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Abstract 

Gas plants consist of several pieces of both critical static and rotating 
equipment, which operate continuously under severe operating conditions. 
These pieces of equipment are permanently subjected to be inspected and 
maintained during total shutdown of plant facilities to execute Turnaround 
Maintenance (TAM) event. The TAM is the largest maintenance activities 
used in most oil and gas companies in terms of both cost and time. Oil and 
gas companies have suffered losses in the production and enormity in the 
TAM cost due to duration and interval of TAM which have randomly 
estimated without taking the size and age of plants into account. Sirte Oil 
Company (SOC) was a good example and used as a reference point for 
other gas plants to achieve the aim of this thesis associated with optimising 
TAM scheduling for gas plants (decreasing duration and increasing interval 
of TAM) by implementing the TAM model. 

 The contribution of this research is in developing the TAM model, 
consisting of four stages, which is broken down into four main stages: First 
stage; removing Non-critical pieces of Equipment (NEs) from the Scope of 
Work (SoW) of TAM to proactive maintenance strategies. Second stage; 
selecting Critical Static pieces of Equipment (CSEs) that constitute the 
highest risk based on Risk-Based Inspection (RBI). Third stage; selecting 
Critical Rotating pieces of Equipment (CREs) that constitute the highest risk 
based on Risk-Based Failure (RBF). Fourth stage; defining the optimum 
duration and interval of TAM based on Failure Distributions (FDs).   

Consequently, the TAM model developed in this study provides a 
novelty in the TAM event and decision making process. This is basically 
about optimisation of TAM scheduling in the medium and long-term, 
characterized by decreasing duration and increasing interval of TAM based 
on both CSEs and CREs to achieve the TAM model results. The result is 
the reduction in TAM cost and production losses, and the improvement in 
reliability and availability requirements of gas plants according to the 
residual life of critical equipment and operating conditions. 

To ensure reliability and consistency of the TAM model, it was 
validated with three Libya-plants SOC and data from three published case 
studies. The results from the validation of the TAM model are consistent 
with the real duration and interval of TAM in most plants SOC. The research 
concludes that the developed TAM model is a reliable and applicable tool 
to assist decision-makers in the estimation of TAM scheduling for any a 
processing plant. 
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CHAPTER 1 

INTRODUCTION 

1.1 Research Background  

The oil and gas industries are considered one of the most complex 

industries in the world. Within a plant there are thousand pieces of rotating 

and static equipment which include compressors, pumps, turbines, 

columns, valves, pipelines, heat exchangers, and tanks. These pieces of 

equipment usually subject to several strategies of maintenance during the 

normal operation of plants such as a Preventive (PM) and Predictive 

Maintenance (PdM). However, some of these pieces cannot be maintained 

during the regular operation of plants unless plant facilities are subjected to 

a total shutdown to conduct Turnaround Maintenance (TAM) event. 

Maintenance is regarded as a necessary evil over the years, from work 

permit of low priority to high priority even become an important factor 

impacting quality, safety, availability and profitability of an organization. 

Maintenance is seen today as a concept of value added, because it is 

carried out efficiently to attain strategic targets of the company. This can be 

achieved more efficiently by relying on the implementation of maintenance 

policy to provide all the relevant information about the life of the equipment 

(AlNajjar and Kans, 2006). 

Maintenance of equipment or component does not only increase its life 

span but may reduce its degradation prior to occurrence of failures. 

Maintenance can be defined as a combination of administrative and 

technical activities required which intend to restore equipment pieces to 
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their required function. According to British Standards Institution (BS) 

(2010), the maintenance is a set of technical and administrative activities 

that contribute in the retaining or restoring equipment to the proper 

operation conditions. In other words, maintenance is a broad term that aims 

to achieve the desired reliability and availability of a plant at an optimum 

cost according to the safety criteria. Consequently, maintenance has 

become an important function in the production and service sectors due to 

its high cost that may be overrun by the operation cost (Turki, 2011, 

Faghihinial and Mollaverdi, 2012). 

1.2     Maintenance in the Oil and Gas Plants  

The oil and gas industries are always faced some risks, serious financial 

and environmental consequences due to catastrophic failures and 

unexpected shutdown. The applications of maintenance has contributed 

greatly in the development of oil and gas industry, reduction of maintenance 

cost, increase uptime, and increase availability. These applications include 

many categories: corrective, preventive, development and predictive 

maintenance. 

Some oil and gas companies have applied "Condition-Based Maintenance 

(CBM)" approach to inspect the rotating machines before failures occur 

resulting from high vibrations, misalignment, unbalanced, bearings noise, 

fatigue and cracks in welding joints. This approach has contributed in an 

increase of the production benefits in the range of five percent (Rosmaini 

and Kamaruddin, 2012). Also, corrosion is an extreme concern in piping 

and vessels due to the geographical conditions, especially plants which 

were established in the humid industrial environments and the sandblasted 
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areas. In addition to the exposed piping to the internal corrosion due to 

different specifications of oil and gas, and operating conditions. De Bruyn, 

(1996) argued that the need to inspect materials degradation periodically 

using modern techniques to measure thickness of the internal corrosion to 

avoid gas leaks.  

Gas plants consist of huge and complex processes and many units, pieces 

of equipment and components that operate simultaneously, and in-between 

each unit there are heat exchangers, pumps, condensers, separators, 

boilers, and piping. Therefore, any defect in these equipment may lead to 

an entire shutdown of a plant, especially if these equipment are connected 

as a series system without any standby redundancy. In some instances 

there should be standby items for critical equipment to increase reliability of 

the plant. However, this is a difficult to apply to large, expensive and 

complex pieces such as turbine, storage tanks and processing columns. 

These pieces of equipment should be subjected to Risk-Based Inspection 

(RBI) and Risk-Based Failure (RBF) during the TAM event.  

The common rotating equipment pieces in oil and gas plants are the use of 

rotating machines such as generators, turbines, pumps, and compressors. 

Along with these, there are some parameters which usually be indicators to 

start in the degradation of system and acceleration of failures in order to 

avoid the CM event. These indicators include the high vibrations and noises 

that cause in the acceleration of bearings failures and misalignment, and 

the fluctuated temperatures and pressures that cause in the acceleration of 

leakages. Inspection and maintenance process of most of these pieces of 

equipment can be implemented during period of the normal operation of 
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plant by predictive and preventive maintenance technique. For example, 

preventive maintenance is premature, this means that replacement of 

equipment before the defect occurred. Preventive and predictive 

maintenance are a set of activities that assists in the reducing number of 

failures before its occurrence to avoid corrective maintenance occurrences, 

enhance system performance and meet minimum costs. However, there 

are some pieces of equipment cannot be inspected and maintained unless 

plant facilities are under the total shutdown. Therefore, it is necessary to 

highlight Turnaround Maintenance (TAM) event to carry out its activity that 

requires a real shutdown.       

Application of TAM in the gas plants has clear and wide targets in the 

reducing of downtime, prolonging of useful life of equipment, ensuring of 

reliability, improving of maintainability and increasing of plant availability. In 

addition, an increase of safety factor may leads to increasing prediction of 

workload and effective planning of maintenance at oil and gas plants 

(Pokharel and Jiao, 2008). TAM is one of the largest maintenance activities 

in oil and gas plants in terms of manpower, cost and time (Elfeituri and 

Elemnfi, 2007). Therefore, it has become necessary for every equipment 

even if it was designed well, hence, this event should be done without being 

deferred, so as to continue production in a safe manner with high reliability 

and avoid unexpected failures. 

TAM is a scheduled maintenance that restores operational units to a 

reliability wise and safety wise satisfactory without interrupting in the 

system. However, it is considered an expensive event in terms of cost and 

time due to its planning and preparing of contractors, materials, spare parts 
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and a huge manpower from the post-TAM to the pre-TAM period (between 

TAM periods). In addition, execution phase and termination phase that 

include, inspection, cleaning, replacement, repairs, catalyst materials 

regeneration and start-up during a limited time. Consequently, total 

shutdown of plants is necessary during an execution phase to perform TAM 

activities which is also considered the largest maintenance activities in 

terms of manpower, materials, time and cost, especially in the oil and gas 

sectors.  

TAM in oil and gas industries consists of many complex activities which can 

be categorised into four types based on the technical and engineering 

aspects. The first is mechanical equipment that consists of two types; static 

and rotating equipment. Static equipment includes valves, storage tanks, 

boilers and piping. While, rotating equipment includes pumps, compressors 

and turbines. The second category is a civil work that includes concretes 

and foundations of rotary machines to avoid high vibrations. The third 

category is electrical and instrumentation works that includes pressure, 

temperature gauges and electrical connectors associated with rotating and 

static equipment. It is necessary to take supporting works into consideration 

that associated with scaffolding, housekeeping, welding, sandblasting and 

coating (Halib et al., 2010).  

TAM period that makes an entire plant shutdown for a certain period to carry 

out its activities is called TAM duration. This period depends on several 

criteria to determine duration of TAM: aging, size and technology of plant in 

order for implementation of TAM activities be done in accordance with 

predetermined Scope of Work (SoW) to avoid an increase in duration, 
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inspection and maintenance cost, production losses, and ensure reliability 

of a plant. TAM duration includes three different periods: 

• Pre-shutdown: shutdown on several stages.  

• Shutdown: start TAM activities, cleaning, maintenance and 

inspection.    

• Post-shutdown: plant commissioning and start-up. 

TAM duration is a substantial efforts that is being made during a 

predetermined time to cover all activities associated with TAM activities as 

planned. These activities are such as inspections, overhauls, redesign, 

modification, replacement of new item, and utilize manpower resources that 

include engineers, experts, technicians, contractors and specialist advisers 

(Lenahan, 1999; Levitt, 2004). 

An interval of TAM is a periodically plant shutdown, which is carried out 

once a year or every few years due to bothering issues associated with 

aging, obsolescence and deterioration of pieces of equipment. These 

issues can be constituted high risks on the gas plants in terms of financial 

status, reliability and efficiency of the plant. The TAM interval consists of 

two phases: planning and preparing phases (Duffuaa and Ben Daya, 2004; 

Halib, et al., 2010). 

The life cycle of TAM for any oil and gas plant operated continuously should 

include four phases: planning, preparation, execution, and termination 

phases. The planning and preparation phases cover the important aspects 

associated with interval of TAM to mitigate risk between operating periods, 

and the execution and termination phases cover the important aspects 

associated with the duration of TAM for oil and gas plants to reduce time 
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and cost of TAM (Duffuaa and Ben Daya, 2004). Therefore, TAM event 

varies significantly from a company to another due to difference of one or 

more phases of the life cycle of TAM. This difference may be the result of 

allocated budget of event, operating conditions, manpower sources, market 

and size of plant.  

In this chapter, the background of maintenance, types of maintenance, brief 

description of TAM, TAM in oil and gas plant were described. In addition, 

phases of TAM event is also presented. Next, state-of-the-art, statement of 

the problem, the aim and objectives of this research, research methodology, 

and scope of the research are summarised. Finally, some SOC plants in 

Libya are targeted for case studies according to the Appendix I and the 

thesis layout is outlined.     

1.3 Statement of the Problem 

In the past few years, international oil and gas companies have focussed 

more attention on TAM scheduling to reduce cost of TAM. Thus, these 

companies have become aware of the maintenance costs, maintenance 

time and their impact on the operating budget in the long-term due to 

unexpected and frequent failures. Tan and Kramer (1997) stated that a 

typical refinery sometimes required ten days per year of shutdown with an 

estimated loss between $20,000 and $30,000 per day due to the plant being 

off line. Dunn (1998) reported that estimation of maintenance costs for 

many oil companies are as much as 40% of the operational budget. Eti et 

al. (2006) stated that 70% of maintenance time is spent on emergency 

maintenance. The enormity of the costs associated with TAM of gas plants 

as stated by, (Sahoo, 2013) can exceed 30% of the allocated budget of 
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TAM. This means that gas plants incur a loss in the profits margin due to 

TAM activity. Ashok et al. (2011) advocated completing the TAM activity in 

as short times as possible. Therefore, TAM duration requires considerable 

attentions with critical equipment to execute its activity during a short period. 

Historically, the TAM intervals have been identified without any real strategy 

associated with operating conditions (Swart, 2015).  

The problem that will be addressed in this study associated with optimising 

the duration and interval of TAM based on operation conditions and residual 

life of critical rotating and static pieces of equipment for the gas plant. Figure 

1.1 shows units associated with rotating and static equipment that issue 

Work Requests (WRs) of pieces of equipment that require TAM based on 

recommendations of Metallurgy and Inspection Group (M&I) experts 

associated with static equipment and recommendations of Mechanical 

Analysis Group (MAG) experts associated with rotating equipment.  

  

  

 

 

 

 

                        Figure 1. 1. The followed policy TAM in the gas plant     

 

Figure 1.1 shows work requests that present to planning unit of TAM 

committee in order to include them within TAM activities without considering 
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management who is the authorized authority required in decision-making to 

identify duration, interval and the allot budget of the TAM. These activities 

were carried out without any real strategic plan or a measured tool 

associated with inspection and maintenance strategy or operation 

conditions. This should not be the case, because TAM should be based on 

defined real estimations which incorporates data and information of pieces 

of equipment for the gas plant to determine TAM scheduling from a 

geometrical point of view.  

The random and permanent estimation of the duration and interval of TAM 

based on the recommended periods of the Original Equipment 

Manufacturers (OEMs) mean that TAM scheduling was neither adopted on 

the residual life of the critical equipment and nor a real planning associated 

with operating conditions and maintenance strategy of the gas plant. TAM 

scheduling of the gas plant can be conducted based on the suggested 

period of OEMs in the short-term. However, this strategy of OEMs cannot 

be represented the most optimum TAM scheduling in the medium and long-

term, because operating conditions vary significantly from a company to 

another and time to another. Therefore, plant facilities must be shut downed 

during a certain time at every few years according to the operating 

conditions and the residual life of the critical pieces of equipment.  

TAM activity is considered very expensive in terms of the allocated cost and 

time. These terms play an important role in the TAM success. The previous 

studies showed that 80% of TAMs completely failed to achieve their goals 

due to fluctuated their activities resulting from the lack of the planned 

strategy associated with identifying the TAM scheduling. This also has been 
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the concern for researchers (Akbar and Ghazali, 2016) due to the 

unforeseen activities and confidentiality of information associated with 

bidding.     

 1.4 Aim and Objectives of the Research 

The research is seeking to propose an effective decision making tool 

contribute in saving the downtime and cost of TAM in maintenance 

environment for gas plants. Therefore, the aim of this research is to optimise 

TAM scheduling associated with decreasing duration and increasing 

interval of TAM of gas plants by implementing the TAM model which has 

been developed in this study.     

In order to achieve the aim of this research, the main objectives should be 

derived as the following: 

1. To conduct a literature review in the fields of Turnaround Maintenance 

(TAM), the optimisation of TAM scheduling and concepts and 

methodologies of stages of a model associated with Removing Non-

critical Equipment from TAM scope of work (RNCE), Risk-Based 

Inspection (RBI), Risk-Based Failure (RBF), and Failure Distributions 

(FDs). The outcome will be formulated to integrate and develop stages 

of the TAM:  

2. To propose a mathematical model that includes four stages as follow: 

2.1   Stage I; pieces of Non-critical Equipment pieces (NEs) are removed 

from Scope of Work (SoW) of the TAM to proactive maintenance 

strategies (RNCE),  
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      2.2   Stage II; the highest risk of each selected Critical Static Equipment 

(CSEs) are assessed to prioritise those of equipment based on Risk-Based 

Inspection (RBI),    

      2.3   Stage III; critical failures of each selected Critical Rotating 

Equipment pieces (CREs) are analysed in order to identify critical 

components for those pieces of equipment based on Risk-based Failure 

(RBF),  

      2.4   Stage IV; failure probability and reliability function (FDs) for those 

selected critical pieces of equipment are assessed to determine the 

optimum TAM duration and interval of TAM.   

3. To convert proposed stages into a conceptual framework which 

integrates the model stages to provide a detailed methodology aligns 

with any a processing plant operates continuously under severe 

operating conditions. 

4. To develop a detailed TAM model to become a valid TAM model in any 

processing plant,  

5. To implement the TAM model during the gas plant with the aim of 

optimising the TAM scheduling associated with increasing interval and 

decreasing duration of TAM.  

6. To validate stages of TAM model based on the published case studies 

in literatures.    

7. To further validate and refine the TAM model in order to ensure 

conformance with Operation & Maintenance experts expectations in a 

real industrial environment operating under harsh operating conditions.  
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8. To implement Key Performance Indicators (KPIs) to assess the optimisation 

range of the TAM scheduling. 

1.5     Research Methodology 

The approach of this research is a combination of literature review, data 

collection, development of the TAM model, and validation of the TAM 

model, optimisation of TAM scheduling, and the application of KPIs. Figure 

1.2 shows stages to be used in this research to develop TAM model as 

follows:   

 A comprehensive literature survey associated with the scope of the 

research has been highlighted. It is done such that it contributes fully and 

comprehensively in identifying the framework of the research and building 

the TAM model with the aim to optimise TAM scheduling.   

 Through previous literature review, a basic idea to develop TAM 

model based on RNCE, RBI, RBF and FDs approaches was developed to 

solve the problem mentioned in section 1.3.     

 Data collection associated with TAM model is considered an uphill 

task through detection for failures records of critical equipment. This data 

includes the operation, maintenance and inspection records, M&I and MAG 

experts, and TAM reports obtained during TAM period of the gas plant of 

Sirte Oil Company (SOC) until 2010. Data collection is necessary in this 

study to identify the causes and symptoms of planned and unplanned 

shutdown and to be abreast with the risks and errors that led to the 

decreased interval and increased duration of TAM.  
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 Development process of the framework of TAM model is based on 

an implementation of TAM model according to data and information which 

will be collected by means of the SOC gas plant. 

 Validation process of stages of the TAM model is conducted 

according to published case studies in the literatures. These case studies 

are implemented through refinery plant and LNG plant. In addition, 

validation process of TAM model is accomplished in other petrochemical 

and gas plants in order to optimise TAM scheduling associated with 

duration and interval of TAM.  

 Discussions, consultations and interviews with SOC experts (senior 

management of operation and maintenance, superintendents, supervisors 

and engineers) in order for the proper validation of the TAM model and 

implementation in the gas plants and other processing plants.  

 Optimisation of TAM scheduling of the gas plant associated with 

decreasing duration and increasing interval of TAM is also presented during 

this study. 

 Key Performance Indicator (KPIs) is also implemented in this study 

to measure the optimisation range of the TAM scheduling with comparing 

the current approach to the suggested approach from availability and cost 

indictors perspective. 
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                     Figure 1. 2. Research methodology for a processing plant  

 

1.6 Scope of the Research  

With regard for optimising TAM scheduling, most previous studies focused 

on the improvement of TAM interval based on an individual equipment 

without taking the importance of the series or parallel configuration into 

account. Other studies highlighted the improvement of the duration from 

management and business, perspective, without taking the residual life of 

critical pieces of equipment and operating conditions of plants into 

consideration.  
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A variety of applications were used to optimise TAM scheduling in most 

previous studies. However, all stages considered in this study were not 

covered in most previous studies, CEs of the gas plants were also not 

covered in most previous studies and most both shape (β) and scale (η) 

parameters were randomly estimated outside operating conditions of gas 

plants.  
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                             Figure 1. 3. The research gap of TAM model  

 

In order to achieve the main objectives of this research, RNCE, RBI, RBF, 

and FDs stages will be accurately integrated with the TAM model and 

refined to suit the targeted industrial environment in the optimisation of TAM 

scheduling.  In addition, there will be a need to use some applications such 

as Analytic Hierarchy Process (AHP) and Fault Tree Analysis (FTA) to 

facilitate the process of the TAM model.  

This research is designed to develop the TAM model which has provided 

many adequate and a new significant information related to theories and 

practices of the optimisation of TAM scheduling to solve TAM scheduling 
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problem in the TAM field for gas plants and bridge the existing gap in the 

literature. Therefore, the significance of this research is to provide a new 

sight in the TAM event in order to enhance the TAM scheduling associated 

with decreasing duration and increasing interval of the TAM in the medium 

and long-term, consider both CSEs and CREs according to the residual life 

of critical pieces of equipment and operating conditions of plants, and 

implement the TAM model as an applicable tool for any a processing plant. 

The significance of this research will go further to reduce the cost of TAM 

and production losses and to improve reliability and availability of gas 

plants. 

Thus, the research will present an effective decision support system that 

will assist planning units, M&I experts, MAG experts and TAMs committees 

in the oil and gas sector to prioritise and monitor TAM performance and 

increase productivity of a plant based on the framework that facilitates the 

implementation of this model. 

This TAM model consists of four consistent stages. Stage I, II, and IV 

associated with CSEs, and Stage I, III, and IV associated with CREs. These 

stages will fulfil the requirements of failures analysis and recommend real 

solutions according to best practices of RBI, RBF and probability 

distributions. 

In conclusion, TAM model will pay close attention and revise in the SOC, 

which considers a good pattern to contain many plants such as gas, 

petrochemical, refinery, power stations, desalination plants in order to adapt 

TAM model with any processing plant. In addition, application of proactive 
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maintenance will enhance considerably during normal operation of the 

plant.    

Finally, current status of TAM using KPIs in terms of availability and cost 

are assessed to improve TAM performance of the gas plant. 

1.7    Targeted Plants for Studying in the Sirte Oil Company (SOC) 

This research is designed to solve problem in gas plants. This problem is 

associated with optimising TAM scheduling (duration of TAM and interval of 

TAM) for gas plants. Therefore, this study will be applied in the SOC which 

is considered as one of the biggest companies in Libya. It has located in 

Marsa El Brega, which is 220 km west of Benghazi-Libya. The company 

was known in the past as Esso Standard Libya Inc. SOC has included many 

plants for production and manufacturing of oil and gas. Table 1.1 shows 

operated plants within SOC.  These processing plants will be targeted for 

validating TAM model in order to optimise TAM scheduling. 

   Table 1.1. Targeted Area for Case Study 

No Targeted 
Plant 

Running No Targeted Plant Running 

1 Urea plant.1 yes 7 Gas plant yes 

2 Urea plant.2 yes 8 Refinery Plant yes 

3 Ammonia. 1 yes 9 Distillation.1 yes 

4 Ammonia. 2 yes 10 Distillation.2 yes 

5 Methanol.1 yes 11 Power station.1 yes 

6 Methanol.2 yes 12 Power station.2 yes 

 

1.8 Outline of the Thesis 

This thesis consists of nine chapters as shown in Figure 1.4. 

Chapter 2 presents base of the knowledge acquisition in the maintenance 

and its types. It also explains the TAM and life cycle of TAM, TAM in oil and 
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gas industries, successful TAM, TAM Budget and TAM scope of Work. In 

addition, optimisation of TAM and construction of TAM model.  

 

Chapter 3 describes important features in this study is to propose the 

conceptual framework of TAM model for gas plants. This is followed by the 

development of the TAM model. 

Chapter 4 describes Stage I of the TAM model associated with identifying 

and removing NEs from SOW of TAM to proactive maintenance plan.   

Chapter 5 presents both the stage II and IV of TAM model associated with 

RBI and FDs in order to determine the optimum interval of TAM of selected 

CSEs according to Stage I.   

Chapter 6 presents both the stage III and IV of TAM model associated with 

RBF and probability distributions in order to determine the optimum interval 

of TAM of selected CREs according to Stage I.   

Chapter 7 will be focused on the estimation of the TAM duration using 

Program Evaluation and Review Technique (PERT) based on CSEs and 

CREs that are identified in Stage II and III.   

Chapter 8 demonstrates the details of the validation process of the TAM 

model in three real industries and one published case study. In addition, the 

optimising TAM scheduling and KPIs are discussed. 

Chapter 9 concludes this research by highlighting the achievement towards 

the research objectives, advantages and limitations of the TAM model, and 

proposing recommendation for future research. 
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                                                   Figure 1. 4. Outline of thesis 

  

Chapter.9  
This chapter presents the main conclusion and 
future works of the research. 

 

 

Chapter.6  
This chapter presents the stage III and IV of TAM 
model associated with RBF of rotating equipment, 
and probability distributions to determine interval of 
TAM. 

 

Chapter.4  
Removing Non-critical Equipment from Sow of TAM 
to Proactive maintenance plan and identifying 
Critical Equipment to consider in 2nd and 3rd stage.   

 

Chapter.1  
This chapter highlights on:  

 The challenges facing this study, 

 Aim and objectives,  

 Methodology and 

 Scope of the Research. 

  

 
Chapter.2  

This chapter highlights on literature review of: 

 Maintenance, Maintenance types,  
       TAM and life cycle of TAM, 

 TAM Model and  

 Optimisation of Scheduling TAM. 

 
Chapter.3  

This chapter highlights on: 

 The designing of TAM Model Stages, 

 Conceptual framework and 

 Development of stages of TAM model.  

 

Chapter.5  
This chapter presents the stage II and IV of TAM 
model associated with RBI of static equipment, and 
probability distributions to determine interval of TAM. 

 

 

Chapter.7  
This chapter focuses on the estimation of the TAM 
duration of the gas plant using PERT technique.   
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Chapter.8  
This chapter includes: 

 Validation process of stages and TAM 
model,  

 Optimisation of TAM scheduling and  

 KPIs. 
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1.9 Conclusions 

This chapter gives a clear background of TAM of gas plants, statement of 

the problem that describes the aim of this study and objectives that must be 

achieved. In addition, an approach in this research is developed which will 

enhance the structure of this study to implement the improvement plan. 

Therefore, the developed TAM model in this research is designed to 

achieve the optimisation of TAM scheduling which decreases duration and 

increases interval of TAM in order to improve a reliability and an availability 

of a gas plant and reduce costs of TAM inspection and maintenance 

activities and the production losses. The significance and novelty of the 

developed TAM model, and the road map of the methodology has been 

presented systematically. The next chapter will consider the literature 

review of TAM in the gas plants.  
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CHAPTER 2 

LITERATURE REVIEW  

2.1 Introduction 

Pieces of equipment for gas plants usually subject to different types of 

maintenance during the normal operation of plant such as PM, PdM and 

CM to renovate and improve their operational performance periodically. 

Usually, these plants require to the total shutdown for their facilities to 

implement TAM activities on the pieces of equipment which cannot undergo 

to inspection and maintenance during the normal operation of plant and that 

pose the highest risks for gas plants. This chapter aims to achieve the first 

objective of the research. Therefore, this chapter presents a review of 

guidelines of general maintenance for oil and gas plants, which includes 

preventive, corrective and predictive maintenance. It will also review TAM, 

TAM in oil and gas sector and life cycle of TAM. In addition, optimising TAM 

scheduling associated with decreasing duration and increasing interval of 

TAM for oil and gas plants. Finally, the chapter will conclude with a critical 

analysis of previous studies that are conducted in the optimisation of TAM 

scheduling and TAM model in the field of gas industries with the evidence 

support which will play the important role in this research.  

2.2 Maintenance 

Maintenance is a broad term comprises a set of technical activities that aim 

to extend useful life of the equipment CIBSE Guide M (2008). Its basic 

objective is to restore rapidly the equipment/unit to its original productive 

capacity using available resources such as manpower, spare parts and 
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tools in order to contribute to the improving maintenance activities, reducing 

failures frequency and increasing skills (Dhillon, 2006). During and up till 

industrial revolution the culture of maintenance function was focus on the 

breakdown maintenance. 

Maintenance plays an effective role because of increased awareness of 

maintenance systems by improving production and manufacturing system 

to satisfy operational conditions and arranging of maintenance priority. 

Thus, maintenance can be defined as those activities required to keep 

whole equipment pieces and restore faulty equipment to a satisfactorily 

operational condition (Dhillon, 2006). Based on British Standards Institution 

(2010), maintenance is a set of managed technical activities whose 

objective is to retain a system performance.  

2.3 Maintenance Classification  

Maintenance is an activity that must be performed under normal and 

complicated conditions of plant operation to make equipment available for 

production, fulfilling its operational performance as specified and as 

economically as possible. This means that each equipment will be 

subjected to maintenance types due to wear which can be reduced or 

eliminated by timely inspection and maintenance activities to ensure 

reliability of a system. Maintenance is usually classified into the following 

types Swanson (2001); Dhillon (2006).  
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MAINTENANCE

Improvement

PLANNED MAINTENANCEUNPLANNED MAINTENANCE

BreakdownEmergency

Predictive Preventive Corrective

Condition 

based
Routine

Opportunity

Shutdown 
preventive

Run-to-failure

Shutdown 
corrective

Deferred

Shutdown
Improvement 

Design-out

Time based

Turnaround Maintenance (TAM)
     

                            Figure 2.1. Classification of maintenance. 

 

2.3.1    Predictive Maintenance (PdM) 

PdM is a Condition-Based Maintenance (CBM) approach in which it detects 

degradation onset of equipment and corrects prior to occurrence of the 

failure in an equipment Swanson (2001). It is done by diagnostic tools to 

obtain all details associated with causes of equipment degradation and to 

analyse vibration, wear, noises and oil sampling. PdM recognised failure 

symptom ahead of occurrence and with minimal losses of residual 

equipment life. It has become especially desirable in oil and gas sector 

(Sharma et al., 2005).  It uses an advanced form to carry out routine 

inspection during the operational process such as vibration analysis 

equipment. Therefore, PdM is executed when it is compulsory, while PM is 

accomplished at predetermined intervals (Al-Arfaj, 2009). The main goal of 



Chapter.2: Literature Survey of TAM -------------------------------------------------------------------------------------------------- 

 

Page | 24 

  

PdM is to minimise the probability of breakdown and reduce the total cost 

related to inspection and repair by decreasing unnecessary maintenance 

activity (Gupta and Lawsirirat, 2006), hence, improve productivity and 

overall effectiveness of plants (Mobley, 2002). Despite the popularity of 

PdM, it may not always be the best method to implement maintenance, 

however, it is highly considered based on cost effectiveness.  

2.3.2    Corrective Maintenance (CM) 

CM is a set of remedial actions taken after occurred failure to return an 

equipment to normal condition because of unexpected failures that 

occurred during normal operation process of a plant. CM is considered a 

planned maintenance according to the time required for shutdown due to 

deferred activities (running-to-failure). CM is also considered an unplanned 

maintenance from immediate maintenance perspective. In addition, it can 

be easily performed. According to CIBSE Guide M (2008), this type of 

maintenance is called reactive maintenance because the system is 

operated until it fails. According to British Standards Institution 13306 

(2010), this is a "maintenance carried out after fault recognition and 

intended to put an item into a state in which it can perform a required 

function".  

2.3.3    Preventive Maintenance (PM) 

PM usually accounts for a major part of the maintenance function because 

of its relative cost which gives it acceptance between production sectors 

and industrial organizations. PM is a premature activity which replace 

component or equipment before the defect occurred to avoid unscheduled 
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failures. Any component or equipment can be replaced or repaired based 

on the predetermined period to apply PM, or failure to apply PdM or CM. In 

the predetermined period, the component should be replaced even if item 

is still active. This period can be identified according to a scheduled time for 

each item. PM includes a set of activities that contributes in reducing the 

number of failures and avoid the occurrence of CM. This enhance system 

performance and meet minimum costs (Mobley et al., 2008). According to 

British Standards Institution 13306 (2010), PM can be defined as 

“maintenance carried out at predetermined intervals or according to failure 

replacement and intended to reduce the probability of failure or the 

degradation of the functioning of an item”. Therefore, the key goals of 

execution of PM are to improve reliability of a system in the long term (Li et 

al., 2006) by minimising frequent equipment failure, reducing total 

inspection and maintenance costs and decreasing downtime of equipment 

to avoid production losses (Niebel, 1994) and prolong equipment life 

(Swanson, 2001).  

Despite sophisticated maintenance styles being implemented in oil and gas 

sector, TAM cannot be avoided altogether. Kumar and Maiti (2012) agreed 

that PdM and PM can be effective in many complex processes, but there 

are some cases of deterioration which require an entire shutdown to carry 

out TAM program that depends on many factors such as operational and 

environmental conditions. Hence, these types of maintenance are not able 

to overcome all failures, which justifies the widespread adoption of TAM in 

real application of maintenance.     
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2.4     Turnaround Maintenance (TAM) 

The PM is the previously planned activities to conduct replacement process 

during the normal operation of plants. Most maintenance activities are 

carried out when the plant is running (Kister and Hawkins, 2006), though, 

some pieces of equipment cannot be inspected and maintained during 

normal plant operations, unless they are totally shut down. Thus, oil and 

gas plants operate continuously under harsh operating conditions and need 

to be safe, reliable and highly efficient. These plants require large-scale 

maintenance activities therefore, require total shutdown of all plant facilities 

to achieve these goals (Megow et al., 2011). TAM is an opportunity to 

overcome plant aging or system that deteriorate during operation due to 

environmental issues, harsh operating conditions and poor maintenance 

activities (Hameed and Khan, 2014). 

TAM is a philosophy (Lenahan, 1999), and to carry out a total shutdown of 

plant facilities for a certain time, TAM differs from one company to another 

due to several factors: economic aspect, geographical conditions, 

operational conditions and markets. Sahoo (2013) also indicated that the 

philosophy of TAM is a scheduled shutdown of the plant to minimise 

downtime and maximize efficiency of the plant. For instance, some 

industries have used the terminology shutdown or outage rather than 

turnaround in the planned shutdown. Levitt (2004) stated, “A shutdown is a 

melting pot in accelerated time, which means that people will be operating 

at or near their limits”.  

TAM is one of the biggest maintenance activities in processing plants in 

terms of manpower, materials, time and cost with the aim for restoring 
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pieces of equipment to zero operation due to considerably decreasing in 

their reliability and with the lowest possible costs of the plant during a certain 

time period. In recent years, international oil and gas companies have given 

more attention to TAM scheduling to reduce the cost of TAM, production 

losses, increase productivity and update the plant by means of modern 

technology (Akbar and Ghazali, 2017). They use TAM scheduling also to 

remove loads, replace catalysts, enable main inspections, clean the 

equipment, deal with any problems that may appear during operation of the 

equipment such as unexpected leaks and improve performance of the plant 

by means of improving efficiency of equipment. TAM has the highest priority 

because all plant facilities are out of service to conduct inspections, 

replacements and modifications periodically (Ben-Daya, 2007), thus 

rendering this type of the maintenance of paramount importance to avoid 

unplanned breakdowns and unexpected failures between TAM periods that 

can have significant effect on reliability and efficiency of a plant.  

TAM is normally executed during total shutdown of a plant to cover all 

maintenance activities as planned according to SoW, which is carried out 

by inspection, repair, overhaul, modification and the replacement of new 

part or equipment. Taking advantage of the plant shutdown in other to do 

other activities such as the plant cleaning, painting and removing of debris. 

The Identification of TAM event depends on many variables that are 

associated with size, technology, reliability and safety of plant (Halib et al., 

2010). The size of plant is an essential characteristic that describes all static 

and rotating pieces of equipment, and the indicator that helps in the 

determination of duration, interval, cost and number of workers to execute 
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the TAM event. Thus, the size of plant is considered an important factor that 

should be taken into consideration when planning for TAM activity.  

Based on reliability, Petersen (1986) stated that reliability is one of the 

essential criteria in the TAM activities, analysis of failures and identified risk. 

Emiris (2014) reported that the main characteristic of oil and gas industries 

is that it comprised of large number of operational units and complex 

equipment, and high-tech machinery. Consequently, those plants need the 

proper TAM to improve its reliability, availability and effectiveness.   

McQuillan et al. (2003) stated that the effect of TAM on reliability of a plant 

could be expressed by the equation: 

                Plant Unavailability =  
𝐓𝐀𝐌 𝐃𝐮𝐫𝐚𝐭𝐢𝐨𝐧  

𝐓𝐀𝐌 𝐈𝐧𝐭𝐞𝐫𝐯𝐚𝐥  
  + Breakdown outage        (2.1) 

Optimizing Equation (2.1) can lead to many benefits of TAM, which 

include:     

 Decreasing the probability of failures between turnarounds,   

 Decreasing the cost of turnaround maintenance,  

 Maximizing the interval between TAMs, and 

 Minimizing the duration of each TAM. 

2.4.1    Turnaround Maintenance Concepts  

Since the 1970s, interest in shutdown issues of gas plants has increased 

significantly due to the production losses and the inspection and 

maintenance cost. Utne et al. (2012) reported that shutdown is classified 

into planned or unforeseen shutdown. However, shutdown can be classified 

into planned and unplanned shutdown.                                                     
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Planned shutdown is arranged and scheduled ahead of time to prepare for 

pre-shutdown. Unplanned shutdown is an expected or unexpected event 

that can lead to lost margin compared to planned shutdown. In planned 

shutdown the necessary resources such as manpower, materials and tools 

to start up plant operation and avoid a flow of other malfunctions that 

contribute in unexpected shutdowns are mobilised. All processing plants 

require TAM for a certain time to carry out a major planned inspection and 

maintenance activities, modifications and replacements (Duffuaa and Ben 

Daya, 2004). Levitt (2004) stated that planned and unplanned shutdowns 

of processing plant are major maintenance activities, which require the 

biggest financial supports. 

TAM is a planned shutdown that includes inspection, calibration, 

modification and installation of new items (Ghazali et al., 2009). Most 

processing plants require a major TAM to sustain the system reliability and 

availability, and to fulfil requirements to a wide range of customers. 

Therefore, TAM can be defined as an entire shutdown of plant utilities in 

order to maintain their equipment resulting in the inspection, disassembly 

and renewal. Duffuaa and Ben Daya (2004) also defined TAM as a periodic 

shutdown of plant to conduct inspections, replacements and modifications. 

In other words, turnaround is a pre-planned shutdown or outage of the 

system to carry out maintenance activities which include overhaul, 

inspections and replacements of components and equipment according to 

SoW.  (Neikirk, 2011) defined TAM as a periodic event of the plant which 

isolates all equipment from the service during a temporary period. However, 
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Turki, et al. (2013) stated that TAM is a huge project in terms of time and 

cost.  

TAM require many criteria for assessment of its performance, the criteria 

include costs, time, safety regulations, quality of work, SoW, contract 

scrutiny, materials and human resources, and intense conditions of work. 

These are necessary for a proper working team to manage and implement 

TAM in order to achieve more effective and efficient results (Pokharel and 

Jiao, 2008). Zulkipli (2011) stated that TAM should be completed during a 

certain time to avoid extension of shutdown period due to losses of 

production. Consequently, TAM should be executed according to a 

predetermined plan to correspond to TAM performance with operating 

conditions to improve life cycle of plant.  

TAM is considered a consumption for time and cost due to loss in the 

production and the TAM cost. However, there are positive effects of TAM 

which include, increase reliability and availability of equipment, extension of 

life cycle of equipment, continue production safely, avoid unscheduled 

shutdown, and reduce the risk due to catastrophic failures. In addition, 

reduce load limitations, replace the catalysts, improve performance of 

equipment and modernise the plant with new technologies in order to 

prolong the system life as far as possible and ensure barrier-free working 

environment. Consequently, all requirements of TAM should be 

predetermined to match the human resources, material, technical and 

budget during duration of TAM (Bertolini et al., 2009). 

