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Resumo 

As crescentes necessidades energéticas mundiais juntamente com o esgotamento das reservas 

petrolíferas em águas pouco profundas fizeram com que a indústria de produção de petróleo e gás se 

fosse voltando cada vez mais para a exploração de reservas petrolíferas em águas profundas e muito 

profundas. Esta mudança motivou o desenvolvimento de novos conceitos de sistemas de produção 

submarinos em que os equipamentos tradicionais, utilizados atualmente em navios e plataformas de 

produção petrolíferas, não são apropriados, devido às diferenças do ambiente em que operam. 

Esta dissertação estuda procedimentos de previsão de fiabilidade destes novos equipamentos de 

forma a ser possível planear o desenvolvimento de novos sistemas capazes de funcionar nestas 

condições complexas. 

São revistas diversas metodologias de previsão da fiabilidade de equipamentos, com ênfase num 

método de previsão de taxa de falha de equipamentos em novos ambientes de operação a partir de 

informação de falha em ambientes de operação tradicionais. Este método foi implementado numa 

ferramenta computacional posteriormente validada utilizando o exemplo original do método. 

Como a aplicação deste método se baseia, maioritariamente, em dados subjetivos fornecidos por 

peritos, fez-se um estudo sistemático de forma a averiguar a importância dos parâmetros subjetivos do 

método na previsão da fiabilidade do equipamento, sendo possível apurar os dados a serem definidos 

de forma mais cuidadosa. 

Por último, a ferramenta desenvolvida foi aplicada para prever a fiabilidade de um compressor 

centrífugo submarino, utilizando informação histórica dos modos e taxas de falha de um equipamento 

semelhante em operação em navios e plataformas de produção petrolíferas. 
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Abstract 

The growing need of global energy together with the depletion of oil reserves in shallow waters has 

led the oil and gas industry to turn increasingly to deeper and ultra-deeper water reserves of oil. This 

shift has motivated the development of new concepts of subsea production systems in which traditional 

equipment, currently used on ships or production platforms, are not appropriate due to differences in 

the environment in which they operate.  

This thesis studies the reliability prediction procedures of these new equipment so that new systems 

capable of operating under these complex conditions can be developed. 

Several methodologies for predicting the reliability of equipment are reviewed, focusing on a 

method of predicting the failure rate of equipment operating in new environments from failure information 

in traditional operating environments. This method is implemented in a computational tool and later 

validated using the original example of the method. 

As the application of this method is based largely on subjective data provided by experts, a 

systematic study is conducted to assess the importance of the subjective parameters of the method in 

the predicted reliability of the equipment. Thus, it is possible to perceive which are the data that must 

be defined more carefully in the application of the method. 

Finally, the developed tool is applied to predict the reliability of a subsea centrifugal compressor 

based on historical information on the failure modes and failure rates of similar equipment operating in 

ships and oil and gas production platforms. 
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(𝑻)

 - 
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for Rahimi and Rausand’s approach 

𝒗𝑹𝑹𝑨
(𝑺)

 - 
indicator to determine if there is an effect of the RIF in the subsea system 

for Rahimi and Rausand’s approach 

𝜼𝑹𝑹𝑨 - score of RIF influence for Rahimi and Rausand’s approach 
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(𝑻)

 - 
weight of the contribution that a failure cause has on a failure mode for a 

topside system for Rahimi and Rausand’s approach 

𝝎𝑹𝑹𝑨
(𝑺)

 - 
weight of the contribution that a failure cause has on a failure mode for a 

subsea system for Rahimi and Rausand’s approach 

𝜿𝑹𝑹𝑨 - scale factor for Rahimi and Rausand’s approach 

�̅�𝑹𝑹𝑨 - 
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and Rausand’s approach 

𝒄𝑹𝑹𝑨 - constant scale factor for Rahimi and Rausand’s approach 
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(𝑻)

  subsea system failure rate for Rahimi and Rausand’s approach 

𝝀𝑹𝑹𝑨 𝑳𝒐𝒘
(𝑺)

 - 
lower value of subsea system failure rate for Rahimi and Rausand’s 

approach 

𝝀𝑹𝑹𝑨 𝑯𝒊𝒈𝒉
(𝑺)

 - 
higher value of subsea system failure rate for Rahimi and Rausand’s 

approach 

𝜽𝑹𝑹𝑨 - Boundaries factor for Rahimi and Rausand’s approach 
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Chapter 1: Introduction 

1.1 Background 

Offshore oil and gas production began at the end of the 19𝑡ℎ century and exploded during the 20𝑡ℎ 

century due to technological development experienced in that period. Offshore oil and gas production 

may be divided into three categories according to the water depth: 1) production in shallow water where 

the water depth is less than 1000 𝑓𝑡 (≈ 300 𝑚) to 1300 𝑓𝑡 (≈ 400 𝑚), 2) production in deepwater in 

which the depth goes from the limit in shallow water up to 5000 𝑓𝑡 (≈ 1500 𝑚) and finally 3) production 

in ultra-deepwater with depths greater than 5000 𝑓𝑡 (≈ 1500 𝑚) [1], [2]. 

In order to determine the future energy supply situation, scientists and the oil industry are 

attempting to predict energy demand trends over the coming decades with the aid of energy scenarios. 

Figure 1.a) represents the projection of BP's growth in world energy consumption by fuel, while Figure 

1.b) compares this scenario with different ones made by other institutions. As can be seen, despite 

growing global environmental concerns and the effort it takes in terms of policies to reduce fossil fuel 

consumption, the projection for the next decades keeps oil and gas as responsible for suppressing more 

than half of energy consumption (Figure 1.a), even taking into account the different considerations on 

the annual percentage increase in the growth of consumption by type of fuel of the different comparative 

institutions (Figure 1.b) [3]. 

Considering the future situation of the energy supply, it is also necessary to predict the world's oil 

and gas stocks. This is done, once again, by using predicting scenarios as illustrated in Figure 2. It is 

important to note that the term “reserve” is given to oil and gas deposit that meet three conditions: it 

must have been confirmed by drilling, it must be accurately measured and must be economically 

recoverable with existing technology and current price. On the other hand, “resources” are geologically 

energy stocks that are not yet economically exploitable because such exploration requires either new 

technology or higher sales prices. Experts differentiate “reserves” and “resources” between conventional 

and unconventional. Conventional can be developed and exploited using existing technology, the 

unconventional can only be developed and exploited, with new technologies, more sophisticated and 

expensive [1]. 

In the scenario outlined in Figure 2 it is considered that the conventional reserves of both oil and 

gas are sufficient to suppress the anticipated needs, therefore it would be tempting for the industry to 

maintain the existing options of exploration and extraction avoiding to make large investments in new 

technologies and equipment. What prevents the industry from giving in to temptation is the unequal 

distribution of oil and gas fields in which almost 50% of conventional reserves are in the hands of OPEC 

states, most of which are politically unstable, making it highly risky to maintain this type dependency [1]. 

The deepwater and ultra-deepwater fields are considered by many as the final chapter in gas and 

oil production. Faced with the inevitability, it is necessary to develop new techniques and new 

technologies, it is necessary to counteract the great adversities that are encountered each time it 

reaches greater depths and finally it is necessary to plan in more detail all the productive facilities in 

these deep zones [1], [4]. 
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Traditional equipment that has been previously used in offshore and onshore production systems 

is not appropriate for subsea systems due the characteristics of the operation environment. A subsea 

production system may be a subsea installation consisting of wells, Christmas-trees, control systems, 

manifolds, flow lines and risers. In the last decades the industry has managed to put all equipment 

referred in operation at bottom of the sea, nevertheless, until now, some type of surface support platform 

for the processing and storage of oil and gas is still necessary. The objective now is to be able to transfer 

these systems to the subsea in a viable way, such as the Statoil project of the subsea factory [5]. 

This thesis focuses on the part of the processing and aims to study the reliability of new subsea 

equipment using a comparison with the similar already existing topside equipment [6]–[8]. 

 

 

Figure 1 - a) Primary energy consumption by fuel (Renewables includes wind, solar, geothermal, biomass, and 
biofuels) [3] b) Energy scenarios comparison: contribution by type of fuel for the growth of energy consumption 

(2015-2035) [3] 

 

 

Figure 2 - Oil and natural gas reserves and resources compared with the IEA's projected cumulative consumption 
(2012-2035) [1] 

 

1.2 Motivation 

Between 2007 and 2012, 481 large oil and gas fields were found in deep and ultra-deep waters, 

and this number corresponds to more than 50% of new discoveries of large offshore fields. In addition 

to this number of discoveries, it is important to note that these newly discovered fields are typically 10 

times larger than the new fields discovered onshore. These combined factors make deepwater and 

ultra-deepwater productions increasingly attractive, even taking into consideration the higher costs 

involved [1], [9]. 
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The pursuit for new solutions to meet the challenges of deep and ultra-deep waters has become 

mandatory for the industry, with companies continually looking for innovative concepts to solve situations 

that, until now, had never been considered [9]. 

The approaches that have evolved during the last century are being adapted to the new context 

trough incremental innovations, with many of the equipment necessary for the extraction of fluids already 

adapted and placed on the seabed [10]. 

The great evolution that will be witness in the next years will be the transfer of the work at surface 

support platforms to the subsea, in other words, it is necessary to place on the seabed all the equipment 

required for the processing of oil and gas together with the existing ones for the extraction. 

The motivation of this thesis is to study the reliability prediction procedure required to support the 

initial design stage of subsea productions systems, since historical data to characterize the failure rate 

of subsea equipment is typically not available, which is normal, as there has not yet been enough time 

to compile a significant amount of data. 

 

1.3 Objectives 

This thesis has two main objectives. The first is to describe the main equipment used in topside 

and subsea oil and gas production systems and the second is to assess the reliability of new subsea 

equipment based on comparison with similar topside equipment. 

To achieve these goals, the following plan is proposed: 

• Identify and describe the most common systems components for oil and gas production 

installed in FPSOs and offshore platforms. 

• Identify and describe the typical configurations of subsea oil and gas production systems. 

• Review the methods for reliability prediction of new subsea equipment based on 

comparison with similar topside equipment. 

• Application of methods for failure rate prediction to selected subsea equipment using 

information from OREDA handbook [11] for topside equipment. 

The expected results are the description of topside and subsea oil and gas production systems, 

which is made through the first two points, and failure rate prediction of selected equipment of subsea 

oil and gas production systems, which corresponds to the last two points. 

 

1.4 Assumptions and Limitations 

It is vital for a more extensive application of the reviewed methods to use a newer version of the, 

OREDA database from 2002 used in this thesis, which has insufficient data collection for the subsea 

systems and with information already outdated for all systems in general. There are two recent versions, 

however it was not possible to access them. Another limitation is the difficulty in testing and confirming 

any type of method without a good practical basis, never having had access to any type of equipment 

described during this work was a real challenge. 
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For the impact analysis of the different parameters of the model, in Chapter 4  it was assumed that 

the various input values are independent of each other, however in practical terms this is not true. The 

need to assign subjective input parameters to the model, which requires expert’s judgment, is a great 

limitation to apply the method to the chosen equipment, in Chapter 5. Adding to this, it was impossible 

to ascertain whether the results obtained correspond in any way to the reality 

Finally, it is assumed that the reader has some basic notions about reliability and MATLAB 

programming. 

 

1.5 Approach and Structure of the Thesis 

This thesis begins with a brief historical context of the evolution of offshore oil and gas extraction 

together with the prediction of world demand for energy and the quantity of oil and gas stocks for the 

next decades, with the implications that these energy scenarios entail. This context is made in the 

introduction. Then, through motivation, the approach chosen was to try to answer the question: Why is 

it necessary to create new structures, systems and equipment? The attempt to respond is made by 

increasing global energy needs and by the multiplicity of factors that have made such projects of this 

magnitude feasible. 

After this introductory chapter, the second part of the thesis focuses on two sub-themes. Firstly, it 

describes the equipment and the common configurations of offshore oil and gas production systems 

following the latest concepts currently under development. This part of the work can be found in half of 

Chapter 2. Since then, the second part of the second chapter focuses on the characterization of some 

of the most basic knowledge on the reliability subject. Several concepts are described, particularly the 

concept of reliability, some of the most used lifetime distributions, the basic qualitative and quantitative 

tools for reliability analysis, and finally the concept of accelerated life testing. 

Chapter 3 is intended to review the methods for predicting failure rates, starting with the 

presentation of several databases and handbooks useful for the reliability study with the highest 

incidence in the OREDA handbook [11]. Then the failure rate prediction methods themselves are 

described, and a brief exposition of the most relevant methods is provided. 

Chapter 4 is divided between the explanation of the operation of the tool developed in MATLAB, its 

testing and validation by a known example and the analysis of the impact of the different parameters of 

the model. 

Chapter 5 applies the implemented method to predict the failure rate of a subsea centrifugal 

compressor. In the Chapter 6 the conclusion and possible future work are presented.  
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Chapter 2: Fundamentals 

2.1 Subsea Production System 

The oil and gas industry can be divided into three main segments: upstream, midstream, and 

downstream. The objective under study in this thesis is inserted in the first and second segment [12]. 

The upstream segment comprises two phases: exploration and production. The exploration refers 

to the search and prospection of a new reservoir, while production consists of the operations necessary 

to remove the oil and gas from the subsoil, using artificial or natural methods [12]. 

Looking in more detail, the exploration phase can be divided into two parts, the first is the seismic 

exploration of reservoirs, the second is the drilling and completion wells which occurs when the reservoir 

is considered commercially viable [13]. 

The production phase consists of a subsea completed well, seabed wellhead, subsea production 

tree, subsea tie-in to flowline system and subsea equipment and control facilities to operate the well. 

This type of system can have different levels of complexity from the simplest, where there is a single 

satellite well with a flow line connected to a fixed platform, an FPSO or even a land installation, to the 

most complex with several wells on a template or clustered around a manifold that transfer to a fixed or 

floating facility or directly to onshore installation [12], [14]–[16]. 

The depth of the water has a great impact on the development of subsea fields, since it defines 

which systems can be placed in water. Distance is another influence factor, the greater or lesser 

proximity of the field to the coast defines whether the flow can be transferred directly to an onshore 

installation or, on the contrary, if it is necessary to have some types of transfer platform [12], [14], [17]. 

The goal of subsea field development is to safely maximize economic gain using the most reliable, 

safe, and cost-effective solution available at the time [14], [18], [19]. 

Some issues must be considered when developing a subsea field such as: deepwater/ultra-

deepwater or shallow-water development; dry tree or wet tree; stand-alone or tie-back development; 

subsea processing or surface processing and facility configurations [14], [18]. 

The midstream segment concentrates on the processing, transportation and storage of crude oil 

and natural gas [12]. 

Figure 3 shows the main components, along with their framing, of a subsea production system. 

 

Figure 3 - Subsea production system [16] 
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2.1.1 Subsea Production Configuration 

There are many ways to set up subsea production equipment, the choice is based on field 

specifications and operation approach. 

After mapping the reservoir, a model is created that allows to determine the optimum solution 

regarding the number, type, and location of wells. The optimization of the layout is a balancing exercise 

of the need to space the wells for a good recovery of the reservoir fluids against the economic costs of 

clustering wells in agglomerates. 

 

2.1.1.1 Satellite Well System, Clustered Well System, Template and Daisy Chain 

Satellite well system is an individual submarine well. This type of wells is usually used in small 

fields that require few wells. These wells are widely separated and each one is connected with its single 

flow line to a centrally located submarine or surface manifold (Figure 4.a) [12], [14]. 

The use of clustered subsea satellite well is less expensive than the use of widely spaced satellite 

wells. A single collector can be used to collect flows from all wells that are locally nearby making it 

possible to send all the flow to the processing system using a single line (Figure 4.b) [12], [14]. 

A template is a structure that provides guidance for a panoply of equipment and can also serve as 

the structural framework which supports other equipment, such as manifolds, risers, wellheads, drilling 

equipment and completion equipment (Figure 4.c) [12], [14]. 

The well template is used to group several subsea wells in a single location and the great benefits 

of this solution are to have the wells accurately located with the manifolds valves and piping incorporated 

into the template, and the pipes and jumpers can be fabricated and tested prior to implementation [14]. 

A daisy chain configuration links the wells one after the other, serially, across flow lines. These 

lines can be connected to the wells by submarine jumpers or directly to the flow base of the wells. This 

type of configuration is an economical solution compared to the cluster arrangement in the case of 

several satellite wells (Figure 4.d) [12], [14]. 

 

 

Figure 4 - a) Satellite well system [20] b) Clustered well system [21] c) Template [22] d) Daisy chain [20] 
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2.1.2 Equipment 

There is a large number of system components used in the oil and gas production. In this section 

only the most significant ones will be mentioned, namely: wellhead, Christmas-tree, manifolds, pipelines, 

risers, separators, gas treatment equipment, and gas compressors. 

Figure 5 shows a simplified overview for oil and gas production with the components that will be 

described. 

 

Figure 5 - Simplified oil and gas production overview [12] 

 

2.1.2.1 Wellhead and Christmas-Tree 

Subsea wellheads are the subsoil access door which, in addition to having equipment that regulates 

and monitors the extraction of hydrocarbons, also prevents blow-outs due to high pressure formations. 

The wellhead is the agglomeration of three components: the casing head, the tubing head and the 

“Christmas-tree”, also known as “x-tree” (Figure 6.a) [12], [14], [23], [24]. 

The “x-tree” can be described as an orderly grouping of valves, pipes, fitting, and connection placed 

on top of the wellbore. The orientation of the valves defines the type of tree used, in the vertical tree 

(VXT) the master valves are located above the tubing hanger and swap valves with the whole set 

stacked vertically, while in the horizontal tree (HXT) the valves are placed on the lateral side of the tree 

(Figure 6.b) [23]–[25]. 

 

Figure 6 - a) Wellhead [26] b) Christmas-tree [27] 
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2.1.2.2 Manifolds 

A manifold is a system that combines piping and valves designed to collect, distribute, control, and 

monitor the flows of various fluids. The subsea manifolds are installed on the subsea and can be single 

pipe (PLEM/PLET), with small size, to large structures. The size is chosen considering the number of 

wells, the way they are integrated into the system and their throughput (Figure 7.c) [12], [14], [28]. 

One of the countless advantages of using manifolds is the great simplification of the whole 

submarine system provided by them [14]. 

The test manifold is intended to direct fluids from one or more wells, is this case called test wells, 

to the test separator [12]. 

 

2.1.2.3 Pipelines and Risers 

Underwater pipelines are used to make the connection between: 

• The subsea wellhead and the manifold,  

• The manifold and any other component, such as separators, 

• Connects the underwater world to the surface installation. 

These pipelines can be rigid or flexible and are used to transport petrochemical products, lifting gas 

and injection water (Figure 7.a) [12], [14], [28], [29]. 

The risers are the specific portion of the submarine pipelines that connect the entire underwater 

structure to the host facilities on the surface. In terms of configuration, the raiser can either be completely 

vertical or they can make their way in a wavy mode, the option is taken especially considering the depth 

(Figure 7.b) [12], [14], [28], [29]. 

 

 

Figure 7 - a) Pipelines [30] b) Risers [31] c) Manifold [32] 

 

2.1.2.4 Separators 

Test Separators 

The test separators divide the flow from one or more test wells making possible to analyze it and 

measure it in detail, thus being possible to evaluate the behavior of the wells under different flow 

pressure conditions. The test is performed before the start of production and then at regular intervals to 

evaluate the integrity of the entire system. These separators may also be used, if necessary, to produce 

fuel gas to suppress energy needs [12]. 



 

9 

 

Production Separators: First Stage, Second Stage and Third Stage 

The production separators are intended to divide the gas, oil and water which are mixed in the 

source flow from the manifolds. This separation is usually done in three stages, with each of these 

stages using separators with specific conditions of pressure and temperature. The idea is to reduce the 

pressure of flow in a phased way because a large pressure reduction in a single separator would cause 

rapid vaporization leading to system instability and safety risks [12], [33]. 

The first stage separator is also known as high pressure separator, receives the flow from the high-

pressure manifolds. The mixture of gas, oil and water is retained in the separator during a period in 

which it undergoes a lowering of pressure so that the gas bubbles, the water stabilizes at the bottom 

and the oil is retained in the middle. After the first stage the water content is reduced to less than 5% 

(Figure 8) [12], [33]. 

The separator of second stage is identical to the high-pressure separator of the previous stage. 

There are two entrances to this separator, one is connected to the exit of the first stage separator, while 

the other is connected to the manifolds of lower pressures. The final product has a water content below 

2% [12], [33]. 

For the third, and last, stage is used a two-phase separator, also known as flash drum. This 

separator receives the product from the second stage and reduces its pressure to atmospheric values 

so that the last heavy gas components can boil off from the mixture. When the production is mostly 

composed of gas and there is a need to remove remaining liquid droplets, the two-phase separator may 

be a knockout drum [12], [33]. 

 

Figure 8 - Production Separator [34] 

 

Coalescer and Electrostatic Desalter 

If the flow collected by the manifolds has an unacceptable concentration of salts, such as sodium 

or magnesium, it is necessary to remove them. The removal is done by electrostatic desalter which can 

be placed after the first stage separator or at the exit of the second stage separator [12]. 

After leaving the separators, to remove the still existing water, the oil is sent to a coalescer. Within 

this unit there are electrodes that form an electric field capable of breaking the surface connections 

between the conductive water and the oil. The oil, at the end of the processing of this unit, has a water 

content of less than 0.1% [12]. 
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2.1.2.5 Gas Treatment and Compression 

The gas that leaving the separators, described in the previous point, is conveyed to the 

compressors, the one that leaves the first stage separator is transported to the compressor for high 

pressures while the one that leaves the second stage separator is routed to the compressor for low 

pressures [12], [33]. 

 

Heat Exchanger 

The higher the gas temperature, the more energy is required for its compression, since the gases 

are hot, both the one that leaves the separators and the one that is compressed, there is a need to cool 

them. Heat exchangers placed before the inlet of the compressors are used, making the compression 

more efficient, and soon after the compression to reach the temperature set for final storage and 

transport [12], [33]. 

 

Compressor 

Various types of compressors, with different characteristics, are used in many stages of gas 

production process, such as operating power, speed, pressure, and volume. 

• The reciprocating compressors are used for compressing low-capacity gas and injecting 

high pressure gas into the reservoir (Figure 9.a) [12], 

• The screw compressors are intended for the gathering of natural gas (Figure 9.b) [12], 

• The axial blade and fin type compressors are used in LNG plants (Figure 9.c) [12], 

• The centrifugal compressors are used in large installations (Figure 9.d) [12]. 

Compressors, that are expensive to replace, require careful maintenance by using auxiliary 

systems such as load management, vibration control and speed regulator. The first balances the load 

by the available compressors, the second identifies abnormal vibrations that are an indicator of 

problems, and the latter controls the fuel valves to maintain the speed of rotation [12], [33]. 

 

 

Figure 9 - Compressors: a) Reciprocating [35] b) Screw [12] c) Axial blade and fin type [12] d) Centrifugal [12] 
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2.1.3 New Trends: Tie-Back Development with Subsea Factory and Subsea to 

Shore 

There are two types of subsea development for new field discoveries, tie-back development, and 

stand-alone development. 

The stand-alone development, took centuries to be perfected and modernized, is currently the most 

implemented one. It requires the implantation of a platform, fixed or movable, in the place of the wells 

to explore. It is a model that has been working well framed by the technological advances of the last 

decades, the problem currently focuses on its economic viability in deep and ultra-deepwater 

exploration. This model is only feasible for large reservoirs due to high capital expenditure (CAPEX) and 

high operational expenditure (OPEX) being difficult to justify the return compared to the high risk, for 

this reason most of the small oil fields are ignored [36], [37]. 

The industry needed to look for a new model to respond to this problem and tie-back was developed 

for this purpose. The first steps of the model were given in the already existing platforms, in other words, 

taking advantage of the exploration of a large reservoir and having small oil fields relatively close, the 

systems of exploration of wells of these smaller fields were connected to the system of exploration of 

the wells of the large reservoir using the already existing platform for wider exploration [36]. 

The successful development and implementation aroused the interest for a greater role of this new 

model. Instead of just tying the tie-back to the already developed system it would be possible to use the 

new model autonomously, allowing to explore reservoirs distant from any platform already built. This 

search for autonomy of the model was the spark for the emergence of new concepts of storage and 

transportation of oil and gas such as subsea farms (Figure 10.a) and subsea to shore (Figure 10.b) [36]. 

The subsea farms are submarine complexes where all the equipment mentioned in the previous 

section are found and there are added deposits with capacity to store the product obtained from the 

subsoil. It works well with oil and a little worse with gas because it is difficult to store gas, even on the 

current platforms [12], [38]. 

In the subsea to shore concept there is again an underwater complex with all or virtually all the 

equipment referred to in the previous section. The idea here is not to store the exploration product in 

tanks but rather to transport it directly to an onshore complex through pipelines. Nowadays it works 

better with gas than with oil, because at long distances it is difficult to presently conserve the heat of the 

production fluids. As fluids approach negative sea-bed temperatures, they begin to create solid deposits 

that quickly block the system partially or completely, in other words, the flow assurance of oil produced 

over long distances has been one of the major obstacles for this concept not to have much more 

implementation right now. The flow assurance is the representation of the set of techniques and 

mechanisms that guarantee that all the fluids, explored in the reservoir, flows to the production units 

[36]. 

These two emerging concepts can work separately and together, however, until it is possible to 

have an acceptable flow guarantee, more effective corrosion protection, better ways to provide electrical 

power to the system, and better equipment for the entire oil separation process, gas and water, under 

conditions of great depth, it will not be possible to implement the concepts comprehensively [36]–[38]. 
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With the autonomy of the tie-back model, while avoiding the costs of investing in the construction 

of an offshore platform, the capital costs to put all the equipment in the subsea will be high because they 

are technically more developed and more expensive than their peers which are found on platforms. 

However, operating costs will decline significantly, mainly due to the elimination of the workforce 

installed at sea. The lack of platforms has positive impacts in terms of safety, on one hand, since there 

are no longer people on the high seas, as well as the environmental impact, on the other hand [36], [37]. 

Despite higher initial CAPEX, the short-term OPEX allow large economic gains in the long run, 

however this will only be confirmed using very reliable equipment since the costs of repairs and 

replacements will be high, and could be potentially ruinous if the failures block the whole system [37]. 

 

 

Figure 10 - a) Subsea factory [39] b) Subsea to shore [36] 

 

2.2 Basic Reliability Concepts 

In this first subsection, the concept of reliability will be defined as well as some associated concepts 

such as quality, availability, maintainability, safety, security, and dependability. Next it is important to 

define the concept of failure, also highlighting the differences of this concept for the concepts of fault, 

error and mistakes. Finally, the concept of time to failure is presented. 

Secondly, measures of reliability of non-repairable items will be discussed. The items can refer to 

both small components and large systems, and the classification of non-repairable is given to any item 

where the study only concentrates until the first failure occurs, even if this item is subsequently repaired, 

for the study that repair is not considered. The measures of reliability indicated are the reliability function 

also known as survival function, the cumulative distribution function of the time to failure, the failure 

density function, the failure rate function that is often described as hazard function, the mean time to 

failure, median life, mode of life distribution and mean residual life. 

Probabilistic distributions and discrete distributions will follow. The probabilistic distributions 

presented will be the exponential, the Weibull and the lognormal, while the discrete distribution will be 

the Poisson distribution. 

Some qualitative systems analysis tools will be presented, with the most important ones to be the 

failure modes and effects analysis and failure modes, effects, and criticality analysis, the fault tree 

analysis and the Bayesian belief networks.  

