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ABSTRACT 
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Master of Science, Sustainable Environment and Energy Systems Program 

Supervisor: Asst. Prof. Dr. Doruk Alp 

 

 

June 2021, 124 pages 

 

 

A blowout is the eruption of underground reservoir fluids to the surface 

during drilling operations. This has devastating results, which are described by the 

serious impact on human health, environmental problems, and economic loss. 

Blowout events are unpredictable due to uncertainty of how they evolve. Blowout 

risk usually lies with parts of the safety system that are expected to function fully, 

and prevent blowouts. Fault Tree Analysis (FTA) is a graphical method offering a 

way to identify Causal Factors (CF) of the safety system failure, and to evaluate the 

contribution level of each event to blowout. In this study, an FTA model for offshore 

blowout probability is mapped to a Bayesian Network (BN). This BN-based model 

is utilized for Probabilistic Risk Assessment (PRA) of hazards, accounting for 

uncertainty in both safety system failure rates and subsurface formation pressures. 

To the best of our knowledge, this is the first time all of the commonly encountered 

safety barriers are combined in a single PRA analysis. The PRA is performed using 

importance measures of FTA roots. According to results herein, the blowout event 

is attributed mostly to human error in monitoring safety barriers. Also, blowout 

events are highly probable due to inability to precisely identify abnormal subsurface 



 

 

 

vi 

 

pressure zones. Finally, casing failure is found to be the third significant contributor 

to blowout.  

 

Keywords: Probabilistic Risk Assessment, Bayesian Network, Fault Tree Analysis, 

Blowout, Drilling 
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ÖZ 

 

DENİZ SONDAJI KUYU PATLAMALARININ OLASILIK BAZLI RİSK 

DEĞERLENDİRMESİ 

 

 

 

Elsalih, Muhammed 

Yüksek Lisans, Sürdürülebilir Çevre ve Enerji Sistemleri 

Tez Yöneticisi: Dr. Öğr. Üyesi Doruk Alp 

 

 

Haziran 2021, 124 Sayfa 

 

Kuyu patlaması (blowout), sondaj sırasında yeraltı sıvılarının kontrolsüz 

olarak yüzeye püskürmesidir. Bu patlamaların insan sağlığına, çevreye ve 

ekonomiye yıkıcı etkileri vardır. Patlamalara pek çok farklı unsurun sebep olması, 

bu durumun tahmin edilmesini ve önlem alınmasını zorlaştırmaktadır. En büyük risk 

kaynağı, hatasız çalışması ve patlamaları önlemesi beklenen kuyu güvenlik 

sistemidir. Hata Ağacı Analizi (HAA), güvenlik sistemi arıza nedenelerini ve 

sistemin her bir öğesinin arızaya etkisini değerlendirmede kullanılan grafiksel bir 

yöntemdir. Bu çalışmada, deniz sondajı sırasında olabilecek patlamalar için Bayes 

Ağı (BA) üstüne kurulu bir HAA modeli geliştirilmiştir. Temelinde Bayes Ağı olan 

bu model, güvenlik sistemi arıza olasılığı ve yeraltı kayaç mayi basınçlarındaki 

belirsizlikleri de gözeterekten, kuyu patlamalarının Olasılık Bazlı Risk 

Değerlendirmesi (OBRD) için kullanılmıştır. Taranan kaynakçalardan görülebildiği 

kadarıyla, yaygın olarak bilinen güvenlik bariyerlerinin tümü ilk kez bu çalışmada 

bir arada incelenmiştir. Patlamanın ana nedenleri HAA ile saptandıktan sonra, 

“önem ölçütleri” bazında değerlendirilerek OBRD gerçekleştirilmiştir. Bu 

çalışmada elde edilen sonuçlara göre, patlamaların ana kaynağı güvenlik sistemini 

izlerken oluşan operatör hatalarıdır. Patlamaların ikinci derecede sebebi, aşırı 
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basınçlı katmanların kesin olarak tespit edilememesidir. Kuyu koruma borusu 

(casing) arızasının patlamaya üçüncü derecede sebep olduğu bulunmuştur.  

 

Anahtar Kelimeler: Olasılık Bazlı Risk Değerlendirmesi, Bayes Ağı, Hata Ağacı 

Analizi, Kuyu patlaması, Sondaj
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CHAPTER 1  

1 INTRODUCTION  

Wells are drilled to reach and extract three valuable resources: 

1) Fresh Water 

2) Geothermal energy – a clean and renewable resource 

3) Hydrocarbons – fuel and raw material for many products 

Drilling industry faces major challenges sustaining continuity of operations 

that meet Health, Safety, and Environment (HSE) requirements (Tom, 2012). 

Drilling operations frequently slow down and halt, and some wells are completely 

abandoned due to accidents and hazards. Such interruptions also impact sustainable 

production of valuable resources mentioned above. 

While renewable energy resources are most desired, they still cannot provide 

a complete substitute for hydrocarbon-based1 products. Petrochemical products 

obtained through petroleum refineries are typically used in transportation as fuel for 

the engines of vehicles. Specifically, diesel, gasoline, and kerosene2 are known for 

their high performance, efficiency, and safety as fuel for internal combustion engines 

(Furfari, 2016). As of 2012, gasoline held 39 % of global consumption in the 

transportation sector. According to International Energy Agency (IEA) (2016), 

gasoline is expected to have a share of 33 % by 2040. In addition, the share of diesel 

in transportation is the second-highest, with 36 % in 2012. And, it is expected to drop 

to ~33 % level in 2040, similar to gasoline. Moreover, jet fuels and kerosene held 12 

 

 

1 Hydrocarbon (HC):  an organic chemical compound composed mainly of hydrogen and carbon 

atoms (Enerijiofi, 2021). 
2 Kerosene: a fuel formed from HCs and used widely in aviation (Gad, 2005). 
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% of consumption in the transportation sector by 2012, and their combined share is 

expected to increase to 14 % by 2040.  

Further, petrochemical products are used in medicine formulation, for 

example, as cancer-fighting drugs. Also, they are used in making aspirin, which is 

used daily to lower the risk of heart attack for patients (Speight, 2020).  

The need for hydrocarbon-based products, make it compulsory to pursue 

hydrocarbon extraction process (National Research Council, 1994). Extraction 

should be conducted in a way that does not have a negative impact in any regard. 

This could be achieved by applying industry best practices and complying with HSE 

requirements (Ibrahim et al., 2016). However, the main issue in drilling operation 

continuity lies with the uncontrolled violent discharge of high-pressure, high-

velocity underground fluids to the surface. This is called a blowout. Besides 

continuity of operations, blowouts have created a huge debate about sustainability in 

the industry. This is due to the high impact on human life, which is illustrated by life 

loss or physical damage that the workers experience at the worksite. Also, blowouts 

result in environmental damage, and severe contamination of the surroundings with 

chemicals, endangering the species around (Saha, 2010). 

Blowouts result from a sequence of failed safety barriers3. A well-known 

example is the Gulf of Mexico (GOM) oil spill of Macondo well, being drilled by 

the Deepwater Horizon rig at the time (2010). The blowout occurred after a 

subsystem safety failure, hydrocarbon fluids reached the surface and met an ignition 

source that led to an explosion. Surface facilities continued burning for two days, 

resulting in 11 fatalities, 17 injured, and nearly 5 million barrels of oil spilled to the 

GOM before the well was successfully controlled (National Academy of 

 

 

3 Safety barriers: physical and/or non-physical means planned to prevent, control, or mitigate 

undesired events or accidents (Sklet, 2006).  
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Engineering & National Research Council, 2012). The Macondo blowout (2010) is 

a perfect example to show the consequences of blowouts. 

The reason for safety system failure of Macondo (2010) was found after a 

comprehensive investigation by the British Petroleum (BP) team, which used event 

chronology and Fault Tree Analysis (FTA) methods to diagnose the causal factors4 

of failures (BP, 2010). The blowout was mainly attributed to the unforeseen cement 

failure along with a sequence of failures in other safety barriers. 

1.1 Scope of the Thesis 

In this study, blowout safety system for a typical offshore operation is 

assessed to estimate operation risk. Herein, FTA is implemented to identify the 

causal factors and contribution of drilling system components to the blowout, and to 

evaluate blowout prevention barriers that are typically applied in the field.  This 

analysis yields the weak point of the safety system, and allows estimating probability 

of having a blowout during drilling operations. Due to the complexity of the drilling 

operations, it is unpractical to create a fault tree that represents the whole operational 

structure because we need to include the common cause and sequential of failure 

(Khan et al. 2018). Hence, a Bayesian Network (BN) is utilized to overcome this 

issue. BN offers a convenient environment to account for complicated processes 

using single nodes, called Multi-State Gate (MSG). After developing necessary fault 

trees for individual subsystems, these trees are mapped into a BN model that follows 

the operation sequence. Later, the BN model is analyzed using Importance Measures 

(IMs). These “measures” test each causal factor and rank them according to the risk 

level, i.e. contribution of each parameter to the blowout. The sequence of this work 

is organized into nine chapters, as shown in detail in Table 1.1: 

 

 

4Causal Factors: A major unplanned, unintended contributor to an incident i.e., a negative event or 

undesirable condition (AIChE/CCPS, 2014). 
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Table 1.1: Scope of the thesis 

Chapter Content 

Chapter 2 Brief introduction to: 

1- Off-shore drilling operations 

2- Kick & Blowout initiation 

3- Safety system functionality, and sequence of hazard prevention 

Chapter 3 The concept of risk, and risk assessment is explained, with a focus 

on drilling risk assessment tools, benefits, and limitations 

Chapter 4 A review on statistics, and introduction to Bayesian Network 

Chapter 5 Fault Tree Analysis, construction, and evaluation procedure 

Chapter 6 Problem statement, blowout risk assessment, literature review 

Chapter 7 Methodology 

Chapter 8 Results and discussion on the risk mitigation process 

Chapter 9 Conclusion & Recommendations: 

1- Summary of results, leading causes of blowouts 

2- Recommendation to mitigate blowout occurrence 
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CHAPTER 2  

2 OFFSHORE DRILLING OPERATIONS 

Deepwater drilling is the process of drilling in waters, which has a depth of 

300 [m] or more (Cholteeva, 2020). Drilling at a location where seabed is at 1500 

[m] or deeper is called ultra-deep water drilling (Rocha et al., 2003). In deep-water 

drilling, the drilling system is composed of four main sections. These are (1) sea-

level platform that hosts the rig and facilities, (2) connection to the seabed (or 

seafloor), and (3) seabed/seafloor wellhead, and (4) wellbore below the seabed, as 

shown in Figure 2.1. 

 

Figure 2.1: Schematic of deep-water drilling (Haghshenas et al., 2008) 
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Sea level equipment: 

The sea level platform (the surface) is the part where most of the drilling 

facilities, fluids, pumps, engines, and personnel exist. All this equipment is set on a 

floating vehicle called an offshore rig (Bourgoyne, 1991).  

Connections to Seabed: 

In deep-water drilling, a drilling riser, a large diameter pipe, is used to 

connect the Blowout Preventer (BOP, explained in detail next) on the seafloor to the 

surface facilities. The function of the riser is to transmit drilling mud5 returns to the 

surface. Inside the riser, another pipe is used for transmitting the required torque and 

weight to drill the formation6, called drill pipe (Chandrasekaran, 2021). During ultra-

deep drilling operations, these pipes are the only connections between the surface 

and seabed, and the position of the platform is maintained using tension cables 

anchored to the seafloor, and propellers mounted on the platform (Chakrabarti et al., 

2005). 

Seabed equipment: 

The BOP is constructed on the seabed. There is no well drilled without the 

BOP. It is crucial for well safety to prevent the blowout in case of receiving a kick7.  

BOP is a combination of several valves constructed at the top of the well. These 

valves are controlled remotely from the surface facilities via hydraulic actuators. 

When kick is detected, the crew at the surface activates the BOP to shut the well in, 

i.e., stop the flow of fluids to the surface (Islam & Hossain, 2021). It has multiple 

flow preventer types; these are (1) Annular blowout preventers8, which can seal 

 

 

5 Drilling mud: various mixtures of liquid, gaseous and solid ingredients are used to facilitate 

operations to drill boreholes into earth (Fink, 2015). 
6 Formation: a continuous body of subsurface rock that is sufficiently distinctive from surrounding 

strata (Earle, 2019). 
7 Kick: unplanned entry of low-density, high pressure formation fluids into the wellbore, posing 

blowout risk (Mitchell et al., 2011). 
8 Annular preventer: A large valve used to control wellbore fluids. Using a sealing element resembles 

a large rubber doughnut that is mechanically squeezed inward to seal on pipes (Crumpton, 2018). 
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around the non-cylindrical objects, and (2) Ram blowout preventers, which are three 

types as showing in Figure 2.2. 

 

Figure 2.2: BOP rams: a) Blind ram, b) Pipe ram, c) Shear ram 

(Drillingformulas.com, 2012).  

Blowout preventer rams, shown in Figure 2.2, are designed to be used 

according to the presence (or the absence) of drill pipe in a well. For example, blind 

rams shown in Figure 2.2 (part a) are used to seal the well, when there is no drill pipe 

in it. Another type, called pipe ram (Figure 2.2, part b), is used to seal around a drill 

pipe. Also, shear rams in Figure 2.2 (part c), are used to seal the well by cutting the 

drill string (Crumpton, 2018). 

As the BOP system is one of the most important parts of a deep-water drilling 

system, it should be frequently tested, inspected, rejuvenated. These measures are a 

safeguard to ensure full and proper functionality of the BOP. Also, it is a part of risk 

mitigation and legal requirements (Mishra, 2019). 
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2.1 Drilling a Well 

Drilling is the process of making a connection between underground rock 

formation and surface. This operation is not an arbitrary process, i.e., not only using 

a drilling machine to reach subsurface target depth, as if drilling a hole on the wall 

with a hand tool. The process ensures that the operations in different stages apply the 

required safety measures while reaching the target depth (Alnabhani, 2018). 

Drilling operations are divided into several stages. These are illustrated in 

Figure 2.3. After deciding the location to drill, shown in Figure 2.3 (part 1), the 

platform hosting the rig is situated at the top of the targeted point. Drilling rig is the 

system of machines that drills the well. It conveys the rotational motion from surface 

to the drill bit at the end of the drill string, which is made up of a series of pipes 

called drill pipes. These pipes are connected to one after other while drilling 

continues to the target depth. 