TAM is also considered a multifaceted activity because of its engineering, 

business and management perspective (Lenahan, 1999; Levitt, 2004). It is 
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a set of activities performed from various engineering disciplines, which 

include inspection, malfunctioning parts replacement, defects repair and the 

installation of new parts. Therefore, these activities can be performed during 

the TAM of a plant. However, these are activities that could be carried out 

when the plant is in operation. These activities can be done through 

preventive maintenance, corrective maintenance and predictive 

maintenance tasks. TAM from the business point of view is associated with 

the profitability because successful TAM contributes in increasing 

profitability of the company (Murthy et al., 2002). Financially, it involves 

large expenses, whether directly or indirectly. 

It is noted from these concepts that a TAM includes a mixture of major 

activities of the different maintenance types (PM, CM and PdM) such as 

inspections, repairs, and renew of equipment. However, this event is 

considered the most risky activities due to production losses, significant 

problems in the safety criteria and environment, especially in the gas sector. 

2.4.2    Benefits of TAMs 

It has been proven that a TAM is by its very nature both waste of time and 

money, and desolation, the question that begs; why companies are still used 

TAMs. Intuitively, the advantages outweigh the disadvantages in order to 

avoid risk during operation stages resulting from equipment which cannot 

be inspected and maintained during normal operation of plant and to 

improve efficiencies of a plant. 

The world oil companies attempt to avoid total plant shutdowns. Although 

there are so-called partial plant shutdowns, which are hindered logistics and 

cost issues. As Kister and Hawkins (2006) mentioned, an entire plant 
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shutdown is more feasibility and lower cost compared to the partial 

shutdown of plant. Consequently, entire shutdown issues still play important 

role in large-scale maintenance activities.  

Pokharel and Jiao (2008) agreed with Kister and Hawkins (2006) on the 

discussion that TAM is not only necessary for minimizing the risk of failures 

resulting from rigorous operating conditions, but for improving productivity 

and increasing reliability of equipment/unit (Milana et al., 2014). Fellow et 

al. (2002); Obiajunwa (2007); Ben-Daya et al. (2009) reported that 

expectations of TAMs include the following: 

- Restoring plant to its original status, 

- Making plant more safe and reliable to run until the next TAM, 

- Improving throughput efficiency of the plant, 

- Minimising cost of routine maintenance, and  

- Improving the reliability and availability of pieces of equipment during 

normal operation of plant. 

Ben-Daya et al. (2009) also reported that TAM is a part of scheduled 

TAM which can play a key role to identify many of objectives: 

- To achieve the best quality of workmanship, 

- To reduce downtime,  

- To minimize risks and maintenance cost, and 

- To use modern equipment and techniques to upgrade the skill of 

maintenance team. 

Hadavi (2009) identified some TAM impacts as: 

- It avoids excessive plant shutdown because of frequent TAM 

activities. 
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- It prevents increasing duration of TAM. 

- It defers some major activities to TAM period.     

Therefore, it is unsurprising that a TAM in the gas plant consists of large 

and complex activities that has numerous benefits and drawbacks. Gas 

companies should weight the pros and cons of TAM to help in the decision-

making processes in order to implement a TAM, to recover and revitalize 

efficiency and reliability of the plant. 

2.4.3    Drawback of TAMs 

TAM of the gas plant usually has a negative financial impact in terms of a 

lost margin due to the plant shutdown. One of negative effects is shutdown 

of other industries such as methanol, urea, ammonia plants and power 

stations due to shortage feed of LPG for those plants. Those companies will 

suffer losses in the production due to TAM activity of the gas plant. This loss 

can translate to monetary loss in the production revenues that depends on 

the size of the company and the duration of TAM. In addition to the actual 

costs to perform a variety of maintenance activities (e.g. inspection, 

replacement, repairs and modification). There is cost incurred during a TAM 

time due to consumed resources that include the internal and external 

purchasing of materials, equipment and industrial tools (Vaughan, 2005).  

Ghazali et al. (2009) also pointed out the direct and indirect labour costs of 

maintenance related to the technicians, craftsmen, contractors and 

housekeeping. Pinjala et al. (2006) reported that TAM may be outsourced 

for specialised manpower in some maintenance works that require more 

experience. One of the biggest pitfalls of TAM is attempt to force completing 

maintenance work into a short time period. This can place the TAM activities 
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under pressure and increase interestingly in deferred maintenance tasks 

(Kister and Hawkins, 2006). Swart (2015) described that TAM by three 

points: costly to execute, undesirable from an operational perspective and 

often unavoidable.  

2.5 Motivation for TAM in Gas Industries 

TAM is a periodically shutdown of a plant in order to carry out major 

overhaul, revitalise, improve efficiency and ensure optimal performance of 

plant (Halib et al., 2010). TAM of gas companies is a predetermined 

duration according to SoW that requires coordination between maintenance 

management and operation management, using many variables such as 

the age, size, technology of plant, budget of TAM and reliability level of 

plant, safety criteria and the legal requirements of operating team. 

TAM of the gas plant is a complex activity consisting of four techniques from 

engineering point of view. The first type is associated with mechanical 

aspect that consists of two types; static and rotating equipment. The static 

equipment includes of boilers, heat exchangers, valves, storage tanks and 

piping. While rotating equipment comprises of pumps, compressors, and 

gas and steam turbines (Mclay, 2003). The second category is civil works 

associated with construct or repair concretes and foundations of rotary 

machines and supported pipelines to avoid high vibrations. The third type 

is electrical and instrumentation works. The supporting works also play an 

important role in the TAM event such as scaffolding, housekeeping, 

welding, sandblasting and coating. All these activities need huge number of 

manpower and thousands of maintenance hours (Halib et al., 2010). Also, 

monitoring and follow up by coordinators, supervisors and specialist 
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engineers to identify type of defect and allowed time for each activity 

according to pre-planned scheduling in order to avoid any waste of time and 

cost due to plant shutdown.  

TAM event of an entire gas plant leads to the improved major maintenance 

activity, increasing plant output, contributing with the implementation of new 

requirements, motivating maintenance team and the adopting of new 

technologies (Levitt, 2004). Duffuaa and Ben Daya (2004) mentioned that 

the following types of maintenance activity that can be performed during an 

overall shutdown of plant: 

 Most equipment cannot be done only if the system is shutdown. 

 Some equipment require a long time and huge maintenance 

team.          

 Some defects can be deferred to repair during TAM duration. 

Equipment of oil and gas plants that operate continuously under severe 

operational conditions usually cause in the acceleration of many other 

pieces of equipment toward deterioration over time. Moreover, these 

equipment cannot be isolated from each other due to interdependent 

system. Hence, plants should be at an entire standstill during TAM in order 

to address deteriorated equipment and avoid operational risk resulting from 

high pressure, fluctuating temperatures and corrosion (Hadidi and Khater, 

2015). 

According to Obiajunwa (2007) application of TAM is common in oil and gas 

industries, thereby most oil and gas companies are now resorting to 

applying Key Performance Indicators (KPIs) to measure the success of a 

TAM. Oliver (2003) suggested some elements of performance metrics to 
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determine efficiency and cost effectiveness of TAM which include; duration 

and cost of turnaround maintenance, safety, unscheduled downtime and 

availability of equipment. However, Utne et al. (2012); Levitt (2004) 

identified KPIs to measure quality and volume of the work order preparation 

and utilize TAM execution in the opportunity maintenance.  

2.6 Successful Turnaround Maintenance 

A successful TAM requires accurate and thorough planning with the aim to 

avoid risks between TAM periods in order to achieve environmental 

compliance, reduce costs during TAM duration and improve availability of a 

plant. Thus, successful TAM event should covered all requirements of 

execution phase of TAM during planned phase to achieve availability and 

reliability of the plant (Lenahan, 1999). In addition, the profitability of the 

company (Murthy et al., 2002). Oliver (2001) stressed that planned TAM is 

an important part of successful TAM implementation that includes budget, 

spare parts, duration and contractors. Krings (2001); Oliver (2002); Mclay 

(2003); Williams (2004) stated that successful TAM depend on plan in the 

long term to control budget, time and schedule of a TAM. Motylenski (2003) 

identified many factors for success of TAM: avoid incidents in plant, duration 

of maintenance does not exceed, budget of TAM is not exceeded target 

cost, start-up of plant is successful, outstandingly performance of 

maintenance team, not change in SoW, and improved skills of maintenance 

team. In contrast, Ertl (2005) identified the duration of TAM, cost of TAM 

and risk management as a specific methodology for its success. Duffuaa 

and Ben Daya (2004); Ben Daya et al. (2009) pointed out that safety is one 

of the key measures used to determine the success of TAM. Hence, large 
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portion of successful TAM depend on safety rules, which for many oil and 

gas companies that still suffer deficient in order to cover TAM activities 

because catastrophic accidents which have occurred, especially during pre-

shutdown and start-up periods (Malmen et al., 2010). Obiajunwa (2012) 

identified time, cost, environmental performance and safety as critical 

indictors to measure success of the TAM event. 

2.7 The Life Cycle of TAM 

Life cycle of TAM is a process that aim to ensure the success of TAM activity 

and return a plant to normal specification of production. This process 

consists of four phases which can be classified into planning, preparation, 

execution and termination as shown in Figure 2.2. Duffuaa and Ben Daya 

(2004), Malmen et al., 2010) mentioned that TAM consists of four phases, 

namely, planning, preparation, execution and termination. However, 

Duffuaa and Ben Daya (2004) insisted that the successful execution of a 

TAM hinges on good planning and preparation. Therefore, each phase 

includes a specific set of critical activities during a given time period in which 

depend on several factors, such as, weight of activity, budget, time, material 

and man-power. Lenahan (1999 and 2006); Duffuaa and Ben Daya, (2004); 

Levitt (2004); Brown (2004) discussed life cycle of the TAM that consists of 

the following phases as shown in Figure 2.2.        
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         Figure 2.2. Life cycle of the TAM (modified from Hadidi and Khater, 2015) 

 

Hadidi and Khater (2015) reported three other types of phases of TAM: Pre-

TAM, execution and post-TAM phase. These TAM phases are imperative 

for any processing plant which continuously run under high pressure and 

fluctuating temperatures. Hence, it is necessary to start with a proper 

planning of the TAM activities for success of TAM criteria (Pokharel and 

Jiao, 2008).   

2.8 Turnaround Maintenance Budget 

TAM is critical to oil and gas plants which are operated under harsh 

conditions as the availability of operating facilities has a major impact on 

the profit margin and the revenue of company's due to the cost of TAM 

event. In addition, the production losses have a significant financial impact 

amounting to millions of dollars, which can be reduced by adopting a real 

strategy for TAM duration. The main target of TAM is to keep inspection and 

maintenance costs and the production losses at the lowest possible level 

and the reliability of a system at the highest possible levels. This financial 

impact resulting from the TAM activities can offset by reducing redundant 
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equipment selection to remove those pieces that constitute lower risks to 

reliability and safety of plant. Tan and Kramer (1997) stated that, a typical 

refinery needs up to ten days per a year with estimated cost loss of $20,000-

$30,000 per hour. Ishekwene (2011) reported that costs of TAM for the 

Escravos Gas Plant (EGP) in 2005 was 36% of the overall annual operating 

expenses. TAM is costly and it is prudent to reduce costs to a low level as 

possible without impacting on the TAM performance. However, too much 

cost cutting can backfire as it relates to an increase of risk between TAM 

periods and a decrease of TAM interval. Thus, poor allocated budgeting of 

TAM can create a logistical nightmare associated with costly outages and 

frequent failures in short term. It is necessary to estimate costs of the TAM 

during the planning phase based on activities that will be done during TAM 

event, in addition 10% of allocated budget for extra works which can be 

considered costs associated with opportunity maintenance. Estimation of 

TAM costs during the planning phase leads to the optimised constraints and 

control on the budget.  

TAM budget generally includes both direct and indirect costs to cover all 

expenses of TAM that start with the planning phase until the start-up of 

plant. Duffuaa and Ben Daya (2004) stated that TAM budget should be 

identified between five and six months prior to the start of the TAM event to 

close the work list and avoid delay of TAM execution. However, many 

companies have spent enormous money due to the intensity and nature of 

work in order to complete TAM activities in the short time to avoid planned 

duration overrun and increased cost of TAM due to a plant shutdown. The 

main elements that effect in the cost of TAM include: 
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 TAM planning team and management team,   

 Company workers (maintenance team and operation team),   

 Contractors, 

 Equipment, spare parts, tools, and materials and supported services 

and  

 Transportations, accommodation and contingencies.  

Vaurio (1995) proposed a procedure based on minimizing the total plant-

level cost, and reducing risks frequency using optimising maintenance 

intervals for systems and components from the safety perspective. Halib et 

al. (2010) discussed TAM costs details based on planning, preparation, 

execution and termination phases. The cost of TAM should be detailed and 

hedged within the allocated budget of the TAM (Obiajunwa, 2013).  

It is clear that the highest costs are demonstrated during the TAM activities 

by human resource and materials of the TAM, especially the petroleum 

sector. This cost can be divided into four major classifications:  

 Cost of administration: It is services cost that consists of the planning 

cost of TAM and management, 

 Labour cost: It covers cost of contractors, company workers and 

specialists, 

 Equipment and materials cost: It comprises cost of spare parts, 

materials and equipment purchase, hire, temporary stores, 

workshop, transportation means, accommodation, mess room, site 

offices and other utilities and 

 Contingency cost.  
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Tan and Kramer (1997) developed a maintenance framework that included 

CM, PM, PdM using a Monte Carlo approach to determine the total cost and 

implement during a given maintenance policy, then used a genetic 

algorithm framework to minimize this cost and obtain optimum maintenance 

policies. They also discussed reliability of a chemical industry. Motylenski 

(2003) proposed several methods of successful practices that used in 

planning and execution phases to reduce cost of TAM. Pokharel and Jiao 

(2008) provided accurate details of TAM cost for a petrochemical industry 

accounted in the demonstration of a real TAM cost. Obiajunwa (2012) 

established a framework to evaluate the TAM performance of processing 

plants at the end of the TAM event without considering previous events, 

taken the budgeted cost associated with TAM costs into consideration to 

estimate actual total cost of TAM. 

2.9 Scope of Work (SoW) 

Also SoW is one of the most important parts that needs to develop in TAM 

process. SoW is a constrained process that requires close coordination of 

activities in terms of hours, workers and materials. Raoufi and Fayek (2014) 

described TAM as unique events due to a probability of change in SoW, 

duration and cost overrun. 

SoW is the list of activities which are implemented during duration of TAM. 

This is a technical contract between custodian of plant and contractor 

(maintenance and inspection unit) that contains all aspects of the events in 

terms of safety tools, quality work, time, resource profile, material and other 

requirements. Duffuaa and Ben Daya (2004) reported that TAM includes list 
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of a different types of maintenance work that can be divided into the 

following categories: 

 Projects; plant shutdown. 

 Major maintenance tasks; turbine overhaul or pipelines cladding.  

 Small maintenance tasks such as housekeeping or inspection.                                         

 Bulk work; small overhaul items such as small pumps or valves.  

Lenahan (2011) pointed out that the TAM activities list cannot be deferred 

or implemented at any other time, unless there is essential reasons 

resulting from maintainability, risk, etc., because this list planned and 

prepared based on authorized departments such as the maintenance, 

operation, processes, engineering projects and safety to place constraints, 

regulations, conditions and materials specifications associated with TAM  

event. Obiajunwa (2012) identified three categories of SoW of TAM which 

include:   

 Known scope: This includes activity items which are well defined. 

 Anticipated scope: This includes activity items which are loosely 

defined, but rely on estimates from inspections and other analytical 

results. 

 Emergent scope: This includes activity which appears as an 

equipment that disassembled, because of poor scope of work 

definition. 

There are key constraints of TAM which should be taken into consideration 

when studying SOW, they include, cost, duration, human and materials 

resources and working patterns (Obiajunwa, 2012). If there is any change 

on each one, SoW will be automatically changed or will be compensated in 
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the scope changes (Lenahan, 1999). Changing of SoW depends on many 

elements such as cost, duration, spare parts, tools, equipment and 

technicians. For success of TAM project, there should be in place plan of 

integrated items in the SoW (Oliver, 2003; Williams, 2004; Motylenski, 

2003). Roup (2004) reported that risk-based inspection, limitation of scope 

of work, duration and costs are a part of key strategies of leader TAMs. 

Duffuaa and Ben Daya (2004) suggested a structured approach and 

guideline for all phases of TAM for managing TAM of the petrochemical 

plants and developing into comprehensive manual to help planners and 

engineers in the SoW activities and make conducting of TAM more cost 

effective and efficient. However, Obiajunwa (2007) determined the factors 

affecting TAM implementation failures and then develop a framework to 

become best practice guide for six multinational process plants in the UK. 

Obiajunwa (2012) also established a best practice framework to manage 

SoW in terms of work pattern, duration, and manpower and materials 

resources due to fluctuation and changes of SoW during execution of TAM 

and avoid problems associated with it.  

2.10    Optimising TAM Scheduling  

Gas plants consist of several pieces of complicated equipment and 

machines which are continuously operated under rigorous conditions. 

These pieces of equipment tend to deteriorate or take place unexpected 

failures over time due to high pressure, corrosion, fluctuating temperatures, 

aging or other reasons (Hameed, and Khan, 2014). Therefore, pieces of 

equipment should undergo to the planned shutdown or the given duration 

of TAM to revitalise the equipment or plant for optimal performance. This is 
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especially if the probability of a failures are very high and cannot be handled 

in a timely manner or can be caused high consequences such as an 

unplanned shutdown, production losses or environmental issues. McQuillan 

et al. (2003) stated four benefits could be optimised due to a decrease in 

the TAM duration: 

• Minimizing the probability of failures between TAMs event. 

• Improving throughput energy efficiency. 

• Reducing cost of TAM. 

• Increasing the interval of TAM.  

2.10.1    Duration of TAM  

Duration of TAM is the time period which a plant subjects to a total shut 

down to conduct TAM activities. These activities include two stages: 

execution and termination phase that require considerable time, cost and 

efforts to execute it. The planning phase is the longest phase of life cycle of 

TAM, which may reach to two years, especially planning phase in the oil 

and gas industries that contain complicated process and high risk. Thus, 

planning of TAM duration differs from company to another due to size, 

aging, operation conditions and type of manufacturing process. Many oil 

and gas companies have used several categories of planned period 6, 12, 

18, 24 months and more.     

(Halib et al., 2010) discussed some of the organizational aspects of TAM 

management for the Malaysian petrochemical companies. They found that 

the average of the planning period of the TAM was 15 months for some oil 

and gas companies (1.5 months as a minimum and 36 months as a 

maximum of the planning period for some companies).  
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TAM is a set of activities surrounded by operating risk, costs of maintenance 

works and the losses due to a plant shutdown. It requires a large number of 

pieces of equipment, human resources and time to achieve its tasks during 

a duration of TAM. Thus, making TAM an essential event in the life of the 

plant. The TAM duration is a substantial effort, which is executed during a 

predetermined time period to cover all SoW aspects such as inspections, 

overhauls, redesign, modification and replacement, and utilizes manpower 

resources that include engineers, experiences, technicians, contractors and 

specialist advisers (Lenahan, 1999; Levitt, 2004). 

It has be noted that TAM duration relies upon SoW of TAM that contains 

usually constraints associated with the production, operating conditions and 

the sufficient budget to finance the event. Based on these constraints, the 

shutdown duration should be consistent a scope of work of TAM to ensure 

continuous of TAM performance and reliability of the plant performance. 

Despite there are critical activities, which are connected together serially. 

These activities is more effective than non-critical activities in terms of 

impacted on SoW of TAM, especially in the beginning of execution phase. 

Also, non-critical activities can increase a workload of a SoW to lead to a 

lengthening of the TAM duration and escalating cost due to production 

stoppage (Halib et al., 2010). 

In addition, site congestions may also lead to extended TAM duration 

resulting from increasing the probability of accidents, confusion and 

conflicts (Halib et al., 2010). Hence, TAM activities require specialised 

planning team to avoid errors that can contribute to unsuccessful TAM. This 

can be attained through the appropriate organisational process such as 
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priority of work and permit of work. Oil and gas companies spend thousands 

of man-hours on volume of the work in the execution phase of TAM because 

some TAMs have a voluminous maintenance work. In addition, number of 

contractors should also be consistent with size of TAM activities to avoid 

prolonging TAM duration of and complete all activities within a pre-planned 

of the duration of TAM. The previous studies showed that 80% of TAM 

activities completely failed in their targets achievement during duration of 

TAM due to the lack of any real planning that may be employed in the 

optimisation of TAM scheduling (Akbar and Ghazali, 2016). 

Oliver (2002) identified many performance criteria’s to measure TAM, which 

include duration, budget, start-up incidents and safety. Lenahan (2006) also 

identified several of the performance indicators to measure the TAM 

performance such as safety, cost and efficiency. Elfeituri, and Elemnifi 

(2007) presented the optimisation of TAM duration for refinery plant by 

removing redundancy rotating pieces which can be maintained during the 

normal operation of plant to routine maintenance plan in order to minimise 

downtime of a plant. The results of optimisation were recommended to 

reduce duration of TAM to 23 days rather than 30 days. Schroeder and 

Vichich (2009) studied the essential relationships that included costs, 

quality and duration of TAM.  

Megow et al. (2011) focused on only the optimisation of TAM duration in 

terms of different features time-cost related to external resources of 

equipment and manpower. Emiris (2014) highlighted the challenges 

encountered in the development of TAM using Project Management Office 
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(PMO) based on high cost, short duration, risk and SoW according to the 

standards recommended by the Project Management Institute. 

Halib et al. (2010) reported that there are companies that brought 1199 

workers as an average in order to execute TAM, and some companies 

brought 3500 workers as a maximum according to records of companies. 

Based on gathered data. (Halib et al., 2010) suggested four weeks as an 

average to execute the TAM duration of petrochemical companies and 11 

days to carry out the TAM duration of refinery plants. This means that 

estimation of TAM duration is not based on the residual of the critical 

equipment life. It requires the effective and continuous communication 

among the responsible persons to assure that the correct data are used. 

Consequently, in petroleum plants, TAM consists of a high number of 

complex operations, which should be executed by specialized maintenance 

team to avoid pitfalls in increasing TAM duration. Uncertain and random 

duration of TAM can impact on availability and financial performance of a 

plant. Therefore, any additional day of TAM duration can result in increasing 

cost of TAM, and lost millions of dollars due to shutdown of production 

(Amaran et al., 2016). Akbar and Ghazali (2016) provided approach of a 

mediating influence of team alignment to identify relationship between 

planning and performance of plant TAM. Akbar and Ghazali (2017) also 

developed a model of an organizational and management for processing 

plant in Malaysian associated with management functions of leading and 

performance for processing plant to enhance the performance of TAM 

duration using team alignment.  
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In 1957, the U.S. Navy Special Projects Office developed Program 

Evaluation and Review Technique (PERT) for the Polaris missile system, 

which is considered one of the most powerful concepts for the management 

of probabilities to find an appropriate distribution in order to estimate the 

completion date of the project. PERT presents a comprehensive 

explanation of all critical activities and their interdependencies, and 

identifies the required time to complete each activity of a project (Aziz, 

2013).   

1. Actual information on impending problems of completing the project. 

2. Actual situation report for each activity to achieve targeted objectives 

and to reach completion dates of a project, and the probability of 

reaching both. 

3. Notation of critical components for each activity of a project.  

Malcolm et al. (1959) provided a proposal to estimate the expected PERT 

time and the PERT variance of any activity. Mehtotra et al. (1996) illustrated 

the theoretical foundations of PERT approach and its application using 

normal and extended to include exponential distribution to determine 

activity durations. Premachandra (2001) proposed new approximations for 

the expected time and variance to estimate the activity duration based on 

assumptions of the parameters of the beta distribution.  

Williams (2005) showed the nature and size of the error of PERT technique 

using simulation, and suggested improvement in introductory PERT. This 

simulation presented offer useful models which become the most 

appropriate way to estimate duration of project. Azaron et al. (2006) 
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developed a model of PERT to correspond with exponential or gamma 

distribution application. 

Hahn (2008) presented a distribution that can be integrated into the PERT 

approach to be implemented according to expert judgments. Shankar and 

Sireesha (2009) proposed a reasonable improvement of the average and 

variance in the PERT approach to estimate duration of activity, it was 

illustrated that the average and variance between an original PERT and 

proposed model were equal. Abdelkader (2010) used other distributions 

(exponential, Weibull distribution) to analyse the duration time to complete 

a project. Velasco et al. (2011) mentioned the difficulties associated with 

the shape parameters of beta distribution and addressed assumption 

regarding an activity duration due to the constant variance of the PERT. 

Xiaoling (2011) assumed that the Beta distribution to compute the expected 

duration and variance of activity for Three-Point Estimate in PERT 

approach. Gan and Xu (2015) proposed normal and triangular distributions 

using fuzzy model to compute time and estimate costs of a project. 

Many authors have proposed several alternative distributions to estimate 

duration and variance of the activity: Johnson (1997) used the triangular 

distribution as an alternative for the beta distribution. Cottrell (1999) used 

the normal distribution to estimate expected duration and variance time. 

Hahn (2008) used the beta rectangular distribution. In contrast, Hadju and 

Bokor (2016) concluded that the accurate estimation of the ‘three points’ of 

the project duration in PERT approach is limited to four distributions (beta, 

triangular, uniform, and lognormal distribution). 
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2.10.2    Interval of TAM  

The motivations for applying TAM is becoming increasingly important to 

prolong a life of equipment /plant to avoid unexpected risk due to hazard 

material and complex process. Tam et al. (2006); Hameed and Khan (2014) 

reported that interval of shutdown is often determined by the Original 

Equipment Manufacturers (OEMs). However, suggested OEMs of TAM 

interval may be perfect only during the warrantee period (early failures 

period) for some pieces of equipment. However, OEMs suggestions are not 

feasible in the medium and long term due to operating conditions and the 

production requirements for plant facilities. Therefore, the optimization of 

TAM interval for any plant identifies according to specific conditions 

associated with a real operating conditions. Ghazali et al. (2009) pointed 

out that the frequent TAM depended on many variables such as plant 

technology, plant reliability and the operating criteria. This period is termed 

as interval of TAM between shutdowns, which it should be flexible and 

based on the life cycle of pieces of equipment. TAM interval is a shutdown 

periodically of a plant, once a year or every two years or more,  this depends 

on the age of plant, size, the type of systems, the status of the equipment, 

financial situation of the company, risks level, reliability and efficiency of the 

plant as well (Emiris, 2014).  

Most oil and gas industries subject continuously for pre-planned shutdown 

every life cycle of a plant according to several aspects availability, reliability, 

risk, production rate of plant to attain optimal performance and revitalise 

efficiency and reliability of plants (Halib et al., 2010). For instance, some 

companies have planned their turnaround once a year, two years or three 
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years as an interval of TAM. Megow et al. (2011) stated that the TAM 

interval of a large plant can be repeated more than one year. Swart (2015) 

reported that historically, intervals of TAM was identified without any real 

strategy associated with operating process. Swart (2015) stated that the 

estimation of the TAM interval is either indiscriminate or has become as a 

redundant. The constant Identification of TAM interval means that TAM 

activity was not based on the residual life of the equipment that can increase 

risk due to fixed-interval.  

Hameed and Khan (2014) stated that is very difficult that a shutdown period 

includes totally inspection and maintenance of pieces equipment. 

Therefore, Lenahan (2006) identified critical activities by removing non-

critical equipment from TAM plan in an attempt to prolong TAM interval from 

two years to four years for processing plant. An increase of interval of TAM 

resulted on a positive rise in the production rate. Elfeituri and Elemnifi 

(2007) highlighted that RBI approach to remove redundant pieces of 

equipment from SoW of TAM to the routine maintenance for increasing 

interval and decreasing duration of vessels associated with refinery plant. 

However, this study has not taken rotating equipment and a reliability 

perspective into consideration.  

Halib et al. (2010) identified 15 companies: petrochemical, refineries plants, 

and natural gas plants that carried out their TAM once every three years. 

Eight companies performed their TAMs once every five years. According to 

a case study for several process plants in the UK, Obiajunwa (2012) 

reported that interval of   TAM for petrochemical and refinery plant was 

conducted every two years and power plant executed every four years. 
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However, Obiajunwa (2012) stated that duration of TAM is very difficult to 

estimate. Lawrence (2012) stated that all oil and gas plants that operate 

continuously under severe conditions should shut down their facilities every 

few years to achieve TAM requirements. These suggested intervals may 

not be the most optimum time to TAM strategy due to operating conditions 

that may vary significantly from company to another. 

Oil, gas and petrochemical industries are usually exposed to several risks 

which are related to financial, environment, technical or chemical hazards 

during unplanned shutdown period. To reduce these risks, the best intervals 

of TAM should be determined. Raoufi and Fayek (2014) stated that the 

potential risks and stemming from TAM activities should be considered to 

avoid the reasons of increased cost and duration of TAM. 

Hameed and Khan (2014) also presented a framework to estimate the risk-

based shutdown interval in order to extend intervals between shutdowns for 

a processing plant based on static pieces of equipment that continuously 

operated under harsh conditions. Such harsh conditions are due to high 

pressures, fluctuated temperatures and corrosion that may result in huge 

failures whose consequences included operating assets losses, human 

health losses, production losses and inspection and maintenance costs. 

This framework, this framework, RBI approach was used from safety and 

losses prevention perspective of heat exchangers for gas plant to increase 

interval of TAM. 

2.11    Risk and Reliability Approach for TAM  

Most authors applied probabilistic risk assessment tools to identify 

maintenance prioritization and determine risk-significant components for 
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inspection and define similar equipment pieces such as pump and valve for 

testing (Vesely et al., 1993). This methodology examines a Non-Destructive 

Test (NDT) like failure data, reliability/risk assessment and expert opinions. 

Aller et al. (1995); Reynolds (1995) presented RBI policies on facilities of 

Shell Company. Dey et al. (2004) developed a simple model of risk-based 

maintenance for pipeline using an Analytical Hierarchy Process (AHP). 

Wang and Christer (1998) proposed safety inspection process model to 

expect consequence of inspections during a fixed time. Hagemeijer and 

Kerkveld (1998) developed risk-based inspection approach for pressurised 

equipment pieces. This approach is based on the determination of risks by 

evaluating the consequences and the probability of failure for optimization 

of the inspection and maintenance efforts and to minimise the risk in Brunei 

plant. Bevilacqua and Braglia (2000) developed an Analytical Hierarchy 

|Process (AHP) model of risk based strategies to identify a maintenance 

strategy for an Italian oil refinery plant based on criteria cost, damages and 

applicability criteria. Bertolini and Bevilacqua (2006) proposed AHP 

approach to select the best maintenance policies of critical centrifugal 

pumps in a refinery plant according to constraints associated with budget 

and time of maintenance. Milana et al. (2014) also applied AHP to improve 

operation and maintenance strategy. Dey (2001) developed the risk based 

inspection and maintenance model for pipeline using an analytical hierarchy 

process. Cowing et al., (2004) presented a dynamic probabilistic model to 

develop operation and shutdown phases in the long term. Khan et al. (2004) 

proposed a risk-based inspection and maintenance approach to improve 

scheduled maintenance operations and reduce failure risk. They also 
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presented fuzzy method to analyse equipment risk. RBI technique has 

become successfully used on pipelines for refinery plants (Chang et al., 

2005), and also safety valves (Chien et al., 2009). 

Krishnasamy et al. (2005) proposed a Risk-Based Maintenance (RBM) 

strategy for a power plant. This strategy aimed at developing the 

optimisation of inspection and maintenance program by integrating a 

reliability technique with a risk assessment strategy. Many authors (Kumar, 

1998; Van Heel et al., 1999; Krishnasamy et al., 2005) illustrated that 

developing risk-based inspection and maintenance are not only based on 

the reliability of a system, but also taken a risk assessment into account 

resulting from consequences of an unexpected failure. Shuai et al. (2011) 

applied RBI technique to predict inspection interval for shell and bottom of 

crude oil tank in China to determine rate of corrosion and thickness of shell 

and bottom.  

Dyke (2004) suggested many steps to improve TAM performances of 

refinery process using TAM industry best practice model and specialised 

expertise to enabled consistent management, planning and execution of 

TAM as well as using benchmarking technique to measure performance of 

TAM that includes duration and interval of each major process units. The 

initial results of these steps were developed and implemented over the TAM 

cycle. Lenahan (2006) used Asset Performance Tool (APT) model to 

optimize a TAM scheduling for removing critical equipment from TAM to 

increase interval of TAM for a fuel and lubricant production company. 

Failures of complex systems such as continuous processing plants lead to 

the revenue losses because of production losses and asset damages, 
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safety and health issues, and higher cost of inspection and maintenance 

(Hammed et al., 2014). In order to develop an inspection and maintenance 

strategy, and produce an optimum interval of shutdown, the effect of 

inspection and maintenance cycles over the operability of the plant should 

be considered (Hammed, et al., 2014). Therefore, Hameed et al. (2014) 

proposed risk-based methodology to estimate shutdown interval of 

processing plant considering availability and safety of the operating unit to 

reduce the risk using Markov model. Ahmed et al. (2014) presented a risk-

based failure assessment approach to improve safety and availability of 

complex system.  

Khan and Haddara (2003) proposed a quantitative methodology for risk 

based maintenance, which consists of risk estimation module, risk 

evaluation module, and maintenance planning module by integrating 

Weibull Distribution with safety and environmental consequences and to 

use as a decision tool for preventive maintenance planning. Fujiyama et al. 

(2004) proposed risk-based maintenance model for steam turbines of 

power station in order to provide a rational basis for life cycle maintenance 

planning by taking the Weibull Distribution Model into consideration. 

Krishnasamy et al. (2005) identified the critical equipment using risk 

assessment along with the Weibull and Exponential approach to develop 

cost-effective maintenance policies of critical equipment by reducing the 

overall risk of the power plant. Khan et al. (2008) presented a risk-based 

methodology to estimate optimal inspection and maintenance intervals 

using Exponential Distribution and Availability Modelling to minimize failure 

risk and enhance the overall availability of the system.  
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Ghosh and Roy (2009) proposed methodology for optimising the 

maintenance intervals using maximising the reliability function based on 

cost and benefit ratio. Hadavi (2009) proposed a heuristic single function 

model for incorporating costs, risks and losses due to plant shutdown for 

the maintenance. Keshavarz et al. (2011) proposed a risk-based shutdown 

management of maintenance for liquefied natural gas equipment pieces 

using active and stand by redundancy to achieve an optimized TAM 

strategy. However, these works have failed in the selection of critical pieces 

of equipment to create characterization of TAM interval for the plant, which 

was considered a key issue in the optimisation of the TAM interval. Rusin 

and Wojaczek (2012) took the risk into account and presented optimizing 

maintenance intervals of power machine. Hammed, et al. (2014) proposed 

a risk-based methodology of a continuous processing plant to estimate 

shutdown inspection and maintenance interval by considering system 

availability using the Markov model. Hameed and Khan (2014) also 

proposed Weibull model to contribute in the estimating probability of failure 

to determine the risk-based shutdown interval for static equipment. 

Aljaroudi el at. (2015) presented a methodology for risk-based assessment 

for probability of failure and consequences of failure to determine the level 

risk and critical failure for crude oil piping leakage and burst, where these 

consequences are related to the financial losses that are included as 

production losses and environmental damage using probabilistic model. 

Amaran et al. (2015) proposed a mixed-integer linear programming model 

of TAM planning in long-term for integrated chemical sites. In this model, 

consideration is given to resource constraints, seasonal and financial 
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impact. The model also included manpower limitation constraints to keep 

peak manpower low. The model assumed that the fixed TAM frequency 

period is known. Amaran et al. (2016) developed this model of TAM 

planning in a medium-term for integrated chemical sites under duration 

uncertainties which are related to manpower allocation using a stochastic 

programming approach. Rajagopalan et al. (2017) also proposed a 

systematic approach via a multistage stochastic programming model that 

developed TAM reschedule risk analysis. Ratnayake and Antosz (2017) 

suggested an empirical model based on RBM approach along with fuzzy 

inferencing process to classify and identify optimal machineries for a 

manufacturing process by taking personal safety, time to failure elimination, 

availability of a machinery into account.  

According to American Petroleum Institute (API) Recommended Practice 

581 (2008) provided an inspection program using risk-based methods for 

pressurized fixed equipment, including pressure vessels, piping, tankage, 

pressure relief devices, heat exchangers, rotating machines (Hameed and 

Khan, 2014). API Recommended Practice 580 (2009) provided guidance to 

companies, operators and designers regarding pressure-containing 

equipment, pressure vessels, process piping, storage tanks, rotating 

equipment, boilers and heaters, heat exchangers and pressure-relief 

devices. 

Khan and Haddara (2003); Khan and Haddara (2004); Krishnasamy et al. 

(2005); Ghosh and Roy (2009); Keshavarz, et al. (2011); Hammed, et al. 

(2014) discussed methods to estimate the optimal maintenance and 
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inspection interval of based on the static pieces of equipment with taking 

the importance of cost, risk, availability and reliability into consideration.  

However, critical rotating pieces of equipment and the optimisation of TAM 

duration were not covered in these studies.  

Lenahan (2006) and Elfeituri and Elemnifi (2007) both discussed widely 

detailed requirements for optimisation of TAM in term of removing NEs and 

applying RBI approach, but without taking reliability into consideration. Most 

of the previous studies such as Lenahan (1999), Brown (2004), Duffua and 

Daya (2004) and Levitt (2004) and Hadidi and Khater (2015) all covered the 

planning and execution aspects of shutdown from management perspective 

and have not addressed the important question regarding duration and 

intervals of TAM  to improve plant reliability and availability.  

Sikos and Klemes (2010) proposed a new methodology associated with 

reliability modelling and optimisation in terms of the design of heat 

exchanger network using commercial software tools. However, heat 

exchangers pieces were inspected and maintained prior to a total shutdown 

based on the routine maintenance in this studies. 

With regard to Risk- Based Failure (RBF), most equipment and systems in 

the gas plants performed their functions safely and more reliably to meet 

the production requirements, even though,  these equipment are usually 

prone to unexpected failures due to continuous operation. Also, repeated 

failures may be due to poor maintenance, deferred maintenance 

scheduling, increasing loads on equipment or implemented maintenance 

without being pre-planned. Therefore, these failures should be analysed 
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properly to determine their root causes and implement TAM program in 

order to maintain and repair, and avoid frequent failure, especially 

equipment that cannot be maintained or repaired when the plant is 

operating. Failure is defined as an inability of item to carry out the required 

function (ISO 10303, 1994).  