Finally, the accelerated life testing will be referred. 
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2.2.1 Definitions: Reliability and Related Concepts 

2.2.1.1 Reliability and Quality 

The evolution of the highly competitive capitalist market has led to a growing need to improve the 

performance of products and systems while reducing their costs. To achieve these ambitious goals, it is 

considered as a mandatory requirement to minimize the probability of failure, that is, to make products 

and systems more reliable [40]. 

By common sense a reliable product or system is the one that performs its functions successfully 

without breakdowns or failures. This description is generally correct, however, for a more concrete 

analysis of this theme, it becomes imperative to define the term of reliability, as others associated with 

it, in a more precise way [40], [41]. 

In relation to reliability one of the possible definitions, and one of the oldest, for this term can be 

found in one of the IEEE standards [42], “The ability of a system or component to perform its required 

functions under stated conditions for a specified period of time”. 

The definition has evolved over time and its modern form has been transcribed to an ISO standard 

[43], “The ability of an item to perform a required function, under given environmental and operational 

conditions and for a stated period of time”.  

Reliability requirements should be based on five factors: failure criteria, equipment or system 

application, environmental conditions, operating conditions, and the methods that will be applied to 

determine the requirement. Reliability can be measured in a range of ways, with mean time to failure, 

the number of failures per unit time, also known as failure rate, the probability of an item does not fail in 

a time interval (0, 𝑡) and the probability of an item is able to function at time 𝑡, four of the most commonly 

used forms [44], [45]. 

The quality of a system or product is described by combining two assumptions in the IEEE standard 

[42] as “The degree to which a system, component, or process meets specified requirements” and “The 

degree to which a system, component, or process meets customer or user needs or expectations”. By 

ISO standard [43] the description given is “The totality of features and characteristics of a product or 

service that bear on its ability to satisfy stated or implied needs”.  

Popularly the quality is evaluated by the greater or lesser conformity of the product with the 

specifications when it was produced. Taking these quality descriptions into account, it is possible to 

conclude that reliability is an extension of quality in the time domain, in other words, the item under study 

acquires its quality at the moment it is produced and is reliable if it can maintain that quality over time 

[44]. 

 

2.2.1.2 Availability, and Maintainability 

The BS standard [46] defines availability as “The ability of an item (under combined aspects of its 

reliability, maintainability and maintenance support) to perform its required function at an instant stated 

of time or over a period of time”. According to the IEEE standard [42], availability is described as “The 

degree to which a system of components is operational and accessible when it is required to use. Often 

expressed as a probability”.  
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Taking the last description above it is important to note that there is the possibility of distinguishing 

the availability at time 𝑡 (𝐴(𝑡)), which is translated by a probability, and the asymptotic availability (𝐴∞) 

[44]. 

 

 𝐴(𝑡) = 𝑃(𝑖𝑡𝑒𝑚 𝑖𝑠 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑖𝑛𝑔 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡) (1) 

 

The term "functioning" in Equation (1) means that the item is actively operating or is capable of 

operating if requested. 

The asymptotic availability denotes the mean proportional time an item is functioning, it can cover 

both the period up to the first failure and all periods in which the item, after the failure, is repaired in an 

"as good as new" condition and subsequently continues to run. 

 

 𝐴∞ =
𝑀𝑇𝑇𝐹

𝑀𝑇𝑇𝐹 + 𝑀𝑇𝑇𝑅
 (2) 

 

The term MTTF is found in both numerator and denominator, whereas MTTR only appears in the 

denominator. If there is interest in the study of the second type of period mentioned above, in which the 

item is repaired to an “as good as new” condition, it is necessary to change MTTF, as a reference 

measure, to MTBF. All these terms will be discussed in more detail in subsection 2.2.2.5. 

For the specific case under study, gas and oil production system, the average availability can be 

called production regularity [44]. 

The BS standard [46] defines maintainability as “The ability of an item, under stated conditions of 

use, to be retained in or restored to, state in which it performs its required functions, when maintenance 

is performed under stated conditions and using prescribed procedures and resources”.  

Maintainability is the most important factor in determining the availability of an item, due to this 

umbilical relationship with availability and of these two with the reliability the RAM concept is often used 

[44]. 

 

2.2.1.3 Dependability, Safety, and Security 

Dependability is a curious term, which is the subject of some slight discordance among experts. 

For Laprie [47], dependability is defined by “Trustworthiness of a system such that reliance can 

justifiably be placed on the service delivers”. However, despite considering it a synonym for reliability, 

in its comments to its definition it is argued that dependability is a global concept that groups the 

attributes of reliability, availability, safety, and security.  

The IEC standard [48] defines as “The collective term used to describe the availability performance 

and its influencing factors: reliability performance, maintainability performance and maintenance support 

performance”.  
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If safety and security are included in the definition of dependability, it becomes identical to the 

definition of the RAMS concept. RAMS is a concept that encompasses the RAM notion adding safety. 

Safety and security are difficult to distinguish by common sense, for the theme in which this thesis 

is inserted, the concept of safety is commonly used about random hazards, while the concept of security 

is used as a reference for deliberate hostile actions [44]. 

Regarding the definition of safety, one of the standards that can be used is given by the Department 

of Defense of United States of America [49] “Freedom from those conditions that can cause death, 

injury, occupational illness, or damage to or loss of equipment or property, or damage to the 

environment”.  

The beginning of the definition generates a lot of controversy, “freedom from” is somewhat utopic 

because there are no human activities that do not involve some risk, with this in mind, some alternative 

definitions have replaced this controversial expression with “an acceptable level of risk”. 

The term security is widely used in relation to computer systems, and in this context a possible 

definition given by Laprie [47] is “Dependability with respect to prevention of unauthorized access to 

and/or handling of information”. For the subject under study it is possible to adapt this definition to a 

more comprehensive “Dependability with respect to prevention of deliberate hostile actions”.  

 

2.2.1.4 Failure, Fault, Error and Mistake 

Failures, faults, errors and mistakes are difficult to distinguish by common sense. The precise 

definitions can be found in one of the IEC standards [50]. 

Failure is defined as “The termination of the ability of an item to perform a required function”, a fault 

is described as “The state of an item characterized by inability to perform a required function, excluding 

the inability during preventive maintenance or other planned actions , or due to lack of external 

resources”, the error is characterized as “The discrepancy between a computed, observed or measured 

value or condition and the true, specified or theoretically correct value or condition”, and finally, the 

mistake is designated as “A human action that produces an unintended result”.  

The main difference between failure and fault is that the first is an event while the second is a state 

that results from that event, that failure, in other words, after failure the item has a fault. A fault is often 

the result of a failure of the item itself, however it may exist without a previous failure [44]. 

An error, sometimes called an incipient failure, may be caused by a defective item, however it is 

not a fault because it is still within the acceptable limits of deviation from the desired performance [44]. 

A mistake is a very particular type of error and is therefore often referred to as human error, and 

this designation is easily perceptible by the definition referred to above [44]. 

 

2.2.1.5 Time to Failure 

The time to failure of an item has the meaning of the time that passes since the item is put into 

operation until its first failure, using 𝑡 = 0 as the starting point [40], [44]. 



 

16 

 

It is a random variable and is not necessarily measured in time criteria, such as years, days or 

hours, depending on the cases, the criteria can be distance, number of work cycles, number of machine 

rotations, among others [40], [44]. 

The time to failure is typically approximated to a continuous variable with probability density function 

𝑓(𝑡) and cumulative distribution function 𝐹(𝑡). 

 

2.2.2 Reliability Measures and Failure Models 

2.2.2.1 Reliability Function 

The reliability function 𝑅(𝑡) is the probability that the item does not fail in the range (0, 𝑡). It can also 

be seen as the probability of the item surviving a given time interval (0, 𝑡) and for this reason is also 

known as survivor function [40], [44]. 

 

 𝑅(𝑡) = 𝑃(𝑇 > 𝑡)   𝑓𝑜𝑟 𝑡 > 0 (3) 

 

As it is noted by the Equation (3) it is necessary that the time (𝑇) until the failure of the item is 

superior to the interval of time measured (0, 𝑡). 

 

2.2.2.2 Failure Cumulative Distribution Function 

The failure cumulative distribution function 𝐹(𝑡) is also known as a cumulate distribution function 

of time to failure, gives the probability of failure time (𝑇) to be less than the specified time interval (0, 𝑡), 

in other words, it is the probability of the system to fail before time 𝑡 [40]. 

The cumulative distribution function is often indicated by its initials CDF. 

 

 

2.2.2.3 Failure Density Function 

The failure density function 𝑓(𝑡) is the probability density function of the failure time. Describes how 

the probability of failure is spread over time [40]. 

Its basic properties are: the function is always non-negative and the total area below the function 

is always equal to one [40]. 

The probability density function is often indicated by its initials PDF. 

 

 𝑓(𝑡) =
𝑑

𝑑𝑡
𝐹(𝑡) = lim

∆𝑡→0

𝐹(𝑡 + ∆𝑡) − 𝐹(𝑡)

∆𝑡
 (5) 

 

 𝐹(𝑡) = 1 − 𝑅(𝑡) = ∫ 𝑓(𝑢)𝑑𝑢
𝑡

0

  𝑓𝑜𝑟 𝑡 > 0 (4) 
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2.2.2.4 Failure Rate Function 

The failure rate function is also called hazard function or mortality rate function. It is the function 

that describes the probability of item failing per unit of time, knowing that this same item has not yet 

failed at time 𝑡, in other words, the probability of item going to fail in the interval of time (𝑡, 𝑡 + ∆𝑡) knowing 

that works at time 𝑡 [40], [44]. 

 

 𝑧(𝑡) = ℎ(𝑡) = 𝜆(𝑡) = lim
∆𝑡→0

𝐹(𝑡 + ∆𝑡) − 𝐹(𝑡)

∆𝑡

1

𝑅(𝑡)
=
𝑓(𝑡)

𝑅(𝑡)
 (6) 

 

Through empirical processes it is possible to perceive the shape of the curve that illustrates the 

estimation of the function of the failure rate, due to its peculiar shape, this curve is known as “bathtub 

curve” (Figure 11) [40], [44]. 

 

 

Figure 11 - Bathtub curve [40] 

 

From Figure 11 it is possible to observe the existence of three well defined regions. 

The first region is called burn-in region or infant mortality region, it is the initial phase that is 

characterized by a high failure rate that decreases until reaching a stabilization. This high failure rate is 

usually related to deficiencies in design, manufacturing or assembly. It is the area of life of the items in 

which the human error most contributes to the occurrence of failures, this error can occur both in the 

installation of the items as in their operation. It is possible to reduce the failure rate of this period through 

factory testing before distributing the product to consumers [40], [44]. 

The second region is called useful life region, also known as chance life region. It has, as its main 

characteristic, a practically constant failure rate. The failures in this region have little to do with age, 

wear or degradation and for this reason preventive maintenance has no influence on the failure rate 

[40]. 

The third and last region is known as wear-out region and is characterized by increased failure rate 

at par with increasing age due to the accumulated wear and the degradation that the item is suffering 

due to environmental conditions such as corrosion, fatigue, creep, among others [40], [44]. 
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Figure 12 - a) Typical failure rate function of mechanical components b) Typical failure rate function of electronic 
components [40] 

 

For the great majority of mechanical items, as can be observed in the Figure 12.a), the failure rate 

function usually reveals the trend of constant increase in the useful life region, thus making little visible 

the transition between this region and the wear-out region [40], [44]. 

As for electronic items, the failure rate function in the burn-in and wear-out regions has an inverse 

similar behavior, with similar maximum failure rate values (Figure 12.b). In the first region this value 

decreases to the useful life region while in the wear-out region the rate increases from the useful life 

region to the end of the item life. The maximum and minimum failure rate value over the lifetime of the 

item is quite close [44]. 

 

2.2.2.5 Mean Time to Failure, Mean Time Between Failures, and Mean Time to 

Repair 

The MTTF, initials for mean time to failure, is a measure that can be defined as the amount of 

expected time that the item remains in operation for a non-repairable items, in other words, the time that 

the non-repairable item runs until failure occurs [40], [44]. 

 

 𝑀𝑇𝑇𝐹 = 𝐸(𝑡) = ∫ 𝑡𝑓(𝑡)𝑑𝑡
∞

0

 (7) 

 

The use of this measure as a reference presupposes that the possible repair of the item is not taken 

into account. If the possibility of repair is considered, the reference measure becomes the MTBF, that 

means mean time between failures [40], [41], [44]. 

The mean time between failures describes the expected time between two failures for a repairable 

item. The expression used for its calculation is equal to the MTTF (Equation (7)) the possible repair of 

the system being the defining factor to know which of the measures is calculated by the formula. It is 

important to note that the MTTR, which stands for mean time to repair, is inserted in the value of MTBF 

but not in the value of MTTF, that is easily perceptible for the existence, or not, of repair [41], [44]. 

The MTTR is the average time needed to solve and repair problems and equipment that have failed 

to return to normal operating conditions. It is a measure of the capacity of maintenance of equipment 

and parts, considering that the maintenance time is defined as the time between the beginning of the 

incident until the moment the system returns to its normal state [40], [41], [44]. 
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 𝑀𝑇𝑇𝑅 =
𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑡𝑖𝑚𝑒

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑝𝑎𝑖𝑟𝑠
 (8) 

 

Mathematically, as can be seen in the Equation (8), MTTR is calculated by dividing the total 

maintenance time by the total number of maintenance actions during a specific period [40], [41], [44]. 

Ultimately, MTTR is an important measure within an organization to understand its responsiveness 

to solving and repairing a problem [40], [41], [44]. 

 

2.2.2.6 Median Life, Mode of Life Distribution, and Mean Residual Life 

The median life and the mode of life distribution are alternative measures to the mean time to failure 

[44]. 

Median life (𝑡𝑚) divides the distribution into two halves where there is a 50% probability of the item 

failing before 𝑡𝑚 and there is a 50% possibility of the item failing after 𝑡𝑚 [44]. 

 

 𝑅(𝑡𝑚) = 0.50 (9) 

 

The mode of life distribution (𝑡𝑚𝑜𝑑𝑒) is the most probable failure time, in other words, it is the value 

of the time at which the probability density function reaches its maximum [44]. 

 

 𝑓(𝑡𝑚𝑜𝑑𝑒) = max
0≤𝑡<∞

𝑓(𝑡) (10) 

 

The probability that an item with an age 𝑡 survives another 𝑥 interval of time is given by the Equation 

(10). Considering that 𝑅(𝑥|𝑡) is called a conditional survivor function of an item at age 𝑡 [44]. 

 

 𝑅(𝑥|𝑡) =
𝑅(𝑥 + 𝑡)

𝑅(𝑥)
 (11) 

 

The MRL, initials for mean residual life, of an item is given by the Equation (12) [44]. 

 

 𝑀𝑅𝐿(𝑡) = 𝜇(𝑡) =
1

𝑅(𝑡)
∫ 𝑅(𝑥)𝑑𝑥
∞

𝑡

 (12) 

 

 𝑔(𝑡) =
𝑀𝑅𝐿(𝑡)

𝑀𝑇𝑇𝐹
 (13) 

 

When an item survives longer than time 𝑡, it is possible to indicate MRL as a percentage of the 

initial MTTF by 𝑔(𝑡), as can be seen in the Equation (13) [44]. 
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2.2.2.7 Discrete Distribution 

The Poisson distribution turns out to be the discrete distribution with a greater interest to be referred 

in the context of this thesis. This interest arises due to its particular relation to the exponential continuous 

distribution, it is possible to affirm that the exponential distribution derives from the Poisson distribution. 

This relationship will be further demonstrated. 

 

Poisson Distribution and Homogeneous Poisson Process 

The Poisson distribution is a widely used discrete probability distribution in the representation of 

occurrences of a particular event over space and time [44]. 

 

 𝑃(𝑁𝑃𝑆𝑆 = 𝑛𝑃𝑆𝑆) =
(𝜆𝑎𝑣 𝑃𝑆𝑆)

𝑛𝑃𝑆𝑆

𝑛𝑃𝑆𝑆!
𝑒−𝜆𝑎𝑣 𝑃𝑆𝑆   𝑓𝑜𝑟 𝑛𝑃𝑆𝑆 = 0,1,2, … (14) 

 

The 𝑁𝑃𝑆𝑆, which is found in Equation (14), represents the uncertain number of occurrences of the 

event in a unit of time or space. The 𝜆𝑎𝑣 𝑃𝑆𝑆 is the shape parameter that indicates the average number 

of events in the specified time or space interval [51]. 

This distribution has as mean (𝐸(𝑁𝑃𝑆𝑆)) and variance (𝑣𝑎𝑟(𝑁𝑃𝑆𝑆)) of 𝑁𝑃𝑆𝑆 the following expressions: 

 

 𝐸(𝑁𝑃𝑆𝑆) = 𝜆𝑎𝑣 𝑃𝑆𝑆 (15) 

 

 𝑣𝑎𝑟(𝑁𝑃𝑆𝑆) = 𝜆𝑎𝑣 𝑃𝑆𝑆 (16) 

 

The homogeneous Poisson process (HPP) is used to model the occurrence of a specific event over 

a previously defined time interval. To be able to use this model it is necessary that the following 

conditions are fulfilled [44], [52]: 

1. The number of occurrences of the event in non-overlapping intervals are statistically 

independent. 

2. The probability of an event occurring in intervals of equal length is the same, depending 

only on the duration of the interval. 

3. The probability of an event occurring in a vanishingly small-time interval is negligible.  

The Equation (14) can be adapted if instead of 𝜆𝑎𝑣 𝑃𝑆𝑆 is given the time rate for the event to occur 

𝜆𝑃𝑆𝑆, the relationship between 𝜆𝑎𝑣 𝑃𝑆𝑆 and 𝜆𝑃𝑆𝑆 is: 

 

 𝜆𝑃𝑆𝑆 =
𝜆𝑎𝑣 𝑃𝑆𝑆
𝑡

  (17) 

 

With this adaptation, the Poisson distribution can be expressed by: 

 



 

21 

 

 𝑃(𝑁𝑃𝑆𝑆(𝑡) = 𝑛𝑃𝑆𝑆) =
(𝜆𝑃𝑆𝑆𝑡)

𝑛𝑃𝑆𝑆

𝑛𝑃𝑆𝑆!
𝑒−𝜆𝑃𝑆𝑆𝑡    𝑓𝑜𝑟 𝑛𝑃𝑆𝑆 = 0,1,2, … (18) 

 

The variable 𝑁𝑃𝑆𝑆(𝑡), found in Equation (18), denotes the number of times the event occurs during 

the time interval (0, 𝑡). The consequence of the first condition, described above, to be fulfilled is the 

occurrence rate of the events remaining constant throughout the time interval [44], [52]. 

By Equation (3) and Equation (4) it is known that: 

 

𝐹(𝑡) = 𝑃(𝑇 ≤ 𝑡) = 1 − 𝑃(𝑇 > 𝑡) 

 

Considering that 𝑃(𝑇 > 𝑡) means the probability of occurring zero events in the time interval of 

(0, 𝑡), then: 

 

𝑃(𝑇 > 𝑡) = 𝑃(𝑁𝑃𝑆𝑆(𝑡) = 0) =
(𝜆𝑃𝑆𝑆𝑡)

0

0!
𝑒−𝜆𝑃𝑆𝑆𝑡 

 

Taking this last expression and the previous one, 𝐹(𝑡) can then be expressed by: 

 

𝐹(𝑡) = 1 − 𝑒−𝜆𝑃𝑆𝑆𝑡 

 

Finding an expression that is the CDF for the exponential distribution. 

The mean number (𝐸(𝑁𝑃𝑆𝑆(𝑡))) and the variance (𝑣𝑎𝑟(𝑁𝑃𝑆𝑆(𝑡))) in the time interval (0, 𝑡) are: 

 

 𝐸(𝑁𝑃𝑆𝑆(𝑡)) = 𝜆𝑃𝑆𝑆𝑡 (19) 

 

 𝑣𝑎𝑟(𝑁𝑃𝑆𝑆(𝑡)) = 𝜆𝑃𝑆𝑆𝑡 (20) 

 

The homogeneous Poisson process is only one type of counting process described here as an aid 

to present the Poisson distribution, but it is important to point out three other types of counting process 

that are intrinsically related: the renewal process, the nonhomogeneous Poisson process (NHPP) and 

the imperfect repair processes [44]. 

Figure 13 shows the relationships between these four counting processes and the type of repairs. 

Both renewal process and NHPP have HPP as a very particular case. 

The renewal process is a counting process where, like HPP, the number of occurrences of the 

event in non-overlapping intervals are statistically independent, but different from HPP, in which the 

number of occurrences of the event is exponentially distributed with the same parameter 𝜆𝑃𝑆𝑆, in this 

case the number of occurrences of the event is distributed identically through an arbitrary distribution of 
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life. This process assumes that in case of failure the item is replaced or restored to an “as good as new” 

condition, this being considered as a perfect repair [44]. 

The NHPP counting process differs from HPP because the parameter 𝜆𝑃𝑆𝑆 is not constant. This 

has non-independence and non-identical distribution for the number of occurrences of the event at non-

overlapping time intervals as obvious implications. This model is mainly used in systems with a minimal 

repair strategy, and the minimal repair means that the repair is only to keep it running, in other words, 

the system is repaired to an "as bad as old" condition [44]. 

Both the renewal process and NHPP represent the two extremes of the types of repair strategy, 

however most repairs are between extremes, so-called imperfect repairs, or normal repairs. There are 

several models that can be used to study this strategy of imperfect repairs such as the Brown and 

Proschan's model, the failure rate reduction models, the age reduction models, among others [44]. 

 

 

Figure 13 - Relationship between type of repairs and counting processes [44] 

 

2.2.2.8 Continuous Distributions 

Exponential Distribution 

Because it leads to realistic lifetime models for an extended range of items and has mathematical 

simplicity form, the exponential distribution is one of the most commonly used distribution in reliability 

analysis [40], [44]. 

The complete name of this distribution is exponential distribution with the parameter 𝜆𝐸𝐷, and can 

be symbolized by 𝑇~exp (𝜆𝐸𝐷). 

 

 𝑓(𝑡) = 𝜆𝐸𝐷𝑒
−𝜆𝐸𝐷𝑡    𝑓𝑜𝑟 𝑡 ≥ 0 𝑎𝑛𝑑 𝜆𝐸𝐷 > 0 (21) 

 

The Equation (21) represents the PDF of the time to failure 𝑇 of the item. 

The mean time to failure and the variance of 𝑇 are: 

 

 𝑀𝑇𝑇𝐹 = ∫ 𝑒−𝜆𝐸𝐷𝑡𝑑𝑡
∞

0

=
1

𝜆𝐸𝐷
 (22) 

 

 𝑣𝑎𝑟(𝑇) =
1

𝜆𝐸𝐷
2  (23) 
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Weibull Distribution 

Historically developed to model material resistance, it adequately describes observed failures of 

many different types of components and phenomena. For this reason, the Weibull distribution is one of 

the most well-known life distributions. This distribution can be used with the use of three parameters, 

signaled by 𝑇~𝑊𝑒𝑖𝑏𝑢𝑙𝑙(𝛼𝑊𝐷 , 𝛽𝑊𝐷 , 𝜏𝑊𝐷), or only with the use of two parameters, usually signaled by 

𝑇~𝑊𝑒𝑖𝑏𝑢𝑙𝑙(𝛼𝑊𝐷 , 𝛽𝑊𝐷). For the three-parameters Weibull distribution the CDF is [44]: 

 

 𝐹(𝑡) = 1 − 𝑒
−(
𝑡−𝜏𝑊𝐷
𝛼𝑊𝐷

)
𝛽𝑊𝐷

   𝑓𝑜𝑟 𝑡 ≥ 𝜏𝑊𝐷 , 𝛼𝑊𝐷 > 0, 𝛽𝑊𝐷 > 0 𝑎𝑛𝑑 𝜏𝑊𝐷 ≥ 0 
(24) 

 

Where the 𝛼𝑊𝐷 is a scale parameter, the 𝛽𝑊𝐷 is the shape parameter and the 𝜏𝑊𝐷 is the location 

parameter. 

An alternative but also very common form in the literature for the indication of the CDF of this 

distribution is: 

 

 𝐹(𝑡) = 1 − 𝑒−𝜆𝑊𝐷(𝑡−𝜏𝑊𝐷)
𝛽𝑊𝐷    𝑓𝑜𝑟 𝑡 ≥ 𝜏𝑊𝐷 , 𝜆𝑊𝐷 > 0 𝑎𝑛𝑑 𝜏𝑊𝐷 ≥ 0 (25) 

 

The major difference found in this formulation is the inclusion of a 𝜆𝑊𝐷 parameter, and this 

parameter combines both scale and shape features, being 𝜆𝑊𝐷 = 𝛼𝑊𝐷
−𝛽𝑊𝐷  [53]. 

The PDF for the three-parameter Weibull distribution is: 

 

 𝑓(𝑡) = 𝛽𝑊𝐷𝜆𝑊𝐷(𝑡 − 𝜏𝑊𝐷)
𝛽𝑊𝐷−1𝑒−𝜆𝑊𝐷(𝑡−𝜏𝑊𝐷)

𝛽𝑊𝐷    𝑓𝑜𝑟 𝑡 ≥ 𝜏𝑊𝐷 , 𝜆𝑊𝐷 > 0, 𝛽𝑊𝐷 > 0 𝑎𝑛𝑑 𝜏𝑊𝐷 ≥ 0 (26) 

 

If the location parameter 𝜏𝑊𝐷 is not considered, and therefore 𝜏𝑊𝐷 takes the value of zero, it is 

possible to transform the functions above to be a reference of a two-parameter Weibull distribution [53]. 

For the of two-parameters Weibull distribution the CDF, the PDF, the mean time to failure and the 

variance of 𝑇 are: 

 

 𝐹(𝑡) = 1 − 𝑒−𝜆𝑊𝐷𝑡
𝛽𝑊𝐷    𝑓𝑜𝑟 𝑡 ≥ 0, 𝜆𝑊𝐷 > 0 𝑎𝑛𝑑 𝛽𝑊𝐷 > 0 (27) 

 

 𝑓(𝑡) = 𝛽𝑊𝐷𝜆𝑊𝐷𝑡
𝛽𝑊𝐷−1𝑒−𝜆𝑊𝐷𝑡

𝛽𝑊𝐷    𝑓𝑜𝑟 𝑡 ≥ 0, 𝜆𝑊𝐷 > 0 𝑎𝑛𝑑 𝛽𝑊𝐷 > 0 (28) 

 

 𝑀𝑇𝑇𝐹 =
1

𝜆𝑊𝐷
Γ (

1

𝛽𝑊𝐷
+ 1) (29) 

 

 𝑣𝑎𝑟(𝑇) =
1

𝜆𝑊𝐷
2 (Γ (

2

𝛽𝑊𝐷
+ 1) − Γ2 (

1

𝛽𝑊𝐷
+ 1)) (30) 
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The Weibull distribution may have other designations in special cases: 

1. When 𝜏𝑊𝐷 = 0 and 𝛽𝑊𝐷 = 1, the Weibull distribution becomes the exponential distribution 

with failure rate 𝜆𝑊𝐷 [53]. 

2. When 𝜏𝑊𝐷 = 0 and 𝛽𝑊𝐷 = 2, the Weibull distribution becomes the Rayleigh distribution 

[53]. 

3. If the Weibull variable is denoted by 𝑋𝑊𝐷 then −𝑋𝑊𝐷 has a type III extreme-value 

distribution [54]. 

4. The Weibull distribution can be transformed into the Gumbel distribution through a 

logarithmic transformation. The Gumbel distribution is a type I extreme-value distribution 

[44], [53]. 