 

Figure 2.3: Deepwater drilling stages (modified from Mori et al., 2012) 
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The first phase of drilling starts by creating a hole, which is usually around 

50 cm in diameter as shown in Figure 2.3 (part 1). This diameter of the first drilled 

hole depends on the depth of targeted formation. During this phase, sea water is 

pumped through the nozzles of the drill bit for cleaning (removing) the cuttings9 from 

underneath the bit. Then, drill pipe is pulled back to surface (part 2) to install the 

wellhead and casing (Alnabhani, 2018). 

Any hole drilled through soft formations is endangered by the caving 

phenomena, which is the collapse of formation into the wellbore. Same risk exists 

when drilling very deep. Even if formations are now hardened due to the overburden 

pressure exerted by the formations above the layer on interest, it is compulsory to 

create a support that prevents caving-in. Hence, the casing10 is inserted into the hole 

to create a barrier between the drilling fluid and the walls of the hole, as seen in 

Figure 2.3 (part3). Moreover, casing also prevents the contamination of drilling 

fluids by formation fluids. A wellhead11 is constructed at the top of casing (Singh, 

2019). Then, casing is fixed in place using cement (part 4). Cementing is the process 

of pumping cement slurry12 down to the bottom of the wellbore, then diverting it 

behind the casing, between outer surface of casing and the walls of well. The main 

purpose of using cement is: 

1) To support casing; keeping the casing fixed in position. 

2) To prevent the movement of fluid from formation into wellbore, and vice 

versa, (which reduces the probability of a blowout.)  

3) To prevent casing corrosion by isolating it from the formation fluids. 

4) To create isolation zones between formations to prevent the contamination 

of fluids. 

 

 

9 Cuttings: small pieces of rock that break away while drilling a formation (Huo et al., 2021). 
10 Casing: a hollow steel pipe configured to suit a specific wellbore (Azar & Samuel, 2007). 
11 Wellhead: the equipment installed on the seabed for suspending casing strings (Bourgoyne, 1991). 
12 Cement slurry: a mixture that is composed of cement, water, and various chemical additives 

(Mitchell et al., 2011). 
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Finally, the BOP is set at the top of wellhead. Above the BOP, the riser is 

inserted to connect the wellhead to the platform, as in Figure 2.3 (part 5). In (part 6) 

of Figure 2.3, drilling operation proceeds by drilling another depth interval, after 

which another casing is placed (smaller diameter than the previous one), and 

cemented in place. This procedure is repeated until the target depth is reached (Singh, 

2019). 

2.2 Subsurface Rocks & Abnormal Fluid Pressures 

The major source of uncertainty in drilling operations is the abnormal fluid 

pressures in the subsurface rocks. The fluids enter into subsurface rocks: 

1) After formation of the rock, through the pores of the rock 

2) During deposition of the rock, 

Due to porous structure of rocks, a hydrostatic pressure gradient is established 

within earth’s crust. However, some rock layers are impermeable, and create a flow 

barrier between over-lying and under-lying layers, effectively disrupting the 

hydraulic communication, and the hydrostatic gradient. Such disruptions are 

observed as abnormal and subnormal pressures with respect to hydrostatic gradient 

(Chapman, 1983). 

There are mainly three types of rock below the seabed. These are (1) the 

impermeable cap rock; which forms a seal that prevents HCs escape to surface, (2) 

permeable reservoir rock; which contains the HCs, and (3) the source rock, which is 

the origin of HC (Hustrulid, 2020). In fact, hydrocarbons (HC) are generated by 

conversion of solid organic materials that deposited with the rock grains. These rock 

types are shown in Figure 2.4. 
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Figure 2.4: Petroleum system rocks (Hustrulid, 2020) 

2.3 Fluids Involved in Drilling and the Kick 

In drilling operations, two types of fluids exist at the bottom of the drilled 

hole. The first is the drilling fluid (mud); which is pumped from the surface through 

the drill string to the drill bit at the bottom of the hole. The second is the formation 

fluid that is present in the pores of geologic formations. These fluids are shown in 

Figure 2.5. 

 

Figure 2.5: Well condition based on pressures (Aulicino & Timblin, 2018) 
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Formation fluids create a pressure within the pores of a reservoir rock called 

formation pressure (PF). This pressure is balanced by the drilling fluid in order to 

prevent abnormally pressured formation fluids from erupting to surface. 

As seen in Figure 2.5, the drilling fluids create a hydrostatic pressure (PH) by 

the column of fluids accumulated from the surface until bottom of the hole. PH is 

given in Eq 2.1: 

 PH = 0.052(MD) (TVD) Eq 2.1 

Where,  

PH Hydrostatic pressure [psi] 

0.052 Conversion factor [ppg-ft] to [lb/in2] 

MD Mud Density [ppg.] 

TVD True Vertical Depth [ft] 

 

Kick is the intrusion of formation fluid to the wellbore (Bourgoyne, 1991). 

The intrusion is due to pressure balance problem that occurs when formation pressure 

is higher than the hydrostatic pressure. Usually, drilling operations are named 

according to the pressure conditions in the wellbore (Aulicino & Timblin, 2018). 

These are: 

1- Balanced (PH=PF) 

The case when the hydrostatic pressure is equal to the formation pressure as 

it keeps the well under control. In real field practices, wells may never reach the 

balanced conditions since there are lots of properties affected by heterogeneity of the 

geological formations. 

2- Overbalanced (PH>PF) 

The case when the pressure inside the wellbore is greater than the formation 

pressure indicates that there is no kick. Although most of the drilling operations are 

performed under overbalance situation, it is not preferable to have excessive 
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overbalanced pressure as it results in drilling mud loss to the formation, which is 

expensive. 

3- Underbalanced (PH<PF) 

The case when the pressure inside the wellbore is lower than the formation 

pressure. Hence, the worst case of all pressure conditions as it indicates that kick is 

initiating (Mitchell et al., 2011). PH may become less than the PF due to several 

reasons: 

1) Sudden drop in fluid level in the wellbore 

2) High flow rates (PH drop due to high circulation rate) 

3) Sudden drop in drill-string inlet pressure 

4) Sudden drop in casing outlet pressure 

5) Unexpected abnormal pressure zone 

2.4 Blowout 

Blowout is the explosion caused by an uncontrolled kick, where formation 

pressure pushes wellbore fluids to the surface (more information about blowouts is 

introduced in Chapter 6). In such cases, intrusion of formation fluids may directly 

develop into a blowout when kick is not detected, or when the safety barriers (well 

control and BOP) fail (John & F, 2016).  

2.5 Safety Systems 

Drilling operations are subject to several safety barriers for each drilled 

section. The main aim of these barriers is to: 

1- Prevent the intrusion of formation fluids into the wellbore, i.e. cement and 

casing.  

2- Kick detection, i.e. well monitoring system. 

3- Control the well, i.e. circulation system. 



 

 

 

14 

4- Seal the well, i.e. BOP. 

If the kick is successfully controlled by any barrier, then the kick is 

considered to be killed; if the barriers failed to kill it, then fluid finds its way to the 

surface and results in a blowout (Lage et al., 1994). At the first stage, the cement 

creates a barrier to prevent HC influx into the wellbore. If this barrier does not 

function properly, a kick is received. The operation and wellbore pressures are 

monitored from the driller cabin at the surface for kick detection. However, if the 

system is not properly monitored, or a malfunction in the system is experienced and 

the final safety barrier (BOP) failed, the kick turns into a blowout. If it is properly 

detected, the blowout preventers are set to create a barrier between the subsurface 

and the surface. The casing holds the kick inside, and prevent release of fluids to 

surface or surrounding formation while kill operation13 is in progress. However, this 

is the last barrier before kick development into a blowout.  

2.6 Kick Detection and the Well Monitoring System 

The drilling rig hosts variety of equipment which are used to monitor the 

drilling operation. This monitoring system is a crucial part of the drilling safety 

system. It is set to detect and mitigate kick initiation. Kick is detected upon 

recognizing changes in drilling parameters (such as fluid pressure, ROP14, and mud 

tank levels). Mitigation is possible through required well control procedures applied 

to return to normal operations pathway. 

In case of a kick, monitoring devices are continuously observed to detect the 

changes in drilling parameters such as circulations pressures, gas content in mud 

return, mud volume, density, and conductivity (Ahmed et al., 2016). That is, kick 

 

 

13 Kill operations: fluid circulation procedure to remove kick fluid and replace original mud with 

heavier kill mud (Fan et al., 2017). 
14 ROP: Rate of penetration 
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detection process is based on the observation of these parameters, which explain the 

movements of downhole fluids. For example, increase in mud return or increase in 

rate of penetration are considered as warning signs for a developing kick (Zhu et al., 

2019).  

Blowout mitigation implies that no kick detection leads to a direct blowout. 

Hence, when kick is not detected, operators at the surface would proceed drilling 

without putting on any Well Control (WC) procedures (explained in Section 2.7). If 

kick is detected, then the crew would stop drilling, and try to retain control of the 

well (i.e. restore pressure balance at the hole bottom) that is lost when kick is 

received. 

2.7 Well Control and BOP 

Well Control is the process of maintaining pressure balance (PH=PF) while 

circulating the kick fluid out of the well, before resuming regular drilling activity. 

There are several well control methods to monitor underground processes, detect 

kicks, and to cope with them. Usually, while conducting drilling operations, if a kick 

is detected, the direct action is to defer to the WC procedures. The well control 

procedure consists of two defensive barriers; these are (Hsieh, 2013): 

1- Kill fluid (or kill mud), which is the primary well control barrier.  

Usually, when the driller recognizes an unusual change in the formation 

parameters such as increase in Rate of Penetration (ROP), tank gain, and fluid return 

volumes on the monitoring system at the surface, he/she implements the primary 

barrier to regain pressure control over the well. Kick is received because the drilling 

fluid does not provide required pressure on the formation, as required by Eq 2.1. 

Hence, to overcome this issue, another fluid is prepared which is called Kill Mud 



 

 

 

16 

(KM), and circulated through the drill pipe to the annulus15. As shown in Figure 2.6, 

interior of the drill pipe and the annulus in fact establishes a U-tube connection. The 

KM is introduced to replace the Old Mud (OM). Hence, the new fluid gradually 

increases the PH so that it is greater than or equal to PF. If the pressure balance is 

maintained, the WC procedure continues to remove the kick out of the wellbore, and 

operations continue. If not, then the secondary defense barrier is activated (Lage et 

al., 1994). 

 

Figure 2.6: Circulation process (modified form Azar & Samuel, 2007) 

 

2- BOP, also known as the secondary barrier. 

If the first barrier (kill mud) does not achieve control, the secondary barrier is 

activated based on supervisor decision to shut-in a well. Moreover, if the situation is 

getting worse, the BOP shear rams seal the well by cutting the drill pipe. 

 

 

15 Annulus: the space between two concentric objects (O’Neill et al., 2015). 
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CHAPTER 3  

3 RISK ASSESSMENT 

3.1 Risk  

Risk, by the simple dictionary definition, is the possibility of something bad 

happening, or "a situation that involves exposure to danger"(Cambridge, 2008). This 

term is developed with time and experience to include all daily life processes that led 

to the most logical definition to be ”the probability” or threat of damage, injury, 

liability, loss, or any other negative occurrence that is caused by external or internal 

vulnerabilities (Pal & Ghosh, 2017). 

3.2 Risk Assessment 

Risk assessment is the estimation of the likelihood and severity of hazardous 

events that might harm human health, environment, and economy (Kleijunas et al., 

2006). According to the Canadian Centre for Occupational Health and Safety 

(CCOHS), it is also a general description of any process that includes: 

1) Identification of hazards or factors that contribute to hazards 

2) Analysis and evaluation of the hazards,  

3) Determination of ways to control, reduce, convert, or eliminate hazards. 

Precautionary actions, prior arrangement, and formal assessment help to 

avoid, mitigate, and even convert hazards to a better situation. The role of risk 

assessment as a systematic process is to include all available tools and methods to 

analyze hazards, and deal with outcomes (Silvianita et al., 2011). Looking through 

the literature of risk assessment practices in petroleum industry, there are a variety 

of methods. One answer to when, where, and how to use these methods is given by 
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the Recommended Practices (RP 75) documentations developed by American 

Petroleum Institute (API). This standard recommends safety and environment 

programs to ensure compliance with safety system standards. RP 14J is another 

documentation that summarizes the recommended practice in the design and hazard 

analysis practices for the offshore facilities (Velez et al., 1995). 

Each assessment study starts by identifying, analyzing, and evaluating risk in 

a project or an activity, and concludes by monitoring it (Farrell & Brandt, 2006). The 

three main subsections of the risk assessment process are shown in Figure 3.1. 

 

Figure 3.1: Risk assessment process (Dudek et al., 2020) 

As shown in Figure 3.1, the risk assessment process goes through three 

stages: 

1- Risk identification 

It is essential to identify the hazards before conducting operations and to have 

an idea about what consequences can result from a specific action or procedure. Next 

step is to decide about who will probably be harmed by a certain hazard, set 

precautionary actions and safety measures. This stage is based on the observation of 

historically similar events, including expert knowledge, and preparing checklists to 

ensure that every part of a specific system is well identified (Dudek et al., 2020). 

1. Risk Identification

Brain-
storming

Check-lists

Interviewing

2. Risk Analysis

Cause and effect

Root cause 
analysis

Fault Tree 
Analysis 

3. Risk Evaluation

Quantitative Techniques

• Bayesian network

• Decision trees

• FTA/ ETA/ FMEA

Qualititative Techniques

• FTA

• HAZOP

• HAZID
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2- Risk analysis 

After identifying the hazards, it is a must to implement the enough resources 

and appropriate tools to create a model that aids in diagnosing the weak point in the 

system that leads to the identified main event. For example, in the risk assessment of 

Macondo well by the BP investigation team, Fault Tree Analysis (explained in 

Chapter  5) was used to find the causal factors of the safety failure, and to consider 

various scenarios and possible factors contributing to the blowout (BP, 2010). 

3- Risk evaluation 

Risk evaluation is the process that completes the risk analysis. It is usually 

conducted by using qualitative or quantitative methods to observe the system 

behavior. Hence, after analyzing the system to find the potential risk points, the 

evaluation of these points is required to decide which point has the highest 

contribution to the system failure (Refsdal et al., 2015). 

These three steps are connected to each other. Some methods like fault trees, 

decision trees, etc. are used in both analysis and evaluation. Hence, knowing the 

causal factors of failure is not enough to make a comprehensive analysis in fault 

trees. That is why the fault trees are furtherly evaluated to see how each element of 

the tree contributes to the main failure occurrence (Dudek et al., 2020). In this study 

the fault tree is used to analyze the system. Then, the evaluation is used based on 

fault tree importance measures (as explained in Section 5.4). 

