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ABSTRACT 

In recent decades, the offshore oil and gas industry has been pushing new boundaries. 

One such example is the placement of permanently manned and moored oil and gas 

facilities in the North West Shelf of Australia, of which one is a Floating Liquefied 

Natural Gas (FLNG) vessel. This leads to a challenge as the region is characterised by 

tropical cyclone environment and no permanently manned floating structures were 

designed previously to stay on station in such environmental conditions. The mooring 

system of these facilities forms an important part of the overall facility design. As such, 

understanding the extreme response and the reliability of mooring system for an FLNG 

vessel in tropical cyclone environment, is of paramount importance and is the topic of 

this PhD thesis.  

The design of a mooring line requires the evaluation of the maximum load that the line 

experiences under specified design environmental conditions. Due to the random nature 

of the environment, the load is defined in probabilistic terms and several time domain 

simulations are required to develop the most probable maximum load for use in design. 

The most straightforward methodology involves recording the maximum load from every 

simulation. Each simulation represents a different realisation of the same load case.     

In this thesis, it is shown that the straightforward method of evaluating the most probable 

maximum mooring load from a population of maxima, requires typically 30-40 time 

domain simulations and is computationally intensive. A more efficient methodology, of 

evaluating the most probable maximum mooring load, was developed in this study, which 

utilises smaller number of simulations, typically 4-7. The methodology utilises the 

distribution of the peaks of the mooring load time history to define the distribution for the 

maxima (Gumbel shape) and hence also the most probable maximum value. The Gumbel 

distribution which describes the short term variability is convoluted with long term 

information obtained from the design metocean conditions to develop a long term 

distribution which accounts for short term variability.     

The long term distribution of the mooring line load is then utilised to perform reliability 

analysis of the mooring system in a tropical cyclone environment.  This study addresses 

the reliability of both pile and chain. The results of the reliability study demonstrate that 

a mooring system designed to current industry standards, notably ISO 19901-7 and API 

RP 2SK, does not meet the target reliability of 10-4/annum (developed and discussed in 



 

xiv 

the thesis). New factors of safety are proposed for the mooring system in tropical cyclone 

environment (increase from 1.67 and 1.6 to 2.1 for both the chain and the pile 

respectively). Furthermore, it is demonstrated that if the system is designed for 10,000yr 

environmental conditions and factor of safety equal to unity (not a current code 

requirement) the probability of failure approaches the target of 10-4/annum.  

The reliability of the same FLNG system, which is placed in North Sea was evaluated. 

This was done to assess whether the need for higher factors of safety arises due to the 

environmental characteristics of a tropical cyclone environment, perhaps the FLNG 

system characteristics or the required target reliability. A comparison is made between 

the two and it is demonstrated that the long term distribution of the wave height is much 

steeper in a tropical cyclone environment and this characteristic is transferred to the 

mooring line response. It is thus demonstrated that for the same FLNG vessel in a North 

Sea environment the same target reliability can be achieved with a factor of safety of 1.5 

for the chain and the pile. The above results are highly significant and existing design 

standards need to be modified to take account of these results.   

This thesis provides an insight into the extreme response and reliability of the mooring 

system of a permanently manned FLNG vessel in a tropical cyclone environment. The 

main new features introduced by this FLNG application is a step increase in vessel size 

(placing higher demands on the mooring system) and introduction of a permanently 

connected and permanently manned floating facility in a tropical cyclone environment.  

Furthermore, this study highlights the importance of introducing reliability based factors 

of safety for mooring systems, which take into account important differences in the long 

term response characteristics of different geographical regions.  
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Chapter 1 

𝐹𝐹𝑋𝑋(𝑥𝑥) cumulative probability distribution of mooring response 

peaks (X), obtained from its observation sample (x) 

𝐹𝐹𝑌𝑌𝑌𝑌(𝑦𝑦) cumulative probability distribution of maximum (extreme) 

mooring response (Yn), where n is the sample size of mooring 

response peaks 

Yn random variable representing maximum (extreme) mooring 

response, where n is the sample size of mooring response 

peaks 

T wave period 

ζ wave height 

 

Chapter 2 

CoV coefficient of variation 

HS significant wave height 

N number of simulations/maxima 

TP peak period 

X maxima value 

𝑋𝑋� the average of N maxima 

X0.1 90th percentile 

β scale parameter of Gumbel distribution 

µ mean 

�̂�𝜇 location parameter of Gumbel distribution 

σ standard deviation 
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Chapter 3 

A parameter in Gumbel distribution describing the short term 

variability of the mooring load with return period 

F confidence factor 

𝐹𝐹𝑋𝑋(𝑥𝑥) cumulative probability distribution of mooring response 

peaks (X), obtained from its observation sample (x) 

𝐹𝐹𝑌𝑌𝑌𝑌(𝑦𝑦) cumulative probability distribution of maximum (extreme) 

mooring response (Yn), where n is the sample size of mooring 

response peaks 

𝑓𝑓𝑋𝑋(𝑦𝑦) density function of mooring response peaks (X) 

𝑓𝑓𝑌𝑌𝑌𝑌(𝑦𝑦) density function of maximum (extreme) mooring response 

(Yn), where n is the sample size of mooring response peaks 
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CHAPTER 1. GENERAL INTRODUCTION 

1.1 Motivation for the research 

As the demand for energy increases and the natural resources reserves are becoming 

scarce, the oil and gas industry has to push new boundaries. In the last few decades there 

has been an increasing trend in ship shaped floating vessels, used in the oil and gas 

industry (Shimamura, 2002). The most recent example is FLNG vessel, which is a ship 

shaped floating facility used to extract, process and liquefy the  natural gas (White and 

Longley, 2009). Such a vessel has been designed to be permanently manned and 

permanently moored in the North West Shelf (NWS) of Australia, which is characterised 

by strong cyclone activity. It is a first permanently manned, floating vessel in such harsh 

environment. The mooring system has a role to keep the vessel on station and restrict 

movements beyond certain design limits. As such, the mooring system forms a very 

important aspect of the overall design in this new technology.  

The design of the FLNG mooring system, in a cyclonic environment, is a step out from a 

typical floating oil and gas facility. Firstly, the vessel and subsequently the mooring 

system are both novel in size, as the FLNG vessel considered here (with a displacement 

of 600,000 tonnes) is the largest floating facility ever built. Secondly, this floating facility 

is designed to be permanently manned and permanently connected in a region 

characterised by intense tropical cyclones. This raises a major challenge, namely that the 

Factors of Safety (FoS), currently recommended in industry standards for mooring 

design, may not be applicable for this step-out application.  Hence, the reliability of the 

mooring lines and connecting piles, which belong to these vessels, needs to be better 

understood and the suitability of current industry standards needs to be evaluated.  

1.2 Mooring systems and maximum mooring loads 

Mooring systems are made out of a number of lines with one end attached to the floating 

vessel while the other end is anchored to the seabed, as seen in Figure 1-1. The system 

provides restoring force to the floating vessel, when it displaces from its mean position 

due to environmental loading. Large vessel offsets will cause large mooring line loads.   
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Two most common configurations of mooring systems are spread moorings and single 

point mooring. In spread moorings, the mooring upper end is attached to the corners of 

the vessel, keeping an approximately constant vessel heading. The single point mooring 

system is attached to a single point on the vessel, usually the turret. This permits the 

floating structure to change its direction and to head into the prevailing environment, 

thereby minimising the environmental load that acts on it. This is referred to as 

weathervaning (API, 2005). 

 

Figure 1-1- Schematic view of an FLNG vessel and its catenary mooring system 

(Shell, 2018) 

Mooring systems can be described as catenary or taut systems, based on the way they 

provide the restoring force. Catenary is the oldest system and it provides its restoring 

force by lifting and lowering the weight of the mooring line (see Figure 1-2). In taut 

mooring lines, the system provides a restoring force from the stretch of the line, as 

presented in Figure 1-2. Traditional catenary systems are made from chain and wire, while 

taut systems are composed of synthetic fibres. In deeper waters, the taut synthetic lines 

have an advantage over chain or wire catenary lines as they are lighter, more flexible and 

have reduced line length (Chakrabati, 2005). This thesis looks at a catenary mooring 

system that is connected to a large weathervaning FLNG vessel.  

Large ship shaped weathervaning vessels experience motions in all six degrees of 

freedom as a response to a combination of irregular waves, wind and current.  The vessel 

motions can be divided into three distinct types:  
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1. Oscillating motions of the floating structure at frequencies corresponding to those 

of waves (wave frequency motions) (typical oscillation period of 5-30s) 

2. Oscillating motions of floating structures at frequencies that are lower than those 

of waves (slowly varying oscillating motions or low frequency motions) (typical 

oscillation period of more than 100s) 

3. Mean displacement of the vessel caused by constant load component of 

environmental loads 

The overall vessel motions are dominated by large amplitude slowly varying oscillations 

and are responsible for maximum mooring responses (Pinkster and Wichers, 1987).   

 

Figure 1-2- Schematic representation of taut and catenary mooring system 

 

An irregular sea may be considered to comprise a large number of wavelets of different 

frequency period superimposed together. The superposition of any pair of such wavelets 

with different frequencies results in a long period excitation that depends on the difference 

in wave frequencies and may be referred to as slowly varying or low frequency excitation.  

A large ship shaped moored vessel (such as FPSO and FLNG) has a low natural frequency 

in its horizontal modes of motion (Faltisen and Loken, 1978). When the component of 

the slowly varying wave drift force is applied at the natural frequency of the moored 

vessel, large amplitude, slowly oscillating motions result due to resonance. These motions 

dominate maximum vessel displacement and hence govern the maximum mooring loads. 

For these vessels, the extreme response is usually not a result of a combination of aligned 
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most extreme wind, wave and current. Instead, the maximum response can be associated 

with a resonant period due to the sensitivity of such vessels to low frequency wave drift 

forces. 

The loads due to waves and wind, that act on weathervaning vessels and consequently 

produce tension loads in mooring lines, are of irregular nature. Hence, the maximum 

mooring load, which is needed for the line design, is not deterministic and is described in 

probabilistic terms, e.g. by a central value and a distribution. The Most Probable 

Maximum (MPM) value of this distribution is defined in design standards to be the 

characteristic value for use in design. In this thesis, the MPM value is used as the 

characteristic design value (as required by design standards) and is also used in the 

reliability calculations together with the associated distributions.  In this thesis the term 

maximum response or extreme response is sometimes used in place of MPM response. 

Also the terms “mooring response” and “mooring load” are generally synonymous and 

apply both to the chain and the pile.   

The environmental conditions, to which the vessel and mooring lines are subjected to, 

need to be simulated for multiple environmental seeds to account for their inherent 

randomness. Hence, when performing mooring line analysis, several realisations of 

mooring line response are obtained for a single environmental condition. In addition, the 

mooring system should be designed for the most unfavourable combination of wind, 

current and wave, where both the intensity and the direction of these environmental forces 

is varied. There are several types of analysis that can be used in mooring system response 

simulation and they are discussed below.  

1.3 Mooring system analysis 

Firstly, an environmental design condition is established which includes all of the 

environmental parameters that contribute to vessel response, namely wind, current, wind 

waves and swell waves. The environmental conditions are associated with a specific 

return period, which represents its probability of occurrence. A typical weathervaning 

vessel may have several hundreds of different load conditions for which it needs to be 

analysed (API, 2005).  The type of analysis to be used depends on the type of the vessel, 

mooring system and the degree of accuracy required. Several different analysis types are 

discussed below, with reference to a weathervaning vessel.  
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Mooring system analysis can be performed as static, quasi static or dynamic analysis. In 

static and quasi static analyses, any dynamic effects on the mooring line are not taken into 

account. Various codes warn that the reliability of quasi static results can vary with vessel 

type, water depth and line configuration (API, 2005). Kwan and Bruen (1991) showed 

that quasi static analysis of mooring lines for wave frequency loadings only, gives poor 

results compared to dynamic analysis.   

The dynamic mooring analysis can be carried out in time domain, frequency domain or a 

combination of the two. Mooring line behaviour can be influenced by four main nonlinear 

effects: nonlinear stretching behaviour, geometric non linearities, fluid drag load on the 

line and the influence of sea floor effects.  In frequency domain, the weathervaning 

behaviour of the vessel cannot be accurately captured and any nonlinear effects are either 

approximated or neglected.  In time domain approach, the equations of motion are solved 

by direct numerical integration and non-linearity can be accounted for. The time domain 

approach is, therefore, regarded as the most accurate numerical approach and it is 

specifically recommended for weathervaning vessels (DNVGL, 2015b) (API, 2005). 

Although the time domain analysis is more accurate than the frequency domain analysis, 

its computational time is much longer.  

The most accurate mooring analysis is performed in a time domain coupled analysis, 

where the vessel, risers and the mooring system are modelled and analysed 

simultaneously in an integrated model (API 2008; DNV 2010). Low frequency vessel 

motions are considerably influenced by current loading and damping due to the presence 

of slender structures, such as mooring lines and risers (Ormberg and Larsen, 1998). These 

influences of slender structures on motion of the vessel are referred to as coupling effects. 

Most noticeable coupling effects occur in deep water systems and harsh environment 

(Hansen et al., 2004). These effects can be accurately captured by a time domain coupled 

analysis.  In traditional mooring analysis, the vessel is analysed first without the slender 

elements and the coupling effects are either estimated or ignored. The obtained vessel 

motions are then included as a prescribed displacement in the mooring analysis. Several 

authors have reported such traditional approaches may produce severely inaccurate 

results of vessel’s motions and consequently of mooring system response (Hansen et al., 

2004) (Ormberg and Larsen, 1998) (Astrup et al., 2001).  
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1.4 Methods of obtaining the most probable maximum mooring load 

The most straightforward method of obtaining the MPM mooring load is to execute 

several time domain analyses, associated with each of the environmental conditions, in 

order to account for the random nature of the environment. A maximum response is 

recorded from each simulation. Then, the MPM mooring design load, associated with a 

particular load case, is evaluated from the population of maxima recorded for that case. 

Two methods of estimating the MPM value from the population of maxima are used, 

namely: 

1. A probability density function (PDF) of the extreme response is constructed from 

the maxima data and the MPM is evaluated as the response where the PDF is a 

maximum. Several hundred maxima/simulations, are required for each 

environmental condition in order to achieve accurate estimate of the MPM value.   

2. A Gumbel distribution is fitted through the data of maximum responses and the 

MPM response is obtained as the e-1 non-exceedance value (37th percentile) from 

the cumulative distribution function (CDF). Typically, 30-40 simulations are 

required to achieve accurate results using this method (as will be demonstrated in 

this thesis (Stanisic et al., 2017)).  

 The above methods which use a single maximum response from each time domain 

simulation and a number of N simulations, are referred to as conventional methods in this 

thesis. A more elaborate method, recommended in (API, 2005), is referred to in this thesis 

as the Peak Distribution Method (PDM). It involves fitting a distribution on to the peaks 

of the mooring line time series, obtained from time domain simulations.  The distribution 

of the maximum response Yn can be evaluated from the distribution of the peaks, 

represented by the random variable X, using the following equation: 

 

𝐹𝐹𝑌𝑌𝑌𝑌(𝑦𝑦) = [𝐹𝐹𝑥𝑥(𝑦𝑦)]𝑌𝑌 (1-1) 

 

where 𝐹𝐹𝑌𝑌𝑌𝑌(𝑦𝑦) represents the CDF of the maximum mooring response Yn, 𝐹𝐹𝑥𝑥(𝑦𝑦) is the 

CDF of the mooring response peaks, n is the number of peaks in 3-h and y is a value 

which is larger than all observations of mooring response peaks (x). The process is 
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depicted in Figure 1-3. API (2005) guidelines state that to obtain an accurate estimate of 

the extreme response, the user has to have substantial knowledge and skill. Nevertheless, 

this methodology requires fewer simulations than the conventional methods, as several 

peaks are chosen from the time series mooring response and not just the maximum. 

Numerous authors have also studied this methodology in the literature.  

 

Figure 1-3- Peak distribution method (Sagrilo et al., 2011) 

 

Sagrilo et al. (2011) used PDM to predict the MPM mooring response of a turret moored 

FPSO, by fitting Weibull distribution to the peaks. The peaks were obtained from a single 

time domain simulation of durations shorter than 3-h and a safety factor is proposed to 

account for statistical uncertainty associated with the length of the simulation.  The factors 

guarantee, with a certain confidence level, the accuracy of the estimated MPM. The study 

was performed utilising the results of 30 3-h time domain simulations. The method 

proposed by the authors reduces the computational time in obtaining the MPM mooring 

response, however this comes at the expense of increased MPM value due to the large 

safety factors suggested.   

 Several other authors studied the PDM as well (Vazquez-Hernandez et al., 2006), 

(Sagrilo et al., 2010), (Chen and Mills, 2010). These studies also fitted the Weibull 

distribution on to the peaks of the mooring tension response, using the time series of a 

single 3-h simulation. The vessel type, mooring systems and fitting methods varied across 

the studies. The results were evaluated against the “true” MPM response. The “truth” was 

evaluated using the more conventional method (Method 2) but with a large number of 

simulations, typically 10-30 simulations. Some of the evaluation of MPM using PDM 

showed good accuracy.  However, there is an uncertainty associated with these results, 

due to the limited data used to establish the “truth”. Furthermore, the PDM was evaluated 
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in application to a single time domain simulation with maximum duration of 3-h. Hence, 

further research is required to develop the methodology of PDM so that it can be applied 

in industry design with confidence.   

1.5 The reliability of mooring system in tropical cyclone environment 

The failure of a mooring system can result in loss of life, environmental damage and 

financial loss. As such, both the mooring line and the pile are designated as Safety Critical 

Elements (SCE). Reliability considerations were of paramount importance in writing 

codes such as (ISO, 2013), (API, 2005), (DNVGL, 2015b). Nevertheless, the FoS 

currently proposed by codes and recommended practices for mooring systems and piles 

are not based on reliability analysis explicitly. As such, the reliability level achieved by 

these FoS is unknown. In Australia, as well as in many other countries, the operators of 

facilities are required to demonstrate the reliability of SCE as part of the Safety Case 

(NOPSEMA, 2018).  

Several studies are presented in the literature that deal with the reliability of mooring lines 

and connecting piles. The most recent study is executed by Joint Industry Project (JIP) 

NorMoor (Horte et al., 2017b), (Horte et al., 2017a), (Okkenhaug et al., 2017), which is 

preceeded by DEEPMOOR JIP (Horte et al., 1998). Based on reliability analysis, the 

study proposed single FoS as well as load and resistance factors (to be used for Load and 

Resistance Factor Design (LRFD)).  

The NorMoor Project studied mooring systems that belong to different vessel types 

moored in different water depths. The analyses were performed for environmental 

conditions of North Sea (NS), Gulf of Mexico (GoM) and Brazil. However, the 

permanently manned vessels, moored in tropical cyclone environment that are the topic 

of this PhD thesis, were not assessed by the NorMoor JIP. Furthermore, only reliability 

of the mooring lines and not the foundation was assessed.     

1.6 Thesis objective 

The main purpose of this research is to: 

i) develop a reliable and time efficient method of obtaining the MPM mooring 

responses with reference to a permanently manned and moored FLNG vessel in 

cyclonic environment  
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ii)  better understand the reliability of a mooring system for  a permanently manned 

and moored vessel in tropical cyclone environment  

 

In order to achieve these aims, the following activities were performed: 

a. Construction of a coupled time domain model in commercial software (consisting 

of FLNG vessel, mooring system and connecting risers)  

b. Execution of large number of time domain numerical simulations of the extreme 

load cases (corresponding to 100yr and 10,000yr return period) 

c. Assessment of conventional methods of obtaining the maximum mooring 

response, from results of time domain simulations 

d. Development of a reliable and time efficient methodology to obtain the maximum 

response that requires less computational effort 

e. Development of a long term distribution of mooring line and pile load, accounting 

for short term variability 

f. Performance of reliability analysis of the mooring chain and pile in tropical 

cyclone environment of NWS 

g. Derivation of target probability of failure level for a permanently manned and 

moored vessel in the tropical cyclone environment  

h. Assessment of currently recommended Factors of Safety (FoS) against the results 

obtained in step g) 

i. Derivation of FoS for mooring chain and the pile, that achieve target probability 

of failure for the tropical cyclone environment 

j. Performance of reliability analysis of mooring chain and pile in winter storm 

environment of North Sea (NS) 

k. Derivation of target probability of failure level for a permanently manned and 

moored vessel in winter storm environment 

l. Comparison of the results from step e) and i) and establishment of adequate 

recommendations 

m. Derivation of FoS for mooring chain and the pile, that achieve target probability 

of failure for the NS environment  

 

The coupled numerical model of the vessel, mooring system and risers developed, leads 

to predictions which are consistent with model test results. The most critical 
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environmental conditions that correspond to 100yr and 10,000yr return period, were 

identified for the tropical cyclone environment. For each critical condition, 170 

simulations were performed, using different environmental seeds. The time histories of 

the responses, obtained from the simulations, allowed for the assessment of conventional 

methods of obtaining the maximum response as well as the development and assessment 

of more efficient methodology.  

 

The methodology developed, allowed for an accurate estimation of the extreme response 

distribution (accurate Gumbel distributions for short term variability). This enabled the 

development of long term distribution, which accounts for short term response. The 

stochastic capacity of the mooring chain and the pile were also established. The derived 

load and capacity distributions allowed for the reliability analysis and assessment of 

currently recommended FoS for application to a permanently manned and moored 

weathervaning FLNG vessel in the tropical cyclone environment.   

 

The reliability analysis was repeated for the same vessel system, but for NS winter storm 

environmental conditions. The environmental conditions used were the same as those 

presented in the recent NorMoor project (Horte et al., 2017b), (Horte et al., 2017a), 

(Okkenhaug et al., 2017). The probabilities of failure calculated were explained and 

compared between the two environments. As such, the different nature of the tropical 

cyclone environment was highlighted.  The results obtained for NS environment showed 

good agreement with those obtained by the NorMoor Project. This gives confidence in 

the methodology, presented in this thesis, for obtaining the maximum mooring load and 

establishing the long term mooring load distribution.      

1.7 Thesis organisation 

This thesis is presented as a series of academic papers that are either published or 

submitted for publication, as per policies of the University of Western Australia. Chapter 

2 to Chapter 5, are each an academic paper with introduction, main body and conclusion. 

The introduction of each of these chapters outlines the background and the literature 

review of that particular area of research. Similarly, each conclusion summarises the main 

results and recommendations arising from each paper. A prologue precedes each of these 

chapters, to provide the reader with the relevance of that chapter within the thesis. Chapter 
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1 and Chapter 6 are the overall introductory and concluding chapters. Due to the style and 

the structure of this thesis some material may overlap. Further details of the content of 

each chapter are included below. 

• Chapter 1 (this chapter) outlines some background information on mooring 

systems analysis and presents an overall brief literature review. Its purpose is to 

provide the reader with an overall summary of research performed on this topic 

and to lead to the motivations and aims of the research of this thesis.  

• Chapter 2 presents the findings on the assessment of conventional methods in 

evaluating the maximum mooring response. The conventional methods are 

defined as methods where the maximum mooring response is evaluated from N 

number of maxima obtained from N number of time domain simulations. In this 

study the maximum number of N is 170. This is performed for the metocean 

conditions, that correspond to 100yr and 10,000yr return period and produce the 

largest mooring tension. In addition to the mooring line response, heave and total 

turret offset are studied as well. Recommendations are made on the number of 

simulations required to make an accurate estimate for each response and each 

return period.   

• Chapter 3 presents methodology of evaluating the maximum mooring response 

from the peaks of the mooring tension time series (the Peak Distribution Method). 

The methodology is evaluated in terms of the following categories: i) peak 

definition, ii) selection of the peak distribution, iii) distribution fitting method and 

iv) number of 3-h time domain simulations required to evaluate an accurate 

maximum response. The assessment is made by comparing the results with a 

benchmark (“true”) maximum response, which is evaluated using the 

conventional method (presented in Chapter 2) using the data of all 170 

simulations. In addition, a methodology is presented for obtaining a long term 

distribution of the mooring response which accounts for short term variability.  

• Chapter 4 presents a reliability study of mooring chain and pile in a tropical 

cyclone environment, for a system designed to currently recommended FoS in 

ISO 19901-7 (ISO, 2013) or (API, 2005). The stochastic load models for the 

mooring line and pile are represented by the mooring and pile long term 

distribution respectively, each accounting for short term variability and also 

modelling error. The capacity distributions of the mooring chain and pile are 
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developed and presented. In addition, a sensitivity of the pile capacity to varying 

portions of local and global soil strength variability is investigated. Probabilities 

of failure are calculated for the chain, as well as nine different piles, each designed 

for different percentile and range of soil strength. FoS and additional 

recommendations in design are proposed for mooring chain and pile in the tropical 

cyclone environment.   

• Chapter 5 compares the reliabilities of mooring chain and pile belonging to the 

same vessel, moored in two different environments: i) the NWS tropical cyclone 

environment and ii) the NS winter storm environment. The study highlights and 

explains the differences in the reliability levels obtained. Recommendations are 

made on FoS to be used for each location based on the target reliability proposed 

and justified in this study. Furthermore, FoS are also developed for NS 

environment, which achieve target reliability level proposed by the NorMoor 

Project.  

• Chapter 6 is a closing chapter of this thesis. This chapter highlights the main 

findings arising from the research conducted as part of this PhD thesis. In addition, 

future work recommendations are also made.  
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CHAPTER 2. EVALUATION OF CONVENTIONAL METHODS 
OF ESTABLISHING EXTREME MOORING DESIGN LOADS 

Prologue 

Chapter 2 comprises of a paper that was presented at the OMAE Conference in 2017 in 

Trondheim titled: “Evaluation of conventional methods of establishing extreme mooring 

design loads” (Stanisic et al., 2017).  

This chapter assesses the most straightforward methods of evaluating the extreme 

mooring design loads by only considering a single maximum response from each time 

domain analysis. Two load cases are considered, one which corresponds to 100yr and 

another to 10,000yr return period. Both cases have been identified as the most critical 

cases for that return period. Each case is analysed 170 times, using different 

environmental seed. A maximum response is recorded from each simulation. The extreme 

design load is evaluated, for each of the two load cases considered. The different methods 

are compared and assessed.   

An investigation is made to see how the convergence of the design response changes with 

the increasing number of maxima/simulations. Furthermore a comparison is made 

between the convergence of 100yr and 10,000yr mooring response.    

The extreme design response of heave and total turret excursion is evaluated as well. This 

is done in order to compare how the evaluation of design responses, of different 

complexities, converges with the number of maxima utilised. 
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Abstract: A key aspect in the design of a mooring system for a floating production unit 

is the estimation of the extreme mooring line loads for a specified short-term sea state of 

typical duration equal to 3 hours. Commonly used design approaches today are based on 

time-domain simulations whereby each 3 hour sea state is run a number of times (typically 

10-30 times) to represent the randomness of the sea. A maximum response is recorded 

from each simulation. Particular statistic of the maxima data (e.g. mean, most probable 

maximum or a percentile) is used to represent the extreme mooring load for which the 

lines are designed. 

This paper studies and assesses the accuracy of obtaining design value from a population 

of maxima with reference to the mooring line load of a large ship-shaped floating 

production vessel. A coupled model, including all mooring lines and risers, has been 

developed, validated and used to generate responses for 100yr extreme condition and 

10,000yr survival condition. To establish an accurate benchmark against which the results 

are compared, the time-domain analyses (duration 3 hours) are repeated 170 times, for 

each sea state, to represent different random realisations of each environment. It is 

examined how the accuracy of predicting the design mooring line load, from a sample of 

response maxima, improves as the number of simulations is increased progressively from 

10 through to 170. The assessment is performed across different statistics of maxima that 

are usually chosen to represent the design response. Besides the mooring line load, other 

response parameters such as heave and turret excursion, are examined in this paper. The 

paper examines whether the severity of the response (100yr vs 10,000yr storm) or the 

response variable affect the number of maxima required to achieve statistical stability. 

The results indicate fitting a Gumbel distribution to the maxima from about 30-40 

simulations can yield results that are statistically stable and accurate and are 

recommended as preferred methods of estimating the design response. 
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2.1 Introduction 

In the last few decades there has been an increasing trend in the use of floating vessels in 

the offshore industry around the world. These vessels are often designed to be 

permanently moored in place throughout the life of the facility and this places more 

stringent requirements on survivability of the mooring system.  The mooring system 

forms an important part of the overall design integrity of the floating vessel as it provides 

stationkeeping and also maintains vessel excursions within the limits required to ensure 

the integrity of the risers and umbilicals. 

  The starting point of the design process for the moorings of a permanently moored and 

permanently manned vessel is the definition of a number of extreme environmental 

conditions (corresponding to a return period of 100 years) and a second set of survival 

environmental conditions (return period of 10,000 years). For a turret-moored, ship-

shaped vessel more than 1,000 such conditions may be needed to cover all credible 

combinations of wave height, wave period, wave direction, wind speed and direction and 

current speed and direction (API, 2005). The above is a design challenge in itself and it 

explains why a reliable and standardised method of obtaining the extreme responses for 

each design condition is needed.  The design metocean conditions are generally 

considered to be stationary, although their derivation may well take in to account the 

evolution of cyclonic storm (Tromans and Vanderschuren, 2001). Typically the 

environmental conditions are developed for a period of 3 hours (API, 2005).  

These analysis may be carried in either time domain or frequency domain. Frequency 

domain is less computationally intensive but it relies on linearisation in hydrodynamic 

loading and system response. Time domain analysis are usually preferred as they capture 

these effects adequately. In time domain, to simulate accurately the motion of a floating 

vessel, it is necessary to represent the randomness of the sea state through the wave 

spectrum, defined by significant wave height, HS, peak wave period, TP, and certain 

spectrum parameters. The wind speed also includes randomness defined through the wind 

spectrum. The analyses are random, dynamic time-domain simulations of the coupled 

vessel-mooring system, thereby capturing adequately all important contributions to 

mooring line loads. These are: (i) steady offset contributions due to currents, winds and 

wave mean drift (ii) first order motions of the vessel at the wave frequency (surge, sway, 
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heave, pitch) (iii) low frequency oscillations at the resonant period of the mooring-vessel 

system arising from second order frequency difference effects in waves and the spectral 

description of the wind and (iv) possible dynamic effects in the mooring lines. Each sea 

state needs to be analysed N number of times, where each analysis is carried out using a 

different random seed, giving N different realisations of the same stationary environment. 

A maximum response is recorded from each simulation and the design response may be 

estimated in several ways using the sampled population of N maxima.  A brief review of 

such methods which are commonly documented and used in the industry is given below.   

The approach which is recommended as the most diligent approach by American 

Petroleum Institute [1] and will be referred to as Method A throughout this paper, is to 

obtain many (several hundred) maxima responses, each obtained from a 3-h time domain 

simulation, each representing a different realisation of the same stationary environment. 

The design response is adopted as the most probable maximum (MPM) response which 

is calculated by constructing a Probability Density Function (PDF) from the obtained 

maxima and determining the modal value of this distribution, i.e. evaluating the point 

where the constructed distribution is maximum. As the number of simulations (N) 

increases a more accurate distribution is obtained and hence a more accurate MPM 

response is estimated. Although, this method will produce the most accurate estimate of 

the MPM, it might not be practical or feasible to be applied as an industry practice due to 

the large number of simulations that are required.  

The practice of calculating a particular statistic from a small population of maxima (10-

30), referred to as Method B in this paper, to represent the design load, is commonly 

implemented in the industry and literature (see (API, 2005, Sagrilo et al., 2010, Chen and 

Mills, 2010, Vazquez-Hernandez et al., 2003, Sagrilo et al., 2011)). The obvious driver is 

to save computational effort.  Method B may be implemented in several ways. Sagrilo et 

al. (2010) obtain 30 maxima responses of a mooring line that belongs to a single point 

moored FPSO from 30 time domain simulations. In this study, the ‘true’ design load is 

obtained by fitting the 30 maxima on to the Gumbel distribution and picking the MPM of 

the distribution as the design response. The representation of the ‘true’ design response 

with the 90th percentile of the maxima is also presented.  The authors compare more 

novel methods against these ‘true’ design values. Sagrilo et al. (2011) follow this 

methodology as well. Chen and Mills (2010) study responses of a Spar, Truss Semi and 
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fixed base compliant tower. The authors take the ‘true’ response, as the average of 10 

maxima from ten 3 hour time history simulations, against which they evaluate other 

methods. Vazquez-Hernandez et al. (2003) also evaluate several novel methods for 

predicting extreme mooring line top tension of a deepwater and shallow water FPSO. 

They asses these methods by comparing the responses obtained to a 95% confidence 

interval of the mean of twenty maxima responses obtained from twenty 3 hour 

simulations. It is evident that the execution of Method B varies with N (the number of 

maxima used). Furthermore, the choice of the statistical property chosen to represent the 

design load also differs.  

This paper examines how the population of N maxima mooring loads, obtained from N 

simulations, behaves as N becomes a large number. It is investigated how the different 

statistics of this population stabilise with increasing number of simulations (N). The 

population of the peaks, other than the maximum and any additional value that may be 

obtained from it, is not addressed in this paper. To the authors’ knowledge such study has 

not been performed so far in the context of the mooring response of a floating vessel. This 

investigation will be performed for 100yr and 10,000yr return environments in order to 

investigate the sensitivity, if any, of the results to the severity of the mooring response. 