 

Lognormal Distribution 

If a variable 𝑌𝐿𝑁𝐷 follows a normal distribution with a mean value 𝑚𝑁𝐷 and variance 𝜎𝑁𝐷
2 , and if 

𝑌𝐿𝑁𝐷  = ln 𝑇, where 𝑇 is the time for failure, then the variable 𝑇 follows a lognormal distribution with mean 

value 𝑚𝑁𝐷 and variance 𝜎𝑁𝐷
2 , usually signaled by 𝑇~𝑙𝑜𝑔𝑛𝑜𝑟𝑚𝑎𝑙(𝑚𝑁𝐷 , 𝜎𝑁𝐷

2 ) [40], [44]. 

The CDF and the PDF for the lognormal distribution with any values of 𝑚𝑁𝐷 and 𝜎𝑁𝐷
2  are: 

 

 𝐹(𝑡) = Φ(
ln 𝑡 − 𝑚𝑁𝐷

𝜎𝑁𝐷
) =

1

2
(1 + 𝑒𝑟𝑓 (

ln 𝑡 − 𝑚𝑁𝐷

√2 ∙ 𝜎𝑁𝐷
))    𝑓𝑜𝑟 𝑡 > 0 (31) 

 

 𝑓(𝑡) = 𝜙 (
ln 𝑡 − 𝑚𝑁𝐷

𝜎𝑁𝐷
) =

1

√2𝜋 ∙ 𝜎𝑁𝐷 ∙ 𝑡
𝑒
−
(ln 𝑡−𝑚𝑁𝐷)

2

2𝜎𝑁𝐷
2

   𝑓𝑜𝑟 𝑡 > 0 (32) 

 

Knowing that Φ(𝑡) and 𝜙(𝑡) are the CDF and PDF of the standard normal distribution, which is the 

special case of the normal distribution when 𝑚𝑁𝐷 = 0 and 𝜎𝑁𝐷
2 , defined by: 

 

 Φ(𝑡) =
1

2
(1 + 𝑒𝑟𝑓 (

𝑡

√2
))    𝑓𝑜𝑟 − ∞ < 𝑡 < ∞ (33) 

 

 𝜙(𝑡) =
1

√2𝜋
𝑒−

𝑡2

2    𝑓𝑜𝑟 − ∞ < 𝑡 < ∞ (34) 

 

The mean time to failure and the variance of 𝑇 for the lognormal distribution with any values of 𝑚𝑁𝐷 

and 𝜎𝑁𝐷
2  are: 

 

 𝑀𝑇𝑇𝐹 = 𝑒
𝑚𝑁𝐷+𝜎𝑁𝐷

2

2  (35) 
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 𝑣𝑎𝑟(𝑇) = 𝑒2𝑚𝑁𝐷 (𝑒2𝜎𝑁𝐷
2
− 𝑒𝜎𝑁𝐷

2
) (36) 

 

This distribution is widely used as a distribution for the repair time and for fatigue failure analysis. 

The Burr XII distribution, a distribution very similar to the lognormal distribution, is sometimes used 

for the same purposes because, by its form, it simplifies the calculation of the percentiles and the 

likelihood function for censored data and for having algebraic tail which is very effective at modeling 

failures occurring less frequently than with corresponding models based on exponential tails [55]. 

Regarding the fatigue failure analysis, if fatigue can be attributed to a sinusoidal stress cycle, it is 

known that within a limited area of the stress range 𝑠𝐹𝐹𝐴, the number 𝑁𝐹𝐹𝐴 of cycles to failure will roughly 

satisfy the equation: 

 𝑁𝐹𝐹𝐴𝑠𝐹𝐹𝐴
𝑏𝐹𝐹𝐴 = 𝑐𝐹𝐹𝐴 (37) 

 

Normally it is assumed that the number 𝑁𝐹𝐹𝐴 follows a lognormal distribution. In cases where fatigue 

cannot be attributed to a sinusoidal stress cycle, the above formula cannot be applied directly, and a 

procedure must be used for these situations.  

A new life distribution based on the stochastic interpretation of the Miner rule, one of the oldest and 

most common rules to use as a procedure, was created to circumvent these cases. This distribution is 

called the Birnbaum-Saunders, the name of its creators [56]. 

 

2.2.3 Qualitative and Quantitative System Analysis 

The main concerns of reliability engineering are to identify potential failures and then to prevent 

them from occurring. The qualitative and quantitative system analysis are two of the most commonly 

used tools to deal with these concerns, both of which are based on specific methods [44]. 

There are several methods that can be considered as basis in this type of analysis, these includes: 

• Both Failure Modes, Effects and Analysis (FMEA) and their evolution Failure Modes, 

Effects and Critical Analysis (FMECA) are used to identify potential failure modes for each 

component of the system being studied and then to study the effects that these failures 

can have in both the component and the system in general. It is seen as a tool of great use 

in the design phase however it is also very important in maintenance planning. 

• Fault Tree Analysis (FTA) is a method that exposes all possible combinations of potential 

failures and events that can cause a system failure. It is a method that can gain a 

quantitative dimension if the estimated probabilities of the basic events are known. 

• Cause and effect diagrams, widely used in quality engineering, are used in reliability 

engineering to find potential causes for system failures. It is a qualitative only method. 

• The Bayesian belief network is used to identify and represent the potential causes for 

system failures. It is possible to give this method a quantitative dimension by introducing 

probability distributions into the various potential causes. This Bayesian belief network is a 

much more flexible than the aforementioned fault tree analysis method. 
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• The event tree analysis is an inductive technique that analyzes the development that the 

deviations of the system can have, studying the possible events that occur after this 

deviation. 

• The reliability block diagram is a network that represents how the various functional blocks 

can ensure the full operation of the system. The structure of these blocks can be translated 

mathematically by structural functions that are used to calculate the system reliability 

indices. 

 

2.2.3.1 Failure Modes, Effects and Analysis and Failure Modes, Effects and 

Critically Analysis 

Failure Modes 

A failure mode is a description of the failure, and this description is made initially by its identification 

and later by its classification [44], [57]. 

In order to be able to identify the failure, it is necessary to study the outputs of the various functions. 

The functions can have several outputs or only one, some outputs can have a very restricted definition 

while others are more ambiguous, having a final value as a target but allowing an acceptable deviation 

[44], [57]. 

In terms of classification, a suggested scheme divides failures into intermittent, when they result 

from a loss of functions only in a short period of time and, after reversal, the block becomes fully 

functional, and extended, when the loss of functions remains until repair or replacement of the block. 

The extended faults can be divided into complete, the operation of the block is non-existent, or partial, 

the block loses functions but is not completely inoperative [58]. 

Both complete and partial failures are subdivided into sudden, when they were impossible to predict 

a priori, and gradual, when it was possible to predict even if sometimes this prediction is a difficult task. 

It is important to note that in the suggested scheme if the amplified failure is complete and 

simultaneously sudden it is classified as catastrophic and if it is partially and simultaneously gradual it 

is classified as degraded [58]. 

 

Failure Causes and Effects 

The functions of the system, as a whole, are a set of sub-functions interconnected and hierarchized 

with each other. This interconnection means that a failure mode at the lowest level of the hierarchy can 

compromise the whole system [44], [57]. 

The failure causes can be classified in relation to the system block life cycle. The failure may be a 

design failure, a weakness failure, if over the cycle the block has been subjected to stress, a 

manufacturing failure, an ageing failure, a misuse failure and, finally, a mishandling failure [44], [57]. 

The effects of the failure translate the consequence of the failure mode and depend on the functions 

of each block, subsystem and system. Basically, the relationship that is established is: one or multiple 

failure causes lead to failure mode and failure mode leads to one or more failure effects [44]. 



 

27 

 

FMEA/FMECA Objectives and Procedure 

Failure mode and effects analysis is a bottom-up process for discovering and correcting design 

deficiencies through the analysis of potential failure modes and effects, followed by recommendation of 

corrective actions. FMEA is an analytical technique that requires an intensive study of the entire system 

under consideration. It is necessary to have information about all the components, how they interconnect 

and how they are organized into systems. With this information it is possible to identify all failure modes, 

all failure causes and all failure effects. This identification is recorded, for each component, in a specific 

worksheet [44], [59], [60]. 

This technique has the purpose of meeting nine objectives: to help design engineers determine 

and prioritize areas of action in order to create highly reliable and highly secure systems; to ensure that 

all conceivable modes of failure and all the effects they produce are identify; to list the potential failures 

and magnitude of the potential effects; to develop analysis criteria to plan verification tests for system 

outputs; to provide a basis for quantifying reliability and analyze the evaluation; to provide 

documentation for future reference; to provide input for tradeoff studies; to provide basis for establishing 

corrective action priorities; to assist in the objective evaluation of design requirements related to 

redundancy, failure detection systems, fail-safe characteristics, and automatic and manual override [44], 

[59]. 

One of the variations of the FMEA method that has gained more preponderance over time is one 

that considers the criticality of the failure, which is known as failure mode, effect and criticality analysis. 

This Criticality of failure is translated by the classification of potential effects through its severity, its 

frequency and its detectability [44], [59]. 

The procedure includes the following steps: system definition and delimitation; definition of the 

system main functions; description of the system operating modes; system subdivision into subsystems 

in order to be studied effectively; study of the system drawings and functional diagrams for determine 

the interrelation between subsystems; prepare a complete list of components for each subsystem; and 

describe operational and environmental stresses that may affect the operation of the system [44], [59]. 

Table 1 is an example of a specific FMEA/FMECA worksheet which allows following the procedure 

mentioned above, there are many variations of this type of worksheets however this, exemplified here, 

can be considered as one of the most basic [44], [59]. 

 

Description of unit Description of failure Effect of failure 
Failure 

rate 

Severity 

ranking 

Risk 

reducing 

measures 

CMNTs Ref. 

nº 
Function 

Operational 

mode 

Failure 

mode 

Failure 

cause 

Detection 

of failure 

On 

subsystem 
On system  

  
One or 

multiple 
    

With the 

resulting 

operational 

status 

 

1.Catastrophic 

2.Critical 

3.Major 

4.Minor 

  

Table 1 - FMEA/FMECA worksheet example 
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2.2.3.2 Fault Tree Analysis, and Bayesian Belief Networks 

The fault tree is a logic diagram that represents the interrelationships between a potential critical 

event in a system and the causes for this event to occur. This analytical tool can be both quantitative 

and qualitative depending on the purpose of the analysis [59], [61], [62]. 

Fault tree analysis usually involves four or five major steps: first the problem and the boundary 

condition must be defined, second step is the fault tree construction, the third step involves the 

identification of cut and/or path sets, the fourth step is the qualitative analysis of the information of the 

previous steps and the last step, if necessary, is the quantitative analysis of all the information previously 

explained [59], [61], [62]. 

The description of the potential critical event to be analyzed, called in this context of top event, 

must be able to respond to what type of critical event can potentially happen, where and when this 

critical event can occur. The definition of the boundary condition must be done in a careful way, 

encompassing the physical boundaries of the system, the initial conditions to which the system is 

subject, the external stresses that must be considered and, finally, the necessary level of resolution to 

identify the potential reasons for the occurrence of the critical event [59], [61], [62]. 

The top event is always the starting point in constructing the fault tree. Next, all fault events that 

cause the top event are identified, and the connection between them is made by logical gates. These 

first fault events connected to the top event are the first level of the structure. The procedure repeats 

itself and the second level presents the fault events that cause the fault events of the first level and are 

connected to them as well by logic gates. The procedure is repeated level by level until all fault events 

are developed to the prescribed level of resolution [59], [61], [62]. 

Table 2 shows the symbols most commonly used in the construction of FTs. 

Through the fault tree are perceptible the possible combinations of failure events that lead to the 

top event, these combinations are called cut sets. The minimal cut set is the one that needs a smaller 

number of failure events until it reaches the top event. For simple and small fault trees the cut sets are 

easily visible by simple observation, in the case where fault trees are complex and large, it is necessary 

to use algorithms, with MOCUS being one of the most known. Sometimes it may be interesting to identify 

the possible combinations of the components that, when functioning, guarantee the operation of the 

system, these combinations are called path sets [59], [61]–[63]. 

 

         

AND 

Gate 

OR 

Gate 

Exclusive 

OR Gate 

m out of 

n Gate 

Inhibit 

Gate 

Basic 

Event 

Undeveloped 

Event 
Event 

Transfer 

symbol 

Table 2 - Most commonly used fault tree symbols 

 

Bayesian belief networks is described as a directed acyclic graph that defines the factorization of 

a joint probability distribution over the variables. The nodes of the graph represent the variables and the 

directed links give factorization. The Bayesian belief networks are considered an interesting alternative 
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to fault trees as to cause and effect diagrams. They are more general than fault trees because in addition 

to the causes do not have to be binary events they are also not linked with specific logic gates, and 

these networks can be used as a basis for a quantitative analysis beyond the impossibility of this analysis 

in the cause and effect diagrams, despite some construction similarities between the networks and the 

diagrams (Figure 14) [63]–[65]. 

 

Figure 14 - Bayesian belief network example [44] 

 

2.2.4 Accelerated Life Testing and Partially Accelerated Life Testing 

Many of the systems and equipment produced today are highly reliable when used under normal 

conditions, for this reason many of the commonly used life tests have very few or no flaws at all. This is 

easily perceptible because the time involved in these tests, for failures to arise, would have to be 

exorbitant. To overcome this problem one of the possible approaches is to make life tests under higher 

conditions than normal use, in other words, increase the levels of stresses to which the equipment is 

subjected, such as temperature, tension, pressure, vibration, cycling rate, load, etc. The data collected 

under stress are used to estimate the distribution of life under normal conditions of use [44], [66]–[68]. 

There are three common types of stress application: constant-stress, step-stress and progressive-

stress test. The test conducted under stress is called an accelerated life test (ALT) or a partially 

accelerated life test (PALT). The main assumption of the accelerated life test is that the mathematical 

model that relates the lifetime of the unit and the stress is known or can be assumed, if the mathematical 

model is not known or cannot be assumed, in other words, if the data of this test cannot be extrapolated 

to conditions of use, the partially accelerated life test is used as a way of estimating the parameters of 

the statistical model [67]. 

The methods of accelerated life tests can be qualitative or quantitative. Qualitative testing is 

performed in the industry with small samples to reveal probable failure modes in the product, 

subsequently using this information to improve product design. Some of the qualitative techniques used 

are highly accelerated life testing (HALT), highly accelerated stress testing (HAST), highly accelerated 

stress screen (HASS), elephant and torture tests, shake and bake testes, among others. Qualitative 

techniques are designed to quantify product life and capture life data statistics under accelerated 

conditions to provide numerical estimates of reliability and statistical inference characteristics for product 

operating under normal conditions of use [66]. 
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Chapter 3: Reliability Prediction Methods 

The need to predict the failure rate of subsea equipment is due to the ability to obtain the reliability 

requirement, and as a direct consequence, to obtain a reliable design that meets the requirements of 

end-user(s). Failure rate prediction can also provide data for safety analysis and establish requirements 

for maintenance and improvement. 

The placing of systems in subsea environment requires highly specialized equipment and 

processes and these equipment and processes have a very high market value. The costs in case of 

need for repairs or interventions are also high. This expenditure must be considered in the economic 

analysis because it can easily reach unacceptable levels that may compromise the economic viability 

of this type of enterprise development. 

Underwater operations can often only be performed with the system completely stopped, thus 

having a very high production downtime. Due to this fact it is imperative that any new system of this type 

be designed with the highest possible reliability, because only in this way can an operator feel 

comfortable enough in building it. Currently, the standard followed, is the system at least to withstand 

five or more years in full operation before the first subsea intervention. 

Now, as most new subsea developments are gradually being extended to the deeper sea, a strict 

qualification is required for the functions and requirements of various relevant systems and equipment. 

The RAM analysis using the predicted failure rate as an integral part of the qualification process. 

The failure rate prediction process includes the identification of critical failure modes as well as the 

most significant contributors to the failure. Through this identification it becomes possible for the 

designer to make changes with the aim of improving reliability. 

 

3.1 Reliability Data and Methods 

Confidence in the use of a reliability prediction depends on the quality, accuracy and completeness 

of the information and methods used to conduct this prediction, the better the information and the more 

capable the method, the predictive more approaches the reality. The knowledge of reliability of any item, 

be it product, component or system, follows three obligatory steps: collection of field returns, the analysis 

of the date and then failure analysis of the failed part [69]. 

Looking at the universe of electronic systems it is possible to notice that there is a wide range of 

methodologies for predicting reliability. Due to their number and weighted criteria these methods are 

commonly classified into three types of categories: bottom-up statistical methods (BS*), top-down 

similarity analysis methods (TD), and bottom-up physics-of-failure methods (BP*). The first two types 

use statistical analysis of failure data and the latter type use physics-of-failure (PoF) models [70]. 

Unlike electronic devices, for mechanical and electromechanical equipment there is no globally 

accepted method for predicting reliability. The lack of consensus is related to the difficulty in creating a 

method that considers both the greater number of failure mechanisms and the greater complexity of 

these mechanisms, this is evident in several studies that demonstrate the reliability of mechanical 

equipment is sensitive to loading, mode of operation and usage rate. 
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Despite the lack of a widely accepted method, reliability analyzes are fundamental in industries 

such as oil and gas, especially in the subsea sector, as mentioned above. To perform such analyzes 

the relevance of existing methods, both those covered in the previous subchapter and for example the 

Markov process, depend heavily on the quality of the input data, such as failure rates, maintenance 

characteristics and common cause parameters. It was with the idea of collecting many input data with 

the best possible quality in an industry with a small number of stakeholders that the OREDA project 

came about. 

Table 3 presents examples of the reliability prediction methods and handbooks. 

 

Electronic 

Devices 

BS* 

SAE reliability prediction method [71] Mil-Hdbk-217 [72] Telcordia SR-332 [73] 

CNET RDF [74] British Telecom - HRD5 [75] Siemens SN29500 [76] 

NTT procedure [77] FIDES [78] Reliability Analysis Center – PRISM [79] 

TD HIRAP similarity analysis method [80] REMM[81] DERA TRACS [82] 

BP* Airbus-Giat use of manufacturer testing results CADMP, calcePWA, calceFAST (CALCE SARA software) [83] 

Oil and Gas Industry  OREDA [11] 

Table 3 - Examples of the reliability prediction methods and handbooks 

 

3.1.1 Bottom-up Statistical Methods (BS*) 

These methods use predictive models developed from statistical curve fitting of component failure 

data collected in the premises, in the laboratory or through the information in the possession of the 

manufacturers. The models are dependent on the fabrication of the components and assume that the 

failure rate of each component is constant over time. These models also assume that the failure of a 

system or an equipment is the responsibility of its components and its value is calculated through a sum 

of the failure rates of all the components [70]. 

There are two main models used in the bottom-up statistical methods, the failure rate prediction in 

reference conditions, also known as the parts count, and the failure rate prediction at operating 

conditions, also known as part stress method (Table 4). The first model assumes that the components 

operate under typical conditions while the latter requires an input of parameters that are included in the 

component failure rate models [70]. 

 

Parts 

count 

𝜆 = 𝜆𝐺Π𝑄Π𝐿 Mil-Hdbk-217 Parts 

stress 

𝜆 = (𝐶1Π𝑇 + 𝐶2Π𝐸)Π𝑄Π𝐿 Mil-Hdbk-217 

𝜆 = 𝜆𝑎Π𝑄 CNET RDF 𝜆 = (𝐶1Π𝑡Π𝑇Π𝑉 + 𝐶2Π𝐵Π𝐸Π𝑆)Π𝑄Π𝐿 CNET RDF 

Table 4 - Examples of models used in bottom-up statistical methods 

 

3.1.2 Top-down Similarity Analysis Methods (TD) 

These methods are based on proprietary databases and use similarity analysis between systems 

or subsystems already designed and in operation, and therefore with a high level of knowledge about 

their reliability, and newly designed systems most often still inoperative. The analysis of the causes of 
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failure is of extreme importance because all the causes, not just the failure rates of the components, are 

considered [70]. 

 

3.1.3 Bottom-up Physics Methods (BP*) 

Manufacturers, since the beginning of the new century, have begun to use the physics of failure 

method as a way of overcoming some unrealistic assumptions used in the two previously mentioned 

methods. This new methodology has brought new criteria for evaluating failure models, together with 

their applicability, utility and their implications for design [84]. 

The physical-of-failure methods require comprehensive knowledge of the thermal, mechanical, 

electrical and chemical life cycle environments to apply appropriate failures models. These prediction 

methods have been used successfully in the design of mechanical, civil and aerospace structures [85]. 

 

3.1.4 Offshore and Onshore Reliability Data (OREDA) 

This project began in 1981 and continued to develop until today. It is a collaboration between some 

of the largest offshore oil companies whose main goal is to collect a broad range of data from a wide 

range of equipment used in both topside and subsea environments. Through this extensive collection it 

is possible to have enough information to make projects safer and more cost-effective [11]. 

The handbook produced in 2002, used in this thesis, divides the data between topside systems 

and subsea systems. For each category of equipment, the database is divided into inventory part, failure 

part and maintenance part. The inventory part contains a description for each unit of equipment with 

technical data, operation data and environmental data, the failure part contains the failure events for 

each unit of equipment, finally, the maintenance part informs both preventive maintenance scheduled 

as corrective maintenance for each unit of equipment [11]. 

In order to be able to compare failure events from different categories of equipment, facilities, or 

sources, it is important that a common definition of components or parts be included in the inventory. 

Because of this need, boundaries have been created to define parts associated with generic items that 

are both important for their operation as sold by manufacturers as parts of the item. The boundaries are 

established to confine the same items as the corresponding tag numbers or sub-tag numbers used by 

the participating oil companies [11]. 

The main purpose of the OREDA handbook is to present average failure rate estimates together 

with repair time estimates. It is assumed that the data are collected when the items are in the useful life 

region of bath-tube curve where the failure rate is considered constant. For this reason, the failure rate 

function and the mean time to failure value are: 

 

 𝑧(𝑡) = 𝜆𝑂𝑅𝐸𝐷𝐴 (38) 

 

 𝑀𝑇𝑇𝐹 =
1

𝜆𝑂𝑅𝐸𝐷𝐴
 (39) 
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The severity of failures is classified in four classes: critical failure (C), degraded failure (D), incipient 

failure (I), and unknown failure (U). In topside systems for each class, depending on the number and 

nature of the failure, failure rates are estimated separately. In subsea systems, due to their more limited 

number of collected data, there is no differentiation of estimates of failure rates per class, but there is 

information on the number of failures that correspond to each class [11]. 

With identical items operating under similar conditions the data collected can be considered as 

being a homogeneous sample, which means that in this case the only data necessary to estimate the 

failure rate are the number of failures observed 𝑛 and the aggregated time in service 𝜏, time that in the 

OREDA handbook is presented as both calendar time and operating time. The maximum likelihood 

estimator of 𝜆𝑂𝑅𝐸𝐷𝐴 is: 

 

 𝜆𝑂𝑅𝐸𝐷𝐴̂ =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐹𝑎𝑖𝑙𝑢𝑟𝑒𝑠

𝐴𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒𝑑 𝑇𝑖𝑚𝑒 𝑖𝑛 𝑆𝑒𝑟𝑣𝑖𝑐𝑒
=
𝑛𝑂𝑅𝐸𝐷𝐴
𝜏𝑂𝑅𝐸𝐷𝐴

 (40) 

 

The uncertainty of 𝜆𝑂𝑅𝐸𝐷𝐴̂  is presented as a 90% confidence interval, in other words, in face of an 

interval with a lower value 𝜆𝐿 𝑂𝑅𝐸𝐷𝐴 and an upper value 𝜆𝑈 𝑂𝑅𝐸𝐷𝐴, the estimated value of 𝜆𝑂𝑅𝐸𝐷𝐴 fulfills: 

 

 𝑃(𝜆𝐿 𝑂𝑅𝐸𝐷𝐴 ≤ 𝜆𝑂𝑅𝐸𝐷𝐴 ≤ 𝜆𝑈 𝑂𝑅𝐸𝐷𝐴) = 90% (41) 

 

The 90% confidence interval using the number of failures and the aggregated time in service is: 

 

 (
1

2𝜏𝑂𝑅𝐸𝐷𝐴
𝑧𝑂𝑅𝐸𝐷𝐴 0.95,2𝑛𝑂𝑅𝐸𝐷𝐴,

1

2𝜏𝑂𝑅𝐸𝐷𝐴
𝑧𝑂𝑅𝐸𝐷𝐴 0.05,2(𝑛𝑂𝑅𝐸𝐷𝐴+1)) (42) 

 

If, contrary to the previous point, the items operate under different conditions or there is a need to 

present an estimate of joint failure rate with different items, the data collected and used are no longer a 

homogeneous sample, becoming a multi-sample. The way in which these estimates are calculated are 

addressed in the OREDA Handbook in a summarized form and, with more detail in [86]–[88]. 

 

3.2 Failure Rate Prediction Methods 

There is a varied number of methods for predicting failure rate for different systems and different 

industries. In this section will be presented the regression type models,  the Bayesian method, and the 

method proposed by Rahimi and Rausand [89] for new subsea systems. 

 

3.2.1 Regression Type Models 

To obtain estimates of application-specific failure rates, several regression models have been 

suggested, such as proportional hazard model (PH) and accelerated failure time model, where RIF’s 
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are included as covariates. The BORA approach [90] and Brissaud et. al’s approach [91] are both based 

on a proportional hazards model [60]. 

Risk influencing factors (RIFs) are relatively stable factors that, when altered from their initial state, 

have a positive or negative effect on the reliability of the equipment. A RIF may be constant, as a 

property of the material, or may vary with time, such as temperature. These factors should be identified, 

quantified and monitored as best as possible [92]. 

Table 5 lists generic RIFs used in the methods that will be described later. 

 

Design and Manufacturing System Structure Quality Materials Dimensions Loads and Capacity 

Operational and 

Maintenance 

Functional Requirements Maintenance Policy Time in Operation 

Mechanical Constraints Frequency of Maintenance 

Accessibility for Maintenance Type and quality of Maintenance 

Environmental 
External 

Corrosive Environmental Pollution Temperature Pressure 

Location of Operation 

Internal Pressure Sand Particles in the Fluid Chemical Content 

Table 5 - Generic RIFs [91] 

 

3.2.1.1 Accelerated Failure Time Model (AFT) 

In the accelerated failure time models the direct effect of the explanatory variables on survival time 

is measured, unlike the proportional hazards models in which this effect is measured on the hazards. 