According to RBF, Bloch et al. (2011), explained that according to failure 

history, the number of failures of fuel oil pump has seen 14 failures in ten 

years. Many authors (Bloch et al., 2011) also have mentioned that there are 

eighteen failures that occurred in compressor during the past 12 years. 

These events can be due to either poor corrective maintenance or not 

address properly. Therefore, in order to avoid frequent failures, there is the 

need for investigation into these repeated failures (Bloch and Geitner, 

2012). Ahmed et al. (2014) proposed a structured RBF assessment for 

pumps system to avoid repeated and potential failures and to enhance the 

safety and availability of plants.  

In order to identify critical failures of system or unit and paths, engineers 

developed Fault Tree Analysis (FTA) for improving the safety action of 

missile systems due to most accidents resulting from failures and defects in 

a system (Bloch and Geitner, 2012). These failures and defects may be 

caused by human errors, defects in manufacturing, poor material 

specification or the operating conditions that are due to environmental 

factors. Therefore, these effects can be a part of failure reason. According 

to Ahmad et al. (2015) Fault Tree Analysis is a tool that is based on analysis 

of a top-down failures to improve availability and reliability of the systems. 
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In 1961, Walson at Bell Laboratories, along with Mearns developed Air 

Force technique to evaluate the Minuteman Launch Control System using 

FTA. Dave Haasi (1963) also recognised a significant system safety 

analysis tool in 1963. Between 1964 and 1999, the first major use of FTA 

was applied by Boeing on the entire Minuteman system for evaluating 

safety. The first technical papers for FTA were discussed in the first System 

Safety Conference in 1965 (Sutton, 2015). In 1986, Boeing started with the 

design and evaluation of commercial aircraft using FTA. Between 1971 and 

1980, FTA adopted by the Nuclear Power Industry (NPI), enhanced codes 

and algorithms by power industry and recognised software codes that 

included PREP-Kitt, SETS, FTAP and COMCAN. Also, between 1981 and 

1910, FTA used the software in the safety community, adopted by the 

chemical industry and a large number of technical papers were became 

published, and evaluated and developed algorithm and codes on this 

subject. And then FTA continued to be used on many systems, and adopted 

by the Robotics and software industry between 1991 and 1999 (Ericson, 

1999; Sharma and Singh, 2015; Sutton, 2015).  

In order to minimise cut sets using deterministic methods, the 

PREPCOMBS program is one of the first computer codes using 

deterministic methods that is developed by Vesely and Narum in 1970. The 

deterministic algorithm that is depended on the fact that OR & AND gates 

is developed by Fussell and Vesely (1972). Fussell et al. (1974) developed 

MOCUS code that is used as a top-down algorithm and accepts OR & AND 

gates only using this algorithm. Pande et al. (1975) developed the MICSUP 

code that is used as a bottom-up algorithm. Wheeler et al. (1977) developed 
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an algorithm that is based on bit manipulation techniques that proved the 

effectiveness of such techniques, especially in the computer storage media. 

Therefore, all the above techniques can be used to define minimal cut sets 

that are only valid when fault trees which are only included AND & OR gates 

(coherent fault trees). 

Since 1961, in order to compute the overall reliability of a wide set of 

complex systems that are included electrical systems, chemical systems, 

nuclear reactor safety systems  and systems analysis of decision making, 

Fault tree was used and  a significant amount of time and effort in 

constructing, evaluating and applying was used (Kara-Zaitri, 1996). 

FTA started with undesired events of engine failure, and then determined 

its causes using a systematic process. A fault tree is constructed as a logical 

explanation of the events for determining these causes. FTA applied in 

safety, risk and reliability analysis that has begun with top event to a basic 

event, and then investigated the end effects. FTA provided critical 

information that can be used to prioritize the undesired event and vividly 

determined the failure causes that are dominated on the system. Such 

system could be an existing system or a system that is being designed, and 

these causes should be taken into account for any risk or reliability activity. 

Applying FTA for an existing system is to identify weaknesses, evaluate, 

monitor the potential failure, predict behaviour, and diagnose causes and 

probable corrective measures for an observed failure of equipment 

(Stamatelatos and Vesely, 2002). 

During the literature review, a different applications of FTA was observed. 

Lee et al. (1985) reviewed the literature associated with classification, 
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construction and evaluation of qualitative and quantitative fault tree 

analysis. Baig et al. (2013) also reviewed the general procedure for FTA 

and its application in different areas of risk assessment. Fussell et al, (1974) 

applied MOCUS algorithm in a FTA for the top-down oriented algorithm that 

is designed for acceptance ‘AND’ and ‘OR’ gates. Kumamoto and Henley 

(1978) developed a top-down algorithm to obtain prime sets of non-

coherent fault trees. Limnios and Zaini (1986) stated that MOCUS algorithm 

is efficient for cut set reduction of a fault tree.  

Kara-Zaitri (1996) presented a new algorithm (FTABMT) to determine 

MCS's of complex fault trees. This algorithm developed by bit manipulation 

techniques and validated by direct application to a complex fault tree was 

taken from the literature. Yuhuaa and Datao (2004) used qualitative FTA for 

analysis of failure of oil and gas transmission pipelines and with 

combination of fuzzy approach to achieve failure probability. Baig and Ruzli 

(2014) also presented estimation of the probability of failure for CO2 

transporting piping and analysed causes of failure due to corrosion using 

FTA with integrating Fuzzy logic approach to help in producing the 

unavailable data.  

Khan et al. (2001) described a methodology for risk-based process safety 

assessment for several equipment associated with Offshore Oil and Gas 

platform such as the drum, separator, drier and compressor using fault tree 

hazard assessment analysis (FTA). Khan and Haddara (2003) also 

presented a new methodology for risk-based maintenance for Heating, 

Ventilation and Air-Conditioning (HVAC) systems using fault tree approach 

analysis integrating with Weibull model. However, Khan focused on fault 
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tree quantitative analysis in terms of safety and accident perspective. Khan 

and Haddara (2004) presented risk-based maintenance methodology that 

is based on a risk assessment strategy integration with Exponential model. 

It was used to determine an optimum maintenance scheduling using fault 

tree analysis along with component failure and human reliability data to 

determine the probability of failure. Krishnasamy et al. (2005) also 

developed a risk-based maintenance strategy for a power-generating plant 

using fault tree quantitative analysis to determine the top event resulting 

from the basic and the intermediate events. Khan et al. (2008) presented a 

new methodology for risk-based availability analysis to estimate optimal 

inspection and maintenance intervals for steam generating system of an oil 

fired thermal power plant. In this proposed methodology, FTA technique is 

used to maximise a system’s availability.  

Morello et al. (2004) proposed and applied FTA for gearboxes in various 

vehicles systems to use reliability of models for components which can 

caused or generate failures. Gietelink et al. (2009) recommended that FTA, 

failure mode effect and criticality analysis be applied for the requirements 

and specification of a product design. Limin (2010) used fault tree analysis 

in the identification of reasons of oil tank fire and explosion, and established 

a FT included a top event and 25 basic events to improve the safety and 

reliability of the system, and then obtained seven MPSs through analysis. 

Li et al. (2010) used the Minimal Cut Sets (MCSs) by top-down method on 

diesel engine system downtime failures with combining fuzzy grey fault tree 

model to solve the probability of failure modes and calculate fuzzy relational 

degree of all failure modes to identify weaknesses of the system. Kumar 
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and Yadav (2012) evaluated reliability of a system using fuzzy fault tree 

analysis (FTA). Sharma and Sharma (2015) presented the application of 

hybrid FTA along with FMEA for analysis of the risk and reliability of a 

complex mechatronic system for both qualitative and quantitative approach. 

In addition, attention should be given on application of fuzzy rule to analyse 

failure causes of different components of a mechatronic system. Kiran et al. 

(2016) proposed a model to improve availability of a cement plant and 

evaluate reliability and risk of failure in maintenance planning using FTA 

that achieved an increase in availability of 12.3%. 

As a result of the gaps in  the previous studies in the optimisation of TAM 

scheduling associated with duration and interval of TAM, this will lead us to 

give close attention to this topic that have failed to attract TAM maintenance 

as a topic worthy of research enquiry. From the review of previous studies, 

it was found that there is a need to identify scientific gap which can 

contribute in the optimization of TAM scheduling and enhance the TAM 

performance of gas plants.  

With regard for optimising TAM scheduling, an individual equipment was 

highlighted in the improvement of TAM interval in most previous studies, 

without taking the importance of the series or parallel configuration into 

account. The TAM duration was improved from management and business 

perspective in most previous studies, related to an increase of human 

resources, development of contracts, skill development of TAM crew, 

quality maintenance management, culture and conflict resolution during 

TAM activities, without taking the residual life of critical pieces of equipment 

and operating conditions of plants into consideration. 
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In regard to the TAM model, a variety of applications were used to optimise 

TAM scheduling in most previous studies. However, all stages considered 

in this study were not covered in most previous studies and CEs of the gas 

plants were also not covered in most previous studies. 

 Some previous studies highlighted stages II and IV of ECs without 

taking stage I and III into account. However, most both shape (β) and 

scale (η) parameters were randomly estimated outside operating 

conditions of gas plants.  

 Some previous studies focused on stage III of redundant rotating 

equipment from PdM and CM perspective, and without taking other 

stages into consideration.      

2.12    Conclusions 

Many oil and gas companies have suffered losses in the production and 

immensity in the cost of TAM inspection and maintenance that often overrun 

target budgets due to TAM scheduling which has randomly estimated 

without any real strategy related to operation and maintenance activities.   

This chapter has covered the first objective of the research related to a 

literature review of some previous studies on the basic concepts of 

maintenance and outlined classification of maintenance which has divided 

into three categories, CM, PM, and PdM. This chapter has highlighted the 

important type of maintenance namely TAM, which has employed in the gas 

plants. The chapter also has focused on the optimisation of TAM 

scheduling. Finally, this chapter has also explained four stages associated 

with the RNCE, RBI, RBF, and FDs approaches, which will be integrated in 
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the TAM model to contribute in the optimisation of TAM scheduling based 

on the selected critical equipment. Further details of the TAM model are 

discussed in Chapter 3.     

This summary presents the review that has been conducted and highlighted 

cases which have not been covered in the literature in order to address. 

This section presents the key words that were discovered during the 

literature review as follows:  

 There were some cases of deterioration that required an entire 

shutdown to carry out TAM event, which relied on many factors such 

as operational and environmental conditions. 

 Many types of maintenance were not able to overcome all failures, 

which justified the widespread adoption of TAM in real application of 

maintenance to extend life span and avoid early aging of the plant. 

 Optimisation of TAM scheduling for gas plants has recently achieved 

considerable attention to decrease duration and increase 

effectiveness of TAM. 

 Most studies have conducted on rotating equipment to optimise its 

maintenance interval were from point of view of both PM and CM. 

 A few studies focused on the optimisation of interval of TAM based 

on an individual static equipment of processing plants, without taking 

the residual life of critical equipment into account and nor a taking 

the duration of TAM into consideration. 

 Most studies that highlighted optimisation of TAM duration were from 

management and business perspective, such as TAM leading, team 

alignment, an increase of human resources, development of contract 
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management, skill improvement of TAM team, safety and 

environment, conflict resolution and culture.  

 There was not an integrated model included both critical rotating and 

static equipment pieces of gas plant in order to contribute in the 

optimisation of TAM scheduling.  

 Some studies were played an important role in TAM scheduling. 

Furthermore, the chapter has highlighted some critical techniques 

and application that could be reason in the construction of the TAM 

model based on (Dyke, 2004); (Krishnasamy et al., 2005), (Lenhan, 

2006); (Elfeituri and Elemnifi, 2007); (Halib et al. 2010); (Sahoo, 

2013); (Ahmed et al. 2014); (Hameed and Khan, 2014); (Gan and 

Xu, 2015); (Hameed et al., 2016); (Vishnu and Regikumar, 2016).     
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CHAPTER 3 

DEVELOPING TAM MODEL FOR GAS PLANTS 

3.1 Introduction 

Many oil and gas companies have adopted different strategies to maintain 

their plants and facilities in order to enable them to continue the 

manufacturing process and increase their productivity according to 

reliability, availability and safety factor of plants. TAM is one such strategy, 

which is considered the largest maintenance activities for most gas, refinery 

and petrochemical plants in terms of time and cost. These plants are 

exposed to the high risk during the operational period of plants due to many 

reasons such as overpressures, fluctuated temperatures, wear, corrosion, 

and gas leakage resulting from the poor operation, aging, or operating 

conditions. Thus, it is necessary to take all precautions associated with 

CSEs and CREs into account to ensure that the plant will perform its 

function during a fixed time and under a stated operational conditions. An 

overview of RBI, RBF and FDs concepts and theories should be presented 

according to operating conditions of gas plants to avoid safety, financial and 

environmental consequences. Therefore, this chapter intends to present the 

second, third and fourth objectives of the research, which describes each 

stage of the proposed model based on three systematic steps: the 

designing of the TAM model stages for gas plants, the converting of model 

stages into a framework, and then the developing of TAM model to integrate 

these stages with each other to become an applicable tool in any an 

industrial environment operates continuously. 
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3.2 The Designing of TAM Model Stages 

The first step of a proposed mathematical model is the designing which 

represents the knowledge base of the TAM model, followed by the 

preparation step which covers both CSEs and CREs as seen in Figure 3.1. 

In the designing of TAM model, the information will be used to find the set 

of techniques based on literatures and fields of experience in oil and gas 

industries to optimise TAM scheduling for gas plants. In order to optimise 

TAM scheduling, it is necessary to consider RNCE, RBI, RBF and FDs. This 

step should be precisely considered to integrate the TAM model of oil and 

gas plants and convert this model into a systematic framework. Accordingly, 

at the next step, the conceptual framework of TAM model will be presented 

a continuous process to ensure the construction of each stage. 
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3.3 The Conceptual Framework of TAM model 

The second step is a conceptual framework of TAM model related to the 

construction of TAM model which can be implemented in gas plants. 

Essentially, this research focuses on proposing a generic framework for 

TAM model because there is no current solid framework addressed issues 

of optimising TAM scheduling in gas plants. These four stages (RNCE, RBI, 

RBF, and FDs) were designed to implement in any a processing plant. This 

step can ascertain whether the plant can proceed further with the TAM 

model implementation or if it will be in need of major developments. This 

framework is broken down into four stages: 

3.3.1    Stage I. Removing NEs from TAM to Proactive Maintenance  

This stage contains precise description of each static and rotating 

equipment for removing non-critical static and rotating equipment that can 

be inspected and maintained without the need to total shutdown of the plant, 

from SoW of TAM to combine as part of proactive maintenance plan in order 

to decrease duration and increase interval of TAM. This stage can include 

the following steps to develop part of the TAM model, as shown in Figure 

3.2. 

a) The first process started with identifying and separating static (SE) 

and rotating equipment (RE) as shown in Table 3.1.  

   Table 3. 1. Types of evaluated equipment in the gas plant 

Static Equipment (SE) Rotating Equipment (RE) 

Code Item Code Item 

PL-4-36" Pipelines PM-701   Pumps / Motor (V & H) 
D-701 Drums GT-202   Gas Turbines 

T-701 Columns CT-202   Compressors / Turbine 

SG-401 Boilers PT-202   Pump / Steam Turbine 
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E-501 Heat 
Exchanger 

CM-101   Compressors  / Motors 

V-203 C & S Valves    

GF-410 Gas Flares    

TK-1501 Storage tanks     

 

b) Classify SE into Critical Static Equipment (CSE) and Non-critical 

Static Equipment (NSE), also categorize RE into Critical Rotating 

Equipment (CRE) and Non-critical Rotating Equipment (NRE) 

according to the Equation (3.1) used in Figure 3.2, which is 

considered a tool used to evaluate effects of equipment on the 

functional performance of a plant and classify these pieces of 

equipment in order to identify maintenance prioritization (Afefy, 2010; 

Butdee and Kullawong, 2015; Vishnu and Regikumar, 2016).  

        𝐂𝐄 (𝐂𝐫𝐢𝐭𝐢𝐜𝐚𝐥 𝐄𝐪𝐮𝐢𝐩𝐦𝐞𝐧𝐭) =
  [𝐖𝐂 .  𝐋𝐢 +𝐖𝐀 .  𝐋𝐢+𝐖𝐏 .  𝐋𝐢 + 𝐖𝐒 .  𝐋𝐢]  

𝟑
      (3.1) 

Where, WC, WA, WP and WS (15%, 25%, 30% and 30%) are weights 

assigned to the factors affected for each equipment, which shall be 

identified by the senior operation and maintenance management of 

the gas plant based on the production, safety, cost, and availability.  

                              ∑ Wi = WC+WA+ WP + WS = 100% 

In addition, three levels (Li) are used to determinate the score of 

variables C, A, P, and S. These three levels are: (3) Very important, 

(2) Important, and (1) Normal (a minimum effect on all these 

parameters due to failures). 

c) Use code (ID of equipment) according to records and documents 

authorized by company specification. These codes are referred to the 

type, design of equipment and the area the equipment belongs, so as to 

facilitate identifying target equipment.  



Chapter.3: Conceptual Framework of TAM Scheduling--------------------------------------------------------------------------------------------------------

---------- 

 

Page | 72 

  

d) Remove non-critical equipment from TAM to proactive maintenance 

plan. 

Figure 3.2 shows Stage I that contains a precise description of each static 

and rotating equipment for removing non-critical static and rotating 

equipment that include the following:  

 Equipment pieces that can be maintained and inspected without the 

need to shut down the plant, and  

 Standby redundancy equipment pieces.  

Identifying and removing these pieces of equipment from SoW of TAM to 

combine as part of routine maintenance plan for decreasing duration and 

increasing interval of TAM. In order to achieve this, the following also needs 

to be considered: advice from static maintenance team, rotating 

maintenance team and operation team, failures and maintenance records 

and layout of the plant. Finally, some redundant rotating equipment pieces 

such as turbines and compressors require long time period for their 

maintenance, a major maintenance team and maintenance activities. 

Therefore, some of these equipment need to be included into SoW for 

inspection and maintenance during the TAM duration.  
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Categorise Equipment  
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Figure 3. 2. Conceptual framework for developing stage I of TAM model (Elwerfalli 

et al., 2018)   

 

Consequently, these CSEs are moved to Stage II to apply RBI approach 

and to highlight AHP, and risk assessment. CREs are moved to Stage III to 

apply RBF approach and translate the failure behaviour of complex system 

into a structured logic diagram using FTA.  

3.3.2    Stage II:  Risk-Based Inspection (RBI) 

Internationally, RBI is the developing trend for equipment inspection 

(American Petroleum Institute, 2000). RBI is a crucial approach in the 
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decision-making process that plays an important role in the optimization of 

maintenance (Ahmed et al., 2015). The main objective of RBI is to utilize 

the limited technique in dealing with failures risks that have the really 

significant impact on pieces of equipment. In many practical cases, 20% of 

equipment risk may dominate no less than 80% of plant exposures for risks 

(Chang et al., 2005).  

Three techniques are implemented during stage II: i) RBI is to identify critical 

failures for CSEs, ii) AHP is to select common failure for each equipment, 

which represents meaningful risks in the short term, and then iii) RA is to 

determine critical pieces of equipment that represent really meaningful risks 

on the production, operating assets and environment based on probability 

of common failure and consequences of common failure to consider in the 

stage III as shown in Figure 3.3.  

Those pieces of equipment that posed the highest risks should be taken 

into account due to major consequences on human, structures of plant, 

environment and financial effects. With regard to equipment pieces that 

exhibit the lowest risks must be dropped from TAM activities to the next 

TAM of a plant.  

In order to reduce exposed risk to a company, each unit requires analyses 

in view of corrosion rate, pressure factor and fluctuated temperatures to 

determine equipment that have the highest risks and the largest effects on 

the operational performance of plant. Therefore, the proposed RBI 

approach is to determine estimated risk and compare against risk criteria to 

select the highest static equipment risk according to consequences of risk 

resulting from common failures due to corrosion rate, the fluctuated 
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pressures and temperatures which include several effects in terms of 

safety, financial, economic and environment effects.  

This cycle is continued for each equipment that represents the highest risk 

until the whole plant is analysed. The result of qualitative risk assessment 

is identified for the equipment which has the highest risks and the largest 

consequences for the company and its environment. 

The Analytic Hierarchy Process (AHP) is a method used to identify the 

common failure for each equipment through pairwise comparisons which 

relies on the judgments of operation and maintenance experts to select 

priority scales. In addition, risk assessment matrix (5x5) that consists of two 

categories of the probability of failure (PoF) and consequences of failure 

(CoF) as shown in Figure 3.8. It is proposed to rank and assess the risk of 

critical static equipment, which cannot be maintained or inspected if the 

plant is operating. This type of equipment includes several pieces of static 

equipment such as vessels, heat exchangers safety valves and piping, 

which can be arranged as series, parallel or both series and parallel 

configurations.   
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Figure 3. 3. Conceptual framework for developing stage II of TAM model (Elwerfalli 

et al., 2018) 

 

3.3.3    Stage III:  Risk-Based Failure (RBF)  

This Stage III deals with critical component for rotating pieces of equipment 
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machines. Based on Fault Tree Analysis (FTA) technique can determine 

causal relationships of critical failures for each equipment.  

These relationships can lead to specified system failure mode which 

determines critical components and paths of each rotating equipment or 

critical component which has the considerable risks on the operational 

performance and reliability of a plant and added it to TAM list. Therefore, 

this stage have three parts as follows:        

a) Preliminary Data  

This part is the most important in RBF approach for identifying an equipment 

that can have a high effect on the plant performance. This stage also covers 

the collection of preliminary failure data by failure record in each equipment 

and interviews with the maintenance and operation team to identify 

undesirable events and sub-event to describe how the system components 

are interacting with each other and provide the foundation that can 

contribute in moving forward to construct a fault tree.  

b) Fault-tree construction 

Fault tree construction may be complicated and needs time, especially gas 

equipment that consist of several components/sub-events. The fault tree 

construction commences from the top (high level) event and thereafter in a 

descending order until the bottom (low level) basic events are covered, as 

shown in Figure 3.11. Each of these events are connected by gates with 

identified failure logic until a complete fault tree is constructed.   

c) Qualitative Fault Tree Analysis  

This part is dependent on the information that is collected by constructing 

the fault tree. The purpose of fault tree qualitative analysis is to determine 
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minimal cut sets using MOCUS algorithm and Boolean algebra, which are 

the key aspect to identify critical component failure and its path for each 

equipment that can cause an unexpected shutdown, lost production and 

revenue, and other losses to the system.  
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Figure 3. 4. Conceptual framework for developing stage III of TAM model 

(Elwerfalli et al., 2018)  

 

3.3.4    Stage IV:  Failure Distributions (FDs) 

Stage IV is dealt with outcome of Stage II and III associated with CSEs and 

CREs that posed the highest risk to the plant. Based on shape (β) and scale 
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determine the optimum duration and interval of TAM of the gas plant using 

Minitab and SPSS software according to Time to Failure (TTF)  resulting 

from inspection and maintenance records.   

Stage IV

CSE and CRE resulting from 

Stage II & III

CSE and CRE resulting from 

Stage II & III

  - Failure data collection 

  - Chronologically ordered TTF s 

      

Data collection associated with 

inspection and maintenance time 

of CSE and CRE.

      

Parameter evaluation β , η 
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Figure 3. 5. Conceptual framework for developing stage IV of TAM model 

(Elwerfalli et al., 2018)   
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another even if the same running equipment due to operating, process and 

geographical conditions. Based on these parameters can determine an 

interval of TAM for each equipment, and then select the optimum interval, 

which represents the lowest interval of TAM resulting from estimation of 

Failure Mode according to the reliability function and the hazard rate for 

each equipment extracted from Stage II and III. In addition, estimated risk 

for each an equipment must be taken consideration to compare with the 

tolerable risk at 500$/h in order to determine the TAM interval of the gas 

plant.   

The PERT technique is also implemented during Stage IV to identify 

duration of TAM based on CSEs and CREs resulting from the Stage II and 

III. PERT approach can be identified by Beta distribution which is 

considered more effectiveness than triangle, uniform distribution because 

the assumptions based on Beta distribution are associated with three-point 

estimates. These three distinct points (To, Tm and TP) estimated according 

to previous reports of TAMs and interviews with senior management and 

experts of inspection (M&I), operation and maintenance (MAG) to 

determine the expected duration of TAM of each an equipment. The BERT 

chart plays an important role in the selection of an optimum TAM duration, 

which depends on the longest time period to execute TAM event.  

Finally, probability of completing TAM duration during a certain time can be 

determined based on PERT time E(T) and the PERT variance V(T).  

Consequently, the essential elements that govern the success of this 

framework of TAM model are:  
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1) The estimated criteria in the stage I and the risk matrix in the stage II 

must identify according to appropriately experienced experts in the 

inspection, operations and maintenance.  

2) Failures record of each equipment must be available, especially rotating 

equipment.  

3) RBI and RBF must reflect the real status of plant. 

4) An acceptable risk must be credible and designed in the short term 

according to a safety rules.  

5) Most importantly, safety culture must be taken into account.  

6) Shape and scale parameters must be accurately determined.   

3.4 Development of the TAM Model 

This chapter also highlights a development of TAM model that elaborates 

on four stages of TAM model as shown in Figure 3.1. A development of 

TAM model was based on a literature review, extensive review with oil and 

gas experts in the SOC, API standards, publications and feedback to 

become the easy and effective model for the user.  

3.4.1    Removing NCEs from TAM List to Proactive Maintenance Plan 

This stage is based on the field study as a practical part in the site. This 

stage needs to interview the maintenance, operation, inspection and 

process team (managers, consultants and engineers) of the gas plant and 

review of failures, inspections and repairs recorders, and TAM reports as 

illustrated in Figure 3.6 to discuss and provide advices to identify, separate 

and remove these pieces of equipment and classify within non-critical 

equipment that are not required TAM program.  
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                       Figure 3. 6. Removing NCEs flowchart. 

 

3.4.2    Risk-Based Inspection (RBI) 

RBI usually serves industries that require high safety to avoid the high risk 

during operational periods, especially oil and gas sectors due to high 

pressure, fluctuated temperatures and corrosion in piping, vessels, 

reactors, heat exchangers and tanks (Jovanovic, 2003). In TAM, the major 

challenge is to implement RBI approach to determine pieces of equipment 

which can be a cause in a rise of risk, with integrating reliability approach to 

determine the reliability and failure rate of a plant and reduce the total 

operation costs and an environmental damage. Therefore, most of 

processing plants are focusing on RBI techniques due to complex 

processes that required a higher availability and reliability (Khan and 

Abbasi, 1998; Kumar, 1998).  

Application of RBI activities aim to identify critical failures of CSEs 

(Bertolinia et al., 2009). Thus, RBI is used different inspection methods for 

heat exchangers, drums, pipelines and columns failures due to different 
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geography conditions and operating conditions which can be produced 

fouling and various corrosion types (Zhaoyang et al., 2011). For example, 

Non-Destructive Examination (NDE) inspection is one of an essential 

requirements for carrying out drums and pipelines inspection. RBI also aims 

to meet the financial, reliability and regulatory needs for the industrial plants 

by improving the system performance and availability, also to extend the 

lifecycle of equipment or plant using inspection and testing in the long-term, 

and to prioritise failures sources that can cause risks to plants. This 

inspection starts with zones that have a higher priority in terms of (API 580, 

2009): 

a) Risk level of the process units, 

b) Economic impact of the process units, 

c) Consequences of failure of the process units, 

d) Scheduled turnaround, 

e) Reliability of the process units, 

Selecting RBI assessment is based on a variety of factors, such as: 

a) Identify the zone of assessment (a plant, system, equipment or 

component), 

b) Availability of data,  

c) Availability of resource, 

d) Previous risks evaluation and 

e) Time constraints. 

RBI approach is being applied to determine the high-risk equipment for 

reducing the risk of consequences in operational process resulting from 

fluctuated pressure, temperatures and corrosion rate. Risk can be defined 
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as an expected loss or damage that may cause undesired consequences. 

Hazard relates to the source of loss or damage, while risk is the likelihood 

of the occurrence of the loss or damage (Abbasi and Venilla, 1994; Arunraj 

and Maiti, 2007). Therefore, RBI includes two steps: (i) Risk Assessment 

and (ii) Compare estimated risk (Re) against risk criteria (Rc). 

3.4.2.1    Risk Assessment (RA)  

Since industrial disasters leads to a deteriorating economy and financial 

sector for most organisations, many companies are starting to adopt 

measures in order to reduce their expenses by taking into consideration 

sources of risk and safety of industrial plant. This results in the increased 

application of the risk assessment approach in engineering fields, as a 

means of proposing the safety procedures that should be in proper place to 

minimise or eliminate probable risks.  

Gas plants consist of a huge number of units and complex equipment that 

run under hard operating conditions. These pieces of equipment can tend 

to deteriorate due to obsolescence caused by pressure, fatigue, wear or 

corrosion. If the risk is very high, it will result in unscheduled shutdown, and 

then lead to losses in the production, increasing environmental pollution and 

higher costs. Consequently, risk assessment is necessary to identify critical 

static equipment that can have the highest risk to add this equipment in 

SoW of TAM. TAM is a biggest event in the life cycle of a plant as it 

constitutes lot of risks. Thus, there should be special criteria to identify a 

measure to avoid the risks (Obiajunwa, 2012).  

Risk assessment is very crucial step in decision making which is associated 

with static equipment determining likelihood and consequences of failure. 
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RA aims to estimate probability of failure and their consequences, which 

can be qualitative or quantitative (Arendt, 1990). Qualitative risk 

assessment can be applied when risks are well known. Quantitative risk 

assessment is applied both practicably and reasonably; practicable is 

dependent on the availability of data, and reasonably can be applied when 

the cost of doing it is not high compared with the cost of the failure. RA is 

done using the probability of failure and its consequences. The results of 

likelihood and consequences of failure are represented in the form of risk 

matrix (5x5) as shown in Figure 3.8 (Arunraj and Maiti, 2007; Carter et al., 

2003). 

According to API 580 (2009), RBI can be performed as quantitative or 

qualitative risk approach as shown in Table 3.2 to determine consequences 

in the event of an equipment failure and the probability of failure which may 

happen. The RBI procedure can be used qualitatively or quantitatively. 

Each approach has a specific methodology to detect risk, identify areas that 

are a potential concern, and prioritize for zone which is located in a higher 

risk. Each risk ranking should be measured for evaluating separately using 

PoF and CoF. These two parameters are then combined to estimate risk of 

failure of a system (API 580, 2009; Dey and Gupta, 2001).  

Table 3. 2. Quantifying Risk level (API 580, 2009) 

Qualitative Quantitative Chance 

Highly Probable        (5) Pt ≥ 0.95 95% 

Probable                   (4) 0.40 ≤ Pt < 0.75 75% 

Possible                    (3) 0.20< Pt ≤ 0.40 40% 

Unlikely                     (2) 0.05 < Pt ≤ 0.20 20% 

Very Unlikely             (1) Pt ≤ 0.05 05% 
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3.4.2.2    Risk Matrix 

Risk matrix is one of the tools that is proposed in this study to be used to 

contribute in the analysis and selection of static equipment that have the 

highest risk. It is a qualitative or quantitative risk assessment tool which can 

be used to identify consequences of failure and probability of occurrence of 

the failure. It is used to show risk level that can be negligible. The qualitative 

approach assesses each system equipment using a 5 x 5 risk matrix. The 

Probability of Failure is the likelihood of the occurrence of an event that 

results in realising the risk, which is determined by the summation of six 

weighted factors: 

 Number of equipment,  

 Damage mechanism,  

 Usefulness of inspection,  

 Current equipment condition,  

 Nature of operating process, and  

 Design of safety mechanisms.  

The Consequence of Failure (CoF) if the risk occur results in the adverse 

consequences of the losses (Manuj, 2008). Therefore, risk is the expected 

outcome of an uncertain event. Uncertain events are unreliable events 

because they may lead to major consequences such as toxicity and 

explosion. 

The general quantitative approach establishes the details of the plant, the 

equipment and other pertinent information. Risk is then calculated as the 

product for each probability and consequence of failure scenario, the risk of 

system being the total of all the scenario risks.  
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According to API 581 (2000) and API 580 (2009), the risk of system can be 

defined as following: 

              Estimated Risk = (Probability of failure ) X (Consequence of failure) 

              Estimated Risk  = PoFs x CoFs                               (3.2) 

              RiskE = Σ Risks 

Where:    

            PoFs: Probability of Failure scenario.  

            CoFs: Consequence of Failure scenario. 

S: Failure scenarios (fouling, corrosion, vibration, insulation damage, etc.)   

 Defining Probability of Failure 

In this stage, these expected failures associated with static equipment 

pieces during operation periods and resulting from pressure factor and 

temperature factor should be recognised as the most important risk factors.  

These factors are considered the main causes in the probability of failure 

for the static equipment pieces (vessels, heat exchangers and piping) which 

may lead to drastic consequences such as excessive financial losses, 

losses of production and environmental threat. Moreover, these factors can 

lead to a partial or a total shutdown of a plant.  

It is necessary to estimate exposure time and failure frequency for each 

static equipment to identify probability of the failure occurrence resulting 

from corrosion, fluctuating pressure and temperatures. Risk assessment of 

static equipment degradation mechanisms should be taken into 

consideration to avoid their growth rate due to changing pressures and 

fluctuating temperatures. The assessment of risk should be comprehensive 

to identify the risk level and mitigate or avoid it. Thodi et al. (2013) assessed 
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that risks to determine the optimum replacement of components in the 

offshore plant based on using the probability of failure and consequences 

of failure of pipelines using risk-based approach. Aljaroudi et al. (2015) also 

presented risk assessment to predict the failure and consequences of 

offshore crude oil pipelines using an integrated risk-based approach. 

Inspection techniques are differed in their effectiveness in terms of locating 

and sizing damage, and in order to determine this damage, the inspection 

technique should be evaluated to determine the effectiveness of an 

inspection. The effectiveness of an inspection program can be limited by 

API 581 (2008): 

a) Lack of an area subject to damage,  

b) There are limitations for some inspection techniques to detect and 

identify special deterioration kinds,   

c) Selection of unsuitable inspection technique, 

d) Selection of inappropriate tools, 

e) Applying techniques by unqualified personnel, and 

f) Inappropriate inspection procedures. 

In order to determine inspection effectiveness, the following should be taken 

into consideration: 

a) Type of equipment or component, 

b) Identify damage(s),  

c) Apply an appropriate NDT technique to address deteriorations and   

d) Accessibility to expected damage areas. 

According to API 581 (2008), failure in RBI in terms of pressure loss 

resulting in leakage to the atmosphere or damaged to a pressurised item, 

http://www.sciencedirect.com/science/article/pii/S0950423015300115
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which is due to accumulation of the damage in a pressurised item during in-

service operation leads to increasing the risk.  

In this stage, inspection plan effectiveness in the failure identification should 

be defined according to risk level for each equipment by considering 

operational condition. The probability of failure can be ranked through risk 

matrix as follows: 

Highly Probable, Probable, Possible, Unlikely, and Very Unlikely. 

 Defining Consequence of failure  

In this stage, consequence of failure is identified according to the tragic 

damages caused to failures of equipment. These consequences can be 

determined in terms of the following: 

 Explosion or fire effects on buildings and plant, 

 The toxic material effects on human resulting from corrosion. 

 Effect on the production, 

 Threat of environment and  

 Unplanned shutdown can lead to lost production.  

Consequently, the category of a qualitative approach can be ranked through 

risk matrix as follows; Very low, Low, Moderate, High, and Very high. It is 

typically assigned for each unit, system, grouping or equipment item. Risk 

matrix uses to control risks, which can identify and estimate their probability 

of occurrence, and impact on economic, social and financial aspects in the 

short and long term.  The risks are based and ranked on these information 

to avoid effect of this risks on operational conditions. Therefore, in order to 

design risk matrix, PoF and CoF should be taken into account for each 

equipment (Zhaoyang et al., 2011).  
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Risk assessment methods are based on the likelihood and consequences 

of failure resulting from degradation mechanisms (khan et al., 2006; Thodi 

et al., 2013; Aljaroudi et al., 2015). The consequence of failure can be 

estimated as the cost of failure, which comprises the cost of maintenance, 

environmental damage, and financial losses associated with production.  

The risk assessment depends on the risk information and data related to 

effects of corrosion, high pressures, and fluctuating temperatures on the 

operating asset, production losses and environmental issues which can be 

determined according to previous inspection data related to failure data, 

design specification data, operational experience data, Process fluid 

specification (process engineers), inspection recommendations. 

Therefore, Figure 3.7 shows how are classification of CSEs of a gas plant, 

expectation of failures for each equipment and their distribution on risk 

matrix to identify equipment that can cause the highest risk and dangerous 

consequences associated with the company economy and human factor 

due to the corrosion, fluctuated temperatures and high pressures that can 

be used as a basis for the analysis of likelihood of failures and 

consequences of failures. For example, heat exchangers (H.E) can be 

subdivided into many kinds (H1, H2, H3… Hn). Common causes of failures 

of heat exchangers included fouling, leakage, corrosion and misalignment 

which have the highest risk by the risk matrix as shown in Figure 3.8. After 

that, new code for each equipment based on the results of the risk 

assessment can determined. The inspection technique differs from one 

equipment to another due to operational conditions. Consequently, 

inspection technique can be developed based on the inspection 
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requirement during the risk assessment to obtain reliable results in order to 

implement RBI. Reviewing the results in the risk matrix is an effective track 

to distribute the risks for each equipment in a process plant without 

numerical values. 

 
                           Figure 3. 7. Classification of CSE for risk assessment 

 

The Figure 3.8 shows the risk matrix and the risk ranking of CSEs in the 

gas plants. The likelihood and consequences of failure arrange according 

to risk levels that classified gradually from Very low, Low, Moderate, High, 

and Very high. Pieces of equipment classify towards the upper right-hand 

corner of the risk matrix have higher priority for inspection planning and 

have the highest risk. Similarly, pieces of equipment situate toward the 

lower left hand corner of the risk matrix have the lower priority and have the 

lowest risk (API 581, 2008). 
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                                                Figure 3. 8. Risk Matrix  

 

3.4.2.3    Compare Estimated Risk (Re) against Risk Criteria (Rc) 

Achievement of  the proposed RBI approach is to determine estimated risk 

and compare against risk criteria (according to specification of the Original 

Equipment Manufacturer’s) in order to select a higher static equipment risk 

associated with consequences of risk resulting from failures due to 

corrosion rate, pressure factor and fluctuating temperatures. These include 

several effects in terms of the healthy, financial, and environment effects.  

This cycle is continued for each equipment until the whole plant is analysed. 

The result of qualitative risk assessment is identified for the equipment 

which have the highest risks and the largest consequences on the plant and 

its environment. 

3.4.2.4    Risk Methodology  

The RBI methodology is designed to reveal the failures, determine the 

consequences associated with those failures, and develop a maintenance 

strategy that can contribute greatly to reducing occurrence of the high-risk 

failure. The main aim of RBI methodology is to reduce risk that may cause 

unexpected consequences due to failures of operating facilities (Arunraj 
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and Maiti, 2007). The RBI methodology have five parts as shown in Figure 

3.3. 

