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Abstract 

Increase in energy demand has led to an increase in 

hydrocarbon exploration and production in deep water envi-

ronments. Tension Leg Platform (TLP) are taut moored 

floating type structures operational in deep-water environ-

ments. The restraining system, a taut moored tether, forms 

a critical component of the TLP. Tethers are held at a high 

pretension and subjected to continuous variation in stress 

due to the dynamic loads in the ocean environment. The 

dynamic loads due to continuous stress reversals cause 

fatigue. It is essential to analyse the fatigue life of such 

structures during the design phase. Tether pull-out can 

occur in the case of any undesirable loads acting on the 

restraining system. The study focuses on determining the 

fatigue life of the tether under normal operating conditions 

by employing rain-flow counting and Miner’s rule. Also, 

fatigue life analysis is accomplished by considering the 

postulated failure condition in the restraining system, 

wherein one tether fails in each of the four legs. It is 

observed that there is a substantial reduction in fatigue life 

for the postulated failure condition. In the phenomenal sea-

state condition, the fatigue life of tether reduces by 97% as 

compared to the normal operating condition. 

Ključne reči 

• ofšor inženjering  

• prednapregnuta nožna platforma (TLP) 

• veza 

• Majnerovo pravilo 

• prebrojavanje kišnog toka 

Izvod 

Povećane potrebe za energijom su dovele do porasta u 

istraživanju i proizvodnji ugljovodonika u dubokim vodenim 

sredinama. Prednapregnute nožne platforme (TLP) su čvrs-

to usidrene plutajuće konstrukcije u dubokim vodama. Sistem 

vezivanja, predstavljen čvrsto usidrenom vezom, je kritična 

komponenta TLP-a. Veze su pod velikim predopterećenjem 

i podvrgnute su stalnim promenama napona usled dinamič-

kih opterećenja u okeanskoj sredini. Dinamička opterećenja 

usled kontinuirane promene napona prouzrokuju zamor. 

Potrebno je analizirati životni vek zamora takvih konstruk-

cija tokom faze projektovanja. Popuštanje priveza može se 

dogoditi u slučaju neželjenih opterećenja koja deluju na 

sistem vezivanja. Ovaj rad se fokusira na određivanju veka 

zamora veze u normalnim radnim uslovima primenom pre-

brojavanja kišnog protoka i Majnerovog pravila. Takođe, 

zamorni vek se analizira razmatranjem pretpostavljenog 

stanja otkaza u sistemu za povezivanje, pri čemu otkazuje 

jedan vez na svakoj od četiri noge. Primećuje se značajno 

smanjenje veka zamora za pretpostavljeno stanje otkaza. U 

uslovima fenomena stanja mora, vek zamora veze se smanji 

za 97% u poređenju sa vekom zamora u normalnim radnim 

uslovima. 

INTRODUCTION 

Offshore structures as TLP accomplish cost effectiveness 

in a deep-water operational environment, /1/. TLP are gener-

ally used at an operating water depth of 1000 to 5000 feet 

(300 to 1500 m), /2/. TLP`s are position restrained by verti-

cally taut moored tethers or tendons. These tethers are 

fastened to the seafloor by using templates. These templates 

are restrained by the use of piles that are driven into the 

seafloor, /3/. A schematic representation of the TLP is 

shown in Fig. 1. Tethers are tensioned and attached to the 

four corners of the hull which restricts the movement in 

heave, pitch and roll degrees of freedom (DOF) to a great 

extent. The pre-tension is imposed on the tethers by a de-

ballasting procedure. TLP is compliant in the horizontal 

DOF i.e., surge, sway, and yaw, and restrained in the verti-

cal DOF i.e., heave, roll, and pitch /4/. 

The DOF for the movement of the platform are indicated 

in Fig. 2. The dynamic analyses of floating offshore struc-

tures being subjected to irregular waves is essential to 

determine the stress generated in the mooring systems. In 

floating systems, tethers play a major role in the service life 

of the platform and the fatigue analysis helps in the deter-

mination of it /2, 5/. 