This differentiating characteristic allows an easier interpretation of the results because the parameters 

measure the effect of the corresponding covariate on the mean survival time. The effects of the covariant 

are assumed to be constant and multiplicative in the time scale, and this constant factor is called the 

acceleration factor, which is given by: 

 

 𝜂𝐴𝐹𝑇(𝑥) = 𝑒
∑ 𝛼𝐴𝐹𝑇 𝑖𝑥𝐴𝐹𝑇 𝑖
𝑝
𝑖=1  (43) 

 

According to the relation of survival function and hazard function, the hazard function for an item 

with covariate 𝑋𝐴𝐹𝑇 1, 𝑋𝐴𝐹𝑇 2, … , 𝑋𝐴𝐹𝑇 𝑝 is given by: 

 

 ℎ𝐴𝐹𝑇(𝑡|𝑥𝐴𝐹𝑇) =
1

𝜂𝐴𝐹𝑇(𝑥𝐴𝐹𝑇)
ℎ0 𝐴𝐹𝑇

𝑡

𝜂𝐴𝐹𝑇(𝑥𝐴𝐹𝑇)
 (44) 

 

The corresponding log-linear form of the accelerated failure time model with respect of time is given 

by the formula (45), where 𝜇𝐴𝐹𝑇 is intercept parameter, 𝜎𝐴𝐹𝑇 is scale parameter and 𝜀𝐴𝐹𝑇 𝑖 is a random 

variable, assumed to have a particular distribution [93]. 
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 log 𝑇𝑖 = 𝜇𝐴𝐹𝑇 +∑𝛼𝐴𝐹𝑇 𝑗𝑋𝐴𝐹𝑇 𝑗𝑖

𝑝

𝑗=1

+ 𝜎𝐴𝐹𝑇𝜀𝐴𝐹𝑇 𝑖 (45) 

 

For each distribution of 𝜀𝑖 there is a corresponding distribution of 𝑇. It is possible to find the Weibull 

AFT model, the exponential AFT model, the loglogistic AFT model, the lognormal AFT model, and the 

gamma AFT model (Table 6). The AFT models are named for the distribution of 𝑇 rather than the 

distribution of 𝜀 or log 𝑇. The accelerated failure time models are fitted using the maximum likelihood 

method [87], [93]. 
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Extreme Value (2 parameters) Weibull 

Logistic Loglogistic 

Normal Lognormal 

Log-Gamma Gamma 

Table 6 - Summary of parametric AFT models 

 

3.2.1.2 Proportional Hazards Model (PH) 

Cox Model 

The Cox proportional hazards model is one very popular model in survival data, based on partial 

likelihoods: 

 ℎ𝐶𝑂𝑋(𝑡|𝑥𝐶𝑂𝑋) = ℎ0 𝐶𝑂𝑋(𝑡)𝑒
∑ 𝛽𝐶𝑂𝑋 𝑖𝑥𝐶𝑂𝑋 𝑖
𝑝
𝑖=1  (46) 

 

This model is referred to as a semi-parametric model because it makes no assumption about the 

form of ℎ0 𝐶𝑂𝑋(𝑡), the non-parametric part of model, but assumes parametric form for the effect of the 

predictors on the hazard, the parametric part of model [93], [94]. 

The interesting thing about this model is that this vagueness does not create problems for 

estimation. Even though baseline hazard is not specified yet, it is possible to obtain a good estimate for 

regression coefficients 𝛽𝐶𝑂𝑋, hazard ratios and adjusted hazard curves [93]. 

 

Parametric Proportional Hazards Model 

The parametric proportional failure measure can be seen as the parametric version of the Cox PH 

model. The failure function is given by expression (46), previously described [93]. 

There are two fundamental differences between the two models, the first one lies in the baseline 

hazard function, ℎ0(𝑡), which in the parametric model the distribution is fitted to the data, and the second 

one is in the form of estimating the coefficients, which in the Cox model is estimated by partial likelihood 

and in the parametric model is estimated by maximum likelihood [93]. 
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Several parametric PH models can be derived by choosing different baseline hazard functions. The 

most applied models are the Weibull, exponential and Gompertz, and the different baseline hazard 

functions are shown in Table 7 [93]. 

 

Weibull PH Model ℎ0 𝑃𝑃𝐻𝑊(𝑡) = 𝜆𝑃𝑃𝐻𝑊𝛾𝑃𝑃𝐻𝑊(𝑡)
𝛾𝑃𝑃𝐻𝑊−1 

Exponential PH Model ℎ0 𝑃𝑃𝐻𝐸(𝑡) = 𝜆𝑃𝑃𝐻𝐸 

Gompertz PH Model ℎ0 𝑃𝑃𝐻𝐺(𝑡) = 𝜆𝑃𝑃𝐻𝐺𝑒
𝜃𝑃𝑃𝐻𝐺𝑡 

Table 7 - Baseline hazard functions for the most common parametric PH models 

 

BORA Approach 

The barrier and operational risk analysis project developed a model for risk analysis based on the 

use of event trees, fault trees, influence diagrams, and risk influencing factors. The amount of influence 

that each risk influencing factors represents is obtained through the classification of its state and its 

weight in the possible failure. The influence factors are chosen, mainly from a generic set, by 

experienced persons, experts, of the area to which the analysis is concentrated [90]. 

The BORA project was designed to analyze the effects that the introduced safety barriers have on 

the prevention of accidental hydrocarbon discharges and how human, technical, operational and 

organizational conditions, the categories in which RIFs are distributed, influence the protection of 

barriers [90]. 

This project follows eight steps to make its analysis: 

1. Development of a basic risk model including release scenarios 

2. Modeling of the performance of safety barriers 

3. Assignment of industry average probabilities/frequencies and risk quantification based on 

these probabilities/frequencies 

4. Development of risk influence diagram 

5. Scoring of risk influencing factors 

6. Weighting of risk influencing factors 

7. Adjustment of industry average probabilities/frequencies 

8. Recalculation of the risk to determine the platforms specific risk released to hydrocarbon 

release. 

 

Brissaud et. al’s Approach 

This method also uses risk influence factors, however in this case they are divided into five 

categories: design, manufacturing, installation, operation and maintenance. The way of estimating 

failure rates is very much inspired by the military handbook approach, having, as a distinguishing factor, 

the differentiated way of calculating the multiplicative factors, done here through scoring and weighting 

procedure [91]. 

The method is put into practice by the following procedure: 
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1. Division of the system by its main components 

2. a) Representation of the failure rate of the system by summing the failure rates of its main 

components. 

2. b) If the system, as a whole, does not verify serial properties, as with redundant systems, the 

procedure described in the previous section is applied individually to each serial 

subsystem. Subsequently the failure rates obtained are combined considering the system 

architecture, for all its structural function. 

3. The base failure rate of each component is expressed as a percentage of the system-wide 

failure rate. 

The effects of RIFs are included through the coefficients of influence, with reciprocity that each 

coefficient corresponds to a RIF and each RIF corresponds to a coefficient [91]. 

The method is put into practice using a seven-step methodology [91]: 

1. Functional analysis and input data 

2. Model definition and influencing factors selection 

3. Indicators selection and graduation 

4. Influencing factors rating 

5. Indicator functions 

6. Influencing functions 

7. Final results 

 

3.2.2 Method Using Bayesian Belief Theory 

The probability of an event as the degree of belief, as it is a measure of belief about the occurrence 

of the event, is used in this approach. Bayes theory, in a simplified form, uses a subjective initial belief, 

called a prior, which is the distribution of parameters with little data or in the absence of any data, to 

obtain a conditional distribution of these parameters, called posterior. The belief can be altered with the 

greater knowledge of the dataset under study, leading to a new belief, this time based on the previously 

inferred distribution, in other words, the posterior becomes the prior, and inferring, in a predictive way, 

a new conditional distribution [95]. 

 

3.2.2.1 Reliability Prediction with Bayesian Belief Networks Method 

The use of Bayesian belief networks in predicting reliability is a method that is gaining increasing 

interest in oil and gas industry as a way to model common causes of failure and for the study of 

uncertainties. Røed et al’s [96], Bobbio et al’s [97], Lanseth and Portinale’s [98], Lamseth’s [99], Cai et 

al’s [100], Cai et al’s [101] and Lyu et al’s [102] are recent works that demonstrates this growing interest.  

The BBN modeling is done through two main steps, first there is the structural modeling of the 

network and secondly the modeling of the parameters: 

1. The structural modeling of networks is the qualitative part of the process that aims to 

identify the variables of the problem and the relationships between them, which can be 

causal, functional and /or informational. 
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2. The quantitative part of the process goes through the modeling of conditional probabilities 

and utilities. This phase, for the type of application areas treated in this work, involves 

interaction with experts in the field. As an example, and for a problem involving reliability, 

this involvement can be seen as essential in modeling the correlations and causal 

relationships of failure mechanisms, since in the vast majority of cases this information is 

neither known or not registered in any type of library, making vital the sensitivity and the 

practical knowledge of those who are professionally involved with the different systems. 

 

3.2.2.2 Failure Rates from Zero-Failure Data Method 

This method uses the Bayesian analysis techniques, the field reliability data and the accelerated 

life test results as a way of calculating the failure rates of the system components, and of the system 

itself. Its essential point is the use of the Clopper-Pearson interval, which is, in a simplified way, a 

methodology for calculating binomial proportional confidence interval. This interval is an interval 

estimate of a probability of success when only a restricted number of experiments and a restricted 

number of successes are known and can be used, as in this method, without any information [103]–

[105]. 

To reach an estimate of failure rate this method is done in two steps: 

1. The use of the Clopper-Pearson interval for a binomial distribution when no previous 

information is known and when there were still failures in the installation to estimate the 

failure rate for units, parts of the system and system in general. 

2. Use of gamma informative prior distribution with results arising from accelerated life tests 

to derive Bayes posterior failure rate. 

 

3.2.3 Rahimi and Rausand’s Approach 

The purpose of this approach is to predict the failure rate of subsea systems using known data from 

similar topside systems. The initialization of the method requires a set of data and information distributed 

by four categories: technical data, environmental data, operational and maintenance data, judgments of 

experts and reliability prediction methods [89]: 

• Technical data is needed to understand the system functions and to develop system 

models. It is mostly supplied by the systems manufactures and allows to uncover 

similarities between the topside and subsea systems.  

• The environmental data provide information on the operating conditions of the system, this 

is especially relevant for the choice of risk influence factors. Various sources can be used 

as environmental metadata and ocean data. 

• Operational and maintenance data are collected on existing and operational systems. 

These are the data that are often collected in the databases and handbooks already 

mentioned in Section 3.1. 
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• The judgment of the experts is crucial in acquiring data for any new technology. These 

experts with their sensitivity and experience can provide important inputs to decision-

makers. 

• The data obtained through other reliability prediction methods are important for the 

development of more realistic approaches. 

This approach can be used at the beginning of the product development process and during the 

operational phase, but at this stage it must be considered that it is necessary to update the failure rate 

predictions that emerge from the previous phases with the actual data that goes being acquired [89]. 

The proposed approach has an eight-step procedure [89]. 

 

3.2.3.1 Step 1: New System Familiarization 

It is at this step that the new subsea system is clearly defined, and its physical boundaries, 

operating conditions and environmental conditions are specified. It is recommended here to represent 

the system through a hierarchical structure in which its subsystems and their maintainable items are 

properly framed. Finally, it is also advantageous at this stage to prepare a list of critical items, specifying 

the key issues [89]. 

 

3.2.3.2 Step 2: Failure Modes and Failure Causes Identification 

In this step, it is possible to identify the failure modes and causes with the possible resource of 

critical analysis of failure modes and effects. The use of FMECA is not mandatory but sometimes it is 

used because it is already done for other purposes. All failure modes must be considered together with 

the failure causes and the mechanisms that may contribute to each failure mode, as well as all 

operational modes that must also be considered. It is also recommended to create an influence diagram 

to illustrate the causes of failure modes (Figure 15) [89]. 

It is important to be careful to specify the failure causes as the most disjoint as possible, i.e. a failure 

mode should preferably be caused by only one cause and not by a combination of causes [89]. 

 

Figure 15 - Generic influence diagram: factors contributing to the total failure rate of the subsea system [89] 
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3.2.3.3 Step 3: Reliability Information Acquisition for the Similar Known Systems 

and Comparison of the New and the Known Systems 

To be able to infer any data for the new subsea systems it is necessary to have the necessary 

information of a comparable topside system. Since this approach arose in response to problems 

occurring in the offshore oil industry, the most widely used source for data acquisition is the OREDA 

handbook. This handbook, which has already been mentioned throughout this thesis, has as available 

data: failure modes, estimated failure rates for each failure mode together with confidence intervals, 

failure descriptors that are mechanisms and other contributing factors for each mode failure, and 

maintainable items that contribute to each failure mode [89]. 

Whenever the failure modes of a system are disjoint, the total failure rate of this topside system 

(𝜆𝑅𝑅𝐴
(𝑇)

) can be expressed in terms of failure rates of different failure modes of the system itself (𝜆𝑅𝑅𝐴 𝑖
(𝑇)

) 

by: 

 𝜆𝑅𝑅𝐴 𝑇𝑜𝑡𝑎𝑙
(𝑇)

=∑𝜆𝑅𝑅𝐴 𝑖
(𝑇)

𝑛

𝑖=1

   𝑓𝑜𝑟 𝑖 = 1, 2, … , 𝑛 (47) 

 

By observing expression (47) it is possible to relate the failure rates in a different way by simply 

introducing a new vector, 𝛼𝑅𝑅𝐴 = (𝛼𝑅𝑅𝐴 1, 𝛼𝑅𝑅𝐴 2, … , 𝛼𝑅𝑅𝐴 𝑛), which can be described as the distribution of 

𝑛 failure modes. The other way of relating failure rates is: 

 

 𝜆𝑅𝑅𝐴 𝑖
(𝑇)

= 𝛼𝑅𝑅𝐴 𝑖𝜆𝑅𝑅𝐴
(𝑇)

   𝑓𝑜𝑟 𝑖 = 1, 2, … , 𝑛 (48) 

 

The comparison between the new system and the known system is made through its structures, 

operating conditions, environmental conditions, failure modes and failure causes by recording the 

differences and the similarities (Figure 16). For failure modes that are not relevant in the known system, 

and therefore without comparable information, it is necessary to resort to other sources of data or 

expert’s judgment [89]. 

 

Figure 16 - Subsea and topside system comparison [89] 
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3.2.3.4 Step 4: Relevant RIFs Selection 

The RIFs have the power to influence reliability with lesser or greater weight, so when there is a 

change in a RIF the system failure rate may vary, so this step is reserved for the careful selection of 

RIFs for each failure cause, aiming to select those that are relevant to the new subsea systems. The 

relevance of each RIF is identified based on the previous step together with the judgment of experts, 

clearly assuming that it is possible to measure or evaluate the states of the RIFs [89]. 

The table of generic RIFs, Table 5, previously mentioned, is an excellent starting point for 

establishing specific RIFs, however this choice must be made by specialists in the field since it is of vital 

importance to the whole procedure and there is no objective method of choice, at least for now. Each 

specific RIF should be classified by experts according to the importance for each failure cause of the 

new subsea system. One of the classification methods is to pair two RIFs at a time and evaluate whether 

𝑅𝐼𝐹𝑗,𝑘1 is more important or not than 𝑅𝐼𝐹𝑗,𝑘2 for all pairs (𝑘1, 𝑘2), for the failure cause of 𝐹𝐶𝑗. After being 

given the classification it is necessary to allocate the weights of the various RIFs to the failure causes 

of the subsea system, with 𝜀𝑅𝑅𝐴 𝑘𝑗 being the weight of the 𝑅𝐼𝐹𝑗 in relation to the 𝐹𝐶𝑗. This weight indicates 

the relative importance of each RIF for each specific cause failure, and must be scaled to comply: 

 

 ∑𝜀𝑅𝑅𝐴 𝑘𝑗

𝑝

𝑘=1

= 1   𝑓𝑜𝑟 𝑗 = 1, 2, … , 𝑟 (49) 

 

3.2.3.5 Step 5: Scoring the Effects of the RIFs 

The RIFs selected in the previous step may be different for both topside and subsea systems, and 

it is necessary to indicate these differences, using the 𝑣𝑅𝑅𝐴 𝑘𝑗
(𝑇)

 indicator, to determine if there is an effect 

of the RIF in the topside system, and the 𝑣𝑅𝑅𝐴 𝑘𝑗
(𝑆)

 indicator for indicate whether or not there is an effect 

of RIF on the subsea system. Both indicators are defined by: 

 

 𝑣𝑅𝑅𝐴 𝑘𝑗
(𝑇)

= {
1         𝑖𝑓 𝑅𝐼𝐹𝑘  ℎ𝑎𝑠 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑜𝑛 (𝑡𝑜𝑝𝑠𝑖𝑑𝑒) 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑐𝑎𝑢𝑠𝑒 𝐹𝐶𝑗
0   𝑖𝑓 𝑅𝐼𝐹𝑘  ℎ𝑎𝑠 𝑛𝑜 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑜𝑛 (𝑡𝑜𝑝𝑠𝑖𝑑𝑒) 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑐𝑎𝑢𝑠𝑒 𝐹𝐶𝑗

 (50) 

 

 𝑣𝑅𝑅𝐴 𝑘𝑗
(𝑆)

= {
1         𝑖𝑓 𝑅𝐼𝐹𝑘  ℎ𝑎𝑠 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑜𝑛 (𝑠𝑢𝑏𝑠𝑒𝑎) 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑐𝑎𝑢𝑠𝑒 𝐹𝐶𝑗
0   𝑖𝑓 𝑅𝐼𝐹𝑘  ℎ𝑎𝑠 𝑛𝑜 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑜𝑛 (𝑠𝑢𝑏𝑠𝑒𝑎) 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑐𝑎𝑢𝑠𝑒 𝐹𝐶𝑗

 (51) 

 

The effects that each RIF has on the subsea system is then compared to the effects that the same 

RIF has on the topside system through a score of influence (𝜂𝑅𝑅𝐴 𝑘𝑗) that indicates, for each subsea 

system failure cause, how much higher/lower influence has the RIF compares with the topside system. 

For this approach, a seven-point scale is proposed, which can be seen in Table 8 [89]. 

It is important to note that when 𝑣𝑅𝑅𝐴 𝑘𝑗
(𝑇)

= 1, the whole scale is applicable, whereas when 𝑣𝑅𝑅𝐴 𝑘𝑗
(𝑇)

=

0 only the three positive points of the scale plus zero can be used. 
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−3 −2 −1 0 +1 +2 +3 

Much lower 

effect 

Significantly 

lower effect 

Slightly lower 

effect 

No 

difference 

Slightly higher 

effect 

Significantly 

higher effect 

Much higher 

effect 

Table 8 - RIFs influence score (𝜂𝑅𝑅𝐴 𝑘𝑗) – seven-point scale 

Table 9 summarizes the information and parameters described for scoring. 

 

Risk-Influencing Factor 
Failure Causes 

𝐹𝐶1 𝐹𝐶2 … 𝐹𝐶𝑗 

𝑅𝐼𝐹1 

Relevance topside 𝑣𝑅𝑅𝐴 11
(𝑇)

 𝑣𝑅𝑅𝐴 12
(𝑇)

 … 𝑣𝑅𝑅𝐴 1𝑗
(𝑇)

 

Relevance subsea 𝑣𝑅𝑅𝐴 11
(𝑆)

 𝑣𝑅𝑅𝐴 12
(𝑆)

 … 𝑣𝑅𝑅𝐴 1𝑗
(𝑆)

 

Scoring topside/subsea 𝜂𝑅𝑅𝐴 11 𝜂𝑅𝑅𝐴 12 … 𝜂𝑅𝑅𝐴 1𝑗 

𝑅𝐼𝐹2 

Relevance topside 𝑣𝑅𝑅𝐴 21
(𝑇)

 𝑣𝑅𝑅𝐴 22
(𝑇)

 … 𝑣𝑅𝑅𝐴 2𝑗
(𝑇)

 

Relevance subsea 𝑣𝑅𝑅𝐴 21
(𝑆)

 𝑣𝑅𝑅𝐴 22
(𝑆)

 … 𝑣𝑅𝑅𝐴 2𝑗
(𝑆)

 

Scoring topside/subsea 𝜂𝑅𝑅𝐴 21 𝜂𝑅𝑅𝐴 22 … 𝜂𝑅𝑅𝐴 2𝑗 

…
 

…
 

…
 

…
 

…
 

…
 

𝑅𝐼𝐹𝑝 

Relevance topside 𝑣𝑅𝑅𝐴 𝑝1
(𝑇)

 𝑣𝑅𝑅𝐴 𝑝2
(𝑇)

 … 𝑣𝑅𝑅𝐴 𝑝𝑗
(𝑇)

 

Relevance subsea 𝑣𝑅𝑅𝐴 𝑝1
(𝑆)

 𝑣𝑅𝑅𝐴 𝑝2
(𝑆)

 … 𝑣𝑅𝑅𝐴 𝑝𝑗
(𝑆)

 

Scoring topside/subsea 𝜂𝑅𝑅𝐴 𝑝1 𝜂𝑅𝑅𝐴 𝑝2 … 𝜂𝑅𝑅𝐴 𝑝𝑗 

Table 9 - Scoring RIFs based on comparison with the topside system 

 

3.2.3.6 Step 6: Contribution Weighting of the Failure Causes to Failure Modes 

The failure causes that contribute to a failure mode in the subsea system may be different, or being 

equal may contribute with a different weight, those contributing to the same failure mode in the topside 

system. The weight (𝜔𝑅𝑅𝐴 𝑗𝑖
(𝑇)

) of the contribution that a failure cause has on a failure mode for a topside 

system is easily collected from the tables of the OREDA handbook, assuming that the failure causes of 

the same failure mode are disjoint in such a way that the sum of the weights of all failure causes of a 

single failure mode is equal to one. It is necessary to determine the corresponding weights for the subsea 

system, being a process that once again requires the judgment of experts in the field [11], [89]. 

The corresponding weight of subsea systems of each failure cause has in a failure mode is 

indicated by 𝜔𝑅𝑅𝐴 𝑗𝑖
(𝑆)

, and, as in the topside system, failure causes of the same failure mode are assumed 

to be disjoint, thus ensuring that: 

 

 ∑𝜔𝑅𝑅𝐴 𝑗𝑖
(𝑆)

𝑟

𝑗=1

= 1   𝑓𝑜𝑟 𝑖 = 1, 2, … , 𝑞 (52) 

 

In expression (52), 𝑞 corresponds to the number of similar failure modes between the topside and 

subsea systems [89]. 
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3.2.3.7 Step 7: Determination of the Failure Rate for similar Failure Modes 

The failure rates for the failure modes of the subsea system are predicted by adjustments of the 

corresponding failure rates for the same failure modes of the topside system [89]. 

 

 𝜆𝑅𝑅𝐴 𝑖
(𝑆)

= 𝜆𝑅𝑅𝐴 𝑖
(𝑇)

∙ (1 + 𝜅𝑅𝑅𝐴 𝑖)   𝑓𝑜𝑟 𝑖 = 1, 2, … , 𝑞 𝑎𝑛𝑑 𝜅𝑅𝑅𝐴 𝑖 > −1 (53) 

 

Since 𝜆𝑅𝑅𝐴 𝑖
(𝑆)

 depends on the failure causes of 𝐹𝑀𝑖 and their weights, the scaling factor (𝜅𝑅𝑅𝐴 𝑖), 

which needs to be determined, must depend on the weights of the failure causes. In addition, 𝜅𝑅𝑅𝐴 𝑖 

should also depend on how much the various failure causes affect the failure modes of the subsea 

system compared with the topside system. The suggestion given in this approach to determine this 

dependence is determined as a weighted average of the scores of the RIFs that influence 𝐹𝐶𝑗, and 

where the RIFs are weighed according to the relative importance of the RIFs, such that: 

 

 �̅�𝑅𝑅𝐴 𝑗 =∑𝜀𝑅𝑅𝐴 𝑘𝑗𝑣𝑅𝑅𝐴 𝑘𝑗
(𝑆) 𝜂𝑅𝑅𝐴 𝑘𝑗

3

𝑝

𝑘=1

   𝑓𝑜𝑟 𝑗 = 1, 2, … , 𝑟 (54) 

 

The scale factor is then calculated by: 

 

 𝜅𝑅𝑅𝐴 𝑖 = 𝑐𝑅𝑅𝐴 𝑖 ∙∑𝜔𝑅𝑅𝐴 𝑗𝑖
(𝑆) ∙ �̅�𝑅𝑅𝐴 𝑗

𝑟

𝑗=1

   𝑓𝑜𝑟 𝑖 = 1, 2, … , 𝑞 (55) 

 

In Equation (55), 𝑐𝑅𝑅𝐴 𝑖 is the constant scaling factor. To be able to calculate this factor, it is first 

necessary to assume that 𝜆𝑅𝑅𝐴 𝑖
(𝑆)

 with respect to failure mode 𝐹𝑀𝑖 can be delimited such that 𝜆𝑅𝑅𝐴 𝑖
(𝑆)

∈

[𝜆𝑅𝑅𝐴 𝐿𝑜𝑤,𝑖
(𝑆)

, 𝜆𝑅𝑅𝐴 𝐻𝑖𝑔ℎ,𝑖
(𝑆)

], where the boundary values can be determined based on 𝜆𝑅𝑅𝐴 𝑖
(𝑇)

. The boundaries 

are defined by the two factors 𝜃𝑅𝑅𝐴 𝑚𝑖𝑛,𝑖 and 𝜃𝑅𝑅𝐴 𝑚𝑎𝑥,𝑖, which must be determined by expert judgment, 

for each failure mode such that: 

 

 𝜃𝑅𝑅𝐴 𝑚𝑖𝑛,𝑖 ∙ 𝜆𝑅𝑅𝐴 𝑖
(𝑇)

≤ 𝜆𝑅𝑅𝐴 𝑖
(𝑆)

≤ 𝜃𝑅𝑅𝐴 𝑚𝑎𝑥,𝑖 ∙ 𝜆𝑅𝑅𝐴 𝑖
(𝑇)

 (56) 

 

Through Equations (53), (55) and (56) it is possible to obtain: 

 

 𝜃𝑅𝑅𝐴 𝑚𝑖𝑛,𝑖 ≤ 1 + 𝑐𝑅𝑅𝐴 𝑖 ∙∑𝜔𝑅𝑅𝐴 𝑗𝑖
(𝑆) ∙ �̅�𝑅𝑅𝐴 𝑗

𝑟

𝑗=1

≤ 𝜃𝑅𝑅𝐴 𝑚𝑎𝑥,𝑖 (57) 
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The sensitivity of the 𝜆𝑅𝑅𝐴 𝑖
(𝑆)

 to the values of 𝜃𝑅𝑅𝐴 𝑚𝑖𝑛,𝑖 and 𝜃𝑅𝑅𝐴 𝑚𝑎𝑥,𝑖 is a very important aspect of 

this method. If the experts do not properly determine the values of 𝜃𝑅𝑅𝐴 𝑚𝑖𝑛,𝑖 and 𝜃𝑅𝑅𝐴 𝑚𝑎𝑥,𝑖, the value of 

the 𝜆𝑅𝑅𝐴 𝑖
(𝑆)

 may differ significantly even with the use of the same scores [89]. 

Taking the Equation (57) and considering its extreme cases in which all the scores (𝜂𝑅𝑅𝐴 𝑘𝑗) of its 

RIFs have the value of +3, this being the maximum case, and −3, being this the minimum case, the 

value of �̅�𝑅𝑅𝐴 𝑗 would be 1 and −1 respectively. Adding the fact that the sum of the contribution weights 

(𝜔𝑅𝑅𝐴 𝑗𝑖
(𝑆)

) of each failure rate is equal to 1, as already defined above, it is possible to infer that the value 

of 𝑐𝑅𝑅𝐴 𝑖 is given by: 

 

 𝑐𝑅𝑅𝐴 𝑖 =

{
  
 

  
 1 − 𝜃𝑅𝑅𝐴 𝑚𝑖𝑛,𝑖    𝑤ℎ𝑒𝑛 ∑ 𝜔𝑅𝐴𝐴 𝑗𝑖

(𝑆) ∙ �̅�𝑅𝑅𝐴 𝑗
𝑟

𝑗=1
< 0

0                           𝑤ℎ𝑒𝑛 ∑ 𝜔𝑅𝑅𝐴 𝑗𝑖
(𝑆) ∙ �̅�𝑅𝑅𝐴 𝑗

𝑟

𝑗=1
= 0

𝜃𝑅𝑅𝐴 𝑚𝑎𝑥,𝑖 − 1   𝑤ℎ𝑒𝑛 ∑ 𝜔𝑅𝑅𝐴 𝑗𝑖
(𝑆) ∙ �̅�𝑅𝑅𝐴 𝑗

𝑟

𝑗=1
> 0

   𝑓𝑜𝑟 𝑖 = 1, 2, … , 𝑞 (58) 

 

The Equation (53) can be rewritten by: 

 

 𝜆𝑅𝑅𝐴 𝑖
(𝑆)

= 𝜆𝑅𝑅𝐴 𝑖
(𝑇)

∙ (1 + 𝑐𝑅𝑅𝐴 𝑖 ∙∑𝜔𝑅𝑅𝐴 𝑗𝑖
(𝑆) ∙ �̅�𝑅𝑅𝐴 𝑗

𝑟

𝑗=1

)    𝑓𝑜𝑟 𝑖 = 1, 2, … , 𝑞 (59) 

 

It is interesting to note that if �̅�𝑅𝑅𝐴 𝑗 = 0 then 𝑐𝑅𝑅𝐴 𝑖 = 0 and 𝜅𝑅𝑅𝐴 𝑖 = 0, and consequently, by 

Equation (53) or Equation (59),  𝜆𝑅𝑅𝐴 𝑖
(𝑆)

= 𝜆𝑅𝑅𝐴 𝑖
(𝑇)

. This demonstrates that if all RIFs influence subsea 

systems in the same way as they influence topside systems, or if, on the other hand, negative and 

positive influences neutralize each other’s effects, the failure rate of the subsea system will be the same 

as for the topside system [89]. 