The vessel selected for this investigation is a large ship-shaped vessel with an internal 

turret placed in a tropical cyclone environment. Although the focus is on mooring design, 

this study examines three responses of increasing complexity, namely (i) heave (ii) vessel 

offset at turret (iii) top tension of the most loaded mooring line. 

2.2 Design response obtained from probability density function of N 

maxima responses (Method A) 

In this section the PDF Method or Method A that is referred to in API (2005) is described 

in more detail. The following steps are taken in this study in order to implement it for a 

single environmental design condition: 

 1. The floating vessel of interest is analysed by carrying out N time domain 

simulations. These N simulations represent different realisations of the same 

environmental condition. A random seed number is assigned to each of these simulations 

which affects the phase angle of the individual wavelets that make up the wave spectrum. 
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The result is a different time history of surface elevation but with the same HS, TP and 

direction.   

 2. The time series of the desired response (heave motion, turret excursion, 

mooring tension etc.) are obtained from each simulation. Hence, N time series of the 

response of interest from N simulations are attained. 

 3. Maximum response is recorded from each of the N time series, creating a data 

set of N maxima responses. 

 4. A histogram of N maxima is constructed from this data set, representing the 

PDF of these responses. Each bar of the histogram is assigned a width equal to 4% of the 

total range of the maxima in this study. The design response is taken as the mode (the 

mid-point of the highest bar) on the constructed distribution. 

In order to construct a smooth PDF, many data points are required. Although this method 

produces accurate results, it is rarely practiced due to large computational efforts required 

to execute it. 

2.3 Design response obtained from small data set of maxima (Method 

B) 

This method also uses N maxima obtained from N simulations, however N is a much 

smaller number than for Method A, typically 10-30 simulations are used (see(Sagrilo et 

al., 2010, Chen and Mills, 2010, Vazquez-Hernandez et al., 2003, Sagrilo et al., 2011)). 

The design response is taken as a particular statistic of the dataset of maxima and they are 

described below. 

2.3.1 Design Response as the Average Value of the Maxima 

In this case, the statistic to represent the extreme response is taken to be the average of N 

maxima (X1,X2…XN) obtained from N simulations each representing a different random 

seed. It can be represented by Eq. (2-1) as follows: 

 

𝑋𝑋� =
𝑋𝑋1 + 𝑋𝑋2 + ⋯+ 𝑋𝑋𝑁𝑁

𝑁𝑁
 (2-1) 
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where N is typically taken to be  between 10-30 (see (API, 2005, Chen and Mills, 2010, 

Vazquez-Hernandez et al., 2003)).  

 

2.3.2 Design Response as the MPM of Gumbel Distribution 

The dataset of N maxima, obtained from N simulations, is considered to follow a 

particular probability distribution model, notably Gumbel (DNV, 2007). The Gumbel 

cumulative distribution function is represented by Eq. (2-2): 

𝐹𝐹(𝑋𝑋) = 𝑒𝑒−𝑒𝑒(−𝛽𝛽(𝑋𝑋−𝜇𝜇))  (2-2) 

 

where β and µ are scale and location parameter respectively. These parameters can be 

estimated by fitting the data on to the Gumbel distribution using several different fitting 

methods. In this paper three such methods are used: 

1. Least Squares Regression (LSR) - distribution parameters are estimated by 

minimising the sum of the squares of the difference between the estimated model and the 

given data 

2. Maximum Likelihood Method (MLM) - parameters are chosen in order to 

maximise the likelihood of the given data 

3. Method of Moments (MoM) - estimated parameters are chosen so that the 

moments of the estimated model are equal to the moments of the given data.  

More information on the above method can be found in (Ang and Tang, 1975, Ayyub and 

McCuen, 2011, Barnes, 1994). Once the parameters of the distribution are estimated, the 

design response can be taken as a value for which the distribution is maximum. This is 

referred to as the most probable maximum (MPM) and it represents the point which is 

most likely to occur. 

2.3.3 Design Response as the 37th Percentile 

The modal point or the MPM of Gumbel distribution corresponds to the 37th percentile. 

Since there is a basis for assuming that the maximum responses follow Gumbel 

distribution, the 37th percentile of the maxima can also be chosen to represent the design 
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response. The data is sorted in ascending order and 0.37xN value is picked as the design 

response. This value corresponds to 37% probability of non-exceedance.  

 

2.3.4 Design Response as the 90th Percentile 

In this case, the design value is picked as the 0.9xN value from the maxima sorted in 

ascending order. The extreme value represented by a 90th percentile X0.1 is calculated 

from Eq. (2-3): 

1 − 𝐹𝐹(𝑋𝑋0.1) = 0.1 (2-3) 

 

Eq. (2-3) represents that the design value is a response that has a 10% probability of 

exceedance.  

2.4 Modelling particulars 

A fully coupled analysis of the vessel, mooring lines and risers was performed in 

DeepC SESAM program (DNV, 2015). The analysis were carried out in the time domain, 

where the irregular wave surface elevation was modelled using sufficiently small time 

step and large number of harmonic wave components. The vessel considered in this study 

is a turret-moored ship shaped vessel with a displacement of about 600,000 tonnes, 488m 

length, 74m breadth in a water depth of 580m and 20m draft. Stationkeeping is provided 

by 24 mooring lines with chain-wire-chain configuration arranged into four sectors in a 

4x6 arrangement. The vessel supports a total of 14 flexible lazy wave risers. The vessel 

is initially aligned along the x axis, with the bow pointing towards the positive end of the 

x axis. The environmental directions of 0º and 90º correspond to positive x and positive 

y axis respectively. Results from fully coupled model have been validated with model 

tests. 

The environmental design basis of the vessel defines environmental conditions with 

return periods of 100 years and 10,000 years. This includes about 200 conditions with a 

return period of 100 years. Each of these conditions has a duration of 3 hours and is 

defined by significant wave height, peak wave period, wave direction, wind speed and 

direction and current speed and direction. Vessel draft may also vary leading to additional 



 EVALUATION OF CONVENTIONAL METHODS OF ESTABLISHING EXTREME MOORING 
DESIGN LOADS 

59 

design situations. It is not known beforehand which of these conditions is the most critical 

for mooring design and hence all of them need to be analysed.  For the purposes of this 

study two of the most critical conditions have been selected which represent the return 

periods of 100yr and 10,000yr. The main environmental parameters are given in Table 

2-1. It is noted that the conditions given in Table 2-1 are combined environmental 

conditions based on joint statistics and are associated with specific directions for wave, 

wind and current. The wind speed specified is at 10m above mean sea level with a profile 

exponent of 0.1. A typical cyclone environment current profile was used. Vessel heading 

analyses are carried out with the initial simulation orientations shown in Figure 2-1 for 

the vessel and the respective environmental parameters. 

 

Table 2-1-Environmental Conditions Particulars 

Environment 

100yr 

Joint 

Probability 

Condition 

10,000yr 

Joint 

Probability 

Condition 

Wave 

Spectrum JONSWAP JONSWAP 

HS (m) 12.1 13.4 

TP (s) 14 13.9 

Wind 
Spectrum NPD NPD 

1hr Mean Speed (m/s) 34.8 37.9 

Current 
Mean Speed at 12m 

below MSL (m/s) 
1.2 1.2 
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(a) 

 

 (b) 

Figure 2-1- Environmental Condition Orientations (vessel in initial condition) (a) 

100yr Condition (b) 10,000yr Condition 
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2.5 Evaluation of method A 

The analysis for both 100yr and 10,000yr condition were repeated 170 times. A PDF was 

constructed using histogram plots from the obtained maxima for (i) heave, (ii) turret 

excursion and (iii) maximum mooring line load, for each environmental condition. In this 

paper, only the mooring tension histograms will be presented, as it is the most complex 

response and exhibits the poorest PDF. Figure 2-2 and Figure 2-3 present the PDF of the 

maximum mooring line load for both environmental conditions and illustrate how the 

shape of the PDF changes as N increases. At N=10, it is hard to recognise any shape of 

the PDF distribution in both Figure 2-2 and Figure 2-3. The histograms start to exhibit a 

recognisable probability distribution shape when N=85, which becomes smoother and 

reveals a more defined mode value when extra 85 maxima are added (for N=170). 

Furthermore, during the construction of the PDFs, it was observed that the distributions 

changed shape slightly with the choice in width of the histogram bars. In the presented 

figures, the bar width was taken as 4% of the total maxima range. Wider bars (6-8% of 

the total range of maxima) produced PDFs that exhibited a better shape however, the 

values of MPM obtained are not an improvement. Depending on the bar width chosen, 

the modal value varied ±10% for N=170. 

Figure 2-4 displays the design values obtained from the histograms constructed using 

Method A for heave, total turret excursion and mooring tension for 100yr and 10,000yr 

condition as the number of simulations is increased from 10 to 170. The values are 

normalised with respect to the design value obtained from N=170. It is apparent from the 

figure that the design responses obtained using histograms do not show good 

convergence. Even with 130 maxima, the results may be different to the result at N=170 

by more than 5%. The difference decreases to below 5% with 150 maxima however, it 

does not exhibit a steady convergence to N=170, although the histograms seem to reveal 

a clear mode of the PDF distribution. Hence, it can be concluded that even after 170 

simulations, all three responses do not exhibit a convincing convergence, which could 

indicate the unreliability of this method even with 170 maxima. 
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Figure 2-2- Histogram of Mooring Tension with increasing N (100yr Condition) 
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Figure 2-3-Histogram of Mooring Tension with increasing N (10,000yr Condition) 
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Figure 2-4- Variation of Normalised Design Response with N -Method A 

(normalised to N=170) 
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requires N>150. Moreover the method is sensitive to the bar width chosen to construct 

the PDF.  The constructed PDF might appear as smooth enough to determine the correct 

modal response from it however, the statistical error may still be significant. 

2.6 Evaluation of Method B 

Similarly to Method A, the design response is estimated for several values of N for 

Method B. Table 2-2 shows design responses evaluated using different statistics of top 

mooring tension for 100yr and 10,000yr conditions. The highlighted fields indicate design 

values for which a stable convergence to the “true” design value (given by N=170) is 

reached within 3%. This convergence is maintained for increasing N. It is evident that 

values for 100yr condition, evaluated as the MPM of Gumbel distribution, generally 

converge within the first 20 simulations, while for 10,000yr condition the convergence is 

achieved after about 30 simulations. This indicates that for more severe environments, a 

larger number of maxima/simulations is required to achieve a reliable estimate of the 

design response.  Furthermore, it is apparent that the MPM obtained using Gumbel fittings 

(all three fitting methods) and the 37th percentile give very similar results (within 3%) to 

each other. As expected, the mean is constantly higher than Gumbel MPM and the 37th 

percentile, typically by 4%. 

The 90th percentile varies significantly in value from the Gumbel MPM, the 37th percentile 

and the mean. It should be recognised that the use of the 90th percentile is not 

recommended by any of the standards for mooring design. It is however used sometimes 

in order to compensate for some effect that is not considered in the design; for instance, 

it has been used in (Muliawan et al., 2013) to compensate for not accounting for the short 

term variability. From the results for N=170 and 100yr condition (Table 2-2), it can be 

seen that the ratio of 90th percentile (8860kN) to 37th percentile (7800kN) is 1.14. This 

ratio increases for the 10,000yr conditions where 90th percentile (19140kN) to 37th 

percentile (15290kN) is 1.25. For the turret excursion, the ratio of the 90th percentile to 

the 37th percentile for 100yr condition is 1.15, while for the 10,000yr it is 1.19 (Table 

2-3). This ratio increases for the 10,000yr condition due to more severe environmental 

conditions however, the increase is more prominent for the mooring tension. This can be 

explained by the fact that the line load increases non-linearly with the turret offset and 

hence the spread of the mooring tension is larger. Hence, for mooring tension, the design 
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value is overestimated by 25% for 10,000yr and 14% for 100yr if 90th percentile is used 

as a representative statistic. For smaller N such as N=10, the ratio of the 90th percentile to 

37th percentile under 10,000yr conditions reduces to 1.2, while under 100yr condition it 

reduces to 1.09 (Table 2-2). Thus when there are reasons for using 90th percentile the 

number of simulations N may need to be 40.  

 

Table 2-2- Mooring Tension Design Response in kN evaluated using Method B 

(note- highlighted fields indicate stable convergence within 3% of N=170) 

Statistic Condition 
N 

10 20 30 40 170 

Gumbel MPM 

MoM 
100yr 7540 7810 7810 7750 7830 

10,000yr 14440 14790 15010 15090 15290 

MLM 
100yr 7740 7950 7920 7730 7830 

10,000yr 14480 14780 15280 15530 15480 

LSR 
100yr 7520 7800 7790 7740 7820 

10,000yr 14370 14730 14980 15060 15280 

37th Percentile 
100yr 7490 7770 7840 7730 7800 

10,000yr 14740 14770 15190 15200 15290 

Mean 
100yr 7780 8100 8070 8080 8110 

10,000yr 15300 15680 15790 15920 16270 

90th Percentile 
100yr 8180 8800 8800 8800 8860 

10,000yr 17730 18690 17860 18690 19140 
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Table 2-3- Total Turret Excursion Design Response in m evaluated using Method 

B (note- highlighted fields indicate stable convergence within 3% of N=170) 

Statistic Condition 
N 

10      20 30 40 170 

Gumbel MPM 

MoM 
100yr 47.2 49.1 49.1 48.8 49.4 

10,000yr 68.3 69.9 69.5 69.7 71.3 

MLM 
100yr 47.6 49.6 49.9 48.6 49.5 

10,000yr 64.7 72.1 72.3 69.7 71.9 

LSR 
100yr 47.1 48.9 49.0 48.8 49.4 

10,000yr 68.2 69.8 69.4 69.6 71.3 

37th Percentile 
100yr 46.7 48.8 48.8 48.6 49.5 

10,000yr 66.5 69.3 69.7 69.3 71.2 

Mean 
100yr 48.7 51.0 51.0 51.1 51.4 

10,000yr 71.9 73.2 72.9 73.7 74.8 

90th Percentile 
100yr 53.8 54.6 54.9 54.9 56.8 

10,000yr 80.0 83.4 83.4 84.0 84.4 

 

The convergence of the design response evaluated as MPM of the Gumbel distribution is 

investigated further by comparing the responses of heave, turret excursion and mooring 

tension. As all three fitting methods give similar results (within 3%), only the design 

responses obtained using MoM are presented in Figure 2-5. All the responses are 

normalised by their corresponding value at N=170. Clearly the spread of results in this 

plot is considerably lower than the spread seen in Figure 2-4 for Method A, demonstrating 

that Method B converges much faster than Method A. From Figure 2-4 it is seen that 

generally the 10,000yr responses converge slower than those for 100yr environment, 

which is in particular evident for the mooring tension. Furthermore, the convergence rate 
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is related to the complexity of the response i.e. the most complex response out of the three 

presented, the mooring tension, converges the slowest. This is also confirmed in Table 

2-2 and Table 2-3. While the mooring tension MPM requires 30 simulations for an 

estimate with less than 3% error, only 20 simulations are required for turret excursion to 

achieve the same accuracy. Furthermore, for turret excursion, the convergence difference 

between 100yr and 10,000yr condition is not as apparent as for mooring line. As discussed 

previously, this can be attributed to mooring line non-linear response, which magnifies 

the severity of the environmental condition.  
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Figure 2-5-Variation of Normalised Design Response (MPM of Gumbel 

Distribution-MoM) with N-Method B (normalised to N=170) 
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CoV=σ/µ (2-4) 

 

where σ is the standard deviation of response obtained from N maxima and µ is the 

corresponding mean. The CoV represents the short-term variability within the 3 hour sea 

state. It is useful to examine how this short-term variability converges with N for various 

responses and for different environmental conditions. Before discussing the specific 

values, it should be noted that the short term variability of wave height within a stationary 

3 hour sea state (defined by about 1,000 peaks) corresponds to a CoV of 0.08 (Efthymiou 

et al., 1997). On this basis, it should be expected that the heave response of the vessel 

exhibits a CoV=0.08 for both 100yr condition and 10,000yr condition, as the heave 

response is linearly related to wave height through the transfer function. From Figure 2-6 

it can be seen that the CoV for heave response in 100yr conditions converges to a value 

of 0.09, while for 10,000yr conditions it increases to 0.12. This result may appear 

surprising, however close examination of response time-histories shows that this is related 

to a coupling between yaw and heave motions. Under 10,000yr conditions the winds have 

an angle of 90deg with respect to the waves, while both have random components. This 

results in yaw rotations between the wind and wave direction. In yaw motion, the vessel 

rotates about its vertical axis and hence changes the wave heading with respect to the 

vessel. This significantly affects the heave response and amplifies its variance. Thus, 

10,000yr responses exhibit much larger CoV than the expected value of 0.08. The 100yr 

heave response is also affected by yaw coupling to a smaller degree and exhibits CoV of 

0.09. For 100yr condition, turret excursion and mooring tension exhibit a similar CoV as 

expected. In 10,000yr condition the mooring tension CoV (0.13) becomes larger than that 

of the turret excursion (0.10) as the excursion vs mooring tension non-linear relationship 

becomes more prominent in the harsher environment. Furthermore, for 10,000yr and 

100yr responses more than 110 and 70 maxima respectively are required before the results 

for CoV start to converge. This indicates that a large N is required in order to establish 

the distribution of maximum responses accurately.  
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Figure 2-6- Variation of CoV obtained from N Maxima 
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order to gain an understanding of the range of results that could have been obtained if the 

simulations were performed in a different order to the one presented in this paper. Figure 

2-7 shows that the 37th percentile and the mean exhibit good convergence from just 10 

maxima results. However, the bounds of these statistics converge to ±10% difference after 

about 90 maxima. Hence, the calculation of the design response from N maxima, should 

be exercised with caution. It is important to ensure that the random seed generation is 

unbiased and covers adequately the random process. One should check that the signal of 

surface elevation has the right statistical properties in terms of HS, TP, distribution of 

maximum H, etc.  

 

Figure 2-7- Variation of the Normalised 37th Percentile and Mean of Mooring 

Tension Maxima with N -10,000yr Condition (normalised to N=170) 
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2.7 Conclusion 

This paper examines how the design mooring load response, obtained from N time 

domain simulations of different realizations of the same stationary environment, varies 

with increasing the value of N. Different methods of estimating the extreme design 

mooring load have been assessed with reference to a very large turret-moored ship shaped 

vessel. The main aspects investigated are: i) the number of maxima (N) required to 

achieve a reliable estimate of the design response across different methods, ii) how the 

complexity of the response and iii) the severity of the environment affect statistical 

convergence of the results.  Based on the results, the following conclusions and 

recommendations can be made: 

 - Method A, which involves the construction of a histogram from N response 

maxima in order to define the MPM response, converges very slowly to the right answer 

and hence requires a large N to be considered reliable. The results showed poor 

convergence across all responses and all environments, requiring about 160 simulations 

for convergence to within 5% difference when compared to results at N=170. Appearance 

of ‘a smooth PDF’ does not necessarily result in the statistically stable results. 

Furthermore, the sensitivity of the results to the bar width of the histogram should be 

checked.  

- It is shown that when the design response is taken as the MPM of the Gumbel 

distribution or evaluated from a central statistic such as the 37th percentile or the mean, 

the results exhibit good statistical convergence. The turret excursion tends to converge to 

within 3% of the “true” response when N=20, whereas the mooring line load tends to 

converge to within 3% of the “true” response when N=30-40. As time domain simulations 

are time consuming, a more efficient method of estimating the design responses with 

confidence and accuracy remains an industry need. Different methods of estimating 

Gumbel parameters did not affect the results significantly.  

- When carrying out time-domain simulations covering the randomness of the 

wave and wind environment, it is important to ensure that the range of randomness is 

adequately covered by validating that the generated time series display the right statistical 

properties. This will give confidence that the design response is estimated by sampling 

an entire population of maxima and not just one biased portion of it. 
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CHAPTER 3. DESIGN LOADS AND LONG TERM 
DISTRIBUTION OF MOORING LINE RESPONSE OF A LARGE 
WEATHERVANING VESSEL IN A TROPICAL CYCLONE 
ENVIRONMENT 

Prologue 

In the previous chapter (Chapter 2) methods for establishing extreme mooring design load 

based on using a single maximum response from each simulation, were explored and 

evaluated. It was concluded the methodology required between 30-40 maxima, obtained 

from 30-40 3-h simulations, to accurately predict the maximum mooring load for one load 

case. The computational effort required for this methodology is impractical.  

This chapter (Chapter 3) explores the Peak Distribution Method, which uses the peaks of 

the load time series obtained from time domain simulation, to evaluate the maximum 

mooring design load. By utilising the peaks, more information is used from each 

simulation, compared to methods presented in Chapter 2, where only the maximum peak 

is employed. As such, the number of simulations, required to evaluate accurately the 

maximum mooring response, can be reduced.  The Peak Distribution Method is explored 

in detail and best practice is developed, in terms of peak definition, fitting method, choice 

of probability distribution and number of simulations utilised. Similar to Chapter 2, the 

methodology is tested on 170 simulations for the most critical 100yr and 10,000yr 

environmental condition, where total turret excursion is also explored. In addition, a 

methodology for establishing the long term distribution of the mooring line load, which 

accounts for short term variability, is presented.  

The paper that forms this chapter was published in the Marine Structures journal titled: 

“Design loads and long term distribution of mooring line response of a large 

weathervaning vessel in a tropical cyclone environment” (Stanisic et al., 2018).   
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Abstract: The mooring design of a floating offshore structure requires the estimation of 

mooring responses corresponding to annual exceedance probabilities of 10−2 (extreme 

event) and sometimes 10−4 (survival event). The most straightforward method to 

determine the extreme design response under a specified design sea state, is to carry out 

N time domain simulations, so as to capture the inherent randomness of this sea state and 

use the N maximum values to estimate the most probable maximum response for design. 

However, this requires typically 30–40 time-domain analyses of the same design sea state, 

which is computationally extensive. In this paper it is shown that the required number of 

time domain simulations can be reduced significantly by utilising the peaks of the 

mooring tension time series, obtained from time domain simulations, to derive a 

distribution for the maxima. Different variations of using these peaks are explored and a 

“best practice” for this technique is proposed. In order to establish a robust benchmark 

for evaluating and validating this “best practice”, extensive time domain simulations have 

been carried out for a large permanently connected, weathervaning vessel, with catenary 

mooring system, in a tropical cyclone environment. Both extreme and survival conditions 

are explored, by running 170 3-h simulations for each condition, thereby representing in 

detail the random nature of each sea state. It is shown that a reliable distribution for the 

maxima, (within ± 4% from the benchmark) can be obtained in a manner which is simple 

and computationally efficient, based on just 4–7 time domain analyses. Thus by using 

more peaks from the time domain analyses, there is a significant gain in terms of accuracy 

and efficiency. The above “best practice” is used to calculate the most probable maximum 

mooring line response and the variability of this maximum (short term variability) within 

a 3-h sea state for environmental conditions with annual exceedance probabilities of 10−2 

and 10−4. It is shown that the short term variability is not invariant but may be described 

in terms of a Gumbel distribution whose parameters depend on the magnitude of the 

response. These expressions provide a means of calculating the long term distribution of 

mooring line load, accounting for the short term variability, which can be used to address 

the reliability of a mooring system. 

3.1 Introduction 

In order to design the mooring system of a floating platform, the engineer is interested in 

the maximum load that a mooring line will experience, under each of the specified design 
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sea states. For a permanently manned installation the design sea states are based on 

exceedance probability of 10-2/annum (return period 100yr) for the extreme design event 

(ISO, 2013) and 10-4/annum (return period 10,000yr) for the abnormal or survival design 

event.  For a weathervaning vessel which is the focus of this paper, the derivation of 

design sea states with the above exceedance probabilities is an important and complex 

aspect, since the extreme response depends on several metocean variables, namely 

significant wave height, HS, peak wave period, TP, wind speed, angle between waves and 

winds, current speed, current direction etc. Thus many joint design conditions need to be 

developed (see Section 3.2) and the floating system needs to be analysed for all of these 

conditions, since it is not known beforehand which ones will lead to maximum response. 

To cover all these environmental design conditions and different vessel drafts, the number 

of different load combinations can easily reach more than 500. Furthermore, in the time 

domain, each case needs to be analysed several times in order to account for the random 

nature of the environment.  The design mooring load is usually described in terms of the 

most probable maximum (MPM) load in the 3-h simulation. The simplest method of 

obtaining MPM is to analyse each load case N times and obtain N mooring line response 

time series. From each time series a maximum peak, which represents the maximum load 

for that analysis, is selected. The MPM load is estimated from this population of N 

maxima. Stanisic et al. (2017) explored this method and concluded that N should be 

between 30 and 40 in order to achieve an accurate estimate (within ±4%) of the true 

MPM load.  

The design process executed in the manner described above becomes exceedingly 

computationally intensive and time consuming due to the complexity of the mooring 

response (e.g. sensitivity to low frequency excitation, coupling effects, line stiffness 

characteristics). To deal with this problem, this paper explores the utilisation of more 

peaks from the time series, via the Peak Distribution Method (hereafter PDM), as a means 

of reducing the number of simulations. This method involves fitting a probability 

distribution on to the peaks of the mooring line load time series. The fitted distribution 

(typically Weibull) is used as a basis for developing a distribution for the maximum 

response for a 3-h period, from which the MPM is selected as the design value. PDM 

utilises all the peaks from a mooring time series, instead of using only the maximum one. 

As such, more information from a single simulation is utilised and hence it is expected 
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that a smaller number of simulations is sufficient to achieve the desired accuracy (within 

±4% of true MPM response).  

Several design codes and regulatory bodies propose or mention PDM. DNVGL (2015b) 

states that Weibull distribution should be fitted to the peak responses of a simulation of 

sufficient duration and the number of peaks should be used to derive a distribution for the 

maxima from which the MPM is selected. In API (2005) and Lloyd'sRegister (2016), 

PDM is recognised as a method that requires fewer realisations but entails substantial 

knowledge and experience. No guidance is provided on its execution. Some papers have 

explored certain variations of the PDM, by fitting Weibull distribution to the peaks of the 

mooring response. The peaks used are obtained from a single simulation of duration of 3-

h or shorter. The results of these studies are evaluated against the “true response” which 

is defined as a particular statistic of 10-30 maximum peaks obtained from 10-30 

realisations respectively. In some of these studies the Weibull distribution is fitted to the 

upper 40% of the selected peaks only, in order to improve the estimation of the fit in the 

upper tail of the distribution ((Vazquez-Hernandez et al., 2003), (Sagrilo et al., 2010)). 

Cheng and Kuang (2016) investigate the sensitivity of the PDM to selecting different 

portion of the peaks (top 5%, 10%, 20%, 30%, 50%).  The results from this study indicate 

that the use of 30% to 40% of top peaks has a close fit to the observed data, however this 

does not improve the consistency in prediction of the extreme value. Chen and Mills 

(2010) fitted the peaks of mooring line response of different offshore facilities on to the 

3 and 2 parameter Weibull distribution and concluded that the use of 3 parameter Weibull 

showed poor results for highly non-linear responses. Sagrilo et al. (2011) proposed a 

duration correction factor which guarantees, with given confidence, that the extreme 

value estimated from peaks of durations 3-h or shorter, is equal to or higher than the “true 

extreme value”.  

 Although the PDM has been researched in the literature, it is not commonly used in the 

industry, for design, due to the lack of accepted systematic approach and lack of evidence 

that this method may lead consistently to accurate results. This paper develops a ‘best 

practice’ procedure for PDM and demonstrates that this approach can predict the design 

mooring load consistently with similar accuracy (within ±4%) as when a large number of 

simulations is carried out. The PDM method is evaluated extensively in this paper for two 

environmental load cases, one corresponding to a 100yr and another to 10,000yr return 
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period. Instead of using only 10-30 simulations, as in previous studies ((Sagrilo et al., 

2011), (Sagrilo et al., 2010), (Vazquez-Hernandez et al., 2006), (Chen and Mills, 2010)), 

to establish the “true response” (benchmark) against which the method is assessed, results 

are used from 170 coupled time domain simulations for each environmental load case. By 

using a large number of simulations (170), the benchmark  was established utilising only 

a single maximum from each simulation (Stanisic et al., 2017). In addition to establishing 

a reliable benchmark value, use of a large number of simulations allowed for 

comprehensive investigation of the method which would be challenging with only 10-30 

simulations.  A key aspect of the “best practice” procedure is the length of the time 

domain simulation which is needed to establish a reliable probability distribution for the 

peaks and hence a reliable design value for the mooring load. Clear guidance on this 

aspect is given as well. Although the focus of this paper is on a mooring line response, it 

is also demonstrated that the proposed “best practice” of PDM can be used for other 

responses, namely the total turret excursion.  

The PDM is assessed with respect to a large, turret moored floating vessel, with catenary 

mooring system in water depth of 580m for a tropical cyclone environment. The coupled 

model has been validated against experimental data. The design basis of this vessel 

requires analysis of a large number of joint metocean conditions with return periods of 

100yr and 10,000yr. Some background on the method used to derive the metocean 

conditions is given in Section 3.2, although the derivation is not in the scope of this study. 

All of these conditions were checked as part of the vessel design and the two most critical 

environmental load cases (one for 100yr and one for 10,000yr) are used here.  These 

design cases are demanding for the PDM method due to the system’s sensitivity to low 

frequency excitation (as well as wave frequency) and consideration of load levels where 

line stiffness increases non-linearly with offset. Hence the “best practice” procedure 

developed is expected to work well for a wide range of floating system responses.   

The establishment of the best practice for PDM enables accurate determination of the 

variability in maximum mooring line load for a specified metocean condition (short term 

variability). These results are used for developing the long term distribution of mooring 

line load, i.e. long term statistics of mooring line response which accounts for short term 

variability. The long term distribution is developed for application in reliability analysis. 

In a full long term approach the response of the floating system is evaluated for all 
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seastates in a hindcast (Tromans and Vanderschuren, 2001) or wave scatter diagram 

(Naess and Moan, 2013). This approach may be too cumbersome if the system under 

consideration is complex, such as a weathervaning vessel with many mooring lines and 

risers, which is the case in this study. In the simplification considered in this paper, the 

long term distribution is developed by analysing only joint metocean conditions (see 

Section 3.2) for return period of 100yr, 10,000yr and 1,000yr. A long term response 

distribution (excluding short term variability) is developed using the most critical MPM 

value for each of the return periods. The short term variability is accurately quantified 

(through the PDM “best practice” model) and then convoluted with the long term MPM 

response to develop the long term distribution. The justification for this method is 

discussed in Section 3.6 of this paper. 

 Design standards for mooring lines (e.g. (API, 2005), (DNVGL, 2015b)) at present 

define the mooring design load as the MPM for the design sea states without direct 

reference to the effect of short term variability. Thus it could be argued that quantification 

of short term variability is not needed for design. This is justified provided that the 

contribution from short term variability is taken into account when deriving (or 

validating) the factors of safety of the design standard using reliability analysis.  Thus, 

the prime purpose of quantifying the short term variability and incorporating it into the 

long term response, is for reliability considerations. These considerations become 

important when a new floating system is developed or used in a new environment. Both 

aspects are applicable to the floating system considered in this work which is a Floating 

LNG, designed to be permanently connected and permanently manned in an environment 

dominated by tropical cyclones. In addition to the above, the Floating LNG application is 

breaking new ground in terms of size of the vessel and consequences of failure and these 

aspects provided additional motivation for this work.  

3.2 Environmental design conditions 

A set of design metocean conditions corresponding to annual exceedance probabilities of 

10-2 and 10-4 has been developed and specified as an input to this study. The derivation 

of these conditions is briefly outlined but a detailed description is outside the scope of 

this paper. The starting point for developing design metocean conditions is a hindcast 

database for the site which provides “historical” values of the metocean variables (e.g. 
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wind, wind waves, swell and current) for a regular time interval of t hours, over a long 

period of typically 50 years. For a North Sea environment t is typically 3-h since 

conditions may be regarded as stationary over this duration, whereas for a tropical cyclone 

environment conditions change more rapidly and t=1-h is more appropriate. The location 

of the floating vessel studied here lies in the most severe sector of cyclone activity off the 

coast of Western Australia. The severity of extreme cyclonic conditions is summarized in 

Table 3-1 in terms of independent conditions for 100yr and 10,000yr return period.  

Table 3-1- Independent environmental conditions with return period of 100 and 

10,000 years (wave parameters are for 1-h sea state) 

Independent Criteria 100yr Return Period 10,000yr Return period 

1hr mean wind speed (m/s) 44.2 65.5 

HS (m) 13.7 20.7 

TP (s) 13.4 16.8 

Current mean speed at 3m 

below MSL (m/s) 

1.8 2.67 

 

For a weathervaning vessel the derivation of design sea states is complex since the 

extreme response depends on several metocean variables. A method which accounts 

rigorously for the joint extremes of these variables is hence required for design.  The 

method which has been used to derive the design conditions, used in this paper, is based 

on the model for conditional extremes developed by Heffernan and Tawn (2004) which 

was subsequently applied by Jonathan et al. (2014) to develop joint metocean extremes 

of relevance to floating systems.  In this paper it is referred to as joint extremes method. 