3.3 Risk Assessment Methods 

Risk assessment includes a variety of tools to scientifically identify the risk 

associated with processes, operations, and reliability of systems (CCOHS, 2021). 
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3.3.1 Qualitative Risk Assessment 

Qualitative Risk Assessment is a common method in risk assessment. To 

reach a judgment regarding a specific process, it looks for the qualities of the hazard-

associated operations based on two main concepts, (1) the consequence (severity) 

and (2) the probability (likelihood) (Duvillard et al., 2021). However, there is no 

precise numerical application. Instead, there is a “scoring and rating process” to give 

a general idea about the risk level. That is, probability and severity are assigned 

qualifiers to compare multiple options when the numerical evaluation is not available 

(Yoe, 2016). Figure 3.2 shows a qualitative risk assessment example of the 

petroleum which shows the ranking matrix used to rank risk events based on 

probability and severity of outcome (low, medium, high). Herein, the risk is 

evaluated based on the probability (1 to 4) and the outcome severity. This can be 

separately evaluated based on impact to the economy, environment, safe operations 

(Ng, 2007).  

 

Figure 3.2: Qualitative risk assessment example (Ng, 2007) 

3.3.2 Quantitative Risk Assessment 

Unlike qualitative risk analysis, quantitative risk analysis is a risk measure 

when numerical values are assigned to causal factors of failures. It usually develops 
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a probabilistic calculation to deal with uncertainty of hazards in operations and 

processes. With quantitative assessment, it is possible to analyze the reliability of the 

system by including the human error and machinery defect contribution to a specific 

system failure (Tauxe & Besser, 2014). 

3.3.3 Comparison of Risk Assessment Methods 

Silvianita et al. (2011) discusses most common risk assessment methods, as 

listed in Table 3.1. These methods are also implemented in offshore operations, 

where each one of them has its advantages as well as limitations. For example, 

HAZID and HAZOP methods are powerful methods in the design of safety systems, 

but they are limited with a qualitative analysis, giving instructions and suggestions 

to improve the safety system. FMEA is a highly structured assessment in the failure 

analysis of systems, but it is mainly used in the analysis of a single failure point of a 

system, limited to the examination of internal effects, and requires an extensive 

failure information. But methods are developed and combined to compensate for the 

limitation of each tool. ETA looks for the event and consequences which is a good 

method in terms of safety analysis. But it needs FTA as a foundation to conduct the 

analysis. FTA comes to be a very powerful and convenient method in finding the 

causal factors of failure in safety systems (Bai & Bai, 2019). 

Table 3.1: Common risk assessment methods used in petroleum industry 

Risk assessment method Type 

Failure Mode and Effects Analysis (FMEA) Quantitative  

Fault Tree Analysis (FTA) Quantitative 

Event Tree Analysis (ETA) Quantitative 

Hazard of Operability Study (HAZOP) Qualitative 

Hazard Identification (HAZID) Qualitative 
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CHAPTER 4  

4 BACKGROUND ON PROBABILITY  

4.1 Fundamentals 

The joint probability is used to calculate the likelihood of two events 

occurring at the same time (Kloeden et al., 1994). Each event has a probability index 

which varies between zero and one. The zero is an indication that event does not 

occur. Whereas the one indicates that event occurs. Also, the sum of probabilities of 

all possible outcomes of an event equals to one. Fundamental rules of evaluating 

joint probability are described next. 

Rule of subtraction: The rule of subtraction states that the probability of 

occurrence of an event is 1 minus the probability of non-occurrence of the event, as 

given in Eq 4.1: 

 P(A) = 1 −  P(A′) Eq 4.1 

Where (A’) is the complementary event of (A) 

Rule of Addition (A or B): The probability of occurrence of (A) or (B) is 

equal to the probability of the sum of both (A) occurrence and (B) occurrence minus 

the probability of both (A) and (B) occurring simultaneously. The mathematical 

expression of addition rule is given in Eq 4.2: 

 P(A ∪ B) = P(A) + P(B) − P(A ∩ B) Eq 4.2 
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4.2 Joint Probability 

Suppose we have three events (A), (B), and (C), and want to manipulate the 

addition rule to calculate joint probability. This can be done by implementing the 

general rule of addition for three events, which is given in Eq 4.3: 

 
P(A ∪ B ∪ C) = P(A) + P(B) + P(C) − P(A ∩ C)

− P(B ∩ C) + P(A ∩ B ∩ C) 
Eq 4.3 

4.3 Joint Probability of Independent Events 

Rule of Multiplication (A and B): if events (A) & (B) are independent, the 

probability of (A) and (B) simultaneously occurring is multiplication of both (A) 

probability and (B) probability. The mathematical expression of addition rule is 

given in Eq 4.4: 

 P(A ∩ B) = P(A) ∗  P(B) Eq 4.4 

To understand the rule joint of probability, a case of throwing two dices is 

given in the following example, in  Figure 4.1, that shows events, and joint 

probability of them. Note that event (A) and event (B) are independent, where rolling 

the first dice is not affecting rolling the second: 

 

Figure 4.1: Joint probability of independent events: rolling two dices  
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The probability of outcome of throwing the dice are P(A) and P(B) for first 

and second dice, respectively. The probability of having number 6 on the topside of 

the first dice is P(A) =
1

6
, and the probability of having number 6 on the second dice 

is 𝑃(𝐵) =
1

6
. To illustrate, the probability of having number 6 on both sides is 

denoted as P(A∩B), and calculated using the multiplication rule as in Eq 4.4: 

P(A ∩ B) = P(A) ∗ P(B) =
1

6
∗

1

6
=

1

36
= 0.0278 or 2.78 % 

However, to calculate the probability of the occurrence of any one of them 

i.e., the probability that either (A), or (B), or both are 6, is denoted as P(A∪B), and 

calculated using addition rule as in Eq 4.2 : 

P(A ∪ B) = P(A) + P(B) − P(A ∩ B) =  
1

6
+

1

6
−

1

36
=

11

36
= 0.3056 i. e. 30.56 % 

4.4 Conditional Probability 

Conditional probability implies that probability of an outcome (primary 

event) is dependent on the occurrence of another event. The probability of the 

primary event is updated based on the knowledge of the secondary event, as 

governed by the Bayes theorem shown in Eq 4.5: 

 P(A|B) =
P(A ∩ B)

P(B)
 Eq 4.5 

where,  

P(A|B) The probability of event (A) given that (B) occurs 

P(A∩B) The joint probability of (A) and (B) 

P(B) The probability of event (B) 
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4.5 Joint Probability of Dependent Events 

Multiplication rule does not apply when calculating joint probability of 

dependent events. Consider, the probability that sum of numbers is greater than 10 

when rolling a dice twice, given that the first roll shows number 6. The case of rolling 

the dice twice is presented in Figure 4.2. 

 

Figure 4.2. All possible outcomes of rolling the dice twice and sum of numbers 

The case of having a number more than 10 is the case of having a result of 

11, or 12, which is P(A)=3/36. Also, the case of having 6 in the first roll is 

represented by the last column of Figure 4.2, which is P(B)=6/36. That makes 

P(A∩B) = 0.5/36. Then, 

P(A|B) =
P(A ∩ B)

P(B)
=

0.5
36
6

36

=
1

12
 or 8.33 % 

For events (A) and (B), the conditional probability is mathematically 

represented as follows: 

1- P(A|B) =
P(A∩B)

P(B)
, if (A) and (B) are dependent, as shown in Figure 4.2, then 

the probability of (A), given that (B) occurs is represented by Eq 4.5 
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2- If (A) and (B) are independent, as in Figure 4.1, then the probability of (A) 

given that (B) occurs is represented by Eq 4.6: 

 P(A|B) = P(A) Eq 4.6 

4.6 Bayesian View of Probability  

Bayesian approach looks to an event based on some knowledge on its 

occurrence. It provides a reasoning of probability based on this knowledge, instead 

of the repetitions of the event that classical probability approach uses. Bayesian 

probability implement Bayes’ rule to calculate the probability of an event (Holmes 

et al., 2008). Bayes’ rule manipulates the conditional probability with the joint 

probability of (A) and (B) term in Eq 4.5 to give Eq 4.7 as follow: 

 P(A ∩ B) =  P(A|B)P(A) Eq 4.7 

It is known that the joint probability of (A) and (B) can be expressed in Eq 

4.8 and Eq 4.9:  

 P(A ∩ B) =  P(A|B)P(A) Eq 4.8 

                    =  P(B|A)P(B) Eq 4.9 

By solving both Eq 4.8 and Eq 4.9, and taking the term P(A|B) to one side 

we get Eq 4.10:  

  P(A|B) =
P(B|A)P(B)

P(A)
 Eq 4.10 

Here, (A) corresponds to the hypothesis (evidence), and (B) is the data (prior 

probability). In Bayesian probability, the data is utilized to judge the relative truth of 

the hypothesis (the result is called the posterior probability)   

To better understand Bayes’ rule, an example about the defective item rate is 

introduced. A manufacturer produces items (A), (B), and (C), with shares of 25 %, 

25 %, and 50 % of the total production, respectively. Manufacturer provides a table 
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for equipment test results (Table 4.1). Equipment (A) has 8 % defective production 

rate, (B) has 6 % defective rate, and (C) has 2 % defective rate. 

Table 4.1: Defective item rate 

Equipment  Error No error Error function Total 

A 20 230 0.08 250 

B 15 235 0.06 250 

C 10 490 0.02 500 

Total 45 955 0.045 1000 

 

 If we randomly select an equipment, and it malfunctions, the probability that 

it is equipment (C) can be estimated using Bayes rule. We denote random selection 

of an equipment with X, and that selection is malfunctioning with Y. From Table 

4.1, we find the following probabilities: 

P(XA)    = 0.250 P(XB)     = 0.250 P(XC)     = 0.500 

P(Y|XA) = 0.080 P(Y|XB) = 0.060 P(Y|XC) = 0.020 

P(Y)      = 0.045  

P(XA) represents probability of selection being equipment A 

P(Y|XA) represents probability of equipment A malfunctioning 

 

We find the probability that randomly selected malfunctioning item is 

equipment C, P(XC│Y) using Bayes’ rule in Eq 4.10: 

P(Xc|Y) =
P(Y|Xc)P(Xc)

P(Y)
=

0.02 ∗ 0.5

0.045
= 0.2222 or 22.22 % 

4.6.1 Directed Acyclic Graph 

Directed Acyclic Graph (DAG) is simply a graphical representation of a 

network. There are arrows indicating direction of flow (thus it is ‘Directed’), and 
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there are no loopbacks, thus it is ‘Acyclic’. DAG is a combination of circular nodes; 

illustrating the probabilities of events; and links (sometimes called arcs); where each 

arc represents a dependency of one parameter on another connected parameter 

(Atlas, 2015). The Bayesian network uses the DAG, to represent conditional 

probability and to account for the uncertainty of the occurrence of a specific event. 

An event occurs due to the occurrence of another single or couple of events (Yang, 

2019). Figure 4.3 shows DAG representation of simple BN. 

 

Figure 4.3: Generic Bayesian Network 

The directed links in Figure 4.3 indicate the dependency of parameters. For 

example, the directed arc from node (A) to node (C), represents the dependency of 

event (C) on event (A). That is, (C) is consequence of (A). Similarly, node (C) results 

from Node (A). The DAG represents a dependency of node (C) on both (A) and (B). 

In conditional probability terms, both (A) and (B) are parents to (C), which makes it 

a child of (A) and (B). 
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4.6.2 Bayesian Network 

The Bayesian Network (BN) is a powerful statistical/probabilistic tool. 

Bayesian, Bayes’, belief, or decision network is a graphical representation of a set or 

combination of sets of parameters. These parameters are connected with each other 

via DAG to take the conditional dependency of them into consideration. BN mainly 

uses two kinds of approaches to calculate the probability of an event. These are 

forward and backward propagations. The forward propagation is done by prior 

knowledge of the parent(s) (i.e., A & B as in Figure 4.3) to observe the effect on the 

main event (D). Whereas backpropagation is done by prior knowledge of the event 

(D) to observe the contributions of parents (A and B). These forward or backward 

evaluations are calculated based on event probability supplied to the parents or to the 

child node, respectively. 

4.6.3 Solving a Bayesian Network 

Let us consider the Bayesian network illustrated in Figure 4.3. The network 

is composed of four elements (A), (B), (C), and (D). Probability of outcome at node 

(D) is calculated using the conditional probability and chain rule, per Eq 4.11:  

 P(D) = ∏ P(Di|Pa(Di))

n

i=1

 Eq 4.11 

Where,   

P(D): Probability of an event (D) 

Pa(Di) Probability of the main parent in the network i.e., A & B  

That is, the occurrence of event (D) is dependent on the occurrence of event 

(D)’s parents i.e., (C), (B), and (A). For the Bayesian network in Figure 4.3, a simpler 

way to explain the implementation of Eq 4.11 is introduced in Eq 4.12 : 

 P(D) = P(D|C)P(C|A, B)P(A)P(B) Eq 4.12 
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Where,   

P(D): Probability of an event (D) 

P (C|A, B): Probability of an event (C) given that (A) and (B) occurs 

P(B): Probability of an event (B) 

P(A): Probability of an event (A) 

4.6.4 Bayesian Network in Risk Assessment 

Since it provides the ability to link system components, the Bayesian network 

is applied for the operational risk assessment in many industries. It is used to analyze 

the risk that results from the failure of particular systems. Khakzad et al., (2013) 

investigate the vapor ignition of heating tanks by applying BN as a risk assessment 

tool. They were able to find the components that contribute to the system failure the 

most. Bayesian network is also applied in the oil & gas industry to minimize hazards. 

Barua et al., (2016) performed a case study on petroleum control systems, showing 

the ability of BN to capture dynamic operational changes in addressing time-

dependent effects in risk calculation. 
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CHAPTER 5  

5 FAULT TREE ANALYSIS 

Fault Tree Analysis (FTA) is a graphical method based on qualitative analysis 

of system failure. It was developed in 1961 by the US military. Also, FTA 

experienced several developments to include the reconstruction failures, and failure 

frequency analysis. FTA, with these improvements, is used by many engineering 

operations/industries; aerospace, mining, oil field, chemical, and nuclear. 

However, the most common use of FTA is the system safety engineering as 

a qualitative analysis tool for hazards and weaknesses in safety systems (Bahr, 2014). 