 

3.2.3.8 Step 8: Determination of Failure Rates of New Failure Modes 

In this final step, the total failure rate of the considered subsea system can be calculated by: 

 

 𝜆𝑅𝑅𝐴 𝑇𝑜𝑡𝑎𝑙
(𝑆)

=∑𝜆𝑅𝑅𝐴 𝑖
(𝑆)

𝑛

𝑖=1

 (60) 

 

Although failure modes that contribute to the calculation of the total failure rate are not completely 

independent, this method considers that Equation (60) produces a sufficiently precise approximate 

result [89]. 
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Chapter 4: Tool for Failure Rate Prediction 

This chapter is a response to the last proposed objective. The initial idea was to apply some of the 

methods, reviewed in the previous chapter, to some equipment chosen to calculate the failure rate of 

that same equipment in a subsea environment. This equipment should be widely present in topside 

systems having their information collected in OREDA handbook to be able to determine the new failure 

rate by comparison. While looking at all the revised methods, given the attainable sources of information 

and the comparative purpose between topside systems and subsea systems, the only satisfactorily 

achievable one, is the approach made by Rahimi and Rausand [89]. For the application of the method 

a MATLAB tool is created to automate the whole process. 

This chapter presents the tool and its validation using the same equipment that the authors of the 

method used for their explanation, more specifically the subsea pump. Finally, an impact analysis of the 

different parameters of the model is conducted.  

The tool source code is fully presented in Appendix C. 

 

4.1 Tool Description 

The tool starts with the presentation of the main menu, where there are two possibilities: new 

analysis and close tool (Figure 17). The choice is made by entering 1 to choose the new analysis and 2 

to close the tool.  

 

Figure 17 - Tool: main menu 

 

When the new analysis option is chosen, the tool opens a window and prompts the user to choose 

a startup file. The tool reads an excel files with extension *.xls and *.xlsx. The chosen file can be in any 

folder of the computer; however, it must contain the information of both the chosen failure modes and 

failure causes as having influence on the new system to be studied. 

 

 

Figure 18 - Tool: excel initialization file model 

 

In the failure modes it is necessary to contain the failure rate information for each mode and the 

two 𝜃𝑚𝑖𝑛 and 𝜃𝑚𝑎𝑥 factors explained in step 7 of the method presented in 3.2.3.7. The excel initialization 
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file should contain only two sheets, the first should have the name “FM” and the second “FC”, the values 

must be inserted in each sheet according to the model shown in Figure 18. 

After choosing the file, the tool presents the failure modes and failure causes identified, and then 

presents a list of risk influencing factors (RIFs). This list is made through the generic list of RIFs already 

presented in Figure 15. Finally, the question arises of how many RIFs the user wants to use, with the 

number to be able to vary between 1, if the user wants to use only on RIF and 20, if the user wishes to 

use all the RIFs in the list presented (Figure 19). 

 

 

Figure 19 - Tool: presentation of failure modes, failure causes and generic RIFs list 

 

As soon as the identification of the RIFs is completed the tool asks the user to choose the relevance 

that each RIF has for each failure cause in both the topside system and the subsea system, allowing 

the value of 0 or 1 to be entered together with the scoring, where it is possible here to choose between 

the value −3 and 3, in case the relevance of the RIF in the topside system is equal to 1, or 0 to 3, if the 

relevance of the RIF in the topside system is equal to 0. This information appears as a warning in the 

tool (Figure 20). 

 

 

Figure 20 - Tool: chose of relevance and scoring the RIF 
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When all the requested information is entered the tool presents a table with the information entered 

(Figure 21). Then the tool asks if the user wants to use the same weight (𝜀) that each RIF has on the 

failure cause to which it is connected. If the answer is “yes” the tool calculates this part, if the answer is 

“no” the tool asks to be inserted the 𝜀, when applicable, with a value between 0 and 1. The appropriate 

informative message is presented (Figure 22). 

 

 

Figure 21 - Tool: relevance and scoring of RIFs table 

 

 

Figure 22 - Tool: question about the RIFs 𝜀 and informative message when the answer is “no” 

 

After the tool has done the calculations or the user has entered the values, a table with the values 

discriminated together with the �̅�𝑗 table, calculated through Equation (54), is shown for each failure 

cause. 

Then the tool asks if the user wants to enter the weight (𝜔) that each failure cause has for each 

failure mode, both in the topside system and in the subsea system. The weight (𝜔) must have a value 

between 0 and 1, and the sum of all weights of a failure mode must be equal to 1 (Figure 23). At the 

end the table with all the information entered is displayed. 

 

 

Figure 23 - Request to enter the 𝜔 of failure cause to failure mode in topside system and subsea system 

 

No further data are requested from the user. The tool calculates the factor 𝜅 for each failure mode 

using Equations (55) and (58), presenting a table with its values, calculates the failure rates (𝜆𝑖
(𝑆)

) of 

each failure mode using Equation (53), representing these values in a table along with the topside 

system failure rate values, and finally calculates the total failure rate using Equation (60). 

 

4.2 Tool Test and Validation 

The test and validation of the tool is done by comparing the published results together with the 

explanation of the method by Rahimi and Rausand [89], and the results achieved by the tool.  
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Step 1: New System Familiarization 

The system under study is a new submerged pump, which serves for example to move the fluids 

in a pipeline. The pump is integrated in a pressure-containing cartridge with static seals towards the 

environment. The pump is a multi-stage pump with several impellers placed in series [89]. 

It is necessary to have a high reliability; the philosophy of maintenance is not like that which exists 

for a pump in the topside environment; and the pumped liquid is only partially conventional and can 

change its properties over time [89]. 

 

4.2.1.1 Step 2: Identification of Failure Modes and Failure Causes 

For a complete and credible analysis, it is necessary to consider all failure modes and all failure 

causes, however in the given example only the most important failure modes and causes of failure that 

are directly linked to these modes are considered [89]. 

In the excel initiation file for the tool analysis, the failure modes and the failure causes are inserted. 

The tool identifies the choices made. 

Figure 24 shows the comparison of the identification of failure modes and failure causes between 

the example of the Rahimi and Rausand's approach and the tool.  

 

 

Figure 24 - Identification of failure modes and failure causes a) Rahimi and Rausand's example b) Tool 

 

4.2.1.2 Step 3: Reliability Information Acquisition for the Similar Known System; 

Comparison of the New and Known System 

The physical boundaries of the system for the known topside pump is defined in the OREDA 

handbook. The subunits of the known pump are pump unit, power transmission, control and monitoring, 

lubrication system and miscellaneous. 

As a way of simplifying the analysis procedure, it is assumed that all failure modes and all failure 

causes of the subsea pump are similar, however the effects they have on the system are different with 

the change in the environment. 

 

4.2.1.3 Step 4: Selection of Relevant RIFs 

The selected RIFs are in the list of generic RIFs implemented in the tool. Three RIFs were chosen: 

location of operation, frequency of maintenance, and loads and capacity. In the tool, the RIFs 10, 5 and 

17 were chosen (Figure 25). 
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Figure 25 - a) RIFs chosen in tool: Location of Operation, Frequency of Maintenance, and Loads and Capacity b) 
RIFs and failure causes relationship [89] 

 

4.2.1.4 Step 5: Scoring the Effects of the RIFs 

The values of relevance and scoring are given in tool, a first table with the summary of the inserted 

information is shown (Figure 26), a second table with the weights equally distributed by each RIF at 

each failure cause is also shown (Figure 27). The weights of the RIFs for each related failure cause are 

considered equal in the example followed and therefore are also considered equal in the tool. 

 

 

Figure 26 - Relevance and scoring the effects of the RIFs a) Rahimi and Rausand's example b) Tool 

 

 

Figure 27 - The weights of the RIFs for each related failure cause are considered equal in tool 
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At this point, in the tool, the table with the �̅�𝑗 values, calculated through (54), is shown for each 

failure cause (Figure 28). 

 

 

Figure 28 - �̅�𝑗 table a) Rahimi and Rausand's example b) Tool 

 

4.2.1.5 Step 6: Contribution Weighting of the Failure Causes to Failure Modes 

The weight of the contribution of each failure cause to each failure mode of the topside pump is 

found in the OREDA handbook. New contributions to the new system must be determined with the help 

of experts. The tool requires this information and produces a table (Figure 29). 

 

 

Figure 29 - Initial and new contribution weights of failure causes of failure modes a) Rahimi and Rausand's 
example b) Tool 

 

4.2.1.6 Step 7: Adjustment of Initial Failure Rates for Each Failure Mode  

In the example values 𝜃𝑅𝑅𝐴 𝑚𝑖𝑛,𝑖 = 0.3 and 𝜃𝑅𝑅𝐴 𝑚𝑎𝑥,𝑖 = 1.1 are assumed for all failure modes, in the 

tool this is also assumed with the introduction of this data to be made in the initialization excel file. The 

factor 𝜅𝑖 is calculated, and a table with the three factors for each failure mode is presented (Figure 30). 

 

Figure 30 - Table of the values of 𝜃𝑚𝑖𝑛, 𝜃𝑚𝑎𝑥, and 𝜅𝑖 for each failure a) Rahimi and Rausand's example b) Tool 
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4.2.1.7 Step 8: Determination of Failure Rates and Calculation of New Total 

Failure Rate 

In this last step the new failure rates for each failure mode are calculated. These results are shown 

in a table along with the failure rates of the topside system (Figure 31). 

 

 

Figure 31 - Initial and updated failure rates for each failure mode, all values have as unit (× 106 [ℎ−1]) a) Rahimi 

and Rausand's example b) Tool 

 

In the example, the final calculation of the total failure rate of the new system is not performed 

because for this value to have any meaning it would be necessary to count on all failure modes and all 

failure causes. In the tool the calculation is performed and demonstrated, knowing that the value has no 

meaning, only to prove that if all the necessary information is used, the tool can calculate the total failure 

rate (Figure 32). 

 

Figure 32 - Final tool calculation for total failure rate, value has as unit (× 106 [ℎ−1]) 

 

4.3 Impact analysis of the different parameters of the model 

The case study used in this analysis is the original application example adopted by Rahimi and 

Rausand [89]. 

The analysis of influence of the different model parameters is made through the variation of 

necessary inputs of the method, namely: 

• the score of each RIF (𝜂𝑅𝑅𝐴), 

• the weight that each RIF has on each failure cause (𝜀𝑅𝑅𝐴), 

• the contribution of the weight of each failure cause for each failure mode (𝜔𝑅𝑅𝐴
(𝑆)

), 

• the boundary factors (𝜃𝑅𝑅𝐴). 

The variation is made using the extreme cases of each input parameter. For each score of relevant 

RIFs to the subsea system two analyzes are done using the extreme possible values -3 and 3 

respectively. Knowing that the sum of the percentage of all weights of all RIFs influencing each failure 

cause must be 100% and since that there are only two RIFs influencing a failure cause, the 90%-10% 

and 10%-90% weight distributions are analyzed. The same approach is adopted to define the 

contribution of the weight of each failure cause for each failure mode.  Lastly, for the boundary factors 

the extreme cases chosen for analysis are 𝜃𝑅𝑅𝐴 𝑚𝑖𝑛 = 0.1, 𝜃𝑅𝑅𝐴 𝑚𝑖𝑛 = 0.3, 𝜃𝑅𝑅𝐴 𝑚𝑎𝑥 = 0.9 and 𝜃𝑅𝑅𝐴 𝑚𝑎𝑥 =

1.3. 
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After each analysis, the final values of total failure rate, failure rate of each failure mode, �̅�𝑅𝑅𝐴 and 

𝜅𝑅𝑅𝐴 are recorded. Finally, the value of the failure rate variation of the extremes is compared with the 

value of the failure rate of the original case by:  

 

 
|𝜆min 𝑐𝑎𝑠𝑒 − 𝜆𝑚𝑎𝑥 𝑐𝑎𝑠𝑒 |

𝜆𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙
× 100% (61) 

 

Table 10 shows the initial values of the original case, and in Table 11 the final values calculated by 

the method are presented. 

 

RIFs Relevance and Effects Score  Weights of the RIFs for each related FC 

  Failure Cause   Failure Cause 

RIF  MFG BLK IFG CF  RIF MFG BLK IFG CF 

Frequency 
of 

Maintenance 

Topside 1 0 1 0  Frequency of Maintenance 1 0 0.5 0 

Subsea 1 0 1 0  Loads and Capacity 0 1 0 0 

Score 1 0 0 0  Location of Operation 0 0 0.5 1 

Loads and 
Capacity 

Topside 0 1 0 0       
Subsea 0 1 0 0   Boundary Factors   

Score 0 0 0 0    𝜽𝑹𝑹𝑨 𝒎𝒊𝒏 𝜽𝑹𝑹𝑨 𝒎𝒊𝒏   

Location of 
Operation 

Topside 0 0 1 1   FTS 0.3 1.1   

Subsea 0 0 1 1   LOO 0.3 1.1   

Score 0 0 -2 1   UST 0.3 1.1   

             
 Contribution Weight of the FC to FM  

  Failure Cause Failure Cause  

 Failure Mode MFG BLK IFG CF MFG BLK IFG CF  

 Fail to Start on Demand 1 0 0 0 1 0 0 0  

 Low Output 0.67 0.33 0 0 0.75 0.25 0 0  

 Spurious Stop 0 0 0.5 0.5 0 0 0.2 0.8  

Table 10 - Initial values for the case study 

 

�̅�𝑹𝑹𝑨   𝜿𝑹𝑹𝑨   FTS LOO UST Total 

MFG BLK IFG CF 
 

FTS 0.0333 
 

Failure rates for topside system 

(× 𝟏𝟎−𝟔   [𝒉−𝟏]) 
40.73 81.46 101.82 224.01 

0.333 0 -0.333 0.333 
 
LOO 0.025 

 

Failure rates for subsea system 

(× 𝟏𝟎−𝟔   [𝒉−𝟏]) 
42.0877 83.4965 103.8564 229.4406 

          UST 0.02             

Table 11 - Final analysis values for the case study 

 

4.3.1 Changing the Score of RIFs 

The variations of the scores are made for the relevant failure causes, which in all resulted in five 

cases. Table 12 to Table 16 represent the values obtained by the method for each case, and Figure 33 

represents the failure rate for each case compared to the failure rate of the original case, where case 1 

refers to the analysis of the variation of the score of the RIF “frequency of maintenance” for the failure 

cause MFG, case 2 refers to the analysis of the variation of the score of the RIF "maintenance frequency" 

for the failure cause IFG, the case 3 refers to the analysis of the variation of the score of RIF “loads and 

capacity” for the failure cause BLK, case 4 refers to the analysis of the variation of the score of the RIF 

“location of operation” for the failure cause IFG, and case 5 refers to the analysis of the variation of the 

score of the RIF "location of operation" for failure cause CF. 
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From Figure 33 it is possible to state that the choice of the score of RIF "frequency of maintenance” 

for failure cause MFG and the score of RIF "location of operation" for failure cause CF is quite relevant 

for the total failure rate of the system. The first score exerts a large influence on the FTS and LOO failure 

modes while the second score exerts a large influence on the UST failure mode. All other scoring 

choices are practically irrelevant. 

 

Figure 33 - Failure rate for each RIF score variation case compared to case study failure rate 

 

Case 1: Variation of MFG score (−𝟑 and +𝟑) in Frequency of Maintenance 

 �̅�𝑹𝑹𝑨   𝜿𝑹𝑹𝑨 (MFG (-3)) 𝜿𝑹𝑹𝑨 (MFG (3)) 

 MFG BLK IFG CF  FTS -0.7 0.1 

MFG (-3) -1 0 -0.333 0.333  LOO -0.525 0.075 

MFG (3) 1 0 -0.333 0.333   UST 0.02 0.02 

         

     FTS LOO UST Total 

𝝀 topside system (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 40.73 81.46 101.82 224.01 

𝝀 subsea system (MFG (-3)) (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 12.219 38.6935 103.8564 154.7689 

𝝀 subsea system (MFG (3)) (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 44.803 87.5695 103.8564 236.2289 

Table 12 - Variation of MFG score in Frequency of Maintenance 

 

Case 2: Variation of IFG score (−𝟑 and +𝟑) in Frequency of Maintenance 

 �̅�𝑹𝑹𝑨   𝜿𝑹𝑹𝑨 (IFG (-3)) 𝜿𝑹𝑹𝑨 (IFG (3)) 

 MFG BLK IFG CF  FTS 0.0333 0.0333 

IFG (-3) 0.333 0 -0.833 0.333  LOO 0.025 0.025 

IFG (3) 0.333 0 0.167 0.333   UST 0.01 0.03 

         

     FTS LOO UST Total 

𝝀 topside system (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 40.73 81.46 101.82 224.01 

𝝀 subsea system (IFG (-3)) (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 42.0877 83.4965 102.8382 228.4224 

𝝀 subsea system (IFG (3)) (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 42.0877 83.4965 104.8746 230.4588 

Table 13 - Variation of IFG score in Frequency of Maintenance 

 

Case 3: Variation of BLK score (−𝟑 and +𝟑) in Loads and Capacity 

 �̅�𝑹𝑹𝑨   𝜿𝑹𝑹𝑨 (BLK (-3)) 𝜿𝑹𝑹𝑨 (BLK (3)) 

 MFG BLK IFG CF  FTS 0.0333 0.0333 

BLK (-3)  0.333 -1 -0.333 0.333  LOO 0 0.05 

BLK (3) 0.333 1 -0.333 0.333   UST 0.02 0.02 

         

     FTS LOO UST Total 

𝝀 topside system (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 40.73 81.46 101.82 224.01 

𝝀 subsea system (BLK (-3)) (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 42.0877 81.46 103.8564 227.4041 

𝝀 subsea system (BLK (3)) (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 42.0877 85.533 103.8564 231.4771 

Table 14 - Variation of BLK score in Loads and Capacity 

 

 

Case 1 Case 2 Case 3 Case 4 Case 5

% of Variation 35.50% 0.89% 1.78% 0.89% 30.18%
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Case 4: Variation of IFG score (−𝟑 and +𝟑) in Location of Operation 

 �̅�𝑹𝑹𝑨   𝜿𝑹𝑹𝑨 (IFG (-3)) 𝜿𝑹𝑹𝑨 (IFG (3)) 

 MFG BLK IFG CF  FTS 0.0333 0.0333 

IFG (-3) 0.333 0 -0.5 0.333  LOO 0.025 0.025 

IFG (3) 0.333 0 0.5 0.333   UST 0.0167 0.0367 

         

     FTS LOO UST Total 

𝝀 topside system (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 40.73 81.46 101.82 224.01 

𝝀 subsea system (IFG (-3)) (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 42.0877 83.4965 103.517 229.1012 

𝝀 subsea system (IFG (3)) (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 42.0877 83.4965 105.5534 231.1376 

Table 15 - Variation of IFG score in Location of Operation 

 

Case 5: Variation of CF score (−𝟑 and +𝟑) in Location of Operation 

 �̅�𝑹𝑹𝑨   𝜿𝑹𝑹𝑨 (CF (-3)) 𝜿𝑹𝑹𝑨 (CF (3)) 

 MFG BLK IFG CF  FTS 0.0333 0.0333 

CF (-3) 0.333 0 -0.333 -1  LOO 0.025 0.025 

CF (3) 0.333 0 -0.333 1   UST -0.6067 0.0733 

         

     FTS LOO UST Total 

𝝀 topside system (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 40.73 81.46 101.82 224.01 

𝝀 subsea system (CF (-3)) (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 42.0877 83.4965 40.0492 165.6334 

𝝀 subsea system (CF (3)) (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 42.0877 83.4965 109.2868 234.871 

Table 16 - Variation of CF score in Location of Operation 

 

4.3.2 Changing the 𝜺𝑹𝑹𝑨 value 

In this analysis, there is only one failure cause that is influenced by two RIFs, and the weight each 

one exerted on it is equally distributed. The case analyzed varied this distribution to two extreme cases, 

a 90% − 10% distribution and a 10% − 90% distribution. 

Table 17 represents the values analyzed by the method for this case, and Figure 34 represents the 

case failure rate compared to the failure rate of the original case. From Figure 34 it is possible to state 

that the variation of the percentage distribution of weight that each RIF exerts on the failure cause has 

practically no relevance to the total failure rate value. 

 

Figure 34 - Case 6 failure rate compared to case study failure rate 

 

Case 6: Variation of IFG RIFs Weight (𝟗𝟎%− 𝟏𝟎% and 𝟏𝟎%− 𝟗𝟎%) 

 �̅�𝑹𝑹𝑨   𝜿𝑹𝑹𝑨 (IFG (90%-10%)) 𝜿𝑹𝑹𝑨 (IFG (10%-90%)) 

 MFG BLK IFG CF  FTS 0.0333 0.0333 

IFG (90%-10%) 0.333 0 -0.067 0.333  LOO 0.025 0.025 

IFG (10%-90%) 0.333 0 -0.6 0.333   UST 0.0253 0.0147 

         

     FTS LOO UST Total 

𝝀 topside system (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 40.73 81.46 101.82 224.01 

𝝀 subsea system (IFG (90%-10%)) (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 42.0877 83.4965 104.3994 229.9836 

𝝀 subsea system (IFG (10%-90%)) (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 42.0877 83.4965 103.3134 228.8975 

Table 17 - Variation of IFG RIFs weight 
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4.3.3 Changing the Weight Contribution of the Failure Causes to Failure Modes 

There are two failure modes that are each influenced by two causes of failure. In this case, the 

original weight variation of each failure cause is changed first for each failure mode (Table 18 and Table 

19) and then by combining variation of the two failure modes together (Table 20 and Table 21). Figure 

35 shows the failure rate for each case compared to the failure rate of the original case, where case 7 

refers to the analysis of the variation of weight contribution of the FCs to failure mode LOO with a first 

distribution of 90%-10% and a second of 10%-90%, case 8 refers to the analysis of the variation of 

weight contribution of the FCs to failure mode UST with a first distribution of 90%-10% and a second of 

10%-90%, case 9 refers to the analysis of the combine variation of weight contribution of the FCs, firstly, 

to failure mode LOO with a distribution of 90%-10% and failure mode UST with a distribution of 90%-10% 

and secondly, to failure mode LOO with a distribution of 10%-90% and failure mode UST with a 

distribution of 10%-90% and case 10 refers to the analysis of the combine variation of weight contribution 

of the FCs, firstly, to failure mode LOO with a distribution of 90%-10% and failure mode UST with a 

distribution of 10%-90% and secondly, to failure mode LOO with a distribution of 10%-90% and failure 

mode UST with a distribution of 90%-10%. 

From Figure 35 it is possible to see that the percentage distribution of the weight of failure causes 

influencing the failure mode LOO is practically irrelevant to the total failure rate, on the other hand, the 

percentage distribution of the weight of failure causes influencing the failure mode UST is relevant and 

should be carefully weighed. Case 9 results in the difference between the effects of case 7 and case 8 

while case 10 results in the sum between the effects of case 7 and 8, as expected. 

 

Figure 35 - Failure rate for each weight contribution of the failure causes to failure modes variation case 
compared to case study failure rate 

 

Case 7: Variation of Weight Contribution of the FCs to LOO (𝟗𝟎%− 𝟏𝟎% and 𝟏𝟎%− 𝟗𝟎%) 

 �̅�𝑹𝑹𝑨   𝜿𝑹𝑹𝑨 (LOO (90%-10%)) 𝜿𝑹𝑹𝑨 (LOO (10%-90%)) 

 MFG BLK IFG CF  FTS 0.0333 0.0333 

LOO (90%-10%) 0.333 0 -0.333 0.333  LOO 0.03 0.0033 

LOO (10%-90%) 0.333 0 -0.333 0.333   UST 0.02 0.02 

         

     FTS LOO UST Total 

𝝀 topside system (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 40.73 81.46 101.82 224.01 

𝝀 subsea system (LOO (90%-10%)) (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 42.0877 83.9038 103.8564 229.8479 

𝝀 subsea system (LOO (10%-90%)) (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 42.0877 81.7315 103.8564 227.6756 

Table 18 - Variation of weight contribution of the FCs to LOO 
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Case 8: Variation of Weight Contribution of the FCs to UST (𝟗𝟎%− 𝟏𝟎% and 𝟏𝟎%− 𝟗𝟎%) 

 �̅�𝑹𝑹𝑨   𝜿𝑹𝑹𝑨 (UST (90%-10%)) 𝜿𝑹𝑹𝑨 (UST (10%-90%)) 

 MFG BLK IFG CF  FTS 0.0333 0.0333 

UST (90%-10%) 0.333 0 -0.333 0.333  LOO 0.025 0.025 

UST (10%-90%) 0.333 0 -0.333 0.333   UST -0.1867 0.0267 

         

     FTS LOO UST Total 

𝝀 topside system (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 40.73 81.46 101.82 224.01 

𝝀 subsea system (UST (90%-10%)) (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 42.0877 83.4965 82.8136 208.3978 

𝝀 subsea system (UST (10%-90%)) (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 42.0877 83.4965 104.5352 230.1194 

Table 19 - Variation of weight contribution of the FCs to UST 

 

Case 9: Variation of Weight Contribution of the FCs to LOO-UST (𝟗𝟎%− 𝟏𝟎%) and LOO-UST (𝟏𝟎%− 𝟗𝟎%) 

 
�̅�𝑹𝑹𝑨 

  

𝜿𝑹𝑹𝑨 (LOO-UST 

(90%-10%)) 

𝜿𝑹𝑹𝑨 (LOO-UST 

(10%-90%)) 

 MFG BLK IFG CF  FTS 0.0333 0.0333 

LOO-UST (90%-10%) 0.333 0 -0.333 0.333  LOO 0.03 0.0033 

LOO-UST (10%-90%) 0.333 0 -0.333 0.333   UST -0.1867 0.0267 

         

     FTS LOO UST Total 

𝝀 topside system (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 40.73 81.46 101.82 224.01 

𝝀 subsea system (LOO-UST (90%-10%)) (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 42.0877 83.9038 82.8136 208.8051 

𝝀 subsea system (LOO-UST (10%-90%)) (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 42.0877 81.7315 104.5352 228.3544 

Table 20 - Variation of weight contribution of the FCs to LOO-UST (90%-10%) and LOO-UST (10%-90%) 

 

Case 10: Variation of Weight Contribution of the FCs to LOO (𝟗𝟎%− 𝟏𝟎%)-UST (𝟏𝟎%− 𝟗𝟎%) and LOO (𝟏𝟎%−
𝟗𝟎%)-UST (𝟗𝟎%− 𝟏𝟎%) 

 
�̅�𝑹𝑹𝑨 

  

𝜿𝑹𝑹𝑨 (LOO(90%-

10%)-UST(10%-90%)) 

𝜿𝑹𝑹𝑨 (LOO(10%-

90%)-UST(90%-10%)) 

 MFG BLK IFG CF  FTS 0.0333 0.0333 

LOO(90%-10%)-
UST(10%-90%) 

0.333 0 -0.333 0.333 
 

LOO 0.03 0.0033 

LOO(10%-90%)-
UST(90%-10%) 

0.333 0 -0.333 0.333 
  

UST 0.0267 -0.1867 

         

     FTS LOO UST Total 

𝝀 topside system (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 40.73 81.46 101.82 224.01 

𝝀 subsea system (LOO(90%-10%)-UST(10%-

90%)) (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 
42.0877 83.9038 104.5352 230.5267 

𝝀 subsea system (LOO(10%-90%)-UST(90%-

10%)) (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 
42.0877 81.7315 82.8136 206.6328 

Table 21 - Variation of weight contribution of the FCs to LOO (90%-10%)-UST (10%-90%) and LOO (10%-90%)-
UST (90%-10%) 

 

4.3.4 Changing the 𝜽𝑹𝑹𝑨 𝒎𝒊𝒏 and 𝜽𝑹𝑹𝑨 𝒎𝒂𝒙 values 

Boundary factors are the last to be studied. Not knowing the credible limits of variation of these 

factors a more conservative approach is used, changing the original maximum (Table 22) and minimum 

(Table 23) values, 1.1 and 0.3 respectively, to ±0.2. Figure 36 represents the failure rate for each case 

compared to the failure rate of the original case, where case 11 refers to the analysis of the variation of 

𝜃𝑅𝑅𝐴 𝑚𝑖𝑛 and case 12 refers to the analysis of the variation of 𝜃𝑅𝑅𝐴 𝑚𝑎𝑥. 

