
IJSTE - International Journal of Science Technology & Engineering | Volume 2 | Issue 06 | December 2015 
ISSN (online): 2349-784X 

 

 

 
All rights reserved by www.ijste.org 
 

54 

Reliability Analysis of Double Pendulum ALP 

  

Dr. Moazzam Aslam Prof. Nazrul Islam  

Associate Professor  Professor 

Department of Civil Engineering  Department of Civil Engineering   

Vivekananda College of Technology & Management, 

Aligarh, India 

Islamic University, Madina Munawwara, Saudi Arabia 

  

Dr. M.M. Zaheer 

Assistant Professor 

Department of Building Engineering 

College of Architectural and Planning, University of Dammam, Saudi Arabia 

 

Abstract 

An articulated tower is one of the compliant offshore structures connected to the sea-bed through a universal joint. This joint is 

subjected to reversal of shear stresses under random loading, which makes it vulnerable to fatigue damage.  This paper describes 

a methodology for computation of reliability of universal joint of articulated offshore platform. The dynamic analysis of the tower 

has been carried out for eleven simulated sea state under wave alone and in combination with wind and wave. The response time 

histories so obtained are employed for reliability analysis of the joint. Fatigue criteria have been formulated using S-N curve and 

fracture mechanics approach. The crack in addition to the geometry, material, and loading of the joint are modeled as random 

variables to compute the reliability. The reliability analysis is carried out using Advanced First Order Reliability Method (FORM) 

and Monte Carlo Simulation technique. Important parametric studies have been carried out to obtain insight into the effect of 

important variables on the fatigue reliability. The effects of uncertainties in various random variables on articulated joint reliability 

are highlighted.    
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________________________________________________________________________________________________________ 

I. INTRODUCTION 

An articulated loading platform (ALP) is a compliant offshore structure which is connected to the sea bed through a universal joint. 

Being compliant in nature, ALPs are free to move with wind and waves. These time variant loadings cause fluctuating shear 

stresses in the articulated joint. Therefore, its fatigue reliability assessment is of great importance. Fatigue is defined as the 

“progressive, localized, and permanent structural damage that occurs when a material is subjected to cyclic or fluctuating strains 

at nominal stresses that have maximum values less that (often much less than) the static yield strength of the material”. Sedillot et 

al. (1982) discussed the design and fatigue analysis of a laminated rubber articulated joint.  Wirsching (1984) investigated the 

fatigue reliability of offshore structures. Karamchandani et al. (1992) computed the probability of system failure of offshore 

structures using fracture mechanics approach. Jin et al. (2005) proposed a methodology of system reliability-based assessment of 

the SPM jacket platforms. The reliability analysis of structure under combined wind and wave forces have been carried out not as 

much as it is done for wave loading. Sengupta and Ahmad (1996) developed a methodology for finding the expected life of TLP 

based on the reliability study. Fatigue and wear studies were carried out on Baldpate compliant tower by Chen and Will (1999). 

Siddiqui and Ahmad (2001) studied fatigue and fracture reliability of tension leg platform (TLP) tethers under random loading. 

Gong et al. (2007) studied the cumulative damage and fatigue life of jacket structures in order to ensure the safe service of single 

point mooring (SPM) platform.  

II. FAILURE CRITERIA AND PROBABILISTIC MODELLING 

Structural design could be described as the practice of designing a structure such that it has higher strength   than the load effects . 

The parameters affecting the load and resistance are again affected by uncertainties that cannot be easily controlled during the 

design process. This can be demonstrated by treating the problem in terms of two variables, i.e.,  and   as shown in Fig.1. The 

probability of structural failure lies in the shaded region under the two probability density curves. 

 Limit State Function 

Two general approaches as described in DNV code (DNV-OS-E301) are employed here for the fatigue and fracture limit state 

formulations: 

1) S-N curve approach, and  

2) Fracture Mechanics (F-M) approach 
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The characteristic S-N approach is based on the assumption that fatigue damage accumulation is a linear phenomenon (Miner’s 

rule). According to miner’s rule, the total fatigue life of a structure under different stress ranges is the weighted sum of the 

individual lives at constant stress    as given by the S-N curves, with each being weighted according to fractional exposure to 

that level of stress range (Hughes, 1988). Upon crack initiation, crack propagates based on the fracture mechanics concept as shown 

in Fig. 2.  