A more commonly used method to develop joint metocean conditions is inverse first order 

reliability method (IFORM)  (Haver and Nyhus, 1986, Haver and Kleiven, 2004). It was 

demonstrated that the method of joint extremes yields results which compare well with 

the IFORM method and furthermore, this method is well suited to problems that extend 

beyond two variables(Jonathan et al., 2014). The joint conditions provide the most likely 
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combination of environmental parameters with one parameter being dominant (e.g. 

wave). From an engineer’s perspective these conditions cover the HS-TP contour when 

the angle between the wind and waves is zero but include additional HS-TP contour lines 

covering cases when the angle between wind and waves is 22.5˚, 45˚, 67.5˚, 90˚. This is 

done for wave-dominated events and wind-dominated events.    

The hindcast, used to develop the design conditions, provides a record of metocean 

conditions at 1-h intervals so as to provide adequate granularity for tropical cyclone 

events, e.g. wind direction can change rapidly, as well as the wind speed. Joint conditions 

have been derived initially for 1-h and they were subsequently converted to equivalent 3-

h stationary conditions. The conversion is done by reducing HS with factor of 0.96. This 

follows from the basis that water surface elevation is a Gaussian process and hence wave 

height follows Rayleigh distribution.  The Tp is obtained by regression relationship 

between HS and Tp, namely ∞ Tp /(HS)1/2. These two sets of conditions should produce 

analogous results when the extreme response is dominated by the maximum wave height. 

Here the response is not entirely dominated by wave height. It is noted that a conversion 

to 3-h conditions is not necessary but it was carried out to maintain consistency with other 

design metocean conditions forming part of the design process. Table 3-2 provides two 

example design metocean conditions for each return period. Since the majority of design 

conditions will not be critical from the point of view of mooring response, the mooring 

analyses are initially carried out in the frequency domain, screening out a large number 

of design conditions; thus only a small number of cases are analysed in the time domain. 

The screening analyses do not form part of this paper. Condition 1 and condition 3 have 

resulted in maximum mooring line responses under 100yr and 10,000yr conditions 

respectively and have been selected for this study. 

Another method of developing design conditions is to adopt a response-based approach 

as done by Tromans and Vanderschuren (2001) and van Zutphen and Christou (2009) 

whereby each sea state in the hindcast database (above a certain threshold HS) is converted 

into a mooring response by simulating the motion of the floating system (see Appendix 

A for more details). The final step is to identify credible combinations of metocean 

variables which result in these responses. These become the response-based design 

conditions. Some of the conditions used in the mooring design of this floater have been 
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derived in this manner. The two sets of conditions, (based on joint extremes method and 

response-based), have been used in parallel, complementing each other. 

 

Table 3-2- Joint environmental conditions with return period of 100 and 10,000 

years 

Environment 

100yr Joint Probability 

Condition 

10,000yr Joint Probability 

Condition 

Condition 1 Condition 2 Condition 3 Condition 4 

Wave 

Spectrum JONSWAP JONSWAP JONSWAP JONSWAP 

HS (m) 12.1 9.0 13.4 19.5 

TP (s) 14 13 13.9 16.6 

Angle between Wind and Wave 45° 67.5° 90° 0° 

Wind 

Spectrum NPD NPD NPD NPD 

1-h Mean Speed 

(m/s) 
34.8 29.5 37.9 42.2 

Current 

Mean Speed at 

12m below 

MSL (m/s) 

1.2 1.2 1.2 1.3 

Angle between Current and 

Wind 
45° 67.5° 22.5° 0° 

 

3.3 Extreme value analysis 

The peaks of the mooring line load can be represented as a random variable, X, with 

distribution FX(x). The largest value (Yn) from a set of observations of X has a probability 

distribution FYn(y) which can be established as a product of the probabilities that each 

sampled observation X is less than some value y, assuming independence between 



 DESIGN LOADS AND LONG TERM DISTRIBUTION OF MOORING LINE RESPONSE OF A 
LARGE WEATHERVANING VESSEL IN A TROPICAL CYCLONE ENVIRONMENT 

84 

observations. Hence, the distribution of the largest value, in this case the extreme mooring 

load, has the following distribution: 

 

𝐹𝐹𝑌𝑌𝑌𝑌(𝑦𝑦) = [𝐹𝐹𝑋𝑋(𝑦𝑦)]𝑌𝑌 (3-1) 

 

where FYn(y) is a cumulative probability distribution of the largest value Yn, and n is the 

size of the sample of the random variable X. In this application n represents the number 

of peaks in the mooring line load resulting from a 3-h time domain simulation. By 

differentiating Eq. (3-1) the probability distribution of the extreme value can be expressed 

as: 

 

𝑓𝑓𝑌𝑌𝑌𝑌(𝑦𝑦) = 𝑛𝑛[𝐹𝐹𝑋𝑋(𝑦𝑦)]𝑌𝑌−1𝑓𝑓𝑋𝑋(𝑦𝑦)  (3-2) 

 

The limit of  Eq. (3-2) when the size of the sample (n) becomes very large was initially 

derived by Fisher and Tippett (1928). Later Gumbel (1958) identified that there are three 

main asymptotic forms of Eq.(3-2): Type I, Type II and Type III. The tail behaviour of 

the initial distribution determines which limiting form its extreme distribution will tend 

to. Type I asymptotic form, to which Weibull distribution belongs, is often said to be in 

Gumbel domain where the maxima are attracted to the Gumbel distribution. In the context 

of mooring design, the design sea states are based on return periods of 100yr (extreme 

event) or 10,000yr (survival event) and the extreme response is usually the most probable 

maximum of the probability distribution of the extreme value, fYn(y). Figure 3-1 shows a 

typical plot of Probability Density Function (PDF), fX(y), of the primary random variable 

X (where fX(y) is a Weibull distribution) and PDF of the extreme value fYn(y). 
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Figure 3-1-Parent distribution and extreme value distribution 

 

3.4 Peak Distribution Method- Prediction of extreme mooring 
line load from single 3-h simulation 

Application of the PDM method may lead to variable success depending on how the 

method is executed.  This section investigates different variations of the PDM by breaking 

the method in to several steps: (i) how peaks are defined, (ii) selecting probability 

distribution model and (iii) method of fitting the distribution model to the peaks. At each 

step several options or variations of the method are described and selection of the best 

option is made based on these investigations. In Section 3.5 the accuracy of the PDM 

method is improved by extending the length of the simulation beyond 3-h.   

An overall view of the mooring system used for extreme response analysis in this paper 

is shown in Figure 3-2. The vessel natural periods for heave and pitch lie in the range of 

10-20s, while for roll it is about 25s. As there is very little wave energy at 25s, the roll 

response is small. The natural period for low frequency oscillations is about 200s. The 
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coupled model details are presented in Stanisic et al. (2017) and will not be repeated here. 

The response time series, used to investigate the PDM, are also the same as in the previous 

study. Each load case was analysed 170 times using different random seeds. While the 

previous study (Stanisic et al., 2017) concentrated on estimating the extreme response 

from the maxima peaks only, this study looks at reducing the number of simulations 

required, by including more peaks from a single simulation.  The PDM is used to evaluate 

the extreme mooring response for each of the 170 simulations, of 3-h duration, for two 

load conditions. The extreme response obtained by PDM is compared to the benchmark 

value (7830kN and 15290kN for 100yr and 10,000yr respectively), constructed from data 

of all 170 simulations. The benchmark was obtained directly and accurately from the 

distribution of the maxima by sampling only the highest peak from each simulation.  A 

Gumbel distribution was fitted on to the data of N=170 maxima, using Method of 

Moments (MoM), and the MPM was obtained. Convergence in results was obtained after 

N=30 thereby confirming the robustness of this benchmark (see Stanisic et al. (2017) for 

more details). A prediction error is calculated for each estimate, using PDM as follows: 

  

%𝑃𝑃𝑟𝑟𝑒𝑒𝑃𝑃𝑃𝑃𝑐𝑐𝑃𝑃𝑃𝑃𝑃𝑃𝑛𝑛 𝐸𝐸𝑟𝑟𝑟𝑟𝑃𝑃𝑟𝑟 =
𝑃𝑃𝑟𝑟𝑒𝑒𝑃𝑃𝑃𝑃𝑐𝑐𝑃𝑃𝑒𝑒𝑃𝑃 𝑉𝑉𝑎𝑎𝑙𝑙𝑙𝑙𝑒𝑒 − 𝐵𝐵𝑒𝑒𝑛𝑛𝑐𝑐ℎ𝑚𝑚𝑎𝑎𝑟𝑟𝑚𝑚

𝐵𝐵𝑒𝑒𝑛𝑛𝑐𝑐ℎ𝑚𝑚𝑎𝑎𝑟𝑟𝑚𝑚
× 100 

(3-3) 

 

For each environmental case, 170 prediction errors are obtained. The PDM is assesed 

based on the statistics of these prediction errors. The statistics utilised are the mean, 

minimum, maximum and variance. The mean (µ) represents the bias, while the minimum 

and maximum give an indication of the total spread of errors. Variance, which also 

measures the spread, was calculated with respect to the mean of the errors (σ2) and with 

respect to the benchmark value (σ2(t)). The former gives an indication of how close the 

errors are to their mean, while the later measures the spread around the benchmark value 

(how close are the errors to 0%).  If the mean of the prediction errors is 0% the two 

variance values will be identical. A good fitting method has a bias close to zero and low 

values of minimum, maximum and variance.  
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Figure 3-2- Schematic view of the coupled model 

 

3.4.1 Step 1- Peak Definition of the Mooring Line Top Tension Response 

A turret moored vessel is sensitive to low frequency motions as well as wave frequency, 

resulting in the overall mooring load time series to consist of both low frequency and 

wave frequency contributions which can be seen in the typical time series for 100yr and 

10,000yr mooring tension response (see Figure 3-3). At the 100yr response, the low 

frequency process is clearly visible and has a period of about 200s. For the 10,000yr 

response, it is harder to identify the low frequency process, which is nevertheless present. 

This can be explained by the large angle between the wind and the wave for the 10,000yr 

case (90°). The vessel changes its heading between time-varying wind and wave, taking 

the heading of the predominant environment, which in turn affects its motions. The 

vertical motion at the turret (due to heave and pitch) has a big effect on mooring tension 

for 10,000yr case and this makes wave-frequency contributions more dominant.  

Therefore, both processes are important and selecting peaks based on one of the two 

processes (such as selecting only one peak riding on the crest of the low frequency 

motion) may lead to biased and inconsistent results. The aim of this paper is to present a 

consistent and unbiased approach, which does not assume that one of the two processes 

dominates.   
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Figure 3-3- Typical time series for mooring tension for a) 100yr critical 

environment and b) 10,000yr critical environment 

 



 DESIGN LOADS AND LONG TERM DISTRIBUTION OF MOORING LINE RESPONSE OF A 
LARGE WEATHERVANING VESSEL IN A TROPICAL CYCLONE ENVIRONMENT 

89 

The extreme value analysis assumes that the response peaks are random and statistically 

independent, meaning that the occurrence of one does not affect the probability of 

occurrence of the other.  Peaks can be selected so as to reduce their inter-dependence by 

applying a minimum time gap between them or utilising Peak over Threshold Method 

(POT), where only peaks above certain threshold are selected. Some methods take in to 

account the peak dependence, such as ACER method (Naess and Gadai, 2009). The 

ACER method has been used by Sagrilo et al. (2010).  It was shown that it produced 

unbiased results when compared to using Weibull distribution, however with higher 

sampling uncertainty, due to large number of open parameters. Rather than considering 

the dependence, this paper concentrates on looking at reducing the correlation by peak 

selection and subsequently observing the result of the estimate properties. In DNVGL 

(2015b) a peak is defined as the global peak or mean up crossing peak which is a 

maximum response between two successive mean up crossings on the time series. This 

application will result in selection of both wave frequency and low frequency processes. 

However, if the response is mainly governed by one of the processes, the selected peaks 

will reflect this. The mean tension over the 3-h simulation is estimated and used to define 

a peak after each mean up crossing. This definition is also used by  Chen and Mills (2010), 

Sagrilo et al. (2010) and Sagrilo et al. (2011) and it follows from the definition of a wave 

as a surface elevation between two successive downward or upward zero crossings 

(Holthuijsen, 2010).   

Different definitions of a peak have an impact on estimation of the extreme value using 

PDM. Firstly the sensitivity of peak dependence is investigated as PDM assumes that 

peaks are independent. Autocorrelation, the correlation of the time series with itself at 

different time intervals, is used to test dependence between successive peaks of the 

mooring tension. The autocorrelation coefficient can be calculated for a single lag 

(correlation between successive peaks) as well as for two, three lags etc. The 

autocorrelation coefficient for lags higher than one was found to be almost negligible, 

hence only single lag results are considered. The average autocorrelation coefficient 

between successive mean up crossing peaks (global peaks) for 170 simulations is 0.59 for 

100yr condition, while for 10,000yr condition it is 0.69. As both coefficients indicate 

some dependence between the successive peaks, it was investigated to see if applying a 

minimum time separation between the peaks or selecting peaks that are above a chosen 
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threshold value (POT) decreases the recorded correlations. The effects of POT are 

examined in Section 3.4.3, where only a portion of largest peaks is used.  A time 

separation of 14 sec has been examined, as it corresponds approximately to the peak 

period in the wave spectrum. Other time separations were investigated as well, however 

no improvement in results was observed.   

Table 3-3- Results from different peak definitions 

Statistic 
Global Peak 

Global Peak (min 

14s) 
All Local Peaks 

100yr 10,000yr 100yr 10,000yr 100yr 10,000yr 

Average Number of 

Peaks 
399 592 285 388 764 1866 

Bias (µ) 0.7 1.0 -0.2 -2.3 5.6 17.1 

Range 16.2 35.2 16 33 30.2 56 

Variance (σ2) 9.6 42.3 9.4 36 20.8 100.6 

Autocorrelation 

Coefficient 
0.59 0.69 0.46 0.53 0.81 0.87 

 

Besides describing peaks as mean up crossing peaks and mean up crossing peaks with 

minimum 14s separation, peaks were also represented by local peaks which are defined 

as a point that is larger than the two neighbouring points in the time series (see Figure 3-4 

for illustrative representation of peak definitions). The fitting method used to execute 

PDM for the purpose of studying the peak definition was MoM, due to its robustness (see 

Section 3.4.3.2 and Section 3.4.3.5). The results for different peak definitions are 

presented in Table 3-3 in terms of various statistics of all prediction errors for 170 

simulations. Number of peaks selected and autocorrelation coefficients are also presented 

for each peak definition. The evaluating measures indicate that defining peaks other than 

as mean up crossing peaks increases the spread of prediction errors (large minimum, 

maximum and variance) especially for 10,000yr condition. When minimum 14s time 

separation is applied to mean up crossing peaks, the range of errors reduces slightly, 

however for 10,000yr condition the bias becomes -2.3% which indicates that the method 

does not show improvement in results. When all local peaks are selected, the number of 
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peaks considerably increases, especially for 10,000yr case where the number exceeds the 

wave frequency peaks. Furthermore, the spread and bias become worst.  It is therefore 

concluded that defining peaks as maximum between two mean up crossings, without any 

time constraint, produces more accurate and precise estimates of the extreme mooring 

response and is the adopted definition of peaks in all subsequent work.   

 

a) 

 

b) 

 

c) 

Figure 3-4- Peak definitions a) Peak as maximum between two mean up crossings 

(adopted as preferred), b) Peak as maximum between two mean up crossings with 

minimum separation of 14s, c) Peak as local peak 
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3.4.2 Step 2- Picking peak distribution model 

Most widely used probability function to represent the distribution of peaks of a 

mooring line is the Weibull probability function. The three parameter Weibull 

probability distribution function can be expressed as follows: 

 

𝑓𝑓(𝑥𝑥) = 𝛽𝛽
𝜂𝜂
�𝑥𝑥−𝛾𝛾

𝜂𝜂
�
𝛽𝛽−1

exp (−�𝑥𝑥−𝛾𝛾
𝜂𝜂
�
𝛽𝛽

)  (3-4) 

 

where β is referred to as shape parameter, η as scale parameter and γ as the location 

parameter. Weibull distribution is well known for its flexibility and can be related to 

several other distributions (exponential and Rayleigh). As a result it is believed to be a 

good fit for a process such as mooring line tension which is comprised of both wave and 

low frequency components. The location parameter is a threshold or minimum value that 

the variate takes. Often the Weibull distribution is represented by a two parameter 

Weibull distribution, where the location parameter is set to zero. Estimating parameters 

for a three parameter Weibull distribution has proven, using recognised classical fitting 

methods, to be a challenge as estimates are inconsistent or are difficult to evaluate 

(Nagatsuka et al., 2013) (Cohen and Whitten, 1982). This is confirmed in the application 

of the three parameter Weibull distribution in PDM, where poor estimates of the extreme 

value were generated in comparison to those produced by using two parameter Weibull 

distribution, (Chen and Mills, 2010). Hence, for the purpose of this study the two 

parameter Weibull distribution will be fitted to the fluctuating part of the time series of 

the response i.e. the mean value of the time series is subtracted before the fitting. 

The Kolmogotov-Smirnov (KS) goodness of fit test is used in this paper to justify the 

utilisation of the two parameter Weibull distribution in PDM to predict extreme mooring 

response. The KS test is independent on the data size and data selection intervals (Ayyub 

and McCuen, 2011),(Ang and Tang, 1975), hence it is utilised due to its supremacy over 

the commonly used Chi-square test. The test is based on accepting or rejecting a 

hypothesis that the data follows a given distribution function. The fitness of peaks on the 

Weibull distribution was tested for each of the 170 simulations, of both conditions. None 

of the 170 fits (both for 100yr and 10,000yr case) were rejected by the KS test. This 
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provides confidence that the two parameter Weibull distribution combined with a peak 

selection method, based on mean up crossing peaks, is suitable to be used in the PDM for 

the application to mooring tension.  

 

3.4.3 Step 3- Fitting peak data on to the probability function 

There are several methods available for fitting data on to a probability distribution. Most 

commonly used fitting methods are reviewed below with reference to the two parameter 

Weibull distribution for the application of PDM.   

 

3.4.3.1  Maximum Likelihood Method (MLM) 

This method is the most common statistical method in estimating parameters of a 

distribution. It is based on maximising the likelihood that the parameters estimated will 

yield the sampled data. Assuming independent and identically distributed sample 

(x1,x2,…xn), one can write a joint density function in terms of the distribution parameters 

β and η as follows: 

 

𝐿𝐿(𝑥𝑥1, 𝑥𝑥2, … , 𝑥𝑥𝑌𝑌⃓𝛽𝛽, η) = 𝑓𝑓(𝑥𝑥1⃓𝛽𝛽, η) × 𝑓𝑓(𝑥𝑥2⃓𝛽𝛽, η) × … × 𝑓𝑓(𝑥𝑥𝑌𝑌⃓𝛽𝛽, η) (3-5) 

 

Eq.  (3-5) represents the likelihood function that the sample (x1,x2,…xn) will be observed. 

The estimated distribution parameters are then evaluated by differentiating Eq. (3-5) and 

equating it to zero. The expressions obtained for the parameters of the Weibull 

distribution using this method are presented in Eq. (3-6) and (3-7): 

 

η = (1
𝑌𝑌
∑ 𝑥𝑥𝑀𝑀

𝛽𝛽𝑌𝑌
𝑀𝑀=1 )1/𝛽𝛽  (3-6) 

 

𝛽𝛽 = [
∑ �𝑥𝑥𝑖𝑖

𝛽𝛽 ln(𝑥𝑥𝑖𝑖)�𝑛𝑛
𝑖𝑖=1

∑ 𝑥𝑥𝑖𝑖
𝛽𝛽𝑛𝑛

𝑖𝑖=1
− 1

𝑌𝑌
∑ 𝑥𝑥𝑀𝑀]𝑌𝑌
𝑀𝑀=1

−1

  
(3-7) 
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The parameters attained will maximise the likelihood of obtaining a given sample. The 

distribution parameters estimated using MLM, for very large samples, have a minimum 

variance and the estimators approach the actual probability parameters (Devore, 2015).  

  

3.4.3.2 Method of Moments (MoM) 

Method of Moments utilises moments of the sampled data to estimate the parameters of 

the distribution that is to be fitted. Hence, the method suggests that the moments of the 

sampled data are true representation of the moments of the actual population. For a two 

parameter Weibull distribution, the parameters can be estimated from the 1st and 2nd 

moments, represented by Eq. (3-8) and Eq. (3-9) respectively.  

𝐸𝐸(𝑋𝑋) = 𝜂𝜂 × Г(1
𝛽𝛽

+ 1)  (3-8) 

       

𝐸𝐸(𝑋𝑋2) = 𝜂𝜂2 × Г(2
𝛽𝛽

+ 1)  (3-9) 

 

Where Г represents the Gamma function. The equations are solved simultaneously for η 

and β. The first and second moment statistics are used as they have the potential to 

produce unbiased estimators, unlike higher moment statistics such as skewness and 

kurtosis (Cousineau, 2009). 

 

3.4.3.3  Weibull Distribution Tail Fitting 

The distribution of the extreme values will depend on the behaviour of the tail of the 

initial distribution. Hence, when one is interested in extreme values, it is common to use 

methods which emphasise the tail of the parent distribution.  One such method is 

presented in detail in (Sagrilo et al., 2002) .  Firstly a cumulative distribution of the peaks 

of the desired response is obtained. A two parameter Weibull distribution is then fitted on 

to seven different thresholds of the obtained cumulative distribution using standard linear 

regression analysis (least squares fit). These seven levels correspond to the upper 60%, 

65%, 70%, 75%, 80% 85% and 90% of the data. The parameters of the parent distribution 

are taken to be the average of the seven parameter estimates obtained.  
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3.4.3.4 Exponential Distribution Tail Fitting 

Here the focus is again on the upper tail of the distribution but instead of Weibull, it is 

investigated whether a simpler distribution namely an Exponential distribution may lead 

to an improved fit. A study by Breiman et al. (1979) found that when the exponential 

distribution is fitted to the upper 10% of observations the estimate of the 99.45th percentile 

demonstrated better results than using Weibull distribution, even when the observations 

follow Weibull distribution. The wave induced low frequency portion of the mooring load 

is proportional to the square of the wave height. Given that wave surface elevation peaks 

follow Rayleigh distribution and that square of a Rayleigh distributed random variable is 

an exponential random variable, it is expected that the peaks of the low frequency 

component of the mooring load will be exponentially distributed. Hence, in this paper, a 

one parameter exponential distribution will be fitted on to the tail using the method 

presented above by Sagrilo et al. (2002). As discussed previously, the mooring load is 

comprised of both low frequency and wave frequency components.  When only the top 

portion of the peaks are considered, it is mainly the peaks which occur at the maximum 

of the low frequency that are selected.  Hence it is a reasonable assumption to test the 

relevance of this fitting method in the application of the mooring line load peaks. The 

portion of the peaks selected will be varied in order to optimise this method.  

 

3.4.3.5 Comparison of the Different Fitting Methods 

The peaks (defined as maximum between two mean up crossings) for each of the 170 

simulations were fitted using the four fitting methods discussed above, thereby leading to 

four PDM options. The results are presented in Figure 3-5, where the histogram of 

prediction error for all 170 simulations is shown together with evaluating statistics. Since 

each of these simulations covers a 3-h period with certain number of peaks (see Table 

3-3), there will be natural variability in the simulation results leading to a “prediction 

error” which is not the result of the fitting method. This type of “prediction error” will 

reduce systematically when the length of simulation is increased from 3-h to say 6-h, 9-h 

and 12-h, as is done later in Section 3.5. Hence the success of the PDM method can be 

evaluated holistically only after Section 3.5. 
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From Figure 3-5 it is evident that regardless of the fitting method, the 10,000yr condition 

prediction errors are more divergent when compared to the 100yr results. As the 

environmental conditions become harsher, the loads that are experienced by the mooring 

line increase. Due to the stiffness characteristics of the mooring line, the response 

becomes more complex and harder to predict, as the load increases. Hence, a larger spread 

of the prediction error is observed for the 10,000yr condition. Different fitting methods 

yield varying prediction errors across the same environmental condition. The Exponential 

tail fitting method produces results that on average over predict the extreme value but 

have the lowest spread (lowest variance measured with respect to the mean (σ2). Due to a 

large positive bias (over prediction) the variance evaluated with respect to the benchmark 

(σ2 (t)) is high. The Weibull tail fitting method produces results with the highest variance 

out of all methods for both conditions (100yr and 10,000yr) indicating that the method 

yields inconsistent estimates. A sensitivity of Weibull and Exponential tail method was 

performed to investigate the effects on prediction error if the top 30%, 20% and 10% of 

peaks is selected instead of top 40%. For both environmental conditions as the peak 

threshold increased, the bias had a negligible change, whereas the variance increased.  

The above results are consistent with the findings of Cheng and Kuang (2016) that taking 

top 30-40% peaks did not produce consistent estimates of the extreme mooring tension. 

This can be partially explained by the decrease in peak data as the threshold is increased, 

which influences the distribution parameter estimation and in turn, produces inconsistent 

estimates of the extreme response. Furthermore, both tail methods only consider the top 

portion of the peaks, which mainly captures the peaks of the low frequency process and 

exclude many of the wave frequency component peaks. Given that both Weibull and 

exponential distribution tail fit produced poorer results (large variability and large bias 

respectively) than other methods that use all global peaks, it can also indicate that both 

wave and low frequency peaks should be selected when applying PDM. The MLM 

method has the second highest mean after Exponential tail method for both environmental 

conditions, indicating bias in the results. Overall, the use of MoM to fit peaks produces 

the smallest bias, the smallest range, variance and variance with respect to the benchmark, 

indicating that it yields best estimates of the extreme response and it should be the 

preferred fitting method for execution of PDM.  
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Figure 3-5- Prediction errors for mooring top tension of 170 simulations across 

different fitting methods 
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3.5 Prediction of the extreme mooring value from multiple 
simulations 

3.5.1 Effects of Increasing Number of Simulations 

As discussed in Section 3.3.5, the “prediction error” estimated from a 3-h simulation is 

expected to reduce systematically when the length of simulation is increased to say 6-h, 

9-h, 12-h.  As the length of simulation is increased, the number of peaks increases and 

this leads to a more accurate definition of the parent distribution 𝑓𝑓𝑥𝑥(𝑦𝑦) and hence a more 

accurate distribution for the maxima, fYn(y). Analogous to increasing the length of a 

simulation is to increase the number of 3-h simulations. For N number of simulations 

taken together, the extreme response (Y) can be taken as the mean of N extreme responses, 

each estimated from the peaks of a one 3-h simulation:  

𝑌𝑌 = 𝑌𝑌1+⋯𝑌𝑌𝑁𝑁
𝑁𝑁

   (3-10) 

 

The standard error of the mean of N prediction errors obtained from N number of 3-h 

simulations can be presented as follows: 

𝜀𝜀 = 𝜎𝜎
√𝑁𝑁

    (3-11) 

 

where σ is the standard deviation of the population of prediction errors. In this case, 170 

different simulations are considered, hence it is assumed that the population standard 

deviation can be approximated by the sample standard deviation (𝜎𝜎 = 𝜎𝜎�) (Barnes, 1994).  

The number of simulations required to achieve desired accuracy can be calculated from 

this expression.  

As indicated in (Stanisic et al., 2017), the benchmark value selected was estimated by 

fitting Gumbel distribution to 170 maxima using MoM and selecting the MPM of the 

estimated distribution. In Stanisic et al. (2017) other methods of estimating the MPM 

value are also utilised and the results exhibit some variability (within 1% of one another). 

The PDM executed according to the ‘best practice’ developed here achieves a bias less 

than 1% (which is within the margin of error of the benchmark) and hence PDM can be 

regarded as unbiased (µ=0). On this basis a confidence interval can be evaluated within 
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which the prediction errors lie. This is based on Central Limit Theory. The interval will 

depend on the level of confidence chosen and can be captured by confidence factor F as 

follows: 

 

𝐼𝐼𝑛𝑛𝑃𝑃𝑒𝑒𝑟𝑟𝐼𝐼𝑎𝑎𝑙𝑙 = 𝜇𝜇 ± 𝐹𝐹 × 𝜀𝜀    (3-12) 

 

If the errors are distributed normally, 90% of data will lie within 1.65 standard deviations 

from the mean (µ± 1.65σ). Hence F=1.65 for a confidence level of 90%. 

Table 3-4 indicates the number of 3-h simulations that should be considered, so that the 

interval of ±4%, will contain the evaluated prediction error with probability of 0.9. 

Results for mooring tension for both environmental conditions are presented. For the 

100yr condition, two 3-h simulations are required, while for the 10,000yr condition peaks 

from seven 3-h simulations need to be utilised. The reduction of error as the number of 

simulations is increased is visually presented in Figure 3-6. The histograms are obtained 

using all different combinations of prediction errors from the 170 time domain 

simulations for 100yr and 10,000yr conditions for N=1, 2, 3 and 4. For the 100yr 

conditions at N=4 the prediction error will be within 2.5% with 90% confidence. When 

choosing 2 simulations to predict the extreme response, 90% of such samples will 

generate a response which is accurate to within ±3.6%. For the 10,000yr condition, the 

error at N=4 is ± 5.3%, indicates that more simulations are required to achieve the desired 

accuracy.  

 

Table 3-4- Number of 3-h simulations required for 90% confidence interval to 

achieve results within±𝟒𝟒%  

Simulation 

Number (X) 

Mooring Tension Turret Excursion 

100yr 10,000yr 100yr 10,000yr 

2 7 4 6 
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Figure 3-6- Prediction errors of mooring line load from peaks of several 

simulations, N=1, 2, 3, 4 

 

   



 DESIGN LOADS AND LONG TERM DISTRIBUTION OF MOORING LINE RESPONSE OF A 
LARGE WEATHERVANING VESSEL IN A TROPICAL CYCLONE ENVIRONMENT 

101 

3.5.2 Turret Offset 

In order to validate the above recommendations, the response of the total turret excursion 

was studied using PDM. The proposed ‘best practice’ approach of the method was applied 

and 170 prediction errors were estimated for each environmental case. Similar to Figure 

3-6, Figure 3-7 shows how the intervals that contain the prediction errors vary as the 

number of simulations is increased from 1 to 4. After 4 simulations, the prediction errors 

are accurate to within ±3.8% for 100yr and ±5% for 10,000yr. It is calculated that six 

simulations are required in order to achieve accuracy within ±4% for 10,000yr. The 

required number of simulations for turret excursions are summarised in Table 3-4, 

together with those for mooring tension.  It can be seen that for both mooring load and 

for turret offset, results accurate to within ±4%, can be obtained with four 3-h simulations 

for the 100yr condition and seven 3-h simulations for the 10,000yr condition. 

 

3.5.1 Discussion of Extreme Responses 

It is noted that for 100yr conditions the spread of prediction errors is somewhat higher for 

the turret than for the mooring tension. The main reason for this is that the number of 

peaks in 3-h simulation for the turret offset in this application (typically 45) is much 

smaller than the number of peaks in mooring line response (typically 400). This can be 

explained by the fact that the mooring line load is influenced by two processes (at wave 

frequency and low frequency) while the turret offset is dominated by low frequency 

components. The dominance of the low frequency in turret excursion results in higher 

number of simulations required for a desired accuracy of the extreme response (four 

simulations vs two 3-h simulations required for mooring tension). It is worth noting that 

the ratio of the number of simulations required (4/2=2) is not the same as the ratio of the 

number of peaks (400/45=8.9).  
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Figure 3-7-Prediction errors of turret excursion from peaks of several simulations, 

N=1, 2, 3, 4 
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The 10,000yr turret response is also mainly governed by low frequency process (mooring 

tension has typically 600 peaks while turret excursion gives 80 peaks in one 3-h interval). 

However, the number of simulations required is slightly higher for mooring tension (see 

Table 3-4). This can be explained by the non-linear characteristic of the mooring line 

response which is evident in the 10,000yr conditions. The non-linearity increases the 

spread of the response and the prediction error for the mooring line load compared to the 

turret. Hence larger number of simulations is required for 10,000yr tension response 

compared to the turret offset. It follows that the number of response peaks has an 

influence on the number of simulations required, however other properties of the response 

(non-linearity of mooring line) can out govern this. Overall, it is recommended to use four 

and seven simulations respectively for 100yr and 10,000yr condition, both for mooring 

and turret response. The case studied in this paper is quite demanding for the PDM 

(weathervaning vessel, low frequency and wave frequency play a role, non-linear stiffness 

characteristic) and hence the “best practice” procedure developed is expected to work 

well for many applications. However, the number of simulations needed for good 

convergence can be case specific.    

 The relative importance of low frequency and wave frequency mooring tension responses 

is further illustrated below examining the standard deviation of responses. For 100yr 

conditions, the standard deviation of wave frequency of 362kN is smaller than that of low 

frequency of 524kN, indicating that low frequency dominates the response. For 10,000yr 

conditions, the wave frequency standard deviation increases to 1208kN as opposed to low 

frequency which increases to 761kN. One important reason for this is the non-linear 

mooring stiffness characteristic, which makes the wave frequency more pronounced. This 

also leads to a higher number of peaks as seen in Table 3-3. 