 Collect information and analyse hazard in terms of pressure, 

fluctuated   temperatures and corrosion. 

Hazard analysis is done to determine the failure scenario resulting from 

pressure and corrosion. This scenario can be developed based on the 

operational conditions and safety of systems of plant. 

 Probability assessment.  

It is an undesired failure probability which can occur during a given period 

of time. 

 Consequence assessment.  

It aims to determine consequences of failure that can lead to losses of 

production, operating asset and environmental damage. 

 Estimated risk (ER) 

It is the estimated operational risk of a plant (Riskplant), which increase with 

an operation time of plant. Muhlbauer (2004) stated that risk associated with 

any a processing plant is usually expressed as the following mathematical 

equation (API 581, 2008):  

               Estimated Riskplant (ER) = F(t)plant x ∑CoF($)                          (3.3) 

A failure due to fouling, leakage and corrosion in the static equipment pieces 

during an operational process may result in the release of a large amount 

of hydrocarbons, especially if a gas processing plant operates under 

extreme pressure and fluctuated temperatures. This can lead to a 

catastrophically failed and release hydrocarbons, this may form cloud of 

vapours interact with other gases resulting from other plants and lead to an 
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explosion due to the presence of an ignition source, also effects of thermal 

radiation, overpressure and temperatures on surrounding human factor. 

The consequences of these failures are not only limited to environment 

issues but may also cause considerable mechanical damage of the 

equipment pieces to nearby operating assets, this item is usually a very 

expensive. Profit margin of company would also be damaged due to 

production losses resulting from plant shutdown. Therefore, the 

consequences of these failures can be converted in the economic 

consequences ($) based on three factors: Production Losses (PL), 

Operating Assets Damage (OAD) and Environment Issues (EI). 

In order to estimate risk plant should be taken tolerable risk into 

consideration to compare with the estimating risk according to Equation 

(3.3) that subjects to the following constraint:  

Estimated Risk (ER) ≤ Tolerable Risk (TR) 

 Tolerable  risk (TR)  

It is the level of acceptance with mitigation that starts with pre-shutdown of 

plant facilities to execute TAM event. In general, tolerable risk varies from 

a company to another due to operating conditions and economic aspects. 

Based on the economic aspects, each processing company has its own 

tolerable risk criteria can be used in the estimation of TAM scheduling 

associated with RBI (API 581, 2008).  

A tolerable risk criterion for SOC is assumed to be equal or lower than 

500$/h. Any criterion is higher than this, the risk is considered an 

unacceptable as shown in Figure 3.9. A comparison of an operational risk 
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of plant to a tolerable risk also contribute in the determination the optimum 

interval of TAM. 
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                           Figure 3. 9. Tolerable risk of SOC plants 

 

3.4.3    Risk-Based Failure (RBF) 

Risk-Based Failure analysis in this study identifies the critical components 

of the rotating pieces of equipment, which occur repeatedly and impact the 

functional plant. Therefore, these failures resulting from the rotating 

equipment and those that have high risk on the production performance and 

can be eliminated or reduced by effective TAM. Most undesirable failures 

that adversely impact the reliability and availability of a facility. To avoid 

such events, focus should be on failures of the CREs as shown in Table 

3.1, which results in unwanted consequences.  

Risk resulting from failures of the rotary machines can greatly be reduced 

by avoiding frequent and likely failures. Failures of complex equipment such 

as turbines or compressors have considerable consequences. The RBF 

approach is aimed at assessing failures based on the consequences of a 

failure (Ahmad et al., 2014), which can caused an unexpected shutdown of 

plant, increasing maintenance costs and lost production due to many 

causes such as defects in design, process, or parts that can be the 
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underlying cause of a failure as shown in Figure 3.10.   These failure causes 

are described as follow:  

 Design Failure occurs due to inadequate specification and improper 

implementation. For example, most common failures in gas turbines 

due to design are occurred in the rotor blades and motor resulting 

from the severe operation conditions in the short-term. 

 Weakness Failure occurs due to inherent or induced weakness in 

the system resulting from excessive stresses. 

 Manufacturing Failure occurs due to non-conformity the design 

conditions with operating conditions during manufacturing process. 

For example, internal cavitation in the piping caused by fluctuating 

temperatures and pressures. 

 Aging Failure occurs due to the expected failures resulting from 

obsolescence. For example, some drums may be required 

replacement every 25 years due to the life span. 

 Misuse Failure occurs due to misuse of the system resulting from 

human error of the operation team. For example, failures in the 

reactor trays due to error in the feed process.  

 Mishandling Failure occurs due to poor maintenance resulting from 

human error of the maintenance team. For example, maintenance 

team is not taken an opportunistic maintenance into account when 

conducted repair, replacement renewal, installation or development 

activities. 
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Figure 3. 10. Classification of failure cause (modified from Rausand and 
Hoyland, 2004) 

 

Failures usually occur caused by quality of product, operating conditions 

and human error. These failures can be divided into several categories 

(Rausand and Hoyland, 2004; Blischke, and Murthy, 2011; Sutton, 2015); 

primary failure, secondary failure and command fault. Primary failures occur 

within the design envelope when the item fails due to natural causes 

(natural aging). Secondary failures occur when failure of an item outside the 

design envelope due to excessive stresses resulting from causes of other 

parts and environmental factors. Command failures occur when an item is 

in non-operating states due to improper control signals. This type of failures 

has not required corrective action to address them Rausand and Hoyland 

(2004). These failures can be classified according to different failure modes 

(Blischke and Murthy, 2011) as shown in Figure 3.11.   
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Intermittent failures are failures which last only during the short term. 

Extended failures are failures which continue until demonstrated corrective 

maintenance tasks to correct them. These failures can be divided into two 

types of failures:   

 Partial failures that are resulted from loss of function a part. 

 Complete failures that are referred to total loss of function. 

      Each one of these types can be broken down into two categories of 

failures:- 

 Sudden failures that occur without any symptom or warning. 

 Gradual failures that occur with symptom or signal such as vibration 

in rotary machines.   

In the industrial plants, there are several techniques used in the analysis of 

failures, such as Fishbone Diagram, Fault Tree Analysis (FTA), and Failure 

Modes and Effects Analysis (FMEA) and Failure Mode, Effects and 

Criticality Analysis (FMECA). Failures behaviour of the processing plants 

have changed due to the system reliability for rotating pieces of equipment 

in particular. Thus, FTA is an appropriate technique for enhancing system 

reliability of the rotating equipment and monitoring failures caused by 

vibration, bearing, oil and motor. FTA of rotating equipment and their 

consequences to the operational performance of plant will be highlighted. 

This technique has demonstrated the capability to find root causes with 

differing degrees of accuracy and application because of their unique 

characteristics and application constraints (Ahmad et al., 2014).  



Chapter.3: Conceptual Framework of TAM Scheduling--------------------------------------------------------------------------------------------------------

---------- 

 

Page | 99 

  

3.4.3.1    Fault Tree Analysis (FTA)  

Fault Tree Analysis (FTA) is a tool that aims to provide an effective 

mechanism,   evaluate and control risks, determine root causes, and identify 

critical component and paths. The FTA is used to solve a wide variety of 

problems associated with safety and management issues. Also, this tool 

takes probability and reliability theory into account to prevent risks and 

failures by means of qualitative and quantitative methods to identify the area 

that can be unsafe in a system operation. Thus, FTA has become a well-

recognised tool for 39 years for many corporations to apply on steady basis 

of safety and reliability. The fault tree can provides a diagrammatic 

description of the way in which a system can fail in a specific mode. It can 

be executed quickly to provide unique insights about how the system fail, 

and what can be done to avoid or reduce the risk associated with a system 

(Ericson, 1999).   

The essential concept of FTA translates the failure behaviour of complex 

system into a structured logic diagram (called a fault tree) to identify specific 

causes which can lead to undesired event (called the top event), and a logic 

model which provides a mechanism to assess risk either qualitatively or 

quantitatively to provide useful information on the causes of the undesired 

top event or significant information on the probability of the top event 

respectively. Thereby, FTA is depended on Boolean algebra, probability 

and reliability theory to define undesired events and describe fault paths of 

events (Ericson, 1999; Bedford and Cooke 2001; Quadri et al., 2014; 

Sharma and Singh, 2015). Fault tree analysis is divided into four main steps: 
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system definition, FT construction and evaluation (Lee, et al., 1985; Kara-

Zaitri, 1996). 

A fault tree can be constructed by a group of experienced analysts who 

should be fully familiar with the system issues. When the system is huge 

and complex, it will produce fault tree which contain a large number of 

repeated basic events. The qualitative evaluation of a fault tree includes: 

 Determine MCSs, 

 Analyse MCS's which can be susceptible to a single common cause 

or common mode of failure, 

 Determine qualitative importance measures of components that 

relied on their contributions for system failure. 

3.4.3.1.1    Theoretical Considerations and Symbols  

A fault tree is a binary event either success or failure.  A fault tree is 

composed of a set of entities that known as “gates” and that are constructed 

as a logical explanation of the events in order to permit or prevent the 

passage of fault logic up the tree. Where FT is consisted of several symbols 

that are referred to the type of events and relationships which are involved. 

 Gates 

FTA consists of several standard logic symbols to connect events 

pathways. These symbols can combine in two types to express failure logic 

of events:            

 AND Gate means that the output event is generated only if all of the 

input events exist simultaneously. It can be referred to a series 

configuration (a multiply signal).   
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 OR Gate means that the output event is generated if only one at least 

of the input events exists. It is referred to a parallel configuration (a 

positive signal). 

 Events  

The events in fault tree are connected with each other by OR & AND gates 

to describe Minimum Cut Set (MCS) and Minimum Path Set (MPS) of failure 

paths. These events consist of three events: Top Events (TE), Intermediate 

Events (IE) and Basic Events (BE). A Fault tree is built up by linking gates 

and basic events together based on their causal relationship.                         

3.4.3.1.2    Developing Top Down of a Fault Tree 

Developing fault tree allows the identification of failure causes and the 

connection between components. Fault tree is fashioned and configured to 

determine the critical components of rotary machines that can have the 

strongest effects on reliability of the operation of the system. Thereby, a 

fault tree starts by identifying the undesirable top event, then defining what 

intermediate events, and how all the events can connect with each other to 

construct fault tree on the proper base. Stages of a developing fault tree 

can be categorised into several steps as shown in Figure 3.12 (Quadri et 

al., 2014; Sutton, 2015). 

TE

Define the Top 

Event

Start

FT

Build the Fault 

Tree

CS

Identify the Cut 

Sets

RS

Eliminate Repeat 

Sets

RE

Eliminate Repeat 

Event in a Set

Re

Eliminate 

Redundant Event 

End

 

    Figure 3. 12. The Process for Developing a FT (adapted from Sutton, 2015) 
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These steps can be described in Stage III using some rotary machines that 

have the most effect on the reliable and secure a system such as turbine 

and compressor.    

3.4.3.1.3    Minimal Cut Sets (MCS) and Minimal Path Sets (MPS) 

A cut set of a fault tree is a set of basic events that causes occur at the top 

event. A cut set is a minimal cut set when any basic event is removed from 

this set, the remaining events are no longer a cut set. A path set of a fault 

tree is a set of basic events which causes do not occur. A path set can be 

a minimal path set when any basic event is removed from the set, the 

remaining events collectively are no longer a path set (Kececioghu, 2002). 

A MCS is defined as the smallest combination of component failures that 

can be caused by the occurrence of the top event. Similarly, a MCS can be 

defined as the smallest set of system components that should function 

successfully to work the system successfully. The determination of MCS is 

depended on the structure of the fault tree and not based on probabilities of 

events (Kara-Zaitri, 1996). 

3.4.3.1.4    Fault Tree Qualitative Analysis 

To carry out qualitative analysis minimal cut sets and minimal path sets 

should be determined. A cut set can be defined as a set of basic events 

whose results occurrence occur in an undesired event. Minimal cut sets can 

be identified by several methods to evaluate risk, identify root causes, and 

determine critical components/elements and describe fault paths. These 

methods are included the following (Kececioghu, 2002): 
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 Boolean algebra,  

 MICSUP algorithms (Bottom up reduction algorithm),  

 MOCUS algorithms (Top down reduction algorithm).  

There are some basic steps associated with fault tree qualitative analysis 

as shown in Figure 3.13. 

 

 

 

 

 

 

 

                              Figure 3. 13. Flow chart of qualitative FTA 

 

3.4.3.1.4.1    Boolean Algebra 

Boolean algebra use basic mathematical rules to express fault tree. The 

logical structure of a fault tree can be expressed using Boolean algebraic 

equations to reduce equations composed of variables that are commonly 

used to describe the operation process. Simply, the symbol ‘A+B’ is referred 

to the logical OR operator and the symbol ‘A.B’ is referred to the logical 

AND operator (Kumamoto and Henley, 2000). 

 Identities                      A. A = A  

                                      A + A = A 

Distributive Laws       A (B+C) = AB + AC 

                                      A + BC = (A+B) (A+C)                              (3.4)     
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3.4.3.1.4.2    MOCUS Algorithm  

The MOCUS algorithm is a tool used to determine the minimal sets which 

begins with the upper gate to lower gates of the fault tree to determine MCS 

or MPS. It generates MCS of a fault tree that consist of ‘AND, OR’ gates. 

This algorithm relies on ‘OR’ or ‘AND’ gates that increase the number of CS 

or increase the size of a CS respectively. The MOCUS algorithm (Fussell 

et al., 1974; Kececioghu, 2002) can explained by following: 

1.  Identify number of each BE. 

2.  Identify the upper gate in the first row and column of a matrix. 

3.  Change one of the fundamental permutations based on order ‘OR’ and 

‘AND’ gates. 

a) Replace AND gates in a horizontal direction of the inputs to increase 

size of CSs. 

b) Replace OR gates in a vertical direction of the inputs to increase 

number of CS's. 

4.  When gates are replaced by BE's, MCS can be identified by removing 

Super Cut Set (SCS) and Duplicate Cut Set (DUPCS) as shown in Figure 

3.14 

 

         Figure 3. 14. Structure of Fault Tree (Based on Kececioglu, 2002) 
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3.4.4   Reliability Concepts   

Reliability has played an important role in reducing frequency of failures for 

all industrial plants, especially which work continuously such as oil and gas, 

petrochemical, refinery and power station companies. Application of 

reliability aims to achieve safety functions, reputation and competitiveness 

and reduce cost of maintenance, which is considered an indispensable tool 

for maintenance requirements. The reliability of a system is based on 

precisely defined concepts. Thus, the basic definitions of reliability should 

be depended on probability theory according to specified design conditions. 

(Lewis) 1987; Kuo and Zuo (2003); Wang and Pham (2006); Kumar (2008) 

defined reliability as a probability that the system will operate satisfactorily 

during a certain time period under stated conditions. Ramakumar (2000); 

Carazas and de Souza (2009); Human (2012); Kapurk and Pecht (2014) 

stated that reliability is a probability that an item will perform its intended 

functions without fault or failure during a specific time period. 

3.4.4.1    Measuring Reliability 

In order to identify the behaviour of the system, statistical techniques that 

are include data collection, processing, and analysing a variable data due 

to stochastic processes and random phenomena such should be 

considered. Therefore, statistical techniques have become widely used to 

obtain an expected value to avoid negative consequences that can occur in 

the short and long term.  This allows to identify reliability of the system by 

failure time (T). The time (T) is considered as a random variable. The 

probability of times to failure can be described by different functions as 

follow: 
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3.4.4.1.1    The Cumulative Distribution Function (CDF) 

The Cumulative Density Function CDF can be described the probability that 

a specific component fails before the time t:  

                                            𝐹(𝑡) = 𝑃(𝑇 ≤ 𝑡)                          (3.5) 

Survival Function / Reliability Function R(t) can be expressed during the 

intended period of time between 0 and t as (Wang and Pham, 2006; 

Tsarouhas, 2012):   

           𝑅(𝑡) = 𝑃(𝑇 > 𝑡) =  ∫ 𝑓(𝑡). 𝑑𝑡                            (3.6) 
∞

𝑡
                                                    

Where     f(t) is the failure mode (FM) 

Also,      If F(t) is the unreliability of the system, then 

                   𝑅(𝑡) + 𝐹(𝑡) = 1                                                                 (3.7)                                                                          

Thus, reliability of failure F(t) is the probability that a failure occurs before 

time (t)  

𝐹(𝑡) = 1 − 𝑅(𝑡) = 𝑃(𝑇 < 𝑡) = ∫ 𝑓(𝑡). 𝑑𝑡
𝑡

−∞

               (3.8)  

F(t) is the cumulative distribution function of the failure distribution (cdf) 

   
            Figure 3. 15. Reliability and unreliability function (Tsarouhas, 2012) 
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3.4.4.1.2    Hazard Rate h(t) 

The hazard rate or hazard function is useful for describing the impact of 

failures on the population as a function. The hazard rate is an instantaneous 

failure rate that can be defined as a conditional probability of failure of a 

system during the time interval from (t) to (t+dt). The hazard rate can be 

written as follows (O’Connor and Kleyner, 2012):                         

                          ℎ(𝑡) =  
1

R(t)
 . 𝑓(𝑡)                                                                         (3.9) 

The Cumulative Hazard Function H(t) is given by 

                 𝐻(𝑡) = ∫ ℎ(𝑡). 𝑑𝑡 =  ∫
f(t)

1−F(t)

𝑡

−∞

𝑡

−∞
𝑑𝑡                                      (3.10) 

Table 3. 3. Lifetime distribution characteristics (O’Connor and Kleyner, 2012) 

Function F(t) R(t) FM h(t) 

F(t) - 1-R(t) ∫ f(x). dx
t

0

 1−e− ∫ h(t).dx 
t

0  

R(t) 1-F(t) - ∫ f(x). dx
∞

t

 e− ∫ h(t).dx 
t

0  

MF 
d

dt
F(t) 

− d

dt
R(t) - h(t). e− ∫ h(t).dx 

t
0  

h(t) 
dF(t)/dt

1 − F(t)
 

MF

∫ f(x). dx
∞

t

 - 
d

dt
 lnR(t) - 

 

3.4.4.2    Bathtub Curve 

When measuring reliability of item, types of failures should be distinguished. 

These failures can occur in the equipment due to defect in design or a fault 

in operating or a poor storage. There are other reasons that can be a 

contributory factor to produce these failures, especially during the running 

of plant. Thus, the failure patterns of the system can be divided into three 

steps: I, II and III as shown in Figure 3.16.  
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I. Early Failure Stage 

This stage is also called debugging stage, which often occur early in the 

life of an equipment during the research and development stage due to 

the manufacturing defects, assembly faults or poor quality control. The 

failure rate is high, then decreases moderately over time. There are 

some of the early failures which occur in equipment such as high 

vibration, low efficiency, and lack of body of materials, fluctuated 

temperature and gas leak (Roosta, 1979; Al-Sharbaty, 1999; Tsarouhas, 

2012).  

II. Useful life Stage 

This is the middle stage of the bath-tub curve, which called a random 

failure. It occur due to unexpected failure and characterise by a constant 

failure rate. This phase is usually given the significant considerations 

during design phase and is the most important period to evaluate 

equipment activities, especially electronics equipment using the 

exponential distribution. 

III. Wear-out Stage 

This is the final phase for life cycle of equipment where the failure rate 

gradually increases with the time due to the obsolescence or the lack of 

maintenance as depicted in the Figure 3.16. During this period, pieces 

of equipment start to wear out, which is considered an indicator for 

declining of the functional performance of these pieces of equipment. 

Therefore, TAM activities should be conducted to prolong life cycle of 

equipment and to improve availability of a plant.  
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3.4.4.3    Probability Distributions  

Application of failure distributions have gained importance for all 

specializations of engineering due to multiplicity of its usefulness in 

optimization, modelling, testing and analysis of data, acceptance of 

samples, maintenance, safety, analysis failures, cost, design, and its 

effectiveness in the detection, prevention of faults and failures in 

manufacturing, operational and maintenance (Ramakumar, 2000). The 

probabilistic continuous distributions is considered commonly used in 

maintenance activities to identify the reliability of a system that includes the 

following distributions (Al-Sharbaty, 1999; O’Connor and Kleyner, 2012):   

 The Normal Distribution,  

 The Exponential Distribution,  

 The Weibull Distribution. 

There are many different probabilistic models used in reliability assessment, 

which describe behaviour of failures. For example, if failure rate decreases 

as depicted in Stage I or increases as shown in Stage III, Weibull or Normal 

Distribution should be used. Exponential Distribution can be applied for the 

constant failure rate as depicted in Stage II. However, Weibull Distribution 

                   Figure 3. 16. The bathtub curve Time 
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has become a widely technique used at any of the three stages. 

Consequently, in this chapter, Weibull distributions model to reliability 

methodology as the best fit for data gathering will be examined, based on 

shape and scale parameters (Doty, 1989; Al-Sharbaty, 1999). 

3.4.4.3.1    The Exponential Distribution  

The Exponential distribution is used to model the behaviour of systems, 

which has a constant failure rate such as electronic components (e.g. 

resistors and transistors). It has been considered a special case of the 

Weibull distribution when shape parameter β=1 as shown in the second 

step of Figure 3.16. The constant hazard rate function h(t), f(t), R(t), MTTF,  

and σ2 can be expressed as (O’Connor and Kleyner, 2012): 

                                         ℎ(𝑡) = 𝜆                                               (3.11)      

Where λ = constant rate. The failure mode (FM) is given by equation:  

                                𝑓(t) = h(t). e− ∫ h(x).dx
t

0                                    

                            𝑜𝑟                    𝑓(t) = λ. e−λt        t > 0                  (3.12)  

The Cumulative Distribution Function (cdf) can be expressed as 

                                                  F(t) =  ∫ λ. e−λxt

0
dx = 1 −  e−λt          (3.13)  

 The reliability function R(t) becomes  

                                                 R(t) =  e−λt                                     (3.14)             

The MTTF and the variance of the failure times can be expressed by λ 

Mean Time To Failure = MTTF =  ∫  R(t). 𝑑𝑡 =
∞

0

 
1

λ
                    (3.15) 

                                             𝜎2 =  
1

𝜆2
                                     (3.16) 
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3.4.4.3.2    The Weibull Distribution 

In 1937, Weibull identified a formula of the Weibull distribution when 

considering a failure rate for the welds. It is now, the Weibull distribution 

and has become one of the most commonly used techniques to identify 

failure patterns of equipment life or its components. Also, it has been used 

extensively in the oil industries to optimise maintenance tasks and 

determine maintenance strategy. The essence of Weibull’s work was to 

discover the Bathtub Curve of Figure 3.16 using mathematical formula that 

can simulate the behaviour of a set of other statistical distributions by 

changing its parameters, which include shape parameter, scale parameter 

(life characteristic) and start location. 

Weibull distribution helps in making probabilistic safe intervals of operation 

process and contributes in determining the optimum TAM intervals and set 

maintenance and inspection intervals to reduce the cost of spares, minimise 

downtime for maximum reliability and decrease operational loads and 

stresses. Consequently, the Weibull distribution requires an entire and 

precise failure data over time of stable practices, especially in complex 

components or equipment such as mechanical seal, coupling, and gearbox 

fails. Hazard rate can be expressed by (O’Connor and Kleyner, 2012):  

                  h(t) =
β

η
. (

t

η
)

β−1

    𝛽, 𝜂 > 0 and t ≥ 0                           (3.17)                     

Where β is the shape parameter and 𝞰 is the scale parameter. 

General expression of the failure mode: 
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FM =      
β

η
. (

t

η
)

β−1

. e
− (

t
η

)
β

             for    t ≥ 0              (3.18) 
  

 

The Weibull distribution represents an appropriate model for a failure law 

whenever the system is composed of a number of components and failure 

is primarily due to the most severe flaw among a large number of flaws in 

the system. 

The Weibull shape parameter is known as the Weibull slope. The different 

shape parameter values can have effects on the behaviour of the 

distribution. Therefore, there are some values of the shape parameter which 

will be the reason to change the distribution equations. For example, when 

β = 1 and 𝞰 = 1, the failure mode (FM) of Weibull will reduce to Exponential 

distribution. The shape parameter is a pure indicator. 

Figure 3.17 demonstrates the effect of different values of the shape 

parameter, while keeping scale parameter 𝞰 constant. The shape of the pdf 

can take on a variety of forms according to the selected value of the shape 

parameter β.   
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                Figure 3. 17. The Weibull MF for different the shape parameter 
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The probability of failure F(t) and reliability functions R(t) of the Weibull 

distribution are given below (O’Connor and Kleyner. 2012) 

                              F(t) = 1 −   𝐞
− (

t

η
)

β

                                               (3.19)     

          The corresponding reliability function is  

                            R(t) = 𝐞
− (

t

η
)

β

                     t > zero                   (3.20) 

3.4.5    Reliability Block Diagrams (RBD) 

Before any reliability analysis, the operational systems of the various 

components that comprised the system should be identified. The reliability 

of a system cannot be analysed or even improved unless there is a perfect 

information about function of each component and operating system. 

Understanding RBD is an integral part of this information that is presented 

as a tool to convert complex system to simple system in order to facilitate 

failures analysis of the system. RBD is described as the path of operating 

process that is situated between the input and output nodes. Consequently, 

it is always connected together as a set of activities that take several 

different forms, these forms may be series, redundant or series - redundant 

configuration:  

 Series Configuration 

Component

1

Component

2

Component

3

Component

n
 

                                    Figure 3. 18. Series block diagram  

 

                         R𝑠(t) = ∏ R𝑖(t)

n

i=1

                                                      (3.21) 

                                 Rs(t) = R1(t). R2(t). R3(t)…….. Rn(t) 
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                             Rs(t) = 𝐞
−[ (

t

η1
)

β1
+(

t

η2
)

β2
+(

t

η3
)

β3
………(

t

ηn
)

βn
]
           (3.22)  
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             (a)                                                                              (b)  

                      Figure 3. 19. RBD (a) Active (b) Standby Redundancy  

 

   𝑅𝑠(𝑡) = 1 −  ∏ 𝐹𝑖(𝑡)

𝑛

𝑖=1

                                                      (3.23) 

Rs(t) = R1(t)+ R2(t)+ R3(t) - R1(t). R2(t) - R1(t). R3(t) - R2(t).R3(t) + R1(t). R2(t). R3(t) 

 Series - Standby Redundancy System 

     R𝑠(t) = ∏ R𝑖(t)

n=2

i=1

 . [1 −  ∏ 𝐹𝑖(𝑡)]                       (3.24)    
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                    Figure 3. 20. RBD for both series and redundant functions  
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       Rs(t) = R1(t). R2 (t). [R3 (t) + R4 (t) - R3 (t). R4 (t)] 

      Rs(t) = R1(t). R2 (t). R3 (t) + R1 (t). R2 (t). R4 (t) - R1 (t). R2 (t). R3 (t).R4 (t) 

      Rs(t) =  𝐞
−[ (

t

η1
)

β1
+(

t

η2
)

β2
+(

t

η3
)

β3
]

+ 𝐞
−[ (

t

η1
)

β1
+(

t

η2
)

β2
+(

t

η4
)

β4
]
      (3.25) 

3.4.6    Availability (A) 

Availability is one of the important widely indictors used in performance 

rates evaluation of any industrial plant, which includes two percentages 

either to be ready for operating system or repairing system after occurrence 

of a failure. For example, availability is 95 means the probability that 

equipment will be on line is 95% of the total operation time, and the 

probability that the equipment will be under the repair is by 5%. Availability 

usually reflects design of the system and influence maintenance on 

operating rhythm (Van Houtte et al., 2011).    

Consequently, availability of a system can be defined as the probability that 

the system will be successful at any time (t), which includes operation time, 

repairs time and logistic time (Smith, 1993). Murty and Naikan (1995); De 

Castro and Cavalca (2006) stated that availability is the probability that the 

equipment or plant is in operating condition at a certain time.  

Availability is an indicator to measure a repairable system. Therefore, the 

mean time between failures is an important indicator for repairable system. 

This means that the system failed and then has been repaired.  

                 Repairable system at availability A(t) ≥ Reliability R(t)   

                 Non-repairable system at availability A(t) = Reliability R(t)   
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Non-repairable system is system that is not designed to operate 

continuously, such as standby system. Availability has become the most 

important indicator which is used for evaluation of the efficiency of any 

process, especially equipment that are repairable. According to Ebeling 

(2001), availability can be improved by decreasing downtime of the system 

as shown in Figure 3.21 by addressing reliability and maintainability. It can 

be expressed mathematically as: 

           Availability (A) =
System up time 

System up time + System down time 
                  (3.26) 

 

Between 

failures

Up time Down time 

TAM.1  TAM.2  

ON

OFF

 
                            Figure 3. 21. System down and up time 

Reliability and maintainability are usually related to availability, and is given 

by the following Equations (Silva, 2008; Ahmed, et al. 2014). 

                                      A =  
MTBF

MTBF +  MTTR 
                                       (3.27) 

The repair rate (µ) is given by       

                      µ =
1

MTTR
                                                             (3.28)     

The failure rate (λ) is given by                   

                             λ =
1

MTTF
                                                                (3.29) 

Then, by combining Equations (3.26), (3.27) and (3.28), one obtains 

(3.29): 
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                             𝐴 =
µ

µ+λ  
                                                                (3.30)  

MTTF is an indicator of plant reliability and should be as long as possible. 

Increased MTTF can be achieved through increasing interval of TAM plan. 

MTTR should be as short as possible. MTTR can be reduced by way of 

decreasing duration of TAM and having the right contractor, with the right 

tools, with the right spares, in the right place at the right time. MTBF should 

be as short as possible and is an overall indicator of reliability and 

effectiveness / efficiency. 

3.5    Conclusions 

In order to produce an effective model contribute in the optimisation of TAM 

scheduling for gas plants, this chapter has described the theoretical and 

practical steps representing strategic stages of the TAM model. It starts by 

designing a TAM model. The next step is done by converting these stages 

into a conceptual framework of TAM model, and then TAM model has been 

continuously developed (Elwerfalli et al., 2016), (Elwerfalli et al., 2018).  

This chapter has elaborated in detail the theoretical and practical aspects 

in each stage of the framework and the essentiality of having the four-stages 

with evidence from the literature review. 

 The first stage includes a precise description to identify CEs and 

remove NEs from TAM list based on four constraints: effect of cost, 

availability, production and safety on the plant. In addition, there are 

three levels for each constraint.  

 The second stage includes three techniques: RBI, AHP and AR. The 

RBI technique is to identify critical failures in each category of critical 
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static equipment, AHP technique determines the common failure in 

each category of critical static equipment, and AR technique 

determines critical static equipment that represent the highest risk on 

the production losses, operating assets, and environment which 

include issues which are based on Probability of the common Failure 

(PoF) and Consequences of common Failure (CoF) in each 

equipment.   

 The third stage includes two techniques: RBF technique which 

identifies critical failures in each critical rotating equipment, and 

analyse these failures in order to identify critical components for 

those pieces of equipment based on FTA technique.  

 The fourth stage includes the application of failure probability and 

reliability function for each critical pieces of equipment extracted from 

Stage II and III to determine optimum interval of TAM. In addition, 

PERT technique is to determine optimum duration of TAM.    

This chapter also has highlighted AHP and FTA. The AHP approach has 

been discussed with a focus on the weightage of categories based on 

pairwise comparison. The FTA approach also has been discussed with a 

focus on the critical failure components for each equipment. Thereby, the 

second, third and fourth objectives of this research have been achieved and 

well documented in this chapter. 

The following chapters 4, 5, 6, and 7 will present an application of the TAM 

model in the optimisation of TAM scheduling in the gas plant.   
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CHAPTER 4 

REMOVING NON-CRITICAL EQUIPMENT FROM TAM LIST 

TO PROACTIVE MAINTENANCE PLAN  

 

4.1 Introduction  

Evidence in the literature indicates that for many oil and gas companies, 

decreasing the duration of TAM activities is the main goal to achieve 

important benefits for company. These benefits include increasing 

productivity and operation time of equipment, reducing TAM cost, and 

improve financial performance of the plant.   

A key characteristic of equipment in gas industry is that there are pieces of 

equipment operated as a redundant standby (NEs), especially rotating 

equipment. These redundant equipment pieces such as pumps, boilers and 

air compressors can be removed from TAM list to inspect and maintain as 

part of proactive maintenance. Single pieces (have no effect on the 

operational performance of a plant) which can be inspected and maintained 

during the normal operation of plant are also removed from TAM list. 

However, critical pieces of equipment which cannot be inspected and 

maintained during the normal operation of the plant are identified in order 

to consider in the Stage II and III.  CEs and NEs are identified and removed, 

respectively, based on four constraints: cost, availability, production and 

safety. In addition, three main levels are estimated as a percentage of each 

constraint. Interview SOC experts and detecting layout of a plant are 

requirements of this stage to determine these constraints and levels. 
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Consequently, this chapter aims to achieve the fifth objective of the 

research associated with Stage I of TAM model.  

4.2 TAM Data Gathering 

Most of oil and gas industries are often exposed to the operational risks and 

repeated failures that can cause financial losses in terms of production 

losses and maintenance and inspection costs. These risks may result in an 

explosion due to the presence of an ignition source. These failures may also 

cause considerable damage to nearby operating assets, production and 

environment issues.  

In this study, data associated with the failures sequence and their 

consequences will be collected for each rotating and static equipment in the 

SOC gas plant in Libya as shown in Table 3.1. In addition, extensively 

conducting interviews with experts of the oil and gas plants. This data 

includes the following:  

 Risk and consequences of failures to the production losses, assets 

damage and environment issues to cover stage II,  

 Critical failures and their fault paths to cover stage III, and  

 Time to Repair (TTR), Time to Failure (TTF) and Time between 

Failures (TBF) to cover stage IV.  

Consequently, selecting the gas plant at SOC that consists of many 

processes as illustrated in Figure 4.1, which provides an overview of the 

overall envisaged process flow of the gas plant facilities to collect data 

associated with static and rotating equipment.  
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1. The data collection related to the risk of static equipment is to provide a 

specific information in order to assess risk possibility and consequences 

of failure which can effect on the functional performance of the gas plant. 

This requires the focus on the typical data of RBI approach associated 

with the following information:   

 Design and construction records, 

 Inspection and maintenance records, 

 Operating and process records, 

 TAM reports and meeting records, 

 Risk, safety systems and Losses prevention records, 

 Materials specification,  

 Process fluid compositions specification, 

 Equipment and components replacement costs and 

 Environmental remediation costs.  

2. The data collection associated with failures of rotating equipment can be 

obtained by the following:  

 Experiences of rotating maintenance team,     

 Failures records that include date, time, causes, consequences,  

 Inspection and maintenance records and  

 TAM reports and meeting records. 

3. The data generation associated with reliability approach for CSEs and 

CREs. 

The data generation requires the determination of initial values for TTR, 

TTF and TBF by failures records of each equipment to help in identifying 
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the failure parameters of each equipment and applying the probability 

distributions that depend on the failure nature for each equipment.       

4.3 SOC Gas Plant 

Gas plant in SOC is designed to process sour gas (H2S & CO2). The final 

products of the plant are Liquefied Natural Gas (LNG) that consists of 

methane (C1) and ethane component (C2), and Liquid Petroleum Gas (LPG) 

that is made from a mixture of 20 – 40 % of propane (C3), 60 – 80 % of 

butane component (C4) and the Naphtha product. The gas reaches the plant 

from the SOC fields that are located in the south of Libya by 36 inches 

pipeline. This gas is purified and liquefied by cooling to -163.3o C (-262o F), 

then it is transferred to the storage utilities at the same temperature to be 

ready for export. 

The plant capacity of LNG, LPG and Naphtha products is: 

LNG product: 120,000 barrels per day, 

LPG product: 7000 barrels per day and 

Naphtha product: 40,000 barrels per day. 

This process starts with setting a layout of plant as shown in Figure 4.1 in 

reference to the imposed risk on the facilities of a plant. In order to achieve 

this, operating units of the gas plant need to be divided into manageable 

equipment to identify critical equipment or components that exhibits a 

significant impact on the operability of the gas plant. Generally, a Liquefied 

Natural Gas plant (LNG) can be divided into five units: (1) Gas Liquid 

Recovery Unit (GLRU), (2) gas treatment, (3) gas drying, (4) fractionation, 

and (5) liquefaction.  
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                           Figure 4. 1. Layout of typical gas plants processing 

 

4.3.1    The Gas Liquid Recovery Unit (GLRU) 

The C1/C2 in the GLRU are stripped out, recovered and recycled to be used 

as a fuel of feed gas. The C3/C4 are recovered and condensed, treated and 

then sent as a spike to the fractionation part to dry, separate and blend in a 

correct ratio to produce LPG, and pump the heavy hydrocarbons C5 as 

naphtha product to storage tank-1501. 

4.3.2    Gas Treating Unit 

The treating process of feed gas is carried out to remove or reduce the acid 

gases that consist of 150 parts per million (ppm) of Carbon Dioxide (CO2) 

and 1.4 ppm of Hydrogen Sulphide (H2S) in order to achieve an acceptable 

level of gas liquefaction and allowable corrosion. As a result, the target of 
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the treating process can be summarized in the following points (SOC guide, 

2004):   

1. Reducing or removing CO2 to avoid a freeze of CO2 at low temperature 

in the cryogenic exchangers that can cause blockage and serious 

corrosion in the heat exchangers tubes. 

2.  Reducing or removing H2S that can be extremely toxic. 

The gas treating unit includes two identical trains, the south and the north 

train, each train is a separate section of the plant, operated on its own and 

independent of the other. Each of the two trains in the treating unit was 

designed to treat 277 MMSCF/D of the feed gas, reduce the acid gas from 

2.8% to 150 ppm CO2 and 1.5% to 1.4 ppm H2S. 

4.3.3    Gas Drying Unit 

The treated feed gas that leaves in the caustic treater tower (T-404) at a 

temperature of 120°F and 560 psig is very rich with free water, entrained 

water and heavy hydrocarbons. Thus, this feed gas that contains these 

compositions cannot be sent to the cryogenic exchangers for liquefaction at 

a temperature of –262°F due to these compositions, which would freeze out 

in the tubes of the cryogenic exchangers and result in their blockage and 

corrosion problems. Consequently, the duty of the drying section is to 

separate the heavy hydrocarbons from the feed gas and reduce water 

content in the feed gas and gas condensate to achieve the required 

specification of production. 

The treated feed gas that leaves in the caustic treater tower (T-404) at a 

temperature of 120°F and 560 psig is very rich with free water, entrained 

water and heavy hydrocarbons. This process is done by four sections: 
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1. Partial condensation and separation of feed gas / liquid through salt 

water cooler E-407A/B and feed gas separator D-412/462,  

2. Vapour drying section, 

3. Liquid drying section, and 

4. Driers regeneration section.  

4.3.4    Cryogenic Column (C&C) 

C & C of Gas plant consists of three key parts; Liquefaction, Shipping and 

Regasification (Keshavarz et al., 2012). Liquefaction is considered the most 

important unit in the gas plant that includes mixed refrigerant, which is 

considered the main part of the liquefaction process with the aim to reduce 

the temperature of the feed gas to 110o K.   