The basic equation that represents the S-N curve is given by 

m

R

K
N


                                                                           (1) 

Where N  is the number of cycles to fatigue initiation (failure); K  the intercept of the S-N curve at 
R

  equals to one; 
R

  the 

constant amplitude stress range at N  and m  the slope of the S-N curve. The fracture mechanics approach is concerned with the 

study of the behaviour of structures containing flaws or cracks and is based on crack growth data. The fatigue crack propagation 

is more commonly evaluated using Paris law, which is given as follows: 

 
m

KC
dN

da


                                                   (2) 

in which 
dN

da
 is the crack growth rate; k  the range of stress intensity factor; a  the crack size; N  the number of fatigue 

cycles, and 


C  and m  are crack propagation parameters. The range of the stress intensity factor is given by Broek (1986) as  

  aaYK
R

             (3) 

where 
R

  is the nominal stress range and  aY  is a function of crack geometry. When crack size a , reaches critical crack size

cr
a , failure is assumed to have occurred.  

 Statistics for Reliability Model 

The uncertainties associated with the variables participating in the performance function are modeled as random. Distribution of 

some of the random variables and their values has been adopted as per codal practice (DNV-OS-E301). 

 Stress Modeling Error   B  

Stress modeling error has been assumed to follow lognormal distribution with median value of 0.9 and coefficient of variation 0.2. 

These figures are speculative, but they are typical of what designers (onshore and offshore) consider to be the level of bias and 

uncertainty in stress estimation procedures commonly used (Wirsching and Chen, 1987).  

 Fatigue Strength Coefficient  A    

Fatigue strength coefficient, A is an empirical constant. Its value is determined through experiments. In the present analysis, its 

distribution has been assumed to follow lognormal with median and coefficient of variation as 5.25  1012 N/mm2 and 0.73, 

respectively. The mean value of   result from a least squares analysis of the S-N data (on a log-log basis). The coefficient of 

variation of A is obtained using an equivalent prediction interval, which accounts for the fact that the parameter estimates 

themselves as random variables (Wirsching and Hsieh, 1980). 

 P-M Damage Index at Failure  
F

  

This index is the representation of failure in the structure or structural component. Failure is said to occur when the damage reaches 

this index, assuming that on the average, Miner’s rule works (Wirsching, 1984). This is assumed to follow lognormal distribution 

with median 1.0 and coefficient of variation 0.30.  

 Fatigue Exponent ( )m  

This is a typical slope of the S-N curve and is assumed to be constant. It is also the typical slope when the S-N curve is derived 

from fracture mechanics (sub critical consideration crack growth) of steel structures (Munse et al. 1983). Its value is taken as 3.0 

for the present study. 

 Paris Coefficient ( )C  

The value of Paris coefficient is obtained from the experimental study. Here it is assumed as lognormally distributed with median 

and coefficient of variation as 1.8 10-12 N/mm2 and 0.63, respectively. 

 Initial Crack Length  
0

a  

In the present study, initial crack size is assumed as exponentially distributed with mean value as 0.005 mm. 

 Modeling error  
i

  

The uncertainty in the geometry function ( )aY  has been considered through modeling error
i

 . In the present study, modeling error 

or uncertainty factor in ( )aY  has been taken as lognormally distributed with mean value 1.0 and coefficient of variation as 0.10. 
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III. NUMERICAL STUDY 

The physical and mechanical characteristics of the platform used in the reliability study are given in Table 1. The articulated joint 

system chosen for the present study is taken from the literature (Sedillot et al. 1982). Simulated sea states have been taken from 

published literature (Siddiqui and Ahmad, 2001). The dynamic analysis has been carried out for wave only, and combined action 

of wind and waves. The respective time histories so obtained are statistically analyzed and response statistics are obtained. 

Subsequently, reliability analyses have been carried out using the S-N curve and F-M approaches.  

IV. DISCUSSION OF RESULTS 

Tables 2 and 3 present the root mean square (RMS) values of hinge shear stresses under the two loading environments. The 

probability of failure and reliability indices of the joint obtained from S-N and F-M model are given in Tables 4 and 5. These 

results show that the S-N curve approach gives somewhat conservative results as compared to F-M approach. This is because in 

S-N approach, crack initiation is the failure criteria. On the other hand in F-M approach, failure occurs when a crack reaches to a 

certain critical value. Again from Table 4 and 5, it is seen that wind causes a reduction of probability of failure. It is mainly due to 

the attenuating effect of the wind.  

 Figs. 3-5 show the effect of coefficient of variation (COV) in Miner-Palmgren damage index  
F

 , fatigue strength coefficient 

 A  and stress modeling error  B  on the reliability index using S-N model. The figures show that as the uncertainty in terms of 

coefficient of variation increases, there is a corresponding decrease in the magnitude of reliability index. Thus it is obvious that 

apart from the mean value, the coefficient of variation also plays a significant role in controlling the safety or reliability of the 

joint. 