FTA gained a reputation due to its ability to logically identify, evaluate, and quantify 

different system performance problems and failures. The use of FTA in the safety 

analysis of mining indicates that it helps preventing problems by its ability to analyze 

a variety of systems, and its ability to find the root cause16 of failure (Shoar et al., 

2019).   

5.1 Basic Elements 

A typical Fault Tree (FT) is composed of notations and logical relationships 

called events and gates. These are the basis of the FTA; without them the fault tree 

has no sense of analysis. Figure 5.1 illustrates a simple fault tree. 

 

 

16 Root Cause: A fundamental, underlying, system-related reason why an incident occurred that 

identifies a correctable failure(s) in management systems (AIChE/CCPS, 2021). 
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Figure 5.1: Simple Fault Tree 

The FT events are usually classified as: (i) Top Event (TE), which is the 

undesired event; (ii) Intermediate Event (IE), usually placed in the second branch of 

the tree, is an event that occurs due to previous cause; lastly, (iii) the Basic Event 

(BE), which is the initiating fault requiring no further development of the tree, i.e., 

the tree branches have reached the possible root causes of the failure. FT has multiple 

gates such as OR gate, which means that the output (higher level IE or TE) occurs if 

at least one of the input faults (lower-level IE or BE) occur. There is also an AND 

gate which implies that an output fault occurs only if all the input faults occur. 

5.2 Fault Tree Construction 

Herein, FT construction is explained by describing the steps leading to the 

solution of a simple light switch problem (Lynch, 2021). Consider a room with two 

light bulbs, a switch to turn on/off the lights, and source power. The first step of the 
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analysis is to (i) identify the main system failure, which is having “no light in the 

room”. The second step is (ii) understanding the system, the light system is based on 

the power source (voltage), switches to turn the lights on and a fuse; an electrical 

safety device that operates to provide overcurrent protection. The third step is the 

(iii) FT construction. As FTA is a representation of the possible causes of a particular 

system failure, it is better to have a limit of analysis, and not to deviate from the main 

failure which will lead to a very wide and complicated analysis. That is, only the tree 

routes that lead to the undesired event are assessed (Bahr, 2014). 

 

Figure 5.2: Fault Tree Example (no light in a room case) 

For the case of having no light, the top event is drawn in a rectangle. The 

other rectangle that branches from the TE are the IEs, where the gate symbol explains 

the relation to the down branching events. The previously identified system has three 

possible reasons of failure, these are either (1), (2) or (3) as shown in Figure 5.2. In 

this Figure 5.2, the OR1 gate means that “No light in the room” occurs because either 

all bulbs are burnt, or because the switch has failed, or due to the absence of input 

voltage. Descending from the first IE, as the room has only two lamps, event (1) 
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occurs when both lamps are burnt. Here the role of the AND gate explains that event 

(1) is true only if basic events of (1.1) and (1.2) occur. The basic events (with circular 

symbols) indicate no more development needed, i.e., further development is not the 

interest of analysis. 

Fourth step of FTA is the (iv) identification of the cut sets; the basic events 

that, if simultaneously occurred, would lead to the main undesired event 

(AIChE/CCPS, 2010). 

The final step of FTA is the (v) risk mitigation, the logical structure of the FT 

makes it easy to understand the combination of events that lead to a hazardous event. 

That is, the Boolean logic gates assist in the computation of the risk when the 

frequency of event occurrences is provided (Bahr, 2014). Based on the deviation 

from standard operations, necessary arrangement is made to mitigate the risk of the 

failure. For example, in the case of having higher impact than the acceptable risk of 

petroleum standards acceptable risk the root cause of failure is fixed (replaced or 

maintained) to reduce the impact. 

5.3 Top Event Probability Calculation  

The risk mitigation process is usually attached with probability analysis of 

the failure. These probabilities are assigned to the lowest level elements (BEs) of the 

tree from the frequency of occurrences. These probabilities can be reported in 

different units, depending on system type and preferred measure of occurrence. To 

illustrate, if we are looking for the probability of falling of an infant while walking 

for the first time, probabilities of failure can be recorded as 10 times per day or 300 

times in a month. Yet, for correct evaluation of the FT, unit consistency is necessary. 

For instance, failure frequencies for the room lighting example in Figure 5.2, are 

given in Table 5.1; we use these values to calculate the probability of having no light 

in the room. 
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Table 5.1: Fault Tree Evaluation (no light in a room case) 

Basic Event BE1.1 BE1.2 BE2 BE3.1 BE3.2 

Probability [Event/yr] 0.003 0.003 0.002 0.0055 0.0015 

 

The Boolean logic for the OR gate utilizes the rule of addition to calculate 

the probability of an event. That is, the probability of having no light in the room 

P(NL) is calculated using Eq 4.3as follows: 

 P(NL)  = P(IE1 ∪ BE2 ∪ IE3) Eq 5.1 

However, this calculation requires the knowledge of IE1 and IE2 probability. 

Hence, the AND gate in IE1 indicates the need of using Eq 4.4 as follows: 

P(IE1) = P(BE 1.1 ∩ BE 1.2) = P(BE 1.1) ∗ P(BE 1.2) 

= 0.003 ∗ 0.003 = 9 ∗ 10−6  [
event

yr
] 

Whereas, the OR gate in IE3 indicates the need of using Eq 4.2 as follow: 

P(IE3) = P(BE 3.1 ∪ IE 3.2) = P(BE 3.1) + P(BE 3.2) − P(BE 3.1 ∩ BE 3.2) 

= 0.0055 + 0.0015 − (0.0055 ∗ 0.0015) = 6.99 ∗ 10−3  [
event

yr
] 

Plugging these numbers in Eq 5.1, and applying the rule of addition for three 

events i.e., Eq 4.3: 

P(IE1 ∪ BE2 ∪ IE3)

= P(IE1) + P(BE2) + P(IE3) − P(IE1 ∩ IE3) − P(BE2 ∩ IE3)

+ P(IE1 ∩ BE2 ∩ IE3) 

P(NL) = 9 ∗ 10−6 + 0.002 + 6.99 ∗ 10−3 − (9 ∗ 10−6 ∗ 6.99 ∗ 10−3) − (0.002

∗ 6.99 ∗ 10−3) + (9 ∗ 10−6 ∗ 0.002 ∗ 6.99 ∗ 10−3) 

P(NL) = 9 ∗ 10−3 [
event

yr
] 
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It can be seen from the results that failure of the system is very sensitive to 

the AND gate, and the failure probability is reduced with more AND gates. So, a 

better and safer system could be designed in a way that has more AND gates (Bahr, 

2014). For example, changing the AND gate in Figure 5.2 to OR gate would make 

the probability of IE1 as following: 

P(IE1) = P(BE 1.1 ∪ BE 1.2) = P(BE 1.1) + P(BE 1.2) − P(BE 1.1 ∩ BE 1.2)

= 0.003 + 0.003 − (0.003 ∗ 0.003) = 6 ∗ 10−3 [
event

yr
] 

With this new configuration, the TE probability would change from 9*10-3 to 

1.5*10-2, which is an increase in the failure rate of 
9∗10−3

1.5∗10−2 = 0.6, i.e., 60% from the 

originally presented room system. 

5.4 Evaluation Methods 

After developing the required fault tree model, it is evaluated using the 

importance measures (IM). The main aim of the PRA is to maintain a system with 

acceptable risk. IM is implemented to identify which element of the system needs 

improvement, to maintain an acceptable risk, and to reduce the potential risk 

associated with each element. Two factors are considered when measuring the 

importance of a component. These are (1) element location in the system, and (2) 

element failure probability (Rausand & Hoyland, 2003). IMs are many, but the ones 

employed in this study are explained next. 

5.4.1 Diagnostic Analysis 

Diagnostic Importance (DI) analysis of a fault tree measures the effect of 

element of interest (BEi) of the system, to the failure of the system (TE). This 

measure tests the whole system failure with the absence of (BEi). The mathematical 

expression of diagnostic importance is given in Eq 5.2 (Rausand & Hoyland, 2003).: 
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 DI =  P(BEi)
P(TE|P(BEi) = 1)

P(TE)
  Eq 5.2 

where, 

P(BEi) The basic event’s failure probability 

P(TE|P(BEi)=1) The TE failure probability given that BEi totally failed  

P(TE) The TE failure probability without assumptions 

 

When analyzing BEi, the diagnostic importance describes the impact of (BEi) 

total failure (i.e., P(BEi)=1) to TE, including the failure probability of BEi. When 

ranking system components according to diagnostic measures, the lowest value 

indicates a negligible effect of BEi failure on the system failure. Whereas, the highest 

value indicates a need to take precautions to fix the reliability issues of the 

component (Rausand & Hoyland, 2003).  

5.4.2 Risk Reduction Worth 

Risk Reduction Worth (RRW) is the ratio of the TE failure probability to the 

probability of the TE given that the component (BEi) is optimized, assuming that the 

component has a zero-failure rate. The mathematical expression of RRW is given in 

Eq 5.3 (Van der Borst & Schoonakker, 2001): 

 RRW =
P(TE)

P(TE|P(BEi) = 0)
  Eq 5.3 

where,  

P(TE|P(BEi)=0) The probability of (TE) given that the (BEi) is optimized 

 

RRW is set to test BEs one by one, and observe how each one affects the TE. 

Also, it explains the possibility of eliminating this risk. This is usually applied for a 
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system where human failure takes place, or where substitution of a better component 

is possible (Tabassum et al., 2019).  

Per Eq 5.3, impact of BEi is linearly proportional to the RRW value. For 

instance, RRW = 2 for BEi implies that eliminating the failure of BEi improves 

failure probability of TE by 2 folds (i.e., new P(TE) would be original P(TE) divided 

by 2). 

The RRW analysis results may point to conclusions such as: 

• Buying higher quality components 

• Changing maintenance strategy 

• Substituting personnel/operator with higher qualifications 

• Providing additional or routine training for the personnel/operator, 

depending on the nature of errors he/she made. 

When ranking the elements according to their RRW, it is possible to see the 

gap between elements, and how elements deviate from the normal situations. 

Because RRW values are calculated based on the assumption that components do 

not fail, the analysis can often rank some events equally. This is because the AND 

gate results in a failure state, even when one component is in safe state. RRW is a 

confirmation of the results from the diagnostic importance analysis, and illustrates 

the benefits of optimization of BEi. 

5.4.3 One Variable at a Time (OVAT) Analysis 

In OVAT analysis, each causal factor of main failure event is altered 

separately while keeping other variables constant. This is done to test the system 

failure probability when the materials or equipment are changed with ones that have 

higher or lower failure rates (Razavi & Gupta, 2015). Also, to give an idea of how 

system reliability is affected when maintenance is missed, or low quality martials is 

utilized, assuming that the probability of causal factors of failure is increased by 

10 % of the original probability value. The same assumption is made for the case of 
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having frequent maintenance of system components, or the replacement with higher 

quality materials. Noting that when dealing with negative effect on the system, the 

failure probability is increased by a factor of (-10 %) since we are dealing with 

failures of the system. That is, if having a (2 %) probability of a specific failure in 

the system, the 10 % increment of the failure probability is calculated as in Eq 7.3: 

 P(new) = P(old) + (P(old) ∗ (−increment )) Eq 5.4 

 P(new) = 2 % + (2 % ∗ (−10 % )) = 1.8 % Eq 5.5 

The negative sign is included because the Bayesian network is constructed to 

deal with failure state of the safety system, not the success state. That is, event 

probabilities (probability of failure of each element) are usually less than 1 %. 

5.4.4 Evaluation Example 

Consider the following fault tree in Figure 5.2. For this fault tree, the 

evaluation continued from Section 5.3 where TE value, 9*10-6 [event/yr], represents 

the default failure probability of the system. Then, each BEi set to the safe state (zero 

failure probability), and total failure state (one failure probability). Hence, TE values 

are recorded for (safe/failure) states. The final step is to apply plug these probabilities 

into (Eq 5.2 and Eq 5.3). Table 5.2 shows the evaluation of fault tree in Figure 5.2. 

Table 5.2: Diagnostic Importance and RRW analysis results 

Basic Event P(TE|P(BEi)=1) P(TE|P(BEi)=0) DI RRW 

BE1.1 0.012 0.0090 0.004 1.00 

BE1.2 0.012 0.0090 0.004 1.00 

BE2 1 0.0070 0.223 1.28 

BE3.1 1 0.0035 0.612 2.56 

BE3.2 1 0.0075 0.167 1.20 
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According to DI analysis, in Table 5.2, fault tree elements are ranked from 

the highest to the lowest risk potential in the order of BE3.1, BE2, BE3.2, and (BE1.1 

& BE1.2) respectively. Similarly, the RRW calculated for each element using Eq 5.3 

ranks the elements in the same order. The highest ranked element illustrates the need 

to improve this component, to reduce the risk of the system failure. Figure 5.3 shows 

the sensitivity analysis of this system. 

 

Figure 5.3: RRW & DI Evaluation Example  

Failure of system is mostly attributed to BE3.1. The RRW factor of BE3.1, 

which 2.5, indicates that BE3 has a higher potential of risk in the system, and it is 

preferable to find a substitute or improve this item if risk mitigation is applied.
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CHAPTER 6  

6 PROBLEM STATEMENT 

Kicks and resulting blowouts are a major concern for health, safety, 

environment, and inter-generational equity17 of the valuable resources. Due to 

inherent uncertainty18 involved with drilling operations, it is critical to properly 

assess the probability of blowout occurrence, so that mitigating measures can be 

introduced. The aim of this study is to develop a model that aids in drilling safety 

analysis. This is based on the probability estimation of blowout occurrence. 

According to the Occupational Safety and Health Administration (OSHA) 

records (2021), 489 of the workers in the oil and gas extraction industry were killed 

between 2013 and 2017. These fatalities were due to the direct and indirect exposure 

to the oil field hazards. Hazards in the industry include: 

1- Chemical exposure  

2- Falls  

3- Explosions and fires 

4- Struck-By/ Caught-in/ Caught between 

These accidents are due to several reasons. Firstly, human error identified as 

the most common cause of accident in oil and gas industry (Nwankwo et al., 2021), 

that is usually reflected from the low-level situational awareness, i.e., failure to 

perceive, interpret and act on specific hazardous event (Raza et al., 2019). Also, 

equipment failure, which is the malfunction of the machinery in the field, due to 

 

 

17 Part of the inter-generational equity is the extraction of the natural resources without compromising 

the future generations needs of these resources (Mawejje & Bategeka, 2013) 
18 Subsurface pressure anomalies and formation fluid contents cannot be known with 100 % accuracy 

(Ma, 2011) 
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design or maintenance failures (Gilbert, 2015). Finally, the absence of operational 

guidelines in some companies. When looking throughout the petroleum literature, it 

is seen that hazard-leading incidents were reported earlier. But the absence of formal 

comprehensive risk assessment tools has resulted in aggravation of incidents to 

catastrophe (BP, 2010). 