4.3.5    Fractionation Unit  

Fractionation process based on the boiling points of hydrocarbons in the 

natural gas liquids stream to recover the light hydrocarbons from gas 

condensate in order to use as Multi-Component Refrigerant (MCR) and 

produce Pressurized Liquid Petroleum Gas (PLPG), and remove the heavy 

hydrocarbons from the feed gas to contribute in low temperature 

liquefaction to produce LNG.  

4.4    Removing NEs from TAM List to Proactive Maintenance 

Based on production and safety constrains used in the SOC gas plant can 

identify, classify, and remove NSEs and NREs from TAM list. However, cost 

and availability were added to these constrains to become four constrains: 

cost, availability, production, and a safety effect (CAPS) as shown in Figure 

3.2. These constraints have been identified to build constraints that may be 
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consistent with operating conditions of the gas plant and ensure removing 

all NEs that can be maintained during normal operation of the plant. Critical 

Equipment (EC) is a tool used to identify CEs that have potential to 

significantly impact on the operational performance of a plant in order to 

add to TAM work list and removing NEs from TAM list. The equipment 

criticality is estimated according to four constraints: Cost (C), Availability 

(A), Production (P), and Safety effect (S) which can be expressed as Table 

4.1 based on Equation 3.1. 

  Table 4. 1. Critical analysis for removing NEs of TAM list of the gas plant   

Criteria Weight 
Level (Li) 

1 2 3 

WC 15% LC.  15% MC 30% HC 45% 

WA 25% HA 25% MA 50% LA 75% 

WP 30% N 30% I 60% VI 90% 

WS 30% N 30% I 60% VI 90% 

 L: Low - M: Medium - H: High - N: Normal - I: Important - C: Cost - A: Availability 

 

4.4.1    Removing NSE from TAM Works List  

Removing NSE pieces consist of many vessels, valves, and pipelines that 

cannot have effect on the plant performance and can be maintained or 

repaired during routine maintenance plan. Removing NSE pieces include 

the following: 

 Removing Vessels 

One hundred and twenty NSEs (16 filters, 4 flares, 5 Spheres tanks, 6 

storage tanks, 4 drums, 63 heat exchangers and 22 boilers) out of 186 

pieces of static equipment were removed based on constraints showed in 
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Figure 3.2. These pieces are a part of unit GLRU, T, D &F, SWB, C&C and 

utilities already have existed in the gas plant, which can be inspected and 

maintained during the normal operation of the plant. There are four distinct 

constraints can help in identifying and removing CEs and NEs from TAM 

list as shown in Figure 3.2. Also, there is weigh of each criteria that 

represents 30% of production effect on the plant, 30% of safety effect on 

the plant, 25% of availability effect on the plant and 15% of cost effect on 

the plant, in addition to, three levels for each criteria in order to determine a 

constraint for each equipment to identify and remove CEs and NEs, 

respectively. Table 4.2 shows a sample of NSEs that were identified and 

removed (Full details are shown in an Appendix A). These weighs, levels, 

and constraints were identified according to interview with experts team 

(static maintenance team, M&I experts) in the SOC. Removing these 

equipment from TAM list were in agreement with manufacturing and 

maintenance manager, O&M and M&I experts to maintain as part of 

proactive maintenance plan in order to minimize TAM cost, reduce 

production losses, achieve optimum time and reach maximum the 

estimated budget of TAM.  

Table 4. 2. Removing vessels of the gas plant 

      Code   
Equipment 

Criticality Analysis 
CE% 

Stand Critical 

C% A% P% S% by Decision 

FIL-401A/B Drier filters 15 25 30 60 43.33 Yes Removing 

TK-1630,31,32 Storage tanks 45 25 60 60 63.33 Yes/TP Removing 

GF-710 GLRU flare 30 25 30 30 38.33  
Removing 

D-712/1400 Surge drums 45 50 30 30 51.66 No Adding  

T-701 Splitter tower 45 50 60 90 81.66  
Adding  

T-702 Debutanizer 45 50 60 90 81.66  
Adding  

E-708/708A Preheaters 30 25 30 60 48.33 Yes Removing 

SG1231-1252 Boilers 45 25 30 60 53.33 Yes Removing  
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 Removing Valves  

The other concern was the TAM intervals between safety and relief valve 

inspection and maintenance that required to be prolonged as well. 

However, during TAM period, these pieces of equipment can be maintained 

under non-critical activities of the TAM by traditional techniques that include 

isolation of valves using rupture disk in the relief stream to remove and 

maintain without shutting equipment down, and developed techniques that 

include:  

- Adjust valves as standby configuration, or 

- Use by pass of systems. 

These valves were designed to prevent overpressure in steam plants that 

can be actuated by inlet static pressure according to specification of boilers 

and compressible gases, steam and air. Therefore, these valves located in 

the GLRU, TD&F, SWB and utilities should subject inspection and 

maintenance during TAM duration, but within the non-critical activities of the 

TAM according to the predetermined TAM duration.  

 Removing pipelines   

Many sizes of gas pipelines were constructed in SOC gas plant to expand 

to 30 km around the GLRU, T, D & F, SWB, C&C and utilities units. These 

sizes can be from 4, 6, 8, 10… and more than 52 inch as the nominal pipe 

diameter. Most pipelines from TAM list should be removed to maintain and 

repair during routine maintenance plan. However, there are some pipes that 

cannot be removed from TAM list such as cooling water pipes (48"-84 

diameter and 500m length) that are considered source to feed utilities and 

C&C from SWB unit, and steam header line that feed utility unit by 26" pipe 

file:///F:/removing
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diameter as shown in Table 4.3 (full details in an appendix A). Any defect 

or failure of these pipes will result in total shutdown of the plant. Thus, these 

pipes cannot be removed from TAM list in order to maintain and inspect 

during the TAM activities.        

Table 4. 3. Removing pipelines of the gas plant. 

Equip Unit 
Criticality analysis   

CE% 

St Critical 

C% A% P% S% by  Decision 

PL1-4" GLRU 15 25 30 30 33.33  Removing  

PL3-6" Drying  15 25 30 30 33.33  Removing  

PL4-8" Fractionation 15 25 30 30 33.33  Removing  

PL5-10" SWB 15 25 30 30 33.33  Removing  

PL7-12" C & C 30 25 30 30 38.33  Removing  

PL6-14" Utilities 30 25 30 30 38.33  Removing  

PL1-20" GLRU 45 50 30 30 51.66 No Adding TAM 

PL7-24" Utilities 45 50 30 30 51.66 No Adding TAM 

PL5-48"-84" SWB 45 75 60 60 80  Adding TAM 

PL7-48"-84" C & C 45 75 60 60 80  Adding TAM 

PL6-48"-84" Utilities 45 75 60 60 80  Adding TAM 

 

4.4.2    Removing NREs from TAM Work List 

Maintenance activities of rotating pieces usually be as simple as lube oil 

analysis, lube oil change or an alignment. However, there are failures in a 

pump driven by turbine or motor may result in catastrophic failures such a 

bearing damage, impeller, and mechanical seal. These failures usually 

expected due to harsh operating conditions resulting from human error in 

operation and maintenance process over time. Therefore, most rotating 

pieces of equipment in the gas plant are redundant to avoid those frequent 

failures. These pieces consist of 115 NREs according to survey which was 

conducted in the SOC gas plant. 

As a result, 115 out of 118 NREs (79 PMs, 2 IP, 7 CT, 2 CM, 3 FDT, FDM, 

and 21 PT) were removed based on constraints showed in Figure 3.2. 
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These pieces are a part of unit GLRU, T, D &F, SWB and utilities already 

have existed in the gas plant, which can be inspected and maintained during 

the normal operation of the plant using PM and PdM. There are four distinct 

constraints can help in identifying and removing CEs and NEs from TAM 

list as shown in Figure 3.2.  

Table 4.4 shows sample of NREs that were identified and removed (Full 

details are shown in an Appendix B).  

Removing these equipment from TAM list were in agreement with 

manufacturing and maintenance manager, O&M and MAG experts to 

maintain as part of proactive maintenance plan in order to minimise TAM 

cost, reduce production losses, reach maximum estimated budget of TAM 

and increased utility of proactive maintenance. 

Table 4. 4. Rotating equipment units in the gas plant  

Code Equipment Unit 
Criticality analysis EC 

(%) 
St. 
by  

Criticality 

C% A% P% S% Decision 

PM-702 A/B Pump driven by Motor GLRU 15 25 30 30 33.33  Removing  

PT- 1251A/B/D 
Pump driven by 
Turbine 

Utility 30 25 60 60 58.33 Yes Removing  

PM- 1251C Pump driven by Motor  Utility 15 25 60 60 53.33 
St-
up 

Adding  

FDT-1251/52/53 Fan driven by Turbine Utility 30 25 60 60 58.33 1oo3 Removing  

PM-1361C Pump driven by Motor SWB 15 25 60 60 53.33 
St-
up 

Adding  

PT606 Pump driven by Motor C & C 30 25 30 30 38.33  Removing  

CT601A 
Compressor driven by 
Motor 

C & C 45 25 60 30 53.33 

2oo5 

Removing  

CT602A 
Compressor driven by 
Motor 

C & C 45 25 60 30 53.33 Removing  

CT651A 
Compressor driven by 
Motor 

C & C 45 25 60 30 53.33 Removing  

CT652A 
Compressor driven by 
Motor 

C & C 45 25 60 30 53.33 Removing  

CT301 
Compressor driven by 
Motor 

C & C 45 25 60 30 53.33 Removing  

GT301 Gas Turbine C & C 45 75 60 30 70  Adding  

 

Approximately 186 of static pieces of equipment, in addition to all valves, a 

part of pipelines and 118 pieces of rotating equipment in the GLRU, SWB, 
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T, D &F and utilities units were evaluated in the gas plant. It is a real 

challenge to apply stage I in oil and gas industries to remove these pieces 

of equipment from TAM list in order to contribute in decreasing the duration 

of TAM, and identify CSE that can move to next stages II and III which are 

associated with CSE and CRE. Therefore, in the stage I, all items in the gas 

plant that contained critical equipment was identified. These items contain 

66 vessels and some pipelines to consider in Stage II to apply Risk-Based 

Inspection (RBI). In addition, 3 CRE pieces of equipment which include PM-

1251, PM-1361 and GT-301 were considered in Stage III for the application 

of Risk-Based Failure (RBF). 

4.5 Conclusions 

TAM scheduling cannot be optimised until it is known which equipment 

pieces can affect plant operation. Those pieces can determine according to 

Stage I of the TAM model that aims to identify and remove NEs from the 

TAM list to proactive maintenance plan to reduce the production losses and 

lower TAM cost due to plant TAM. Those equipment pieces can be identified 

and removed based on four criteria: cost, availability, production, and safety 

effects on the plant performance. These four-dimensions were identified 

according to constraints which were systematically built up with operating 

conditions of the gas plant based on interview with experts of the gas plant 

such as senior management of operation and maintenance, custodian of 

plant, and others members (estimation unit, internal and external 

purchases, safety, M&I and MAG). It was a real challenge to use the TAM 

model in oil and gas industries.  
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The fifth objective of the research has been achieved by removing these 

pieces of equipment from the TAM list. Removed these pieces would be 

given a road map to apply stage II and III associated with the CSE and CRE. 

Based on stage I, 120 NSEs, 115 NREs and 56 pieces of pipelines were 

excluded from the TAM list to maintain a part of proactive maintenance plan. 

This is obvious that, once the number of pieces of equipment are reduced 

the duration of TAM is expected to reduce. Therefore, the results of 

removing NSEs and NREs from the TAM list in the stage I of the TAM model 

showed that the TAM duration could be decreased and the TAM interval 

could be increased. A decrease of TAM duration would be reduced TAM 

cost of maintenance and inspection and the production losses.   

Finally, 66 CSEs, 35 samples of pipelines and 3 CREs were included as 

critical pieces to consider in Stage II and III that will implement in Chapters 

5 and 6. 
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CHAPTER 5 

ESTIMATION OF THE TAM INTERVAL BASED ON 

CRITICAL STATIC EQUIPMENT OF THE GAS PLANT   

5.1 Introduction  

RBI and TAM methodologies have been mixed with each other gradually 

during 90s decade, and had been systematically appeared by the end of 

year 2000. Therefore, Risk-Based Inspection and reliability characteristics 

have been become an important approaches to optimise TAM scheduling. 

This goal will be reached by implementing RBI and reliability functions due 

to fouling, corrosion, leakage risks caused by high pressures and fluctuating 

temperatures which are considered the most dangerous failures for any 

static equipment, not only when they are fully operational, but also when 

they are in transition from execution phase to start-up phase.  

The aim of this chapter is to achieve the fifth objective of this research 

concerned with CSEs in the Stage II and IV. The second stage focuses on 

the RBI approach to identify CSEs that have the highest risk on the 

production, the operating asset and environment issues. AHP approach 

also is implemented in the stage II with the aim to select the common failure 

for each CSE and then implementation of the risk matrix to assess risks 

based on PoF and CoF.     

The fourth stage is associated with failure distributions that are also 

included in this chapter to determine duration and interval of TAM for the 

gas plant based on Failure to Time (FTT) for each an equipment which was 

identified by stage II.  
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5.2 Critical Pressure Vessels and pipelines of the Gas Plant 

Pressure vessels are a part of static equipment used in storing and 

transmitting oil and gas under a certain pressure. Separators, reactors, 

vertical and horizontal drums, spheres, condensers, air coolers, 

accumulators, and flares are common vessels that are used in gas 

industries. These vessels are designed with various standards according to 

both API and ASME specifications that bother on raw material stored in the 

vessel, its pressure and its temperature.  

Some pressure vessels are constructed with welded joints and covered with 

insulation and cladding, but others without insulation and cladding. The 

shapes of these vessels can be a cylindrical (vertical and horizontal), flat, 

conical or spherical and include the following components: shell, head, 

bottom, nozzles, supports, manholes, and flanges as shown in Figure 5.1. 

According to API 510 (2006), these items should be inspected and 

maintained because of failures resulting from:  

 Corrosion due to fatigue, erosion factors or vessel contents, 

 Cracks due to fluctuating temperatures and pressures and  

 Leakage in welded joint zone and damaged gasket. 

 

                               Figure 5. 1. Horizontal and vertical vessels 

Vertical heater treater 
Horizontal heater treater 
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Therefore, CSEs that are extracted from stage I based on constraint (EC > 

59%) can be added to TAM list in order to implement stage II associated 

with RBI. These pieces of equipment consist of 70 vessels, cooling water 

line and stream header line that associated with the GLRU, T.D. & F, SWB, 

C&C and utility unit as shown in Table 4.2 and 4.3. 

5.2.1   Pressure Vessels 

This stage highlights 66 vessels and 35 pipelines, which are prone to 

corrosion, crack and erosion factors resulting from continuous operating 

conditions according to information that collected by Metallurgy and 

Inspection group (M&I), failure records, TAM reports and experts of 

operation and maintenance of SOC gas plant. These vessels can be 

conveniently divided into four categories: heat exchangers, drums, 

columns, and pipelines as shown Table 5.1.   

Table 5. 1. Classification of CSEs 

Vessels 
category 

No Codes 

Heat 
exchangers 

18 
E-401, E-410, E-411, E-412, E-413, E-414, E-415, E-423, 
E-424, E-426, E-428, E-601, ME-601, E-601A, E-601B, E-
602A, E-602B, E-1500. 

HP Drums 32 

D-701,D-702/703,D-704/757,D-705A/B,D-706,D-712 / 
1400,D-760/761,D-799,D-793,D-302,D-1610,DS-1610 
/1610A, D-401,D-402,D-404,D-414,DE-791/792,D-412, D-
405,D-406, D-407, D-409, D-410, D-413, D-462 

Columns 16 
DR-401 C/D, DR-402 C/D,T-701, T-702, T-703, T- 401, T-
402, T-403, T-404, T-405, T-406, T-407, T-408, T-410 

Pipelines  35 lines (PL.20"- 84")  

Total 66 vessels  +  35 pipelines 

 

According to Table 5. 1, application of stage II of the TAM model include 

three categories of vessels and pipelines. These items are considered 

critical elements (CSE) in the gas plant that are used in estimating interval 
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between the TAM periods based on RBI approach and failure distributions 

of CSEs. Consequently, application of RBI approach focused on these CSE 

pieces of equipment that represent the highest risk on the operating asset, 

production and environment. These pieces of equipment can be classified 

into four scenarios:       

5.2.1.1    The First Scenario: RBI of Heat Exchangers  

Heat exchangers included 18 pieces and coded to E-401, E-410, E-411, E-

412, E-413, E-414, E-415, E-423, E-424, E-426, E-428, E-601, ME-601, E-

601A, E-601B, E-602A, E-602B and E-1500 located in GLRU, T, D&F, 

SWB, C&C and utilities. Heat exchangers are exposed due to the multiple 

critical failures which are caused diverse risks such as explosion, damage 

of operating assets, production losses, and environmental issues due to 

clogged of tubes resulting from fluctuated pressures and temperatures. 

Application of RBI is the proper approach to identify critical failures 

associated with these vessels, which can be identified according to 

information that are adhered: 

 Previous examinations results and recommendations by M&I group,  

 The operational experience,   

 Specification of design and  

 Failures records.  

Consequently, these failures are spread widely in oil and gas equipment, 

which are considered the main part of CSEs in achieving maximum 

productivity efficiency of the plant. Most of the occurred failures in this 

equipment can be discovered during inspection periods in the short, middle, 

or long term. For example, fouling in shell-and-tube usually takes place in 



Chapter.5: Application of RBI on CSEs----------------------------------------------------------------------------------------------------------------------------------------------

------------- 

  

Page | 137 

  

the short term. Shell-and-tube is the most widely used heat exchangers type 

in gas plants due to the considerable design flexibility for high pressures 

between the fluids. More than 40% of heat exchangers used as global heat 

transfer processes were of the shell and tube type (Ibrahim, 2012).    

There are many critical failures overlapped on each other in heat 

exchangers, which require more time to identify them using RBI. The degree 

of impact of these failures can only be guaranteed using Analytic Hierarchy 

Process (AHP) approach supported with experts opinion (Appendix C). Six 

critical failures in heat exchangers are identified according to BRI technique:  

 Reduced/clogged flow due to fouling layers,  

 Leakages,  

 Vibration due to misalignment,  

 Internal and external corrosion,  

 Cracks of shell due to exceed design pressure and allowed 

temperatures, in addition the age of the steel of shell, 

 Miscellaneous (civil foundations, electrical parts, 

instrumentations).  

Some problems are solved in this chapter. Firstly, select the common failure 

using AHP. Secondly, identify pieces of equipment that pose the highest 

risk based on common failures that should be taken into account in heat 

exchangers when RBI examination is carried out. 

5.2.1.1.1   Analytic Hierarchy Process (AHP) 

The AHP approach appears to be the best tool used widely as a multi-

criteria decision-making tool since the initial development by Thomas Saaty 
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in 1971. In generally, gas plants consist of thousand pieces of the complex 

equipment. These pieces of equipment usually expose to several critical 

failures. However, each equipment includes a common failure should be set 

according to inspection and maintenance priority. Thus, AHP is the best tool 

used widely helps in the decision-making in order to avoid the unplanned 

shutdown and extreme consequences in the waste of time and millions 

dollars due to other critical failures.    

Chan et al. (2006) clarified that AHP can deal with tangible and intangible 

factors to be evaluated. (ibid.) also proposed priorities of criteria which 

combined to establish alternative decisions. The AHP helps decision 

makers in the identification of the best option suitable for the goal and 

understanding of a problem. AHP enables decision-makers to derive scale-

priorities or weights rather than arbitrarily determining values. 

AHP approach gained momentum in the field of maintenance strategy. 

Saaty (2008) summarized the AHP decision-making methodology using the 

following implementation procedures: 

1. Identify and describe the problem. 

2. Construct the hierarchy with goal on top, followed by broad objectives 

(criteria), and finally, the set of alternatives on the lowest Level as shown in 

Figure 5.2. 

3. Establish priorities among the elements of the hierarchy by making a 

series of judgments based on pairwise comparisons of the elements.  

4. Synthesize these judgments to yield a set of overall weights for the 

hierarchy for each element to obtain the overall priority.  
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5. Determine to a final decision based on the results of the weighted values. 

        Figure 5. 2. Decision hierarchy for common failures of heat exchangers. 

The AHP approach can achieve weights and scores by structuring a 

hierarchy and deriving ratio-scale measures through pairwise relative 

comparisons. The pairwise comparison process can be performed as words 

or numbers. This approach is relative rather than being based on absolute 

judgments that are identified by experts. 

Table 5.2 shows the classical AHP protocol weighting criteria assignment 

that starts with 1 as equal importance to 9 that refers to the most important 

criteria. 

Table 5. 2. Illustration of pairwise comparison in AHP (Sabharwall et al., 2012). 

Intensity of 
importance 

Scale Explanation 
 

Reciprocal 

1 
Equal 
importance 

Two elements have equal 
importance. 

1 

3 
Moderate 
importance 

Experience and judgment 
slightly favour one element. 

 

1/3 

5 
Strong 
importance 

Experience and judgment 
strongly favour one element. 
 

1/5 

7 
Very strong 
importance 

Dominance of one element is 
strongly proved in practice. 

1/7 

9 
Extreme 
importance 

The highest order dominance of 
one element over another. 

1/9 

Intensities of 2, 4, 6, and 8 are interval values between two adjacent choices 

The most 

common failures 

in heat 

exchangers

1. Fouling

2. Leakage

3. Vibration

4. Corrosion

  5. Shell

6. Miscellaneous

Goal Criteria 

E-401

ME-601

E-1500 

Alternatives

E-402
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Criteria comparison matrix can be determined based on j is extremely more 

important than i, where n is the number of criteria, and A denotes the Matrix 

that is achieved by a series of pairwise comparisons of criteria. 

1 a12 a13 a14 a15 a16 

1/a21 1 a23 a24 a25 a26 

1/a31 1/a32 1 a34 a35 a36 

1/a41 1/a42 1/a43 1 a45 a46 

1/a51 1/a52 1/a53 1/a54 1 a56 

1/a61 1/a62 1/a63 1/a64 1/a65 1 

         

Sum of columns =    Sc1    Sc2       Sc3       Sc4         Sc5       Sc6 

 

     Table 5. 3. Criteria comparison of six-point scale matrix for heat exchangers 

No Cr1 Cr2 Cr3 Cr4 Cr5 Cr6 

Cr1 1 3 7 5 9 9 

Cr2 1/3 1 5 3 7 9 

Cr3 1/7 1/5 1 1/5 3 3 

Cr4 1/5 1/3 5 1 5 7 

Cr5 1/9 1/7 1/3 1/5 1 1 

Cr6 1/9 1/9 1/3 1/7 1 1 

Sci  1.89 4.78 18.66 9.54 26 30 

 

Paired comparisons matrix |A| can be normalized as a following 
 

 

1/Sc1 a12 / Sc2 a13 / Sc3 a14/Sc4 a15/Sc5 a16/ Sc6 

: 1/Sc2 : : : : 

: : 1/Sc3 : : : 

: : : 1/Sc4 : : 

: : : : 1/Sc5 : 

a61
-1 / Sc1 a62

-1
 / Sc2 a63

-1
 / Sc3 a64

-1 / Sc4 a65
-1

 / Sc5 1 / Sc6 

 

                                                                    ∑ (
1

Sc1

𝑖

𝑗
+

a12

Sc2
+ ⋯ +

a16

Sc6
) / 𝑛 

                                                                                       . 
                                                                                       . 
                                                                                       . 

                                                                                                              ∑ (
a61−1 

Sc1

𝑖

𝑗
+

a62−1 

Sc2
+ ⋯ +

1

Sc6
) / 𝑛 

A = 

|A| = 

Priority weights (Eigenvalue -Xi) =   
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Table 5.4 illustrates 45% of the occurred failures which is due to clogging 

of tubes resulting from accumulated fouling that considers the highest factor 

affecting the heat exchangers in the short term, 26% of failures due to 

leakage in tubes or nozzles in the middle term and then 16% of failures 

occur due to corrosion rate in the long term. Therefore, the clogged factor 

due to fouling is critical failure in heat exchangers. This type of failure was 

due to fluctuating temperatures and rising pressures in the heat exchangers 

through normal operation processes.  

Table 5. 4. Criteria weights of six-point scale for heat exchangers 

No Cr1 Cr2 Cr3 Cr4 Cr5 Cr6 ∑Cri  
Weight 

(xi) 
Rank 

Cr1 0.529 0.627 0.375 0.524 0.346 0.3 2.702 0.45 1 

Cr2 0.174 0.209 0.268 0.314 0.269 0.3 1.535 0.26 2 

Cr3 0.074 0.041 0.0536 0.021 0.115 0.1 0.405 0.07 4 

Cr4 0.105 0.069 0.268 0.104 0.192 0.233 0.973 0.16 3 

Cr5 0.058 0.029 0.017 0.021 0.038 0.033 0.197 0.03 5 

Cr6 0.058 0.023 0.017 0.014 0.038 0.033 0.185 0.03 6 

SUM 1 1 1 1 1 1  1  

 

Fouling can be caused the considerable degradation in the thermal 

performance of heat exchangers, especially fluid coolants that flowed 

through tubes. Therefore, fouling is considered the highest common failure 

with comparing to other critical failures, which is accumulated on and inside 

tube surfaces due to the unwanted chemical fouling which is occurred in the 

heat exchangers.  

It can be seen that the AHP approach played an important role in presenting 

a tool to decision making to prioritise for common failures in oil and gas 

pieces of equipment. Consistency Index (CI) necessary to obtain the AHP 

technique that calculates by  
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                                 CI =  
𝝀 max − 𝑛 

𝑛−1
= 0.121                                                (5.1) 

λmax is the highest eigenvalue in the matrix (Saaty and Vargas, 2012). 

 

               𝛌 max = ( 𝑆𝑐1   𝑆𝑐2   𝑆𝑐3   𝑆𝑐4   𝑆𝑐5   𝑆𝑐6) (

𝑋1
𝑋2
𝑋3. .
𝑋6

) = 6.606 

 

The last factor is Consistency Ratio (CR), which is determined based on 

Saaty’s empirical suggestion, is a CR ≤ 10% is acceptable.   

                                              𝐶𝑅 =
𝐶𝐼

𝑅𝐼
 = 0.096                                               (5.2) 

RI is the Random Consistency Index, which is normally known according to 

number of criteria (n) as showed in Table 5.5 (Saaty and Vargas, 2012).  

     Table 5. 5. Random Index based on number of criteria  

n 1       2        3           4          5          6           7           8          9             

RI 0       0     0.52      0.89     1.11     1.25      1.35      1.41     1.45                    

 

Having the CR value ≤ 0.1% means that fouling effect in heat exchangers 

is the most important, and the decision can be taken based on the highest 

weight. 

 Fouling Layers 

Fouling occurs continuously over the operation life of the heat exchanger, 

and most of the discovered failures in heat exchangers are associated with 

tubes that occurred through water cooling using sea water containing mud 

and silt, and dirty gas streams or airborne contaminants. To clean and 

remove deposits from inside the tubes, and on the tubes of heat exchanger, 

mechanical and chemical techniques can be applied during normal 

operation of the plant, however, it is necessary to shut down the plant to 
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Index for cleaned tubes using  
Mechanical & Chemical techniques 

execute TAM activities to avoid increased fouling pressure, which may 

result in unexpected consequences on human and infrastructure of a plant 

as shown in Figure 5.3.    

     

 

  

  

 

 

                                           TAM                               TAM                       Time 

Figure 5. 3. Time of cleaned tubes using mechanical & chemical techniques of 

H.E. 

 

It is necessary to maintain heat exchangers by inspecting it during regular 

periods (duration of TAM) to remove fouling that helps in accelerating 

corrosion rate and hinders flowing fluid in the interior tubes or on a heat 

transfer surface. Fouling in heat exchangers can be recognised by the 

changing in heat transfer during the deposition process, increasing in 

thickness of deposit (mm), increasing in pressure drop, increasing 

temperatures and leakage occurring due to increasing weight of tubes. 

Consequently, fouling is the main factor that can indicate the beginning of 

risk appearing in heat exchangers, which include waterborne mud and silts, 

iron oxide, biological substances, oils, waxes, greases and carbon, and 

heavy organic materials (e.g. polymers and tars). Fouling is an undesirable 

accumulation of extraneous material that appear as layers on a heat 

transfer surface that contribute in reducing conductivity of heat transfer 

Normal Operation 
Cycle 
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inside of tubes during the lifetime of the heat exchanger. This fouling can 

be categorized into sedimentation fouling, chemical reaction, corrosion 

product and biological fouling. Fouling also can be the cause of corrosion 

problems. Corrosion in heat exchangers is likely to result from condensation 

of gas stream. In addition to chemical compounds that may react with each 

other to penetrate tubes wall due to cumulative layers of fouling that 

represents 10% of CO2 emission resulting from heat exchangers in gas 

plants (Herro, 1989). This matter was cost the oil and gas companies 

billions of dollars annually and enhances greenhouse gas emissions 

(Deshannavar, 2010; Bennett, 2012), in addition, cleaning cost of each heat 

exchanger, which may be reached between $700 and $1,000 (Herro, 1989; 

Ibrahim, 2012).     

 Cleaning Cost of Fouling 

The economic impacts resulting from fouling of heat exchangers has 

become a common increase in terms of inspection and maintenance cost, 

and lost production, particularly in the oil and gas industries. Therefore, the 

cleaning of heat exchangers is considered expensive in terms of cost and 

time due to larger deposit of mass accumulated through tubes. However, 

each heat exchanger is shut down and maintained in order to restore the 

plant to a normal performance level and avoid a reduction of expectancy of 

life of the heat exchange (Georgiadis and Papageorgioul, 2000). Therefore, 

the total cleaning cost of each heat exchanger during the TAM duration can 

be expressed as (Khan and Zubair, 2004): 

               TCC = (FC + VC) x TAM duration (each equipment)          (5.3)             
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     Where 

       TCC: Total cleaning cost of heat exchanger per cycle of TAM duration. 

       FC and VC are fixed cost and variable cost, respectively for each 

equipment. 

These layers would lead to increase in temperature and then would 

increase corrosion and leakage. Fouling level depend on the chemical 

properties of the fluid flow and the operating temperature (Sikos and 

Klemes, 2010). Two kind of induced effects due to change in the inlet and 

outlet temperatures for process streams causes accumulated fouling in heat 

exchangers (Markowski and Urbaniec, 2005).  

There are two methods of reducing accumulated fouling through tubes 

bundle in heat exchangers during the normal operation of the plant:  

 Mechanical cleaning.  

 Chemical cleaning using chemical solvent. 

Figure 5.4 illustrates the relationship between fouling resistance and time. 

It determines the stages of growing fouling during life cycle of heat 

exchangers, which explains an increase of fouling linearly with time. The 

fouling profile increases with time but not linearly, and then it decreases 

gradually and asymptotically to reach a steady state. This process can be 

achieved by increasing fluid flow velocity and surface temperature. 

Removal of the fouling is not completed without TAM activity. Georgiadis 

and Papageorgioul (2000) stated that heat exchangers must be shut 

downed to be carried out their maintenance after the regular time of 

operation process. Sikos and Klemes (2010) also reported that cleaning of 

heat exchangers is not done online. Therefore, it is done by removing all 
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fouling layers that prevent the movement of the fluid, clean tubes, replace 

corroded tubes in order to obtain maximum heat transfer (Kuppan, 2000). 

Any activities without applying TAM cannot remove all fouling, which 

justifies the widespread adoption of TAM in real maintenance of heat 

exchangers. The response of fouling with time can be linear, falling, 

accelerating or saw-tooth. However, linear fouling response is most 

common type in this piece of equipment, which constantly occurred due to 

the temperature of the deposit with the flowing fluid remains.  

  

 

 

 

 

  

                    Figure 5. 4. Fouling curves (modified Kuppan, 2000)   

 

 Fouling measurements and monitoring  

The main indictors of measuring fouling for heat exchangers include:  

- The increase in the pressure drop, 

- The changes in heat transfer during the operating process, 

- The increase in overall heat transfer coefficient loss, 

- The low flowing velocity (output) or failure of some tubes,  

- The increase in electrical consumption, 

- High vibrations throughout the bundle, 

- Leakages through gaskets plate of heat exchangers, 

- The increased driving force for fluid and  

- The accumulating deposit layer on/in the surface of tubes bundle.  
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5.2.1.1.2    Risk Assessment of Heat Exchangers 

Scheduled inspection of heat exchangers can help in revealing critical 

failures early in order for it to be replaced, repaired or modified during TAM 

period before the risk occurrence, and to ensure safe and reliable facilities 

of company. This risk was assessed by two factors namely: probability and 

the consequences of the failure to avoid expected or unexpected 

consequences. These factors can be expressed as illustrated in Equation 

(5.4). 

              Riske = Probability of Failure x Consequence of Failure 

                 REI = PoF X CoF Environment Damage                                      

                RPL = PoF X CoF Production Losses                                           

                RAD = PoF X CoF Operating Assets Damage                             

The highest risk can be selected using the Equation (5.4): 

                Estimated Risk = PoF x CoF (RED, + RPL, + RAD)                    (5.4) 

To assess probability of failure (PoF), the following should be taken into 

account:  

 Exposure time and   

 Failure frequency.  

5.2.1.1.3    Risk Analysis Matrix   

A risk matrix must reflect a company's risk criteria as it differs significantly 

from a company to other. Inspection, operation and maintenance experts 

should be included in performing risk assessment in order for a good 

understanding of failures, hazards and their effects on the operational 

consequences (if the TAM is delayed beyond a certain period). Therefore, 

Figure 5.5 shows the risks 5 x 5 matrix that reflects risk criteria of the SOC 
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PoF  

CoF  

according to PoF and CoF resulting from the impact critical failures to the 

production, operating assets and environment issues.  

 

Failure 
Scale 

Range 
Month 

P(t) R                            Risk Level 

High 
Probable 

t > 36 1 5 5 10 15 20 25 

Probable 27 < t ≤  36 0.75 4 4 8 12 16 20 

Possible 18 < t ≤  27 0.55 3 3              6 9 12 15 

Unlikely 9 < t ≤  18 0.40 2 2 4 6 8 10 

Very 
Unlikely 

0 < t ≤ 9 0.20 1 1 2 3  4 5 

  

1 2 3 4 5 

very 
Low 

Low Moderate High 
Very 
High 

                                Figure 5. 5. Risk criteria of 5x5 matrix  

 

Risk in the high zones require immediate attention by preparing to 

commence shutdown of plant and conduct further control measures to 

implement TAM activity and avoid an increase in the PoF and CoF and a 

jump these risks to very high zone.  

Table 5.6 shows risk ranking limits arising from PoF and CoF which can 

have an impact on the plant performance. The risk ranking limits are 

between 3 and 12, where 10 and 12 represent high-risk zone that consider 

an unacceptable risk zone. Heat exchangers located in this zone should be 

added to the TAM list to represent TAM event, because these pieces of 

equipment have the highest risk due to fouling effect. These pieces should 

be taken into consideration to consider them in the next stage and to avoid 

the main causes of leakage and corrosion in the middle and long term. 
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Table 5. 6. Risk criteria  

Rating  
Failure 
Scale 

Estimated 
Risk (Re) 

Risk criteria  
(Rc) 

Decision 

1 
  Very  
Low Risk 

0 < Re ≤ 3 
Insignificant 

Risks 
Omitting Equipment from TAM 
list to next TAM (Priority).  

2 Low Risk 3 < Re ≤ 6 
Acceptable 

Risks 
Omitting Equipment from TAM 
list to next TAM (Priority). 

3 Moderate 6 < Re ≤ 9 
Acceptable 

Risks 
Omitting Equipment from TAM 
list to next TAM (Priority). 

4 High Risk 
9 < Re ≤ 

12 
Unacceptable 

Risks 
Adding Equipment to next 
stage IV  

5 
   Very 
High Risk 

Re > 12 
Catastrophic 

Risk 
Plant Shutdown 

  

Table 5.7 shows the potential impact of the fouling thickness (d) on heat 

exchangers tube bundles during continuous run in term of increasing 

coefficient of loss of heat transfer and energy consumption of heat 

exchangers complied with following designs (Carbon steel, low-allow steel, 

and aluminium alloy, outside diameter and = 25.40 mm, wall thickness = 

2.11 mm).  

Table 5. 7. Effect increasing fouling thickness on efficiency of heat exchanger 

Fouling 
thickness 

(mm) 

Efficiency 
loss  
(%) 

Increasing in 
energy cost 

(%) 

OD=25mm
d: thickness of fouling

 

Risk  
Level 

d ≤ 1 10% 8 %   

1 < d ≤ 2 20% 18 %  

2 < d ≤  3 30% 28%  

3 < d ≤ 4 40% 38%  

d > 4 50% 48%  

 

5.2.1.1.4    Priority of Risk Assessment for Heat Exchangers 

Six heat exchangers were classified in high risk zone. These pieces 

included a cooling, a Cryogenic Colum Heat Exchanger (MCHC), and 4 

pieces of Feed Gas Heat Exchangers (shell and tube heat exchangers) of 
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gas plant. These heat exchangers were rated in the high risk zone due to 

accumulated fouling layers through the tubes. Six pieces located in the high 

risk zone require immediate attention by preparing to commence shutdown 

of a plant and conduct further control measures to implement TAM activity 

in order to avoid the increase in both PoF and CoF and the jumping to very 

high risk zone. 

Table 5. 8. Estimating risk of heat exchangers 

 

As a result of this risk level can prioritise risk for each piece of equipment 

starting with samples that pose the highest risk and assign the correct 

inspection risk code for each piece based upon the risk estimation as shown 

in Figure 5.6.  

Code Equipment No PoF CoF 
Estimated Risk 

Priority 
Risk Level 

E-601 Cooling  1 3 4 12   1 
E-601A Feed  Gas 

Exchangers 

1 4 3 12  2 

E-601B Feed  Gas 

Exchangers 

1 4 3 12  3 

E-602A Feed  Gas 

Exchangers 

1 4 3 12  4 

E-602B Feed  Gas 

Exchangers 

1 4 3 12  5 

ME-601 Main Cryogenic 

Colum 

1 2 5 10  6 

E-424 Butane cooler 1 3 3 9   7 

E-411 Reboiler 1 2 4 8  8 

E-413 Kettle reboiler 1 2 4 8  9 

E-415 Reboiler 1 2 4 8  10 

E-401 Catacarb reg. 

reboilers 

1 2 3 6   11 

E-412 Condenser  1 2 2 4  12 

E-414 Condenser  1 2 2 4  13 

E-423 Caustic solution 

heater 

1 2 2 4  14 

E-1500 LPG cooler 1 2 2 4  15 

E-410 Overhand 

condenser 

1 4 1 4  16 

E-426   1 2 1 2   17 

E-428   1 2 1 2  18 
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                      Figure 5. 6. Risk ranking of heat exchangers for gas plants.  