One of the initial analyses on a TLP was to determine 

the variability of the hydrodynamic load predictions. This 

was accomplished by carrying out the diffraction/radiation 

analyses in which the results from 17 organizations are plotted 

in a common format /8/. Several researches are carried out  
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Figure 1. Schematic diagram of a TLP, /6/. 

 

Figure 2. DOF in TLP motion, /7/. 

further on TLPs for the hydrodynamic forces acting on the 

platform and its response behaviour. Dynamic analysis, 

both in frequency and time domain, is carried out wherein 

random waves act in arbitrary direction based on Pierson - 

Moskowitz spectrum /9/. Morison’s equation, based on 

Airy`s linear wave theory, is used to calculate the hydrody-

namic forces. The responses, which are nonlinear in nature, 

are used to compute the displacements, velocities, and the 

accelerations. Numerical simulations in nonlinear time 

domain are carried out and the results are validated with 

experimental investigations on a scaled model, /10/. The 

TLP structure is subjected to wind and waves, and the 

platform motions and mooring tension are analysed. The 

results from the simulation are compared with experimental 

results and observed that the mooring tension values are in 

accordance with the numerical results, while some varia-

tions are observed in the dynamic equivalent fields. In order 

to determine the response of three different floating plat-

forms, dynamic response investigations are conducted based 

on the environmental parameters of the South China sea 

/11/. The global and dynamic response analysis is carried 

out for a Spar platform, TLP, and semi-submersible plat-

form. Hydrodynamic models employing the 3D potential 

theory are used for the study. Mathematical methods are 

used to investigate the TLP’s hydrodynamic response, /12/. 

The hydrodynamic response is studied using a TLP model 

where the tensions in the tethers are measured using special 

load cells and motions in corresponding DOF are measured 

with accelerometers /13/. Numerical methods are used to 

determine the hydrodynamic response data, in order to 

design TLP at Marmara Sea, /14/. Platforms with different 

drafts are compared in the study. It is observed that with a 

decrease in the platform’s draft, there is an escalation in the 

surge response in the low frequency domain. The present 

study focuses on the fatigue life analysis of a TLP that is 

acted upon by waves and operates in various sea-states 

ranging from very rough to phenomenal. Further, a postu-

lated failure analyses is also carried out by cutting one 

tether from each leg to observe the resulting reduction in 

fatigue life of the platform. 

NUMERICAL MODELLING 

Numerical modelling of the International Ship and Off-

shore Structures Congress (ISSC) TLP is carried out using 

ANSYS® AQWA. ISSC TLP is composed of a hull mated 

to the deck. The hull is composed of four pontoons and four 

cylindrical columns forming a square geometry. The plat-

form is modelled based on the structural details mentioned 

in Table 1. In order to simulate the fluid wave loading on 

the structure, radiation theory, or the three-dimensional 

diffraction theory is used. The predictor - corrector scheme 

is used in the dynamic simulation in time domain, in which 

a real-time simulation of a body that floats is carried out in 

each time-step by the integration of acceleration. TLP is 

modelled as shown in Fig. 4, based on the geometrical and 

structural details in Table 1. 

Table 1. Structural details of the ISSC TLP, /15/. 

Parameters Dimensions 

Diameter and spacing between centers 

of the column 

86.25 m and 16.88 m 

Pontoon height and width 7.50 m and 10.50 m 

Draft at MWL 35.00 m 

Displacement 5.346  105 kN 

Platform weight 40.5  107 N 

Total pretension in the tether 1.373  105 kN 

Metacentric heights (longitudinal and 

transverse) 

6.0 m each 

Mass moment of inertia (roll) 82.37  109 kg-m2 

Mass moment of inertia (pitch) 82.37  109 kg-m2 

Mass moment of inertia (yaw) 98.07  109 kg-m2 

Vertical position of COG above keel 38.0 m 

Mooring tether`s length 415.0 m 

Combined tethers’ vertical stiffness 

(EA/L) 
0.813  106 kN/m 

Roll and pitch effective stiffness (EIx/L 

and EIy/L) 
1.501  109 kN-m/rad 

The pontoon connects the two columns together. The 

TLP consists of 12 tendons that are latched onto the foun-

dation templates. There are 12 tendons that are attached to 

the hull of the platform near the keel. The geometry of the 

platform is shown in Fig. 3. 