From Figure 36 is possible to state that the variation of 𝜃𝑅𝑅𝐴 𝑚𝑖𝑛 has no effect for total failure rate, 

on the other hand, the variation of 𝜃𝑅𝑅𝐴 𝑚𝑎𝑥 is relevant and should be carefully chosen.   
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Figure 36 - Failure rate for each 𝜃𝑅𝑅𝐴 variation case compared to case study failure rate 

Case 11: Variation of 𝜽𝑹𝑹𝑨 𝒎𝒊𝒏 (𝟎. 𝟏 and 𝟎. 𝟓) 

 �̅�𝑹𝑹𝑨   𝜿𝑹𝑹𝑨 (𝜽𝑹𝑹𝑨 𝒎𝒊𝒏 (0.1)) 𝜿𝑹𝑹𝑨 (𝜽𝑹𝑹𝑨 𝒎𝒊𝒏 (0.5)) 

 MFG BLK IFG CF  FTS 0.0333 0.0333 

𝜽𝑹𝑹𝑨 𝒎𝒊𝒏 (0.1) 0.333 0 -0.333 -1  LOO 0.025 0.025 

𝜽𝑹𝑹𝑨 𝒎𝒊𝒏 (0.5) 0.333 0 -0.333 1   UST 0.02 0.02 

         

     FTS LOO UST Total 

𝝀 topside system (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 40.73 81.46 101.82 224.01 

𝝀 subsea system (𝜽𝑹𝑹𝑨 𝒎𝒊𝒏 (0.1)) (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 42.0877 83.4965 103.8564 229.4406 

𝝀 subsea system (𝜽𝑹𝑹𝑨 𝒎𝒊𝒏 (0.5)) (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 42.0877 83.4965 103.8564 229.4406 

Table 22 - Variation of 𝜃𝑅𝑅𝐴 𝑚𝑖𝑛 

 

Case 12: Variation of 𝜽𝑹𝑹𝑨 max (𝟎. 𝟗 and 𝟏. 𝟑) 

 �̅�𝑹𝑹𝑨   𝜿𝑹𝑹𝑨 (𝜽𝑹𝑹𝑨 max (0.9)) 𝜿𝑹𝑹𝑨 (𝜽𝑹𝑹𝑨 𝒎𝒂𝒙 (1.3)) 

 MFG BLK IFG CF  FTS -0.0333 0.1 

𝜽𝑹𝑹𝑨 𝒎𝒂𝒙 (0.9) 0.333 0 -0.333 -1  LOO -0.025 0.075 

𝜽𝑹𝑹𝑨 𝒎𝒂𝒙 (1.3) 0.333 0 -0.333 1   UST -0.02 0.06 

         

     FTS LOO UST Total 

𝝀 topside system (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 40.73 81.46 101.82 224.01 

𝝀 subsea system (𝜽𝑹𝑹𝑨 𝒎𝒂𝒙 (0.9)) (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 39.3723 79.4235 99.7836 218.5794 

𝝀 subsea system (𝜽𝑹𝑹𝑨 𝒎𝒂𝒙 (1.3)) (× 𝟏𝟎−𝟔   [𝒉−𝟏]) 44.803 87.5695 107.9292 240.3017 

Table 23 - Variation of 𝜃𝑅𝑅𝐴 𝑚𝑎𝑥 

 

Case 11 Case 12

% of Variation 0.00% 9.47%

0%

2%

4%

6%

8%

10%

%
 o

f 
va

ri
at

io
n

 in
 t

o
ta

l 
fa

ilu
re

 r
at

e



 

60 

 

4.3.5 Discussion 

 

Figure 37 - Comparison of all studied cases 

Considering all the results of all the cases studied presented in Figure 37, and considering the 

choices of the inputs of the original case, it is possible to conclude that: 

• the choice of both the score of RIF “frequency of maintenance” for the failure cause MFG and 

the score of RIF “location of operation” for the failure cause CF are the most determinant for 

the value of the total failure rate, since the change of any of them greatly modifies the 

conclusions obtained from the application of the method. 

• The choice of the percentage distribution of the weight of failure causes influencing the failure 

mode UST, namely the failure causes IFG and CF, is also relevant, despite having one third of 

the importance of the choices of the previous point. 

• Both the choice of 𝜃𝑅𝑅𝐴 𝑚𝑖𝑛, seem to be irrelevant to the total failure rate, and the choice of 

𝜃𝑅𝑅𝐴 𝑚𝑎𝑥, which has the same level of relevance as the input from the previous point, should be 

done carefully. The approach used for these two cases is very conservative, as explained 

above, and since it is not known what type of variation is possible for the maximum and 

minimum values that each of these parameters can take, it is impossible to accept, in a 

categorical way, the results obtained. 

• Finally, the choice of the values for the other parameters studied is practically irrelevant to the 

total failure rate value. This conclusion allows to reduce the subjectivity of the application of the 

method in this specific equipment, since the number of inputs needed for expert judgment 

decreases drastically. 
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Case
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Chapter 5: Application of the Failure Rate Prediction Method 

5.1 Step 1 

The system under study is a new subsea centrifugal compressor. The compressor is integrated in 

a pressure-containing cartridge with static seals towards the environment. Through the cartridge 

containing pressure it is assumed that the compressor is in the same pressure conditions of the topside 

environment but suffering from temperature differences. This containment cartridge is not studied here, 

this means that the environmental effects possibly sensed by the direct connection with water, like the 

corrosion, is not considered because it is assumed that the compressor does not suffer them. 

It is necessary to have a high reliability; the philosophy of maintenance is not like that for a 

compressor in the topside environment; and the separated liquid is only partially conventional and can 

change its properties over time. 

The compressor here idealized is like the centrifugal compressors that are now in the offshore 

platforms. More information about this equipment can be seen in Section 2.1.2. 

 

5.2 Step 2 and Step 3 

It is assumed that the failure modes of the subsea system are the same as those of the topside 

system. In terms of failure causes, of the 33 that are described for the topside system, only 27 are used 

in the analysis of the subsea system, however this selection corresponds to 93.11% contribution to the 

topside system total failure rate. The non-inclusion of all failure causes is due to the difficulty they 

brought to the analysis, in a method in which it is necessary to assign RIFs to each FC, to have causes 

such as unknown or no cause found make this work extremely complex. The influence diagram can be 

found in the Appendix A. 
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Abnormal instrument reading AIR  

F
a
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Leakage LKG Open circuit OC 

Breakdown BRD  Wear WER Deformation DEF 

Erratic output ERO  Faulty signal/indication/alarm FSA No power/voltage NPV 

External leakage - Process medium ELP  Out of adjustment OOA Faulty power/voltage FPV 

External leakage - Utility medium ELU  Instrument failure - general IFG Overheating OHE 

Fail to start on demand FTS  Mechanical Failure - general MFG Fatigue FAT 

Fail to stop on demand STP  Control failure CF Burst BRT 

High output HIO  Material failure - general FMG Erosion ERN 

Internal leakage INL  Looseness LSS   

Low output LOO  Sticking SKG   

Minor in-service problems SER  Breakage BRK   

Noise NOI  Contamination CTM   

Other OTH  No signal/indication/alarm NSA   

Overheating OHE  Blockage/plugged BLK   

Parameter deviation PDE  Vibration VIB   

Spurious stop UST  Electrical failure - general EFG   

Structural deficiency STD  Corrosion CRR   

Unknown UNK  Clearance/ alignment failure CAF   

Vibration VIB  Misc. external influences MEI   

Table 24 - Failure modes and failure causes for centrifugal compressor 
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5.3 Step 4 and Step 5 

Both the choice of RIFs and their score had a logic within the randomness that existed by not 

consulting experts. For RIFs corresponding to design and manufacturing, quality is considered to have 

slightly higher effect on the subsea system than on the topside system for all relevant failure causes, 

materials, dimensions and loads and capacity are considered to have equal relevance in both systems. 

Looking at the operational and maintenance RIFs, the functional requirements and the time in 

operation are considered to have the same relevance in both types of system, the mechanical 

constraints for the subsea system are considered to have a significantly lower relevance than for the 

topside system, the frequency of maintenance for the subsea system is considered to have a slightly 

higher relevance than for the topside system and the accessibility for maintenance for the subsea 

system is considered to have a much greater relevance than for the topside system. 

For the external environmental RIFs, the corrosive environment and the location of operation for 

the subsea system are considered to have a significantly lower relevance than for the topside system, 

while pressure is considered to have the same relevance for both systems, these choices are made due 

the cartridge containing pressure, the pressure felt by the subsea system is equal to that felt by the 

topside system, the cartridge becomes a barrier to the corrosive environment and the system in this way 

suffers even less than the one that is found on surface, with all this, the location of operation becomes 

less relevant in comparison. On the other hand, considering that the idealized cartridge does not prevent 

changes in temperature, this RIF for the subsea system is considered to have a significantly greater 

relevance than for the topside system. 

Finally, for the internal environmental RIFs, both the pressure and the sand particles in the fluid are 

considered as having the same relevance for both systems since the location of the system does not 

change these factors. 

Five generic RIFs are not used, the system structure is considered the same for the two locations, 

i.e. there would be no failure cause with different relevance in this aspect, maintenance policy and type 

and quality of maintenance are considered equal for the two systems. Pollution, from the external 

environment, and the internal chemical content, from the internal environment, are not considered to be 

complex, without knowledge of the place of installation, to assign any kind of degree of relevance. 

Table 25 shows the choice of RIFs, the comparison between systems and the score given to RIFs. 

 

    Failure Causes 

    LKG WER FSA OOA IFG MFG CF FMG LSS SKG BRK CTM NSA BLK 

Design and 
Manufacturing 

Quality 

Topside 1 0 0 1 0 0 0 1 1 0 1 0 0 0 

Subsea 1 0 0 1 0 0 0 1 1 0 1 0 0 0 

Score 1   1    1 1  1    

Materials 

Topside 1 0 0 0 0 0 0 1 1 0 1 0 0 0 

Subsea 1 0 0 0 0 0 0 1 1 0 1 0 0 0 

Score 0       0 0  0    

Dimensions 

Topside 0 0 0 1 0 0 0 1 0 0 0 0 0 1 

Subsea 0 0 0 1 0 0 0 1 0 0 0 0 0 1 

Score    0    0      0 

Loads and 
Capacity 

Topside 1 0 0 1 0 0 0 1 1 0 1 0 0 1 

Subsea 1 0 0 1 0 0 0 1 1 0 1 0 0 1 

Score 0   0    0 0  0   0 

Functional 
Requirements 

Topside 0 0 1 0 0 1 0 0 0 0 0 0 1 0 

Subsea 0 0 1 0 0 1 0 0 0 0 0 0 1 0 
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Operational 
and 

Maintenance 

Score   0   0       0  

Time in 
Operation 

Topside 1 1 1 1 1 1 0 0 1 1 0 0 1 0 

Subsea 1 1 1 1 1 1 0 0 1 1 0 0 1 0 

Score 0 0 0 0 0 0   0 0   0  

Mechanical 
Constraints 

Topside 1 0 0 1 0 1 0 0 0 1 0 0 0 0 

Subsea 1 0 0 1 0 1 0 0 0 1 0 0 0 0 

Score -2   -2  -2    -2     

Frequency of 
Maintenance 

Topside 1 0 1 1 1 1 0 0 0 1 0 0 1 0 

Subsea 1 0 1 1 1 1 0 0 0 1 0 0 1 0 

Score 1  1 1 1 1    1   1  
Accessibility 

for 
Maintenance 

Topside 1 0 1 1 1 1 0 0 0 1 0 0 1 0 

Subsea 1 0 1 1 1 1 0 0 0 1 0 0 1 0 

Score 3  3 3 3 3    3   3  

Environmental 
External 

Corrosive 
Environmental 

Topside 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Subsea 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Score               

Temperature 

Topside 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Subsea 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Score               

Pressure 

Topside 0 0 0 0 0 0 0 0 1 0 0 0 0 0 

Subsea 0 0 0 0 0 0 0 0 1 0 0 0 0 0 

Score         0      

Location of 
Operation 

Topside 0 0 0 0 1 0 1 0 0 0 0 1 0 0 

Subsea 0 0 0 0 1 0 1 0 0 0 0 1 0 0 

Score     -2  -2     -2   

Environmental 
Internal 

Pressure 

Topside 0 0 0 1 0 0 0 0 1 0 0 0 0 0 

Subsea 0 0 0 1 0 0 0 0 1 0 0 0 0 0 

Score    0     0      
Sand 

Particles in 
the Fluid 

Topside 0 0 0 0 0 0 0 0 0 0 0 1 0 0 

Subsea 0 0 0 0 0 0 0 0 0 0 0 1 0 0 

Score            0   
   

               

    Failure Causes  

    VIB EFG CRR OC CAF DEF MEI NPV FPV OHE FAT BRT ERN  

Design and 
Manufacturing 

Quality 

Topside 1 0 0 0 1 1 0 0 0 1 1 1 0  
Subsea 1 0 0 0 1 1 0 0 0 1 1 1 0  
Score 1    1 1    1 1 1   

Materials 

Topside 1 0 0 0 1 1 0 0 0 1 1 1 0  
Subsea 1 0 0 0 1 1 0 0 0 1 1 1 0  
Score 0    0 0    0 0 0   

Dimensions 

Topside 0 0 0 0 1 1 0 0 0 0 0 0 0  
Subsea 0 0 0 0 1 1 0 0 0 0 0 0 0  
Score     0 0         

Loads and 
Capacity 

Topside 1 0 0 0 0 1 0 0 0 1 1 1 0  
Subsea 1 0 0 0 0 1 0 0 0 1 1 1 0  

Score 0     0    0 0 0   

Operational 
and 

Maintenance 

Functional 
Requirements 

Topside 0 0 0 0 0 0 0 1 1 0 0 0 0  

Subsea 0 0 0 0 0 0 0 1 1 0 0 0 0  
Score        0 0      

Time in 
Operation 

Topside 1 1 0 1 0 0 0 1 1 0 1 1 0  
Subsea 1 1 0 1 0 0 0 1 1 0 1 1 0  
Score 0 0  0    0 0  0 0   

Mechanical 
Constraints 

Topside 0 0 0 0 0 0 0 0 0 0 1 1 0  
Subsea 0 0 0 0 0 0 0 0 0 0 1 1 0  
Score           -2 -2   

Frequency of 
Maintenance 

Topside 1 1 0 1 0 0 0 1 1 0 1 1 0  
Subsea 1 1 0 1 0 0 0 1 1 0 1 1 0  
Score 1 1  1    1 1  1 1   

Accessibility 
for 

Maintenance 

Topside 1 1 0 1 0 0 0 1 1 0 1 1 0  
Subsea 1 1 0 1 0 0 0 1 1 0 1 1 0  
Score 3 3  3    3 3  3 3   

Environmental 
External 

Corrosive 
Environmental 

Topside 0 0 1 0 0 0 1 0 0 0 0 0 0  
Subsea 0 0 1 0 0 0 1 0 0 0 0 0 0  
Score   -2    -2        

Temperature 

Topside 0 0 0 0 0 0 1 0 0 1 0 0 0  
Subsea 0 0 0 0 0 0 1 0 0 1 0 0 0  
Score       2   2     

Pressure 

Topside 0 0 0 0 0 0 1 0 0 0 0 1 0  
Subsea 0 0 0 0 0 0 1 0 0 0 0 1 0  
Score       0     0   
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Location of 
Operation 

Topside 0 1 0 0 0 0 1 1 1 1 0 1 0  
Subsea 0 1 0 0 0 0 1 1 1 1 0 1 0  
Score  -2     -2 -2 -2 -2  -2   

Environmental 
Internal 

Pressure 

Topside 0 0 0 0 0 0 0 0 0 0 0 1 0  
Subsea 0 0 0 0 0 0 0 0 0 0 0 1 0  
Score            0   

Sand 
Particles in 
the Fluid 

Topside 0 0 0 0 0 0 0 0 0 0 0 0 1  
Subsea 0 0 0 0 0 0 0 0 0 0 0 0 1  
Score             0  

Table 25 - RIFs chosen, comparison topside system/subsea system and RIFs score 

 

The weights of the RIFs for each cause of related failure are considered equal. Table 26 shows the 

𝜀 value that each RIF has taken for each FC and Table 27 shows the �̅�𝑗 value for each FC. 

 

 Failure Causes 

RIFs LKG WER FSA OOA IFG MFG CF FMG LSS SKG BRK CTM NSA BLK 

Quality 0.1429 0 0 0.125 0 0 0 0.25 0.1667 0 0.3333 0 0 0 

Materials 0.1429 0 0 0 0 0 0 0.25 0.1667 0 0.3333 0 0 0 

Dimensions 0 0 0 0.125 0 0 0 0.25 0 0 0 0 0 0.5 

Loads and Capacity 0.1429 0 0 0.125 0 0 0 0.25 0.1667 0 0.3333 0 0 0.5 

Functional Requirements 0 0 0.25 0 0 0.2 0 0 0 0 0 0 0.25 0 

Time in Operation 0.1429 1 0.25 0.125 0.25 0.2 0 0 0.1667 0.25 0 0 0.25 0 

Mechanical Constraints 0.1429 0 0 0.125 0 0.2 0 0 0 0.25 0 0 0 0 

Frequency of Maintenance 0.1429 0 0.25 0.125 0.25 0.2 0 0 0 0.25 0 0 0.25 0 

Accessibility for Maintenance 0.1429 0 0.25 0.125 0.25 0.2 0 0 0 0.25 0 0 0.25 0 

Corrosive Environmental 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Temperature 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Pressure (External) 0 0 0 0 0 0 0 0 0.1667 0 0 0 0 0 

Location of Operation 0 0 0 0 0.25 0 1 0 0 0 0 0.5 0 0 

Pressure (Internal) 0 0 0 0.125 0 0 0 0 0.1667 0 0 0 0 0 

Sand Particles in the Fluid 0 0 0 0 0 0 0 0 0 0 0 0.5 0 0 

               

 Failure Causes  
RIFs VIB EFG CRR OC CAF DEF MEI NPV FPV OHE FAT BRT ERN  

Quality 0.1667 0 0 0 0.33 0.25 0 0 0 0.2 0.1429 0.1 0  
Materials 0.1667 0 0 0 0.33 0.25 0 0 0 0.2 0.1429 0.1 0  
Dimensions 0 0 0 0 0.33 0.25 0 0 0 0 0 0 0  
Loads and Capacity 0.1667 0 0 0 0 0.25 0 0 0 0.2 0.1429 0.1 0  
Functional Requirements 0 0 0 0 0 0 0 0.2 0.2 0 0 0 0  
Time in Operation 0.1667 0.25 0 0.333 0 0 0 0.2 0.2 0 0.1429 0.1 0  
Mechanical Constraints 0 0 0 0 0 0 0 0 0 0 0.1429 0.1 0  
Frequency of Maintenance 0.1667 0.25 0 0.333 0 0 0 0.2 0.2 0 0.1429 0.1 0  
Accessibility for Maintenance 0.1667 0.25 0 0.333 0 0 0 0.2 0.2 0 0.1429 0.1 0  
Corrosive Environmental 0 0 1 0 0 0 0 0 0 0 0 0 0  
Temperature 0 0 0 0 0 0 0 0 0 0.2 0 0 0  
Pressure (External) 0 0 0 0 0 0 0 0 0 0 0 0.1 0  
Location of Operation 0 0.25 0 0 0 0 0 0.2 0.2 0.2 0 0.1 0  
Pressure (Internal) 0 0 0 0 0 0 0 0 0 0 0 0.1 0  
Sand Particles in the Fluid 0 0 0 0 0 0 0 0 0 0 0 0 1  

Table 26 - ε value that each RIF has taken for each FC 

Failure Causes 

LKG WER FSA OOA IFG MFG CF FMG LSS SKG BRK CTM NSA BLK 

0.1429 0 0.33333 0.125 0.1667 0.1333 -0.6667 0.0833 0.0556 0.1667 0.1111 -0.3333 0.33 0 

              
Failure Causes   

VIB EFG CRR OC CAF DEF MEI NPV FPV OHE FAT BRT ERN  
0.2778 0.1667 -0.6667 0.4444 0.1111 0.0833 -0.1667 0.1333 0.1333 0.0667 0.1429 0.03333 0  

Table 27 - �̅�𝑗 value for each FC 
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5.4 Step 6 

Table 28 and Table 29 show the differences in weight contribution of the failure causes to failure 

modes between the topside system, Table 28, and the subsea system, Table 29. For the topside system 

the information is taken from the OREDA handbook, however for the subsea system the changes are 

made based on the weighting of the RIFs score of the previous point, once again, for not having resorted 

to the support of experts, these data are somehow random with some logic. 

 

  ω Initial 

  Failure Causes 

  LKG WER FSA OOA IFG MFG CF FMG LSS SKG BRK CTM NSA BLK 

F
a

ilu
re

 M
o

d
e
s
 

AIR 0.0042 0.0170 0.3124 0.2653 0.1585 0.0085 0.0386 0.0127 0.0170 0.0170 0.0170 0.0085 0.0555 0.0085 

BRD 0 0 0 0 0 0.3333 0 0 0 0.3333 0.3334 0 0 0 

ELP 0.7412 0.0431 0 0 0 0 0 0.0863 0.0432 0 0 0 0 0 

ELU 0.5230 0.1808 0 0 0.0128 0.0838 0.0128 0.0454 0.0518 0 0.0128 0.0064 0.0064 0.0064 

ERO 0 0 0.2500 0.3125 0.1875 0 0.1875 0 0 0.0625 0 0 0 0 

FTS 0 0 0.0848 0.0636 0.2137 0.1503 0.1060 0 0.0636 0.0424 0.0212 0 0.0636 0 

HIO 0 0 0 0 0.4000 0.2000 0 0.4000 0 0 0 0 0 0 

INL 0.0315 0.8423 0 0.0158 0 0.0315 0.0158 0 0 0.0473 0 0 0 0 

LOO 0 0.1325 0 0.1325 0 0.1988 0 0 0 0 0 0 0 0.4036 

NOI 0 0.1250 0 0 0 0.3750 0 0 0.1250 0 0 0 0 0 

OHE 0 0 0.2000 0 0 0 0.4000 0 0 0 0 0.2000 0 0 

OTH 0.1357 0.0876 0.0096 0.0876 0.0779 0.1559 0.0779 0 0.0096 0.0683 0.0482 0.0385 0.0289 0.0096 

PDE 0.0948 0 0 0.1897 0.0948 0.0474 0.2889 0 0 0 0.0474 0.0474 0 0.0948 

SER 0.0169 0.0337 0.0169 0 0.1027 0.1027 0 0.0844 0.0675 0.0506 0.0675 0.1871 0 0.0675 

STD 0 0 0 0 0 0.2000 0 0.6000 0 0 0.2000 0 0 0 

STP 0 0 0 0 0 0 0 0 0 0.3333 0 0 0 0 

UNK 0 0 0 0 0 0 0 0 0 0 0.5000 0 0 0 

UST 0.0195 0 0.1773 0.0585 0.2749 0.0390 0.1188 0.0585 0 0 0 0 0 0.0585 

VIB 0 0.1732 0.1299 0.1299 0 0.0866 0 0 0.0866 0 0 0 0 0 

                

  ω Initial  

  Failure Causes  

  VIB EFG CRR OC CAF DEF MEI NPV FPV OHE FAT BRT ERN  

F
a

ilu
re

 M
o

d
e
s
 

AIR 0.0127 0 0.0042 0.0170 0.0085 0.0085 0 0.0042 0 0 0 0.0042 0  
BRD 0 0 0 0 0 0 0 0 0 0 0 0 0  
ELP 0 0 0 0 0.0431 0 0 0 0 0.0431 0 0 0  
ELU 0.0128 0 0.0064 0 0.0192 0 0.0064 0 0 0 0.0128 0 0  
ERO 0 0 0 0 0 0 0 0 0 0 0 0 0  
FTS 0 0.0848 0.0212 0.0424 0 0 0 0.0212 0.0212 0 0 0 0  
HIO 0 0 0 0 0 0 0 0 0 0 0 0 0  
INL 0 0 0.0158 0 0 0 0 0 0 0 0 0 0  
LOO 0 0 0 0 0 0.0663 0.0663 0 0 0 0 0 0  
NOI 0.3750 0 0 0 0 0 0 0 0 0 0 0 0  
OHE 0 0.2000 0 0 0 0 0 0 0 0 0 0 0  
OTH 0 0.0683 0.0289 0 0.0193 0 0.0096 0 0.0193 0.0097 0 0 0.0096  
PDE 0 0 0 0 0 0.0474 0 0 0 0.0474 0 0 0  
SER 0 0.0169 0.0844 0.0337 0.0169 0.0337 0.0169 0 0 0 0 0 0  
STD 0 0 0 0 0 0 0 0 0 0 0 0 0  
STP 0 0.3333 0 0.3334 0 0 0 0 0 0 0 0 0  
UNK 0 0 0 0.5000 0 0 0 0 0 0 0 0 0  
UST 0.0585 0.0390 0 0.0390 0 0 0.0195 0.0390 0 0 0 0 0  
VIB 0.3072 0 0 0 0.0866 0 0 0 0 0 0 0 0  

Table 28 - Weight contribution of the failure causes to failure modes in topside system 