One of the most dangerous events that combines several of the 

aforementioned hazards is the blowout, which is the sudden release of high-pressure 

underground fluids to the surface. Blowouts occur due to losing control of the 

underground fluids, followed by a sequence of failures in the safety systems. 

Blowouts have resulted in very destructive outcomes throughout history. These are: 

1- Environmental impact 

The environmental impact of blowouts is depicted by the direct effect on the 

marine environment (offshore blowout) and the contamination of the shores around. 

Blowouts cause crude oil spill into the marine, which affects the habitants of the 

marine ecosystems by the toxic materials (Cordes et al., 2016). 

2- Economic problems 

The economic impact of offshore blowouts includes loss of oil industry 

revenues, profits, wages, and jobs. Also, the economic impact is depicted by the 

clean-up costs and damages to people and the environment by the government 

regulations (Kroh & Conathan, 2012). 

3- Human health  

Human health is mainly affected in two ways; directly by the fatal impact to 

workers on the rig site, which is highly in offshore drilling than onshore one (Holand, 

1996). Also, a long-term impact, that is illustrated by the exposure to aerosolization19 

 

 

19Aerosolization: the dispersion of a material (e.g., liquids, powders) in the air (Segen’s medical 

dictionary, 2011). 
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of the agents that causes obesogenicity20, toxicity, and illnesses (Eklund et al., 2019). 

Table 6.1 includes some of the major blowouts in the petroleum industry, and the 

number of fatalities resulted from each blowout. 

Table 6.1: Major blowouts of the petroleum drilling operations (Holand, 1996) 

Date Place Rig type Results 

1964 Gulf of Mexico Drill barge 22 fatalities 

1971 Peru Drill barge 7 fatalities 

1984 Rio de Janeiro Platform 37 fatalities 

1989 Nigeria Jack-up 5 fatalities 

 

According to Khakzad et al. (2014), only in the period between 1996 and 

2012, on average, two blowouts per year occurred in the Gulf of Mexico. As 

explained in Chapter 2, the drilling industry has a set of safety barriers to cope with 

blowout events during operations. Casing, cementing, kick detection system, 

circulation system, and BOP are all set to defend against the blowouts. Usually, the 

system failure occurs in the respective failure of these barriers, as shown in Figure 

6.1. 

Each safety barrier is designed separately to minimize the overall risk of 

system failure. For example, at multiple sections along the wellbore, a casing is fixed 

in place with cement, which makes it hard to repair if the cement job failed. This 

may lead to undesired events such as blowouts if the last safety barrier, which is the 

blowout preventer, does not perfectly prevent the flow of underground fluids to the 

surface. 

 

 

20 Obesogenicity: tending to promote or contribute to obesity. It is said of unhealthy, calorie-rich diets 

and sedentary behavior (Segen’s medical dictionary, 2011). 
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As seen from Figure 6.1, during drilling operations, there are several stages 

to deal with a kick. That is, when a kick occurs, we must look for the detection 

system. If a kick is not detected, then a direct blowout is expected. If it is detected, 

then well control operations are started by using the circulation system (as discussed 

in Section 2.4) to circulate the kick fluid out of the wellbore. Hence, if the circulation 

system failed to maintain pressure balance, the final solution is to activate BOP, 

which will result in a safe operation if it functions, and a blowout if it malfunctions 

(fails). 

 

Figure 6.1: Blowout scenario in drilling operations 

Besides the uncertainty associated with formation pressure, the main issue 

lies in the uncertainty with safety barriers perfectly functioning. Due to the limited 

information we have about underground formations, there is currently no perfect 

approach to predict kicks precisely. The blowout scenario starts with: (1) kick and 

(2) well control failure. Kicks occur due to hydrostatic mud pressure reduction at the 

hole bottom (PH < PF). This may be attributed to events such as casing or cement 

failures, swab21, or unexpected abnormal formation pressures. Some of these 

incidents, known from previous blowout experiences, are detected using the surface 

monitoring system (Fraser et al., 2014). Yet, some are not detected due to human 

 

 

21 Swab: dynamic pressure reduction at hole-bottom due to pulling of the drill string out of the hole, 

this may lead to influx of formation fluids into the wellbore (Whittaker, 1985). 
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errors in interpreting the situation, or malfunction of the equipment (Nwankwo et al., 

2021). Not detecting the kick is the less frequent situation, but it has the most severe 

outcome. 

The aim of the drilling industry is to enhance the safety barriers, identify the 

weak points of each safety system, and maintain safe operations. Safety and risk 

analysis are very crucial parts of the drilling industry. That is, the drilling system is 

a complex machinery composed of a series of pipes, shafts, fluids, compressors & 

pumps, and motor-driven machines. Moreover, when drilling for hydrocarbons, the 

industry deals with highly flammable and toxic chemical components (Rosenfeld & 

Feng, 2011). Thus, sudden malfunction of any component will lead to a high impact 

accident on the people at the site of the operation, on the environment, and on the 

finances of the company. 

6.1 Literature Review 

Holand (1996) established an offshore blowout database for risk analysis. 

Also, he discussed the blowout trends and their frequencies based on the historical 

events, classified according to their stages (drilling, completion, etc.). Holland’s 

study along with OREDA22, the offshore reliability data handbook, are used as an 

index for the risk assessment studies of petroleum accidents. The significant studies 

which are made on the petroleum blowouts are mentioned next. 

Andersen (1998) discussed the stochastic blowout modeling framework in 

offshore risk management in drilling operations. He indicated that a model that 

considers the physics of the blowout phenomenon is required to strengthen the 

decision making process. 

 

 

22 OREDA: An Offshore and Onshore Reliability Data index, established in 1981 in cooperation with 

Petroleum Safety Authority Norway. 
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Vinnem et al. (2010) used linear regression as an analysis tool to see the 

correlation between petroleum leaks and safety indicators. This tool is used to point 

out the causal factors of major accidents in the petroleum industry (including 

blowouts). 

Eckle & Burgherr (2013) used the hierarchal BN models to analyze frequency 

trends of fatal accidents causes in different activities through the entire oil chain 

(from exploration until the final usage). They stated that correlation and risk 

assessment studies about accidents in the industry should be correlated yearly to 

observe the change of the accidents frequency. Their correlation of the accident data 

showed that lessons were not learned from previous accidents. 

Khakzad et al. (2013) studied the kick and kick detection scenarios in 

offshore drilling by applying BN in risk analysis. Khakzad et al. (2014) used BN 

hierarchical models to overcome the uncertainty of the generic data using the 

likelihood function. They implemented the accident precursor data (events occurring 

prior to the undesired event, e.g., blowout) in their analysis. Per their analysis, the 

trend of kick and blowout probability increases with time (as illustrated in Figure 

6.2). This is contrary to the expectation that as personnel gains experience in the 

same field (or region, or formation), they should be prepared to deal with similar 

accidents, and the frequency of failure should reduce. 

 

Figure 6.2: Kick and blowout probability trend with time (Khakzad et al., 2013) 
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Abimbola et al. (2014) introduce the failure of BOP and circulation system. 

They showed how fire prevention system barriers (after blowout occurrence) would 

function with time. Later, Abimbola et al. (2015) discussed BN implementation in 

assessing the effects of the MPD23 system failure and change in bottom-hole pressure 

to the drilling safety system. Again, Abimbola et al. (2016) studied the well integrity 

failure effect to the blowout occurrences. This study includes the casing and cement 

effect. 

Malika et al. (2017) showed the BN advantages in machines maintenance and 

diagnosis. He also mapped the FT to BN to illustrate how BN can provide a strong 

probabilistic method when dealing with uncertainty. This is illustrated by the 

dynamic interaction between elements that lead to undesired events. 

Khan et al. (2018) studied the risk assessment methods in the drilling and 

production phases in the petroleum industry. They made a comparison between the 

risk assessment methods, explaining the capability of BN to handle uncertainty, 

multistate variables, complex causal relationships between the causal factors that 

lead to a blowout. They also showed the framework of risk assessment in the 

industry, which leveled from risk avoidance until risk retention. 

Aydinli et al. (2019) studied the unsafe acts and the organizational safety 

climate in drilling operations. In their study, they showed that the oil and gas industry 

should always introduce unsafe practices as part of hands-on training so that drilling 

personnel learns from the experience.  

These studies have shown the ability of BN in conducting a probabilistic risk 

assessment of the blowouts. Also, these studies are conducted using specific 

 

 

23 Managed Pressure Drilling (MPD): an adaptive drilling process used to precisely control the 

annular pressure profile throughout the wellbore (Frink, 2006) 



 

 

 

50 

components of the drilling system. In this study, the data is collected from several 

sources to create a comprehensive model for the offshore drilling system. 
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CHAPTER 7  

7 METHODOLOGY 

In this study, a Probabilistic Risk Assessment (PRA)24 model is developed 

for deep water drilling operations using FTA. Bayesian Network is used to develop 

the required FTA using a Bayesian Network software. This will further allow the 

improvement of FTA as a dynamic model.  

The BN is developed using Genie 3.0 software, available from 

https://www.bayesfusion.com/. Genie 3.0 offers a convenient environment for 

conducting BN mapping into fault trees. To be able to use a BN software for FTA, 

first FTA should be mapped to BN-based on a set of rules. The process is explained 

in Section 7.4. 

Herein, based on the previous discussion in Section 6.1, the drilling system 

components are collected to create a comprehensive BN model that includes all 

major failures that may lead to a blowout. First, the fault tree of each component is 

mapped into a BN model to create an analysis environment. Then, each fault tree is 

analyzed by the importance measures. This is done to rank the fault tree elements 

based on the highest contribution to main component failure. Also, risk reduction 

worth analysis, one of the importance measures, is used to address which elements 

are worth in higher reduction of the blowout probability if these elements failure is 

totally removed. Then, based on these results, top contributors to each component 

failure are recorded. Later, MSGs are used to order components of the safety system 

barriers according to the sequence of operations. The highest contributor to each 

 

 

24 In the literature often mentioned as PSA: probabilistic safety analysis, e.g., (International Atomic 

Energy Agency report, 1997). 

https://www.bayesfusion.com/
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component is introduced to the MSG of BN to observe the impact of each on the 

blowout probability. 

7.1 Definitions 

System may refer to whole drilling machinery system, to just an individual 

“subsystem” that is part of this whole machinery system (e.g., circulation system, 

BOP system), or to an individual tree for the FTA. 

Safety barrier refers to a system composed of any material, equipment, 

and/or operational procedure that are used to prevent a risky event from occurring. 

Component refers to a “subsystem” of the FTA for blowout analysis. It 

includes: 

1) Kick event 

2) Kick detection system 

3) Circulation system (includes cement & casing components) 

4) BOP system 

Element, or event, in the context of drilling system, refers to any material, 

equipment, and/or operational procedure of the system. In the FTA context, it refers 

to any event, as well as any material, equipment, and/or operational procedure of the 

system. 

7.2 The Meaning and Units of Probability 

Khakzad et al. (2013) extracted probability data from OREDA 2002, which provides 

statistical failure rates on a 106 (a million) service hour basis for the equipment. 

Therefore, a sample of final probability of 3% pump failure, obtained through the 

analysis applied herein can be interpreted as: 

• Pump fails 3 times out of 100 hours of operation, or 



 

 

 

53 

• Pump fails N (= X*10*3 %) times out of 10 wells drilled, if drilling each well 

lasts about X hours. 

• Pump fails M (= Y/100*3 %) times out of 100 ft drilled if drilling 10 ft takes 

about Y hours. 

7.3 Model Construction Overview 

First, the elements of the subsea drilling operation are analyzed by building 

the FT for each component separately, such as cementing, casing, circulation system, 

etc. The overall blowout FT includes human errors, as well as the failure of the 

material, and equipment is analyzed to see how the elements affect the system. Due 

to the complexity of drilling operations, a single parameter/element can lead to 

several scenarios, or create a common cause for different failure events. This is 

illustrated by the fact that casing (or cement) failures could directly lead to a kick, or 

directly lead to a circulation system failure, which in turn leads to a kick.  

In normal FTA, it is not possible to conduct an analysis of the “multi-state 

gates” (explained in Section 7.4.3). For example, when constructing blowout FT, 

some events like kick, kick detection, and circulation operations are difficult to be 

contained in one gate, i.e., it is only possible to use the FT gates, which cannot 

account for the conditional dependencies among these components. Herein, the 

Bayesian network is implemented to design a gate that could contain all these 

parameters in one conditional gate, allowing the calculation of the blowout 

probability. 

7.4 Mapping a Fault Tree into Bayesian Network 

As explained in Section 5.1, the fault tree typically uses two types of gates; 

AND & OR gates. These gates help in the calculation of the Top Event (TE) failure 

probability. Fault tree connects the basic event into intermediate events, and then 

into the undesired event, which is the Top Event. Mapping of Fault Tree gates (OR 
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/ AND) using BN is explained in Khakzad et al. (2013) and was originally discussed 

in the work of Bobbio et al. (2001). 

Figure 7.1 shows the process of mapping a generic fault tree into a Bayesian 

Network. The dashed lines illustrate the event that must be mapped. It is required to 

map each event (BE, IE, and TE) into an oval node in the software, called chance 

nodes. Nodes of BE is a place to define the failure probability. Nodes of (IEs) and 

(TE) are a place to insert the gate calculation. 

 

Figure 7.1: Fault Tree mapping to Bayesian network 

7.4.1 Mapping AND Gate into BN 

Figure 7.2 shows the mapping process of AND gates from a generic fault tree 

into Bayesian network. In gate section of Figure 7.2, the generic fault tree of Top 

Event (C), which resulted from two basic events (A) and (B), is illustrated. In 

Bayesian representation, events (A), (B), and (C) are created by three nodes with the 

same name of events. In (A) and (B) nodes, the failure probabilities are inserted. 

Then, (A) and (B) nodes are connected to (C) node using direct lines. Then, the 
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Conditional Probability Table (CPT) is filled based on the binary inputs, as seen in 

Figure 7.2. This CPT is a representation of the AND gate for the rule of 

multiplication (Eq 4.4) that is used to calculate the AND gate. 

 

Figure 7.2: AND gate mapping into Bayesian network 

7.4.2 Mapping OR Gate into BN 

Similar to AND gate, the OR gate is mapped to BN, as shown in Figure 7.3. 