METHODOLOGY 

The deck and hull of the TLP is modelled as a diffraction 

element in this dynamic analysis. The mass of the platform 

comprising of the deck and the hull is lumped at the centre 

of mass of the platform. Three-point Gaussian integration 

technique is used to calculate the hydrodynamic force. The 

platform obtains axial stiffness from tethers modelled as 
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cable elements. The initial pretension in the tethers is 

obtained by stretching of the tethers. A three-dimensional 

panel method is used for meshing the platform geometry. 

The equation of motion, as shown in Eq.(1), is solved in 

dynamic analysis with the help of convolution integration 

method, 

 [M Ma] ( ) [C] ( ) [K] ( ) ( )x t x t x t F t+ + + = , (1) 

where: displacement, velocity, acceleration and force vectors 

are denoted by x(t), ẋ(t), ẍ(t) and F(t), respectively. Struc-

tural mass matrix and added mass matrix are represented by 

[M] and Ma, respectively. [C] represents the damping matrix, 

while [K] denotes the stiffness matrix. Dynamic analyses 

use Pierson-Moskowitz (PM) spectrum, /16/, which is a 

wave spectrum for a fully developed sea-state. Mathemati-

cal representation of the spectrum is shown in Eq.(2), 
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where: S+(ω) represents the wave spectrum; Tz denotes zero-

crossing period; Hs represents significant wave height; and 

 stands for frequency. Environmental parameters employed 

in this study are described in Table 2. 

Table 2. Environmental conditions used for simulation, /5/. 

Sea-

states 

Wave-heights 

(m) 

Zero-crossing period 

(s) 

Wind velocity 

(m/s) 

S1 5.15 7.26 13.36 

S2 8.15 9.14 16.81 

S3 14.15 12.04 22.15 

S4 17.15 13.26 24.38 

Fatigue is a process by which accumulation of damage 

occurs in a material when subjected to stresses of fluctuat-

ing nature, /17, 18/. The loading process may not be large 

to cause a plastic deformation, or failure on immediate 

effect. The accumulated damage in the member reaches a 

critical level wherein the damage occurs. Due to the random 

waves, tethers, and mooring systems in offshore environ-

ments are subjected to fatigue damage and fatigue analysis 

forms an important criterion for the design aspects. Morison 

equation is used to determine the forces on the tethers due 

to the waves. 

 
Figure 3. The geometry of TLP model /1/ (all dimensions in m). 

 

Figure 4. Numerical model of ISSC TLP. 

RAIN-FLOW COUNTING AND MINER’S RULE 

Variable submergence of the hull during the wave load 

action causes the pre-tension in the tethers to vary with time. 

The platform is being subjected to random wave action and 

the variation of stress in the tethers shall also be random 

and largely depends on the offset and set-down motion of 

the tension leg platform. The cycle average and range for a 

broad band spectrum can be determined using rain-flow 

counting. The pre-tension in the tethers make the stress 

response of the tether to be a non-zero mean process. 

Therefore, once the cycle range and averages are obtained, 

Goodman diagram is used to convert each cycle to a stress 

range having zero mean. S-N curves are used to compute 

the number of cycles that are necessary for a fatigue failure 

to occur. In the bilinear curve, the slope m is 3, log10a is 

12.081 which is the intercept in the logN axis which is 

applicable up to 103 MPa beyond which the slope changes 

to m = 5 and log10a is 16.081. The endurance limit at 108 

cycles is 41.45 N/mm2, /19/. 