3.6 Long term distribution 

An efficient and accurate method of estimating the MPM response for a given sea state 

has been presented in Section 3.4 and Section 3.5. This method can be used to develop 

the design mooring responses based on design sea states. It can also be used to develop 

the long term distribution of mooring responses for use in a reliability analysis. This latter 

aspect is addressed in this section.  
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In a full long term approach the response of the floating system is evaluated for all 

seastates in a wave scatter diagram (Naess and Moan, 2013) or for each sea state (above 

a certain threshold) in a hindcast (Tromans and Vanderschuren, 2001), (van Zutphen and 

Christou, 2009). In the latter the metocean time history is transformed into a mooring 

response time history. This is used to develop the response distribution to a random 

cyclone and by taking into account the arrival rate of cyclones as a Poisson process, the 

long term distribution of mooring responses is developed on MPM basis. This is 

convoluted with the short term distribution of maximum line response (within a stationary 

sea state) to develop long term statistics of mooring load. A full approach may be too time 

consuming if the system under consideration is complex. To evaluate vessel response for 

every 1-h sea state above the threshold HS, in a 50 year hindcast would require several 

thousands of response calculations. To overcome this challenge, the approach adopted by 

van Zutphen and Christou (2009) is to use a simplified and automated algorithm for vessel 

response, recognising that this comes at the expense of accuracy.      

In this section the long term response distribution is developed by using the most critical 

joint metocean conditions (see Section 3.2) for return period of 100yr, 10,000yr and 

1,000yr as a basis for the long term response distribution founded initially on MPM 

responses (i.e. excluding short term variability). The short term variability is accurately 

quantified, through the PDM “best practice” method and convoluted with the long term 

MPM response to develop the long term distribution. Some approximation is introduced 

here through the assertion that use of the joint metocean conditions, with annual 

exceedance probability of 10-2 in a response analysis, will result in MPM response with 

the same annual exceedance probability.    

The two distinct sources of randomness (variability) which are being quantified and 

convoluted into the long term distribution of mooring response are: 

1. Long Term storm intensity variability: All the joint metocean conditions, as 

described in Section 3.2, with annual exceedance probabilities of 10-2 and 10-4 are 

used to identify the conditions which result in the most critical mooring responses. 

The PDM method is then used to estimate MPM responses of the mooring system 

for these nominal exceedance probabilities. Additional conditions for an 

exceedance probability of 10-3/annum would be useful. A probability distribution 

through these results provides the long term response intensity.   
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2. Short term variability: This is quantified by using a detailed model of the 

weathervaning vessel together with the PDM method to develop the PDF for the 

maxima in a 3-h storm. The short term variability is described by a Gumbel PDF 

whose parameters vary with the relative magnitude of the response.  

The long term distribution is developed step-by-step and is summarised below: 

Step 1- Carry out mooring analyses for each of the design metocean conditions, 

corresponding to 100yr, 10,000yr and 1,000yr (if available) return period, to identify the 

critical conditions leading to maximum response for each return period. Obtain accurate 

MPM values for each of these critical conditions using the “best practice” PDM method. 

The maximum responses may be denoted by their MPM values as: YMPM100, YMPM10,000  

and YMPM1,000.   

Step 2- Fit appropriate extreme value distribution through available YMPM thereby 

developing the long term distribution of mooring line load. This is based on the MPM 

values and therefore excludes the short term variability. For the mooring response in this 

study, the fitted long term distribution is: 

 

𝑃𝑃(𝑦𝑦 > 𝑌𝑌) = 1.26𝑒𝑒−4.83 𝑌𝑌
𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀100      

(3-13) 

 

The distribution was developed using three values YMPM100, YMPM10,000  and YMPM1,000. An 

exponential format was fitted to these points by utilising least squares regression, leading 

to the constants given in Eq. (3-13). For the exponential to represent a “true” probability 

distribution function, the first constant needs to be unity. However, Eq. (3-13) leads to 

more accurate predictions over the range of interest from 10-1/annum to 10-5/annum, and 

not on the entire range. A Weibull distribution can be used in place of Eq. (3-13) and 

identical results will be obtained (less than 1% difference).  For YMPM1,000, the distribution 

was estimated by using seven simulations, as recommended for 10,000yr condition in 

Section 3.5. 

Step 3- Obtain an expression for the short term variability in a 3-h sea state by examining 

the distributions obtained in Step 1 (based on Eq. (3-1) and fitting a Gumbel distribution 

to each). The distributions of short term variability developed in this paper for mooring 
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line responses are described by Eq. (3-14) with the parameter A varying with return period 

(or mooring line load) as per Table 3-5. Intermediate values of A are interpolated, with 

the basis that A varies with the log of the return period.  

 

𝑃𝑃 � 𝑌𝑌
𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖

� = exp [− exp�−𝐴𝐴 � 𝑌𝑌
𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖

− 1��]  (3-14) 

 

Table 3-5- Values of parameter A for short term variability of mooring line loads 

Return Period Mooring Response 

(kN) 

Value of A 

100yr 7830 20 

1,000yr 11498 13 

10,000yr 15290 9.5 

 

Figure 3-8 presents Eq. (3-14) graphically and shows how the distribution becomes 

broader as the return period increases from 100yr through to 1,000yr and 10,000yr. This 

is due to the non-linearity of the mooring response as the line stiffness increases non-

linearly with offset at higher load levels.  The distributions in Figure 3-8 are normalised 

with respect to 10,000yr MPM values for comparison purposes.  

Step 4- Combine long term variability from Step 2 with short term variability from Step 

3 to obtain long term variability including contribution from short term. This convolution 

is carried out in two distinct ways resulting in identical results, thereby confirming that 

the evaluation method is sound.  
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Figure 3-8- Short term variability cumulative distribution functions for 100yr, 

1,000yr and 10,000yr scaled to 10,000yr MPM load 

Step 4 – Alternative A:  the convolution is represented as a product of: 1) probability 

interval δYMPM of getting a sea state which leads to a mooring response YMPM and 2) 

probability that the mooring line response exceeds Y, given that the MPM value of 

mooring response is YMPM (see Figure 3-9). The above needs to be integrated over all 

values of mooring response (from 0 to infinity) but a more practical response range is 

(half of 100yr response to twice the 10,000yr response). The integral can be represented 

by the following expression: 

 

𝑃𝑃(𝑦𝑦 > 𝑌𝑌) = ∫ �1 − 𝑃𝑃 � 𝑌𝑌
𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀

�𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀�� .𝑝𝑝(𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀).𝑃𝑃𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀
∞
0     (3-15) 
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In Eq. (3-15), 𝑝𝑝(𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀)  is obtained by differentiating Eq. (3-13), namely:  

𝑝𝑝(𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀) = 1.26 ∗ 4.83
𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀100

∗ 𝑒𝑒−4.83 𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀
𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀100     (3-16) 

 

 

Figure 3-9-Short term variability convolution 

 

Step 4- Alternative B: the convolution is represented as a product of: 1) probability 

interval δq of getting a sea state of intensity defined by return period r in the range ri to 

r(i+1) and 2) probability that the mooring line load exceeds Y, given that the sea state 

intensity lies between ri to r(i+1). The above needs to be integrated over all return periods. 

It can be represented by the following expression: 

𝑃𝑃(𝑦𝑦 > 𝑌𝑌) = ∫ [1 − 𝑃𝑃 � 𝑌𝑌
𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖

�]𝛿𝛿𝛿𝛿     (3-17) 
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The integral in Eq. (3-17) has to be solved numerically as P(Y/YMPM) is a function of the 

sea state of intensity ri. The probability interval 𝛿𝛿𝛿𝛿 is related to the return periods ri and 

r(i+1) through: 

𝛿𝛿𝛿𝛿 =  �1 − exp (−
1
𝑟𝑟𝑀𝑀

)� − �1 − exp (−
1
𝑟𝑟𝑀𝑀+1

)� =  exp �−
1
𝑟𝑟𝑀𝑀+1

� − exp (−
1
𝑟𝑟𝑀𝑀

) 

 

(3-18) 

Hence Eq. (3-17) can be written as: 

𝑃𝑃(𝑦𝑦 > 𝑌𝑌) = ∑ (exp �− 1
𝑟𝑟𝑖𝑖+1

� − exp (− 1
𝑟𝑟𝑖𝑖

)𝑟𝑟=100,000
𝑟𝑟=5 ) . (1 −  𝑃𝑃 � 𝑌𝑌

𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖
� )  

 
(3-19) 

The range r=5-100,000yrs is selected to cover the entire range of interest. 𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 is a 

function of return period ri.  

Approach 4A and 4B produce same results.  The long term distribution of mooring line 

response for the tropical cyclone environment considered here is shown in Figure 3-10, 

(i) excluding short term variability and (ii) including short term variability. As expected 

the long term distribution which accounts for short term variability leads to a higher 

response than the one which does not account for short term variability, as seen in Table 

3-6.  The contribution from short term variability is about 3% at the 100yr level and 8% 

at the 10,000yr level.  It is seen from Table 3-6 that at the 100yr level the 3% contribution 

needed to account for short term variability corresponds to moving from the MPM value 

(37th percentile) to the 60th percentile, while at the 10,000yr level the 8% contribution 

corresponds to moving from the MPM value to again the 60th percentile. The 60th 

percentile is very close to the mean for Gumbel distribution.  These percentiles are much 

lower than the 90th percentile recommended in (Muliawan et al., 2013) and (Haver and 

Winterstein, 2008). The main reason for this is that in a tropical cyclone environment, 

which is the case in this paper, the long term distribution of wave height is rather steep 

and this leads to a steep distribution of mooring line response (the 10,000yr response is 

twice as high as the 100yr response). As a consequence the contribution from long term 

distribution is dominant and short term variability in a tropical cyclone environment is 

less pronounced, compared to a winter storm environment such as North Sea. 
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Table 3-6- Long term distribution extreme loads and equivalent percentiles 

Return Period 

Extreme Load-

Short Term 

Variability 

Excluded (kN) 

Extreme Load-

Short Term 

Variability 

Included (kN) 

Adequate 

Percentile to 

compensate for 

Lack of Short Term 

Variability 

100yr 7830 8072 60th 

10,000yr 15290 16520 60th 

 

 

Figure 3-10- Long term distribution of mooring line load excluding and including 

short term variability 
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Discussion of methods for estimating long term response: A method has been used 

here for estimating the long term mooring response for a weathervaning vessel. The prime 

reason which drove the authors to this simplification is that the full long term distribution 

method is too cumbersome requiring the response of the mooring system to many 

thousands of sea states. In parallel with this, a response-based method as described by 

van Zutphen and Christou (2009) (see Appendix A), based on calculating the response to 

every relevant sea state in the hindcast, has also been applied to this problem. The prime 

objective of the response-based method is to develop metocean conditions for design, 

which are appropriate for the mooring response. Although a detailed comparison between 

the two approaches is beyond the scope of this paper, it is relevant to note that the two 

approaches lead to comparable results, when used as intended. Since the representation 

of vessel and mooring used in response-based method is simplified, the prediction of 

mooring responses is not as accurate. However, the method does well in identifying the 

metocean conditions which result in 10-2 or 10-4 responses. Thus, when these metocean 

conditions are used with a detailed coupled model, so as to compare directly with the 

most critical conditions used in this paper, accounting for short term variability effect, the 

agreement is rather good (typically within 15%) given that extrapolation is performed to 

long return periods.  

This increases the confidence that both methods are credible and reliable. An advantage 

of the response-based method is that it results in a small number of metocean design cases. 

An important attribute of the method presented in this paper, is that although the initial 

list of joint metocean conditions for a specified exceedance probability is large, the 

identification of the most critical conditions can be done efficiently by simplified methods 

for screening purposes, since these results do not contribute to the extremes. Furthermore, 

the development of joint metocean conditions for specified exceedance probabilities, is 

required as part of the design process, to capture extreme responses for other purposes, 

e.g. maximum accelerations at various locations on the topsides for the design of topsides 

structures, maximum vertical motion at the turret, most extreme situations for green water 

freeboard exceedance, etc. Different metocean conditions from this list govern different 

aspects of the design. Hence each of these methods has its merits and they may be 

considered as complementary.              
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3.7  Conclusion 

A “best practice” procedure has been presented for applying the Peak Distribution 

Method (PDM) to determine the extreme design response for mooring lines under 100yr 

and 10,000yr conditions. The study was performed with respect to a large turret moored 

vessel with catenary mooring system in tropical cyclone environment. The water depth 

for which the system was analysed is 580m. The method has been extensively compared 

against an accurate benchmark obtained by carrying out a large number (170) of 3-h time 

domain simulations. While conventional methods which use only the maximum value in 

each 3-h simulation need 30-40 simulations to achieve sufficient accuracy, it is 

demonstrated that the PDM method can achieve consistently the same accuracy with a 

very small number of simulations. The main elements of the “best practice” procedure 

are: 

(i) Peaks in mooring line response are defined as maximum values between two mean 

up crossings  

(ii) Peaks are fitted to a two parameter Weibull distribution using the entire population 

of peaks rather than upper tail  

(iii)The method of moments is used for the fit 

(iv) The number of peaks needed for accurate fit corresponds to four 3-h simulations 

under 100yr conditions and seven 3-h simulations for 10,000yr conditions.  

These conclusions are based on very demanding application of the PDM and hence are 

expected to work well for many applications. However, the number of simulations needed 

for good convergence can be case specific.    

 The PDM method is used to develop a long term distribution for mooring line response, 

which accounts for short term variability, for use in reliability analysis. In order to achieve 

this, in this paper, the short term variability of the maximum line load, in a given 3-h 

storm was combined with the long term distribution of mooring line loads, defined by the 

MPM load as a function of the return period. It was found that the contribution from short 

term variability increases the long term load by 3% at the 100yr level and by 8% at the 

10,000yr level. These surprisingly low contributions arise because the tropical cyclone 

environment exhibits a steep long term response.  It is shown that for this tropical cyclone 

environment, the contribution from short term variability can be considered to be included 
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by selecting the 60th percentile rather than the MPM (37th percentile of the Gumbel 

distribution) to represent the mooring design load. 
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CHAPTER 4. RELIABILITY OF MOORING LINES AND PILES 
FOR A PERMANENTLY MANNED VESSEL IN A TROPICAL 
CYCLONE ENVIRONMENT  

 

Prologue 

This chapter consists of a paper published in Applied Ocean Engineering titled: 

“Reliability of mooring lines and piles for permanently manned vessel in a tropical 

cyclone environment” (Stanisic et al., 2019).  

In Chapter 3 it was shown that the long term distribution of a mooring load in a tropical 

cyclone environment is very steep. This observation initiated the following questions: 

1. Given that the current standards and recommended practices are not reliability 

based, what reliability level do mooring chain and pile, designed to these 

provisions, achieve in a tropical cyclone environment?   

2. What is an adequate target reliability level for a permanently manned and moored 

FLNG mooring system in North West Shelf? 

3. What factor of safety is required to achieve the adequate target reliability? 

4. Are there any additional conditions that can be introduced to improve the level of 

reliability of a mooring system? 

In addition to these, several other questions were raised, in relation to the reliability of a 

pile: 

1. What effect do different portions of global and local soil strength variability have 

on pile capacity? 

2. What soil strength fractal should be used to represent the characteristic soil 

strength to achieve reliable design? 

This chapter answers the above questions with reference to the FLNG mooring system 

vessel in the tropical cyclone environment, analysed in Chapters 2 and Chapter 3.  

 

  



 RELIABILITY OF MOORING LINES AND PILES FOR A PERMANENTLY MANNED VESSEL IN 
A TROPICAL CYCLONE ENVIRONMENT 

118 

Abstract: The factors of safety for stationkeeping systems in current standards (ISO, 

API) are not derived or validated using reliability analyses. As the oil and gas exploration 

and production is breaking new boundaries, deploying new floating systems and moving 

into regions with harsher environments, it is of paramount importance to understand what 

level of reliability these new marine structures are achieving. This paper presents a 

reliability analysis of the mooring system of a Floating LNG (FLNG) vessel permanently 

moored and permanently manned offshore North West Australia in a tropical cyclone 

environment. The reliability analysis addresses both the mooring chain and the pile 

foundation. The analysis accounts for the long term characteristics of the environment, 

including the short term variability, in response to a given sea state and the variability and 

uncertainty in strength of the mooring chain and the pile. The stationkeeping system was 

analysed using detailed time domain simulations, capturing system non-linearities and 

low frequency oscillations as well as wave frequency responses and, thereby, reducing 

modelling uncertainties to a minimum.  

It is found that for the conditions modelled, neither the chain nor the pile meet a target 

reliability of 10-4/annum using the factors of safety commonly used in design following 

current ISO and API standards. New factors of safety are proposed to achieve this target 

reliability. For the pile design, one complicating factor is that current design standards do 

not explicitly define the exceedance probability that should be associated with the 

characteristic value of the undrained shear strength to be used in the design. It is 

demonstrated that the required factor of safety is crucially dependent on the definition of 

this characteristic value and on the level and the type of uncertainty in the soil strength 

profile. A recommendation is made regarding the definition of this characteristic value 

and the associated factor of safety. Furthermore, it is found that designing the mooring 

system to an environmental condition with a return period of 10,000yr (as an Abnormal 

Limit State event), and setting the factor of safety to unity, meets the target reliability of 

10-4/annum for the pile, if the characteristic undrained shear strength is a lower bound, 

defined in this paper by the 10th percentile value. For the chain however, this target 

reliability is not achieved.   
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4.1 Introduction 

For a permanently manned floating oil and gas production facility, potential failure of 

mooring lines is very important as it can result in loss of stationkeeping with consequent 

failure of the risers and drifting of the installation, with possibility for loss of life and 

environmental impact.  The consequences are major and hence, the mooring components, 

including chain and mooring pile, are designated as Safety Critical Elements.  As such, 

these elements are required to achieve a high level of reliability and the operator needs to 

be able to demonstrate this in the Safety Case, which is a regulatory requirement in many 

countries, including Australia.      

 The industry standards commonly used for the design of mooring systems (ISO, 2013), 

(API, 2005), (DNVGL, 2015b) are not based on explicit reliability targets. This, therefore, 

poses a difficulty for the operator in terms of knowing the implied risk and defending the 

Safety Case, especially when the application is a technological step-out. The application 

considered in this paper is a large FLNG facility, which is breaking new ground in terms 

of mooring challenges as it is the largest floating facility ever built and is being developed 

as a permanently manned system offshore North West Australia, where tropical cyclones 

dominate. The FLNG application provided the main motivation for this work with the 

prime objectives to:  

(a) Establish what reliability levels are achieved for the mooring chain and the pile when 

applying the provisions of design standards (ISO, 2013) or (API, 2005) to FLNG in a 

tropical cyclone environment;  

(b) Develop appropriate target reliability for the mooring system and  

(c) Develop corresponding factors of safety for the mooring system which achieve the 

target reliability, when used in conjunction with design standards (ISO, 2013) or (API, 

2005).  

The reason for selecting (ISO, 2013) or (API, 2005) as the base standards, as opposed to 

(DNVGL, 2015b), is that these two standards are widely used and have been the base 

documents in FLNG design. The former two standards have a similar design format based 

on a single Factor of Safety (FoS), whereas (DNVGL, 2015b) is based on a Load and 

Resistance Factor Design (LRFD) format with partial safety factors for loadings and 
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resistance. In general, an LRFD format is preferred because it can achieve more uniform 

reliability across different floating systems and different water depths. However, for the 

investigation implemented in this paper, which addresses a single floating system, the 

target reliability can be achieved equally well with the single FoS format of (ISO, 2013). 

It is noted that DNVGL (2015b) is a standard that specifies target reliability levels, but 

the load and resistance factors have not been derived based on achieving these reliability 

levels. Notable efforts to derive factors of safety based on reliability have been made as 

discussed below.   

Several studies in the past have addressed the reliability of mooring lines and there has 

been a major effort by the industry in the form of a Joint Industry Project (JIP), managed 

and executed by DNVGL, to develop reliability-based design provisions. This JIP, 

referred to as the NorMoor JIP, includes participation from major oil companies, 

designers and mooring component manufacturers. Although the JIP is still ongoing in 

2018, interim results have been published in three papers at OMAE 2017, namely ((Horte 

et al., 2017b), (Horte et al., 2017a), (Okkenhaug et al., 2017)). This JIP addresses the 

reliability of a range of different floating units (including FPSO and semisubmersibles) 

over a range of water depths in three geographical regions, namely North Sea, Gulf of 

Mexico and Brazil. The approach adopted compared the characteristic mooring line 

tension calculated as per the designated design standard(s) with the annual mooring 

tension distribution, obtained from time-domain simulations.  In addition to the natural 

variabilities (i.e. randomness within a sea state and long term environmental variability), 

also referred to as Type I uncertainties, an allowance was made for lack of knowledge, 

also referred to as modelling uncertainty or Type II uncertainty.  

Subsequently, safety factors for mooring line’s design for the Ultimate Limit State (ULS) 

for intact and damaged condition, with one mooring line missing, were derived by the 

JIP, suitable for use with (ISO, 2013) and (API, 2005), which are based on a single FoS 

format. Separately, load and resistance factors have been developed for use with the 

LRFD format as in (DNVGL, 2015b). The factors were derived by taking all of the cases 

studied and minimising the difference in obtained and target failure probabilities. This 

NorMoor JIP addressed both permanently manned high consequence installations 

(referred to as Consequence Class 3) and lower consequence Mobile Drilling Units (Class 

1). For the permanently manned facilities (Class 3) the target probability of failure, Pf, 
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was set to 10-5/annum while for Mobile units (Class 1) a target annual Pf of 2x10-4/annum 

was set. Results from this JIP have not yet been implemented in design codes.  It is 

important to note that the NorMoor JIP did not examine permanently manned installations 

(Class 3) in a tropical cyclone environment. Also it did not address the reliability and 

associated factors of safety for the pile foundation. These aspects form the prime scope 

of this paper and hence, this study may be seen as complementary to the NorMoor JIP.   

Several other papers studied the reliability of mooring lines and foundations of floating 

production facilities. The NorMoor JIP, discussed above, was preceded by a 

DEEPMOOR JIP presented in (Horte et al., 1998). Another joint industry effort 

(Goodwin et al., 1999) and (Goodwin et al., 2000) examined reliability of mooring lines 

in the context of an integrated design and reliability methodology for mooring lines and 

risers. Goodwin et al. (Goodwin et al., 1999) and (Goodwin et al., 2000) proposed a target 

reliability for a single line failure corresponding to Pf of 2x10-4/annum for derivation of 

factors of safety. Several papers have addressed the reliability of foundations of floating 

production systems (e.g. (Clukey et al., 2013) (Gilbert et al., 2005)) where the work 

mainly concentrated on suction caissons. However, no study explores the reliability of 

laterally loaded steel piles in calcareous soil.  

 Reliability predictions often lack calibration or validation using actual failure data from 

operations, because failure probabilities are very low and design practices are evolving 

continuously. For instance, if the target probability of failure is 10-5/annum and the 

relevant population of floating systems is 400 units, one would require 250 years to 

accumulate an exposure of 100,000 platform years, which can provide useful evidence 

for validation. Since real operational validation of mooring system reliability models is 

lacking, the evidence on whether a reliability model is accurate enough in predicting a 

failure rate should be based on: (i) confirming and demonstrating that natural, (Type I) 

uncertainties dominate over lack of knowledge (Type II) uncertainties and (ii) evidence 

that the magnitude of Type I uncertainties is accurately covered. If these are satisfied, the 

predicted Pf will adequately reflect the failure rate.      

The experience gained from operating floating production systems to date is that the 

industry has suffered a large number of mooring line failures, notable examples being:  

Schiehallion FPSO (Out of Plane Bending (OPB) fatigue failure), Gryphon FPSO (loss 
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of stationkeeping due to turret being near FPSO centre), Banff, Fluminese (improperly 

installed polyester connection), Serpentina FPSO (deterioration of pile capacity caused 

by soil trenching in the vicinity of pile foundation) and Girrasol buoy (OPB) (Ma et al., 

2013). The cause of these failures was not overloading due to extreme storm, but  

deterioration in the strength of a component or poor quality assurance (e.g. unauthorised 

welding) resulting in weak link or weakening of the pile due to a specific deterioration 

mechanism (Bhattacharjee et al., 2014). The observed failure rate due to all these causes 

has been estimated to be 3x10-3/annum (Ma et al., 2013). This high frequency of failures 

is of concern to the industry. Measures to improve mooring integrity include addressing 

and designing out the known causes of failure (OPB, birdcaging, unauthorised weld) and 

maintaining a design requirement that the mooring system with one line missing should 

have adequate strength to withstand a 100yr event with associated FoS. This requirement 

ensures that the mooring system with one line missing has sufficient reliability to continue 

operation for one season until repair of the damaged (or failed) line can be effected. Thus, 

the potential for deterioration in strength is effectively handled through this provision. 

With the above in mind, this paper explores the reliability of an intact mooring system 

only and the probability of experiencing deterioration in strength is not explored.  

In this paper, the reliability of the mooring chain and pile of a large FLNG vessel is 

addressed with the objectives as defined above. The vessel mooring was designed to 

satisfy 100yr extreme conditions with factors of safety as required by (ISO, 2013) and in 

addition satisfying 10,000yr survival conditions with FoS set to unity, for intact condition. 

The paper estimates the reliability of the mooring system when: (i) only the 100yr ISO 

requirements are applied and (ii) the 10,000yr survival requirement is applied in addition 

to the ISO requirements. This work presents unique results as it investigates the 

stationkeeping reliability of a very large FLNG vessel, permanently moored in a tropical 

cyclone environment. The paper makes recommendations regarding the factors of safety 

for the mooring chain and the pile, which need to be applied in a tropical cyclone 

environment. 

4.2 Methodology 

This paper’s main objective is to address the reliability of the mooring chain and 

connecting pile that belong to a large FLNG vessel, which is permanently manned and 
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permanently moored in a tropical cyclone environment. In order to carry out the reliability 

analysis, a coupled model of FLNG vessel, mooring system and risers was analysed using 

detailed time domain simulations (see Section 4.4.1). As such, the system non-linearities 

and low frequency motions as well as wave frequency responses were captured. Vessel 

responses were validated earlier using model testing in a wave basin, which reduces 

modelling uncertainties to a minimum.  

The characteristic mooring and pile loads are represented by the Most Probable Maximum 

(MPM) load calculated from the results of the time domain simulations (see Section 

4.4.2). These loads were obtained using the Peak Distribution Method (PDM), developed 

by the authors and described in detail in (Stanisic et al., 2018). The PDM involves fitting 

the Weibull distribution to the peaks of the mooring line and pile load time series, attained 

from time domain simulations. This is then used to establish the corresponding extreme 

value distribution of the response (represented by the Gumbel distribution), which 

characterises the short term variability of the mooring line and pile load. The MPM is 

taken as the mode of the extreme distribution.   

In this paper, the exceedance probabilities of mooring line tension and pile load are 

described by the long term distribution of the mooring line and pile load respectively. The 

methodology behind the development of the long term distribution is described step by 

step in  Section 4.4.3, and more details can be found in authors’ previous work (Stanisic 

et al., 2018). The distribution developed accounts for the contribution from short term 

variability. Furthermore, modelling uncertainties associated with the environmental 

model and the long term climate are considered and included in the exceedance 

probability, as described in Section 4.4.4.  

The capacity distributions for the mooring chain and the pile are developed and described 

in Section 4.5. The mooring chain strength uncertainty is represented by the variability in 

strength of the most highly loaded section, which comprises of N segments (see Section 

4.5.1). The mooring pile characteristic strength is calculated as the minimum of the pile 

soil capacity and pile structural capacity (see Section 4.5.2.1). A total of nine piles are 

designed. This is done using three different percentiles of soil strength (the 10th, 50th and 

90th percentile) belonging to three different soil ranges. Three soil ranges considered are: 

i) the base case soil range, which is based on strength data from a calcareous soil site, ii) 
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a narrower soil range and iii) a wider soil range as described in Section 4.5.2.2. The two 

latter soil ranges are introduced in order to gain an understanding of the sensitivity of the 

pile reliability levels to the soil variability. In order to obtain the pile stochastic capacity, 

the variability and uncertainty in soil characteristics (for all three soil ranges considered) 

and the pile steel material itself, are both accounted for, as described in Section 4.5.2.3. 

The sensitivity of the pile capacity to the prevalence of either local or global spatial 

variability in soil strength is also explored (see Section 4.5.3).  

 Based on the long term load distributions, developed in Section 4.4.3, and capacity 

distributions, developed in Section 4.5, the probabilities of failure for both the chain and 

the designed piles are estimated in Section 4.6. This probability of failure reflects the 

reliability level that the chain or pile achieves, given that the design was performed for 

an environmental event with return period of 100yrs and FoS as recommended by the 

currently relevant standards. The calculated probability levels are compared to the target 

reliability which was selected based on reasoning presented in Section 4.7. The calculated 

probabilities of failure indicate that the currently recommended FoS do not meet the target 

reliability level. Hence, FoS are proposed in Section 4.8.2, to be used for mooring chain 

and laterally loaded piles in tropical cyclone environment. Finally, in Section 4.8.3, the 

reliability levels are calculated for an additional requirement where the mooring chain 

and pile are designed for a 10,000yr environmental event with FoS equal to unity.    

4.3 Current Design Practice  

 The design practice which is followed in this paper is generally as per ISO (2013). The 

corresponding API standard (API, 2005) has similar strength requirements.  A mooring 

system design satisfying (ISO, 2013) would also generally satisfy (API, 2005) from the 

point of view of system strength. Following (ISO, 2013), the design of a permanently 

moored floating vessel requires consideration of several limit states. For the Ultimate 

Limit State (ULS), the intact station keeping system should be designed to withstand 

environmental conditions with a return period of 100yrs (ISO, 2013), satisfying specified 

factors of safety. There is no requirement to satisfy an Accidental Limit State (ALS) for 

the intact mooring system. In both (ISO, 2013) and (API, 2005) there is a requirement to 

assess an ULS redundancy or damaged condition, where one mooring line is missing. The 
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mooring system assessed in this paper satisfies the ULS intact and ULS redundancy 

condition.  

Later, an additional ALS requirement is introduced in the reliability analyses described 

in this paper, namely that the intact mooring system should survive environmental 

conditions with a return period of 10,000yrs with factors of safety set to unity.  This 

additional requirement was implemented for the FLNG design. This paper first addresses 

the case where the ISO (2013) requirements are followed (without a 10,000yr ALS 

requirement) and thereafter examines the impact of the additional ALS requirement. In 

terms of terminology it should be clarified that the use of ULS and ALS limit states is 

ISO terminology. In API, ULS is referred to as the “extreme storm event” while ALS is 

referred to as a “survival event”.  

 The design checks for ULS given in  (ISO, 2013) and (API, 2005) follow a design 

approach with a single FoS, γ, namely: 

 

Characteristic Capacity ≥  γ (Characteristic Load Effect) (4-1) 

 

The characteristic capacity of the mooring chain and the pile are defined in Section 4.5.1 

and 4.5.2 respectively. Characteristic load effect is the MPM mooring line response 

corresponding to a return period of 100yrs (ULS). The design safety factors are as per 

Table 4-1 for the mooring line and laterally loaded driven pile. For completeness Table 

4-1a provides also the factors of safety required by Annex B.2 of (ISO, 2013) which is 

specific to Norwegian waters. It can be seen that the FoS for the mooring line is higher in 

Annex B.2 than in the main body of (ISO, 2013), (2.2 compared to 1.67 respectively). 

However, Annex B.2 does not provide any guidance regarding the FoS to be used for the 

pile. This appears to be an omission by (ISO, 2013) and should be rectified in order for 

the mooring chain and pile to have consistent design. The FoS provided is for 

Consequence Class 3. It should be stated that the factor of 1.67 for ULS of a mooring line 

applies when dynamic analysis of the system is performed.  
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Table 4-1- Design safety factors for mooring line (a) and pile (b) according to the 

current design practice 

(a) Mooring Line 

Design Standard 

Factor of Safety for Mooring Line 

ULS (extreme 

event, intact) 

ALS (Survival event, 

intact) 

ULS 

(redundancy) 

ISO 1.67 Not required 1.25 

ISO(B.2)-Norway 2.2 (Class 3) Not required 1.5 (Class 3) 

API 1.67 Not required 1.25 

 

(b) Pile Lateral Capacity 

Design 

Standard 

Factor of Safety for Pile Lateral Capacity 

ULS (extreme 

event,intacts) 

ALS (Survival 

event,intacts) 

ULS 

(redundancy) 

ISO 1.60 Not required 1.2 

API 1.60 Not required 1.2 

 

As an alternative to the single FoS format adopted by ISO and API, DNVGL (2015b) 

follows a Load Resistance Factor Design (LRFD) design approach. In this approach a 

distinction is made between permanent (or static) loads and variable (or dynamic) loads. 