 

Eighteen pieces of heat exchangers were distributed on risk (5x5) matrix to 

identify pieces that posed the highest risk on the production, operating 

assets and environment issues based on probability (PoF) and 

consequences of fouling (CoF).  Figure 5.7 shows that 2 pieces of heat 

exchangers (E-426 and E428) were classified in the very low risk region, 6 

pieces (1, 1, 4) of heat exchangers (E-401, E-412, E-414, E423, E-1500 

and E-410) were rated in low risk area, 4 pieces (1, 3) of heat exchangers 

(E-424, E-411, E-413 and E415) were estimated in moderate risk zone, 5 

(1, 4) shell-tube heat exchangers (E-601, E-601A, E-601B, E602A and E-

602B, and (1) main cryogenic column (ME-601) were located in high risk 

zone, and no pieces of equipment in very high risk area. Therefore, there 

were 12 pieces of heat exchangers that were located in very low risk, low 

risk and moderate risk zones. Twelve pieces of equipment must also be 

omitted from TAM list to be inspected during the next TAM activities, and 

should not be taken into account in the determination of TAM scheduling. 

Hence, these pieces of equipment can operate normally without the need 

for shutdown in order to minimise duration, cost of TAM and production 
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losses. However, these pieces of equipment must have a priority in the next 

TAM.  

With regard for pieces of equipment that were rated in high risk zones. 

These pieces of equipment must be combined with TAM activities to remove 

fouling layers that accumulated due to operating conditions. In order to add 

these pieces to TAM list, they should be considered in Stage IV of the TAM 

model to determine interval of TAM and to inspect and maintain them during 

plant shutdown periods to avoid unforeseen consequences between TAM 

cycles.  

                       

              Figure 5. 7. Estimated risk ranking matrix of 18 heat exchangers  

 

The risk assessment of each heat exchanger is based on the descriptive 

information that were collected on accumulated fouling. Input this 

information as a data based on the analysis of PoF and CoF to identify risk 

ranking for each heat exchanger as shown in Table 5.8. It shows that 

Cooling, Feed Gas Exchangers and Main Cryogenic Column are placed on 

the highest risk on the facilities of plant due to accumulated fouling layers 

through tubes bundle of heat exchangers.  
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           Figure 5. 8. Typical tube and shell heat exchangers of the gas plant  

 

Also, gaskets located between channel head and the shell, and inlet and 

outlet nozzles must be replaced when removed fouling layers to avoid 

leakage in the flange joint, especially during start-up phase caused by 

overpressures. 

5.2.1.2    Failure Distributions (FDs) 

A failure distribution is a mathematical model that describes the probability 

of the failure occurring over time. These distributions are also described the 

reliability function, hazard rate and the Failure mode (FM) of an equipment, 

and all other functions used in reliability engineering, such as the Mean 

Time Between Failure (MTBF) and Mean Time To Failure (MTTF). 

5.2.1.2.1    Reliability Block Diagram (RBD) 

Based on outcome of stage II associated with the fouling effect on four feed 

gas-heat exchanger, a piece of cooling-heat exchanger and a piece of 

cryogenic heat exchanger, which carry the highest risk on the plant 

performance and environment issues in the gas plant. Six pieces of heat 

exchangers are connected with each other as a series configuration as 

shown in Figure 5.9. These pieces can be converted into RBD with the aim 

  

July 2017 at 11:00 
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to facilitate the relationship among complex systems and achieve a wide 

results of the system reliability. Each equipment (heat exchanger) includes 

an especial parameters associated with functions and characteristics of 

equipment. These parameters are shape and scale parameters (β, 𝞰) that 

determine based on Time to Failure (TTF) for each heat exchanger 

displayed in an Appendix C. Table 5.9 shows parameters (β, 𝞰) of these 

pieces of equipment. 

 
     Figure 5. 9. RBD for selected heat exchangers (modified Hameed et al., 2016)  

 

                         𝑅(𝑡) = ∏ 𝑅𝑖(𝑡)

𝑛

𝑖=1

                                                      (5.5)   

5.2.1.2.2    The Weibull Distribution 

A common failure can be modelled using many probability distributions: 

exponential, Weibull and normal distributions. However, Weibull distribution 

proven its abilities to mimic the behaviour of other distributions in reliability 

analyses, because inherent flexibility of this model's is based upon shape 

and scale parameters. Table 5.9 shows β and η of 6 pieces that connected 
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with each other as a series configuration. Therefore, reliability function of 6 

H.Es can be expressed as:  

              R𝑖(t) =  𝐞
− (

t
η

)
βi

       𝑤ℎ𝑒𝑟𝑒 𝒊 = 1,2, … 𝒏 𝑜𝑓 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡                 

                  Rs (t) = ∏ Ri (t)𝑛
𝑖=1  

                  Rs(t) = 𝐞
−[ (

t

η1
)

β1
+(

t

η2
)

β2
+(

t

η3
)

β3
+⋯……   + (

t

η6
)

β6
]
                                      

                      𝑅𝑠(𝑡) = 𝑒−[ 𝐸601𝐴+𝐸601𝐵+𝐸602𝐴+𝐸602𝐵+𝑀𝐸601+𝐸601]                 

            Assume that:  β1, 𝞰1 = β2, 𝞰2 = β3, 𝞰3 = β4, 𝞰4 = βE, 𝞰E 

                                                    β5, 𝞰5 = β6, 𝞰6 = βC, 𝞰C  

Table 5. 9. Shape and scale parameters of selected heat exchangers 

Equipment 
Code 

Description 
Shape 

Parameter   
    β  

Scale  
Parameter  

𝞰 (hr) 

E-601A Feed Gas H. E 2.30 58,000  

E-601B Feed Gas  H. E 2.30 58,000  

E-602A Feed Gas  H.E 2.30 58,000  

E-602B Feed Gas  H.E 2.30 58,000  

       E-601  Cooling H.E 3.86 390,000 

ME-601 Cryogenic H.E 3.86 390,000  

 

      R(t) = 𝐞
−{4[ (

t

ηE
)

βE
] +2 [ (

t

ηc
)

βc
] }

                                                              (5.6)   

       h(t) = 4 [ 
βE

ηE
(

𝑡

ηE
)

βE−1

] +  2 (
βc

ηc
(

𝑡

ηc
)

βc−1

)       β, η >  0              (5.7) 

      FM = h(t). R(t) 

   FM =  (4 [ 
βE

ηE
(

𝑡

ηE
)

βE−1

] +  2  [
βc

ηc
(

𝑡

ηc
)

βc−1

]) . 𝐞
−{4[ (

t

ηE
)

βE
] +2 [ (

t

ηc
)

βc
] }

  (5.8) 

The optimisation results of the interval of TAM are explained in Appendix C 

and summarised in Table 5.10, which showed a sample of these results  

associated with reliability function R(t), hazard rate h(t), failure mode (FM), 

and operational risk of 6 pieces of heat exchangers for the gas plant that 

are located in the high risk zones.  
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5.2.1.2.3    The Operational Risk of Heat Exchangers (RiskHE) 

The estimated results of the consequences of failure for heat exchangers 

are combined to quantify the operational risk. The consequences of these 

failures can be converted into the Economic Consequences - EC ($) based 

on the production losses, operating assets damage and environment 

issues. The Total Economic Consequences (TEC) can be computed by 

following Equations. Detailed calculations are presented in the Appendix C. 

TEC = ECPL + ECOA + ECEI                                                              (5.9) 

ECPL = USD x PLV x S                                                                             (5.10) 

ECOA = P(t) x EZ x AD + [Cp x t1 + Ci x t2 + Cm x t3 + Cind x t4 + Csp]  (5.11) 

ECEI = P(t) x EZ x PD x CH                                             (5.12) 

Where 

TEC   Total Economic Consequences of Failure 

ECPL  Economic Consequences of Production Losses 

ECEI   Economic Consequences of Environment Issues 

ECOA  Economic Consequences of Operating Assets Damage  

USD   Unplanned Shutdown Period (day) 

PLV   Production Losses Volume (m3/day) 

S    Selling Price of the product per m3  

P(t)   Probability of Damage due to accumulated fouling layers 

EZ   Effected Zone due to accumulated fouling layers 

AD   Assets Density 

PD        Population Density (employee / m2)  

CH   Cost of human damages 

Cp    Mobilisation Cost ($/h) 
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Ci    Inspection Cost ($/h) 

Cm   Maintenance Cost ($/h) 

         Cind    Indirect Cost ($/h) 

   Csp     Spare Parts Cost  

t1, 2, 3, 4  Duration of the work (hours)   

            ERHE = F(t)HE x ∑ [ECPL($) + ECOA($) + ECEI($)]               (5.13) 

      ERHE = [1 – R(t)HE] x [$16,047,000 + $11,479,768 + $1,105,499] 

            ERHE = 0.432 x $28,632,268 = 499.5 $/hr 

Based on economic information which obtained by way of safety 

department of SOC that, a tolerable risk criteria for SOC is assumed to be 

equal or lower than 500$/h as a maximum.  

ER of heat exchangers ≤ TR 

ERHE ≤ 500 $/h 

Table 5. 10. 1st Scenario of R(t), h(t), and FM results of heat exchangers 

TAM 
Interval R(t)HE F(t)HE h(t)HE 

Failure 
mode 

=R(t).h(t) 

ERHE 

($/hr) 
(hrs) 

8760 0.949 0.050 1.614E-05 1.290E-05 164.85 

10,000 0.932 0.067 2.045E-05 1.504E-05 194.04 

17,520 0.775 0.224 3.465E-05 2.593E-05 367.68 

20,000 0.707 0.292 4.234E-05 2.8131E-05 418.32 

23,000 0.620 0.379 4.901E-05 2.9594E-05 471.97 

24000 0.591 0.408 5.174E-05 2.9781E-05 487.73 

24,700 0.570 0.429 5.257E-05 2.9824E-05 498.10 

24,800 0.567 0.432 5.284E-05 2.9825E-05 499.53 

24,900 0.564 0.435 5.312E-05 2.9824E-05 500.96 

25,000 0.561 0.438 5.450E-05 2.9821E-05 502.37 

30,000 0.415 0.584 7.323E-05 2.7979E-05 557.83 

 

Figures 5.10, 5.12 and 5.13 illustrate the relationship between R(t), h(t) and 

MF with TAM interval. Figure 5.10 shows the reliability function curve of six 

heat exchangers, which connect with each other as series system 
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according to the shape and scale parameters as shown in Appendix C. R(t), 

h(t) and MF  curves demonstrated a simultaneous decline in the reliability 

and rise in the hazard rate of heat exchangers system with increase in TAM 

interval. Decreasing reliability for 6 pieces of heat exchangers with TAM 

interval was due to accumulated fouling layers through tubes. Therefore, 

reliability of the system starts with the gradually decreasing to reach 57% 

and to achieve PoF of the system 43% at 24800 hrs.  

 

            Figure 5. 10. Reliability of selected heat exchangers from gas plant 

 

The operational risk of 6 heat exchangers were determined based on 

probability of failure (PoF) and economic consequences as shown in Table 

5.10. The optimum TAM interval of heat exchangers was found to be 24800 

hr when compared 499.5$/hr of operational risk to 500$/hr of a tolerable 

risk as shown in Figure 5.11.  
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                                     Figure 5. 11. Risk target of the gas plant 

 

Consequently, 24800 operational hour is an indicator for starting with pre-

shutdown of heat exchangers to avoid unexpected risks may occur on the 

plant assets, environment damage and production losses due to 

accumulate increase of fouling layers in heat exchangers tubes which 

cannot be removed by traditional techniques that included mechanical and 

chemical cleaning during the normal operation of the plant. However, 

applying TAM activities is a feasible means to remove these depositions 

through tubes, which justifies the widespread adoption of TAM in real 

maintenance of heat exchangers.  

Figure 5.11 shows that the hazard rate curve of six pieces of heat 

exchanger increases proportionally with increase in the interval of TAM to 

reach hazard rate of 5.257E-05 as the highest level due to build-up of 

fouling layers through tubes at 24800 hrs.  
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           Figure 5. 12. Hazard rate of selected heat exchangers from gas plant 

 

Also, an increase in the reliability and a decrease in the hazard rate of heat 

exchangers mean that an increase of the failure mode with TAM interval to 

reach up to the peak 2.98E-05 at 24800 hrs as shown in Figure 5.13. Based 

on heat exchangers, the gas plants must be totally shut downed every 

24800 operating hour to execute TAM activities in order to avoid any threats 

that may lead to increasing in  the operational risks due to an increase in 

the PoF and CoF as shown in Table 5.10. An increase of these threats can 

also increase environmental issues, losses in production and damage of 

operating assets due to build-up of fouling layers that can hinder the flow of 

fluid through the tubes and generate blasts in the surround zone of heat 

exchangers.  

A peak point of FM was an indicator to address issues associated with these 

equipment pieces. When R(t) and h(t) reached to 0.567 and 0.00005284 

respectively. This means that, it is prudent to make decision to select the 

optimum TAM interval of the plant at 24800 hrs.   
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                     Figure 5. 13. FM of selected heat exchangers from gas plant 

 

The above results refer to the determination of interval of TAM for sample 

of static pieces of equipment (shell-tube heat exchangers) in the SOC gas 

plant based on TTF data as shown in Appendix C. This demonstrated that 

the plant can be run 1033 days rather than 730 days without any outage 

or threat to stability of the plant.  

Therefore, this study associated with heat exchanger showed that TAM 

model had a capable to optimise interval of TAM, and enhance the reliability 

and availability, which can be resulted in the improved operation process 

towards optimality.  

5.2.1.3    The Second Scenario: RBI of Drums   

Static equipment also consist of 32 pieces of equipment of horizontal and 

vertical drums, which involve under code (D) such as D-401, D-704, etc. 

Based on failures reports and recommendations experts associated with 

RBI processes showed that most drums in the gas plant which were 

inspected, they have exposed to several failures:  
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 Corrosion due to reacting the metal with the middle exposed to it,  

 Leakage through gasket rings and shell of drums,   

 Fluctuated fluid specifications resulting from insulation damage and 

 Miscellaneous (e.g. bolts, anchors damage and foundations).  

5.2.1.3.1   Analytic Hierarchy Process (AHP) of Drums 

During AHP process for 32 drums, it was demonstrated that 56% of 

occurred failures for these drums was due to internal corrosion in the long 

terms as shown in Table 5.11. One of the prime causes of the pressure 

drums failure is corrosion that contribute in the change of mechanical 

properties of metal due to poor maintenance and poor welding joints, 

chemical compounds of fluid, or there was a difference in the velocity for 

the flow of current. 

Table 5. 11. Criteria weights of four-point scale for drums 

No Leakage  Insulation Corrosion Other Sum Weight 

Leakage 0.230 0.357 0.204  0.437 1.230 0.31 

Insulation 0.046 0.071 0.086 0.062 0.266 0.065 

Corrosion 0.691 0.500 0.621 0.437 2.249 0.56 

Other 0.032 0.071 0.086 0.062 0.253 0.065 

SUM 1 1 1 1  1 

 

This failure is one of common failures in static drums that represents the 

highest risk. Corrosion is considered the destructive attack of drums by 

reaction with its environment (Popoola et al., 2013) and dangerous 

outstanding materials to oil and gas production and transportation facilities 

(Kermani and Smith, 1997). Aqueous environment also plays dangerous 

role in the enhancement of corrosion rate that occurs due to complex 

operating conditions of the production and manufacturing of oil and gas. 
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Therefore, natural gas contains several impurities which can cause 

corrosion. Corrosion in the drums is one of the outstanding challenges in 

the gas industries. Reports around the world have confirmed that most oil 

and gas plants have expended billions of dollars due to corrosion 

catastrophes, which no doubt produce lost in production, environmental 

mess and asset damage. Corrosion can be considered a probabilistic 

phenomenon that occur in the gas industries.  

In this study, the corrosion of drums in the gas plant have comprehensively 

examined through the welding joints, flanges, and the bottom part of drums 

and curved sides. 

These drums have suffered deterioration due to corrosive elements that 

caused an economic and environmental risk. In order to avoid this problem 

chemical material (inhibitors) can be injected into the gas stream to slow 

corrosion rate if the corrosive elements quantity are small. However, if the 

corrosive elements quantity are large, this contaminant cannot be removed 

unless the plant facilities are subjected to TAM activities.    

5.2.1.3.2   Risk Assessment (RA) of Drums  

Figure 5.14 shows a distribution of 32 pieces of drums located in GLRU, T, 

D&F, SWB, C&C and utility unit of the SOC gas plant on the risk 5 x 5 matrix 

based on probability of frequency of corrosion, leakage, vibration and 

miscellaneous with time P(t), and the consequences of failure effect (CoF) 

arising from these failures on the gas plant. Two of the 32 drums were 

located in high risk zone that consisted of two drums (D-409 and D-704). 

These drums were rated in the highest risk zone due to corrosion resulting 

from corrosive products, especially through welding area and flanges in the 
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bottom part of drum. Therefore, these pieces of equipment that were 

located in the high zone should be taken into consideration during TAM 

activities to avoid increasing in the PoF and CoF.  

Table 5. 12. Estimated Risk of drums  

Code Equipment No PoF CoF 
Estimated Risk 

Priority 
Risk Level 

D-409 Regeneration drum 1 3 4 12  1 

D-704 Reflux/Surge Drum 1 2 5 10  2 

D-462 Feed gas drum 1 3 3 9  

3 
D-412 Feed gas drum 1 3 3 9  

D-406 Reflux drum  1 3 3 9  

D-405 Reflux drum  1 3 3 9  

D-701 Drum 1 2 4 8  

4 

D-401 Gas K.O. drum 1 2 4 8  

D-402 Acid gases K.O. drum 1 4 2 8  

D-414 Condensate drum 1 4 2 8  

D-413 Separator drum  1 4 2 8  

D-706 Drum 1 2 3 6  

5 
D-757 Reflux drum 1 2 3 6  

D-407 Reflux drum  1 2 3 6  

D-404 Reflux drums 1 3 2 6  

D-793/799 Flash drums 2 2 2 4  

6 D-712/1400 Surge drums 2 2 2 4  

D-1610 Drum 1 2 2 4  

D-702/703 Drums 2 1 3 3  

7 
D-302 Reflux drum 1 1 3 3  

D-705A/B Reflux columns 2 3 1 3  

D-410 Drum 1 3 1 3  

DS-1610/1610A   Desuperheaters 2 1 2 2  

8 DE-791/792 Desalters  2 1 2 2  

D-760/761 Flash drums 2 2 1 2  

  

The RBI scope included four categories of failures for each equipment as 

shown in Table 5.11. A corrosion factor was the dominant failure for these 

drums. Therefore, 32 static drums included in this study to assess them 

according to a risk matrix, 12 drums (3, 2, 2, 2, and 3) were classified in the 

very low risk zone. 9 drums (1, 5, and 3) were rated in low risk area, 9 (3, 
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4, 2) were estimated to be in moderate risk zone, 2 drums (1, 1) were 

located in high risk zone due to corrosion of shell resulting from the reaction 

of liquefied petroleum gas with metal of D-704 at 25oC and the reaction of 

fuel gas with metal of D-409 between 140oC – 150oC, and no pieces of 

equipment in very high risk area as shown in Figure 5.14. Therefore, 29 

drums were located in very low, low and moderate risk zones. These pieces 

can be excluded from TAM list to be inspected during next cycle of the TAM 

that identified according to risks priority as illustrated in Table 5.12. These 

pieces of equipment were not constituted the highest risk on the production, 

operating assets and environment resulting from corrosion factor. However, 

D-409 and D-704 pieces that were rated in the high risk zone must be 

subjected to TAM activities to remove or mitigate risk in order to avoid 

ascendant to very high risk. Therefore, D-409 and D-704 can be joined to 

TAM list to be considered in Stage IV in order to identify optimum interval 

of the TAM and to inspect and maintain during plant shutdown to avoid 

unexpected consequences associated with environmental damage, losses 

in production or operating asset damage.   

 
                 Figure 5. 14. Estimated risk ranking matrix of 32 drums 
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As a result, drums located in high risk zone that consisted of regeneration 

and reflux/surge drums. These pieces of equipment require immediate 

attention, because corrosion that occur in the gas drums can appear in 

several widely different forms due to erosion factors, specification of metal 

and fluid. Therefore, these drums can never be maintained and repaired 

without TAM activities related to sandblasting, repairs, modifications, 

welding and painting activities. 

5.2.1.4    Probability Distributions of D-704 and D-409 

5.2.1.4.1    Reliability Block Diagram (RBD) of D-704 and D-409 

A Reliability Block Diagram (RBD) of drums resulting from the outcome of 

the RBI approach consists of D-704 located in the GLRU unit and D-409 

located in the treating unit. Each drum has an operational specification as 

shown in Table 5.13. 

Table 5. 13. Specification of D-704 and D-409 of the gas plant 

 

5.2.1.4.2    The Weibull Distribution 

The Weibull distribution can also be utilized to identify the optimal interval 

of D-704 and D-409 that are located in the GLRU and treating unit, 

respectively. 

Table 5. 14. Shape and scale parameters of (D-704, D-409) 

Equipment Code Description Shape 
Parameter  β 

Scale Parameter 

𝞰 (hr) 

D-704 Reflux/Surge drum 5.52 76141 
D-409 Regeneration drum 

 
 
 

4.65 82853.7 

Weight Temp

Dia L Th Ib  °C

D-704 6'-0" 17'-6" 1/4" 4930 25 LPG liqified petrolum gas

D-409 8'-0" 16'-1" 1/4" 5920 140-150 Fuel gas 

Drum
Diamensions

Used to

D
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 D-704 Results  

Table 5.15 shows a sample of results associated with reliability function 

R(t), hazard rate h(t), and Failure Mode (FM) of D-704 (Appendix C) that 

are located in the high risk zones.  

5.2.1.4.3    The Operational Risk of Drum-704 (ERD704.) 

Based on PoF and CoF were determined operational risk of D-704 

according to affecting of corrosion as shown in Table 5.15. 

ER D704 (S) = [1 – R(t) D704] x [$10,698,000 + $51,067,767 + $3,703,000] 

    ER D704 (S) = 0.56 x $65,468,767 = 499.57 $/hr. 

Table 5. 15. 2nd Scenario of R(t), h(t), and FM results of D-704  

TAM Int. 
R(t) F(t) h(t) FM 

ER 
 D-704 (hrs) 

50,000 0.906 0.093 1.083E-05 1.061E-05 122.3 

60,000 0.764 0.235 2.469E-05 2.335E-05 256.89 

70,000 0.533 0.466 4.957E-05 2.6781E-05 436.47 

72,000 0.479 0.520 5.630E-05 2.7107E-05 473.02 

73,000 0.452 0.547 5.992E-05 2.713E-05 490.83 

73,500 0.439 0.560 6.180E-05 2.714E-05 499.57 

73,600 0.436 0.563 6.218E-05 2.712E-05 501.31 

74,000 0.425 0.574 6.372E-05 2.698E-05 508.20 

75,000 0.398 0.601 6.771E-05 2.671E-05 525.05 

80,000 0.268 0.731 9.065E-05 1.901E-05 598.38 
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Figures 5.15, 5.16 and 5.17 shows R(t), F(t), h(t) curves and FM of D-704 

which were determined based on shape and scale parameters as shown in 

Table 5.14. These curves demonstrated a simultaneous decline in the 

reliability and rise in the hazard rate of D-704 due to losses in the thickness 

of shell resulting from wear and cracks factors that get penetrated into the 

connection of flanges area with shell, and middle of drum. An increase of 

these failures resulted in decreasing reliability for drum and increasing 

operation risk of D-704, with increasing interval of TAM to reach 56% of F(t) 

and attain $499.57/hr of the operational risk when compared to an tolerable 

risk at 73,500 hrs. Therefore, because of corrosion penetration, reliability of 

a drum is proportionally decreased to 44% and hazard rate would also be 

increased to 6 failures per 100000 hrs as the highest level at 73500 hrs. 

73500 operating hours is the optimum period to address this defect early to 

avoid gas leak risks that directly effect on the operating assets, environment 

and production due to corrosion issues which can be constantly penetrated 

the shell of drums. These consequences of these defects can be increased 

the thermal radiation, toxic and chemical materials, excessive pressures on 

surrounding equipment and fluctuating temperatures, as well as lung 

damage of employees in the surround area for the plant. These defects 

cannot be repaired or modified unless drum is separated from service to 

open it and treat it from the inside. This cannot be done during normal 

operation process of the plant.  
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                             Figure 5. 15. Reliability of selected D-704 

 

 

 

 
 
 
 
 
 
 
 
 
 
                                           

                                      Figure 5. 16. Hazard rate of D-704 

 

It can be seen that FM curve also demonstrated an increase with interval of 

TAM to reach the peak point at 73500 hrs and 0.0000271 of FM. As a result, 

73500 hrs represented maximum operation time of the D-704. At this time, 

the total shutdown of the plant should be every 73500 operating hour based 

on D-407 in order to execute TAM activities and to avoid any threats may 

be resulted in the increasing risks rate and consequences of failure that can 

be impacted on environmental issues, production rate and operating assets. 

These consequences are increased as a result of corrosion issues which 
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can be caused leakages in the long term. After that, FM curve would be 

rapidly and continually fallen to be reached to zero with increasing TAM 

interval.         

 

                                    Figure 5. 17. FM of selected D-704 

 

From the analytical results in Figures 5.15, 5.16, and 5.17, the interval of 

TAM can be increased from 2 years to 8 years and five months. At this time, 

R(t) is equivalent 0.44, the operational risk is equivalent 499.32$/hr and FM 
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to address issues associated with TAM event according to D-704, which 

attained the widespread justifying to adopt a real period for inspection and 

maintenance of critical drums. 
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D-409 to $499.32/hr at 79,000 hrs due to losses in shell thickness resulting 

from penetrated corrosion under insolation in the bottom of drum.  

At 79,000 hrs showed that operational risk of D-409 can be achieved when 

compared to tolerable risk of the plant and based on 55% of PoF and 

$71,555,640 of CoF.  

ER D409 (S) = F(t) x 71,555,640 = 499.32 $/hr. 

Table 5. 16. 2nd Scenario of R(t), h(t), and FM  results of D-409 

TAM Int. 
R(t) F(t) h(t) FM 

ER  
D-409 (hrs) 

12,000 0.999 0.0001 4.856E-08 4.855E-08 0.74 

20,000 0.998 0.0013 3.133E-07 3.129E-07 4.81 

40,000 0.966 0.033 3.933E-06 3.802E-06 59.52 

50,000 0.908 0.091 8.882E-06 8.073E-06 130.36 

70,000 0.633 0.367 3.033E-05 1.921E-05 374.72 

77,000 0.491 0.508 4.295E-05 2.109E-05 472.98 

78,000 0.469 0.530 4.502E-05 2.115E-05 486.30 

79,000 0.448 0.551 4.716E-05 2.1165E-05 499.32 

79,100 0.446 0.553 4.738E-05 2.1163E-05 500.60 

80,000 0.427 0.572 4.938E-05 2.111E-05 511.99 

90,000 0.230 0.769 7.590E-05 1.746E-05 612.10 

 

 

On the other hand, once a decrease of reliability function and increase of 

hazard rate continuously, the failure mode of equipment would be increased 

until FM is reached to a peak point. This point was an important indicator to 

determine the optimum interval of TAM according to results of D-409.   

An increase in failure rate of D-409 was due to corrosion that exceeded 

stage II as shown in Figure 3.16 (β >1). This means that corrosion rate of 

shell was occurred more likely to fail every 79000 hr. At this period must be 

addressed this matter to avoid more losses in the shell thickness of drum 

caused by chemical reaction between gas fuel (middle) and metal of D-409.  
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An increase of corrosion rate due to operating conditions means increase 

of FM with TAM interval from zero to 79000 hrs until FM is reached to a 

peak point 2.1E-5 as shown in Figure 5.18.  

Consequently, the shutdown of the plant must be conducted every 79000 

operating hour based on D-409 in order to execute TAM activities and to 

avoid any threats may lead to increasing risks and consequences of failure. 

              

 

                                Figure 5. 18. FM of selected D-409. 
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5.2.1.5    The Third Scenario: RBI of Processing Columns  

Processing columns comprise 16 columns that are classified under code 

(T) such as T-401, T-701, etc.). These columns are spread across five units 

(GLRU, C&C, T, D & F unit).   

The M&I, operation and maintenance reports and recommendations of 

experts for the gas plant demonstrated that most of the columns that were 

inspected exhibit corrosion due to fluctuating feed temperatures resulting 

from errors in the operating process and sometimes specification of natural 

gas.  

According to the history of inspection of 16 columns in the gas plant, there 

are many trays in these columns that are prone to corrosion due to the 

presence of water vapour in natural gas resulting from fluctuated 

temperatures; these can lead to many problems:  

 Reduce the ability of gas to flow in the flowlines and process 

systems. 

 Water vapour causes corrosion in trays parts. 

 At low temperature, water vapour forms hydrates - complicated 

molecules of hydrocarbon liquid and water, causing blockage of 

lines. 

To avoid these issues in the short term, the dehydration process of natural 

gas should be carried out. In the middle term, these trays must be replaced 

during duration of TAM based on planned interval of TAM.   

Trays increase contact surface area between the liquid and vapour during 

separation of liquid and gas mixture inside the column. These trays are 

fabricated according to specification of the process based on pressure and 
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temperature of fluid. Most materials of construction for the trays are carbon 

steel, stainless steel, nickel and copper alloys, or titanium. Figure 5.19 

shows these parts which include bubble caps, valve tray and sieve tray. 

 
                Figure 5. 19. The prone parts to failure in columns of the gas plant  

  

Corrosion in trays of column was considered the one of the main reason for 

a total shutdown of the plant. Parts associated with trays usually were 

inspected and replaced simultaneously during TAM activity. Therefore, 

these parts should be taken into account while identifying interval between 

TAMs. These parts were considered one of the outstanding challenging 

problems in the gas industries caused by complex operating conditions that 

constituted the highest risk. 

5.2.1.5.1    Risk Assessment of Critical Columns  

This case focused on 16 pieces of columns located in GLRU, T,D&F and 

C&C unit of the SOC gas plant as shown in Appendix C to determine risk 

ranking associated with probability of failure and consequences of failure 

effect (CoF) resulting from corrosion effects on the gas plant. Table 5.17 
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shows two of 16 columns that achieved 12 and 10 of risk ranking 

respectively, four pieces of equipment achieved 9 of risk ranking, three of 

16 columns attained 8, two of 16 columns attained 6 and 5 pieces of 

equipment achieved 4 risk ranking. 

  Table 5. 17. Estimated risk of critical columns 

Code Equipment No PoF CoF Re 
 

Risk 
Priority 

Level 

T-701 Splitter tower 1 3 4 12   1 

T-702 Debutanizer 1 2 5 10   2 

T-405 Demethanizer system 1 3 3 9   3 

T-406 Deethanizer system 1 3 3 9   3 

T-407 Depropanizer system 1 3 3 9   3 

T-408 Debutanizer system 1 3 3 9   3 

T-404 Gas caustic treater 1 2 4 8   4 

T-703 Caustic treater of LPG 1 2 4 8   4 

T-410 Absorbers  1 2 4 8   4 

T- 401 Hot catacarb absorber 1 2 3 6   5 

T-403 Catacarb regenerator  1 2 3 6   5 

T-402 Cold catacarb absorber 1 2 2 4   6 

DR-401 C/D Vapour driers 2 2 2 4   6 

DR-402 C/D Liquid driers 2 2 2 4   6 

 

Based on PoF and CoF, 16 columns shown in Figure 5.20, seven columns 

(DR-402 C/D, DR-401 C/D, T-402 and T-403, and T-401) were rated in the 

low risk zone, 7 pieces of columns (T-405, T-406, T-407, T-408, T-404, T-

703, and T-410) were classified in moderate risk zone, 2 columns (T-701 

and T-702) were classified in high risk zone, and no pieces of equipment in 

very high risk area.  

As a result, 14 pieces of columns classified in the low risk and moderate 

risk zone. These columns are not required TAM and must be excluded from 

the current TAM. However, these pieces must be included to the next cycle 

of TAM according to priorities. There are 2 of columns were classified in 
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high risk zone. These pieces of equipment should be added to TAM SoW 

to be considered in Stage IV of the TAM model in order to avoid any serious 

consequences can be caused damage in the environmental, losses in 

production or damage in operating assets. 

 
                Figure 5. 20. Estimated risk ranking matrix of 16 columns. 

 

Based on the outcome of this stage of TAM model, two columns: T-701 and 

T-702 that were located in the high risk zone. T-701 and T-702 were 

connected with each other as series system. T-701 consists of 21 trays that 

replace due to the expected increase in the fluctuation of feed temperature. 

The top section of the tower includes tray from number 9 to tray number 21, 

while the bottom section includes from tray number 1 to number 8. 

T-701 operates under pressure between 160 and 200 psig and T-701 

overhead temperature ranges between 85o F and 99o F. This pressure 

depends upon feed rate, composition and availability of CM-702 overheads 

compressor.  
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T-702 column comprises 24 trays used to recover the LPG, propane and 

butane as an overhead product transfers the liquid hydrocarbons in the 

bottom of T-702 to naphtha storage tank (TK-1501) under pressure of T-

702 reaches to an approximately 115 psig.  

The main feed T-702 is taken the liquid from the bottom of T-701 at 

approximately 300o F. This liquid is fed in to debutanizer at tray number 6. 

A tie-in joints this feed line, coming from the bottom of T-408 / 458, the 

debutanizer in the fractionation section. This feed can also be sent directly 

to naphtha storage.  

The excessive feed rate, excessive pressure and fluctuated temperature 

created high steam, which contributed in the missing of bolts and trays. 

As a result, these pieces of equipment must be subjected to an entire 

shutdown due to corrosion that attacks these caps and trays. Thus, T-701 

and T-702 should be considered in Stage IV to determine TAM scheduling. 

5.2.1.6    Probability Distributions of T-701 and T-702 

5.2.1.6.1    Reliability Block Diagram (RBD) of T-701 and T-702 

A Reliability Block Diagram (RBD) of two pieces T-701 and T-702 in the 

GLRU unit. These pieces were resulted from the outcome of stage II, which 

were rated in the high risk zones. RBD of two pieces have connected with 

each other as series system as shown in Figure 5.21. 
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T-701

T-702

 
                    Figure 5. 21. RBD for selected columns of gas plants  

 

5.2.1.6.2    The Weibull Distribution 

The Weibull distribution is used for modelling the TAM scheduling of T-701 

and T-702 columns based on shape and scale parameters as shown in 

Table 5.18, which were determined according to Time to Failure (TTF) as 

shown in an Appendix C. 

Table 5. 18. Shape and scale parameters of T-701 and T-702  

Equipment Code Description 
Shape 

Parameter β 
Scale Parameter 

𝞰 (hr) 

T-701 Splitter tower 6.3 80800 

T-702 Debutanizer 6 

 
 

97376 

 

Series configuration equations of T-701 and T-702 can be expressed as 

below:    

             Rs (t) = R1 (t). R2 (t)  

             R𝑖(t) = [R(𝑇701)]   x   [R(𝑇702)]            𝑤ℎ𝑒𝑟𝑒 𝒊 = 1,2, … 𝒏                 

             R𝑖(t) = [ 𝐞
− (

t

η
)

βi

]    x   [ 𝐞
− (

t

η
)

βi

]                                                (5.14) 

             𝑅(𝑡) = 𝑒−[ 𝑇701+𝑇702] 

24 trays 
21 trays 
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                h(t) = [ 
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(
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η
)

β
] }

             (5.16)        

Table 5.19 shows sample of results related to the reliability function R(t), 

hazard rate h(t), and FM of T-701 and T-702 columns connected with each 

other as a series configuration. These pieces of equipment were rated in 

the high risk zones due to trays and caps corrosion resulting from 

overpressure and temperatures.  

5.2.1.6.3    The Operational Risk of Critical Columns (ERcolumn) 

The consequences of any failure will be very high. Therefore, it is necessary 

to subject the operational risk of these columns to consequence 

assessment due to their potential risks F(t) and their economic 

consequences on production, operating asset and environmental issue. 

Thus, the operational risk of these columns could be increased with TAM 

interval until the total consequences of failure reaches $500/hr or lower.  

Based on tolerable risk that is adopted based on expert judgment of safety 

criteria  of SOC, the operational risk of T-701 and 702 were associated with 

melting trays and caps, and disappearing bolts due to overpressure and 

increase feed temperatures (fluctuated temperatures). This operational risk 

was consistent with tolerable risk at 75100 operational hour and 56.8% of 

F(t). 

Table 5. 19. 3rd Scenario of R(t), h(t), and FM results of T-701 and T-702 

TAM Int. 
R(t) F(t) h(t) FM ERcolumn 

hrs 

50,000 0.935 0.064 8.274E-06 7.7433E-06 84.80 

60,000 0.813 0.186 2.151E-05 1.7494E-05 205.75 
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70,000 0.581 0.418 4.829E-05 2.8099E-05 394.56 

72,000 0.524 0.475 5.598E-05 2.9354E-05 436.38 

75,000 0.434 0.565 6.935E-05 3.01509E-05 497.86 

75,100 0.431 0.568 6.984E-05 3.01519E-05 499.85 

75,150 0.430 0.569 7.008E-05 3.01517E-05 500.84 

80,000 0.287 0.712 9.731E-05 2.79788E-05 588.31 

100,000 0.006 0.993 0.0003140 2.06347E-06 656.24 

120,000 1.50E-07 0.999 0.0008186 1.23159E-10 550.48 

 

Also, Figures 5.22 and 5.23 demonstrated a simultaneous decline in the 

reliability and rise in the hazard rate of T-701 and T-702 columns due to 

effect corrosion on a set of tray (bolts, caps, valve, and sieve). Therefore, a 

decrease of reliability and an increase proportionally of hazard rate for T-

701 and T-702 with increasing TAM interval until R(t) reaches 43%, and 

hazard rate to 7 failures per 100000 hrs as the highest level at 75100 hrs.  

As a maximum of operational hours of both T-701 and T-702 columns is 

75100 hrs based on FM indicator. 75100 hrs was considered the optimum 

time that identified to avoid the unexpected risks on the plant assets, 

environment damage and production losses due to increasingly lost bolts 

and corrosion issues in the caps and trays of columns that cannot be 

repaired or modified during regular operation process of the plant.  