Fatigue analysis is carried out by S-N technique which 

employs cumulative damage models which relate stress to 

life. In the S-N technique the cumulative damage due to 

fatigue is taken into consideration wherein failure occurs 

after N loading cycles for a given stress range (S). The 

relationship between loading cycles and stress range is 

represented by Eq.(3), 

 log log logN A m S= − , (3) 

where: constants A and m are determined experimentally 

from the S-N curve of the material being subjected to the 

fatigue analysis; N represents the number of permissible 

cycles; and S denotes the stress range. This technique is often 

used to determine service life of the platform. The stress- 
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time history and the variation in the tether tension is obtained 

by dynamic analysis. The range of stress and number of 

cycles is obtained from the stress histogram using the rain-

flow counting technique. 

The calculation of the permissible number of cycles is 

based on DNV-RP-C203 code /19/. Miner’s rule is used for 

computation of fatigue damage accumulation in cumulative 

damage models. According to Miner`s rule, failure due to 

fatigue occurs when strain energy of ‘n’ variable amplitude 

cycles equals ‘N’ cycles with constant amplitude. The mathe-

matical representation of Miner’s rule is shown in Eq.(4), 

 
1

m
i

i i

n
D

N=

=  . (4) 

The histogram provides the value of the number of counts, 

represented by n. The count of permissible cycles is repre-

sented by N and it is derived from S-N curves. D represents 

the fatigue damage. The capability to perform the intended 

function within in the design life of a member is termed to 

be reliable. Reliability index (), an indicator of the proba-

bility of failure, is shown in Eq.(5), 
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where: R is the mean resistance 630.8 N/mm2; R standard 

deviation of resistance is 33.7 N/mm2. The mean demand is 

represented by S (in N/mm2); and the respective standard 

deviations are denoted by S (in N/mm2), /20/. The chance 

of failure due to yielding of the tether is given by probabil-

ity of failure which is determined from the cumulative 

distribution function of standard normal distribution as 

shown in Eq.(6), 

 1( )fP  −= − , (6) 

where: reliability index and normal cumulative distribution 

function are represented by  and , respectively. 

RESULTS AND DISCUSSION 

Failure of a tether under each leg has caused a reduction 

in the stiffness of the overall restraining system. The effect 

resulting from the postulated failure on the tethers in shown 

in Table 3. There is a reduction of 33.33 % in the stiffness 

of the tethers. 

This reduction in the stiffness of the restraining system 

has caused an increase in pre-tension in the tether by 49.29 

% to compensate for the reduction. The comparison of stiff-

ness of the restraining system and the pretension per tether 

under normal operation and postulated failure conditions is 

shown in Table 3. 

Table 3. Environmental conditions used for the simulation. 

Properties 
Normal operating 

conditions 

After failure of 

4 tethers 

Stiffness of the restraining 

system in MN/m 
657.628 438.419 

Pretension per tether (MN) 10.580 - 10.581 15.795 - 15.810 

Dynamic analysis is initially carried out with all the 12 

tethers under the sea-states given in Table 2. In sea-state S4 

(phenomenal), the maximum variation in the tension from 

the initial pretension is found to be 2.61 MN, which is 

about 24.73 % of initial pre-tension. The maximum value of 

stress developed is found to be 111.019 MPa, which is 

about 82.40 % of the yield stress of steel. 

The postulated failure conditions with 4 tethers failed 

(one in each of the four legs of the platform) is studied 

under similar operating conditions as shown in Table 2. In 

sea-state S4 (phenomenal), the maximum variation in the 

tension is found to be 4.76 MN, which is about 30.16 % of 

initial pre-tension. The maximum value of stress developed 

is found to be 190.035 MPa, which is about 69.87 % of the 

yield stress of steel. 

The stress variations caused in normal operating condi-

tions of TLP and in postulated failure condition are shown 

in Figs. 5 to 8 for the four sea-states shown in Table 2. 

Summary of the descriptive statistics of 6th tether under 

normal operation and postulated failure conditions is shown 

in Tables 4 and 5 for the four sea-states shown in Table 2. 