Different partial load factors are assigned to each of these load types to reflect different 

uncertainties associated with each type. Furthermore, the capacity is reduced by a material 

factor.  These partial load and resistance factors can be established using reliability 

analyses to reflect the respective uncertainties in each load type and each component. The 

LRFD format can, in principle, achieve more uniform safety levels across a wide range 

of floating systems, mooring systems and water depths. However, for a single application 

the ratio of the permanent loads to the variable loads is defined uniquely and there is no 
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advantage in use of LRFD format. Hence, the LRFD format is not addressed further in 

this paper.   

4.4 Load Description 

4.4.1 Floating System Description  

The vessel under consideration is a large weathervanning FLNG vessel that is 488m long 

and 74m in breadth. The vessel is permanently moored in a water depth of 580m with a 

draft of 20m. A fully coupled numerical model of the vessel, mooring lines and risers was 

developed and analysed in time domain for stationary metocean conditions of duration 

equal to 3 hr in SESAM (DNVGL, 2016) software. The vessel is connected to 24 catenary 

mooring lines. The lines have a chain-wire-chain configuration and are arranged in four 

sectors of six lines (see Figure 4-1). The FLNG also supports 14 flexible risers which are 

included in the numerical model.   

 

 

Figure 4-1- Schematic view of the coupled model 
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Table 4-2- Critical joint metocean conditions with return period of 100 and 10,000 

years and MPM mooring responses 

Environment/Response 

100yr Joint 

Probability 

Condition 

10,000yr Joint 

Probability 

Condition 

Wave  Spectrum JONSWAP JONSWAP 

Hs (m) Significant Wave Height HS (m) 12.1 13.4 

Tp (s) Peak Period Tp (s) 14 13.9 

Angle between wind and wave 45° 90° 

Wind  Spectrum NPD NPD 

 1 hr Mean Speed (m/s) 34.8 37.9 

Current Mean Speed at 12m below MSL 

(m/s) 

1.2 1.2 

Angle between Current and Wind 45° 22.5° 

MPM Response 7830 kN 15290 kN 

 

The numerical model was analysed for 100yr and 10,000yr joint metocean conditions. 

The conditions that result in the largest mooring line load, the critical conditions, for the 

100yr and the 10,000yr return period are presented in Table 4-2. These conditions were 

derived based on the model for conditional extremes (Heffernan and Tawn, 2004) which 

was used by Jonathan et al. (2014)  to develop joint metocean extremes. As such, the 

metocean conditions are suited for floating systems as their extreme response depends on 

several metocean variables. The metocean conditions were not developed by the authors 

and are used as an input in to this study. For more details on the model and environmental 

conditions refer to (Stanisic et al., 2017).  
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4.4.2 Characteristic Environmental Load Effects  

For the mooring chain, the characteristic environmental load effect for use in ULS (Eq. 

(4-1)) is the MPM mooring line load with a return period of 100yrs, denoted by YMPM100. 

The maximum load normally occurs at the top of the mooring line since these chain links 

carry the submerged weight of the mooring line, in addition to horizontal loads induced 

by excursion. Similarly YMPM10,000 is the characteristic environmental load effect for use 

in Eq.(4-1) for ALS. These characteristic loads are obtained by carrying out mooring 

analyses for each of the design metocean conditions (for ULS and ALS) and identifying 

the most critical conditions. Similarly for the pile the characteristic environmental load 

effect for use in Eq.(4-1) in the case of ULS is the MPM pile load with a return period of 

100yrs, denoted by Y(P)MPM100. The characteristic environmental load effect for use in 

Eq.(4-1) in the case of ALS is the MPM pile load with a return period of 10,000yrs, 

denoted by Y(P)MPM10,000. From the results of the time-domain analyses it is seen that the 

line of action of the environmental load effect at the pile can be regarded as horizontal 

(see Section 4.5.2). It is noted that in ISO terminology the environmental loads acting on 

the vessel as external loads are referred to as “environmental actions”, while the response 

of the vessel or a vessel component (e.g. load in a mooring line) is referred to as 

“environmental action effect”.  Thus, in this paper, the terms “mooring line load”, 

“mooring line response” and “mooring line action effect” may be considered 

interchangeable.    

    

4.4.3  Long Term Load Distribution 

The method for the determination of long term load distribution has been presented in 

detail in (Stanisic et al., 2018). A summary of this methodology is as follows: 

1. Carry out mooring analyses for each of the specified design metocean conditions to 

identify the critical conditions leading to maximum response for return period of 100yr, 

1,000yr and 10,000yr. The maximum responses can be denoted as YMPM100, YMPM1,000 and 

YMPM10,000..  YMPM100 is also the characteristic mooring line response for use in Eq.(4-1) in 

the case of ULS.  
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2. An appropriate extreme value distribution is fitted through available YMPM, thereby, 

developing the long term distribution of mooring line load, Y, which excludes the short 

term variability. The distribution is represented in Eq. (4-2) as follows:  

𝑃𝑃(𝑦𝑦 > 𝑌𝑌) = 1.26𝑒𝑒−4.83 𝑌𝑌
𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀100 

  

 

(4-2) 

 

3. An expression for short term variability is obtained by examining the distribution of 

mooring line load in a single 3 hr sea state. Following the Peak Distribution Method 

described in (Stanisic et al., 2018), this is obtained by carrying out 4-7 time domain 

simulations, fitting a Weibull distribution through the peaks and using this distribution to 

establish a Gumbel distribution that defines the short term variability, i.e.  

 

𝑃𝑃 � 𝑌𝑌
𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖

� = exp [− exp�−𝐴𝐴 � 𝑌𝑌
𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖

− 1��  
(4-3) 

 

The breadth of the Gumbel distribution is found to be dependent on the relative magnitude 

of the mooring response. Hence, the parameter A in Eq. (4-3) is a function of the mooring 

response. Parameter A in this study is 20, 13 and 9.5 for 100yr, 1,000yr and 10,000yr 

mooring response respectively.  

4. The short term variability and long term variability are combined to obtain long term 

variability that includes the short term variability. This can be written as:  

 

𝑃𝑃(𝑦𝑦 > 𝑌𝑌) = ∫ �1 − 𝑃𝑃 � 𝑌𝑌
𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀

�𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀�� .𝑝𝑝(𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀).𝑃𝑃𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀
∞
0   (4-4) 

 

where [1 − 𝑃𝑃 � 𝑌𝑌
𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀

�𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀�] is probability that a mooring line response exceeds Y, given 

that the MPM value of mooring response is YMPM and 𝑝𝑝(𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀).𝑃𝑃𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀 is probability 
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interval of getting a mooring response in interval 𝑃𝑃𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀. The long term response 

distribution given by Eq. (4-4) defines the environmental loading probabilistically, 

capturing all important loading sources of variability and randomness.  

4.4.4  Modelling uncertainty in long term response 

The long term response distribution presented in Section 4.4.3 covers the two primary 

sources of natural variability (Type I) in environmental loading. These are (a) climatic 

uncertainty regarding the occurrence and intensity of a storm event, like a major cyclone, 

including the spatial and temporal effect of the storm event (may be referred to as long 

term uncertainty) and (b) the short term variability in the maximum response for given 

stationary values of the metocean parameters. In addition to the above natural variability, 

the following modelling uncertainties are noted:  

(1) Modelling uncertainty in estimating MPM: Accuracy in estimating MPM response 

for specified sea state: The previous work conducted by the authors (Stanisic et al., 

2018) develops and evaluates a methodology of calculating the MPM response to a 

specified seastate, for the same vessel and mooring system as considered in this paper. 

It was found that the MPM calculated is accurate to within ±4% with a 90% 

confidence level. Based on (Stanisic et al., 2018), it is seen that if the standard error 

is σ and the target MPM response is μ it follows that 1.65σ/μ=0.04. Hence, it is 

implied that the modelling uncertainty in estimating MPM can be represented as σ/μ 

=0.024.  

(2) Modelling uncertainty in Long Term methodology: In the estimation of long term 

responses the assertion is made that the return period of the characteristic response 

should correspond reasonably well with the return period of the environmental 

conditions. Though this assertion is very reasonable, it may introduce some variability 

(or random error) when compared to a full long term distribution. An indication of 

the magnitude of such error can be obtained by comparing long term responses 

obtained using this method with those obtained using metocean conditions derived 

through a response-based model by van Zutphen and Christou (2009). Such 

comparisons have been carried out for several geographic locations with different 

metocean conditions and show reasonable agreement, (within 15%, see (Stanisic et 

al., 2018)) confirming, thereby, that any random error introduced by this 
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approximation is small. A significant source of difference between the method used 

here and the response-based method is related to differences in extrapolation of 

metocean conditions, a different modelling uncertainty which is discussed under (3) 

below. This suggests that the random error due to the approximation discussed here 

is most likely within ±5% leading to σ/μ =0.03 if 90% confidence level is considered. 

The combination of 2) and 3) together leads to errors within ±15%.   

(3) Extrapolation of metocean conditions to long return periods: The metocean 

design conditions have been regarded as a given so far, but their derivation also suffers 

from insufficient data (Type II uncertainty).This includes the potential error in 

extrapolating to long return periods and also the consideration of joint extremes which 

involves postulating relationships between metocean parameters when a specific 

parameter (e.g. Hs) approaches an extreme value.  Since the hindcast typically covers 

a period of 50 years, the uncertainty is larger when extrapolating to the 10,000yr level 

than for the 100yr level. If we could have a reliable hindcast for all metocean 

variables, covering a period of about 100,000yrs there would be no need for 

extrapolations and this uncertainty could be minimised or eliminated.  Such perfect 

knowledge does not exist and hence, modelling uncertainty is introduced to account 

for this in the reliability calculation. At the 10,000yr level the combined effect of 

items (2) and (3) may be considered to lead to a random error of ±15% based on 

comparisons with the response-based model discussed in (2) above. Recognising that 

the modelling uncertainty is larger for long return periods, coefficient of variation 

CoV= 0.04 for 100yr level and CoV=0.06 for the 10,000yr level, is adopted.  

(4)  Direction of environmental load vector relative to earth-fixed mooring: The 

metocean design conditions are defined in terms of environmental parameters (wind, 

wave, current) with associated directions. The direction of the combined 

environmental load vector (which determines vessel heading) may exhibit significant 

variability from one cyclone to another (by 90˚or more) and this has some effect on 

the reliability of the mooring system which is earth-fixed. This variability arises as 

the direction of the environmental load vector depends on the cyclone track (which is 

variable) and on the location of the installation with respect to the cyclone track (also 

variable). In design, this aspect is dealt with by considering the environmental load 

vector to be a variable, which is rotated in steps around the earth-fixed mooring. The 

most critical situation leading to maximum line loads is selected for design. For this 
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specific vessel and mooring configuration, the most critical mooring responses ranged 

from the full critical load (selected for the design) to a load which is 7% smaller,  due 

to the varying angular offset between the environmental load vector and the mooring 

system configuration. This indicates that by selecting the most critical case for design, 

conservatism is introduced in the range 0-7% with an average bias of 3.5% on the 

conservative side. An allowance for this variability and bias has not been made in the 

reliability model because, although appropriate for this system, this conservative bias 

of 3.5% may not be generally present if the designers adopt a different approach.            

Recognising the modelling uncertainty in items (1), (2) and (3) listed above the total 

modelling uncertainty on the loading and response side can be obtained using Eq. 

(4-5) and (4-6). The values in Eq. (4-5) and (4-6) have been rounded upwards to 2 

decimal places to avoid interpretation that the magnitude of the modelling uncertainty 

is accurate to 3 decimal places. 

 

Modelling uncertainty  𝐶𝐶𝑃𝑃𝑉𝑉100  = √0.0242 + 0.032+0.042 = 0.06  (4-5) 

 

Modelling uncertainty  𝐶𝐶𝑃𝑃𝑉𝑉10,000 = √ 0.0242 + 0.032+0.062 = 0.08

   

(4-6) 

 

From the above discussion it follows that the main natural (Type I) uncertainties on the 

environmental side are understood and quantified. When Type I uncertainty is understood 

and quantified it cannot be reduced because it arises from a natural process. In contrast 

lack of knowledge (Type II) can be reduced as further knowledge is gathered through 

testing, measurements and better modelling. The remaining uncertainties listed under (1), 

(2) and (3) above represent Type II uncertainties; these can be reduced by carrying out 

more extensive simulations or extending the length of the hindcast, but this is not done 

because the effort involved is considerable.  

This modelling uncertainty is introduced into the long term response distribution which 

was established using Eq. (4-4). In this manner, the modelling uncertainty is incorporated 

on the loading side before proceeding to integrate with resistance. The new variable, 
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denoted as 𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 which incorporates modelling uncertainty can be obtained from 𝑃𝑃(𝑦𝑦 >

𝑌𝑌) in Eq. (4-4) using:  

 

𝑃𝑃(𝑦𝑦 > 𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌) = ∫ �1 − 𝑃𝑃 �𝑌𝑌𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑌𝑌

�𝑌𝑌�� . 𝑝𝑝(𝑌𝑌).𝑃𝑃𝑌𝑌∞
0    (4-7) 

    

 where, 𝑝𝑝(𝑌𝑌) is the probability distribution function (derivative) of the long term response 

given by Eq. (4-4) and 𝑃𝑃 �𝑌𝑌𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑌𝑌

�𝑌𝑌� represents modelling uncertainty. An exponential 

expression was first fitted through Eq. (4-4) and its derivative may be written as per Eq. 

(4-8), where Y is normalised to YMPM100:   

 

𝑝𝑝(𝑌𝑌) = 0.7246 ∗
4.283
𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀100

∗ 𝑒𝑒−4.283 𝑌𝑌
𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀100 

(4-8) 

 

A Weibull fit to Eq. (4-4) was also attempted and shown to lead to very similar results as 

the exponential expression over the range of interest which is 10-1 to 10-5/annum.  

The modelling uncertainty, 𝑃𝑃 �𝑌𝑌𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑌𝑌

�𝑌𝑌� is represented by a Gaussian distribution which 

is normalised with respect to the value of Y and has CoV given by Eq. (4-5) and (4-6). 

Execution of this integral is illustrated in Figure 4-2. The long term distribution which 

accounts for the short term variability and shows the difference in accounting for 

modelling uncertainty is presented in Figure 4-3. The long term distribution of the pile 

load was developed in the same manner as for the mooring line load and is presented in 

Figure 4-3b. The combined contribution from these three modelling uncertainties is rather 

small, as expected. This is primarily because the natural uncertainties are dominant.          
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Figure 4-2- Convolution of modelling uncertainty into long term mooring line 

response 
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a) 

 

b) 

Figure 4-3- Long term distribution of a) mooring line load and b) pile load 

including short term variability with and without the modelling uncertainty 
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4.5 Capacity Description           

4.5.1   Chain Characteristic Capacity and Stochastic Capacity 

The characteristic capacity of a mooring line, which is considered here to comprise a 

length of chain, is referred to as Minimum Breaking Load (MBL). The MBL is specified 

by the chain manufacturer for the specific chain size and grade. The manufacturer is 

normally obliged to demonstrate that the chain achieves the required strength by testing 

segments of the chain. Quality assurance requirements are met if each segment of the 

chain tested achieves strength higher than MBL. A test segment normally consists of three 

chain links and the frequency of testing can be taken as per (API, 1997) with similar 

specifications found in (DNVGL, 2015a).  A system with 24 mooring lines in which each 

mooring line has two long chain segments separated by a steel wire segment, will require 

at least 48 strength tests, as each line will require at least two tests. A mooring line 

normally consists of chain-steel wire-chain combination. Only the chain is addressed in 

this paper as it is the highest loaded segment. The treatment of steel wire can follow the 

same principles as the chain and in fact, leads to very similar factors of safety because the 

problem is dominated by the environmental variability.       

A mooring line is comprised of a large number of segments that make up the line.  It can 

be assumed that the strength of a chain segment (comprising three links) can be 

represented by a Normal distribution: 

 

𝑓𝑓𝑐𝑐(𝑥𝑥) = 1
�2𝜋𝜋𝜎𝜎𝑐𝑐2

exp [−(𝑥𝑥−𝜇𝜇𝑐𝑐)2

2𝜎𝜎𝑐𝑐2
]   (4-9) 

 

With a corresponding cumulative distribution function: 

 

𝐹𝐹𝑐𝑐(𝑥𝑥) = 1
2

+ 1
2

erf [𝑥𝑥−𝜇𝜇𝑐𝑐
𝜎𝜎𝑐𝑐√2

]  (4-10) 
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The parameters µc and σc in Eq. (4-9) and (4-10) represent the mean value and standard 

deviation, respectively, of chain segment strength obtained from chain tests. In this paper, 

results of chain tests with diameter in the range of 76-120mm are utilised as the majority 

of tests carried out by manufacturers lie within this range. The mean value of strength 

from many tests is given by μc= 1.07 × 𝑀𝑀𝐵𝐵𝐿𝐿 and the range of test results may be 

described as ±5% from the mean. On the basis that 95% of test results lie within this 

range, leads to 2σc/μc =0.05, from which the CoV is estimated to be CoVsegment = σc/μc 

=0.025. This information was obtained by the authors who conducted discussions with 

chain manufacturers and some oil companies on this topic. The background data 

underpinning this is confidential as it relates to specific projects and is not presented in 

this paper.   

The mooring line is as strong as its weakest segment. The distribution function of the 

strength of the weakest section comprising N segments, with each segment being made 

of three chain links can be represented by: 

𝐹𝐹𝑚𝑚(𝑦𝑦) = 1 − [1 − 𝐹𝐹𝐶𝐶(𝑦𝑦)]𝑁𝑁   (4-11) 

It is assumed in Eq. (4-11) that the strength between segments is not correlated. However, 

since they are produced by the same manufacturer, some level of correlation is expected. 

Hence, N can be represented by any number between 1, assuming full correlation between 

the strength of chain segments, and the total number of segments in a line, (if the entire 

line is loaded uniformly) representing no correlation between links (Vazquez-Hernandez 

et al., 2006).  

Table 4-3 utilises Eq. (4-11) to estimate the mean strength and CoV of a mooring line 

with μ and σ as given above and with N=50, 100, 150 segments. In this paper N is taken 

to be 50 as this corresponds to a chain length of about 120m which experiences the 



 RELIABILITY OF MOORING LINES AND PILES FOR A PERMANENTLY MANNED VESSEL IN 
A TROPICAL CYCLONE ENVIRONMENT 

139 

maximum load. Also N=50 is a good compromise between N=1 (fully correlated strength) 

and N=150 (max chain length).  

 

Table 4-3- Stochastic strength description for chain comprising N segments 

Number of Segments 

(N) 

Mode Mean CoV 

1 1.07xMBL 1.07xMBL 0.025 

50 1.014 xMBL 1.019 xMBL 0.012 

100 1.007 xMBL 1.012 xMBL 0.011 

150 1.003 xMBL 1.008 xMBL 0.011 

 

4.5.2  Pile Characteristic and Stochastic Capacity 

This section addresses the characteristic capacity of the pile, i.e. the capacity of the pile 

that is to be used in the design checking equation Eq. (4-1), and also the probabilistic 

description of pile strength that will be used in the reliability model.   

4.5.2.1 Pile Characteristic Capacity 

For this study a driven pile under lateral loading is considered. For the catenary mooring 

system considered here, a significant length of mooring line rests on the seabed under 

normal operating conditions. In a severe cyclonic event with return period of 10,000yrs, 

the mooring line lifts off the sea bed, but the inclination of the line at the pile remains 

close to horizontal (less than 5˚ from horizontal). The pad-eye where the chain is attached 

to the pile-head lies just a few metres below the sea bed. This leads to a shallow inverse-

catenary effect in the shape of the mooring line, close to the attachment point. From the 

above the following idealisations regarding the pile design have been made for the present 

study: 

(a) The mooring line load can be considered to act horizontally for both ULS and 

ALS events, since any small vertical component (including the contribution 
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arising from the inverse-catenary effect) can be taken by the self-weight of the 

pile, which is about 300 tonnes. For the mooring system in this study, as the load 

in the line approaches mooring line failure, the entire length of the mooring line 

is lifted from the seabed and hence the friction between soil and chain vanishes. 

Therefore, for the purpose of this reliability study, no friction is considered for the 

on-bottom chain. 

(b) The mooring line load can be considered to act horizontally at seabed level, rather 

than slightly below mudline at the actual pad-eye. This simplifies the analysis 

approach, but does not affect the outcome with respect to reliability. 

A laterally loaded pile has two failure mechanisms: short pile failure mechanism (soil 

failure) and long pile failure mechanism (structural pile failure). The short pile failure 

mechanism (soil failure) involves the rotation of the rigid pile about a point zr below the 

ground level and failure occurs when the applied load exceeds the soil resistance (see 

Figure 4-4a). The long pile failure mechanism (structural pile failure) is a failure of the 

pile in bending, where a plastic hinge forms, at distance of zb below the ground surface, 

and also involves soil failure above this hinge (see Figure 4-4b) . The soil resisting forces 

below the hinge are in equilibrium hence, they are not shown on the schematic diagram.  

 

Figure 4-4- a) Soil failure mechanism and b) Structural pile failure mechanism 

 

 Based on the idealised capacities illustrated in Figure 4-4 for the soil failure mechanism 

(Randolph and Gourvenec, 2011), the characteristic pile capacity (Hsoil) can be obtained 

from Eq. (4-12) and (4-13) together as follows: 
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𝐻𝐻𝑠𝑠𝑠𝑠𝑀𝑀𝑠𝑠 = 𝑃𝑃1 − 𝑃𝑃2                              (Horizontal Equilibrium)   (4-12) 

𝐻𝐻𝑠𝑠𝑠𝑠𝑀𝑀𝑠𝑠 × 𝑧𝑧𝑟𝑟 = 𝑃𝑃1 × (𝑧𝑧𝑟𝑟 −  𝑧𝑧1) + 𝑃𝑃2 × (𝑧𝑧2 − 𝑧𝑧𝑟𝑟)    (Moments about zr)  (4-13) 

 

where P1 and P2 can be represented in terms of the pile diameter, D, pile length, L, 

undrained shear strength of the soil, SU, and distances, z1, and, z2, as defined in Figure 

4-4. The undrained shear strength can be defined as a linear function of depth from the 

seabed (z) as SU is equal to SUM + kSU z, where SUM is the mudline intercept and kSU is 

the gradient with depth. In this paper, the unit for SU is kPa and z is specified in meters. 

Hence, the lateral resistance on a pile element to a depth z, can be represented as: 

 

𝑃𝑃 = 𝑁𝑁𝑀𝑀 𝑆𝑆𝑈𝑈��� 𝑧𝑧 𝐷𝐷    (4-14) 

 

where 𝑆𝑆𝑈𝑈��� represents the average undrained shear strength over the relevant depth range. 

A lateral bearing factor, Np = 9 that corresponds to soil flow around the pile is adopted 

from mudline downwards, which is appropriate from theoretical analysis given the low 

ratio of soil strength to submerged weight (Murff and Hamilton, 1993), (Hamilton et al., 

1991).  

The resulting lateral resistances P1 and P2 on the pile can be stated as follows: 

 

𝑃𝑃1 = 9𝑆𝑆𝑈𝑈𝑀𝑀𝐷𝐷𝑧𝑧𝑟𝑟 + 4.5𝑧𝑧𝑟𝑟2𝑚𝑚𝑆𝑆𝑈𝑈𝐷𝐷  

   

(4-15) 

 

𝑃𝑃2 = 𝐷𝐷[(9𝑆𝑆𝑈𝑈𝑀𝑀 + 9𝑚𝑚𝑆𝑆𝑈𝑈𝑧𝑧𝑟𝑟)(𝐿𝐿 − 𝑧𝑧𝑟𝑟) + (4.5𝑚𝑚𝑆𝑆𝑈𝑈(𝐿𝐿 − 𝑧𝑧𝑟𝑟)2] (4-16) 

 

For structural pile failure, the maximum plastic pile moment capacity is denoted by Mp. 

Hence, the characteristic pile capacity (Hstruc.) and the depth to the plastic hinge (zb) can 

be obtained from the following equations: 
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𝐻𝐻𝑠𝑠𝑠𝑠𝑟𝑟𝑠𝑠𝑐𝑐 = 𝑃𝑃1                                 (Horizontal Equilibrium)  (4-17) 

𝑀𝑀𝑝𝑝 = 𝑃𝑃1𝑧𝑧1                                             (Moments about seabed)  (4-18) 

 

where P1 is as per Eq. (4-14), but with zr replaced by zb and 

 

𝑀𝑀𝑝𝑝 = 𝐷𝐷2𝑃𝑃𝜎𝜎𝑦𝑦   (4-19) 

 

where 𝜎𝜎𝑦𝑦 is the yield strength of pile steel, equal to 350 MPa in this paper. The overall 

characteristic pile capacity (Hult) is: 

 

𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠 = min (𝐻𝐻𝑠𝑠𝑠𝑠𝑀𝑀𝑠𝑠,,𝐻𝐻𝑠𝑠𝑠𝑠𝑟𝑟𝑠𝑠𝑐𝑐)   (4-20) 

 

The approach outlined above is consistent with the recommendations in (API, 2011) and 

(ISO, 2003), with the additional simplification of a constant value of Np = 9 down the 

entire length, instead of lower values close to the surface. Finite element analyses of the 

full lateral p-y response have been performed using the LAP software (Doherty, 2017) 

and these confirmed that for the soil and pile characteristics in this study, the capacity 

calculated by Eq. (4-12)-(4-20) is within 10% of the capacity calculated using more 

detailed profiles of Np. Our simplification has minimal effect because the soil strength 

close to the surface is low and makes minimal contribution to the overall capacity. 

To optimise the pile design, the dimensions are adjusted such that Hsoil and Hstruc are equal, 

and match the factored characteristic load. In this study, the pile diameter has been fixed 

for a given SU profile, and the length and wall thickness were varied to alter Hsoil and 

Hstruc respectively. Using the above approach, a pile has been designed for 100yr load, 6.8 

MN, at the anchor (Y(P)MPM100) using a FoS equal to 1.6, as described in Section 4.3. The 

characteristic soil undrained shear  strength SU is given by SU =4+1.63z, which is a “lower 

bound” strength at the 10% level, i.e. SU10, as described further in Section 4.5.2.2. The 
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pile geometry and the corresponding capacity are presented in Table 4-4. This pile 

capacity can be regarded as the pile characteristic capacity based on a “lower bound” soil 

strength, SU10.  

Table 4-4- Pile Design to Y(P)MPM100 

SU (kPa) Pile 

Diameter 

(m) 

Pile Length 

(m) 

Pile wall 

thickness (m) 

Hstruc 

(kN) 

Hsoil (kN) 

SU10 = 

4+1.63z 

2.5 44 0.07 10,900 

 

4.5.2.2 Additional pile designs based on alternative definitions of characteristic soil 

shear strength 

The uncertainty in the pile capacity for both failure mechanisms depends primarily on the 

undrained shear strength of the soil. As the seabed is not homogeneous, its properties vary 

across the mooring locations and with depth. Spatial variability in soil strength has been 

addressed in several papers in the literature and some examples include (Phoon and 

Kulhawy, 1999) (Li et al., 2015). Usually, the characteristic capacity of the pile is 

calculated by choosing a certain percentile of the distribution of undrained shear strength 

measurements. In this paper, the undrained shear strength was taken to be lognormally 

distributed, which is a common assumption in the literature (Najjar and Gilbert, 2009). 

Various codes and recommended practices (API, 2011, ISO, 2003), acknowledge 

variability in soil strength. There is a recommendation by (DNV, 2012)  that a low 

quantile in the strength distribution should be specified as the characteristic value for 

problems that are governed by a local soil strength, while a value closer to the mean 

should be used in problems where local fluctuations in soil strength will be averaged out 

in the system capacity.  

 In this paper a pile is designed for different percentiles of the undrained shear strength, 

and the probability of failure is evaluated for each design. Three pile designs have been 

completed using three different SU percentile profiles: SU10-10th (lower bound – see Table 

3), SU50-50th (mean or best estimate) and SU90-90th (upper bound) (see Table 4-5), all with 
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the same factors of safety as per Table 4-1. These strength profiles, including the range 

between the lower and upper bounds were derived from CPT data gathered at a site 

offshore North Western Australia, and are typical for fine-grained carbonate soils in water 

depths relevant to this study (e.g.(Erbrich et al., 2017),(Frankenmolen et al., 2017)).   

 

Table 4-5- Linear profiles of shear strength used in pile design 

Percentile 
Base case range of 

SU 

Narrower Range of 

SU 

Lower natural 

variability, or better 

characterisation 

Wider Range of 

SU 

High natural 

variability, or 

poorer 

characterisation 

SU10 (lower bound) 4+1.63z 7+1.68z 1+1.58z 

SU50 (best estimate) 10+1.73z 10+1.73z 10+1.73z 

SU90 (upper bound) 16+1.83z 13+1.78z 19+1.88z 

 

Although the 90th percentile would not be used in design, it is presented here 

hypothetically. The use of the 10th percentile as the characteristic design strength is 

common in industry practice, although strength profiles are also often derived ‘by eye’ 

rather than via statistical treatment of the available measurements.  In addition, two other 

uncertainty ranges are considered: one wider and one narrower than the base case range, 

to illustrate the influence of soil uncertainty on system reliability (see Table 4-5). These 

cases could be considered as different sites, where the natural spatial variability in soil 

strength (Type I) is different. Or, they could represent the same site, but after different 

levels of geotechnical characterisation, which have established the strength to different 

levels of certainty (mix of Type I and II). Hence, a total of nine pile designs have been 

completed.  Figure 4-5 presents the SU10, SU50 and SU90 linear profile of the base, narrow 

and wide range of SU graphically.  
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The piles are designed for a load of 10.9MN which is the factored 100yr MPM load at the 

anchor (where the FoS = 1.6). Both long pile and short pile failure mechanisms were 

considered in the design. Pile diameter, length and wall thickness were chosen so that the 

two failure mechanisms occur at the same design load, meaning that the pile geometry is 

optimised. The results are presented in Table 4-6  and graphically in Figure 4-6 in terms 

of both length and steel volume.  The required pile length for the best estimate (SU50) soil 

strength is 40 m. When designed for the SU10 soil strength the length ranges from 41m to 

44m to 48 m for the narrow, base case and widened soil strength cases respectively. In 

Section 4.8 the reliability of each pile design is assessed. 

 

Table 4-6- Pile design geometry properties for different soil ranges 

Pile Description D (m) t (m) L (m) 

Base Case Soil Range       

SU10 2.5 0.07 44 

SU50 2.3 0.07 40 

SU90 2.2 0.065 36 

Narrow Range       

SU10 2.5 0.065 41 

SU50 2.3 0.07 40 

SU90 2.3 0.065 38 

Wide Range       

SU10 2.5 0.08 48 

SU50 2.3 0.07 40 

SU90 2.2 0.06 34 
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Figure 4-5- Graphical representation of SU10, SU50 and SU90 of the base, narrow and 

wide linear shear strength 

 

Figure 4-6-Graphical pile design geometry properties for different soil ranges 
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4.5.2.3 Pile Stochastic Capacity for use in Reliability Analysis 

To extend the above deterministic pile capacity analyses into a stochastic treatment for 

the reliability analysis, an expression for the variability of the undrained shear strength is 

developed. This is done for the base case and also narrower and wider soil strength 

profiles shown in Figure 4-5.  A lognormal distribution was fitted on to the values 

presented in Table 4-5 to develop an expression for the variability of the gradient kSU, 

represented by the lognormal distribution in Eq. (4-21) as follows:  

 

𝑓𝑓(𝑚𝑚𝑠𝑠𝑠𝑠) = 1
𝑘𝑘𝑠𝑠𝑠𝑠×𝜎𝜎𝑇𝑇×√2𝜋𝜋

𝑒𝑒
−(ln(𝑘𝑘𝑠𝑠𝑠𝑠)−𝜇𝜇𝑇𝑇)2

2× 𝜎𝜎𝑇𝑇
2    (4-21) 

 

where µL represents the mean of ln(kSU) and σL is the standard deviation of ln(kSU). For 

all soil strength ranges µL=0.548 kPa/m while σL is equal to 0.045, 0.023 and 0.068 kPa/m 

for the base, narrow and wide case soil profiles respectively. The mudline strength, SUM, 

is correlated to kSU with the relationship represented in Eq. (4-22): 

 

𝑆𝑆𝑈𝑈𝑀𝑀 = 60 × 𝑚𝑚𝑆𝑆𝑈𝑈 − 93.8   (4-22) 

 

Together, these relationships recover the design lower bound, SU10, best estimate, SU50, 

and upper bound SU90, of the base, narrow and wide case strength profiles shown in Figure 

4-5. These ranges include both the lateral spatial variability (global) and variability over 

depth (local). The relative contribution of these two variabilities to the total soil variability 

is rather important and is examined in Section 4.5.3.  

 The steel yield strength is described using a Gumbel distribution with mean of 1.15σy 

and CoV of 0.05 (Melchers, 1999) which is typical for the plate thickness used for  pile 

construction. A Monte Carlo simulation was performed for the geometry of the nine piles 

described in Section 4.5.2.2 to obtain a distribution of the structural (Hstruc) and 

geotechnical (Hsoil) capacities. The overall capacity is obtained as the minimum of these 
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in each Monte Carlo realisation. An example of the obtained soil, structural and overall 

pile capacity is presented in Figure 4-7 for the SU10 base case. The structural capacity 

shows smaller variability than the soil capacity, being less dependent on the soil 

undrained strength. The calculated capacity exceeds the factored design load (10.9MN) 

for 90.5% of the realisations, but in 0.001% of cases the capacity falls below the 

unfactored 100 year design load (10.9/1.6 = 6.8 MN). The implications of these results 

for the mooring reliability are examined in Section 4.8.  