  ω New 

  Failure Causes 

  LKG WER FSA OOA IFG MFG CF FMG LSS SKG BRK CTM NSA BLK 

F
a

ilu
re

 M
o

d
e
s
 

AIR 0.0050 0.0127 0.3124 0.2653 0.1585 0.0100 0.0171 0.0084 0.0127 0.0236 0.0127 0.0068 0.0670 0.0081 

BRD 0 0 0 0 0 0.3409 0 0 0 0.3752 0.2839 0 0 0 

ELP 0.7619 0.0390 0 0 0 0 0 0.0822 0.0391 0 0 0 0 0 

ELU 0.5579 0.1250 0 0 0.0203 0.0977 0.0050 0.0413 0.0477 0 0.0087 0.0048 0.0088 0.0060 

ERO 0 0 0.2964 0.3543 0.2293 0 0.0500 0 0 0.0700 0 0 0 0 

FTS 0 0 0.1015 0.0707 0.2322 0.1504 0.0300 0 0.0594 0.0495 0.0170 0 0.0803 0 

HIO 0 0 0 0 0.4419 0.2076 0 0.3505 0 0 0 0 0 0 

INL 0.0403 0.8223 0 0.0246 0 0.0507 0.0030 0 0 0.0561 0 0 0 0 
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LOO 0 0.0862 0 0.1872 0 0.2578 0 0 0 0 0 0 0 0.3573 

NOI 0 0.0791 0 0 0 0.4402 0 0 0.0791 0 0 0 0 0 

OHE 0 0 0.4400 0 0 0 0.2400 0 0 0 0 0.0400 0 0 

OTH 0.1501 0.0834 0.0119 0.0949 0.0852 0.1559 0.0593 0 0.0092 0.0756 0.0440 0.0199 0.0470 0.0092 

PDE 0.1030 0 0 0.2854 0.1030 0.0640 0.1915 0 0 0 0.0434 0.0320 0 0.0908 

SER 0.0246 0.0296 0.0382 0 0.1569 0.1777 0 0.0803 0.0634 0.0583 0.0634 0.0500 0 0.0634 

STD 0 0 0 0 0 0.2889 0 0.5556 0 0 0.1556 0 0 0 

STP 0 0 0 0 0 0 0 0 0 0.3333 0 0 0 0 

UNK 0 0 0 0 0 0 0 0 0 0 0.4546 0 0 0 

UST 0.0269 0 0.1773 0.0659 0.2911 0.0524 0.0500 0.0543 0 0 0 0 0 0.0543 

VIB 0 0.1239 0.1299 0.1728 0 0.1011 0 0 0.0825 0 0 0 0 0 

                

  ω New  

  Failure Causes  

  VIB EFG CRR OC CAF DEF MEI NPV FPV OHE FAT BRT ERN  

F
a

ilu
re

 M
o

d
e
s
 

AIR 0.0242 0 0.0025 0.0285 0.0081 0.0081 0 0.0050 0 0 0 0.0034 0  
BRD 0 0 0 0 0 0 0 0 0 0 0 0 0  
ELP 0 0 0 0 0.0390 0 0 0 0 0.0390 0 0 0  
ELU 0.0322 0 0.0048 0 0.0151 0 0.0048 0 0 0 0.0203 0 0  
ERO 0 0 0 0 0 0 0 0 0 0 0 0 0  
FTS 0 0.0919 0.0013 0.0591 0 0 0 0.0283 0.0283 0 0 0 0  
HIO 0 0 0 0 0 0 0 0 0 0 0 0 0  
INL 0 0 0.0030 0 0 0 0 0 0 0 0 0 0  

LOO 0 0 0 0 0 0.0622 0.0493 0 0 0 0 0 0  
NOI 0.4017 0 0 0 0 0 0 0 0 0 0 0 0  
OHE 0 0.2800 0 0 0 0 0 0 0 0 0 0 0  
OTH 0 0.0756 0.0103 0 0.0151 0 0.0080 0 0.0266 0.0093 0 0 0.0092  
PDE 0 0 0 0 0 0.0434 0 0 0 0.0434 0 0 0  
SER 0 0.0246 0.0671 0.0550 0.0128 0.0296 0.0050 0 0 0 0 0 0  
STD 0 0 0 0 0 0 0 0 0 0 0 0 0  
STP 0 0.3333 0 0.3334 0 0 0 0 0 0 0 0 0  
UNK 0 0 0 0.5454 0 0 0 0 0 0 0 0 0  
UST 0.0768 0.0464 0 0.0573 0 0 0.0009 0.0464 0 0 0 0 0  
VIB 0.3072 0 0 0 0.0825 0 0 0 0 0 0 0 0  

Table 29 - Weight Contribution of the Failure Causes to Failure Modes in Subsea System 

 

5.5 Step 7 and Step 8  

Table 30 shows the boundaries factors used for each failure mode and the 𝜅𝑅𝑅𝐴 𝑖 factor calculated, 

the values of 0.3 and 1.1 are based on the example already described to test and validate the method. 

 

𝜃𝑅𝑅𝐴 𝑚𝑖𝑛 𝜃𝑅𝑅𝐴 𝑚𝑎𝑥 Failure Modes 𝜅𝑅𝑅𝐴 𝑖 
0.3 1.1 AIR 0.02013 

0.3 1.1 BRD 0.01395 

0.3 1.1 ERO 0.01248 

0.3 1.1 ELP 0.01107 

0.3 1.1 ELU 0.01596 

0.3 1.1 FTS 0.01699 

0.3 1.1 STP 0.01305 

0.3 1.1 HIO 0.00209 

0.3 1.1 INL 0.00547 

0.3 1.1 LOO 0.01747 

0.3 1.1 SER 0.00200 

0.3 1.1 NOI 0.00700 

0.3 1.1 OTH -0.03564 

0.3 1.1 OHE 0.00633 

0.3 1.1 PDE 0.01021 

0.3 1.1 UST 0.02593 

0.3 1.1 STD 0.02929 

0.3 1.1 UNK 0.01584 

0.3 1.1 VIB 0.01775 

Table 30 - 𝜃𝑅𝑅𝐴 𝑚𝑖𝑛 and 𝜃𝑅𝑅𝐴 𝑚𝑎𝑥 used for each failure mode and 𝜅𝑅𝑅𝐴 𝑖 calculated 
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Table 31 presents the adjustment of initial failure rates for each failure mode. The total failure rate 

of the new subsea centrifugal compressor using the inputs chosen and demonstrated in the previous 

steps is 683.105 × 10−6   [ℎ−1]. Figure 38 show the differences between initial and new failure rates for 

each failure mode. 

 Failure modes 

 AIR BRD ELP ELU ERO FTS HIO INL LOO NOI 

𝜆 for topside system (× 10−6   [ℎ−1]) 186.42 2.26 12.03 18.03 118.77 37.58 3.01 3.76 47.36 11.27 

𝜆 for subsea system (× 10−6   [ℎ−1]) 190.172 2.2915 12.1801 18.2296 120.666 38.218 3.0493 3.7679 47.6192 11.4669 

           

 Failure modes  

 OHE OTH PDE SER STD STP UNK UST VIB  
𝜆 for topside system (× 10−6   [ℎ−1]) 45.85 6.02 93.21 4.5 17.29 45.1 3.76 3 18.05  
𝜆 for subsea system (× 10−6   [ℎ−1]) 45.9417 6.0621 89.8882 4.52847 17.46655 46.269 3.8701 3.0475 18.3703  

Table 31 - Adjustment of initial failure rates for each failure mode 

 

Figure 38 - Difference between initial failure rates and new failure rates for each failure mode 

 

5.6 Discussion 

Considering the conclusions reached in Section 4.3, where the choice of the RIFs scores proved 

to be the most determinant for the total failure rate, and as a way of understanding the failure rate values 

calculated for each failure mode for the new subsea centrifugal compressor, a more detailed analysis is 

made using seven new cases. 

The values obtained in the initial study for the new equipment made in the previous points of  

Chapter 5 are used as case 1. As case 2, the values of the scores of the RIF “Quality” are changed from 

1 to −1 for all failure causes of subsea system that considered this RIF to be relevant. As case 3, the 

values of the scores of the RIF “Mechanical Constraints” are changed from −2 to 2 for all failure causes 

of subsea system that considered this RIF to be relevant. As case 4, the values of the scores of the RIF 

“Frequency of Maintenance” are changed from 1 to −1 for all failure causes of subsea system that 

considered this RIF to be relevant. As case 5, the values of the scores of the RIF “Accessibility for 

Maintenance” are changed from 3 to −3 for all failure causes of subsea system that considered this RIF 

to be relevant. As case 6, the values of the scores of the RIF “Corrosive Environmental” are changed 

from −2 to 2 for all failure causes of subsea system that considered this RIF to be relevant. As case 7, 

the values of the scores of the RIF “Temperature” are changed from 2 to −2 for all failure causes of 

subsea system that considered this RIF to be relevant. Finally, as case 8, the values of the scores of 
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the RIF “Location of Operation” are changed from −2 to 2 for all failure causes of subsea system that 

considered this RIF to be relevant. The seven RIFs chosen are those that have, at least for one failure 

cause, a score different from zero in case 1, as may be seen in Table 25. The change in the score value 

of each RIF of each case is done by replacing the original value with its symmetric one. This symmetry 

allows to completely change the relevance given originally to each RIF, going from situations in which 

the RIFs that have more relevance in the subsea system in comparison with the topside system are less 

relevant, and those that have less relevance are now more relevant. 

Table 32 represents the failure rate values for each failure mode obtained for each case, as well 

as the total failure rate of the system for each case. 

 

  Failure Rate (× 10−6 [ℎ−1]) 
  Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 

 

F
a

ilu
re

 M
o

d
e
s
 

AIR 190.172 189.533 191.219 187.796 162.801 190.234 190.172 191.7 

BRD 2.292 2.277 2.34 2.267 1.968 2.292 2.292 2.292 

ELP 12.18 12.054 12.355 12.093 11.248 12.18 12.168 12.193 

ELU 18.23 18.092 18.475 18.092 16.53 18.244 18.227 18.262 

ERO 120.666 120.315 121.644 119.136 99.915 120.666 120.666 122.366 

FTS 38.218 38.157 38.475 37.753 31.064 38.225 38.218 38.831 

HIO 3.049 3.032 3.066 3.019 2.645 3.049 3.049 3.094 

INL 3.768 3.766 3.784 3.757 3.641 3.769 3.768 3.769 

LOO 47.619 47.496 48.093 47.383 44.205 47.697 47.541 47.697 

NOI 11.467 11.407 11.599 11.35 10.203 11.467 11.467 11.467 

OHE 45.942 45.942 45.942 44.138 34.938 45.942 45.942 47.959 

OTH 6.062 6.04 6.129 5.965 5.104 6.072 6.059 6.157 

PDE 89.888 86.218 93.521 86.019 78.282 89.888 89.133 95.742 

SER 4.528 4.508 4.561 4.446 3.9 4.569 4.528 4.571 

STD 17.467 16.987 17.6 17.4 17.127 17.467 17.467 17.467 

STP 46.269 46.269 46.77 45.685 35.746 46.269 46.269 46.77 

UNK 3.87 3.832 3.87 3.825 3.574 3.87 3.87 3.87 

UST 3.048 3.04 3.057 3.011 2.524 3.048 3.047 3.105 

VIB 18.37 18.233 18.471 18.219 17.121 18.37 18.37 18.37 

          

Total (× 10−6 [ℎ−1])  683.105 677.198 690.971 671.354 582.536 683.318 682.253 695.683 

MTTF [ℎ] 1463,9 1476,67 1447,24 1489,53 1716,63 1463,45 1465,73 1437,44 

Table 32 - Failure rates for each failure mode for each case and total failure rate for each case 

 

Figure 39 to Figure 45 represent the comparison between the difference between the failure rate 

of each failure mode of case 1 and the failure rate of each failure mode of topside system and the 

difference between the failure rate of each failure mode of each case and failure rate of each failure 

mode of the topside system. In Appendix B there is a joint comparison of all cases. 

 

 

Figure 39 - Comparison between case 1 and case 2 

AIR BRD ELP ELU ERO FTS HIO INL LOO NOI OHE OTH PDE SER STD STP UNK UST VIB

Case 1 3.75 0.03 0.15 0.2 1.9 0.64 0.04 0.01 0.26 0.2 0.09 0.04 -3.3 0.03 0.18 1.17 0.11 0.05 0.32

Case 2 3.11 0.02 0.02 0.06 1.55 0.58 0.02 0.01 0.14 0.14 0.09 0.02 -7 0.01 -0.3 1.17 0.07 0.04 0.18
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Figure 40 - Comparison between case 1 and case 3 

 

Figure 41 - Comparison between case 1 and case 4 

 

Figure 42 - Comparison between case 1 and case 5 

 

Figure 43 - Comparison between case 1 and case 6 

 

AIR BRD ELP ELU ERO FTS HIO INL LOO NOI OHE OTH PDE SER STD STP UNK UST VIB

Case 1 3.75 0.03 0.15 0.2 1.9 0.64 0.04 0.01 0.26 0.2 0.09 0.04 -3.3 0.03 0.18 1.17 0.11 0.05 0.32

Case 3 4.8 0.08 0.33 0.45 2.87 0.9 0.06 0.02 0.73 0.33 0.09 0.11 0.31 0.06 0.31 1.67 0.11 0.06 0.42
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AIR BRD ELP ELU ERO FTS HIO INL LOO NOI OHE OTH PDE SER STD STP UNK UST VIB
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AIR BRD ELP ELU ERO FTS HIO INL LOO NOI OHE OTH PDE SER STD STP UNK UST VIB

Case 1 3.75 0.03 0.15 0.2 1.9 0.64 0.04 0.01 0.26 0.2 0.09 0.04 -3.3 0.03 0.18 1.17 0.11 0.05 0.32

Case 6 3.81 0.03 0.15 0.21 1.9 0.65 0.04 0.01 0.34 0.2 0.09 0.05 -3.3 0.07 0.18 1.17 0.11 0.05 0.32
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Figure 44 - Comparison between case 1 and case 7 

 

Figure 45 - Comparison between case 1 and case 8 

 

The failure modes AIR, ERO, PDE and STP are the most determinant to obtain the value of the 

system total failure rate, as can be seen in Figure 38. 

From Figure 39 to Figure 45 and Table 32, it is possible to see that: 

• With the change of the RIF “Quality” score (case 2), the 𝜆 of the failure modes AIR and 

ERO have a slight decrease, the 𝜆 of the failure mode PDE  has a significant decrease and 

the 𝜆 of the failure mode STP does not change (Figure 39). 

• With the change of the RIF “Mechanical Constraints” score (case 3), there is a significant 

increase in the 𝜆 of the failure modes AIR, ERO and PDE and a slight increase in the 𝜆 of 

the failure mode STP (Figure 40). 

• With the change of the RIF “Frequency of Maintenance” score (case 4), all 𝜆 of the failure 

modes indicated above suffer a significant decrease, with the failure mode PDE being a 

special highlight by its level of decay. 

• With the change of the RIF “Accessibility for Maintenance” score (case 5), there is an 

abrupt decrease of all 𝜆 of all failure modes. 

• With the change of the RIF “Corrosive Environmental” (case 6) and RIF “Temperature” 

(case 7) scores, there are practically no changes in the 𝜆 of all failure modes, with the 

attention that with the change in the score of the last RIF the failure mode PDE decreases 

very slightly. 

AIR BRD ELP ELU ERO FTS HIO INL LOO NOI OHE OTH PDE SER STD STP UNK UST VIB
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Case 7 3.75 0.03 0.14 0.2 1.9 0.64 0.04 0.01 0.18 0.2 0.09 0.04 -4.1 0.03 0.18 1.17 0.11 0.05 0.32

-6

-4

-2

0

2

4

6
Fa

ilu
re

 r
at

e 
d

if
fe

re
n

ce
 

(×
1

0
−6

[ℎ
−1

])

AIR BRD ELP ELU ERO FTS HIO INL LOO NOI OHE OTH PDE SER STD STP UNK UST VIB
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• Finally, with the change of the RIF “Location of Operation” (case 8), all 𝜆 of all failure modes 

increase significantly. 

The great difficulty of implementing this method that total failure rate for the new system may vary 

depending on scores of the RIFs, particularly those considered more important for each analyzed 

system. 

The difficulty of defining boundary factors also makes the application of this method somewhat 

complex. In this analysis to this new centrifugal subsea compressor the boundary factors values used 

are the same as the authors of the method used in its example for a subsea pump. 

Ideally, the smaller the failure rate the more favorable the equipment is. Having this notion, through 

this type of study is possible to reduce the risk exposure of influence of the factors analyzed here. 

However, it is easy to see that some of them are difficult to overcome since, for example, the “Location 

of Operation” and “Accessibility for Maintenance”, two of the RIFs that most influence the system as 

seen previously, are imposed by the nature of the system operation. 
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Chapter 6: Conclusion and Future Work 

This thesis has described the most representative equipment used in oil and gas production 

systems and methods for predicting the reliability of new equipment working in new operating conditions. 

The idea was to describe them in a succinct way, without going into great technical details, in order to 

know their functions and justify their existence. Many more equipment, a little more secondary, could be 

described, recommending the reading of [19] and [23]  if there is interest to delve deeper into this topic. 

The configurations of the subsea systems and the new trends were briefly presented for a better 

understanding of the virtues and difficulties inherent in this evolution of offshore production systems. 

The configuration of the subsea systems, by other words, the location of the equipment and its 

connections are determined mainly by the configuration of the well or wells in the place to be explored, 

especially when the exploration focuses on more than one well, being proximity or distance between 

themselves, a determining factor. The new trends, which mainly focus on the autonomy and consequent 

progressive spatial separation of human beings of this type of systems, are the justification for the design 

of new equipment, based on already existent, prepared for this evolution. 

The basic reliability concepts were introduced as a framework for the revision of predictive reliability 

methods. The reviewed methods that have been selected, have in common the use of influencing factors 

in their conception, the regression models use covariates, the BORA [90] approach, the Brissaud et. al’s 

[91] approach and Rahimi and Rausand's [89] approach utilize risk influencing factors. The latter was 

studied in greater depth and was used for the practical part of this thesis. They all need a set of data to 

be used, most of which are found in handbooks and proprietary databases. Some examples were 

addressed, the focus being largely on the handbook used in the practical part of this work, the OREDA 

handbook. 

A tool has been implemented here to automate all steps of the method proposed by Rahimi and 

Rausand [89]. With this tool it was possible to analyze the impact of the input parameters of the method, 

all of them subjective and usually defined by expert’s judgment. 

The analysis conducted has shown that the scoring of the RIFs is the most determining factor for 

obtaining a final failure rate value, as can be seen from Figure 37. For this reason, this step should be 

done with special attention. The weight assigned to each failure cause for each failure mode is also an 

important step and should be viewed with due attention. Finally, the boundary condition factors seem to 

have little influence, however, a deeper analysis is necessary because the range of variation chosen is, 

probably, not very comprehensive in order to be able to assume the results obtained in a convincing 

way. 

Finally, the implemented method was applied to predict the failure rate of a subsea centrifugal 

compressor with the objective of assessing the applicability of the tool to a more complex equipment 

with higher number of input parameters. The objective was apparently achieved, the equipment, for the 

subjective inputs used, slightly increased its failure rate. From this initial case it would now be possible 

to analyze the influence factors needed to minimize in order to achieve an acceptable failure rate for an 

equipment operating in the subsea environment. 
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As possible future work it is suggested to review and analyze the results obtained here, using more 

updated data, i.e. using a more recent version of the OREDA handbook, and verify if the results are 

maintained. It may be possible to relate some inputs of the method using physical and mathematical 

models with the choice and scoring of risk influencing factors, with this limiting the need to resort to the 

expert’s judgment. 

It would also be interesting developed a Bayesian belief network model in order to quantify the 

states of RIFs together with their effects on the failure causes and failure rates of the different failure 

modes. The diagram in Appendix A could be used as the basis for the network, since the links of the 

RIFs to the failure causes and failure causes to failure modes are already there. This type of model 

would account for the uncertain and would make the changes of the RIFs states more intuitive if the 

information used was updated with time. 

The implemented tool can also be worked up by creating a graphical user interface or even recoding 

it in another language, such as C, in order to become a stand-alone tool without having to run in the 

MATLAB environment. 
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Appendix A: Reliability Influencing Diagram for a Subsea 

Centrifugal Compressor 
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Appendix B: Influence of the RIFs Scores Alteration in the 

Failure Modes 𝝀 of the Subsea Centrifugal Compressor 
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Appendix C: Tool Source Code 

Main Script 

% Prediction of failure rates for new subsea systems:                     % 
%                  Approach by Maryam Rahimi and Marvin Rausand           % 
%                                                         v 1.0 (10/2018) % 
%Tool done by Miguel Costeira                                            % 
%                       miguel.costeira@tecnico.ulisboa.pt                % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
clc 
close all 
clear all 
fprintf('Tool used to predict failure rates of new subsea systems'); 
fprintf('\nthrough the approach of Maryam Rahimi and Marvin Rausand\n'); 
menuaux=1; 
while menuaux==1 
menuaux2=1; 
option = MainMenu(); 
switch(option) 
case 1             
[FMtable,FCtable,Ftableindex,FMfailratetable] = LoadExcelFileInformation(); 
if Ftableindex==0 
continue 
else                 
[RIFs_table] = RifsRead();             
[RIFs_table_choosen] = RifsChoosen(RIFs_table);            
[RIF_scoring] = RIFscoring(FCtable,RIFs_table_choosen); 
[RIFs_weight_table,RIFs_weight_average] = RIFsweight(RIF_scoring,RIFs_table_choosen,FCtable); 
[FMweight_table] = FMweight(FMtable,FCtable); 
[failurerate_table,total_failurerate] = FinalFailureRate(FMfailratetable,FMtable,... 
FMweight_table,RIFs_weight_average);       
end    
case 2         
exit = input('\nDo you want to quit the tool?\nYes (Y) or No (N): ','s' ); 
while menuaux2==1 
if exit == 'N' || exit == 'n' 
clc 
fprintf('Tool used to predict failure rates'); 
fprintf(' of new subsea systems'); 
fprintf(' through the approach of Maryam Rahimi');  
fprintf(' and Marvin Rausand\n'); 
menuaux2 = 2; 
elseif exit == 'Y' || exit == 'y' 
clc 
close all 
clear all 
menuaux2 = 2; 
menuaux = 2; 
else 
fprintf('\nInvalid option entered'); 
fprintf('\n\nPlease repeat the introduction\n\n'); 
exit =input('Do you want to quit the tool?\nYes (Y) or No (N): ','s' ); 
end  
end 
otherwise 
fprintf('\nInvalid option entered'); 
fprintf('\n\nPlease repeat the introduction\n'); 
end 
end 
close all 
clear all 

 

Functions 

function option = MainMenu() 
fprintf('\nMAIN MENU'); 
fprintf('\n1) New Analysis'); 
fprintf('\n2) Close Tool\n\n'); 
optionaux = input('Enter the desired option: ','s'); 
if optionaux=='1' 
option=1; 
elseif optionaux=='2' 
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option=2; 
else 
option=3; 
end 
end 

 

function [FMtable,FCtable,Ftableindex,FMfailratetable] = LoadExcelFileInformation()  
loadexcelaux=1; 
while loadexcelaux==1 
[Inform_filet,Inform_filep] = uigetfile({'*.xls;*.xlsx',... 
'Excel Files(*.xls;*.xlsx)'},'Select a File'); 
if isequal(Inform_filet,0) 
clc 
fprintf('\nUser selected Cancel\n\n'); 
FMtable=0; 
FCtable=0; 
Ftableindex=0; 
loadexcelaux=2; 
else 
clc 
Inform_file=[Inform_filep,Inform_filet]; 
clear Inform_filep 
clear Inform_filet 

  
[num,FCtable] = xlsread(Inform_file,'FC'); 
clear num 
[num,FMtable] = xlsread(Inform_file,'FM'); 
FMfailratetable = num; 
FMindex=length(FMtable); 
FCindex=length(FCtable); 
if FMindex==0 
fprintf('\nThere are no failure modes recorded in the file.\n\n'); 
fprintf('Please enter a new file or change the one entered ') 
fprintf('(the data in the excel file must match the model provided)\n\n') 
FMtable=0; 
FCtable=0; 
elseif FCindex==0 
fprintf('\nThere are no failure causes recorded in the file.\n\n'); 
fprintf('Please enter a new file or change the one entered ') 
fprintf('(the data in the excel file must match the model provided)\n\n') 
FMtable=0; 
FCtable=0; 
else 
fprintf('Failure Modes and Failure Causes Identified') 
fprintf(2,'\n    Category    |  Description\n\n') 
fprintf(1,'Failure modes   |  %s (%s)\n',FMtable{1,1},FMtable{1,2}) 
for a=2:FMindex 
fprintf(1,'                |  %s (%s)\n',FMtable{a,1},FMtable{a,2}) 
end 
fprintf(1,'\nFailure causes  |  %s (%s)\n',FCtable{1,1},FCtable{1,2}) 
for b=2:FCindex 
fprintf(1,'                |  %s (%s)\n',FCtable{b,1},FCtable{b,2}) 
end 
Ftableindex=1; 
loadexcelaux=2; 
end 
end 
end 
end 

 
function [RIFs_table] = RifsRead() 

Design_Manufacturing_table={'Design and Manufacturing';... 
'System Structure';'Quality';'Materials';... 
'Dimensions';'Loads and Capacity'}; 
Operational_Maintenance_table={'Operational and Maintenance';... 
'Functional Requirements';'Maintenance Policy';'Time in Operation';... 
'Mechanical Constraints';'Frequency of Maintenance';... 
'Accessibility for Maintenance';'Type and quality of Maintenance'}; 
Environmental_External_table={'Environmental - External';... 
'Corrosive Environmental';'Pollution';'Temperature';'Pressure';... 
'Location of Operation'}; 
Environmental_Internal_table={'Environmental - Internal';'Pressure';... 
'Sand Particles in the Fluid';'Chemical Content'}; 
Design_Manufacturing_tableindex=length(Design_Manufacturing_table); 
Operational_Maintenance_tableindex=length(Operational_Maintenance_table); 
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Environmental_External_tableindex=length(Environmental_External_table); 
Environmental_Internal_tableindex=length(Environmental_Internal_table); 
RIFs_tableaux = Design_Manufacturing_tableindex +... 
Operational_Maintenance_tableindex + Environmental_External_tableindex...  
+ Environmental_Internal_tableindex-4; 
RIFs_table = cell(RIFs_tableaux,1); 
optinonumindex1=2; 
optinonumindex2=1; 
fprintf(1,'\n\n Generic Risk Influencing Factores (RIFs)\n') 
fprintf(2,'           Category           | Risk Influencing Factores (RIFs)\n\n') 
fprintf(1,'%-28s  | %d) 