The only difference between OR and AND gates mapping is the CPT configuration, 

making it possible to use the rule of addition (Eq 4.2) for OR gate calculation.  

 

Figure 7.3: OR gate mapping into Bayesian network 
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7.4.3 Multi-State Gate Construction 

BN makes it possible to get the exact evaluation of the Multi-State Gate 

(MSG) based on the CPTs configurations (Nadjafi et al., 2016), which is otherwise 

a complicated process with traditional fault trees. Figure 6.1 is a good example to 

illustrate how multi-state gate is used in BN. The fault tree that explains the drilling 

operation sequence (see Figure 6.1) is given in Figure 7.4. It is complicated to 

construct a traditional FT for such a system of interconnected elements. This is 

because common cause of failure (kick, and kick detection in Figure 7.4) should be 

modeled explicitly to avoid overestimating the system reliability (Ruijters & 

Stoelinga, 2015). 

 The nature of the safety system indicates an interaction between tree 

branches to reach a decision about how the blowout scenario progresses according 

to the correct chronology of the accident. This is possible using the BN as shown in 

Figure 7.5.  

 

Figure 7.4: Blowout Fault Tree illustrating MSG 

Figure 7.5 shows that MSG successfully accounts for the consecutive stages 

of operations in one node. The use of the gate is very important because, in drilling 

MSG 
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operations, the kick passes through multiple stages before developing into a blowout 

(explained in Chapter 6).  

 

Figure 7.5: MSG of blowout Fault Tree using BN 

To have the MSG, in  Figure 7.5, the blowout and well control nodes are 

mapped as shown in  Figure 9.7 in Appendix B 
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CHAPTER 8  

8 RESULTS AND DISCUSSION  

The main purpose of this analysis is (1) to assess the risk of having a blowout 

during drilling operations, and (2) to assess which parameters contribute to the 

blowout most. The analysis of the drilling safety system is divided into two sections. 

These are the (1) fault tree analysis for the safety system components, and (2) the 

model combination into a blowout analysis. After mapping the component fault trees 

into a Bayesian network, the Bayesian configuration helps in conducting a blowout 

safety analysis of drilling operations.  

8.1 Safety System Analysis 

Fault trees for drilling components are presented in the following sections. 

Elements and their default failure probabilities considered for all the separate FTAs 

in this study are presented in corresponding tables of Appendix A. The probabilities 

given in these tables are utilized to evaluate corresponding BN at its default state. In 

addition to evaluating the default state of BN, three separate sensitivity analysis are 

applied using the BN: these are IMs (DI, & RRW), and OVAT. 

8.1.1 Kick Fault Tree 

Kick, as explained in Section 2.2, is the first sign of a probable blowout. Kick 

itself is also preceded by some signs, failures or misuse of equipment or procedures. 

Figure 8.1 includes the main reasons that contribute to kick initiation, these are: 

1- Gas pocket (K3) 

2- Abnormal pressure zones (K4) 

3- Low hydrostatic pressure 
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a. Due to volume reduction (K5 to K8) 

b. Due to density reduction (K9 to K12) 

c. Surge (K1), and swab (K2) 

The fault tree in Figure 8.1 explains the reasons for negative differential 

pressure (ΔP<0 i.e., PH-PF<0 or PH < PF), which is the main reason for kick initiation.  

The FT is mapped into a BN, Kick FT Bayesian model in Figure 9.1 in 

Appendix B, to create a model for safety analysis. The result of BN is (30 %), which 

is the default probability of receiving a kick.  

 

Figure 8.1: Kick Fault Tree (modified from Khakzad et al.,2013) 

IMs Analysis: 

Kick fault tree is analyzed using the importance measures (introduced in 

Section 5.4 ). First, Diagnostic Importance (DI) analysis of the tree is conducted 
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using Eq 5.2. The diagnostic analysis of the system includes probability of the BEi 

failure and tests the BEi (as discussed in Section 5.4.1). 

Per Table 8.1, results of diagnostic analysis of Kick FT given in Figure 8.1, 

concludes that: 

• Abnormal pressure, denoted as (K4), has the highest contribution to kick 

initiation. 

• Surge & swab (K1 & K2, respectively) contributes to kick initiation the 

second and third, respectively. 

• The human error is ranked at the fourth place according to contribution to 

kick. This is represented by (K10), the operator failure to mix the right 

density mud for circulation.  

• The circulation system (K12) is placed at the fifth stage. 

The risk reduction worth (RRW) analysis of the system confirms these 

results, by giving the same ranking. The method does not consider the failure of BEi. 

Instead, it assumes the optimization procedure for BEi. The RRW analysis using Eq 

5.3, that is shown in Table 8.2, illustrates that: 

• Reduction in abnormal pressure probability, (K 4), which may be achieved 

by developing methods that precisely detect abnormal pressures zones, can 

reduce the kick probability from 30 % to 17 %, this reduces the risk by a 

factor of 1.7 

• Reduction of surge & swab factor (pressure drop while pulling the drill string 

out of the hole) would reduce the kick probability from 30 % to 26 %, which 

is a reduction in the risk by a factor of 1.15 

• Reduction of human errors in mud mixing stage would reduce the kick 

probability from 30 % to 27.8 %, which corresponds to a risk reduction by a 

factor of 1.08  

• Enhancing the circulation system would reduce the kick probability from 30 

% to 28.5 %, this points to a decrease in risk by a factor of 1.05 
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Table 8.1: Diagnostic risk analysis of Kick leading elements 

Basic event DI [-] Basic event DI [-] 

K_03 0.0001 K_06 0.0236 

K_08 0.0005 K_12 0.0491 

K_05 0.0047 K_10 0.0722 

K_11 0.0059 K_02 0.1330 

K_09 0.0165 K_01 0.1333 

K_07 0.0236 K_04 0.4121 

 

 

 

 

Table 8.2: RRW analysis of Kick leading elements 

Basic event RRW [-] Basic event RRW [-] 

K_03 1.00 K_06 1.02 

K_08 1.00 K_12 1.05 

K_05 1.00 K_10 1.08 

K_11 1.01 K_02 1.15 

K_09 1.02 K_01 1.15 

K_07 1.02 K_04 1.70 

 

 

 

 

 

 



 

 

 

63 

OVAT Analysis: 

OVAT is based on the hypothesis that each parameter is either 

enhanced/improved or diminished/degraded by 10 %. OVAT analysis, results of 

which are presented in Figure 8.2, is conducted using the BN model in Figure 9.1. 

 

Figure 8.2: OVAT analysis for kick 

OVAT illustrates that ± 10 % increment of the default failure probability of 

each basic event separately, would result in the following changes in kick 

probability:  

• Abnormal pressure zone detection methods (K4): 

o ± 4.30 % change in the kick probability 

• Surge and swab (K1 and K2): 

o ± 1.35 % change in the kick probability 

• Human error (K10):  

o ± 0.73 % change in the kick probability 

• Circulation system (K12) 

o ± 0.48 % change in the kick probability  
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8.1.2 Kick Detection Fault Tree 

Kick detection failure results from failure to notice any combination of 

changes in mud volume, circulation pressure, formation gas content, and mud 

property (This is illustrated in Figure 8.3). Each node that descends from these IEs 

is separated into several parts that include equipment failure, and operator error to 

notice the failure. Hence, the kick detection FT is composed of 14 basic events. 

These are denoted as (KD1 to KD14) and explained in detail in Appendix A. The 

FT is first mapped into a BN, kick detection FT Bayesian model in Figure 9.2 in 

Appendix B, to create a model for safety analysis. The model shows that the kick 

detection failure probability is (8.68E-04 %) 

IM Analysis: 

The kick detection fault tree is analyzed using the importance measures 

described in Section 5.4. Results of this in Table 8.3 shows that the failure of the 

operator to notice gas (KD10), and failure of the operator to notice tank level (KD2) 

has the highest impact. Graphical presentation of the data as in Figure 8.4 illustrates 

the gap between failing BEi. 

Based on diagnostic analysis of kick detection FT, it is concluded that the 

kick detection system is affected by: 

1. Operator failure to notice gas (kick gas) 

2. Operator failure to notice tank level (pit volume) 

3. Operator failure to notice pump pressure change. 

4. Operator failure to notice mud conductivity and density changes. 

5. Operator failure to notice the increase of ROP. 

6. Equipment failure, which contributes by a very little effect to the kick 

detection failure. 
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Table 8.3: Diagnostic analysis of elements that lead to kick detection failure. 

Basic event DI [-] Basic event DI [-] 

KD 03 0.0011 KD 05 0.1036 

KD 07 0.0013 KD 08 0.3139 

KD 01 0.0013 KD 12 0.4821 

KD 09 0.0040 KD 14 0.4821 

KD 11 0.0193 KD 06 0.6278 

KD 13 0.0193 KD 02 0.9549 

KD 04 0.0477 KD 10 0.9962 

 

 

 

 

Figure 8.4: Diagnostic Analysis of Kick detection elements 
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RRW analysis of the system confirms DI ranking. The RRW analysis 

presented in Table 8.4 illustrates that increasing the situational awareness25 or better 

training of operators who monitor the detection system, would reduce the probability 

of failing to detect kicks by a RRW factor of: 

• 250, for (KD10), represented by the change of kick detection failure 

probability from 3.46E-08 [-] to 1.73E-04 [-] 

• 20, for (KD2), represented by the change of kick detection failure probability 

from 3.46E-08 [-] to 4.35E-07 [-] 

• 2.4, for (KD6), represented by the change of kick detection failure probability 

from 3.46E-08 [-] to 3.59E-06 [-] 

• 1.9, for (KD12 & KD14), represented by the change of kick detection failure 

probability from 3.46E-08 to 4.52E-06 [-] 

• 1.4, for (KD8 & KD5), represented by the change of kick detection failure 

probability from 3.46E-08 [-] to 6.27E-06 [-] 

Table 8.4: RRW analysis of elements that lead to kick detection failure. 

Basic event RRW [-] Basic event RRW [-] 

KD 03 1.0009 KD 05 1.0972 

KD 07 1.0011 KD 08 1.3847 

KD 01 1.0012 KD 12 1.9213 

KD 09 1.0038 KD 14 1.9213 

KD 11 1.0195 KD 06 2.4183 

KD 13 1.0195 KD 02 19.950 

KD 04 1.0449 KD 10 250.95 

 

 

 

25 Situational Awareness: part of the petroleum training courses to increase the crew ability to 

conceive, interpret, and react on the abnormal situations in well operations (Raza et al., 2019).  



 

 

 

68 

OVAT analysis 

OVAT analysis (shown in Figure 8.5) illustrates that ± 10 % increment of the 

original failure probability of each basic event separately would require replacement 

or better training of the operator who is responsible for:  

• Gas detection: 

o 10.0 % change in the kick detection probability 

• Tank level: 

o 9.50 % change in the kick detection probability 

• Pump pressure change observation: 

o 5.87 % change in the kick detection probability 

• Mud property change: 

o 4.80 % change in the kick detection probability  

• ROP observation: 

o 2.70 % of the kick detection probability  

 

Figure 8.5: OVAT analysis for kick FT 
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Analysis on the kick detection system shows that human error contributes the 

most to the kick detection failure. This is very critical and, human error needs to be 

minimized, as the detection system is the first safety barriers in blowout mitigation. 

However, equipment failure contribution to kick detection failure is negligible 

comparing by the human error. Hence, it is required to provide better training, better 

qualified operators, or even a better alarm system that notifies the operator when 

parameters that signal kick occurrence. This is because kick detection system is the 

first and the most important barrier when well is threatened by a kick. 

8.1.3 Casing Fault Tree 

The casing fault tree is shown in Figure 8.6 illustrates that casing failure is 

attributed to two intermediate failures. These are:  

1. Failures while introducing the casing to the formation, which includes the 

surge, swab, and Managed Pressure Drilling (MPD) system, represented 

by (BE1 to B3 respectively)  

2. Failures of the casing component. That includes the casing string 

components failure and the failure in the casing setting evaluation, which 

branches to 7 basic events (BE4 to BE10). 

The FT is first mapped into a BN as shown in Figure 9.3 in Appendix B, to 

create a model for safety analysis, which shows that the casing failure probability is 

(0.8 %) 
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Figure 8.6: Casing failure Fault Tree (modified from Abimbola et al., 2016) 

IMs Analysis 

The diagnostic analysis of casing FT, using the BN model in Appendix B, is 

given in Table 8.5. 

Table 8.5: Diagnostic analysis of elements that lead to casing failure. 

Basic event DI [-] Basic event DI [-] 

CSG 01 0.0112 CSG 04 0.2141 

CSG 03 0.0147 CSG 08 0.2176 

CSG 07 0.0218 CSG 10 0.2176 

CSG 02 0.0601 CSG 09 0.5440 

CSG 06 0.2141 CSG 05 0.6148 
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DI analysis of the casing fault tree, concludes that: 

• Wellhead failure, denoted as (CSG5), contributes the most to the casing 

failure. 

• Pressure test failure, denoted as (CSG9), contributes the second to the casing 

failure. 

• Inaccurate interpretation of test results and inaccurate interpretation of logs, 

denoted as (CSG10 & CSG8 respectively), contributes the third and fourth 

respectively to casing failure. 

• Casing collapse and casing coupling failure, denoted as (CSG6 & CSG4 

respectively), contributes the third and fourth respectively to casing failure. 

 RRW analysis, in Table 8.6, of the system confirms these results, by giving 

the same ranking. 

Table 8.6: RRW analysis of elements that lead to circulation system failure. 

Basic event RRW [-] Basic event RRW [-] 

CSG 01 1.0066 CSG 04 1.2219 

CSG 03 1.0067 CSG 08 1.2653 

CSG 07 1.0138 CSG 10 1.2653 

CSG 02 1.0212 CSG 09 2.1380 

CSG 06 1.2219 CSG 05 2.3130 

The RRW analysis illustrates that: 

• The priority of risk reduction goes to the Wellhead (CSG5), where the 

optimization of it reduces the failure probability by a factor of 2.3. 