 

Figure 4-7- Probabilistic estimates of soil, structural and overall pile capacity when 

designed to SU10 base case 
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Cone Penetration Tests (CPT data). It comprises of both the local variability with depth 

at a single location and the additional global variability across the site.  These two 

variabilities are shown schematically in Figure 4-9. The local variability can be observed 

in the strength profile derived from an individual CPT at a single location. It is the 

variability of strength about a linearised version of that profile.  The global variability is 

represented by the variation in this linearised version, which gives a distribution in the 

mean value of an entire strength profile. Global variability, causing the mean value of the 

strength profile at a given location to lie above or below the P50 value, may be due to (i) 

spatial variability, with the seabed being laterally heterogeneous, or (ii)  bias in the 

estimation of the strength profiles, due to uncertainty in the scaling factor from CPT 

resistance to strength, for example.  

The stochastic log-normal model for shear strength (see Eqs. (4-21)-(4-22)), defined in 

Section 4.5.2.3, encompasses both the global and local variability, but the relative 

proportions are unknown. In this section it is investigated whether different apportioning 

of global and local variability have an impact on the calculated pile capacity by 

performing Monte Carlo simulations. These two variabilities are incorporated into each 

of the SU profiles generated in the Monte Carlo simulation as per Figure 4-8. The 

components of SUG, SUMG and kSUG, that represent global variability are selected randomly 

based on a lognormal distribution as described in Figure 4-8  (refer to Eq. (4-21) and 

(4-22)). A Fourier series method of simulating a spatial stationary Gaussian random field 

with a specified Scale of Fluctuation (SoF), as presented in (Sanjay Kumar and Jianye, 

2013) was utilised to simulate local variability of undrained shear strength. For each 

profile of SU randomly generated, a pile capacity was calculated. This was performed for 

the geometry of a pile that was designed for the SU10 profile for this specific site, and the 

pile capacity distribution was obtained. The total CoV of the soil strength at any given 

depth generated can be presented as a combination of the Global CoV (CoVG) and Local 

CoV (CoVL) with the following relationship: 

 

𝐶𝐶𝑃𝑃𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠 = �𝐶𝐶𝑃𝑃𝑉𝑉𝐺𝐺2 + 𝐶𝐶𝑃𝑃𝑉𝑉𝑌𝑌2   (4-23) 
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Two scenarios are considered: one where global spatial variability dominates (Scenario 

1) and another where local variability governs (Scenario 2). The two scenarios are 

illustrated in Figure 4-10. If local variability dominates, the average strength of each 

profile coincides with the average of the P50 profile, with zero variation (Figure 4-10b). 

In contrast, if global variability dominates, the average strength of the profiles varies 

(Figure 4-10a).    

 

 

Figure 4-8- Flow diagram of the Monte Carlo analysis, incorporating both global 

and local soil variability 
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Figure 4-9- Illustration of local and global soil variability 

 

  

Figure 4-10- Two extreme scenarios where overall soil variability is governed by a) 

global and b) local variability 
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For Scenario 1, a Monte Carlo simulation was performed where both local and global 

variabilities were introduced for SU. For this example, it is taken that the specific 

parameters of the SU distribution, as shown in Section 4.5.2, are considered to represent 

global variability only and correspond approximately to CoVG = 0.2 (CoVG varies over 

depth). Since for Scenario 1 the local soil variability is small, this is illustrated by 

considering CoVL=0.05 and 0.10. This increases CoVtot according to Eq. (4-23) and the 

impact of this is discussed. SoF was varied in the range 0-10m.  

From the pile capacity distribution, obtained using the Monte Carlo simulation described 

in Figure 4-8, the 10th percentile value was extracted and is presented in Figure 4-11. The 

capacity for the pile designed to base case of SU10, where CoVL=0 is also presented and 

represents the case where CoVtot is equal to CoVG.   It can be seen that the 10th percentile 

of pile capacity varies within a narrow range of 10.9-11.MN with varying CoVL and SoF. 

Hence, the variability in the capacity is dictated by CoVG and is insensitive to CoVL.  This 

demonstrates that the effect of CoVL averages out and has negligible effect on the pile 

capacity.   

 

  

Figure 4-11- Variation in P10 pile capacity in soil that is dominated by global 

variability (CoVG = 0.2 approx.) 
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For Scenario 2, a similar exercise is carried out where soil variability is governed entirely 

by local variability. Hence, in this Scenario global variability is neglected and only the 

local variability of SU is captured. As in Scenario 1, the investigation was performed on 

the pile that was designed to achieve the overall capacity of 10.9MN, based on SU10. A 

Monte Carlo simulation was performed, and the pile capacity was calculated for each of 

the generated profiles of SU and the 10th percentile value of the obtained capacity 

distribution was identified. The results can be seen in Figure 4-12 with varying CoVL and 

SoF. It is seen that all results are considerably higher than the target 10th percentile pile 

capacity of 10.9MN. This capacity was obtained for the case where the global variability 

governs and CoVG is approximately 0.2. When CoVL =0.2 is used in Scenario 2 with a 

realistic SoF in the range 1-10m the resulting pile capacity (10th percentile) is about 12.5-

13MN which is considerably higher than 10.9MN. The main reason for this is the 

averaging out of the local variability (which pushes the capacity towards the P50 value). 

It is possible to get a capacity of 10.9MN using Scenario 2 and CoVL = 0.2 only when 

averaging is not permitted, which is the case when SoF →∞, as indicated in  Figure 4-12. 

The lower the CoVL, the higher is the pile capacity obtained.  As CoVL decreases, so does 

the difference between P10 and P50 of the obtained pile capacity. Hence, as the CoVL tends 

to zero the capacity tends towards the P50 pile capacity.  

To confirm further the above conclusions for Scenario 2, the pile that was designed for 

SU50 was also investigated.  Accordingly, the 50th percentile from the obtained pile 

capacity distribution was extracted. The results are presented in Figure 4-13, where it can 

be seen that the 50th percentile of the achieved pile capacity remains constant irrespective 

of the value of CoVL.  This demonstrates that when the soil variability is governed by the 

local variability (with all sites exhibiting similar linearised profiles, Figure 4-9), 

averaging of soil strength affects the pile capacity and hence, the response is as if the soil 

has a uniform strength at SU50.  In such a scenario the pile design may be based on SU50, 

irrespective of whether the CoV for local variability is 0.1, 0.15 or 0.2 (see Figure 4-13).  

Use of a lower percentile (e.g. SU10) will result in higher pile capacity than required (see 

Figure 4-12). However, when the global variability governs, SU10 should be used (Figure 

4-11).   
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Figure 4-12- Variation in P10 pile capacity in soil that is dominated by local 

variability for SU10 pile design 

 

 

Figure 4-13- Variation in P50 pile capacity in soil that is dominated by local 

variability for SU50 pile design 
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4.6 Calculating Probability of Failure  

A probabilistic description for the long term response of a mooring line has been 

presented in Section 4.4.3. This expression accounts for short term variability within sea 

states. Subsequently, in Section 4.4.4 the long term response is modified to incorporate 

modelling uncertainty. This uncertainty is described in terms of a random variable 

YTOTAL, and cumulative probability distribution P(YTOTAL) (see Eq. (4-8)). Separately a 

stochastic model for the capacity of a mooring line has been developed using test results 

for the variability in strength of short segments of chain links. This capacity model may 

be described in terms of a random variable c and probability distributions fc(c) and Fc(c).  

The probability of failure can then be evaluated as a probability that the load YTOTAL will 

exceed c: 

 

𝑝𝑝𝑓𝑓 = 𝑃𝑃(𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 > 𝑐𝑐) = ∫ [1 − 𝑃𝑃𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌(𝑐𝑐)]∞
0 𝑓𝑓𝑐𝑐(𝑐𝑐)𝑃𝑃𝑐𝑐  (4-24) 

 

The integral in Eq. (4-24) is solved numerically.  

Using exactly the same approach, similar distributions have been developed for the long 

term loading at the pile. A stochastic model for the capacity of a pile accounting for 

through-depth variability (local variability) and spatial (global) variability has been 

developed as described in Section 4.5.2.3. This pile model also incorporates the 

variability in the strength of the steel pile material which is invoked when the failure 

mechanism involves the steel. The stochastic pile model is finally stated in the form of a 

single random variable and hence, Eq. (4-24) can be used again directly to carry out the 

integration.  

4.7 Target Reliability Levels for Mooring  

For a permanently manned production facility the mooring lines are designated to be 

Safety Critical Elements (SCE) since they protect the vessel from drifting and also protect 

the integrity of the risers, thereby, preventing hydrocarbon release. For a SCE, there are 
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regulatory requirements in many countries to define performance standards and to 

demonstrate that the risk has been reduced to As Low As Reasonably Practicable 

(ALARP). This Section provides a rationale for the development of an appropriate target 

reliability for the mooring of a permanently manned installation, thereby, enabling the 

operator to quantify the reliability achieved by the Performance Standards applied and 

demonstrate that risks have been reduced to ALARP. 

  A reliability-based design standard is one where the factors of safety have been 

developed through application of reliability analyses aiming to achieve a specified target 

reliability. Some reliability-based provisions are already presented in ISO (e.g. load 

factors and Reserve Strength Ratios for fixed platforms in Table A.9.9.1 (ISO, 2007)), 

but to date, none of the design standards for mooring design are reliability based (Horte 

et al., 2017b). Similarly for piles, geotechnical codes (e.g. (ISO, 2003), (API, 2011)) are 

not reliability based. However, general principles for geotechnical reliability assessment 

are set out in Annex D of the overarching ISO code for the reliability of structures (ISO, 

2014).  The most notable attempt to develop factors of safety for a mooring standard is 

the ongoing NorMoor JIP executed by DNVGL.  

Target reliability levels for a mooring system are, in fact, specified in (DNVGL, 2015b) 

and they form the basis of the targets used in the NorMoor JIP. Based on the consequences 

of station-keeping failure, a vessel is either classified as Class1 or Class 3. A permanently 

moored and permanently manned floating vessel would be classified as Class 3 as 

“mooring system failure may well lead to unacceptable consequences” such as 

uncontrolled drifting of the vessel, failure of the risers and possible loss of life. The target 

Pf for a Class 3 mooring system is set in (DNVGL, 2015b) at 10-5/annum. For lower 

consequence units (Class 1) a target annual Pf of 2x10-4 is set. Mobile Drilling Units may 

be regarded as Class 1. In another Joint Industry effort (Goodwin et al., 2000) it is 

proposed to use a target reliability for a single line failure corresponding to Pf =2x10-

4/annum for Class 3 systems. This is considerably higher than the DNVGL stated target 

of 10-5/annum, but it should be noted that the “unacceptable consequences” associated 

with the DNVGL target relate to complete loss of station-keeping and not failure of a 

single line. Hence, before selecting an appropriate reliability target, it is important to 

examine whether there is a significant difference between an environmental event which 
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causes failure of a single line and an event which causes loss of station-keeping (i.e. 

system failure).    

 

4.7.1 System Failure vs First Line Failure 

From the point of view of analysis, it is more convenient to set the reliability target based 

on the first line failure, but from the perspective of a target linked to consequences of 

failure, a target based on loss of station-keeping is more meaningful. There is a close 

analogy here with fixed platform strength, where first member failure is much easier to 

define and to quantify, whereas the ultimate strength is more meaningful in terms of 

consequences of failure. An indication of the difference between first line failure and 

system failure can be obtained by examining the magnitude of the response of the most 

heavily loaded mooring lines at the time of  an extreme load in a 10,000yr event, as 

obtained from a time-domain analysis. Typically, the second, third, fourth, fifth and sixth 

most loaded lines experience 0.99, 0.97, 0.95, 0.93 and 0.89 of the load in the most heavily 

loaded line at the time of the most extreme load in a 10,000yr event. The above results 

have been obtained by examining results from several time-domain analyses and 

averaging. If a 10,000yr event leads to a peak response which just fails one line, failure 

of the entire bundle would require an event that is 5% more severe. This is based on 

failure of 4 out of the 6 lines in the bundle. The remaining 2 lines in the bundle are very 

likely to fail in subsequent peak responses in the same storm. For this system, a load 

response which is 5% higher than the 10,000yr response corresponds to an event with a 

return period of 15,000yr (see Figure 4-3). Hence, if Pf for first line failure is 10-4/annum, 

it follows that Pf for system failure will be about 0.67x10-4/annum.  

From the above, it can be concluded that the difference in storm severity between an 

environmental event which causes failure of a single line and an event which causes loss 

of station-keeping is 5% in response level, which corresponds approximately to a factor 

of 1.5 in probability of failure.  This is considered to be rather small. For simplicity, the 

mooring system target probability of failure can be taken to equal that of the first line 

failure.  

For a pile which is loaded laterally, as is the case here, lateral failure of the soil does not 

immediately lead to pile pull-out and a total loss of resistance, in contrast to failure of the 
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mooring line. Also ductile failure of the steel pile (at the plastic hinge) will not lead to an 

immediate total loss of the anchor capacity. Hence, these “ductile” failure modes in 

response to a single extreme short duration event are unlikely to lead to loss of 

stationkeeping. For these reasons a higher probability of failure could be accepted for the 

pile, compared to the mooring chain.  For the pad-eye at the top of the pile, overload can 

lead to parting and sudden loss of capacity. Hence, if different target reliabilities are to be 

used for the pile compared to the chain, the pad-eye should be regarded as part of the 

chain. In this paper the same target reliability is used for the chain and the pile. 

 

4.7.2 Target Reliability and Cost-Benefit Analysis 

In this paper it is demonstrated that for a permanently manned (Class 3) installation an 

appropriate target Pf for first mooring line failure (or system failure) is 10-4/annum. It is 

demonstrated below that when this target is achieved, the contribution of this risk to 

Potential Loss of Life (PLL) becomes negligible and, in terms of Cost-Benefit analysis 

the additional incremental cost to reduce the risk further is grossly disproportionate to the 

benefit obtained (demonstrating ALARP).   

Potential Loss of Life: Loss of station-keeping does not directly result in loss of life, but 

this may occur if drifting of the vessel leads to collision with another installation. The 

potential for collision with another installation depends on the proximity of other 

installations and the number of such installations. Past collision risk studies show that for 

areas like the North Sea where the density of installations is high compared to NW 

Australia, the probability of collision after loss of station-keeping is less than 10-2 

(Youssef et al., 2014). On this basis, the probability of an offshore worker becoming a 

fatality due to loss of stationkeeping and subsequent collision is less than: 10-4x10-2x0.40 

= 0.4x10-6/annum. In the above, the factor of 0.40 reflects the proportion of time that a 

typical offshore worker spends on the installation (NOPSEMA, 2015). An Individual 

Risk Per Annum (IRPA) below 10-6 lies in the negligible category. Another aspect of this 

risk is that the likelihood of achieving partially some escape and rescue before collision, 

is rather high and this reduces IRPA further. Hence, the potential loss of life risk is 

negligible.  
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Economic Loss: Loss of stationkeeping would result in a significant economic loss due 

to loss of the risers, damage or loss of mooring lines, damage to subsea equipment and 

loss (or deferment) of production for a period of about 2 years until repair of the damage 

can be effected. In addition there will be significant damage to the reputation of the 

company, which may be of the same order as the direct damage. For the type of 

installation considered here, the total damage could run to several billion US dollars. The 

question addressed by Cost-Benefit Analysis is whether it makes economic sense to invest 

more in increasing the safety of the mooring system so as to reduce the probability of 

failure from 10-4/annum to a lower level.  The incremental cost of such an upgrade needs 

to be estimated and compared with the benefit obtained (HSE, 2001), where the benefit 

can be represented as a product of reduction in probability of failure (δPf) due to this 

upgrade and cost of loss of stationkeeping (including lost production and damage to 

reputation): 

𝐵𝐵𝑒𝑒𝑛𝑛𝑒𝑒𝑓𝑓𝑃𝑃𝑃𝑃 = 𝛿𝛿 𝑃𝑃𝑓𝑓  × 𝑐𝑐𝑃𝑃𝑠𝑠𝑃𝑃 𝑃𝑃𝑓𝑓 𝑙𝑙𝑃𝑃𝑠𝑠𝑠𝑠 𝑃𝑃𝑓𝑓 𝑠𝑠𝑃𝑃𝑎𝑎𝑃𝑃𝑃𝑃𝑃𝑃𝑛𝑛𝑚𝑚𝑒𝑒𝑒𝑒𝑝𝑝𝑃𝑃𝑛𝑛𝑠𝑠 (4-25) 

The benefit given by Eq. (4-25) needs to be considered for each year of service life and 

accumulated after suitable discounting over time. Cost-benefit analysis as discussed 

above has been carried out considering consequences of failure specific to this FLNG and 

shows that a target probability of failure of 10-4/annum is already sufficiently low (see 

Figure 4-14). This result is considered appropriate to all high consequence installations. 

One additional consideration supporting the above target is that (ISO, 2013) currently 

gives some guidance regarding consideration of an ALS event in Clause 6.4.5 where it is 

stated that: “Accidental events with return periods in excess of 10,000yrs may be 

neglected.” The reliability achieved if an ALS requirement based on a 10,000yr event is 

introduced, is presented in Section 4.8, where it is seen that it leads to a Pf which is close 

to 10-4/annum. Thus, selection of a target which is less than 10-4/annum would be in 

conflict with Clause 6.4.5. All of the above justifies the selection of 10-4/annum as a 

suitable reliability target.  
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Figure 4-14- Cost Benefit Analysis 

4.8 Results 

4.8.1 Probability of failure 

The long term response distribution described in Section 4.4.3 and the mooring line and 

pile capacity distributions, described in Section4.5.2 (Figure 4-6), were utilised to 

evaluate the probability of failure. The calculation was performed according to Eq. (4-24). 

The probability of failure was calculated for each of the nine pile designs and for the 

mooring chain, accounting for factors of safety as per Table 4-1. The results obtained are 

presented in Table 4-7, while Figure 4-15 summarises the results graphically. The pile 

capacity results presented here correspond to Scenario 1 (Section 4.3) where the soil 

strength variability is global, and therefore modelled as linearly varying with depth, 

distributed according to Figure 4-5.The pile designs that are performed for the 10th 

percentile of the base case range undrained shear strength, produce similar probability of 

failure to the mooring chain (6.5x10-4 vs 6.8x10-4 respectively). However, neither pile 

design nor the mooring chain achieve the target probability of failure of 10-4/annum. 

When a higher percentile of SU is used, the probability of failure increases considerably 

(increasing from 6.5x10-4 when using lower bound soil strength, to 21x10-4 when using 

SU50). 
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Table 4-7-Probabilities of Failure for mooring chain and pile satisfying ISO or API 

Factors of Safety 

Element 
Probability of Failure 

SU10 SU50 SU90 

Pile 

Narrower Soil Range 7.5x10-4 15x10-4 23x10-4 

Base case Soil Range 6.5x10-4 21x10-4 55x10-4 

Wide Soil Range 5.3x10-4 33x10-4 108x10-4 

Chain 6.8x10-4 

 

 

 

 

Figure 4-15- Probability of Failure for Mooring Line Chain and Pile 
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The shear strength profile with a wider range (higher coefficient of variation) results in 

higher probability of failure compared to base case range for the site, when the best 

estimate and upper bound values of SU are used as characteristic values (33x10-4 and 

108x10-4 for wide range using SU50 and SU90 respectively, compared to 21x10-4 and 55x10-

4 for the base case soil range).  Regardless of the range used, when the design is based on 

SU10 as characteristic value it results in very similar probabilities of failure (6.5x10-4, 

5.3x10-4, 7.5x10-4 for actual, wide and narrower range respectively). This observation 

illustrates that a more consistent reliability is achieved in the face of varying parameter 

CoV (in this case soil strength variability), when the design is based on a characteristic 

value that is a fractile in the lower tail of the distribution; in the case of pile capacity a P10 

value appears most appropriate.  

 

4.8.2 Factor of Safety to achieve Target Pf of 10-4/annum 

4.8.2.1 Soil Scenario 1 – Soil Variability is dominated by Global Variability  

It was investigated what overall FoS is required for the chain design and for the pile 

design in order to achieve a target probability of failure of 10-4/annum. For the pile the 

study was performed on all three distributions of SU (the base case variability and the 

broader and narrower cases) and three different percentiles (10th, 50th and 90th) in the 

definition of characteristic strength. The results are presented in Figure 4-16. The required 

safety factor for the mooring chain is 2.1, which is higher than the current factor of 1.67. 

If the pile, using the base case soil variability range, is to meet the target reliability, it 

should be designed using SU10 also with FoS of 2.1. If SU50 is used the FoS needs to be 

increased to 2.6.  Evidently as the percentile to represent the characteristic value of SU 

increases, the overall FoS has to be increased as well, in order to achieve the same target 

reliability level. Selecting SU10 as the characteristic value has the advantage that the 

associated FoS (in this case 2.1) is insensitive to the uncertainty range in soil profile (see 

Table 4-7) and hence, the results are applicable to a wider range of soil types.   

The derived factors were used to perform two pile designs: one where SU10 is utilised with 

the corresponding FoS of 2.1 and a second design where SU50 is used with FoS of 2.6. 

Hence, both piles achieve the target probability of failure of 10-4/annum. The weight in 

air of these piles and geometrical properties are presented in Table 4-8. From the results 
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it can be seen that the pile designed to SU50 is heavier by 14% than the one designed to 

SU10. The two piles have the same diameter and length and the difference in the weight is 

due to their different wall thicknesses. The reason for this relates to principles of pile 

design. In Section 4.5.2.1 it was noted that there are two failure modes associated with 

two capacities of the pile, the pile soil capacity and pile structural capacity. While the pile 

soil capacity depends on the length and the diameter of the pile, the pile structural capacity 

is dependent on the pile diameter and thickness. When a higher SU is used (e.g. SU50 

instead of SU10) the pile thickness has to be increased (for a given pile diameter) in order 

to match the given strength of the soil (see Equations (4-17) to (4-19)). This results in 

higher overall pile weight when the design is based on SU50.  

 

4.8.2.2 Discussion of Soil Scenarios 1 and 2- Global vs Local Soil variability  

Given the results in Table 4-8 and those in Figure 4-11 of Section 4.5.3, when the global 

soil variability governs the overall soil range, it is recommended that SU10 be used with 

FoS of 2.1. Furthermore, in Section 4.5.3, it was seen that when the local variability 

governs, the use of SU10 in design results in higher capacity than required, while SU50 

exactly achieves the required capacity. If local variability alone represents the overall soil 

variability, at a sufficiently short scale of fluctuation, then the soil capacity becomes 

effectively deterministic, due to averaging of soil strength profiles with depth. In such 

scenario, a pile which has been designed to SU50 and using FoS of 2.1 roughly achieves 

the target probability of failure. Hence, if it could be demonstrated that the range in the 

design soil strengths (Figure 4-5) is entirely local soil variability with a scale of 

fluctuation of 1-10 m, then SU50 could be used with FoS equal to 2.1, yielding a lighter, 

more efficient pile. However, there will always remain some uncertainty associated with 

the scaling of soil strength from CPT or other test data, so this example is only illustrative 

of the potential maximum benefit if the soil strength profile variability can be better 

understood.   
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Table 4-8-Pile designs using reliability-derived overall FoS 

Percentile of SU 

used in the design 

Pile Diameter 

(m) 

Pile Length 

(m) 

Pile thickness 

(m) 

Pile weight in 

air (t) 

P10 3.0 46 0.070 239 

P50 3.0 46 0.080 272 

 

 

Figure 4-16-FoS for mooring line chain and pile for target reliability of 10^-4 

 

4.8.3 ALS-Additional Requirement for 10,000yr Conditions 

In the previous sections it was demonstrated that with current FoS, as recommended by 
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in this cyclonic environment. This section explores what reliability is achieved for the 

chain and pile if the design includes an additional ALS requirement to satisfy an abnormal 

event with occurrence frequency of 10-4/annum with factors of safety set to unity. The 

probability of failure obtained for the chain and pile, based on SU10, are as per Table 4-9. 

The pile, designed using SU10, achieves the target reliability 10-4/annum.  The chain 

probability of failure when using this additional ALS requirement is 2.0x10-4, which is 

twice the target reliability. Hence, for chain, this additional requirement does not result 

in achieving the target reliability, however the probability of failure gets close to the 

target.  And if one considers that there is a factor of 1.5 between first line failure and 

system failure (see Section 4.7) then the target Pf of 10-4/annum is close to being achieved.   

It is recommended to introduce this ALS requirement in addition to the recommended 

increase in Factors of Safety under the ULS checks. One reason for this is that the ALS 

requirement is generally regarded as a robustness check applied to the most critical 

elements of the system, whereas the ULS design checks have a broader scope covering 

the entire load path from pile through to mooring chains, chain table, bearing systems in 

the turret and scantlings in the vessel hull. Another reason is that the relative severity of 

these two design checks will vary depending on location and mooring characteristics.    

 

Table 4-9- Probabilities of failure for 10,000yr condition 

Structure Probability of Failure 

Chain 2.0x10-4 

Pile (SU10) 0.8x10-4 

 

4.9 Conclusion 

In this paper, reliability analyses are carried out to evaluate the probability of failure of 

mooring chain and pile of an FLNG vessel permanently moored and permanently manned 

in a tropical cyclone environment on calcareous soil site. The exceedance probability of 

mooring line tension is described by the long term distribution of mooring line load, 

obtained from detailed time domain simulations, accounting for short term variability. 
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Modelling uncertainty is discussed and incorporated in the reliability model. The strength 

distribution of the mooring chain was based on test data relating to three link segments 

obtained from chain manufacturers. This distribution was used to establish the strength 

distribution for a length of 50 segments in series which is considered representative of the 

mooring line strength. It is concluded that the mooring line strength distribution has a 

mean value just 2% higher than the specified Minimum Breaking Load with a very narrow 

CoV of about 1.2%.  For the mooring pile, the strength distribution was developed from 

Cone Penetration Test data representing the undrained shear strength of the soil and 

typical material strength distribution for the steel pile.  

The selection of an appropriate target reliability for the mooring system for permanently 

manned installations is discussed and it is demonstrated that a target corresponding to 

Pf=10-4/annum is appropriate.      

The main conclusions from the reliability study performed in this paper are:  

1. Neither the chain nor pile achieve the target reliability of 10-4/annum in a tropical 

cyclone environment when designed to ISO or API factors of safety.   

2. In order to achieve the target annual probability of 10-4/annum, the mooring chain 

requires a safety factor of 2.1 to replace the current factor of 1.67.  

3. When the variability in soil strength is dominated by global variability across 

locations, it is recommended to use SU10 as the characteristic soil strength.  In 

order to achieve the target reliability of 10-4/annum, the pile requires a safety 

factor of 2.1 to replace the current factor of 1.6. The factor of 2.1 with the 

characteristic value of SU10 is insensitive to the uncertainty range in the soil 

profile. 

4. When the variability in soil strength is dominated by local variability over depth 

only, averaging plays a significant role and it is recommended to use SU50 as the 

characteristic soil strength. The target reliability of 10-4/annum, is achieved using 

a safety factor of 2.1. 

5. In addition to the above it is recommended to introduce an ALS requirement that 

the intact mooring system has to satisfy an abnormal environmental event with a 

return period of 10,000yr and a factor of safety equal to unity.  When this 

requirement is introduced, the pile, designed using SU10, meets the target 
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probability of failure of 10-4/annum. The chain however, only achieves a Pf=2x10-

4/annum through this ALS requirement.        

Overall it is concluded that the current code provisions do not result in safe design of the 

stationkeeping system for permanently manned installations in a tropical cyclone 

environments. It is recommended to increase the safety factors for the ULS intact 

condition to the ones recommended above and in addition to introduce an ALS check, 

where the system needs to satisfy 10,000yr environmental conditions with factors of 

safety equal to unity. It is also demonstrated that a better separation of global and local 

soil variability, when characterising a mooring site, can lead to significantly more 

efficient pile design. 
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CHAPTER 5. MOORING SYSTEM RELIABILITY IN TROPICAL 
CYCLONE AND NORTH SEA WINTER STORM 
ENVIRONMENTS 

Prologue 

Chapter 4 explored the reliability of a mooring chain and pile in a tropical cyclone 

environment. This chapter builds on from Chapter 4 and investigates the reliability of the 

same vessel set in the winter storm driven environment of the North Sea. The results are 

compared to results presented in Chapter 4, for the tropical cyclone environment of the 

North West Shelf of Australia. As in Chapter 4, the reliability of the mooring chain and 

pile is explored. The long term distributions of the mooring chain and pile load are 

compared between the two environments. Furthermore, reliability analysis is carried out 

to determine the effect that the different environment characteristics have on probabilities 

of failure of mooring chain and pile.   

Factors of safety are proposed to achieve the target reliability of failure of 10-4/annum. 

Furthermore, additional factors are derived to achieve 10-5/annum target probability of 

failure. This allowed direct comparison with results achieved in the NorMoor Project.  

Chapter 5 comprises of a paper written to be submitted to the Applied Ocean Research 

journal titled: Mooring system reliability in tropical cyclone and North Sea winter storm 

environments.  
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Abstract: The characteristics of waves, winds and currents in a tropical cyclone 

environment differ significantly from those in a winter storm environment, like the North 

Sea. This can have a significant effect on the reliability of a mooring system that is 

designed to satisfy 100yr conditions with specified Factors of Safety in accordance with 

ISO19901-7 or API RP 2SK. This paper presents reliability analysis of the mooring 

system of a permanently connected Floating LNG vessel, placed at two locations: (a) a 

tropical cyclone environment of the North West Shelf of Australia and (b) a winter storm 

environment of the North Sea. It is demonstrated that as a result of differences in the long 

term distribution of environmental parameters (waves, winds) between a North Sea 

environment and a tropical cyclone environment, the long term distribution of the 

mooring line response differs significantly in these two locations.       

This paper shows that a mooring system which is designed in accordance with ISO (or 

API), in these two environments, will achieve very different reliability levels because of 

the significant differences in environmental characteristics. In order to achieve the same 

reliability for the mooring system at these two geographical locations, Factors of Safety 

for use with 100yr environmental conditions (Ultimate Limit State) were derived to 

achieve the same target probability of failure of 10-4/annum. It was found that for the 

North Sea environment, a factor of 1.5 is required for both the mooring chain and the pile, 

while for the tropical cyclone environment the required Factor of Safety has to be 

increased to 2.1. These differences are very significant and design standards need to be 

revised to reflect these findings.  
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5.1 Introduction 

Floating facilities for oil and gas drilling and production are located in several regions 

including North Sea (NS), Gulf of Mexico (GoM), West Africa (WA), Brazil, Australia 

and Southeast (SE) Asia. These regions differ in terms of the magnitude of extreme 

environmental conditions they experience (e.g. conditions with a return period of 100 

years) and also in terms of the long term characteristics of these conditions. For instance, 

extreme events in the North West Shelf (NWS) of Australia are dominated by tropical 

cyclones - a rapidly rotating, localised storm system, generating strong winds, waves and 

surface currents, centred around a low-pressure eye. These cyclonic events with the same 

features are referred to as hurricanes in the GoM, typhoons in SE Asia and tropical 

cyclones offshore Australia (Longshore, 2010). In contrast, extreme conditions in the NS 

and Brazil are dominated by winter storms which tend to have a much larger areal extent 

than tropical cyclones characterised by low pressure, strong winds and waves. Conditions 

offshore West Africa tend to be dominated by long period swell. The realisation that 

different geographical regions exhibit different long term characteristics, with different 

uncertainties, has been cited in the literature before (Kidoura et al., 2014)  . 

Apart from the geographical storm characteristics, the Exposure Level of an installation 

can be further defined by considering the potential consequences of failure, accounting 

for potential loss of life, environmental and financial consequences. The highest Exposure 

Level is that of permanently manned and permanently connected floating installations. 

Floating systems in the NS, Brazil and West Africa and some major installations recently 

installed in the NWS of Australia fall in this category. This paper addresses the mooring 

system design and reliability for this Exposure Level. This is the most important Exposure 

Level since the consequences of failure are higher and also the majority of installations 

worldwide fall in this category. This Exposure Level is unfortunately referred to 

inconsistently in different standards: referred to as Consequence Class 2 in (DNVGL, 

2015b), Exposure Level 1 in (ISO, 2006), and Consequence Class 3 in (ISO, 2013) 

Appendix B.  

The reliability of the mooring system is evaluated for two distinct geographical areas, 

namely the NWS of Australia, where extremes are dominated by tropical cyclones, and 

NS, where extremes are dominated by winter storms. Recently several permanently 
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manned and permanently moored installations have been installed for the first time in the 

NWS of Australia in areas with intense cyclonic intensity, namely the Prelude Floating 

LNG and the Ichthys floating installations and several more are being planned (Neill, 

2017).  Hence it is important to understand the reliability of the mooring system of these 

installations,  when designed using the current recommended Factors of Safety (FoS) 

(ISO, 2013) (API, 2005), and to make recommendations specific to this environment if 

required. Furthermore, it is also important to understand the behaviour of facilities in this 

environment, what drives this behaviour, and how it compares to an environment like the 

NS, which is dominated by winter storms.   