%s\n',Design_Manufacturing_table{1},optinonumindex2,Design_Manufacturing_table{2}) 
RIFs_table{optinonumindex2}=Design_Manufacturing_table(optinonumindex1); 
for a=3:Design_Manufacturing_tableindex 
fprintf(1,'                              | %d) %s\n',optinonumindex2+(a-2),... 
Design_Manufacturing_table{a}) 
RIFs_table{optinonumindex2+(a-2)}=Design_Manufacturing_table(a); 
end 
optinonumindex2=a; 
fprintf(1,'\n%-28s  | %d) %s\n',Operational_Maintenance_table{1},optinonumindex2,... 
Operational_Maintenance_table{2}) 
RIFs_table{optinonumindex2}=Operational_Maintenance_table(optinonumindex1); 
for b=3:Operational_Maintenance_tableindex 
fprintf(1,'                              | %d) %s\n',optinonumindex2+(b-2),... 
Operational_Maintenance_table{b,1}) 
RIFs_table{optinonumindex2+(b-2)}=Operational_Maintenance_table(b); 
end 
optinonumindex2=a+b-1; 
fprintf(1,'\n%-28s  | %d) %s\n',Environmental_External_table{1,1},optinonumindex2,... 
Environmental_External_table{2,1}) 
RIFs_table{optinonumindex2}=Environmental_External_table(optinonumindex1); 
for c=3:Environmental_External_tableindex 
fprintf(1,'                              | %d) %s\n',optinonumindex2+(c-2),... 
Environmental_External_table{c,1}) 
RIFs_table{optinonumindex2+(c-2)}=Environmental_External_table(c); 
end 
optinonumindex2=a+b+c-2; 
fprintf(1,'\n%-28s  | %d) %s\n',Environmental_Internal_table{1,1},optinonumindex2,... 
Environmental_Internal_table{2,1}) 
RIFs_table{optinonumindex2}=Environmental_Internal_table(optinonumindex1); 
for d=3:Environmental_Internal_tableindex 
fprintf(1,'                              | %d) %s\n',optinonumindex2+(d-2),... 
Environmental_Internal_table{d,1}) 
RIFs_table{optinonumindex2+(d-2)}=Environmental_Internal_table(d); 
end 
end 

 
function [RIFs_table_choosen] = RifsChoosen(RIFs_table)  
opindex=1; 
while opindex==1 
fprintf('\nHow many RIFs do you intend to use? (1 - for only one RIF up to 20 - to use all 

RIFs)') 
option1aux = input(' ','s'); 
if ismember(option1aux,{'1','2','3','4','5','6','7','8','9','10',... 
'11','12','13','14','15','16','17','18','19','20'})==1 
option1=str2double(option1aux); 
if option1>=1 && option1<=20 
opindex=2; 
else 
fprintf('\nInvalid option entered'); 
fprintf('\n\nPlease repeat the introduction\n'); 
end 
else 
fprintf('\nInvalid option entered'); 
fprintf('\n\nPlease repeat the introduction\n'); 
end 
end 
orderaux={'First','Second','Third','Fourth','Fifth','Sixth','Seventh','Eighth','Ninth',... 
'Tenth','Eleventh','Twelfth','Thirteenth','Fourteenth','Fifteenth','Sixteenth',... 
'Seventeenth','Eighteenth','Nineteenth','Twentieth'}; 
RIFs_table_choosen = cell(option1,1); 
for a=1:option1 
opindex=1; 
while opindex==1 
fprintf(1,'Choose the %s RIF:',orderaux{a}) 
option2aux = input(' ','s');   
if ismember(option2aux,{'1','2','3','4','5','6','7','8','9','10',... 
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'11','12','13','14','15','16','17','18','19','20'})==1 
option2=str2double(option2aux); 
if option2>=1 && option2<=20 
opindex=2; 
else 
fprintf('\nInvalid option entered'); 
fprintf('\n\nPlease repeat the introduction\n\n'); 
end 
else 
fprintf('\nInvalid option entered'); 
fprintf('\n\nPlease repeat the introduction\n\n'); 
end 
end 
RIFs_table_choosen(a)=RIFs_table{option2}; 
end 
end 

 
function [RIF_scoring] = RIFscoring(FCtable,RIFs_table_choosen) 
SystemType = {'Topside System','Subsea System'}; 
RIF_scoring=cell(length(RIFs_table_choosen)*(length(SystemType)+1),length(FCtable)+2); 
fprintf(2,'\nFor relevance use 0 to not relevant or 1 to relevant\n') 
fprintf(2,'\nFor scoring RIFs use -3 to Much lower effect, -2 to Significantly lower effect') 
fprintf(2,'\n-1 to Slightly lower effect, 0 to No difference, +1 to Slightly higher effect') 
fprintf(2,'\n+2 to Significantly higher effect and +3 to Much higher effect\n\n') 
e = -1; 
f = -2; 
for a = 1:length(RIFs_table_choosen) 
for b = 1:length(FCtable) 
for c = 1:length(SystemType)        
opindex=1;        
while opindex==1          
fprintf(1,'Choose the relevance of %s to %s in %s:',... 
RIFs_table_choosen{a},FCtable{b,1},SystemType{c}) 
option3aux = input(' ','s'); 
if ismember(option3aux,{'0','1'})==1 
option3auxb=str2double(option3aux); 
if option3auxb==1 || option3auxb==0 
option3={option3aux}; 
opindex=2; 
else 
fprintf('\nInvalid option entered'); 
fprintf('\n\nPlease repeat the introduction\n\n'); 
end 
else                     
fprintf('\nInvalid option entered');                
fprintf('\n\nPlease repeat the introduction\n\n');           
end               
end                  
if a == 1               
RIF_scoring(a,1)=RIFs_table_choosen(a); 
RIF_scoring(c,2)=SystemType(c); 
RIF_scoring(c,b+2)=option3;                                
else                    
RIF_scoring(a+a+e,1)=RIFs_table_choosen(a); 
RIF_scoring(c+((a+a+f)),2)=SystemType(c); 
RIF_scoring(c+((a+a+f)),b+2)=option3;   
end           
end 
if a==1 
i=str2double(RIF_scoring(c-1,b+2)); 
if i==1 
opindex2=1; 
while opindex2==1           
fprintf(1,'Choose the scoring of %s to %s between topside/subsea:',... 
RIFs_table_choosen{a},FCtable{b,1})                           
option4aux = input(' ','s');                          
if ismember(option4aux,{'-3','-2','-1','0','1','2','3'})==1 
option4auxb=str2double(option4aux); 
if option4auxb>=-3 && option4auxb<=3 
option4={option4aux};                 
opindex2=2; 
else 
fprintf('\nInvalid option entered'); 
fprintf('\n\nPlease repeat the introduction\n\n'); 
end 
else                         
fprintf('\nInvalid option entered');                
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fprintf('\n\nPlease repeat the introduction\n\n');                           
end                     
end 
else 
opindex2=1; 
while opindex2==1           
fprintf(1,'Choose the scoring of %s to %s between topside/subsea:',... 
RIFs_table_choosen{a},FCtable{b,1})                           
option4aux = input(' ','s');                          
if ismember(option4aux,{'0','1','2','3'})==1 
option4auxb=str2double(option4aux); 
if option4auxb>=0 && option4auxb<=3 
option4={option4aux};                 
opindex2=2; 
else 
fprintf('\nInvalid option entered'); 
fprintf('\n\nPlease repeat the introduction\n\n'); 
end 
else                         
fprintf('\nInvalid option entered');                
fprintf('\n\nPlease repeat the introduction\n\n');                           
end                     
end 
end 
score={'Score'}; 
RIF_scoring(c+1,2)=score; 
RIF_scoring(c+1,b+2)=option4; 
else 
i=str2double(RIF_scoring(c+((a+a+f)),b+2)); 
if i==1 
opindex2=1; 
while opindex2==1           
fprintf(1,'Choose the scoring of %s to %s between topside/subsea:',... 
RIFs_table_choosen{a},FCtable{b,1})                           
option4aux = input(' ','s');                          
if ismember(option4aux,{'-3','-2','-1','0','1','2','3'})==1 
option4auxb=str2double(option4aux); 
if option4auxb>=-3 && option4auxb<=3 
option4={option4aux}; 
opindex2=2; 
else 
fprintf('\nInvalid option entered'); 
fprintf('\n\nPlease repeat the introduction\n\n'); 
end                                               
else                         
fprintf('\nInvalid option entered');                
fprintf('\n\nPlease repeat the introduction\n\n');                           
end                     
end 
else 
opindex2=1; 
while opindex2==1           
fprintf(1,'Choose the scoring of %s to %s between topside/subsea:',... 
RIFs_table_choosen{a},FCtable{b,1})                           
option4aux = input(' ','s');                          
if ismember(option4aux,{'0','1','2','3'})==1 
option4auxb=str2double(option4aux); 
if option4auxb>=0 && option4auxb<=3 
option4={option4aux}; 
opindex2=2; 
else 
fprintf('\nInvalid option entered'); 
fprintf('\n\nPlease repeat the introduction\n\n');  
end                             
else                         
fprintf('\nInvalid option entered');                
fprintf('\n\nPlease repeat the introduction\n\n');                           
end                     
end 
end         
score={'Score'}; 
RIF_scoring(c+((a+a+f))+1,2)=score; 
RIF_scoring(c+((a+a+f))+1,b+2)=option4; 
end  
end 
e = e+1; 
f = f+1; 
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end 
fprintf(1,'\n\nScoring of RIFs for subsea system by comparison with the topside system') 
fprintf(2,'\n                                              |Failure causes') 
fprintf(2,'\nRIFs                           |   Category   ') 
for d=1:length(FCtable) 
fprintf(1,'|%s',[FCtable{d,2}]) 
end 
for g=1:length(RIF_scoring) 
fprintf(1,'\n%-31s|%14s',RIF_scoring{g,1},RIF_scoring{g,2}) 
for h=3:length(RIF_scoring(1,:))         
fprintf(1,'|%3s',RIF_scoring{g,h}) 
end 
end 
fprintf('\n') 
end 

 
function [RIFs_weight_table,RIFs_weight_average] = RIFsweight(RIF_scoring,... 
    RIFs_table_choosen,FCtable) 
RIFs_weight_table=cell(length(RIFs_table_choosen)+1,length(FCtable(:,1))+1); 
RIFs_weight_table_aux=zeros(length(RIFs_table_choosen),1); 
opindex3=1; 
while opindex3==1 
fprintf('\nDo you want to use the same ') 
fprintf(num2str(char(949))) 
fprintf(' that each RIF has in the FC to which this affection?') 
option1aux5 = input('\nYes (Y) or No (N): ','s' ); 
if option1aux5 == 'N' || option1aux5 == 'n' 
for a=1:length(FCtable(:,2)) 
opindex2=1; 
while opindex2==1 
c=0; 
for b=1:length(RIFs_table_choosen) 
if RIF_scoring{b+b+c,a+2} == '1' 
opindex=1; 
while opindex==1 
fprintf(1,'\nThe entered ') 
fprintf(num2str(char(949))) 
fprintf(1,' value must be between ') 
fprintf(2,'0 and 1\n') 
fprintf(1,'\nChoose the ') 
fprintf(num2str(char(949))) 
fprintf(1,' of %s to %s:',RIFs_table_choosen{b},FCtable{a,1})           
option4aux = input(' ','s'); 
if ~isnan(str2double(option4aux)) 
option4aux2 = str2double(option4aux); 
if option4aux2>=0 && option4aux2<=1 
option4 = {option4aux2}; 
opindex=2; 
else 
fprintf('\nInvalid option entered'); 
fprintf('\n\nPlease repeat the introduction\n\n'); 
end      
else 
fprintf('\nInvalid option entered'); 
fprintf('\n\nPlease repeat the introduction\n\n'); 
end 
end 
else 
option4aux='0'; 
option4aux2=str2double(option4aux); 
option4 = {option4aux2}; 
end 

  
RIFs_weight_table(b+1,1)=RIFs_table_choosen(b); 
RIFs_weight_table(1,a+1)=FCtable(a,2); 
RIFs_weight_table(b+1,a+1)=option4; 
RIFs_weight_table_aux(b,1)=option4aux2; 
c=c+1; 
end 
if sum(RIFs_weight_table_aux)==1 || sum(RIFs_weight_table_aux)==0 
opindex2=2; 
else 
fprintf('\nThe sum of the various '); 
fprintf(num2str(char(949))) 
fprintf(' of the RIF %s is different from 1',RIFs_table_choosen{b}) 
fprintf('\nPlease repeat the introduction\n\n'); 
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end 
end   
end  
opindex3=2;   
elseif option1aux5 == 'Y' || option1aux5 == 'y' 
for a=1:length(FCtable(:,2)) 
c=0; 
for b=1:length(RIFs_table_choosen) 
if RIF_scoring{b+b+c,a+2} == '1' 
option4aux='1'; 
option4aux2=str2double(option4aux); 
option4 = {option4aux}; 
else 
option4aux='0'; 
option4aux2=str2double(option4aux); 
option4 = {option4aux}; 
end  
RIFs_weight_table(b+1,1)=RIFs_table_choosen(b); 
RIFs_weight_table(1,a+1)=FCtable(a,2); 
RIFs_weight_table(b+1,a+1)=option4; 
RIFs_weight_table_aux(b,1)=option4aux2; 
c=c+1; 
end  
epsilon_aux1=nnz(RIFs_weight_table_aux); 
if epsilon_aux1~=0 
epsilon_aux2=RIFs_weight_table_aux/epsilon_aux1; 
for i=1:length(RIFs_weight_table_aux) 
RIFs_weight_table(i+1,a+1)={epsilon_aux2(i,1)}; 
end 
else 
for i=1:length(RIFs_weight_table_aux) 
RIFs_weight_table(i+1,a+1)={0}; 
end 
end 
end   
opindex3=2; 
else 
fprintf('\nInvalid option entered'); 
fprintf('\n\nPlease repeat the introduction\n\n'); 
end 
end 
fprintf('\n\n') 
fprintf(num2str(char(949))) 
fprintf(1,' of each RIF for each FC') 
fprintf(2,'\nRIFs                           ') 
for d=2:length(RIFs_weight_table(1,:)) 
fprintf(2,'|%-5s',[RIFs_weight_table{1,d}]) 
end 
for g=2:length(RIFs_weight_table(:,1)) 
fprintf(1,'\n%-31s',RIFs_weight_table{g,1}) 
for h=2:length(RIFs_weight_table(1,:))         
fprintf(1,'|%0.3f',RIFs_weight_table{g,h}) 
end 
end 
fprintf('\n') 
RIFs_weight_average_aux=zeros((length(RIFs_weight_table(:,1))-1),... 
(length(RIFs_weight_table(1,:))-1)); 
for j=1:(length(RIFs_weight_table(1,:))-1) 
m=1; 
for k=1:(length(RIFs_weight_table(:,1))-1) 
a=RIFs_weight_table{k+1,j+1}; 
b=str2double(RIF_scoring(k+m,j+2)); 
c=str2double(RIF_scoring(k+m+1,j+2)); 
RIFs_weight_average_aux(k,j)=a*b*(c/3); 
m=m+2; 
end 
end 
RIFs_weight_average=sum(RIFs_weight_average_aux); 
fprintf(1,'\n\nWeighted average ') 
fprintf(num2str(char(951))) 
fprintf(1,' for each FC\n') 
for d=2:length(RIFs_weight_table(1,:)) 
fprintf(2,'%-6s|',[RIFs_weight_table{1,d}]) 
end 
fprintf('\n') 
for g=1:length(RIFs_weight_average(:,1)) 
for h=1:length(RIFs_weight_average(1,:)) 
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if RIFs_weight_average(g,h)>=0 
fprintf(1,'%0.4f|',RIFs_weight_average(g,h)) 
else 
fprintf(1,'%0.3f|',RIFs_weight_average(g,h)) 
end 
end 
end 
fprintf('\n') 
end 

 
function [FMweight_table] = FMweight(FMtable,FCtable) 
SystemType = {'Topside System','Subsea System'}; 
FMweight_table=cell((length(FMtable(:,1))+1),2*length(FCtable(:,1))+1); 
FMweight_table_aux1=zeros(1,length(FCtable(:,1))); 
FMweight_table_aux2=zeros(1,length(FCtable(:,1))); 
for d=1:length(FCtable(:,1)) 
FMweight_table(1,d+1)=FCtable(d,2); 
FMweight_table(1,d+1+length(FCtable(:,1)))=FCtable(d,2); 
end 
for e=1:length(FMtable(:,1)) 
FMweight_table(e+1,1)=FMtable(e,2); 
end 
fprintf('\n\nChoose the ') 
fprintf(num2str(char(969))) 
fprintf(' of Failure Cause to Failure Mode in Topside System and Subsea System\n') 
for a=1:length(FMtable(:,1)) 
opindex2=1; 
while opindex2==1 
for b=1:length(FCtable(:,1)) 
f=0; 
for c = 1:length(SystemType) 
opindex=1; 
while opindex==1 
fprintf(1,'\nThe entered ') 
fprintf(num2str(char(969))) 
fprintf(' value must be between ') 
fprintf(2,'0 and 1\n') 
fprintf(1,'Choose the ') 
fprintf(num2str(char(969))) 
fprintf(1,' of %s to %s in %s:',FCtable{b,1},FMtable{a,1},SystemType{c}) 
option6aux = input(' ','s'); 
if ~isnan(str2double(option6aux)) 
option6aux2 = str2double(option6aux); 
if option6aux2>=0 && option6aux2<=1 
option6 = {option6aux2}; 
opindex=2; 
else 
fprintf('\nInvalid option entered'); 
fprintf('\n\nPlease repeat the introduction\n\n'); 
end      
else 
fprintf('\nInvalid option entered'); 
fprintf('\n\nPlease repeat the introduction\n\n'); 
end  
end 
FMweight_table(a+1,b+1+f)=option6; 
if f==0 
FMweight_table_aux1(1,b)=option6aux2; 
else 
FMweight_table_aux2(1,b)=option6aux2; 
end 
f=length(FCtable(:,1)); 
end 
end 
m=sum(FMweight_table_aux1); 
if m~=1 && abs(1-m)<=10^-10 
m=round(m); 
end 
n=sum(FMweight_table_aux2); 
if n~=1 && abs(1-n)<=10^-10 
n=round(n); 
end 
if m==1 && n==1 
opindex2=2; 
else 
fprintf('\nThe sum of the various '); 
fprintf(num2str(char(969))) 
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fprintf(' of the FM %s is different from 1',FMtable{a,1}) 
fprintf('\nPlease repeat the introduction\n\n'); 
end 
end 
end 
fprintf('\n\n') 
fprintf(num2str(char(969))) 
fprintf(1,' of each Failue Cause for each Failure Mode') 
fprintf(1,'\nOld contributing weights (') 
fprintf(num2str(char(969))) 
fprintf(1,') (Left) and New contributing weights (') 
fprintf(num2str(char(969))) 
fprintf(1,') (Right)') 
fprintf(2,'\nFM   ') 
for i=2:length(FMweight_table(1,:)) 
fprintf(2,'|%-5s',[FMweight_table{1,i}]) 
end 
for g=2:length(FMweight_table(:,1)) 
fprintf(1,'\n%-5s',FMweight_table{g,1}) 
for h=2:length(FMweight_table(1,:))         
fprintf(1,'|%0.3f',FMweight_table{g,h}) 
end 
end 
fprintf('\n') 
end 

 
function [failurerate_table,total_failurerate] = FinalFailureRate(FMfailratetable,... 
FMtable,FMweight_table,RIFs_weight_average) 
ctabel_aux=zeros(1,length(RIFs_weight_average(1,:))); 
m=length(RIFs_weight_average(1,:))+1; 
ktable_aux=cell(length(FMtable(:,2)),4); 
for a=1:length(FMtable(:,2)) 
for b=1:(m-1) 
caux = FMweight_table{a+1,b+m}; 
caux2 = RIFs_weight_average(1,b); 
caux3 = caux*caux2;  
ctabel_aux(1,b) = caux3; 
end 
caux4 = sum(ctabel_aux); 
if caux4 <0 
c=1-FMfailratetable(a,2);  
elseif caux4==0 
c=0;   
else 
c=FMfailratetable(a,3)-1;   
end 
ktable_aux(a,1) = {FMfailratetable(a,2)}; 
ktable_aux(a,2) = {FMfailratetable(a,3)}; 
ktable_aux(a,3) = {FMtable{a,2}}; 
ktable_aux(a,4) = {c*caux4};   
end 
fprintf('\nValues of ') 
fprintf(num2str(char(952))) 
fprintf(' min, ') 
fprintf(num2str(char(952))) 
fprintf(' max and ') 
fprintf(num2str(char(954))) 
fprintf(' for each failure mode\n') 
fprintf(num2str(char(952))) 
fprintf('min|') 
fprintf(num2str(char(952))) 
fprintf('max|') 
fprintf('Failure modes|') 
fprintf(num2str(char(954))) 
for a=1:length(ktable_aux(:,3)) 
fprintf('\n%0.1f |%0.1f |%-13s|%0.5f',ktable_aux{a,1},... 
ktable_aux{a,2},ktable_aux{a,3},ktable_aux{a,4}) 
end 
SystemType = {'Failure modes','Failure rates for topside system',... 
'Failure rates for subsea system'}; 
failurerate_table=cell(3,length(ktable_aux(:,3))+1); 
failurerate_table(1,1)=SystemType(1); 
failurerate_table(2,1)=SystemType(2); 
failurerate_table(3,1)=SystemType(3); 
total_failurerate_aux=zeros(1,length(ktable_aux(:,3))); 
for b=1:length(ktable_aux(:,3)) 
c=FMfailratetable(b,1); 
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d=1 + ktable_aux{b,4}; 
e=c*d; 
failurerate_table(1,b+1)=ktable_aux(b,3); 
failurerate_table(2,b+1)={FMfailratetable(b,1)}; 
failurerate_table(3,b+1)={e}; 
total_failurerate_aux(1,b)=e; 
end 
fprintf('\n') 
fprintf(2,'\n%-35s',failurerate_table{1,1}) 
for a=2:length(failurerate_table(1,:)) 
fprintf(2,'|%-7s',failurerate_table{1,a}) 
end 
for b=2:length(failurerate_table(:,1)) 
fprintf('\n%-35s',failurerate_table{b,1}) 
for c=2:length(failurerate_table(1,:)) 
if failurerate_table{b,c}>=100 
fprintf('|%0.3f',failurerate_table{b,c}) 
else 
fprintf('|%0.3f ',failurerate_table{b,c}) 
end      
end 
end 
total_failurerate=sum(total_failurerate_aux); 
fprintf('\n\n') 
fprintf('Total Failure Rate (') 
fprintf(num2str(char(955))) 
fprintf('): %0.3f',total_failurerate) 
fprintf('\n\n\n\n') 
end



 

 


	Agradecimentos
	Acknowledgements
	Resumo
	Abstract
	List of Figures
	List of Equations
	List of Tables
	Acronyms
	Nomenclature
	Table of Contents
	Chapter 1 : Introduction
	1.1 Background
	1.2 Motivation
	1.3 Objectives
	1.4 Assumptions and Limitations
	1.5 Approach and Structure of the Thesis

	Chapter 2 : Fundamentals
	2.1 Subsea Production System
	2.1.1 Subsea Production Configuration
	2.1.1.1 Satellite Well System, Clustered Well System, Template and Daisy Chain

	2.1.2 Equipment
	2.1.2.1 Wellhead and Christmas-Tree
	2.1.2.2 Manifolds
	2.1.2.3 Pipelines and Risers
	2.1.2.4 Separators
	Test Separators
	Production Separators: First Stage, Second Stage and Third Stage
	Coalescer and Electrostatic Desalter

	2.1.2.5 Gas Treatment and Compression
	Heat Exchanger
	Compressor


	2.1.3 New Trends: Tie-Back Development with Subsea Factory and Subsea to Shore

	2.2 Basic Reliability Concepts
	2.2.1 Definitions: Reliability and Related Concepts
	2.2.1.1 Reliability and Quality
	2.2.1.2 Availability, and Maintainability
	2.2.1.3 Dependability, Safety, and Security
	2.2.1.4 Failure, Fault, Error and Mistake
	2.2.1.5 Time to Failure

	2.2.2 Reliability Measures and Failure Models
	2.2.2.1 Reliability Function
	2.2.2.2 Failure Cumulative Distribution Function
	2.2.2.3 Failure Density Function
	2.2.2.4 Failure Rate Function
	2.2.2.5 Mean Time to Failure, Mean Time Between Failures, and Mean Time to Repair
	2.2.2.6 Median Life, Mode of Life Distribution, and Mean Residual Life
	2.2.2.7 Discrete Distribution
	Poisson Distribution and Homogeneous Poisson Process

	2.2.2.8 Continuous Distributions
	Exponential Distribution
	Weibull Distribution
	Lognormal Distribution


	2.2.3 Qualitative and Quantitative System Analysis
	2.2.3.1 Failure Modes, Effects and Analysis and Failure Modes, Effects and Critically Analysis
	Failure Modes
	Failure Causes and Effects
	FMEA/FMECA Objectives and Procedure

	2.2.3.2 Fault Tree Analysis, and Bayesian Belief Networks

	2.2.4 Accelerated Life Testing and Partially Accelerated Life Testing


	Chapter 3 : Reliability Prediction Methods
	3.1 Reliability Data and Methods
	3.1.1 Bottom-up Statistical Methods (BS*)
	3.1.2 Top-down Similarity Analysis Methods (TD)
	3.1.3 Bottom-up Physics Methods (BP*)
	3.1.4 Offshore and Onshore Reliability Data (OREDA)

	3.2 Failure Rate Prediction Methods
	3.2.1 Regression Type Models
	3.2.1.1 Accelerated Failure Time Model (AFT)
	3.2.1.2 Proportional Hazards Model (PH)
	Cox Model
	Parametric Proportional Hazards Model
	BORA Approach
	Brissaud et. al’s Approach


	3.2.2 Method Using Bayesian Belief Theory
	3.2.2.1 Reliability Prediction with Bayesian Belief Networks Method
	3.2.2.2 Failure Rates from Zero-Failure Data Method

	3.2.3 Rahimi and Rausand’s Approach
	3.2.3.1 Step 1: New System Familiarization
	3.2.3.2 Step 2: Failure Modes and Failure Causes Identification
	3.2.3.3 Step 3: Reliability Information Acquisition for the Similar Known Systems and Comparison of the New and the Known Systems
	3.2.3.4 Step 4: Relevant RIFs Selection
	3.2.3.5 Step 5: Scoring the Effects of the RIFs
	3.2.3.6 Step 6: Contribution Weighting of the Failure Causes to Failure Modes
	3.2.3.7 Step 7: Determination of the Failure Rate for similar Failure Modes
	3.2.3.8 Step 8: Determination of Failure Rates of New Failure Modes



	Chapter 4 : Tool for Failure Rate Prediction
	4.1 Tool Description
	4.2 Tool Test and Validation
	Step 1: New System Familiarization
	4.2.1.1 Step 2: Identification of Failure Modes and Failure Causes
	4.2.1.2 Step 3: Reliability Information Acquisition for the Similar Known System; Comparison of the New and Known System
	4.2.1.3 Step 4: Selection of Relevant RIFs
	4.2.1.4 Step 5: Scoring the Effects of the RIFs
	4.2.1.5 Step 6: Contribution Weighting of the Failure Causes to Failure Modes
	4.2.1.6 Step 7: Adjustment of Initial Failure Rates for Each Failure Mode
	4.2.1.7 Step 8: Determination of Failure Rates and Calculation of New Total Failure Rate

	4.3 Impact analysis of the different parameters of the model
	4.3.1 Changing the Score of RIFs
	4.3.2 Changing the ,𝜺-𝑹𝑹𝑨. value
	4.3.3 Changing the Weight Contribution of the Failure Causes to Failure Modes
	4.3.4 Changing the ,𝜽-𝑹𝑹𝑨 𝒎𝒊𝒏. and ,𝜽-𝑹𝑹𝑨 𝒎𝒂𝒙. values
	4.3.5 Discussion


	Chapter 5 : Application of the Failure Rate Prediction Method
	5.1 Step 1
	5.2 Step 2 and Step 3
	5.3 Step 4 and Step 5
	5.4 Step 6
	5.5 Step 7 and Step 8
	5.6 Discussion

	Chapter 6 : Conclusion and Future Work
	Bibliography
	Appendix A : Reliability Influencing Diagram for a Subsea Centrifugal Compressor
	Appendix B : Influence of the RIFs Scores Alteration in the Failure Modes 𝝀 of the Subsea Centrifugal Compressor
	Appendix C : Tool Source Code
	Main Script
	Functions