Zero skewness implies that distribution of the stress is 

symmetric about the mean stress value. Since Mean, Median 

and Mode are same in all cases, and Kurtosis is near to 3, 

the distribution followed by the stress process is considered 

as a normal/Gaussian distribution which confirms the appli-

cation of reliability concepts. 

(a)

 

(b)

 
Figure 5. Variation in stress for sea-state S1 under (a) normal 

operating and (b) tether-cut condition. 

(a)
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(b)

  
Figure 6. Variation in stress for sea-state S2 under (a) normal 

operating and (b) tether-cut condition. 

(a)

 
(b)

  
Figure 7. Variation in stress for sea-state S3 under (a) normal 

operating and (b) tether-cut condition. 

(a)

  

(b)

  

Figure 8. Variation in stress for sea-state S4 under (a) normal 

operating and (b) tether-cut condition. 

The value of reliability index () for normal operating 

conditions ranges from 15.720 to 15.416, therefore, proba-

bility of failure for normal operating conditions ranges from 

5.5162e–56 to 6.3889e–54. In the postulated failure case, the 

value of reliability index () varies from 14.174 to 13.455, 

therefore, the probability of failure ranges from 6.6360e–46 

to 1.4387e–41. 

Figures 9 to 12 represent the rain-flow counting matrices 

of 6th tether for the four sea-state conditions given in Table 

2. For sea-states S1 to S4, in normal operating condition the 

mean stress varies from 97.672 to 97.749 N/mm2 and the 

maximum stress cycle range varies from 30 to 50 N/mm2. 

Table 4. Summary of descriptive statistics for 6th tether. 

Sea-state Mean (S)  Median ( x ) Mode S Skewness Kurtosis (K4) Reliability index () 

S1 97.702 97.879 98.326 3.783 -0.194 3.260 15.720 

S2 97.672 97.840 97.820 5.258 -0.202 3.157 15.630 

S3 97.749 98.034 99.202 6.442 -0.198 2.992 15.536 

S4 97.717 97.937 97.937 7.749 -0.168 2.903 15.416 

Table 5. Summary of descriptive statistics for 6th tether in tether-cut condition. 

Sea-state Mean (S)  Median ( x ) Mode S Skewness Kurtosis (K4) Reliability index () 

S1 145.872 146.078 144.794 5.895 -0.183 3.358 14.174 

S2 145.851 146.020 143.976 8.405 -0.176 3.161 13.962 

S3 145.982 146.293 141.465 11.056 -0.132 3.078 13.669 

S4 145.995 146.195 142.321 12.744 -0.111 2.904 13.455 
 

For the postulated failure condition, the rain-flow count-

ing matrices corresponding to the 6th tether for the four sea-

states given in Table 2 are shown in Figs. 13 to 16. For sea-

states S1 to S4, in postulated failure condition, the mean 

stress varies from 145.851 to 145.995 N/mm2 and the maxi-

mal stress cycle range varies from 60 to 100 N/mm2. 

An increase in stress fluctuations is observed in the postu-

lated failure condition as compared with that in normal oper-

ating condition. The observations from Figs. 9 to 12 for the 

normal operating conditions of the TLP are shown in Table 

6, while observations from Figs. 13 to 16 for the postulated 

failure conditions are given in Table 7. 

A comparison of fatigue life of the 6th tether under four 

sea-states in normal operation and in postulated failure condi-

tions is shown in Table 8. Under normal conditions the pre-

stress is about 97 N/mm2. Most of the cycles are concentrat-

ed at an average of 97, as can be observed from Figs. 9-12. 
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Figure 9. Rain-flow counting matrix for 6th tether under sea-state S1, 

 
Figure 10. Rain-flow counting matrix for 6th tether under sea-state S2. 

 
Figure 11. Rain-flow counting matrix for 6th tether under sea-state S3. 