➢ Casing failure probability reduces from 8.43E-03 to 3.65E-03 

• Then, risk reduction of pressure test failure (CSG9), would reduce the failure 

probability by a factor of 2.13 

➢ Casing failure probability reduces from 8.43E-03 to 3.94E-03 
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• Also, risk reduction of inaccurate interpretation of test results and inaccurate 

interpretation of logs, denoted as (CSG10 & CSG8 respectively), would 

reduce the failure probability by a factor of 1.27 

➢ Casing failure probability reduces from 8.43E-03 to 6.66E-03 

• Finally, risk reduction of casing collapse and casing coupling failure, denoted 

as (CSG6 & CSG4 respectively), would reduce the failure probability by a 

factor of 1.22 

➢ Casing failure probability reduces from 8.43E-03 to 6.90E-03 

OVAT Analysis 

The OVAT analysis are presented in Figure 8.7 illustrate that ± 10 % 

increment of the original failure probability of each basic event separately would 

result in: 

• Wellhead failure (CSG5)  

➢ ± 6.2 % of the casing failure probability 

• Pressure test failure (CSG9) 

➢ ± 5.9 % of the casing failure probability 

• Interpretation of casing test results and casing logs 

➢ ± 2.6 % of the casing failure probability 

• Casing collapse and casing coupling  

➢ ± 2.3 % of the casing failure probability 
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Figure 8.7: OVAT for Casing FT 

8.1.4 Cementing Fault Tree 

The cementing fault tree (shown in Figure 8.8) illustrates that the failure of 

cement component is a result of failure in improper cement job, or inaccurate 

evaluation of the cement job (that aims to confirm the success of the cement 

operations). 

In cementing operations, the failure is the result of either not creating a good 

bond of the cement or incomplete cementing process. This failure branches into 17 

basic events (C 1 to C 17). Also, inaccurate evaluation of cement job is the result of 

inability to interpret the logs or pressure test, which are represented by the basic 

events (C 18 to C 20). 

The BN model used for the evaluation of importance measures is presented 

in Figure 9.4 in Appendix B. The model shows that the default probability of 

cementing job failure, which is ( 0.4 %). 
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IMs Analysis 

First, the diagnostic analysis is conducted to observe the contribution of each 

basic event to the totally failure of each basic event to the cement failure. Yet, 

because DI analysis considers the failure probability of BEi, results in irregularities 

in the DI calculation26. For this reason, other importance measures can be used to 

correct the rank of risk results from each basic event. For instance, these are 

Birnbaum Importance (BI) and Criticality Importance (CI) explained in detail in 

Appendix C27.  

Table 8.7 is showing the criticality importance index of cement fault tree, Table 

8.7 indicates that: 

• Pressure test failure, denoted as (C 19), is the major contributor to the 

cementing failure. 

• Pumping system failure, denoted as (C 15), contributes the second to the 

cementing failure. 

• Inaccurate interpretation of the test results, denoted as (C 20), contributes the 

third to the cementing failure. 

• Poor formulation of cementing slurry denoted as (C 01) ranked as the fourth 

contributor to the cement failure. 

• Human error denoted as (C 13) ranked as fifth.  

 

 

 

 

 

 

26 An example showing the issue is given in Appendix C. 
27 In this study, we used CI measure.  
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Table 8.7: Criticality analysis of elements that lead to cement failure. 

Basic event CI [-] Basic event CI [-] 

C 11 1.42E-08 C 06 0.043 

C 10 5.39E-07 C 14 0.053 

C 09 8.62E-06 C 05 0.072 

C 02 2.85E-05 C 03 0.097 

C 08 0.001 C 16 0.121 

C 12 0.001 C 13 0.129 

C 18 0.003 C 01 0.162 

C 17 0.009 C 20 0.280 

C 07 0.032 C 15 0.330 

C 04 0.043 C 19 0.710 

 

The CI analysis used to evaluate the model confirms the ranking with RRW, 

which is shown in Table 8.8. RRW analysis illustrates that to reduce the casing 

failure risk:  

• An optimization/enhancement in the pressure testing (C 19) methods would 

reduce the risk by a factor of 3.5 

• More reliable pumping system, denoted as (C 15) would reduce the risk by a 

factor of 1.5 

• Raising the awareness among the cementing team about the danger of wrong 

interpretation (C 20) of tests conducted during cementing job and ensuring 

better training for the team would reduce the risk by a factor of 1.4 

• Preparing perfect cementing slurry (C 1) would reduce the risk by a factor of 

1.19 

• Human error (C 13) should be reduced by better training or higher situational 

awareness to reduce the failure probability by a factor of 1.5 
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Table 8.8: RRW analysis of elements that lead to cement failure. 

Basic event RRW Basic event RRW 

C 11 1.000 C 06 1.045 

C 10 1.000 C 14 1.056 

C 09 1.000 C 05 1.078 

C 02 1.000 C 03 1.107 

C 08 1.001 C 16 1.137 

C 12 1.001 C 13 1.148 

C 18 1.003 C 01 1.193 

C 17 1.009 C 20 1.388 

C 07 1.033 C 15 1.492 

C 04 1.045 C 19 3.445 

 

OVAT Analysis 

For better observation of the risk reduction process, OVAT analysis is 

conducted as shown in Figure 8.9. OVAT analysis, illustrate that ± 10 % increment 

of the original failure probability of each basic event separately would result in: 

• Pressure testing (C 19)  

➢ ± 7.1 % of the cementing failure probability 

• Pumping system testing (C 15)  

➢ ± 3.3 % of the cementing failure probability 

• Test interpretation (C 20)  

➢ ± 2.7 % of the cementing failure probability 

• Cementing slurry formulation (C 1)  

➢ ± 1.6 % of the cementing failure probability 

• Human Error (C 13)  

➢ ± 1.3 % of the cementing failure probability 
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Figure 8.9: OVAT for cement operation 
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8.1.5 Circulation System Fault Tree 

The circulation system fault tree is shown in Figure 8.10. The FT descends 

to 18 basic events, explaining the failure possibility through the logical gates. 

Circulation system failure is attributed to:  

• Pump control failure (Circ 1) 

• Pump failure (Circ 2) 

• Power failure (Circ 3) 

• Lines and valves failure: 

➢ Emergency Shut Down (ESD) valve (Circ 4), kill line (Circ 5), 

nonreturn valve (Circ 6), failsafe valve (Circ 7), and choke manifold 

(Circ 8) 

• Equipment failures. These are: 

➢ Drill pipe (Circ 9), float shoe (Circ 10), and riser (Circ 11) 

• Control panel failure 

➢ Tank level indicator (Circ 12), pump strokes (Circ 13), and flow 

meter failure (Circ 14) 

• Wellhead failure 

➢ Wellhead connector (Circ 15), and wellhead housing (Circ 16) 

• Major barriers failures such as casing (Circ 17) and cementing (Circ18) 

➢ probabilities of these are evaluated in corresponding FTA in previous 

sections, then substituted in this analysis) 

The BN model used for the evaluation of casing FT is presented in Figure 9.3 

in Appendix B. The model is evaluated to give the default casing failure rate, which 

is (2.06 %). 
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IMs analysis 

The diagnostic calculation shown in Table 8.9 ranks contribution to 

circulation failure as follows: 

• First, cement failure, denoted as (Circ 17), as significant contributor. 

• Second, choke manifold failure denoted as (Circ 8)  

• Third, casing failure, denoted as (Circ 18) 

• Equally ranked as the fourth and fifth, float shoe and pump control failure, 

denoted as (Circ 10 & Circ1 respectively) 

Table 8.9: Diagnostic analysis of elements that lead to circulation system failure. 

Basic event DI [-] Basic event DI [-] 

Circ 13 1.43E-10 Circ 07 0.0107 

Circ 12 1.44E-10 Circ 05 0.0175 

Circ 14 1.46E-10 Circ 09 0.0243 

Circ 03 1.19E-05 Circ 11 0.0248 

Circ 15 0.0005 Circ 01 0.0486 

Circ 16 0.0005 Circ 10 0.0486 

Circ 02 0.0009 Circ 18 0.1900 

Circ 04 0.0063 Circ 08 0.2192 

Circ 06 0.0063 Circ 17 0.4097 

 

The RRW analysis in Table 8.10 shows that the optimization or enhancement 

of basic event: 

• Circ 17, would highly reduce the risk by a factor of 1.7 

• Circ 8, would reduce the risk by a factor of 1.27 

• Circ 18, would reduce the risk by a factor of 1.23 

• Circ 1 or Circ 10, would reduce the risk by a factor of 1.05 
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Table 8.10: RRW analysis of elements that lead to circulation system failure. 

Basic event RRW [-] Basic event RRW [-] 

Circ 13 1.0000 Circ 07 1.0106 

Circ 12 1.0000 Circ 05 1.0174 

Circ 14 1.0000 Circ 09 1.0244 

Circ 03 1.0000 Circ 11 1.0249 

Circ 15 1.0005 Circ 01 1.0500 

Circ 16 1.0005 Circ 10 1.0500 

Circ 02 1.0009 Circ 18 1.2298 

Circ 04 1.0062 Circ 08 1.2749 

Circ 06 1.0062 Circ 17 1.6799 

 

OVAT Analysis 

To have an idea about the how risk is reduced or increased during operations, 

OVAT analysis is carried out as shown in Figure 8.12. OVAT analysis illustrate that 

± 10 % increment of the default failure probability of each basic event separately 

would result in: 

• Cement, denoted as (Circ 17) 

➢ ± 4.1 % of circulation system failure probability 

• Choke manifold, denoted as (Circ 8)  

➢ ± 2.2 % of circulation system failure probability 

• Casing, denoted as (Circ 18)  

➢ ± 1.9 % of circulation system failure probability 

• Float shoe and pump control, denoted as (Circ 10 & Circ1 respectively) 

➢ ± 0.5 % of circulation system failure probability 
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Figure 8.11: OVAT for Circulation system 

8.1.6 Blowout Prevention System Fault Tree 

The blowout prevention fault tree is shown in Figure 8.12, is composed of 16 

basic events, denoted as (B 1 to B 16). The FT shows the typical paths that lead to 

malfunction of the prevention system. These are: 

• Failure of the surface BOP failure such as Rotating Control Device (RCD), 

used to seal around drill-string located at the platform,)  

• Subsea BOP system failure (located at the wellhead on seabed) 

• Communication system failure (such as accumulator unit, which is used to 

hydraulically operate the BOP rams) 

The BN model in Figure 9.6 shows that the BOP default failure probability 

is (0.26 %) 
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IMs Analysis 

The BOP fault tree is analyzed using the diagnostic importance measure, 

which is given in Table 8.11. DI ranks contribution to BOP failure as follow: 

• First, operator error, denoted as (B 14), as significant contributor. 

• Second, the control system failure, denoted as (B 16) 

• Then. the rest of the BOP machinery part with a very low probability.  

Table 8.11: Diagnostic analysis of elements that lead to BOP system failure. 

Basic event DI [-] Basic event DI [-] 

B 01 4.00E-05 B 06 2.50E-05 

B 15 3.80E-08 B 07 2.50E-05 

B 09 1.00E-06 B 04 2.60E-04 

B 08 1.00E-05 B 10 2.60E-04 

B 11 1.00E-05 B 02 3.65E-03 

B 12 1.00E-05 B 03 4.30E-03 

B 13 1.00E-05 B 16 2.41E-01 

B 05 2.50E-05 B 14 7.59E-01 

 

The RRW analysis of elements that lead to BOP system failure are given in 

Table 8.12 shows that the optimization or enhancement of basic event: 

• B 14, would highly reduce the risk by a factor of 4.15 

• B 16, would reduce the risk by a factor of 1.3 

• The remaining elements of the BOP system would result in insignificant 

reduction in BOP failure 
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Table 8.12: RRW analysis of elements that lead to BOP system failure. 

Basic event RRW [-] Basic event RRW [-] 

B 01 1.00 B 06 1.00 

B 15 1.00 B 07 1.00 

B 09 1.00 B 04 1.00 

B 08 1.00 B 10 1.00 

B 11 1.00 B 02 1.00 

B 12 1.00 B 03 1.00 

B 13 1.00 B 16 1.32 

B 05 1.00 B 14 4.15 

 

OVAT analysis 

The RRW analysis results are confirmed by the OVAT analysis as shown in 

Figure 8.13. OVAT analysis illustrate that ± 10 % increment of the default failure 

probability of each basic event separately would result in: 

• Operator, denoted as (B 16) 

➢ ± 7.9 % of the BOP failure probability 

• Control system, denoted as (B 14)  

➢ ± 2.4 % of the BOP failure probability 

 

Figure 8.13: OVAT for BOP system  
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8.2 Blowout Analysis  

Blowout analysis is conducted using a combined BN. A combined BN 

requires us to use the multistate gate, as explained in Section 7.4.3. The MSG 

includes the conditional probability distribution of multiple components in the 

system. The components used in the system are: 

1- Kick leading elements.  

2- Kick detection failure elements. 

3- Circulation system, which includes: 

a. Cement failure elements 

b. Casing failure elements 

4- BOP system. 

The final model is combined according to the operation sequence (as 

discussed in chapter 6 and section 7.4.3). The BN model (which is used for the 

probabilistic analysis) is shown in Figure 8.14, shows the connections between the 

safety barriers discussed in Section 8.1. Failure probabilities of different components 

are evaluated within corresponding modules i.e., kick, kick detection nodes etc. 

 

 

Figure 8.14: Blowout BN model 
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The blowout probability based on the configuration in Figure 8.14 is found 

to be (1.63E-03 %). Component probabilities are evaluated separately before (in 

Section 8.1) as: 

1- 3.00E-01 [-], kick probability  

2- 8.68E-06 [-], kick detection failure probability  

3- 2.06E-02 [-], circulation failure probability 

4- 2.63E-03 [-], BOP failure probability 

The process for PRA of blowout is explained in the following steps: 

i. One component e.g., kick, kick detection etc., is set to failure state at a time 

to observe the failure contribution to blowout, and the resultant blowout 

probability is recorded.  

ii. Same procedure is repeated for 100 % safe state. 

iii. Failure probabilities of each fault tree (section 8.1) are inserted in the BN 

model in Figure 8.14. to observe the change of blowout failure probability. 

The most critical and risk potential elements that threaten the drilling 

operations are given in Table 8.13. 

Table 8.13: Top contributors to blowout 

Safety Barrier Elements 

Kick initiation K12, K10, K2, K1, K4 

Kick Detection system KD5, KD8, KD14, KD12, KD6, KD2, KD10 

Circulation system Circ11, Circ1, Circ10, Circ18, Circ8, Circ17 

BOP system B14, B16 

 

iv. Finally, the elements are evaluated based on BI & RRW. 
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These elements are analyzed with BI in Appendix C, as DI results deviate 

from the real risk ranking (as explained in Section 8.1.4) 

The BN is analyzed using RRW to see how much the optimization of each 

element would reduce the blowout probability. The results from RRW analysis are 

presented in Table 8.14 (we only show 13 out of 23 elements, which we identified 

as top contributors to blowout). 