Recently an extensive study has been carried out by NorMoor Joint Industry Project 

addressing the mooring reliability of a range of floating facilities in different water depths 

at two locations: the NS Norwegian continental shelf and the GoM (Horte et al., 2017b), 

(Horte et al., 2017a), (Okkenhaug et al., 2017).  The study was performed for both the 

intact condition and the damaged condition. The NorMoor Project developed and 

recommended FoS for design, which are derived from reliability analysis and are 

adequate for both locations. Although the NorMoor project is a very comprehensive 

study, it did not address the mooring reliability of permanently moored vessels in a 

cyclonic environment.  

A previous paper by the authors (Stanisic et al., 2019) is complementary to the NorMoor 

project as it addresses the reliability of the intact mooring chain and pile for an Floating 

LNG (FLNG), permanently moored in a cyclonic environment of NWS. This previous 

study showed that higher FoS are required for mooring system design than what is 

currently recommended in (ISO, 2013). In this paper the reliability of the same FLNG 

vessel, placed in the North Sea environment, is evaluated in order to investigate if the 

requirement for higher FoS arises due to the environmental characteristics or perhaps the 

FLNG characteristics or the required target reliability level. This paper extends the 

previous study and draws conclusions from the relative performance of the mooring 

system in the two regions. The details of the NS environment are selected to be those of 

the Norwegian continental shelf that were utilised in the NorMoor Project (Horte et al., 

2017b) so as to establish a basis for direct comparison with the NorMoor JIP. A 

probability of failure is calculated for the mooring chain and the pile, using FoS as 

currently recommended in ISO (2013) and API (2005). A comparison of the results 
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reveals that application of the same design standard leads to a significant difference in 

calculated reliability of the mooring system for these two environments (tropical cyclone 

environment of NWS and NS winter storm environment).  Because of these differences, 

the study is extended further to develop different FoS for each location in order to achieve 

the same target reliability. These new FoS are compared with the current factors 

recommended by ISO (2013). An additional ALS requirement is assesed, where the vessel 

is analysed for a 10,000yr return period environment and the results are compared for 

both locations.  

5.2  Design practice 

A permanent mooring system of a floating vessel is generally designed for the Ultimate 

Limit State (ULS), where the intact system has to withstand environmental conditions 

with a return period of 100yrs, with a specified FoS. Besides this condition for the ULS, 

the system should be analysed for a case where one line is missing (the redundancy 

check). This paper concentrates on the intact ULS condition and the design practice that 

is applied as per  (ISO, 2013). The API standard (API, 2005) has similar recommendations 

for the intact condition. The Accidental Limit State (ALS) is not required by  (ISO, 2013) 

or (API, 2005). In this paper, an ALS condition is considered as an option, where the 

intact mooring system is required to survive an environmental condition with a return 

period of 10,000yrs and FoS set to unity.  

The design checks performed for the ULS as per (ISO, 2013) and (API, 2005) utilise a 

single FoS (γ) where: 

 

Characteristic Capacity ≥  γ (Characteristic Load Effect) (5-1) 

 

Characteristic Capacity and Load Effects are defined in subsequent sections. The 

recommended FoS as per (ISO, 2013) and (API, 2005)  for the ULS (intact) condition, in 

application to mooring line and laterally loaded pile, are summarised in Table 5-1.  
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Table 5-1- FoS for the mooring line and laterally loaded pile as per (ISO, 2013) 

and (API, 2005) 

Design 

Standard 

 

Factor of Safety for Mooring 

Line 
Factor of Safety for  Pile 

ULS (intact) ALS (intact) ULS (intact) ALS (intact) 

ISO 1.67 Not required 1.6 Not required 

API 1.67 Not required 1.6 Not required 

 

5.3  Extreme Environmental Conditions 

This paper examines the reliability of the mooring system of the same FLNG vessel, 

placed in two different environments, one dominated by tropical cyclones (NWS of 

Australia) and a second one dominated by winter storms (NS). This section presents and 

discusses the environmental conditions at each of these two environments. To emphasise 

the differences in long term characteristics of the two environments, the discussion covers 

extreme conditions with an exceedance probability of 10-2/annum (return period of 

100yrs) and abnormal conditions with an exceedance probability of 10-4/annum (return 

period of 10,000yrs). Another aspect which complicates the calculation of extreme 

responses and the definition of design environmental conditions is that the FLNG is a 

weathervaning ship-shaped vessel. One consequence of this is that extreme mooring 

responses occur when winds and waves are not collinear. A second consequence is that 

wave period (TP) is very important in determining extreme responses, in addition to 

significant wave height (HS). Hence, responses need to be evaluated over a range of (HS, 

TP) combinations and over a range of travel directions for wind and waves. As a result, 

the methods used to develop design values of the metocean parameters for extreme event 

design need to take account of the above.     

 

5.3.1  Environment at North West Shelf (NWS) of Western Australia 

The location of the FLNG, considered in this study for the NWS location, is in the most 

severe region of cyclonic activity off the coast of Western Australia. The environmental 
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conditions, used in this paper, to represent this cyclonic environment in time domain 

simulations have been derived using the method of joint extremes. The method is applied 

by Jonathan et al. (2014) to develop joint metocean extremes, specific for floating 

systems, and is based on the model for conditional extremes developed by Heffernan and 

Tawn (2004). These conditions assume dominancy of one parameter e.g. the significant 

wave height (HS) and provide values of other parameters which are the most likely values 

given this dominant parameter. Environmental parameters derived in this manner are 

dependent on the angle between the environments (e.g. between wind and wave).  The 

derivation of metocean conditions was not performed by the authors and is not the subject 

of this paper.  

Table 5-2 summarises four metocean conditions derived using the method of joint 

extremes. Two relate to the 100yr return period while the other two correspond to 

10,000yr return period. Condition 1 and Condition 3 result in the largest mooring line 

loads for 100yr and 10,000yr metocean conditions respectively. It can be seen that the 

ratio between the HS that corresponds to 10,000yr (Condition 3) and 100yr return periods 

(Condition 1) is only 1.1. The reason for this is the directionality of winds and waves.  In 

particular, for the 10,000yr condition the angle between the wind and wave is 90°. It is 

further noted comparing Condition 4 with Condition 2, (alternative sets of critical 

conditions) that the ratio between HS that corresponds to 10,000yr (19.5m) and 100yr 

return periods (9.0m) is 2.16 which is much higher than 1.1. In order to appreciate the 

true characteristics of the environment and the long term distribution of the significant 

wave height (HS), the independent conditions for the 100yr and 10,000yr return periods 

are summarised in Table 5-3. It can be seen that the ratio of HS, which corresponds to 

10,000yr and 100yr return periods, is close to 1.5.   

Another set of design conditions was also utilized which was developed using a response-

based approach (see (Tromans and Vanderschuren, 2001) and (van Zutphen and Christou, 

2009)). The response-based metocean conditions were used in addition to the conditions 

derived from joint extremes method in the design of the mooring system presented in this 

paper. Some further information on the derivation of metocean conditions is given in 

(Stanisic et al., 2018).  
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Table 5-2- Metocean conditions, derived using the method of joint extremes for 

NWS location 

Environment 100yr 

 Condition 1 

100yr 

 Condition 2 

10,000yr 

Condition 3 

10,000yr 

Condition 4 

Wave 

Spectrum JONSWAP JONSWAP JONSWAP JONSWAP 

HS (m) 12.1 9 13.4 19.5 

TP (s) 14 13 13.9 16.6 

Initial angle of wind 

relative to the vessel* 
60° -22.5° 0° 0° 

Angle of wave relative 

to wind* 
45° 67.5° 90° 0° 

Wind Spectrum NPD NPD NPD NPD 

1hr Mean 

Speed (m/s) 
34.8 29.5 37.9 42.2 

Current Mean Speed 

(m/s) at 

12m below 

MSL 

1.2 1.2 1.2 1.3 

Angle of current 

relative to wind* 
45° 67.5° 22.5° 0° 

*Positive angle represents clockwise direction 
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Table 5-3- 100yr and 10,000yr independent metocean conditions for NWS 

environments 

Independent 

criteria 

100yr  10,000yr  Ratio  
10,000𝑦𝑦𝑟𝑟
100𝑦𝑦𝑟𝑟

 

1hr mean wind 

speed (m/s) 
44.2 65.5 1.48 

HS (m) 13.7 20.7 1.51 

TP (s) 13.4 16.8  

Current mean 

speed at 3m 

below MSL 

(m/s) 

1.8 2.67 1.48 

 

 

5.3.2 Environment at Haltenbanken in NS 

The location for the FLNG in the NS is chosen to be Haltenbanken on the Norwegian 

Continental Shelf. This location and the metocean conditions were deliberately selected 

to be identical to those used in the reliability study performed by NorMoor JIP ((Horte et 

al., 2017b), (Horte et al., 2017a), (Okkenhaug et al., 2017)) so as to facilitate a direct 

comparison of the results with those obtained in the NorMoor Project. The metocean 

criteria are presented in Table 5-4 and the contour line for HS vs TP is presented in Figure 

5-1. The values used are omnidirectional as done by NorMoor JIP, and follow North Sea 

guidance regarding the correlation of wind, waves and currents. It is noted from Table 

5-4 that the ratio of 10,000yr to 100yr values of all the metocean parameters is close to 

1.2. This is in sharp contrast to a tropical cyclone environment where this ratio is close to 

1.5 (see Table 5-3). The sharp difference in the value of this ratio is expected to translate 

into a sharp difference in the long term characteristics of mooring response in these two 
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environments. This aspect is demonstrated and discussed further in Section 5.5 of this 

paper. 

 

Figure 5-1- Omnidirectional contour lines of HS and TP for NS location (Horte et 

al., 2017b) 

 

  For more details on the derivation of the environmental model refer to (Horte et al., 

2017b). Due to the nature of the NS environment, the maximum angle between wave and 

wind was considered to be 30°, while the maximum angle between wave and current was 

taken to be 45°. The metocean conditions defined in Table 5-4 and Figure 5-1, together 

with the above qualifications regarding the respective directions were applied to the 

FLNG vessel in an identical manner as was done in the NorMoor Project so as to maintain 

consistency. The mooring system was analysed for omnidirectional metocean criteria by 

considering the omnidirectional contour line and varying the directions of the acting 

environments also known as environmental contour method. This was done for 100yr and 

10,000yr return periods and the critical conditions for each were identified. Table 5-5 

presents the critical environmental conditions identified for NS location.  
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Table 5-4-Independent metocean conditions (omnidirectional) for NS location 

(Horte et al., 2017b) 

Metocean Parameter 100yr 10000yr Ratio 10000 𝑦𝑦𝑟𝑟
100 𝑦𝑦𝑟𝑟

 

Wind Speed (1-h mean 

at 10m above sea level 

(m/s) 

36.0 41.6 1.16 

Hs (m) 16.03 20.26 1.26 

Current speed (m/s) 1.04 1.26 1.21 

 

Table 5-5- Identified critical metocean conditions for tension in mooring line, for 

NS location 

Environment 
NS Location 

100yr 10,000yr 

Wave 

Spectrum JONSWAP JONSWAP 

HS (m) 16 19.5 

TP (s) 18 18 

Initial angle of wind 

relative to the vessel* 
0° 30° 

Angle of wave relative 

to wind* 
30° -30° 

Wind 

Spectrum NPD NPD 

1hr Mean 

Speed 

(m/s) 

36 41.6 

Current 

Mean 

Speed 

(m/s) at the 

surface  

1.04 1.26 

Angle of current 

relative to wind* 
30° 15° 

*Positive angle represents clockwise direction 
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5.4 FLNG vessel and Mooring System Configurations 

The vessel considered in this study is a large turret moored FLNG vessel. It is 

permanently moored in a water depth of 580m in both the NWS and NS locations. The 

water depth was kept the same at the two locations, in addition to using the same FLNG 

vessel, so that the differences in results can be attributable to differences in the 

characteristics of the environment. The mooring system for the FLNG at the NWS 

comprises 24 catenary mooring lines that are arranged in four bundles, each consisting of 

6 lines. This mooring system satisfies the required FoS as per (ISO, 2013) and it is sized 

such that the lines are approximately fully utilised under 10,000yr conditions (including 

short term variability). A total of 14 risers are connected to the vessel through the turret.  

A fully coupled numerical model has been analysed in the time domain (refer to Figure 

5-2 for schematic view of the model). The reader can refer to (Stanisic et al., 2017) for 

more details on the model. 

 

 
Figure 5-2- Schematic View of the mooring system and the vessel for the NWS 

environment 

 

 For the NS environment, time domain analyses using the same mooring system revealed 

that the mooring tension was smaller than what was obtained for NWS environment. Due 

to the non-linear nature of the mooring response, it is desirable to have comparable 

utilisations of the mooring lines in these two environments under conditions 

corresponding to the 10-4/annum exceedance level, which corresponds to the target 

reliability (see Section 5.6). Hence, for the NS environment, the mooring system was re-
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designed and reduced to a 16-line mooring system (4 lines in each bundle). As such the 

most loaded mooring line meets the objective of being fully utilised under 10,000yr 

conditions, which means that the Most Probable Maximum (MPM) response under 

10,000yr conditions (including short term variability) approaches minimum breaking 

load.   

 

5.4.1 Coupled Dynamic Analysis of Mooring System 

The methods of mooring analysis have improved considerably over time, aided also by 

advances in computing power. Several decades ago the mooring line was analysed on a 

quasi-static basis by applying motion at the top and analysing the line using catenary 

equations or a finite element representation. The motion of the floater was estimated 

separately, by considering the vessel response to the environment and used as input to the 

mooring analysis in an uncoupled way.  Now it is possible to couple the analysis of the 

vessel motion and the mooring lines into a single system analysed simultaneously. The 

motion analysis capturing first order, wave frequency motions and second order slow drift 

motions is carried out in the time domain using a model which includes all the mooring 

lines and also the risers.  Inclusion of the mooring lines and risers ensures that drag forces 

on these lines, which is an important damping component in the calculation of second 

order wave drift responses, is correctly incorporated.  In the coupled time domain 

analyses, changes in the geometry and stiffness of the mooring lines are modelled 

explicitly and hence lifting of the mooring line from the sea bed and the impact of this on 

mass, weight and stiffness, including dynamics, is all captured.  Such coupled analyses 

have been shown to agree well with tests in wave basins and are now regarded as the most 

accurate tool for mooring analysis (API, 2005) 

 

5.5 Characteristic Mooring Line Loads and Long Term 
Response 

5.5.1 Characteristic load 

The characteristic mooring chain and pile load for use in the ULS design check are 

obtained by carrying out mooring analysis for the design environmental conditions and 
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identifying the most critical conditions (see Table 5-2 and Table 5-5 for identified critical 

conditions for NWS and NS locations respectively). The characteristic load for the chain 

is taken at the top of the line, at the fairlead, while for the pile the load is recorded at the 

pile location. The characteristic load for the mooring chain and the pile which is used in 

ULS check (see Eq. (5-1)) is the MPM load obtained for the critical environmental 

condition with a return period of 100yrs (denoted YMPM100 and Y(P)MPM100 for the chain 

and pile respectively). Similarly, the characteristic load used in the ALS check is the 

MPM load obtained for the critical environmental condition with a return period of 

10,000yrs (denoted YMPM10,000 and Y(P)MPM10,000 for the chain and pile respectively). For 

the 10,000yr condition the lift off of the mooring line at the pile is less than 5˚ from 

horizontal. The small vertical component is resisted directly by the self-weight of the pile 

and hence, the line of action of the environmental load at the pile can be regarded as 

horizontal and only the lateral capacity of the pile needs to be considered.  

 

5.5.2 Long Term Mooring Response 

The long term distribution for the mooring line response was developed for both the 

mooring chain and the pile. The method of obtaining the long term distribution accounts 

for short term variability and is presented in detail in (Stanisic et al., 2018) but a summary 

is provided outlined in this paper, with a focus on the new distributions for the NS 

environment. The method is presented in terms of the mooring line response, but the same 

approach is applicable for the pile.   

5.5.2.1 Long term distribution accounting for short term variability- the approach 

The long term distribution which accounts for short term variability is developed as 

follows:  

a) Determine YMPM-Mooring analyses were carried out for the design metocean 

conditions that correspond to 100yr, 1,000yr and 10,000yr return period. The critical 

MPM response was identified for each of the return periods YMPM100, YMPM1,000 and 

YMPM10,000 for both the chain and the pile.  

b) Expression for long term distribution- A Weibull function is fitted through the 

available values of YMPM, to develop a long term distribution of the mooring line load, 
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which does not account for short term variability. The long term distribution of the 

mooring line load, excluding the short term variability for the NS environment is depicted 

as follows: 

𝑃𝑃(𝑦𝑦 > 𝑌𝑌) = 𝑒𝑒−4.60517( 𝑌𝑌
𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀100

)2.3386
  (5-2) 

 

For the equivalent expressions relating to the tropical cyclone environment (NWS 

location), the reader can refer to (Stanisic et al., 2019).  

c) Expression for short term distribution- This represents the variability in maximum 

mooring line load in a 3-h sea state. Following the methodology referred to as the Peak 

Distribution Method, described by Stanisic et al. (2018), a sufficient number of time 

domain simulations is carried out (namely four 3-h simulations for 100yr conditions and 

seven 3-h simulations for 10,000yr conditions). The Weibull distribution is fitted to the 

peaks of these simulations from which the extreme distribution of the response is 

estimated. The extreme distribution is represented by an extreme value distribution 

(Gumbel), see Eq. (5-3) : 

 

𝑃𝑃 � 𝑌𝑌
𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖

� = exp [− exp�−𝐴𝐴 � 𝑌𝑌
𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖

− 1��  
(5-3) 

 

The parameter, A, in the above equation is dependent on the magnitude of the mooring 

response and dictates the breadth of the distribution. Values of parameter, A, derived in 

this study are summarised in Table 5-6 for the environment of NWS and NS. It is seen 

from Table 5-6 that, for the NS environment, the values of A are rather close together (17 

and 15 for 100yr and 10,000yr respectively), whereas for the NWS environment they span 

a wide range (from 9.5 to 20).  
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Table 5-6- Parameter A for NWS and NS Environment for the mooring chain 

Environment 100yr return period 10,000yr return 

period 

NWS location 20 9.5 

NS location 17 15 

 

 d) Convolution- The long term distribution (Eq. (5-2)) is convoluted with the short term 

variability (Eq.(5-3)) to obtain a long term distribution that accounts for short term 

variability. The convolution can be presented as: 

 

𝑃𝑃(𝑦𝑦 > 𝑌𝑌) = ∫ �1 − 𝑃𝑃 � 𝑌𝑌
𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀

�𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀�� .𝑝𝑝(𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀).𝑃𝑃𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀
∞
0   (5-4) 

 

where [1 − 𝑃𝑃 � 𝑌𝑌
𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀

�𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀�] is probability that a mooring line response exceeds Y, given 

that the MPM value of mooring response is YMPM and 𝑝𝑝(𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀).𝑃𝑃𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀 is probability 

interval of getting a mooring response in interval 𝑃𝑃𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀.    

 

5.5.2.2 Results for Long term distribution for NWS and NS location 

The long term distributions were developed for NWS and NS locations, excluding and 

including the contribution of the Short Term Variability (STV). These distributions are 

presented graphically in Figure 5-3 for the mooring line load. It is clear from the results 

presented in the figure that the long term distributions at these two locations exhibit 

different characteristics. The mooring response in the NWS environment has a much 

steeper distribution, than that of the NS environment. This is further illustrated in Table 

5-7 which presents the mooring responses for the 100yr and 10,000yr return periods at 

both locations. The ratio of the 10,000yr to 100yr response, excluding the contribution 

from short term variability, is 1.95 for the NWS and 1.34 for NS location. These 

differences can be explained by the variation in the long term distribution of the HS and 

wind speed at the two locations (as seen in Table 5-3 and Table 5-4 and discussed in 
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Section 5.3.2).  The distribution of HS at the NWS location is much steeper than that at 

NS location. These characteristics of the environment are carried through to the mooring 

line response distribution of the chain. Similar observations are made for the mooring 

response recorded at the pile (see Table 5-8). For the NWS location, the ratio of the 

10,000yr load to 100yr load at the pile is 2.12, while for NS this ratio is 1.39.  

The contribution of STV to the long term distribution of the mooring chain response also 

differs for the two environments. This contrast can be observed from Table 5-7 

numerically and graphically from Figure 5-3. For the NWS environment, the 100yr load 

increases by 3% when the STV is accounted for, while for the 10,000yr it increases by 

8%. This rise in the load corresponds to moving from the MPM value (37th percentile) to 

the 60th percentile of the extreme mooring load distribution. For the NS environment, the 

load increases by 7% and 10% for the 100yr and 10,000yr return periods respectively, 

when the STV is considered. This load increase is equivalent to 69th and 80th percentile 

of the extreme mooring line load distribution. The NS environment results get close to 

the 90th percentile which has been identified in the literature (see (Muliawan et al., 2013),  

(Haver and Winterstein, 2008)) to represent the mooring line load that accounts for STV. 

For the NWS environment, the percentiles are lower. This further highlights the different 

nature of the tropical cyclone environment. The STV in the NWS environment has a 

smaller contribution than in the case of the NS environment, due to the steepness of the 

mooring line response in the NWS environment. The contributions of the STV for the 

loads recorded at the pile are presented in Table 5-8 and exhibit very similar behaviour 

as those of the mooring chain load.  
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Figure 5-3- The long term distribution of the mooring line response for NWS and 

NS environments 
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Table 5-7- Characteristics of the mooring chain load long term distribution 

accounting for short term variability (STV) 

Load description 

NWS environment NS environment 

100yr 10,000yr 100yr 10,000yr 

Load excluding STV (kN) 7830 15290 10393 13979 

Ratio 10000 𝑦𝑦𝑟𝑟
100 𝑦𝑦𝑟𝑟

 response 1.95 1.34 

Load including STV (kN) 8072 16520 11096 15365 

Percentage difference when 

STV is included 3% 8% 7% 10% 

Equivalent percentile of the 

extreme distribution  60th 60th 69th 80th 

 

 

Table 5-8- Characteristics of the pile load long term distribution accounting for 

short term variability (STV) 

Load description 

NWS Environment NS Environment 

100yr 10,000yr 100yr 10,000yr 

Load excluding STV (kN) 6808 14434 9432 13148 

Ratio 10000 𝑦𝑦𝑟𝑟
100 𝑦𝑦𝑟𝑟

 response   2.12 1.39 

Load including STV (kN) 7010 15530 10035 14426 

Percentage difference when 

STV is included 3% 8% 6% 10% 

Equivalent percentile of the 

extreme distribution 59th 64th 70th 77th 
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5.5.2.3 Accounting for modelling uncertainty 

Eq. (5-4) accounts for natural variability (Type I). Modelling uncertainty (Type II), which 

arises due to the lack of knowledge, is also considered. In this study three sources of Type 

II uncertainties are accounted for: i) the modelling uncertainty in estimating MPM, ii) 

modelling uncertainty in long term methodology and iii) modelling uncertainty due to the 

derivation of metocean parameters for long return periods. In estimating the above 

modelling uncertainties, it is taken as a given that the methods of mooring analysis are 

based on coupled dynamic time domain analyses. Furthermore, it is taken into 

consideration that the methods of developing design metocean conditions account for the 

joint occurrence of the metocean parameters including their direction. The total modelling 

uncertainty due to items i), ii) and iii) was represented with a coefficient of variation 

(CoV) for 100yr return period equal to 0.06 and for 10,000yr return period equal to 0.08. 

For more details on how these values were estimated, the reader can refer to (Stanisic et 

al., 2019).  

In principle Type II uncertainties can be reduced, however this often involves 

considerable effort and resources and is not practicable. In this paper, these uncertainties 

are accounted for and are introduced into the long term distribution developed in Eq. 

(5-4).  The variable 𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌  incorporates modelling uncertainty and can be obtained using 

the following expression:  

 

𝑃𝑃(𝑦𝑦 > 𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌) = ∫ �1 − 𝑃𝑃 �𝑌𝑌𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑌𝑌

�𝑌𝑌�� . 𝑝𝑝(𝑌𝑌).𝑃𝑃𝑌𝑌∞
0    (5-5) 

    

 where, 𝑝𝑝(𝑌𝑌) is the probability distribution function (derivative) of the long term response 

obtained from Eq. (5-4) and 𝑃𝑃 �𝑌𝑌𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑌𝑌

�𝑌𝑌� represents modelling uncertainty which has a 

Gaussian distribution with CoV of 0.06 and 0.08 for 100yr and 10,000yr return period 

respectively. The values of CoV between 100yr and 10,000yr return period are suitably 

interpolated. A Weibull expression was fitted to the results obtained in Eq. (5-5), for the 

mooring chain load at the NS location and 𝑝𝑝(𝑌𝑌) can be written as: 
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𝑝𝑝(𝑌𝑌) = −10.77 ∗ ( 𝑌𝑌
𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀100

)1.34 × 𝑒𝑒(−4.61∗ 𝑌𝑌
𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀100

2.34
)
  (5-6) 

 

For the NWS location expression of 𝑝𝑝(𝑌𝑌),  the reader can refer to (Stanisic et al., 2019). 

 

5.5.2.4 Corrosion consideration in the capacity model 

It is a requirement of (ISO, 2013) to allow for mooring chain corrosion and wear. For the 

mooring chain considered in this paper, a corrosion allowance over the service life has 

been made as per code recommendations. Hence, the characteristic chain capacity is 

adjusted in design to allow for corrosion. The chain corrosion allowance is, generally, 

conservative, and as a consequence in reality the chain strength is somewhat higher than 

specified by the reduced characteristic strength.  Therefore, there is an uncertainty due to 

corrosion and a degree of conservatism in the design caused by the corrosion allowance. 

This element of conservatism and uncertainty has not been introduced into the reliability 

calculations. 
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Figure 5-4- Long term distribution of mooring line response for NWS and NS 

environments including ST variability and modelling uncertainty 
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Table 5-9- Mooring chain load long term distribution accounting for short term 

variability (STV) and modelling uncertainty 

 

NWS 

Environment NS Environment 

100yr 10,000yr 100yr 10,000yr 

Mooring load including  

STV 
8072 16520 11096 15365 

Mooring load including 

STV  and modelling 

uncertainty 

8110 16830 11290 15954 

Percentage change in 

mooring load 
0.5% 1.9% 1.7% 3.8% 

 

  

5.6 Capacity description 

5.6.1 Mooring chain characteristic and stochastic capacity 

The characteristic capacity of the mooring line is the minimum breaking load (MBL) of 

the mooring chain. This load is specified by the mooring chain manufacturer who 

performs tests on a line segment that usually comprises of three links (see (API, 1997), 

(DNVGL, 2015a)). The strength of a segment can be taken to be normally distributed 

with a certain mean and standard deviation. Based on test results from mooring chains 

with diameter in the range of 76-120mm it was concluded by Stanisic et al. (2019) that 

the mean strength of a chain segment, considered in this study, is 1.07MBL with a CoV 

of 0.025.  

A mooring line can be considered to comprise of N segments (each segment having 3 

chain links) connected in series. The distribution function of the weakest segment (Fm) 

can be represented by: 
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𝐹𝐹𝑚𝑚(𝑦𝑦) = 1 − [1 − 𝐹𝐹𝐶𝐶(𝑦𝑦)]𝑁𝑁   (5-7) 

Where FC is the distribution of the strength of one segment. In this paper N is taken to 

equal 50 which corresponds to the top 120m length of the line that experiences the 

maximum load.  

5.6.2 Pile characteristic capacity 

In the case studied here, the pile is loaded only laterally (see Section 5.5). As such two 

failure mechanisms are considered, the short pile failure (soil failure) and the long pile 

failure (structural failure) (Randolph and Gourvenec, 2011). In the short pile failure, the 

pile is assumed rigid. As the load is applied, the pile rotates about a point which is at 

distance zr below the ground level. The failure occurs in the soil when the applied load 

exceeds the soil resistance. The long pile failure is the structural failure of the pile, 

accompanied by failure of the soil causing net pressure on the front of the pile above the 

hinge point. The pile fails in bending as the plastic hinge forms at zb below the ground 

surface. The two idealised failure mechanisms are presented in Figure 5-5.   

 

Figure 5-5- a) Soil failure mechanism and b) Structural pile failure mechanism 

The lateral soil resistance is dependent on the pile diameter (D), pile length (L) and 

undrained shear strength (SU). In this paper the undrained shear strength, with units in 

kPa is defined as a linear function of depth below the mudline (z) and can be represented 

as (SUM + kSU z), where SUM is the mudline intercept and kSU is the gradient with depth. 
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As such, the lateral soil resistance on the pile at z meters below the mudline can be defined 

as follows: 

𝑃𝑃 = 𝑁𝑁𝑀𝑀 𝑆𝑆𝑈𝑈��� 𝑧𝑧 𝐷𝐷    (5-8) 

 

where 𝑆𝑆𝑈𝑈��� represents the average undrained shear strength over the relevant depth range 

and Np is the lateral bearing factor taken to be equal to 9 in this study. The plastic pile 

capacity MP can be represented in terms of the pile steel yield stress (σy), pile wall 

thickness (t) and pile diameter (D) as follows: 

 

𝑀𝑀𝑝𝑝 = 𝐷𝐷2𝑃𝑃𝜎𝜎𝑦𝑦   (5-9) 

 

where σy is equal to 350MPa.  The overall characteristic pile capacity (Hult) is taken to be 

the minimum of the characteristic pile capacity for the soil failure mechanism (Hsoil) and 

the characteristic pile capacity for the structural failure (Hstruc.) as follows: 

𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠 = min (𝐻𝐻𝑠𝑠𝑠𝑠𝑀𝑀𝑠𝑠,,𝐻𝐻𝑠𝑠𝑠𝑠𝑟𝑟𝑠𝑠𝑐𝑐.)   (5-10) 

 

For more details on the calculation of the characteristic pile capacities the reader can refer 

to (Stanisic et al., 2019).   

Two sets of piles have been designed for each location environment (NWS and NS). The 

piles are designed for a 100yr load of each environment using a FoS of 1.6, as per Table 

5-1. A lower bound (the 10th percentile) of the characteristic soil undrained shear strength 

(SU10), which is given as SU =4+1.63z, was utilised in the design. SU10 was used in the 

design as it was showed that it results in most stable reliability levels (Stanisic et al., 

2019).  The designed pile characteristics, the characteristic undrained shear strength and 

design load are presented in Table 5-10. 
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Table 5-10- Pile properties for NWS and NS environments designed to 100yr 

factored load and 10th percentile of the SU 

Environment D (m) L (m) t (m) 
Factored 

Load (MN) 
SU10 (kPa) 

NWS 2.5 44 0.07 10.893 4+1.63z 

NS 2.9 49 0.08 15.09 4+1.63z 

 

It is noted that the 100yr pile load in the NS environment is considerably higher than that 

of the NWS environment and as a consequence the factored load is also higher by the 

same proportion. This is because the mooring systems in these two environments were 

sized so as to have similar utilisations under 10,000 year conditions. The driver for this is 

to achieve similar stiffness characteristics for the mooring lines under conditions close to 

failure. This has an effect on the time domain analyses and the probability distributions 

of mooring response. Hence, as expected, the calculated reliabilities and FoS are affected 

by the stiffness characteristics of the mooring system.  

5.6.3 Pile stochastic capacity 

The main uncertainty in the capacity of the laterally loaded pile comes from the undrained 

shear strength. The undrained shear strength varies across cone penetration tests (CPT) at 

the same site and includes spatial variability and variability over depth. It is common 

practice to choose a certain percentile of the undrained shear strength, most commonly 

the 10th percentile, as the characteristic value and perform the pile design. The lower 

bound undrained shear strength considered in this study was derived from CPT data 

gathered at an offshore site of NWS of Western Australia and is typical for fine grained 

carbonate soils (e.g. (Frankenmolen et al., 2017, Erbrich et al., 2017)). The lower, best 

and upper bound of the undrained shear strength are presented in Figure 5-6.  In addition 

to this soil range, referred to as the base case range, two additional ranges are considered, 

the narrower and wider range. These ranges are introduced in order to investigate the 

sensitivity of results to changes in the soil variability. The linear profiles of the SU10, SU50 

and SU90 of these ranges are presented in Table 5-11, together with the base range. For 



 MOORING SYSTEM RELIABILITY IN TROPICAL CYCLONE AND NORTH SEA WINTER 
STORM ENVIRONMENTS 

197 

the two locations considered in this paper, the ranges presented in Table 5-11 can be 

considered representative of the range of soil conditions and uncertainty in soil strength 

for the reliability analysis. This allows a direct comparison of the reliability of the pile 

due to environmental effects only.  

In order to model the variability in undrained shear strength, the gradient kSU is taken to 

be lognormally distributed, with the mudline strength (SUM) directly related to the kSU. 