Figure 5.24 showed failure mode of the selected equipment pieces that 

relied on R(t) and h(t) with increasing in the interval of TAM. Continuously 

operation of two columns were resulted in increasing FM curve with interval 

of TAM until FM was reached to a peak point at 3E-5. This point was 

obtained at 75000 operational hour. According to T-701 and T-702, plant 

facilities must be subjected to the total shut down to execute TAM event at 

75100 hrs. in order to avoid any threats may lead to increasing risks and 

consequences of failure between TAM periods. 
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                                Figure 5. 22. Reliability T-701 and T-702 

 

                                Figure 5. 23. Hazard rate of T-701 and T-702 

 

 

                                  Figure 5. 24. FM of selected T-701 and T-702  
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As a result, interval of TAM can be increased to 8 years and 7 months rather 

2 years based on the selected equipment at R(t) = 0.43, h(t) = 0.00007 and 

$499.85/hr of operational risk. Therefore, the repeated TAM interval every 

8 years and 7 months was considered a feasible period to address these 

failures, which justifies the widespread adoption of real TAM of T-701 and 

T-702. 

5.2.1.7    The Forth Scenario: Critical Pipelines of the Gas Plant 

Pipelines are the most effective means to transport liquid products from 

source to finished products then to terminals and depots across long 

distances of pipelines and different diameters. These pipelines have 

become important value and a ready and lucrative target for distribution of 

gas products. However, pipelines are usually vulnerable to malfunctions 

due to erosion factor, operating conditions and a specification of fluid. Any 

damage or failure in these pipelines, it can result in serious implications in 

the production and environment. Despite the best efforts of oil and gas 

companies in failure monitoring of pipelines, in addition, application of 

safety factor to minimize risks rate resulting from corrosion that occurs due 

to damages in the coating layer that protects and prolongs the life of the 

pipeline of corrosion, TAM of pipelines could not be stopped completely. 

TAM of pipelines is considered costly and consume very long time. 

5.2.1.7.1    AHP of Pipelines  

Pipelines are the nervous system of oil and gas plant, as these pipelines 

transport many fluid and the petroleum products from source to demand 

points. Therefore, the operational efficiency of these pipelines must be 
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according to specification of operating conditions of a plant. It is important 

to know that gas pipelines are costly in term of inspection and maintenance 

with comparing to their oil counterparts. In addition to, their economic 

consequences that require more consideration in terms of preparation and 

planning. If a supply process is lost or reduced pressure, this means some 

failures occur, such as leakage through flanges due to gasket, an increase 

in pipe wall thickness due to corrosion/cracks in welding lines. These 

failures are not easy process due to air entering the pipeline, which can lead 

to increased risks such as explosion in gas pipelines, and can cause 

damage of asset and environment (Grigoryev, 2006). However, failures of 

gas pipelines are considered rare events in short terms, and danger in the 

long terms. The pipelines failures can be determined by many ways 

(Dawotola, et al., 2013). In this case in particular is adopted the AHP 

approach to determine common failures in pipelines systems. Therefore, 

failures priorities of gas pipelines can be recognised using AHP and then 

identified critical pipelines that have the highest risk by sensible measures 

of RBI approach based on failure identified by AHP.  

Collecting information relating to the common failures of pipelines is 

displayed as Appendix C. This information include four categories of the 

common failures in gas pipelines as shown in Table 5.20 and 5.21. The 

probability of these failures is estimated directly using: 

 M & I and maintenance experts.  

 Fitting the historical data of pipeline failures.   

Table 5.20 shows the results of AHP approach in the selection of priorities 

for common failures in pipelines based on historical data of pipeline failures 
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for four criteria comparison: leakage, insulation, corrosion and vibration. 

Table 5.20 also demonstrates the probable failures of gas pipelines that 

refer to the highest risks of gas pipelines resulting from corrosion factor 

according to failures documents and TAM reports. Corrosion is considered 

the most vulnerable to damage gas pipelines that can reach to 58% with 

compared to the other failures. This means that corrosion of gas pipelines 

which may cause a total or partial shutdown of the gas plant, especially in 

the long term. External corrosion can normally occur due to the reaction of 

the metal of pipelines with the environment and internal corrosion can be 

due to the chemical reaction of the metal of pipelines with the fluid. 

However, the external corrosion can be revealed more easily than the 

internal corrosion. This type of failure can cause gas leaks that leads to 

fluctuating pressures and temperatures or shut off the flow of gas to the 

damaged zone. However, monitoring systems on the pipeline would 

immediately control this risk before escalating the problem. 

Table 5. 20. Criteria weights of four-point scale for pipelines 

No Leakage Insulation Corrosion Vibration Sum Weight 

Leakage 0.230 0.375 0.208 0.35 1.164 0.29 

Insulation 0.046 0.075 0.088 0.15 0.359 0.09 

Corrosion 0.691 0.525 0.633 0.45 2.299 0.58 

Vibration 0.032 0.024 0.069 0.05 0.176 0.04 

SUM 1 1 1 1  100 

 

On the other hand, Table 5.21 shows the probability of critical failures for 

pipelines based on opinions of the gas plant experts, which can reach to 

53% with comparing to the other critical failures. Therefore, the probability 

of failure associated with the historical data and experts opinions are 
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considered consistent with the selection of common failures for pipelines in 

term of ranking. 

Table 5. 21. Probable failures of gas pipelines by estimating of experts  

Critical 
Failures 

Experts Mean 
SD CV 

 % 

Rank 
1 2 3 4 5 6 7 8 Ẍ 

Int. & Ext. 
Corrosion 

52% 50% 52% 55% 53% 55% 54% 50% 0.53 0.520 98.8 1 

Leakage 28% 30% 38% 28% 32% 28% 27% 30% 0.30 0.078 26.1 2 

Vibration 10% 15% 8% 11% 10% 9% 12% 10% 0.11 0.072 67.5 3 

Insulation 
& Cladding 

10% 5% 2% 6% 5% 8% 7% 10% 0.067 0.039 59 4 

   Between 1980-2010, Standard Division (SD)= √∑ (𝒙 − Ẍ)𝟐 𝒏 − 𝟏⁄
𝒏

𝒊=𝟏
 , Coefficient of Variation (%CV) = (𝑺𝑫 Ẍ)𝟏𝟎𝟎⁄  

Consequently, corrosion is considered the most common effect when 

comparing with other failures in pipelines of the gas plant, when λmax = 

4.174, CI = 0.058, and CR = 0.065. 

5.2.1.7.2    Risk Assessment of Gas Pipelines 

Gas pipelines maintenance usually require several activities that include 

repairs of concretes foundations, welding, sandblasting, painting, coating, 

and insulation and cladding replacement. Thus, the gas pipelines can be 

divided into different segments based on nominal diameter and thickness 

of wall for each sample and manufacturing process unit that comprises four 

units: GLRU and T, D and F. Each unit includes different diameters of 

pipelines such as PL-4", PL-6", PL-8"... PL-84" as shown in Table 5.22.  

Table 5. 22. Estimated risk of gas pipelines   

Item 
Piping  
Code 

Location PoF CoF Re 
Risk Priority 

Level 

1 PL1-20" GLRU 1 2 2 
V.L 

 

7 
2 PL2-20" Treating   2 1 2 7 

3 PL3-20" Drying  1 2 2 7 

4 PL4-20" Fractionation 1 3 3 6 

5 PL5-20" SWB 2 2 4 L 5 

6 PL6-20" Utilities 2 2 4 5 
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7 PL7-20" C & C 2 2 4 5 

8 PL1-24" GLRU 2 3 6 3 

9 PL2-24" Treating   1 2 2 V.L 7 

10 PL3-24" Drying  2 2 4 

L 

5 

11 PL4-24" Fractionation 2 2 4 5 

12 PL5-24" SWB 3 2 6 3 

13 PL6-24" C & C 2 2 4 5 

14 PL7-24" Utilities 3 2 6 3 

15 PL1-26" GLRU 2 3 6 3 

16 PL2-26" Treating   2 2 4 5 

17 PL3-26" Drying 1 2 2 V.L 7 

18 PL4-26" Fractionation 2 2 4 L 5 

19 PL5-26" SWB 2 5 10 H 
 

1 

20 PL6-26" Utilities 2 5 10 1 

21 PL7-26" C & C 2 4 8 M 2 

22 PL4-30" Fractionation 2 1 2 V.L 7 

23 PL5-30" SWB 2 2 4 L 5 

24 PL630" Utilities 3 2 6 3 

25 PL7-30" C & C 1 3 3 V.L 6 

26 PL1-30" GLRU 2 2 4 L 5 

27 PL2-30" Treating  1 3 3  

V.L 

 

6 

28 PL3-30" Drying  1 3 3 6 

29 PL1-36" GLRU 1 2 2 7 

30 PL5-36" SWB 1 5 5 
L 

4 

31 PL6-36" Utilities 1 5 5 4 

32 PL7-36" C & C 1 3 3 V.L 6 

33 PL5-48"-52"-84" SWB 1 5 5 
L 

4 

34 PL7-48"-52"-84" C & C 1 4 4 5 

35 PL6-48"-52"-84" Utilities 1 5 5 4 
  

The PoF was identified based on the gradual decrease of wall thickness 

which was considered a key indicator to determine risk level due to 

specification of liquid which passed through pipes. The CoF can be 

estimated based on the production losses, environment damages and 

operating assets damages. Both the PoF and CoF were utilized to estimate 

the risks of the pipeline systems resulting from internal and external 

corrosion effects as shown in Figure 5.25. Thirty five samples of pipelines 

were distributed on the risk matrix, which consist of five levels of risk (5x5) 

as shown in Figure 5.25. 
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           Figure 5. 25. Estimated risk ranking matrix of 35 samples of gas pipelines 

 

Twelve samples of pipelines were located in very low risk zone, 20 samples 

were rated in the low risk zone, a sample was rated in the moderate risk 

zone, 2 samples were classified in the high risk zone, and without any 

sample was located in very high risk zones. Thus, 12 samples of pipelines 

were rated as (2+5+5) in very low risk, 20 samples were rated as 

(3+10+2+1+4) in the low risk zone and a sample was rated in the moderate 

risk zones. These samples must be excluded from the current TAM list to 

the next TAM.  However, 2 samples of gas pipelines were rated as (2) in 

the high risk zone must be taken into account to be integrated to the TAM 

activities to be inspected and maintained during TAM duration of the gas 

plant in order to avoid disastrous consequences, which may be caused 

environmental contamination, losses in production or asset damage. The 

samples that were rated in the high risk zone included PL5-26" and PL6-

26". These samples located underground between SWB and utility unit 

must be immediately subjected to the TAM activity due to corrosion issues. 

This means that these pieces can be considered in the stage IV to 

determine TAM scheduling to minimize risks level during normal operation 

No effect Minor Moderate Major Massive
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Failure Level

Very Unlikely

Probable

Possible

Unlikely

High Probable

PL

AD

ED

Consequnces Rating

Failure Frequency



Chapter.5: Application of RBI on CSEs----------------------------------------------------------------------------------------------------------------------------------------------

------------- 

  

Page | 188 

  

of the plant. By concentrating on the high risk pieces of equipment can 

improve availability and reliability level of the plant. 

 26"-Steam header line 

Corrosion can be internal  due to the chemical reaction for pipe with 

contents of the gas such as O2, Co2, H2S or/and external due to break in 

the coating layers that assist erosion factors in the penetration through 

these gaps. Hence, corrosion in the gas industries can take several forms 

sour corrosion, oxygen corrosion, galvanic corrosion, crevice corrosion, 

erosion corrosion, microbiologically induced corrosion, and stress corrosion 

cracking. However, these forms of corrosion are depended on type of fluid 

and pipe metal (Dey et al., 2004).       

Steam is the main fluid which passes through pipelines that are located 

between SWB and utility unit to feed turbines. 26"- steam header line is one 

of critical equipment that feeds utilities unit by steam. This pipe represents 

a higher risk due to the high temperature of steam that reaches between 

750oC and to 800oC. Therefore, any defects in this line can leads to the high 

risk on the production, operating assets and environment issues.    

 

     

 

 
                           Figure 5. 26. Sample of 26"- pipeline defect 

 

Corrosion of pipeline is considered a complex affair depending on 

inspection and maintenance policies, operating conditions, and 

specification of pipeline materials as shown in Table 5.23. 

SWB Utilities 
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d t 
ID 
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Defects 
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Table 5. 23. 26"-Steam header line specification. 

Equipment Type 26”-Steam header Line  

Material Specification  Austenitic Stainless Steel 

Material Grade  API / TP312-316L 

Operating Temperature  750 – 800 oC 

ID 660mm (26in) 

Length  120m 

Wall Thickness (t) 20mm (0.78in) 

Corrosion Rate 0.15-0.2 mm/yrs. 

Corrosion Allowance 2.5-3mm 

 
Table 5.24 shows inspection survey that used to detect location, size of 

corrosion that penetrates across the length and depth of the 26"- line, which 

could affect performance and integrity of the plant. 

Table 5. 24. Calculation of corrosion depth of 26"- Steam Header Line (SHL)  

Year mm 
Sample 

1 
Sample 

2 
Sample 

3 
Sample 

4 
Sample 

5 
Max  
(L, d) 

1 
Length (L) 53.1 54.6 55.2 55.25 55.85 65.85 

Depth (d) 3.2 3.1 3 3.15 3.25 3.25 

13 
Length (L) 54.55 56 56.6 56.85 56.3 57.85 

Depth (d) 5.8 5.6 5.55 5.7 5.75 5.8 

26 
Length (L) 55.95 57.4 58 58.2 58 58.2 

Depth (d) 8.35 8.15 8.1 8.3 8.3 8.35 

39 
Length (L) 57.35 58.8 59.4 59.1 59.4 59.4 

Depth (d) 10.75 10.8 10.65 10.85 10.8 10.85 

      

5.2.1.8    Probability Distributions of Piping 

The failure in 26"- pipeline is a function of time (year) that can be determined 

using the historical data of length and depth of corrosion. Therefore, the 

distribution of the relative data tends to follow the Weibull distribution. The 

plot of failure mode of Weibull distribution is used to obtain the optimum 

interval of TAM based on the following shape and scale parameters 

(Appendix C).  
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Table 5. 25. Shape and scale parameters of 26"- Steam Header Line 

Equipment  
Code 

Description 
Shape 

Parameter β  
Scale Parameter  

𝞰 (hr) 

PL-26" Steam Header Line 8.97 115006 

 

5.2.1.9    The operational Risk of Pipelines (ERpipeline) 

Any failures in this line will have a major consequences on the production 

and operating asset nearby to utilities and SWB area. Therefore, it is 

necessary to consider operational risk of this equipment which is 

considered one of critical pieces and risky of the gas plant due to 

temperature of steam that reaches to 800oC.  

The corrosion patches of the inner wall for the PL-26" was led to a 

simultaneous increase in the failure function F(t) and rise in economic 

consequences associated with operating asset, production and 

environment issue. Therefore, the operational risk of PL-26" showed that 

internal corrosion patches for the wall of the PL-26" occurred frequently and 

significantly every 113500 operational hours with comparing to the tolerable 

risk as shown in Table 5.26. 

Table 5. 26. 4th Scenario of R(t), h(t), and FM of PL-26"   

TAM Int. 
R(t) F(t) h(t) Failure mode 

ERpipe 

($/hrs) hrs 

110,000 0.511 0.488 5.470E-05 2.7969E-05 428.04 

113,000 0.425 0.574 6.778E-05 2.8859E-05 489.62 

113,100 0.422 0.577 6.826E-05 2.8866E-05 491.65 

113,200 0.419 0.580 6.87E-05 2.8871E-05 493.67 

113,300 0.417 0.582 6.923E-05 2.8875E-05 495.69 

113,500 0.411 0.588 7.0217E-05 2.8879E-05 499.72 

113,600 0.408 0.591 7.0712E-05 2.8878E-05 501.73 

114,000 0.396 0.603 7.2721E-05 2.8858E-05 509.73 

 



Chapter.5: Application of RBI on CSEs----------------------------------------------------------------------------------------------------------------------------------------------

------------- 

  

Page | 191 

  

On the other hand, a decline in the reliability and rise in the hazard rate of 

PL-26" to 41% and 7 failures per 100000 hrs, respectively, FM would be 

resulted in the increased in the FM curve till FM reached to a peak point at 

2.9E-5. This is an indicator of the maximum operating period of Pl-26 in 

order to mitigate the unexpected consequences on the plant assets, 

environment damage and production losses due to increasingly corrosion 

issues in the wall of PL-26" that cannot be repaired or modified during 

normal operation process of the plant.  

According to shape and scale parameters, it can be seen that FM curve is 

continuously increased till it reached to 113500 h, then decreased rapidly 

and continually to reach zero with increasing TAM interval as given in Figure 

5.27. At 113500, the total shutdown of the plant should be started at 113500 

operating hour to address these threats that may be increased risks and 

consequences of corrosion between TAM periods in the short term. 

                                           

 

                                    

                                     Figure 5. 27. FM of 26"- steam header line  
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As a result, operational risk and failure mode have played an important role 

as indicators in the determination of optimum interval of TAM for the critical 

static equipment. This justified to implement the TAM model in the 

optimization of TAM scheduling of CSEs for any a processing plant. 

5.3 Conclusions 

This chapter has highlighted 120 CSEs and 35 pipelines, which cannot be 

maintained or inspected during normal operation of the plant to consider in 

both stages II and IV of the TAM model. These pieces included 18 pieces 

of heat exchangers, 32 pieces of drums, 16 processing columns and 35 

samples of pipelines.  

At the second stage, 6, 4, 1 and 4 critical failures were identified in heat 

exchangers, drums, columns and pipelines, respectively, based on RBI 

technique. Fouling and corrosion were estimated as a common failure for 

each equipment based on AHP. 18 heat exchangers, 32 drums, 16 columns 

and 35 pipelines were distributed onto risks (5x5) matrix according to 

probability of common failure and consequences of common failure 

associated with each equipment. Hence, 6 pieces of heat exchangers, 2 

drums, 2 columns, and 26″- steam header line were selected as critical 

equipment pieces in the gas plant to consider in Stage IV.   

At the fourth stage of the TAM model, failure probability and reliability 

function for those selected equipment pieces from the stage II were 

assessed to determine the interval of TAM for heat exchangers, drums, 

columns and pipelines each critical equipment based on operational risk 

and failure mode.    
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The estimation of TAM interval was based on assumed consequences 

criteria. As these criteria vary from a company to another, therefore, a risk 

matrix must identify according to appropriately experienced engineering, 

operations, and the maintenance and inspection experts.  

Therefore, uptime of 6 pieces of heat exchangers, 2 pieces of drums, 2 

pieces of processing columns, and PL-26" were determined at 24800h, 

73500h, 75100, and 113500h, respectively. Thereby, the fifth objective of 

the research associated with Stages II and IV has been achieved according 

to these critical equipment.    

As a result, Heat exchangers were played an important role to determine 

an optimum interval of TAM due to the lowest time with comparing to other 

critical pieces and bigger than previous interval of TAM (every two years). 

Therefore, the fouling effect on the pieces of heat exchangers is considered 

an indicator to determine the optimum TAM interval of gas plants based on 

the operating conditions. With regard for other pieces equipment must also 

be taken into consideration at every planning cycle of TAM. 
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CHAPTER 6 

ESTIMATION OF THE TAM INTERVAL BASED ON 

CRITICAL EQUIPMENT PIECES OF THE GAS PLANT 

6.1 Introduction  

During the normal operation of the gas plant, rotating pieces of equipment 

in the gas plant undergo all types of maintenance continuously during its life 

cycle due to harsh operating conditions resulting from human error in 

operation and maintenance process over time. However, some equipment 

parts cannot be maintained unless during a TAM period. Consequently, this 

chapter aims to achieve the fifth objective of the research associated with 

applying Stages III and IV on CREs which cannot be maintained during 

normal operation of the plant. This is carried out in order to identify critical 

components for each equipment using FTA, because degradation of some 

pieces cannot be realised nor measured directly. In addition, these pieces 

are required a long time for diagnosis to replace or repair such as gas 

turbine or steam turbine. Consequently, this chapter highlights 3 critical 

rotating pieces extracted by Stage I to identify critical failure components 

based on RBF and FTA.     

6.2 Critical Rotating Equipment in the Gas Plant    

Gas plant consists of main three parts liquefaction, regasification and 

shipping. Liquefaction is considered the most important unit in gas plant, it 

is often called LNG plant. The LNG plant consists of several pieces of 

equipment such as centrifugal & rotary pumps, motors, compressors, and 

steam & gas turbines. Consequently, most rotating pieces of equipment in 
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the gas plant are connected in parallel, and therefore not need TAM 

activities. However, there are some pieces of equipment that are not 

continuously operated during normal operation of the plant, and are 

considered critical equipment. These equipment parts are called Gas 

Turbine (GT), Pump Driven by Motor (PM) and Compressor Driven by Motor 

(CM). Most common rotating pieces of equipment in the gas plant are 

centrifugal pumps. Therefore, this chapter includes three pieces of CRE 

(GT-301, PM-1251 and PM-1361) to apply Risk-Based Failure (RBF) using 

FTA. 

6.3 Gas Turbine Unit (GTU) 

The gas turbine is a complex rotating equipment in which requires high 

reliability to avoid frequent failures and stoppages that may be hampering 

the operating process due to shortages of energy supply. Gas turbine unit 

consists of the main components as shown in Figure 6.1 that depend on 

many factors associated with specification of process. 

 

                   

 

 

 

 

 

 

                           
                           

                 

               Figure 6. 1. Schematic diagram of simple Gas Turbine Unit (GTU)       
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The degraded components in the GT may not be accurately identified. 

However, the main indicator to start of failure in the GT is vibrations resulting 

from fatigue that accounts for a considerable risk on the blades of the gas 

turbine. Blade failure is one of the common failures of GT, which cause high 

vibration of shaft.  
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Table 6. 1. Activities of gas turbine components 

 

Accumulated layers of fouling on blades play important role in increasing 

corrosion and pitting due to a salty environment and high humidity. 

Unit Equipment Component Description

Compressor rotor Main shaft that uses to convert to reciprocating motion 

Piston ring Compress gas between piston ring and cylinder. wall

Casing The external body is to protect the inner parts.

Filter Capture dust & contaminated particles from air.

Piston pin Help in lock the gudgeon pin in proper place.

Defective gudgeon pin Connect rod with piston.

Oil leakage Oil leakage occurs due to failure in the gasket.

CWF-2 coupling broken Connect shaft of the motor with the compressor.

Air inlet differential trouble Provide occupation and supply continuity of air.

Bleed valve Extract extra water present in the incoming air.

SRV valve Adjust the flow due to excessive speed.

GCV valve Control the flow of gases.

High bearing drain temperature Bearing drain oil temperature is the most sensitive part of the turbine system

Heavy smoke in turbine exhaust 

Inlet guide vane (IGV) It helps in entry of combustible products.

Starting system The starting helps initial cranking of engine.

Servo trouble It helps to supply the low quantity of oil to maintain hydraulic.

Exhaust guide vane (EGV) It helps in quitting exhaust products.

Loss of flame Spark plug or the flame detector is unable to create the spark.

Flame detector Distribute the flame throughout combustion chamber.

Nozzle It is attached with the stator that creates the high pressure. combustion products

H.P. turbine under speed Spark plug or the flame detector is unable to create the spark.

L.P. over speed Distribute the flame throughout combustion chamber.

High bearing drain temperature Bearing drain oil temperature is the most sensitive part

Heavy smoke in turbine exhaust Extract extra water present in the incoming air.

Inlet guide vane It helps in entry of combustible products.

Starting problem The starting helps initial cranking of engine.

Turbine U/S locked It is not rotating.

Exhaust guide vane It helps in quitting exhaust products

Pump defective Lubricating pump is not working to supply oil

Mist eliminator defect Removing the vapour from the turbine oil used in cooling T turbine

Damage in connecting pipeline The pipeline connected with CC to T and CP to CC

Defective  bearing The bearing supports the turbine shaft

Buckets Buckets are attached to wheels by straight, axial entry, multiple tang dovetails

Rotor locked Generator is not working and locked

Stator winding ruptured The stator winding heated and coating removed.

Permanent magnet generator  Bush PMG is to supply the initial torque to the rotor

PMG Bush damaged The generator is not working without the bush

Over temperature Generator is not working, if the inner temperature is high

Bearing Vibration occurs due to bearing damage.

Over speed Speed mode will lead to High Pressure (H.P.) that appears in T

Misalignment Misalignment occurs due to imbalance of shaft of generator

Electrical & Instrumentation Works Sensors, Relay, cable, Grid failure, control panel, gauges

Civil works Foundations 
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Therefore, blade pitting can lead to reduced blade life due to fatigue. Table 

6.2 shows other failure indicators associated with GTU. 

Table 6. 2. Equipment and indicators of GTU  

No.     Equipment                                Critical Failure Indicator 

1)     Compressor  

 High exhaust temperature 

 Air inlet differential trouble 

 Defective Gudgeon pin.   

2)    Combustion chamber  

 Loss of flame 

 Servo trouble detection  

 Flame detector problem  

 Heavy smoke 

 Clogging of fuel nozzle  

 Nozzle servo valve inspection.  

3)    Turbine  

 Over-speed above normal 

 High temperature at wheel 
space 

 Mist eliminator failure  

 Low hydraulic pressure 
compared to normal condition  

 High bearing drain oil 
temperature 

 Turbine under-speed compared 
to normal.  

4)    Generators  

 Broken PMG bolt.  

 Generator breakdown. 

 Diesel engine is not starting.  

5)    Electrical & Instrumentation  

 Feeder fault. 

 Relay fault. 
 

6.3.1    Fault Tree construction of GTU 

There are a number of contributions of a few other researchers in FTA of 

gas turbines. Therefore, this study will be focus on applying FTA to identify 

the common failures in the gas turbine used in the gas plant. FTA is one of 

the most commonly used techniques in identifying these failures and 

describing their paths. FTA may be applied on modern high-speed digital 
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computers for equipment and systems that required high safety and 

reliability in the long term, such as oil and gas industries. 

The common failures in the gas turbine equipment illustrated in Table 6.1 

according to three main causes: 

 Fouling, 

 Obsolescence and 

 Human errors. 

These failures could cause undesired events at the equipment level. A FTA 

of a GT is an indispensable diagnostic tool which reveals different and 

probable reasons of undesirable failures and describes possible paths due 

to extreme operating conditions resulting from continuously operating this 

equipment. GT is considered a critical equipment of gas plant for the 

implementation of TAM activity to improve its reliability. Therefore, FT of GT 

requires to estimate probability of failures’ that occur in components of gas 

turbine as shown in Figure 6.2.
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Code Failure Mode Code Failure Mode Cod

e 

Failure Mode Cod

e 

Failure Mode 

F1 Abnormal instrument reading F7 Fault output voltage F13 Other F19 Unknown 

F2 Breakdown F8 High output F14 Parameter Deviation F20 Spurious stop 

F3 External leakage of fuel F9 Internal leakage F15 Minor in-service problems  F21 Vibration 

F4 External leakage of utility F10 Low output F16 Structural deficiency 

F5 Erratic output F11 Noise F17 Fail to stop 

F6 Fail to start F12 Overheating F18 Fail to synchronise  

                                                                       
                                                                            Figure 6. 2. Failure mode for gas turbine unit of gas plant  
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The method’s first step consists in the elaboration of the fault tree of gas turbine that connects the operational relationship among 

the top, elementary and basic event for each equipment. 
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                                                                                Figure 6. 3. Cause and effect enumeration of a GTU failures 
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6.3.2    Fault Tree Analysis of the GTU 

The FTA aims to convert complex process to the logical diagram to construct 

failures tree for each event in order to identify critical failures and describe path 

for each component that can be derived from Minimum Cut Set (MCS). The 

failures of a gas turbine may be occurred due to a malfunction of the subsystems 

and components. These failures are categorised into two types of possible 

events, namely indirect and direct failures. Whereas the indirect failures are 

described as failures that are not be impacted on the functional performance of 

plant. The direct failures are associated with failures which may be caused the 

critical events, which can be classified into internal and external failures. 

Compressor is considered an internal failure when analysis its fault tree. Whereas 

other components such as combustion chamber, turbine, generator, and 

electrical and instrumentation are considered as external failure as shown in 

Table 6.3. Therefore, the FT diagram of a compressor, combustion chamber, 

turbine and generator equipment containing different parts of internal and 

external failures are shown in Figures 6.4, 6.5, 6.6, 6.7 and 6.8 respectively.  

      Table 6. 3. Internal and external failures description   

 

 

 

# Equipment 

    Internal (I) & External (E) Failure 

COP CC T G M 

1 Compressor (COP) I E/G11 E/G11 E/G11 E/G11 

2 Combustion Chamber (CC) E/G11 I E/G11 E/G11 E/G11 

3 Turbine (T) E/G11 E/G11 I E/G11 E/G11 

4 Generator (G) E/G11 E/G11 E/G11 I E/G11 

5 Miscellaneous (M) E/G11 E/G11 E/G11 E/G11 E/G11 
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GT 

Shutdown

+

X1 X2

+ +

+ +

X0G6 G7 G8

G4G3

G1 G2

G5 G9 G11
 

 

 

                        Figure 6. 4. Main fault tree for a Failure scenario in GT of gas plant 

 

Table 6. 4. FTA item and event name for GT of gas plant 

Code Fault Code Fault 

GT Shutdown of gas turbine  G7 Turbine failure 

G1 Indirect failures of GT G8 Generator  

G2 Direct failures of GT G9 Electrical & Instrumentation failure. 

G3 Internal failures. X0 Civil failure. 

G4 External failures. G11 Failure unconnected to component. 

G5 Compressor failure X1 Human errors. 

G6 Combustion chamber failure  X2 Other 

 

G5 G6 G7 G8 
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G5

+

+

+ +

G11G9

G3 G4

X13 X11 X12

X0
X6

+

X3 X4

X7 X8

X10X9

X5

 

                Figure 6. 5. Main fault tree for a failure scenario of compressor equipment 

 

In general, the probability of occurring failure (P) for each component. It can be 

calculated by: 

                                 𝑷 =
Number of failures for each the component 

Total number of failures of the systems
 

        Table 6. 5. FTA item and event name for compressor equipment of gas plant 

Code P     Fault Code Fault P 

X3 0.2 Casing crack X9 Air inlet  0.8 

X4 0.5 Air filter X10 Compressor stator 0.7 

X5 0.5 Bleed valve X11 Connected piping 0.7 

X6 0.7 Compressor rotor X12 Leaking of seal  0.9 

X7 0.2 CWF-2 coupling X13 Controlling unit 0.2 

X8 0.7 Servo     
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G6

+

G3 G4

X23

X15X8

X21

X22

+

X16

X18

X20

X19

X17

+

G11

 

              Figure 6. 6. Main fault tree for a failure scenario of a combustion chamber 

 

       Table 6. 6. FTA item and event name for combustion chamber of gas plant. 

Code Fault P Code Fault P 

X8 Servo 0.7 X19 Starting system 0.8 

X15 
Flame detector cannot be  
able to distribute the flame 

0.6 X20 
Firing temperature 
reaches to beyond level. 

0.6 

X16 IGV valve 0.8 X21 Nozzle 0.8 

X17 EGV valve 0.8 X22 Bearing 0.7 

X18 Loss of flame 0.4 X23 Miscellaneous 0.5 
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G7

+

G3 G4

X24X11

X30

+

X25

X27

X29

X28

X26

+

+ +

X31

X33

X32

X34 X16 X17

G9 G11

 

                   Figure 6. 7. Main fault tree for a failure scenario of a turbine system 

 

  Table 6. 7. FTA item and event name for turbine of the gas plant. 

Code Fault P Code Fault P 

X24 
HP &/IP Core 
Refurbishment 

0.6 X30 Seals & hot sections 0.7 

X25 Full engine overhaul 0.8 X31 
Cabling & Junction 
boxes   

0.3 

X26 Bearing drain oil temp. 0.4 X32 Power supply 0.3 

X27 Mist eliminator 0.7 X33 Signal 0.2 

X28 Buckets 0.4 X34 Key lock point 0.3 

X29 Blades 0.5    
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G8

+

G3 G4

+

X36

X39

+

X38

G9X35

X37

 

            Figure 6. 8. Main fault tree for a failure scenario of a generator system 

 

  Table 6. 8. FTA item and event name for generator of gas plant. 

Code Fault P Code Fault P 

X35 Stator winding 0.7  X37 Bearing 0.6 

X36 Rotor 0.6 X38 Relay 0.3 

   X39  PMG bush & bolts 0.9 

 

6.3.2.1    MOCUS Algorithm of Compressor   

G5 G3 X3 X3 X3 X3 

 G4 X4 X4 X4 X4 

 X5 X5 X5 X5 

X6 X6 X6 X6 

X7 X7 X7 X7 

X8 X8 X8 X8 

X9 X9 X9 X9 

X10 X10 X10 X10 

G4 G9 X13 X13 

 X0 X0 X0 

G11 G11 X11 

  X12 
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Cut Set of Compressor   

       G5 = X3 + X4 + X5 + X6 + X7 + X8 + X9 + X10 + X0 + X11 + X12 + X13  

6.3.2.2    MOCUS Algorithm of Combustion Chamber    

G6 G3 X8 X8 X8 

 G4 X15 X15 X15 

X16 X16 X16 

X17 X17 X17 

X18 X18 X18 

X19 X19 X19 

X20 X20 X20 

X21 X21 X21 

X22 X22 X22 

G4 G11 X23 

 

Cut Set of Combustion Chamber    

                 G6 = X8 + X15 + X16 + X17 + X18 + X19 + X20 + X21 + X22 + X23    

 

6.3.2.3    MOCUS Algorithm of Turbine  

G7 G3 X11 X11 X11 

 G4 X24 X24 X24 

 X25 X25 X25 

X26 X26 X26 

X27 X27 X27 

X28 X28 X28 

X29 X29 X29 

X30 X30 X30 

G9 X31 X31 

G11 X32 X32 

 X33 X33 

X34 X34 

G11 X16 

 X17 

 

 

Cut Set of Turbine 

G7 = X11 + X24 + X25 + X26 + X27 + X28 + X29 + X30 + X31 + X32 + X33 +    
        X34 + X16 + X17. 
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6.3.2.4    MOCUS Algorithm of Generator  

G8 G3 X35 X35 X35 

 G4 X36 X36 X36 

 X37 X37 X37 

X39 X39 X39 

G4 G9 X38 

 

Cut Set of Generator 

            G8 = X35 + X36 + X37 + X38 + X39  

6.3.2.5    Cut Set of Gas Turbine Unit 

CS of GT = G5 ∪ G6 ∪ G7 ∪ G8  

CS of GT = G5 + G6 + G7 + G8 

CS of GTU = X3 + X4 + X5 + X6 + X7 + X8 + X9 + X10 + X11 + X12 + X13 +  

X15 + X16 + X17 + X18 + X19 + X20 + X21 + X22 + X23 + X24 + X25 + X26 + 

X27 + X28 + X29 + X30 + X31 + X32 + X33 + X34 + X35 + X36 + X37 + X38 + 

X39 

The fault tree of gas turbine consists of 38 basic events which are found to be the 

cause of failures in gas turbine unit of gas plant. Based on MOCUS algorithm, 

the first order of MCS included 36 components: {X3}, {X4}… {X38} and {X39}. 

Therefore, all the 36 basic events are considered the most important parts of gas 

turbine unit. However, some of these events are critical events that can be 

considered the pivotal events in gas turbine unit to take into consideration during 

implementation of planning phase of TAM event. 

Based on failure frequency for each component (Qi) of gas turbine which has 

identified according to historical data of the facilities of SOC gas plant (Appendix 

D) in order to select CEs of GT that represented threat to an operational 

performance and reliability of the plant. It is necessary to also focus on the failure 
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rate of each critical component to estimate duration of TAM of GT, which 

identified according to operation and maintenance records of the gas plant. In 

addition, OREDA had an important role this study to validate failure rate for each 

critical failure components of GT-301.   

OREDA is an oil organisation that sponsors oil and gas companies with world-

wide operations. It was established in 1981 with the aim to collect and exchange 

reliability data among oil and gas industries. It considers an important 

management of a comprehensive databank to collect reliability and maintenance 

data associated with production unit and equipment of offshore and onshore 

plants for a wide variety of some geographic areas.  These collected data was 

covered the life cycle of equipment during limited time between 1 and 10 years 

from the normal operation period.  

Consequently, 11 out of 36 critical components (critical events) were identified 

based on the probability of failure for the top event P(T) and probability 

importance PI(i) that determined by the following equations: 

                         P(T) = P (F1 ∪ F2 ∪ F3 
……… ∪ F11)                     (6.1)  

Where F1; F2… Fn represent 11 critical components resulting from MCS of gas 

turbine unit. The Critical Event CE(i) can be calculated using the following 

equations (Lewis, 1996; Li and Gao, 2010):                                                                                                

                         CE(i) = 
Qi

∑P(T)
  x  Probability importance PI(i)      (6.2) 

                         CE(i)important  ≥ Ḿ  

                         PI(i) =  
𝜕𝑃(𝑇)

𝜕𝑞𝑖
                                                        (6.3)    

The probability of failure for top event P(T) can be calculated as follows: 

                         P(T) = P(Q3+q3Q4+q3q4Q5+ ……. +q3q4q5….q38Q39)       (6.4)    
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∑ P(T) = 0.045475155 + 0.954524845 x 0.008492798 + ……. + 0.00304063 = 

0.36971961 

Table 6.9 illustrates results of the failure frequency (times/year), probability 

importance PI(i) and critical event P(T) for each component of gas turbine unit 

that consists of basic components for compressor, combustion chamber, turbine 

and generator of gas plant.  