Table 8.14: RRW analysis for blowout   

Basic event RRW [-] Description 

B 14 4.15 Operator error in BOP operations 

K 04 1.70 Abnormal pressured zone 

Circ 17 1.68 Casing failure 

B 16 1.32 Control system failure 

Circ 08 1.27 Choke manifold failure 

Circ 18 1.23 Cementing failure 

K 01 1.15 Surge 

K 02 1.15 Swab 

K 10 1.08 Operator failure in mixing right density 

K 12 1.05 Circulation system failure (kick induction) 

Circ 10 1.05 Float shoe 

Circ 01 1.05 Pump control failure (drilling fluid pump) 
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Summary of the blowout analysis: 

According to the probabilistic analysis on drilling operation, it has been 

observed that, with respect to the order of contribution: 

1- Operator error (B 14) in operating the BOP contributes the most to blowout 

occurrence.  

• The full elimination of (B 14) would reduce the blowout probability 

by 4.15 RRW factor. 

2- Abnormal pressure zones (K 04) are a big threat to sustainable drilling 

operations. 

• Removing (K 04) would reduce the blowout probability by 1.7 RRW 

factor. 

3- Casing failure (Circ 17) 

• Eliminating the casing failure would reduce the blowout probability 

by1.68 RRW factor. 

4- Choke manifold failure (Circ 8) 

• Eradicating (Circ 8) would result in 1.32 RRW factor. 

5- Surge & swab (K 1 & K 2 respectively) 

• Eliminating (K 1 & K 2) would result 1.15 RRW factor. 

6- Failure in mixing the right density when preparing drilling fluids (K 10) 

• Eliminating (K 10) would result 1.08 RRW factor. 

7- Circulation system failure that induced a kick, float shoe failure, and pump 

control failure 

• Eliminating failure of these elements would result in reduction of 

blowout by 1.05 RRW factor. 
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CHAPTER 9  

9 CONCLUSIONS 

Inability to contain formation pressures by controlling drilling fluid bottom-

hole pressures is the main reason for blowouts. The major challenge is the 

uncertainty in the underground formation pressures. Prior risk assessment allows us 

to include factors contributing to blowout altogether with well safety systems, and 

connect them to make an informed decision about the risk level. As it is not possible 

to eliminate the risk, risk assessment is used to create an analytical model to mitigate 

these risk causing factors based on the Health, Safety, and Environmental (HSE) 

aspects, which ensures optimal operations with the least outcome severity. In this 

study, a probabilistic risk assessment model for deep water drilling operations is 

developed by mapping FTA on a Bayesian Network. First, separate fault trees of the 

drilling system components were analyzed. Then, the elements that threaten the 

components most are identified. These elements are introduced to the blowout model 

through Multi-State Gate (MSG). MSG allows us to put the logical sequence of 

drilling safety system failure in correct order. Then, based on the fault tree 

importance measures, each element of the drilling system is analyzed to decide 

which one should be reduced to maintain an acceptable risk level (which reduce the 

possibility of blowout occurrence). The study also includes a one variable at a time 

(OVAT) analysis assuming that the failure rate of each parameter enhanced or 

degraded by 10 %. 

Major conclusions from this study are: 

• Human error represented by the operator inability to operate BOP contributes 

the most to blowout occurrence. Reduction of human error will reduce the 

blowout probability by 400 % form the default probability.  
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• False interpretation of the geological formations represented by the inability 

to precisely predict abnormally pressures zones is the second major 

contributor to blowout occurrence. Eliminating the uncertainty in the 

geological predictions would reduce blowout probability by almost 200 % 

compared to the default blowout probability. 

• Equipment failure represented by casing, or choke manifold failures. 

Reduction in these parameters mitigate the blowout by 68 % and 32 % of the 

default blowout probability, respectively.  

• Effect of surge & swab while operation. Eliminating these parameters would 

result 15 % reduction of the default blowout probability. 

• Human error in fluids mixing. Eliminating such failure reduces the blowout 

probability by 8 % of the default blowout probability. 

• Circulation system (assuming that it only reduced the pressure and function 

properly when well control procedure carried out), float shoe failure, and 

pump control failure. Eliminating these elements failure reduces the blowout 

probability by 5 % of the default blowout probability.  

9.1 Recommendations 

In this study, we used failure probabilities of fault tree elements from 

literature to evaluate blowout probability. However, element probabilities should be 

updated for each new well to be drilled, based on the experience of the engineers and 

rig personnel, company operational policies, and information and data gathered 

regarding the geographic region. Based on the current study, the following are 

recommended for future research: 

• Re-examine the genesis of probability data based on statistical failure rates 

from industry databases, e.g. OREDA (2002), and confirm the implication 

of failure rate on probability assessment. 

• Certain IM types (e.g. DI) failed to assign different ranks for different BEs. 

Instead, they resulted in same rank for different BEs, due to AND gates 
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present in the FTA. A suitable IM that properly ranks BEs regardless of 

how they are introduced to the FTA, should be established. 

• Include economic aspects for risk assessment in the study. 

• Develop time dependent models that can simulate the drilling process and 

update probabilities in real time. 

• Conduct a study on a specific variable of the blowout elements, e.g., RCD, 

bottom-hole pressure, based on a previous blowout event  

• Expand the study to include very detailed parts of the drilling system.
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APPENDICES 

A. Failure description and probabilities of FTA elements 

Data in this study are mainly obtained from three different resources. These 

are, (1) Khakzad et al., (2013), Abimbola et al., (2014), and Abimbola et al., (2016). 

Some these data are already presented in a detailed fault trees, so data in the 

following tables may represent an evaluated part of the fault trees.  

Table 9.1: Kick occurrence probabilities (Khakzad et al.,2013)28 

Basic Event Probability [-] Description 

K_01 5.40E-02 Surge 

K_02 5.40E-02 Swab 

K_03 3.00E-05 Gas pocket/shallow gas 

K_04 1.50E-01 Abnormal pressured zone 

K_05 2.00E-03 Inadequate hole fill-up 

K_06 1.00E-02 Annular losses 

K_07 1.00E-02 Riser rupture 

K_08 2.00E-04 Failure in density measurement equipment 

K_09 7.00E-03 Gas-cut mud 

K_10 3.00E-02 Operator failure in mixing right density 

K_11 2.50E-03 Temperature effects 

K_12 2.06E-02 Circulation system Failure 

 

  

 

 

28 Khakzad et al. (2013) extracts probability data from (OREDA, 2002), which provides statistical 

failure rates on a 106 (a million) service hour basis, and (Bercha, 1978), which we could not access it. 
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Table 9.2: Kick detection (Khakzad et al.,2013) 

Basic Event Probability [-] Description 

KD 01 1.40E-04 Failure of tank level indicator (float system) 

KD 02 1.00E-01 Failure to notice tank level changes 

KD 03 1.10E-04 Failure of flowmeter  

KD 04 5.00E-03 Failure to notice flowmeter 

KD 05 1.65E-02 Failure of pressure gage  

KD 06 1.00E-01 Failure to notice pressure change  

KD 07 2.00E-04 Failure of displacement sensor 

KD 08 5.00E-02 Failure to notice change in penetration rate  

KD 09 2.00E-04 Failure of gas detector  

KD 10 5.00E-02 Failure of operator to notice gas  

KD 11 2.00E-04 Failure of density meter (column-type) 

KD 12 5.00E-03 Failure to notice density changes 

KD 13 2.00E-04 Failure of resistivity sensor  

KD 14 5.00E-03 Failure to notice conductivity changes  
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Table 9.3: Casing failure probabilities (Abimbola et al.,2016)29 

Basic Event Probability[-]  Description 

CSG 01 5.40E-02 Swab 

CSG 02 5.40E-02 Surge 

CSG 03 1.10E-03 MPD system failure 

CSG 04 3.97E-02 Casing collapse 

CSG 05 1.14E-01 Wellhead failure 

CSG 06 3.97E-02 Casing Coupling 

CSG 07 1.00E-03 Logging tool failure (casing inspection log) 

CSG 08 1.00E-02 Inaccurate interpretation of log 

CSG 09 2.50E-02 Pressure tests failure 

CSG 10 1.00E-02 Inaccurate interpretation of test results 

  

 

 

29 Abimbola et al. (2016) extracts probability data from (Torstad, 2010, Grayson and Gans, 2012, 

Khakzad et al., 2013, Abimbola et al., 2014, Rathnayaka et al., 2013). 
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Table 9.4: Cement failure probabilities (Abimbola et al.,2016) 

Basic Event Probability [-]  Description 

C 01 2.00E-02 Poor slurry formulation 

C 02 3.60E-06 Inadequate mud cake removal 

C 03 2.00E-01 Formation fluid (contaminating cement slurry) 

C 04 1.00E-01 Drilling mud (contaminating cement slurry) 

C 05 3.30E-02 Inadequate use of pre-flush/spacer 

C 06 2.00E-02 Poor slurry formulation 

C 07 1.50E-02 Operator error  

C 08 1.00E-02 Insufficient cement slurry volume 

C 09 1.00E-04 Wrong/no placement of wiper plugs 

C 10 6.25E-06 U-tubing effect 

C 11 1.65E-07 Slurry loss 

C 12 1.10E-02 Temperature log failure 

C 13 1.60E-02 Inadequate mud removal 

C 14 6.66E-03 Filtration Loss 

C 15 4.00E-02 Pumping system failure 

C 16 1.50E-02 Operator error 

C 17 1.10E-03 MPD system failure 

C 18 1.21E-04 Evaluation Log Failure 

C 19 2.50E-02 Pressure tests failure 

C 20 1.00E-02 Inaccurate interpretation pressure test 
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Table 9.5: Circulation system failure probabilities (Abimbola et al.,2014)30  

Basic Event Probability [-]  Description 

Circ_01 1.00E-03 Pump control failure 

Circ_02 1.85E-05 Pump Failure 

Circ_03 2.50E-07 Power Failure 

Circ_04 1.30E-04 ESD valve failure 

Circ_05 3.60E-04 Choke/kill lines 

Circ_06 1.30E-04 non-return valve failure 

Circ_07 2.20E-04 Failsafe valves 

Circ_08 4.51E-03 Choke manifold  

Circ_09 5.00E-04 Drill pipe 

Circ_10 1.00E-03 float shoe 

Circ_11 5.10E-04 Riser 

Circ_12 1.40E-04 Failure of tank level indicator 

Circ_13 2.00E-04 Pump stroke  

Circ_14 1.10E-04 Failure of flowmeter/Mud flow indicator  

Circ_15 1.00E-05 Wellhead connector 

Circ_16 1.00E-05 Wellhead housing damage 

Circ_17 8.43E-03 Casing  

Circ_18 3.91E-03 Cementing 

  

 

 

30 Abimbola et al. (2014) extracts probability data from (Bercha, 1978, Khakzad et al., 2013, 

OREDA, 2002) 
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Table 9.6: Blowout preventor failure probabilities (Abimbola et al.,2014)  

Basic Event Probability [-]  Description 

B_01 4.00E-05 Rotating control device (RCD) 

B_02 3.65E-03 Diverter  

B_03 4.30E-03 Snubbing 

B_04 2.60E-04 Lower annular preventer 

B_05 2.50E-05 Lower pipe ram 

B_06 2.50E-05 Middle pipe ram 

B_07 2.50E-05 Upper/Variable pipe ram 

B_08 1.00E-05 Blind shear ram 

B_09 1.00E-06 Casing shear ram 

B_10 2.60E-04 Upper annular preventer 

B_11 1.00E-05 Upper flexible joint 

B_12 1.00E-05 Lower flexible joint 

B_13 1.00E-05 LMRP connector 

B_14 2.00E-03 Operator error 

B_15 1.00E-10 Accumulator unit 

B_16 6.35E-04 Control system 
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B. Bayesian Network Models 
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C. Importance Measures 

Birnbaum Importance is the probability that system is in a state where a 

particular component is critical (if fails, the system will fail). Calculated as in Eq 9.1. 

 BI = P(TE|P(BEi) = 1) − P(TE|P(BEi) = 0)  Eq 9.1 

Where, 

BI=P(TE|P(BEi)=1): the probability of top event given that BEi is failing 

BI=P(TE|P(BEi)=0): the probability of top event given that BEi is safe 

Criticality Importance is probability Basic event ‘i’ has occurred and is 

critical to the system failure. Calculated as in Eq 9.1. 

 CI =
BI

𝑃(𝐵𝐸𝑖)
  Eq 9.2 

Where, P(BEi): probability of the components of analysis interest (BEi) failure  

C.1 Ranking issue in DI calculations  

The Diagnostic importance is ranking the elements according to their failure 

probability. When probabilities are extremely large such as (C3=0.1 and C4=0.2), 

compared to the rest, which have a failure probability less than 0.01, DI may rank 

elements incorrectly due to the nature of AND and OR gates. In Table 9.7, we 

compare CI, DI, and RRW for the data in section 8.1.4 (cement fault tree).  

Table 9.7: Comparison of CI, DI, and RRW illustrating DI ranking issue 

CI DI RRW 

C 03 9.66E-02 C 04 0.139 C 03 1.107 

C 16 1.21E-01 C 13 0.143 C 16 1.137 

C 13 1.29E-01 C 01 0.178 C 13 1.148 

C 01 1.62E-01 C 03 0.277 C 01 1.193 
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C.2 Ranking issue of BI in Blowout calculations  

The BI ranks the most contributing elements to blowout based on the systems 

contribution, i.e., the BOP system is ranked as most contributor with its element to 

show that BOP failure can lead to a direct blowout, circulation system as the second 

most contributor, kick detection system as the third, and kick as the last.   

Table 9.8: BI ranking issue 

Element BI [-] Element BI [-] 

B 14 6.168254E-03 KD 02 7.734337E-04 

B 16 6.159829E-03 KD 06 7.734313E-04 

Circ 17 7.800036E-04 KD 14 7.734306E-04 

Circ 08 7.769313E-04 KD 12 7.734306E-04 

Circ 18 7.764637E-04 KD 08 7.734292E-04 

Circ 01 7.742015E-04 KD 05 7.734279E-04 

Circ 10 7.742015E-04 K 04 4.466042E-05 

Circ 11 7.738220E-04 K 01 4.012851E-05 

Circ 09 7.738142E-04 K 02 4.012426E-05 

Circ 05 7.737059E-04 K 10 3.913565E-05 

Circ 07 7.735975E-04 K 12 3.875913E-05 

KD 10 7.734340E-04   

 