Figs. 6-8 show the effect of COV on the reliability index using F-M model. It is again seen that as the uncertainty, measured in 

terms of coefficient of variation in Paris coefficient  C , modeling error in geometry  aY  and stress modeling error  B  

increases, there is a corresponding continuous decrease in the reliability index magnitude. This study proves to be an efficient tool 

for optimization and improvement of design. 

V. CONCLUSION 

1) S-N curve approach yields a significantly conservative estimate of probability of failure as compared to the F-M approach.  

2) The inclusion of wind with random waves in the analysis causes a reduction of probability of failure of the articulated joint.  

3) Uncertainty analysis shows that coefficient of variation also plays a significant role in affecting the reliability of ALP. If 

through some proper care and quality control uncertainties in random variables (COV) can be reduced, reliability of 

articulated joint can be improved. 
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Table – 1 

Properties of Double Pendulum ALP 

Parameter Value 

Water depth, WD 420 m 

Height of bottom tower, L1 260 m 

Height of top tower, L2 210 m 

Structural mass of top tower 2.0  104 kg/m 

Structural mass of bottom tower 2.0  104 kg/m 

Mass of ballast 44.84  103 g/m 

Deck mass, md 2.5  106 kg 

Tower’s Shaft  

Effective drag diameter 17.0 m 

Effective diameter for buoyancy 7.5 m 

Effective diameter for inertia 4.5 m 

Effective diameter for added mass 4.5 m 

Buoyancy chamber  
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Effective drag diameter 20 m 

Effective diameter for buoyancy 19.5 m 

Effective diameter for inertia 7.5 m 

Effective diameter for added mass 7.5 m 

Table – 2 

 Statistics of hinge shear stresses under long crested random wave only 

Sea state, i  Fraction of time in each sea state,
i

  Zero crossing rate,
i

f  RMS stress, 
m

i
  

1 0.00000037 0.042 40.52 

2 0.00000238 0.153 35.66 

3 0.00001437 0.337 31.36 

4 0.00007980 0.508 26.69 

5 0.00040572 0.401 18.75 

6 0.00187129 0.332 28.49 

7 0.00773824 0.381 14.43 

8 0.02822122 0.395 13.58 

9 0.08851105 0.404 10.86 

10 0.22831162 0.613 6.19 

11 0.43542358 0.674 3.33 

12 0.20942036 0.711 1.46 

Table – 3 

 Statistics of hinge shear stresses under long crested random wave + wind 

Sea state, i  Fraction of time in each sea state,
i

  Zero crossing rate,
i

f  RMS stress, 
m

i
  

1 0.00000037 0.149 38.63 

2 0.00000238 0.187 36.15 

3 0.00001437 0.313 43.71 

4 0.00007980 0.640 27.26 

5 0.00040572 0.401 18.75 

6 0.00187129 0.325 16.07 

7 0.00773824 0.373 14.09 

8 0.02822122 0.392 12.88 

9 0.08851105 0.417 9.50 

10 0.22831162 0.581 5.48 

11 0.43542358 0.602 2.78 

12 0.20942036 0.631 1.07 

Table – 4 

 Probability of failure and reliability index 

Reliability method 

AFORM Monte Carlo 

f
P    

f
P    

Wave only 0.142 10-4 4.186 0.260 10-4 4.046 

Wave + wind 0.236 10-5 4.577 0.333 10-5 4.504 

Table - 5  

Probability of failure and reliability index using F-M approach 

Reliability method 

AFORM Monte Carlo 

f
P    

f
P    

Wave only 0.593 10-5 4.381 0.306 10-4 4.007 

Wave + wind 0.133 10-5 4.694 0.113 10-4 4.237 
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Fig. 1: Strength and Stress Probability Plot   

 
Fig. 2:  Comparison between the characteristic S-N curve and F-M approach 

 
Fig. 3: Effect of uncertainty in Miner-Palmgren damage index on the reliability index 

 
Fig. 4: Effect of uncertainty in fatigue strength coefficient on the reliability index  

Fig. 7.4 Effect of uncertainty in Miner-Palmgren damage index on the reliability index
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Fig. 7.5 Effect of uncertainty in fatigue strength coefficient on the reliability index
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Fig. 5: Effect of uncertainty in stress modeling error on the reliability index 

 
Fig. 6: Effect of uncertainty in Paris coefficient on the reliability index 

 
Fig. 7: Effect of uncertainty in geometry function on the reliability index 

Fig. 7.6 Effect of uncertaintry in stress modeling error on the reliability index
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Fig. 7.7 Effect of uncertainty in paris coefficient on the reliability index
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Fig. 7.8 Effect of uncertainty in geomerty function on the reliability index
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Fig. 8: Effect of uncertainty in stress modeling error on the reliability index Fig. 7.9 Effect of uncertainty in stress modeling error on the reliability index
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