The parameters of the lognormal distribution were obtained by fitting the data of each 

soil strength range considered. The variability in the yield strength is described using the 

Gumbel distribution with the mean of 1.15 σy and CoV of 0.05 (Melchers, 1999). The 

distribution of the pile capacity is obtained by running MonteCarlo simulations and 

considering the variability described above. More information about the MonteCarlo 

simulations can be found in (Stanisic et al., 2019).  The total distribution of the pile 

capacity is obtained by picking the minimum of the obtained soil and structural capacity 

distributions, given that the weaker of the two failure mechanisms will govern in each 

realisation.  

 

Figure 5-6- Bounds of undrained shear strength for calcareous soil 
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Table 5-11- Linear profiles of shear strength used in pile design 

Percentile Base case range of 

SU 

Narrower Range of 

SU 

Lower natural 

variability, or better 

characterisation 

Wider Range of 

SU 

High natural 

variability, or 

poorer 

characterisation 

SU10 (lower bound) 4+1.63z 7+1.68z 1+1.58z 

SU50 (best estimate) 10+1.73z 10+1.73z 10+1.73z 

SU90 (upper bound) 16+1.83z 13+1.78z 19+1.88z 

 

5.7 Probability of failure 

In Section 5.5, a probabilistic description of the mooring responses was presented. The 

description accounts for long term environmental conditions, short term variability and 

modelling uncertainty. The load is described in terms of a random variable YTOTAL and 

corresponding cumulative probability distribution P(YTOTAL). The stochastic capacity for 

the mooring chain and the pile was described in Section 5.6. If the capacity is represented 

by a random variable (c) and its corresponding probability distribution is fc(c), then the 

probability of failure can be expressed as the probability that the load will exceed the 

capacity as follows: 

 

𝑃𝑃𝑓𝑓 = 𝑃𝑃(𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 > 𝑐𝑐) = ∫ [1 − 𝑃𝑃𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌(𝑐𝑐)]∞
0 𝑓𝑓𝑐𝑐(𝑐𝑐)𝑃𝑃𝑐𝑐

  

(5-11) 

 

 

The probability of failure given by the Eq. (5-11) is the probability of loss of 

stationkeeping.  Hence, it is the level at which it is meaningful to discuss consequences 
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of failure and therefore targets for mooring reliability or structural reliability. Targets are 

discussed in Section 5.7.1 below and results from applying Eq. (5-11) are discussed 

thereafter. 

5.7.1 Target reliability 

The mooring lines of a permanently moored and manned vessel are an important design 

element of the vessel as they prevent loss of stationkeeping, potential loss of life and 

hydrocarbon spill. Hence, mooring lines are considered to be Safety Critical Elements 

(SCE). As such, under the regulatory requirements in many countries, the operator is 

required to demonstrate that the risk for SCE has been reduced to As Low As Reasonably 

Practicable (ALARP). Such a demonstration is difficult if the FoS in design standards is 

not related to a reliability target. Recently under the NorMoor Project ((Horte et al., 

2017b), (Horte et al., 2017a), (Okkenhaug et al., 2017)) reliability targets were stated.  

For permanently connected and permanently manned floating systems, the target 

probability of failure of a mooring system was stated to be 10-5/annum. This target was 

used by NorMoor to develop FoS for permanently manned installations in a NS 

environment but it was recognised that it is not practicable to achieve such a reliability 

target in a tropical cyclone environment.   

In a recent paper Stanisic et al. (2019) applied the principles of Cost-Benefit Analysis to 

ALARP and concluded that for permanently manned and moored installations in a 

tropical cyclone environment an appropriate target probability of failure is  10-4/annum. 

This target is used in Section 5.8 as a basis for developing reliability based FoS for 

mooring systems in a tropical cyclone environment and a NS environment.     

 

5.7.2 Probability of failure for FLNG mooring chain and pile in NWS and 

NS location 

The probabilities of failure for the mooring chain and the pile of the FLNG vessel were 

evaluated using Eq. (5-11) for two different locations: the NWS of Australia and NS. The 

evaluation was performed assuming that each of the critical components (chain or pile) 

just satisfies the FoS recommended by current standards, as discussed in Section 5.2. 

Thus, when using Eq. (5-11) to calculate Pf the stochastic capacity of the mooring chain 
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is stated in terms of MBL, e.g. mean segment strength is equal to 1.07×MBL, where MBL 

is not the strength of the selected line size as given by the manufacturer but is given by: 

𝑀𝑀𝐵𝐵𝐿𝐿 = 𝐹𝐹𝑃𝑃𝑆𝑆 × (𝐶𝐶ℎ𝑎𝑎𝑟𝑟𝑎𝑎𝑐𝑐𝑃𝑃𝑒𝑒𝑟𝑟𝑃𝑃𝑠𝑠𝑃𝑃𝑃𝑃𝑐𝑐 𝑈𝑈𝐿𝐿𝑆𝑆 𝑚𝑚𝑃𝑃𝑃𝑃𝑟𝑟𝑃𝑃𝑛𝑛𝑠𝑠 𝑙𝑙𝑃𝑃𝑛𝑛𝑒𝑒 𝑟𝑟𝑒𝑒𝑠𝑠𝑝𝑝𝑃𝑃𝑛𝑛𝑠𝑠𝑒𝑒) = 

1.67 ×  (𝑀𝑀𝑃𝑃𝑀𝑀 𝑚𝑚𝑃𝑃𝑃𝑃𝑟𝑟𝑃𝑃𝑛𝑛𝑠𝑠 𝑙𝑙𝑃𝑃𝑛𝑛𝑒𝑒 𝑟𝑟𝑒𝑒𝑠𝑠𝑝𝑝𝑃𝑃𝑛𝑛𝑠𝑠𝑒𝑒 𝑙𝑙𝑛𝑛𝑃𝑃𝑒𝑒𝑟𝑟 𝑐𝑐𝑟𝑟𝑃𝑃𝑃𝑃𝑃𝑃𝑐𝑐𝑎𝑎𝑙𝑙 100𝑦𝑦𝑟𝑟 𝑐𝑐𝑃𝑃𝑛𝑛𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑛𝑛𝑠𝑠) 

 

(5-12) 

 

 Thus, what is evaluated is not the Pf of the specific mooring line used in the time domain 

simulations but the Pf achieved by the specified FoS for each environment. Table 5-13 

summarises the reliability model, while  

Table 5-14 shows the link to the deterministic design process.  

Table 5-12- Deterministic design process- ULS representation 

Variable Representation 

Characteristic Response 100yr MPM 

Characteristic Capacity MBL 

FoS 1.67 

 

The obtained probabilities of failure for the mooring chain and pile are presented in  

Table 5-14. For the pile, besides the base case soil range (as presented in Figure 5-6) two 

other ranges are considered: one for wider and one for a narrower variability range (as in 

Table 5-11). This is done to investigate the sensitivity of the results to different variability 

in the soil. When the pile is designed using SU10 as the characteristic strength, the obtained 

probabilities of failure are of similar magnitude, regardless of the variability range. Only 

for the NS location, the probability of failure does increase somewhat for the wider range. 

The probability of failure achieved by the mooring chain is very close to that of the pile 

for both environmental locations. 
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Table 5-13- Reliability model representation summary 

Stochastic Loading 

Most Probable Value Scatter CoV 

Initial distribution has the same 

MPM as the characteristic 

response at 100yr level given in 

Table 5-12. Subsequently, the 

distribution is modified to 

account for STV and modified 

again to account for modelling 

uncertainty* 

Gumbel distribution for 

initial (STV) is modified to 

account for convolution 

with LT and further 

modified for modelling 

uncertainty through 

Gaussian convolution. 

Stochastic Capacity 

Mean Value Scatter CoV 

Single Segment 1.07 0.025 

Line 1.019 0.012 

*Final MPM increases from 7830 kN (excluding STV) to 8072 kN (including STV) and further increases 

to 8110 kN including modelling uncertainty 

 

It is seen from  

Table 5-14 that the probabilities of failure for the NS environment are considerably lower 

than those for the NWS environment (34 times lower for the mooring chain and 21 times 

lower for the pile designed for the base soil range). The mooring chain and the piles for 

the NWS do not meet the target probability of failure of 10-4/annum, while the target is 

met for the NS environment. As the mooring line strength and pile capacity models used 

for the two environmental locations are the same, the difference in reliabilities is 

attributed to the different characteristics of load distribution in these two environments. 

The load distribution for the NS location has a more gradual increase with return period 

than that of the NWS location, resulting in lower probabilities of failure for a mooring 

system which is designed to satisfy specified FoS under 100yr conditions.  
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Table 5-14- Probabilities of failure achieved for NWS and NS environments for 

system designed to 19901-7 FoS 

 

Environmental 

Location Element 

Probability 

of Failure 

NWS 

Mooring Chain 6.81x10-4 

Pile 

Base Range 6.47x10-4 

Wider Range 5.33x10-4 

Narrower Range 7.45x10-4 

NS 

Mooring Chain 0.20x10-4 

Pile 

Base Range 0.31x10-4 

Wider Range 0.64x10-4 

Narrower Range 0.22x10-4 

 

5.8 Recommended FoS for mooring chain and pile to achieve 
target reliability of 10-4/annum 

With the objective of achieving uniform reliability levels across different geographical 

locations, the FoS required to meet the target probability of failure of 10-4/annum, were 

calculated for the mooring chain and the piles in each of the two environments – tropical 

cyclone in NWS of Australia and winter storm environment of the NS – and using the 

characteristic soil strength of SU10. The factors are presented in Table 5-15. It can be 

observed that for the NWS the required FoS of 2.1 is larger than the (ISO, 2013) 

recommended factor of 1.67 for the chain and the 1.6 for the laterally loaded pile. For the 

NS environment (as expected based on  

Table 5-14) the required FoS is 1.5 if the values in Table 5-15 are rounded to one decimal 

place. This value is lower than the ISO recommended FoS. It is noted that for the piles 

the required FoS is the same for a given environment when SU10 is used for the 
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characteristic soil strength in the pile design. This is convenient and it means that the FoS 

does not need to vary depending on the soil variability range as long as SU10 is selected 

for characteristic soil strength. This observation is consistent with the commentary in 

Appendix D of (ISO, 2015) which notes that low fractiles of soil strength are favoured as 

a characteristic design input since the reliability is then less dependent on the adopted 

partial or global FoS.  The results presented in this Section highlight that the required FoS 

for a tropical cyclone environment (2.1) is considerably higher than the corresponding 

FoS for a NS winter storm environment (1.5) and design standards need to account for 

this difference.  

Three further questions relating to mooring system reliability are: 

(i) Is the target reliability level of 10-4/annum adequately achieved by introducing 

an ALS design provision for the intact mooring system? 

(ii) Is a target reliability level of 10-4/annum justified for the NS environment 

based on ALARP considerations?  

(iii) What FoS is needed to achieve a target reliability level of 10-5/annum for a NS 

environment?  

These questions are addressed in Section 5.9 below. 

     

Table 5-15- FoS required for NWS and NS environments to achieve target 

reliability under ULS condition 

Location Element 

Factor of 

Safety 

NWS 

Mooring Chain 2.1 

Pile 

Base Range 2.1 

Wider Range 2.1 

Narrower Range 2.1 

NS 

Mooring Chain 1.54 

Pile 

Base Range 1.47 

Wider Range 1.54 

Narrower Range 1.45 
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5.9 Additional Mooring System Reliability Studies 

5.9.1 Additional ALS design requirement   

The question addressed here is whether the target reliability level of 10-4/annum can be 

adequately achieved by introducing an ALS design provision requiring the mooring 

system to satisfy environmental conditions with exceedance probability of 10-4/annum 

and FoS set to unity. In this design check, the characteristic values of capacity remain the 

same as defined in Section 5.7, namely: 

• Chain characteristic strength is the Minimum Breaking Load, MBL (as per Eq. 

(5-12)) 

• Soil characteristic strength is the 10th percentile of undrained shear strength, SU10 

The characteristic value of response is the MPM response under environmental conditions 

with a return period of 10,000yrs. Table 5-16 presents the probabilities of failure for the 

mooring chain and pile analysed for NWS and NS environment under this ALS condition. 

It is seen that introducing this ALS requirement for the tropical cyclone environment leads 

to Pf of 2.0 x10-4/annum for the mooring chain and Pf of 0.8x10-4/annum for the pile. Thus 

the target of 10-4/annum is met for the pile but it is not met for the chain.  For the NS 

environment, the probabilities of failure are even larger with Pf of 6.2 x10-4/annum for 

the mooring chain and Pf=2.0x10-4/annum for the pile. Thus the target Pf is not met for 

the chain or the pile.  Hence, simply introducing an ALS provision, (on its own) as 

discussed above, does not achieve the target Pf, especially for the NS environment. This 

is because the slope of NS is mild and the contributions from short tern variability become 

more pronounced (see Figure 5-3). It can be observed that the response at the return period 

of 10,000yr, excluding the short term variability, corresponds to a return period of about 

3,000yr, when viewed including the short term variability.  If, however, the ALS 

provision is introduced in addition to the ULS provision with FoS as presented in this 

paper, then the ALS provision may serve a useful purpose as a safeguard for applications 

which are step outs in terms of system responses or environmental conditions.    
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Table 5-16- Probabilities of failure achieved for NWS and NS under introduced 

ALS condition 

Location Element 
Probability of 

Failure 

NWS 
Mooring Chain 2.0 x10-4 

Pile* 0.8 x10-4 

NS 
Mooring Chain 6.2 x10-4 

Pile* 2.0 x10-4 

*Based on pile designed to SU10 

 

5.9.2 Target reliability for NS environment    

In Stanisic et al. (2019) cost-benefit analysis and ALARP considerations were used to 

demonstrate that a target reliability of 10-4/annum is appropriate for the mooring system 

of a major installation in a tropical cyclone environment. This evaluation makes use of 

the incremental cost of improving safety. Since the slope of the long term mooring 

response in a NS environment is considerably lower, it follows that the incremental cost 

of improving safety by a specified factor is lower in a NS environment. This is illustrated 

in Figure 5-7 which shows the incremental cost of improving safety and total system costs 

for NS and NWS environments.  It is seen from Figure 5-7 that the minimum total cost 

for the NS, corresponds to a reliability level of about 1x10-4/annum. Hence, it can be 

concluded that the suitable target reliability for NS environment is also 10-4/annum.  
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Figure 5-7- Cost Benefit Analysis for NWS and NS environment 

 

5.9.3 FoS needed to achieve target reliability of 10-5/annum for NS 

Environment     

The FoS required to meet a target Pf of 10-5/annum, were calculated for the mooring chain 

and the piles for the winter storm environment of the NS. The factors are presented in 

Table 5-17. It is seen that the required FoS is 1.8 for the chain and ranges between 1.7 

and 1.9 for the pile. This is very similar as the value of 1.9 (about 6% lower for the chain) 

developed by the NorMoor Project for the NS environment. This difference can be 

explained partly by the fact that the NorMoor project took into consideration several 

geographical locations (NS and Brazil) and several vessel types (semisubmersible and 

FPSO) and the resulting FoS were weighted and rounded upwards. Recognising this, the 
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results obtained in this paper are in very good agreement with those of the NorMoor 

Project.        

 

Table 5-17- FoS required for NS environment to achieve target reliability of 10-

5/annum  

Location Element 

Factor of 

Safety 

NS 

Mooring Chain 1.8 

Pile* 

Base Range 1.7 

Wider Range 1.9 

Narrower 

Range 1.7 

*Based on pile designed to SU10 

 

5.10  Conclusion 

This paper compares reliability analysis of a mooring chain and pile analysed at two 

different environments: a cyclonic environment on the NWS of Australia and a winter 

storm environment at the Norwegian continental shelf in the NS. The mooring system is 

attached to a large FLNG vessel, designed to be permanently moored on location. The 

permanently moored ship shaped vessels are novel to NWS. Hence, as the experience in 

floating vessels is greater for NS location, the results obtained for NWS are compared to 

those obtained for the same vessel analysed for NS environment. This enabled a better 

understanding of the different characteristics of mooring responses in these two 

environments. 

• It was found that the long term distribution of the wave height in the NWS 

environment is much steeper than that of the NS, with the ratio of 10,000yr to 

100yr equal to 1.26 for NS and 1.5 for NWS location. 

•  The metocean characteristics, at these two locations, are transferred to the long 

term distribution of the mooring line response. The ratio of 10,000yr to 100yr 
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mooring line response is estimated to be 1.34 for NS but it increases to 1.95 for 

the tropical cyclone environment of NWS. In addition, in the tropical cyclone 

environment, the winds change more rapidly and as consequence larger angles 

between winds and waves can occur. This has a contribution on the steeper slope 

As such, the contribution of the short term variability to the long term distribution 

of the mooring load is much smaller for NWS (3% and 8% for 100yr and 10,000yr 

response) than is the case at NS location (7% and 10% for 100yr and 10,000yr 

response).  

• A mooring system which is designed in accordance with (ISO, 2013) (or (API, 

2005)) in these two environments achieves very different reliabilities because of 

the significant differences in  environmental characteristics. For the tropical 

cyclone environment the probability of failure was found to be 34 times higher 

for the chain and 21 times higher for the pile when compared to those obtained 

for a NS environment.    

• In order to achieve the same reliability for the mooring system at these two 

geographical locations, FoS were derived to achieve a target probability of failure 

of 10-4/annum. It was found that for the NS environment, a factor of 1.5 is required 

for both the mooring chain and the laterally loaded pile, while for the NWS 

environment the required FoS for both the mooring chain and the pile increases to 

2.1. It is concluded that these differences are very significant and design standards 

need to be revised to reflect these findings.  

•  It was also investigated if a uniform target reliability of 10-4/annum can be 

achieved by the introduction of an ALS condition, where the intact mooring 

system is required to satisfy environmental conditions with 10,000yr return period 

and FoS equal to unity. It is concluded that the introduction of such an ALS 

requirement does not meet the target reliability but it brings you close to it.  Hence, 

it is recommended to introduce this ALS check in addition to the ULS 

requirements.  

In addition, it was investigated what factor of safety is required for the NS environment 

if the target probability of failure is 10-5/annum. This was done to directly compare the 

results of this study with those of the study performed by NorMoor Project. The results 
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show very good agreement, thereby increasing the confidence that the reliability 

methodologies used in this paper and the NorMoor Project are consistent. 
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CHAPTER 6. CONCLUSION 

This thesis has presented an extensive research into the extreme loads and reliability of 

the mooring system of an FLNG vessel designed to be permanently manned and 

permanently connected in tropical cyclone environment. The research undertaken is 

based on results from comprehensive coupled time domain analysis (170 three-hour 

simulations with different environmental realisations were run for the most critical 100yr 

and 10,000yr environmental condition). This chapter presents the main conclusions from 

this research and future work recommendations. 

6.1 Conventional methods of obtaining the design mooring 
load 

Several methodologies which use N maxima mooring responses, obtained from N 

simulations of the same environmental load case, were explored. Each methodology was 

investigated to see how many 3-h simulations are required to make an accurate extreme 

mooring load prediction. Two additional extreme responses of different complexity, 

besides the mooring load were evaluated, namely heave and total turret excursion.  

Furthermore, the methods were investigated for the most critical 100yr and 10,000yr load 

case, in order to explore the effects of the severity of the environmental condition. 

It was found that Method B, which involves the fitting of the maxima to a Gumbel 

distribution or using a certain percentile (based on the Gumbel distribution) to evaluate 

the MPM response, shows convergence within 30-40 simulations. However, for the 

design of a weathervaning FLNG (or FPSO), where several hundred load cases need to 

be analysed, Method B is computationally demanding. Hence, the industry is in need of 

a less computationally intensive methodology in evaluating the maximum mooring 

response.   

6.2 Peak Distribution Method 

The Peak Distribution Method (PDM) evaluates the MPM mooring response from the 

peaks of the mooring line time series response and not just the maximum peak. As more 

information is used from a single 3-h time response, the PDM requires fewer simulations. 
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The peaks are fitted on to a probability distribution function, from which the extreme 

distribution is obtained and the MPM response evaluated. This methodology was assessed 

in this thesis against several criteria: i) peak definition, ii) most suitable fitting 

distribution, iii) fitting method, iv) number of 3-h simulations required to evaluate the 

MPM response with accuracy. The assessment was done using the results obtained from 

170 time domain simulations of the most critical 100yr and 10,000yr environmental 

condition. All the MPM responses, evaluated using PDM, were gauged against a 

benchmark MPM response, evaluated using all 170 simulations utilising Method B 

(above).  

The “best practice” procedure of PDM, assessed holistically, was found to be as follows: 

i) A definition of a peak is the maximum between two mean up crossings in a 

response time series 

ii) All the peaks, defined as per i), should be fitted to two parameter Weibull 

distribution 

iii) Method of Moments should be used to perform the fitting 

iv) Four 3-h time domain simulations are adequate to predict the MPM mooring 

response for 100yr conditions. This number needs to be increased to seven for 

10,000yr environmental conditions.  

As the PDM was assessed with reference to a very demanding application (weathervaning 

FLNG in extreme conditions) the above “best practice” is expected to be applicable for 

many applications. Nevertheless, the number of simulations required for an accurate 

estimate of the MPM mooring response can vary.   

 

6.3 Long term distribution of a mooring line load in a tropical 
cyclone environment 

The Gumbel distributions developed using the PDM method define the short term 

variability for the maximum response in a 3-h storm. The long term response distribution 

(excluding short term variability) is estimated by fitting a probability distribution through 

the MPM responses for the most critical metocean conditions with return periods of 100, 

1,000 and 10,000 years. Thus a long term mooring line load distribution which accounts 
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for short term variability is developed by convoluting the short term variability of a 

mooring line load in a 3-h storm with the long term distribution.  It was found that the 

contribution of short term variability to the long term distribution is 3% for 100yr and 8% 

for the 10,000yr return period. It was also found that the long term response distribution 

is rather steep with the 10,000yr response being 1.95 times higher than the 100yr 

response.  These findings highlighted the need to better understand the reliability of a 

mooring system, which belongs to an FLNG permanently manned and moored in tropical 

cyclone environment.  

6.4 Reliability of mooring chain and pile of permanently 
moored and manned vessel in a tropical cyclone 
environment 

A reliability analysis of mooring line and laterally loaded pile, which make up the 

mooring system of a permanently connected FLNG vessel in tropical cyclone 

environment, was presented in this thesis. The load exceedance probability for the 

mooring line and pile was represented by the long term distribution which accounted for 

short term variability with an allowance for modelling error. The chain stochastic strength 

distribution was developed from manufacturer test data. Additionally, the pile stochastic 

strength distribution was developed from Cone Penetration Test data, representing the 

undrained shear strength of the soil, and typical material strength distribution for the steel 

pile. On the basis of Cost-Benefit Analysis, presented in this thesis, it is concluded that 

an adequate target probability of failure for the mooring system of a permanently moored 

and manned vessel is 10-4/annum. Based on this, the following findings and conclusions 

were made from the reliability analysis:   

   

1. If the chain and the pile are designed to the currently recommended factors of 

safety (as per ISO and API), neither the chain nor pile achieve the target reliability of 10-

4/annum in a tropical cyclone environment  

2. The required factor of safety to achieve the target reliability of 10-4/annum for the 

mooring chain is 2.1. 
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3. For the pile the factor of safety varies depending on the percentile of undrained 

shear strength, used in the pile design, and the soil strength characteristics. It is 

recommended to use SU10 to represent the characteristic soil strength with factor of safety 

equal to 2.1, when the soil strength is dominated by global variability. In contrast, when 

the soil strength is dominated by local variability, SU50 may be used with factor of safety 

equal to 2.1. Both of these recommendations will result in the pile achieving the target 

reliability level of 10-4/annum.  

4. For a vessel in tropical cyclone environment, it is also recommended to introduce 

an additional ALS condition, where the intact mooring system has to satisfy an event with 

a return period of 10,000yr and factor of safety equal to unity. It was found that by 

introducing this requirement on its own (i.e. without the ULS requirements), the 

probability of failure for the pile is 0.8x10-4/annum, while for the chain it is 2x10-4/annum. 

These values get sufficiently close to the 10-4/annum target, as may be expected for an 

application where the dominant uncertainty is the long term response steepness. It is noted 

here that the foundation uncertainty is also significant but it is accounted for separately 

via the selection of a “lower bound”, (SU10) undrained shear strength for the soil. It is 

recommended that this ALS condition should be introduced in addition to the ULS 

condition.  

6.5 Comparison of mooring system reliability in tropical 
cyclone and winter storm environment 

As discussed above, it is demonstrated, in this thesis, that the mooring system of 

permanently moored and manned vessel in a tropical cyclone environment, designed to 

current standards and code provisions, does not achieve the target reliability. This raises 

the question of whether the standards are adequate for other geographical regions or 

whether the problem is caused by the response characteristics of FLNG. In order to 

address these questions the same FLNG vessel was analysed for conditions typical for 

winter storm environment of the North Sea. The environmental conditions considered for 

North Sea, were the same as those used for NorMoor Project, which performed reliability 

analysis of mooring systems for several geographical regions, but excluded permanently 

manned and moored vessels in tropical cyclone environment. Comparison of the results 

led to a better understanding of the different characteristics of mooring responses in these 
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two environments. It was found that the target reliability of 10-4/annum is also adequate 

for the North Sea environment. The main observations, conclusions and 

recommendations are as follows: 

1. The long term distribution of the wave height in tropical cyclone environment is 

much steeper than that of the North Sea environment (ratio of 10,000yr to 100yr 

wave height is 1.5 for cyclonic and 1.26 for North Sea environment). As a result, 

the long term distribution of mooring response is much steeper in a tropical 

cyclone environment (ratio of 10,000yr to 100yr mooring response is 1.95 in 

tropical cyclone environment compared with 1.35 in a North Sea environment).   

2. For tropical cyclone environment, a factor of safety required for the mooring chain 

and the laterally loaded pile to achieve the target reliability is 2.1. In contrast, for 

North Sea a factor of 1.5 is required. Hence, the observations discussed under 

point 1 (above) significantly affect the results of reliability analysis. This 

highlights the requirements for the two environments to be treated differently in 

design standards.  

3. Factors of safety were derived for North Sea environment, considering the target 

reliability of 10-5/annum, as was done in the NorMoor Project.  The results 

obtained showed good agreement with those achieved in NorMoor Project. This 

gives confidence to the methodologies presented in this thesis and in the NorMoor 

JIP.   

4. The introduction of an additional ALS condition, where the intact mooring line 

and pile are designed for 10,000yr environment with factor of safety equal to unity 

was applied to North Sea environment. The probability of failure resulting from 

application of this ALS condition for the chain was found to be 6x10-4/annum 

which is considerably higher than the target of 10-4/annum. The main reason for 

this is that the slope of the long term response is very mild and hence other factors 

such as contribution from short term variability and the modelling uncertainty 

play a bigger role.      

6.6 Future research 

This thesis presents a comprehensive study into the estimation of extreme design loads of 

mooring lines of a permanently moored and manned FLNG in a tropical cyclone 
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environment. In addition a reliability analysis is presented for both the mooring lines and 

piles of such vessel for both tropical cyclone and North Sea winter storm environment. 

Further research can be carried out on this subject by exploring the following: 

- Confirm PDM “best practice” for other floating facilities and other water 

depths: The methodologies developed and results presented in this thesis are 

based on a very demanding application as the mooring line response of a 

weathervaning ship shaped vessel, such as the FLNG, is very complex. As such, 

the results presented are expected to be appropriate for many other applications. 

Nevertheless, similar research can be applied to different water depths and 

floating facility types in order to demonstrate the validity of results presented in 

this thesis for wider applications. An FLNG in shallower water depths (250-300m) 

can be examined to assess impact of higher nonlinearities in mooring stiffness and 

perhaps more severe contributions from drift oscillations. Also a deeper water 

depth (900m and above) can be examined to understand the effects of use of 

polyester moorings.  

- Increased number of simulations for investigation of Method A: More 

simulations can be run in order to determine the number of realisations required 

for convergence of this approach.  

- ANN as alternative to PDM “best practice”:  Another methodology that can be 

explored to obtain the MPM mooring response is using Artificial Neural Networks 

(ANN). The method is based on biological neural networks, and is used to 

approximate functions or outputs by training a network. Several authors have used 

this methodology to predict the maximum mooring response accurately (Guarize 

et al., 2007) (de Pina et al., 2013). Nevertheless, the method is not recommended 

by codes or recommended practices and there are no guidelines on how to execute 

it.  Although it is demonstrated that using the ANN for one output result from a 

single simulation is faster than executing one time domain simulation, performing 

a mooring system analysis, where several FEM results need to be determined and 

where analysis needs to be repeated for different environmental seeds, can become 

complex and time consuming. Hence, further research is required to assess if the 

ANN method has potential.   
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- Examine the sensitivity of the method to the angle between wind and wave: 

One of the major differences between the metocean conditions in NWS and NS 

location is the angle between the wind and the wave direction. This can be 

examined in more detail along with the quantification of the uncertainty 

associated with the metocean conditions which prescribe this angular difference 

in directions.  

- Full-scale monitoring of mooring response: The results from fully coupled time 

domain analysis are consistent with model test results. To improve the study 

further, full scale monitoring can be performed. The full scale observations can 

provide valuable information about the environmental conditions at site and can 

be used to validate the predicted maximum mooring response obtained from time 

domain simulations. There is potential for using the monitoring systems installed 

on Prelude FLNG for such full scale verification of response models. It is, 

therefore, recommended to explore these possibilities.  

- Response-based methodology: The response-based methodology of developing 

design metocean conditions is elegant and has the potential to reduce significantly 

the number of metocean conditions which need to be used in design. For the Shell 

FLNG Projects response-based conditions were developed and they were used in 

addition to a large number of other metocean conditions, developed using the 

method of joint extremes. If confidence in response-based conditions increases, 

the number of design conditions can be reduced significantly. One focus area is 

to develop a mooring response tool (or approach) that is both efficient and 

sufficiently accurate.  

- Examine the role of spectral bandwidth and directional spreading: This was 

not examined in this thesis and can be a subject of future studies.  
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APPENDIX A- OVERVIEW OF RESPONSE BASED METHOD 

Long term response methodology involves the transformation of environmental variables 

into responses. It can either be done through a wave scatter diagram as described by Naess 

and Moan (2013) or through response based methodology.  

 Using the response-based methodology, the long term data set of responses can be 

obtained from long term data set of environmental variables through a response function. 

Tromans and Vanderschuren (1995) described the response function for base shear and 

overturning moment of a fixed steel jacket in terms of a function involving the wind, 

wave and current. A similar methodology was later applied to a weathervaning FPSO by 

van Zutphen and Christou (2009). This methodology is summarised in Figure A1, (where 

P(Y) denotes a cumulative distribution while p(Y) denotes a probability density function). 

The starting point is a long record of hindcast metocean conditions providing 

simultaneous values of all the relevant metocean parameters over a period of typically 

30-50 years. The main steps of the response-based methodology are summarised below. 

a) From the hindcast record identify storms S1, S2, S3…. SN as periods when the 

significant wave height exceeds a threshold HT (see Figure A1 (a)).  

b) For each storm S1, S2, . SN use a response model to calculate vessel response 

distribution P(Y| storm Si) and its most probable maximum value YMPM (see 

Figure A1 (b)). This response model uses a simplified definition of the mooring 

lines, the risers and the vessel so as to achieve computational efficiency. It is not 

an analytical function of the metocean variables but a numerical algorithm for 

calculating vessel heading and thereafter the vessel offset.     

c) From the results in Step (b) estimate short term variability assuming that responses 

are similar (assumed identical) when normalised with respect to their respective 

most probable maximum value. This is an approximation. The short term 

variability is denoted by 𝑃𝑃(𝑌𝑌|𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀), (see Figure A1 (c)).  

d) Use YMPM values to establish the long term exceedance probability, 𝑃𝑃( 𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀), 

based on most probable exceedances (see Figure A1 (d)).   

e) The short term variability of the response 𝑃𝑃(𝑌𝑌|𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀) established in Step (c), is 

convoluted with the long term distribution of 𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀 (from Step (d)) and the 

extreme response for any random storm is obtained as follows (see Figure A1 (e)): 



  
 Appendix A- Overview of Response Based Method 

222 

 

𝑃𝑃(𝑌𝑌|𝑟𝑟. 𝑠𝑠. ) = ∫ 𝑃𝑃(𝑌𝑌|𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀)𝑝𝑝(𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀)𝑃𝑃𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀
∞
0       (A1) 

 

f) Considering the storm arrival as a Poisson process, with arrival rate ν, the extreme 

response over an interval of T years has the probability distribution:  

 

𝑃𝑃(𝑌𝑌|𝜈𝜈𝜈𝜈) = [𝑃𝑃(𝑌𝑌|𝑟𝑟. 𝑠𝑠. )]𝜈𝜈𝑌𝑌        (A2) 

 

as seen in Figure A1 (f)). The MPM value from this distribution is taken to be the 

T-year response, YT, corresponding to return period T.     

One can then estimate the extremes of response variable which correspond to a certain 

return period. The final step is to obtain the response based environmental conditions. 

One way to achieve this is to study the extreme events in the hindcast data and magnify 

them to reach the extreme response.  
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Figure A1- Evaluation of Extreme Response Statistics ( Tromans and Vanderschuren 

(2001)) 
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