0,-d). 

The wave forces on the hard tank were decomposed into the normal force FEXn (normal to the 

centerline) and tangential force FEXt (along the centerline). The normal wave force was 

determined using Morison equation at the instantaneous position of the structure and integrating 

along its centerline from the bottom of the hard tank (0,-d1) to the free surface ζ(t) in body-fixed 

coordinate system ξGη. 
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Fig. 4: Three-DOF model of the spar 
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Cm was the added mass coefficient, CD the drag coefficient, Vn the relative normal velocity, and 

  the unit vector along the η axis.  a and V were the wave particle acceleration and velocity 

respectively, and rs
. was structure velocity.  The last term in Eq. 12, described Rainey’s normal 

axial divergence correction in which the velocity gradient matrix was given by: 
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The tangential force could be determined by integrating the hydrodynamic pressure on the 

bottom surface SB 



10 

 

)14(
2

1 2)1(
)1(

Sn
t

F t

S

EXt

B





  

Where 
)1( was the first potential of incident waves which could be computed using linear Airy 

theory. 

Forces FEXn and FExt were transferred into spaced-fixed coordinate system oxz as: 
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The equation of motion was solved by an iterative procedure using unconditionally stable 

Newmark’s Beta method.  The program ‘TRSPAR’ included a provision for calculating the 

values of drag and inertia hydrodynamic coefficients at any point of the structure and at any 

instant, based on the KC (Keulegan-Carpenter) parameter.  The charts provided by Chakrabarti 

[7] based on wave tank tests done on a cylinder, were made use of. 

The response amplitude operator (RAO) was written as 

RAO=Response (t)/η (t)                                                                                                              (16) 

Where η (t) was the wave profile as a function of time t. 

2.3 Frequency Domain Analysis 

Because the contribution of the drag force was very small compared to the inertia force; the drag 

term was neglected in the frequency domain analysis. 

The steady state response vector x (t) was given by 

  )17()(
)()(

)2/(/
)( 2/1222

t
CwMwK

HF
tx I 












Where 

FI, H, K, M, w, and C were the inertia force, wave height, stiffness matrix, mass matrix, wave 

frequency, and damping matrix respectively. 
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3. RESULTS AND DISCUSSION 

Based on the mooring lines analysis method, mooring stiffness curves were obtained, as shown 

in Fig. 5.  The calculated mooring stiffness shows nonlinear “hardening” behavior. 

 

Fig. 5: Surge static offset simulation 

The responses of truss spar were determined numerically using two different approaches, which 

were time and frequency domain analysis, and the results were compared with the corresponding 

results computed using a Time Domain numerical simulation code called TDSIM [8] and model 

test measurements. 

The surge RAOs for time and frequency domain agreed well as shown in Fig 6.  For higher wave 

periods, frequency domain gave lower surge values compared to time domain analysis.  

‘TRSPAR’ surge results agreed very well with the corresponding ‘TDSIM’ results and the model 

test measurements. 

The heave RAO for ‘TRSPAR’ compared well with the corresponding results of ‘TDSIM’ and 

the model test measurements as shown in Fig. 7.  The heave RAO for the frequency domain 

analysis compared well with the corresponding results of ‘TRSPAR’, ‘TDSIM’ and the model 
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test measurements for low wave periods but it gave different trend for higher wave periods. 

The pitch RAO for ‘TRSPAR’, frequency domain, ‘TDSIM’, and model test measurements 

agreed well as shown in Fig. 8.  

 

Fig. 6: Comparison of surge RAO at zero degree heading 

 

Fig. 7: Comparison of heave RAO at zero degree heading 
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Fig. 8: Comparison of pitch RAO at zero degree heading 

4. CONCLUSIONS 

1) A MATLAB numerical program namely ‘TRSPAR’ was developed to determine the 

dynamic responses of a truss spar platform. 

2) ‘TRSPAR’ has provision for calculating the hydrodynamic coefficients at any point of the 

structure and at any instant, based on the KC parameter.  This provision was made use of for 

obtaining the numerical motion responses. 

3) The above program ‘TRSPAR’ was applied to a proto type spar namely Marlin truss spar and 

the responseswere compared with the frequency domain results, results of another numerical 

simulation called TDSIM and model test results on this spar.  ‘TRSPAR’ results compared 

well with all the other three sets of results.  Except for the differences in the heave response 

amplitude for higher wave periods, frequency domain results agreed well with the three sets 

of results. 

4) Based on the above results, frequency domain analysis shall be considered as an approximate 

approach for calculating the dynamic responses of truss spar platform and it can be used for 

preliminary design. 
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