 
Figure 12. Rain-flow counting matrix for 6th tether under sea-state S4. 
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Figure 13. Rain-flow counting matrix for 6th tether under sea-state S1 in postulated failure condition. 

 
Figure 14. Rain-flow counting matrix for 6th tether under sea-state S2 in postulated failure condition. 

 
Figure 15. Rain-flow counting matrix for 6th tether under sea-state S3 in postulated failure condition. 

 
Figure 16. Rain-flow counting matrix for 6th tether under sea-state S4 in postulated failure condition. 
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Table 6. Observations from rain-flow counting matrix for 6th 

tether under normal operation. 

Sea-

state 

Maximal stress 

cycle range 

(N/mm2) 

Mean 

stress 

(N/mm2) 

Var. in stress 

cycle range 

(N/mm2) 

Variation in 

cycle average 

(N/mm2) 

S1 30 97.7 0-30 85-110 

S2 45 97.672 0-45 80-110 

S3 50 97.749 0-50 80-115 

S4 50 97.717 0-50 70-115 

Table 7. Observations from rain-flow counting matrix for 6th 

tether under tether-cut condition. 

Sea-

state 

Maximal stress 

cycle range 

(N/mm2) 

Mean 

stress 

(N/mm2) 

Var. in stress 

cycle range 

(N/mm2) 

Variation in 

cycle average 

(N/mm2) 

S1 60 145.872 130-165 0-60 

S2 70 145.851 120-170 0-70 

S3 90 145.982 120-170 0-90 

S4 100 145.995 110-180 0-100 

Table 8. Fatigue life of 6th tether in 4 different sea-states S1 to S4. 

Sea-

state 

Fatigue life in normal operating 

conditions 

(years) 

Fatigue life in postulate 

failure conditions 

(years) 

S1 
Negligible damage in 

accordance with Miner’s rule 
700.952 

S2 
Negligible damage in 

accordance with Miner’s rule 
56.712 

S3 2910 8.891 

S4 246.427 5.127 

In postulated failure conditions the stress in the tether 

has increased to 145 N/mm2 and also most of the cycles are 

surrounded with a cycle average of 145 N/mm2 as observed 

in Figs. 13-16. This describes pre-stress shifting from 95 to 

145 N/mm2 and the tether is undergoing stress variation 

about the shifted position. Also, after failure, cycle ranges 

are more and frequent which results in more damage in the 

material ultimately leading to failure in lesser time. The same 

has been observed in the results. 

CONCLUSIONS 

In this investigation, the dynamic analysis is conducted 

for a TLP using the Pierson Moskowitz spectrum for four 

different sea states with increasing wave heights. Fatigue 

life analysis is carried out on tethers of the TLP, for both 

normal operating conditions as well as for postulated failure 

conditions. The following prominent observations are noted: 

– statistical analysis of the tether response stress reversals 

shows that the distribution is approximately symmetric 

from the skewness values. Also, it is observed that the 

distribution follows a Gaussian distribution from the 

Kurtosis, mean, median and mode values; 

– the reliability index (), that shows the safety level of the 

system reduces during the postulated failure condition; 

– in the dynamic analysis carried out in the phenomenal sea 

state, under normal operating condition of TLP, i.e. with 

all 12 tethers, an increase in the tether tension up to 24.73 

% of initial pre-tension is seen. The stress observed have 

not consumed 82.4% of the yield stress of steel; 

– in the dynamic analysis carried out in the phenomenal sea 

state, under postulated failure condition of TLP, i.e. with 

8 tethers, an increase in tether tension up to 30.16 % of 

initial pre-tension is seen. The stress observed is close to 

69.87 % of the yield stress of steel; 

– the fatigue life in the phenomenal sea state for normal 

operating condition of TLP is 246.52 years while for the 

postulated failure 5.127 years. This decrease in fatigue 

life is caused due to the increased pre-tension and stress 

due to the reduction in stiffness of the tether. A fatigue 

life reduction is higher when the sea state increases from 

very-rough to phenomenal condition. 
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