Table 6. 9. Failure frequency, probability importance and critical event of gas turbine unit 

Event Qi qi P(T) PI(i) CE(i) Index 

X3 0.0455 0.9545 0.0454 0.6603 0.0812 3 

X4 0.0085 0.9915 0.0081 0.6357 0.0146 15 

X5 0.0017 0.9982 0.0016 0.6313 0.0029 29 

X6 0.0555 0.9444 0.0524 0.6673 0.1002 1 

X7 0.0030 0.9969 0.0027 0.6322 0.0051 23 

X8 0.0484 0.9515 0.0430 0.6623 0.0867 2 

X9 0.0091 0.9908 0.0077 0.6361 0.0157 13 

X10 0.0027 0.9973 0.0022 0.6320 0.0046 24 

X11 0.0055 0.9945 0.0045 0.6337 0.0094 18 

X12 0.0281 0.9719 0.0233 0.6485 0.0492 8 

X13 0.0001 0.9998 0.00009 0.6303 0.0002 36 

X15 0.0024 0.9976 0.0019 0.6318 0.0041 25 

X16 0.0281 0.9718 0.0227 0.6485 0.0494 6 

X17 0.0281 0.9718 0.0220 0.6485 0.0494 7 

X18 0.0036 0.9963 0.0028 0.6326 0.0062 21 

X19 0.0189 0.9810 0.0143 0.6424 0.0329 9 

X20 0.0104 0.9896 0.0077 0.6369 0.0179 12 

X21 0.0023 0.9976 0.0017 0.6318 0.0040 26 

X22 0.0001 0.9998 0.0001 0.6303 0.0002 35 

X23 0.0064 0.9936 0.0047 0.6343 0.0109 17 

X24 0.0006 0.9993 0.0004 0.6307 0.0010 32 

X25 0.0184 0.9815 0.0134 0.6421 0.0320 10 

X26 0.0017 0.9982 0.0012 0.6313 0.0029 30 

X27 0.0006 0.9993 0.0004 0.6307 0.0010 33 

X28 0.0023 0.9976 0.0017 0.6318 0.0040 27 

X29 0.0290 0.9709 0.0207 0.6491 0.0509 5 

X30 0.0157 0.9842 0.0109 0.6404 0.0273 11 

X31 0.0088 0.9911 0.0060 0.6359 0.0151 14 
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X32 0.0066 0.9933 0.0044 0.6345 0.0113 16 

X33 0.0017 0.9982 0.0012 0.6314 0.0030 28 

X34 0.0048 0.9951 0.0032 0.6333 0.0082 19 

X35 0.0034 0.9965 0.0022 0.6324 0.0058 22 

X36 0.0446 0.9553 0.0296 0.6597 0.0796 4 

X37 0.0017 0.9982 0.0010 0.6313 0.0029 31 

X38 0.0001 0.9998 0.0001 0.6304 0.0003 34 

X39 0.0048 0.9951 0.0030 0.6333 0.0082 20 

 

Figure 6.9 shows that 11 critical components exceeded a trend analysis plot of 

CEs. These components are considered the main indictors to determine interval 

of TAM for GT-301 based on failure rate for each component as shown in Table 

6.10. 

 
                                Figure 6. 9. Chart of critical event of gas turbine unit 

 

                              Ḿ = 0.022 

                              SD = 0.021  
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2 
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  Non-critical 
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6.3.2.6    Minimum Cut Set of GT  

Eleven critical failures of GTU were the main indicators to determinate interval of 

TAM for GT-301 as shown in Figure 6.10: X3, X6, X8, X12, X16, X17, X19, X25, 

X29, X30 or X36 ↕.  

GT

+

G1 G2

X36

+

G4

+

G5 G6 G7 G8

+ + + +

X19 X30

X25X3 X6

X8 X12

X16 X17 X29

G3

 

           Figure 6. 10. Fault Tree of critical failure in gas turbine unit of a gas plant 

 

6.3.2.7    Failure Rate  

Failures rate usually presented monthly by Mechanical Analysis Group (MAG) 

based on number of failures for each component. Thus, indexes of critical 

components are deterministic to use in the identification of failures priorities for 

each equipment.  
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Critical and non-critical failures resulting from a degradation and shock failure 

which were discovered during the life cycle of GT by PM, CM, PdM and OM were 

taken into consideration as shown in Appendix D in order to establish failure rate 

values for GT to use the exponential distribution which is really suited for this 

case.  

Failure rate of 11 critical components were indexed between 1 and 11 from high 

to low failure rate respectively according to CE(i) and estimated by Equation (6.5) 

that identified according to failures records of gas turbine in the operation and 

maintenance unit for the gas plant.   

Estimation of failure rate depended on number of component failures (n) during 

operation time of GTU (T). λ determined based on X2-distribution at 95% 

confidence level (Modarres et al., 2016). The estimator of λ is given by:    

                                              𝛌 =
1

2 𝑇 
 Z0.95, 2n                                               (6.5) 

         Table 6. 10. Description of critical failures of gas turbine unit 

Equipment Index Critical Component MCS 
Failure Rate  
         λ 
   h   Compressor 

 
3 
1 
2 
8 

 Casing crack 

 Rotor 

 Servo 

 Leaking of seal 

X3 
X6 
X8 

  X12 

   2.00E-6 
   2.00E-6 
   3.50E-6 
   5.00E-6 

 
 Combustion 

Chapmen 
6 
7 
9 

 IGV  valve 

 EGV valve 

 Starting System. 

  X16 
  X17 
  X19 

   3.50E-6 
   3.50E-6 
   2.00E-6 
    
   2.165672089 
 

Turbine 
 

10 
5 
11 

 Engine overhaul  

 Blades 

 Seals & hot section 

  X25 
  X29 
  X30 

   5.00E-6 
   6.63E-6 
   5.00E-6 
 
 

Generator 4  Rotor   X36    2.00E-6 
 
 

 

6.3.2.8    Mean Time to Failure (MTTF) of GTU  

MTTF is the expected time to start the failure of both repairable and non-

repairable pieces of equipment.  
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       Figure 6. 11. RBD of critical failure of gas turbine unit as a series system  

 

Authors indicated that the mean time to failure is calculated from the failure 

records associated with failure rate. MTTF is considered one of the most widely 

used measures to identify reliability of system. It can be defined by Integrating of 

reliability function:  

MTTF = − ∫ 𝑡 
𝑑𝑅(𝑡)

𝑑𝑡
. 𝑑𝑡 

∞

0
                                                                       (6.6) 

Since tR(t) ⟶ 𝑧𝑒𝑟𝑜 𝑎𝑠 𝑡 ⟶ 𝑧𝑒𝑟𝑜 𝑎𝑛𝑑 𝑡 ⟶ ∞  

MTTF = ∫ 𝑅(𝑡) 𝑑𝑡.
∞

0
 

MTTF = ∑  ∫ 𝑒−𝜆𝑡. 𝑑𝑡
∞

𝜊
𝑛−1
𝑘=0  

MTTF = 
1

𝜆
 ∑   

1

𝑘+1

𝑛−1
𝑘=0  

The MTTF for a series configuration with n components is given below:    

MTTF = 
1

𝜆
 (1 +

1

2
+  

1

3
 + ......... + 

1 

𝑛
) 

MTTF = 
𝑛

𝐹𝑎𝑖𝑙𝑢𝑟𝑒 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑔𝑎𝑠 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑢𝑛𝑖𝑡
 = 

𝑛

𝝀𝑮𝑻𝑼
 

MTTF = 
1

40.13𝐸−06
 = 24919 hrs 

MTTF = 2 years, 10 months and 1 week. 

This means that TAM of the gas turbine unit can be conducted once every 2 

years, 10 months and a week rather than 2 years. Therefore, this result is entirely 

consistent with McMillan and John (2013) who reported that the maintenance 

schedule of GT was every 25000 hrs. This is considered a validation of stage 3 

of the TAM model.   

X3 X

6 
X1

9 

X1

7 
X1

6 
X1

2 
X

8 
X3

6 
X3

0 
X2

9 
X2
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A failure probability of GTU and failure rate, which can be modelled using 

exponential distribution: Exponential distribution for gas turbine systems is a 

reasonable assumption to determine reliability of gas turbine unit (Moss and 

Andrews, 1996). 

 

                                     R(t)GTU = Exp (– 0.00004013t)  

                                     F(t)GTU = 1 - Exp (–0.00004013t)  

              Table 6. 11. Reliability and unreliability of gas turbine unit (GTU) 

Interval of TAM 
(hr) 

R(t) F(t) 

8760 0.703 0.296 

15000 0.547 0.452 

17000 0.505 0.494 

17520 0.495 0.505 

22650 0.402 0.597 

26280 0.348 0.651 

 

6.3.2.9    M-OUT-OF-N Systems of Gas Turbines    

In order to improve reliability and availability of the gas plant at Marsa Al Brega 

extra GT as a standby to include two gas turbines in the main refrigeration cycles 

can be added. One of two of gas turbines at least should be under operating 

process for the success of the system and being more reliable and safe. 

Therefore, redundant standby gas turbines in the main refrigeration cycles of the 

gas plant can be expressed by M out of N (1oo2) as shown in Figure 6.12. This 

illustrates success logic which is equivalent to the parallel system.    

 

 

 

  

                    Figure 6. 12. RBD of GTs for as a 1oo2 parallel system     

GT-301A 

Standby 
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The reliability expression of 1oo2 system for identical failures of gas turbines is 

R1oo2 = ∑  ( n
m

) Ri Fn−in
m                                                                             (6.7) 

R1oo2 =  𝐂2
2 R2 F0 +  𝐂1

2 R1 F1 
 

 R1oo2 = (2
2
)  R2 F0 + (2

1
) R1 F1     at    λ1 = λ2 =  λ = 40.13𝐸 − 06 

R1oo2 = R2 + 2 R F1  

R(t) + F(t) = 1 

R1oo2 = R2 + 2 R (1 − R)1  

R1oo2 = R2 + 2 R − 2R2 

R1oo2 = 2 R −  R2 

In order to estimate the MTTF of any system requires the derivation of an 

expression for reliability of system from 0 to ∞ 

MTTF = ∫ R(t). dt 
∞

0
 

MTTF = ∑  ∫ e−λt. dt
∞

ο
n−1
k=0     

MTTF = ∫ 2R(t) − R2(t) . dt 
∞

0
 

MTTF = ∫ (2e−λt −  e−2λt∞

ο
 ) . dt 

MTTF = 
2

λ
−  

1

2λ
  

MTTF = 
3

2 λ
 

MTTF = 37378 hrs  

TAM of critical failure in the redundant gas turbines that are worked within 1oo2 

configuration can be expected once every 4 years, 3 months and a week without 

any threat to the gas plant stability. Therefore, reliability and unreliability for 1oo2 

configuration of gas turbine can be identified by the following Equation: 

                                     R(t) = Exp (- 0.00002675t) 

                                     F(t) = 1 – R(t) 
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                 Table 6. 12. Improving reliability of GTU (1oo2) 

Interval of  TAM (hrs) R(t) F(t) 

8760 0.791 0.208 

10000 0.765 0.234 

13000 0.706 0.293 

15000 0.669 0.330 

17520 0.625 0.374 

18000 0.617 0.382 

20000 0.585 0.414 

22000 0.555 0.444 

22600 0.546 0.453 

22624 0.546 0.454 

22650 0.545 0.454 

23000 0.540 0.459 

24000 0.526 0.473 

26280 0.495 0.504 

27000 0.485 0.514 

29456 0.454 0.545 

30000 0.448 0.551 

35040 0.391 0.608 

40000 0.343 0.657 

 

6.4 Pumps 

Pumping systems are estimated to be between 25% and 50% of the rotating 

equipment that are used in oil and gas industries. Despite the design or planned 

life of a pump, there will be unexpected failures. These pumps will undergo to 

TAM activities to avoid these occasions. Therefore, TAM activity and costs 

depend on type and design of the pump.  

6.4.1    Centrifugal Pump (CP) 

Centrifugal pumps are the most common pumps in gas plants. Pumps represents 

a greater part of the plant where failure can result in serious consequences 

(Friedrich, 2014), and consist of several types such as single stage, multi stage 

pumps, etc. Centrifugal pumps are widely used in the gas industries due to 

rigorous operating conditions in order to convert rotational kinetic energy to the 

hydrodynamic energy for fluid flow.  
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    Figure 6. 13. Centrifugal pump (CP) system (modified from Bellary and Samad, 2016) 

 

According to Kimberly et al. (2002) this type of pumps are often used moderately 

in application with high flow and low head of liquid that accelerate 

circumferentially in the impeller and that is located in the heart of the pump for 

discharging into the casing at high velocity to convert it into proper pressure. 

Centrifugal pump can be either as single stage or multistage used in upstream 

and downstream oil and gas plants. Performance and efficiency of a centrifugal 

pump greatly depends on geometry factors such as the viscosity of fluid and 

surface property of an impeller (Bellary and Samad, 2016).  

6.4.1.1    Centrifugal Pump (CP) Configuration  

Pumps continue to work for a long time, especially pumps that run in the gas plant 

are often dominate the maintenance costs. Therefore, commissioning standby 

pumps as a parallel configuration is considered a feasible practice in order to 

distribute loads and have a more reliable system to continue to avoid an 

unexpected shutdown. These type of pumps are often in parallel configuration, 

which work well in turbine mode without mechanical problem to increase flow rate 

of liquid and reliability of unit, and can also work with a single motor as shown in 

Figure 6.14. Each pump will pump specific percentage of the total flow rate. 

Pump Motor Coupling Box 



Chapter.6: Application of RBF on CREs ------------------------------------------------------------------------------------------------------------------------------------------------------- 

 

Page | 225 

  

Consequently, centrifugal pumps are considered more economical than other 

types of pumps in terms of operation and maintenance (Kimberly et al., 2002).  

  

 

 

 

 

 
              Figure 6. 14. CPs driven by motor and turbine configuration  

 

 6.4.1.2    The Main Components of Centrifugal Pump 

Centrifugal pumps are made of hundreds of parts no matter how big or tiny. 

However, there are some main parts designed to achieve specific functions. 

These main parts are: 

 Shaft in a centrifugal pump contribute in transmitting the input power from 

the driver into the impeller. 

 Impeller is used as the primary source for pumping action in order to 

increase pressure of the liquid. 

 Casing is a pressure containment vessel that contains the liquid to direct 

the flow of liquid in and out of the centrifugal pump. 

 Packing rings or mechanical seal that helps to prevent the leakage of the 

liquid into the surroundings. 

 Bearing aim at supporting the weight of the shaft to carry the hydraulic 

loads acting on the shaft, and keep the pump shaft aligned to the shaft of 

the driver. 

 Coupling is to connect the pump shaft and the driver shaft to transmit the 

input power from the driver into the pump.  

1oo3 



Chapter.6: Application of RBF on CREs ------------------------------------------------------------------------------------------------------------------------------------------------------- 

 

Page | 226 

  

6.4.1.3    Failures Indicators of Pumps   

Shock pulse signature, power consumption, fluctuating temperature, flow 

rates, vibration, pressure and noise.  

6.4.1.4    Cause and Effect of Centrifugal Pumps  

Centrifugal pumps are extensively used in oil and gas plants, refinery plants and 

petrochemical plants. Therefore, pumps are considered part of critical equipment 

that can affect the entire production and manufacturing process chain (Lihovd et 

al, 1998). Centrifugal pumps are considered sensitive equipment due to several 

factors: liquid viscosity, fluctuating temperature, variations in pressure and 

volume of fluid, energy demand excessive, and maintenance-related problems. 

These factors could be a reason to generate mechanical and electrical failures. 

These failures can be divided into several causes based on the effects of failure 

that directly affect the required performance of the pump as shown in Table 6.13. 

          Table 6. 13. Causes and effects of CP 

Item 
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Y1 Casing distorted from pipe strain   ● ●   

Y2 Leakage along rotating shaft ●  ●  

Y3 Bent shaft ●  ●  

Y4 Wear rings  ● ● ● ● 

Y5 Shaft sleeve  ●  ●  

Y6 TIR impeller ●  ●  

Y7 Misalignment between driver and pump ● ● ● ● 
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Y8 Misalignment of piping strain  ● ●   

Y9 Baseplate  ●  ●  

Y10 Inadequate grouting between baseplate and pump ● ● ●  

Y11 Unbalance-pump  ● ● ●  

Y12 Oil leak at bearing seal ● ● ●  

Y13 Excessive load on the shaft (fatigue) ●  ● ● 

Y14 Unbalance impeller ● ● ●  

Y15 Contaminated lubrication ●  ●  

Y16 Coupling ●  ● ● 

Y17 Overheating  ● ● ●  

Y18 Cavitation  ● ● ●  

Y19 Unbalance-drive  ● ● ●  

Y20 Liquid vaporizing in suction system ● ● ●  

Y21 Improper lubrication   ●  ●  

Y22 Increasing flow rate of liquid ● ● ●  

Y23 Losses of pumps foundation ●    

Y24 Bearing adaptor ● ●   

Y25 Discharge valve partially closed   ●  

Y26 Evaporation and solidification     ●   

Y27 Improper operation procedures  ● ● ● ● 

Y28 Impeller clogged    ● ● 

Y29 Impeller touching casing   ● ● 

Y30 Air / gas entrainment in liquid    ●  

Y31 Air leaks in seal  ● ●  

Y32 Air leaks through packing ● ● ●  

Y33 Air leaks through gaskets   ●  

Y34 Speed too high    ● 

Y35 Viscosity too high    ● 

Y36 Relay    ● 

Y37 Hardware failure (bolts, nuts and flanges failure) ● ● ● ● 

Y38 Hydraulic instability  ● ● ●  

Y39 Motor tripping    ● 

Y40 Obstruction in pump housing.   ●  

Y41 Shaft threads ●  ●  

Y42 Wear in the impeller  ●  ● ● 

Y43 Inside corrosion due to the fluid properties  ●  ● ● 

Y45 Lack of alignment ● ● ● ● 

Y46 Radial bearing damaged ●  ●  

 

Based on expected and unexpected failures of centrifugal pump as illustrated in 

Table 6.13, critical equipment such as pump can identify, which have become 

costly due to the interruption in production and manufacturing processes, and 

incurred for companies further costs of repair and replacement. In addition, the 

failures of centrifugal pump can also cause damage in other equipment of 



Chapter.6: Application of RBF on CREs ------------------------------------------------------------------------------------------------------------------------------------------------------- 

 

Page | 228 

  

production process chain. In a centrifugal pump, bearings, packing rings or 

mechanical seal, impeller, coupling, and shaft are major components that can 

directly affect the functional performance of the pump.  

In order to identify critical equipment that directly affect the required performance 

of the pump, the fault tree approach in finding critical components should 

highlight, and describing critical path for increasing reliability of pumping system 

as displayed in Appendix F. 

 

CP Shutdown

+

Direct failures of CP 

M1 M3

U

Indirect failures of CP 

M2 M4

+

 

                                      Figure 6. 15. Fault Tree for failures in the CP 
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6.4.2    Rotary Pump (RP)  

Rotary pumps problems are not very different from any other pumps. 

Appendix G is described FTA for rotating pumps.  

        Table 6. 14. Causes and effects of rotating pump 

Item 
                           Causes 
 

Effects 
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W Internal wear  ●  ● ● 
D Mechanical defects ●  ●  
C Coupling  ●  ● ● 
P Piping strain on casing of pump ●  ● ● 
V Cavitation  ● ● ● ● 
M Miscellaneous  ●  ● 
Z1 Rotating parts binding ● ● ● ● 
Z2 Overheating  ●  ● ● 
Z3 Misalignment of driver and pump ●  ● ● 
Z4 Misalignment of piping strain  ●  ● ● 
Z5 Corrosion    ● ● ● 
Z6 Improper lubrication   ●  ● ● 
Z7 Inadequate grouting between baseplate and pump ●  ●  
Z8 Wear rings ●  ●  
Z9 Air leaks into shaft seal ● ● ● ● 
Z10 Strainer clogged   ● ●  
Z11 Pump running dry  ● ● ● 
Z12 Loss of foundation of pump ●  ●  
Z13 Gasket, loss of bolts and other ●  ●  
Z14 Motor tripping   ●  ● 
Z15 Instrument failure  ●  ● 
Z16 Control failure  ●  ● 
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RP Shutdown

+

Direct failures of RP 

N1 N3

U

Indirect failures of RP 

N2 N4

+

 

                       Figure 6. 16. Fault Tree for failures in the rotary pump 

 

6.5 Conclusions 

All of approximately 115 rotating pieces of equipment that were removed from 

stage I of the TAM model to proactive maintenance were in parallel system. 

However, there are 3 out of 118 pieces extracted by Stage I to consider them 

in Stage III as individual pieces. This chapter was focused on 3 pieces of 

equipment to achieve Stages III and IV of TAM model. These pieces included 

gas turbine, centrifugal and rotary pump driven by motor. Any failure in these 

equipment would lead to threat to the plant performance indirectly during start-

up phase of the gas plant. However, CP and RP pieces were not represented 

the highest risk or threat to the plant stability during the normal operation of 

the plant because their tasks were considered limited on start-up phase to only 
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run plant. However, these pieces should be taken into consideration to improve 

availability and reliability of the gas plant.   

RBF technique was played a vital role to identify critical failures of GTU-301 

using some measuring devices. Vibration monitoring device was one of those 

devices used as an indicator to identify failure causes caused by oil 

replacement, alignment, amplitude, velocity and bearing housings, and then 

recognise critical failures according to failures history for each equipment. 

Therefore, RBF technique as part in Stage III of TAM model was a feasible to 

identify the critical failures of rotating equipment as shown in Table 6.2.  

Approximately 11 out of 38 components in 4 equipment pieces of GTU-301 

were identified as critical components according to FTA, which was also a vital 

technique to determine critical components for each equipment. During the 

stage IV, failure rates for 11 components were estimated as shown in Table 

6.10. Finally, interval of TAM of GTU was determined at 24919hrs based on 

failure rates of critical components and connected with each other as a series 

configuration. Therefore, the fifth objective of this research associated with 

Stages III and IV of CREs has been achieved based on the GT-301, which 

presented a good example to analyse failures using FTA technique. 
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CHAPTER 7  

ESTIMATION OF THE TAM DURATION BASED ON CRITICAL 

STATIC AND ROTATING EQUIPMENT OF THE GAS PLANT 

7.1 Introduction  

The Program Evaluation and Review Technique (PERT) is a widely used 

method in planning and coordinating large-scale maintenance projects. It can 

be considered as a road map to identify the major events and estimate the 

duration of TAM. Network diagram is also implemented to give valuable insight 

in determining critical path of activities involved in the TAM event. Therefore, 

this chapter aims to estimate the TAM duration of gas plants based on CSEs 

and CREs that extracted from the Stage II and III using PERT-Beta distribution.  

7.2     Program Evaluation and Review Technique (PERT)  

PERT approach includes two main distributions to estimate expected duration 

of the TAM. In order to avoid error in estimates of expected effectiveness of 

the TAM duration assumption associated with three-point estimates should be 

highlighted to compute the TAM duration.   

7.2.1    Assumption of the Distribution of the TAM Duration 

There are two main distributions that can be used to estimate critical activities 

of TAM.  

- The Normal Distribution,  

- The Beta Distribution.  

Normal distribution is a symmetrical distribution (γ = δ ≥ 2), which is not 

skewed, this means that the mean, median and mode value can be equivalent 
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at the same point. However, Beta distribution is a non-symmetrical that 

consists of two specific ends. 

According to Gładysz (2016), the expected time and variance value related to 

the beta distribution can be computed using Equations (7.4) and (7.5) when 

shape parameters are as given γ > 1, δ > 1. When γ = δ = 4, the distribution 

will be symmetric to the normal distribution, this means that the mean, median 

and mode value can be equivalent at the same point. However, the distribution 

can undergo to left-skewed distribution when γ > δ, and when γ < δ, the 

distribution can undergo to right-skewed distribution as shown Figure 7.1. 

The completing TAM in the early time is higher than the completing TAM in the 

delayed time, which means that the finish of TAM duration time is met by the 

conditions of Beta distribution (right-skewed). 

 

 
     Figure 7. 1. Normal and Beta distribution plots (modified from Gładysz, 2016) 

 
There are other distributions such as triangle, uniform (γ = δ =1) distributions 

which can mimic significantly the TAM duration estimation. However, the Beta 

distribution and the normal distribution are considered more accurate 

assumption of the PERT approach (three-point estimates) to estimate the TAM 

duration. Therefore, it is necessary to select an appropriate distribution to 

------ Normal dist.  
------ Right skew  
------ Left skew 

  Mode 

  Median 

  Mean 
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estimate expected activity duration and to avoid the reverse results that do not 

mimic the reality.  

The PERT-Beta distribution has received significant attention regarding the 

PERT. Therefore, this approach used widely to align with the beta distribution 

mode in order to estimate the expected time of critical activities (Davis, 2008).   

                𝑓(𝑡) =
𝛤(γ+δ)

𝛤(γ).𝛤(δ)

(𝑡−γ)γ−1(𝑏−𝑡)δ−1

(𝑏−𝑎)γ−δ−1           a <  t <  b     γ , δ >  0      (7.1) 

The PERT- Beta distribution depends upon two shape parameters (γ) and (δ)  

                        γ = (
2(Tp+4Tm−5To)

3(Tp−To)
) [ 4 (

(Tm−To)(Tp−Tm)

(Tp−To)2 ) + 1]                  (7.2) 

                        δ = (
2(5Tp−4Tm−To)

3(Tp−To)
) [ 4 (

(Tm−To)(Tp−Tm)

(Tp−To)2 ) + 1]                  (7.3) 

7.2.2    Estimation of Expected TAM Duration and Variance  

PERT is one of the assumptions used in the estimation of duration for any 

project consists of many activities based on historical data to estimate time of 

the completion of each critical activity. From the point of view of maintenance, 

PERT is the technique used to ensure accomplishing maintenance activities 

on schedule. Using the PERT approach, the duration of TAM of critical pieces 

of equipment can be determinate for the gas plant according to four 

characteristic periods as follows:  

(1) Optimistic Completion Time (To): This is the minimum period an activity 

can be completed. During this period, it is assumed that all predecessor 

activities can be completed as planned without any difficulties that can affect 

the TAM duration.     

(2) Most likely Completion Time (Mode) (Tm): This period is often estimated 

by senior management of company. 
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(3) Pessimistic Completion Time (Tp): This is the maximum period an activity 

can be completed. During this time, it is assumed that most of activities cannot 

be carried out according to predetermined plan due to potential difficulties that 

may occur during this time.  

(4) Expected Time - E(T): This time is considered the best estimate of period 

required to complete an activity, which assumes that everything proceeds 

according to the plan. Expected time refers to the average time required to 

accomplish the tasks. 

According to Equations (7.4) and (7.5) associated with computing expected 

PERT time E(T) and the PERT variance V(T), the TAM duration during the 

planning phase for each equipment that represents critical activity in the TAM 

activities based on historical and experts data of the gas plant can be 

determined, and then the entire TAM duration can be computed based on the 

assumed beta distribution. E(T) is supposed to be close to Tm. Thus, the Tm 

contribution should be equivalent two times greater than To and Tp 

contributions (Kamburowski, 1997; Kim, et al., 2014). 

                                     E(T) =
1  

6
(To + 4Tm + Tp)                                  (7.4)   

                                     V(T) =  
1

36
(Tp − To)2                                           (7.5) 

Where the optimistic time (To), the pessimistic time (Tp), and the most likely 

time (Tm) value cannot be theoretically determined. Therefore, the To, Tp, and 

Tm are estimated according to the historical data and inspection, operation and 

maintenance experts (Kamburowski, 1997; Herreras-Velasco et al. 2011). 
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  Table 7. 1. Expected duration of TAM for critical equipment 

 

Activity 

 

Activity 

Critical 
Equipment 

Estimated time 
each equipment 

(day) 
E(T) V(T) 

Shape  

Parameters 

To Tm Tp (γ) (δ) 

⓪-① Pre-shutdown 1 2 5 2.33 0.44 2.33 4.66 

①-② Heat exchanger 7 10 14 10.16 1.36 3.58 4.33 

①-③ Pressure drums 7 10 10 9.5 0.25 3.33 0.66 

①-④ Process column 15 16 17 16 0.11 4 4 

①-⑤ Pipelines 5 7 10 7.16 0.69 3.39 4.44 

①-⑥ Turbines 7 10 13 10 1 4 4 

④-⑦ Start-up 3 4 8 4.5 0.69 1.96 4.59 

Max duration  19 22 30 22.83 1.25 3.63 4.23 

 

 

7.3   PERT Chart 

The PERT chart is used to connect the number of TAM activities with each 

other according to the expected time E(T) of each activity.  The PERT chart is 

valuable tool to improve efficiency of complex processes used in gas plants to 

determine the optimum duration of completion of TAM activities that 

represented the longest possible time span along the TAM activity execution. 

The PERT chart was created using Microsoft Visio, 2010 edition to determine 

the optimum time of execution TAM event based on two ways:  

 Forward pass (Earliest event):  

            Early Finish = Max {Early Start + Duration}                   

           EFij = Max {ESij + Dij}                                                   (7.6) 

 Backward pass (Earliest event):  

            Late Start = Min {Late Finish - Duration} 

         LSij = Min {LFij - Dij}                             (7.7) 

 Critical Duration: 

             EFij = LSij                                   (7.8) 
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Once expected periods are determined for each activity in the network, the 

critical activities are found by equaling EFij with LSij for each activity. The 

optimum path of TAM activities is indicated in the following nodes (0, 1, 4 and 

7). Therefore, 23 days is considered the optimum duration to carry out TAM 

activities due to corrosion in the trays and caps of processing columns (T-701 

and T-702). TAM duration of gas plants may be decreased or increased one 

day, because some defects occurred during start-up phase. Therefore, it 

assumed that TAM duration can be executed during between 21 and 24 based 

on [E(T) ± σ(T)].   

   
 

0 1

3

5

4

2

0

0

2.33

2.33

18.33

11.83

18.33

18.33

18.33

9.59

18.33

12.49

6

18.33

12.33

7

22.83

22.83

2.33 16 4.5

 

             Figure 7. 2. Critical activities of the TAM duration for the gas plant 
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7.4   Probability Aspects of PERT 

One feature of PERT that distinguishes it from other techniques is to apply the 

probability theory as an estimated tool in probability of the completed TAM 

duration.  

Determine first the mean and standard deviation associated with TAM 

activities, and then derive standardized random variable "z" and normal 

probability tables using the following formula:  

                                                 Z = P (
X−E(T) 

σ(T)
)                             (7.9) 

Where  

Z    Standardized Scores,  

X   Random variable.   

Therefore, TAM duration of the gas plant could be executed between 21 and 

24 days as shown in Figure 7.3. Suppose senior management is asked 21 to 

24 days to implement the TAM period. The probability of completing the TAM 

between 21 to 24 days may be achieved according to Equation (7.8).                                                                                  

                         P(21 ≤ X < 24) = P ( Z1 ≤ Z < Z2)                  (7.10) 

                         σ (T) = [V(T)]1/2 = 1.11 

                             P(21 ≤ X < 24) = P [(
21−22.83

1.11
) ≤ Z < (

24−22.83

1.11
)] 

                                                 = P (−1.64 ≤ Z < 1.055) 

Since E(T)= 22.83 (548 hrs) and σ (T) = 1.11 of the TAM duration, the 

probability of completing the TAM duration of gas plant between 21 and 24 

instead of 30 days can be 80.38% based on Z2 = 1.055 and Z1= −1.64   

resulting from standard Normal Distribution (Minitab software program). The 

completing TAM between 21 and 24 days rather than 30 days means that the 
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finish of TAM duration time has met the conditions of Beta distribution (right-

skewed) as shown in Figure 7.3.  

   

 

        Figure 7. 3. The probability of completing the TAM in between 21 & 24 days 

 

Consequently, the TAM duration of the gas plant can be carried out between 

21 days as a minimum and before 24 days which is equal to 80.38%, at an 

estimated cost of $1,666,000 - $1,904,000, respectively. The probability of 

finish time of TAM before the optimistic time represents 5.05%. This 

percentage (5.05%) of the probability means that improvement initiatives to 

conduct the TAM duration between To and Tp can be achieved successfully to 

reduce the high costs,  production losses and without harming the efficiency of 

maintenance workers due to plant shutdown between 21 and 24 days rather 

than 30 days. The probability of the TAM activity completing at 24 days 

successfully without any threat on the operational performance of the gas plant 

equal to 85.43% based on estimated time of each equipment resulting from 

0.4

0.3

0.2

0.1

0.0

X

D
e
n
si

ty

21 2422.83

Distribution Plot
Normal, Mean=22.83, StDev=1.11

14.57 
% 

5.05 % 

 ------- Normal Dist. 

 ------- Beta Dist. 

80.38 
% 

85.43 
% 

E(t) Tm 

Tp To 



Chapter.7: Estimation of TAM Duration ----------------------------------------------------------------------------------------------------------------------------------------------------

------------- 

 

Page | 240  

  

previous records TAM experts in the gas plant (M&I, MAG engineers, planning 

unit, operation, maintenance, and inspection mangers).      

7.5     Conclusions 

This chapter has achieved fifth objective of the associated with decreasing 

duration of TAM. The stage I of the TAM model is considered an indicator to 

decrease duration of TAM. Therefore, the critical pieces extracted by Stages 

II and III ( heat exchangers, pressure drums, process columns, pipelines and 

turbines) were contributed in the estimation of duration of TAM. Process 

columns were considered the main critical equipment that could be focused on 

in the estimation of the TAM duration of gas plant due to the largest duration 

of TAM with comparing to other pieces and lower than previous duration (30 

days). The assumption of the PERT approach played an important role in this 

chapter according to Beta distribution that aims to estimate the TAM duration. 

By using this approach the TAM activities of the gas plant between 21 and 24 

days by 80.38% can be completed rather than 30 days at E(T)= 22 days, σ(T) 

= 1.11, γ = 3.63 and δ = 4.23. For this reason, it is necessary to execute the 

TAM duration of the gas plant between 21 days as a minimum and 24 days as 

a maximum to reduce the TAM costs and production losses due to the plant 

shutdown.  
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CHAPTER 8 

VALIDATION AND DISCUSSION OF THE TAM MODEL 

8.1     Introduction  

The sixth, seventh, and eighth objectives of the research were documented in 

this chapter, and consists of three aspects. The first aspect describes the 

detailed validation processes of stages of TAM model and the TAM model. In 

order to carry out this validation, the TAM model is focused on real oil and gas 

plants data to ensure the model integrity and translate experts’ opinions from 

industry and academia into an explicit form within the TAM model. The 

validation of the model considered identifying the pieces of equipment that 

require inspection and maintenance in next TAM according to priority. The 

second aspect presents a detailed discussion on results of the preceding 

chapters associated with stages of the TAM model that aim to decrease the 

duration and increase the intervals between TAM periods of the CSEs and 

CREs (heat exchangers, pressure drums, process columns, pipelines and 

turbines). The third aspect presents Key Performance Indicators (KPIs) which 

is compared with the pervious and current status and using two main 

indicators: availability of the plant and cost of the TAM, which were considered 

the critical indicators to achieve the desired goals in order to identify the 

optimisation range of the TAM scheduling.    

8.2     Validation of the TAM Model 

The validation is a very significant step to ensure the development and 

implementation of the TAM model accurately and continuously according to 

the followed TAM mechanism in the plant (input and output data accuracy). 
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This model reflects changes of TAM activities which is implemented on the 

static and rotating equipment of the gas plant with the aim to optimise the TAM 

scheduling. This data makes it possible to first validate the gas plant data for 

each stage, before validating the TAM model.  

8.2.1    Validation Process of TAM Model Stages Based on Case Studies  

The essence of validation is to ensure that the model will perform its function 

that is intended to do. Literature review has played an important role in the 

validation process of each stage and contributed in the development of the 

TAM model. Hence, an extensive review of published data has been carried 

out based on oil and gas plants. In this study, the validation process of the 

TAM model stages was conducted based on three case studies.  

These published case studies include works of Elfeituri and Elemnifi (2007); 

McMillan and John (2013); Hameed et al. (2014) to validate stages of TAM 

model of some units in processing plants.   

Case study 1: Elfeituri and Elemnifi (2007) highlighted stages I and II of TAM 

model for refinery plant. In stage I, focus was on effects of production and 

safety on the plant to remove Non-critical equipment from TAM list. In Stage 

II, focus was on consequences of failure in terms of human error, the fire and 

blast effects on buildings and structures resulting from pressure vessels in 

order to select CSEs. Based on the selected critical pieces of equipment, the 

interval of TAM was estimated by risk matrix. It has been demonstrated that 

Stages I and II gave the same indicators to determine duration and interval of 

TAM when compared with this study. These indicators include availability and 

cost. In addition, static equipment was also a critical indictor in the 

determination of TAM scheduling.      
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Case study 2: Hameed et al., (2014) highlighted stages II and IV of a gas 

plant. However, this case focused on individual equipment (heat exchangers) 

for the determination of the interval of TAM according to the estimated shape 

and scale parameters (450,000 and 2.0). These parameters vary from a plant 

to plant, due to operating conditions, process conditions, geographical 

conditions and specification of flow. Therefore, this study has proven that 

stages II and IV, based on the following data β=2 and 4.38 / η=282000 and 

450000, gave the same results for the case study in relation to TAM interval of 

heat exchangers which is carried out every 23663 hr.    

Case study 3: McMillan and John (2013) focused on the gas turbine in LNG 

plants as mechanical drivers with the aim of analysing failures. This gas turbine 

was selected for a major LNG application, inspection and maintenance. 

Therefore, the results of this study has been matched with results of this case 

study associated with TAM interval of gas turbine. 24919 hr was estimated 

result of this study which is considered very close to the following periods of 

maintenance and related to the case study:  

         4,000hrs        Normal Inspection during normal operation of plant.  

         25,000hrs      Hot Section Replacement during planning Shutdown.  

         50,000hrs      Spare Engine installed during planning Shutdown.  

         75,000hrs      Hot Section Replacement during planning Shutdown. 

         100,000hrs    Spare or lease Engine Installed during planning Shutdown.  

         125,000hrs    Hot Section Replacement during planning Shutdown. 

The validation process of the results of TAM model stages when compared to 

case studies demonstrated that most case studies focused on individual 

equipment. As a result, the validation process based on published case studies 
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has proved that the TAM model run as intended according to stages of the 

TAM model which are considered valid to determine the TAM interval of the 

gas plants. The results of gas turbines and heat exchangers were close to the 

following cases studies according to operating conditions which were taken 

into account. These results were summarised in Table 8.1. 

Table 8. 1. Estimation of TAM scheduling for processing plants 

Author Year Plant 
Stage 

No 
Duration Interval 

Elfeituri and 
Elemnifi  

2007 Refinery 
10,000 bpd 

1, and 2 ≤ 23 days More than 48 months 

McMillan and 
John  

2013 
LNG plants 3  

Every 2 yrs., 10 mths. 
3 wks. 

Hameed and 
Khan  

2014 
Gas plant 2, and 4  

Every 2 yrs., 8 mths. 2 
wks. 

 

8.2.2    SOC Plants Validation Process 

The validation process was carried out in three of the SOC plants in Libya. 

These plants are gas, methanol I and refinery. These plants have selected 

because of the multiple manufacturing and production process in the SOC. 

The further reason behind selecting these plants is the ease of access and 

willingness of research participation during data collection.    

The validation process of the TAM model was done for each plant in January 

2017 at Marsa Brega - Libya. The validation involved the TAM model stages 

which took all pieces of equipment into consideration. This was followed by 

comparing the model with expert opinions. The following briefs describe the 

plants experts that participated in this validation process of the TAM model. 

The developed TAM model stages were also validated by manufacturing and 

maintenance manager, operation superintendent, maintenance 

superintendent, M&I expert, MAG expert and planning unit as displayed in 

Appendix I. 
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8.2.2.1   Validation of Stages of TAM Model in the Gas Plant  

The TAM model consists of four stages, validation each of stage requires the 

input and output data accuracy that determine according to operation, 

maintenance (MAG) and inspection (M&I) experts, the TAM reports and 

failures records. Since the TAM process in the gas plant that administrated 30 

days once every two years requires the improvement, the data that used in 

this study generated directly from the TAM reports and failures records, the 

historical data of each equipment, and interview of the gas plant experts also 

was presented as shown in Appendix A,B,C and D. 

 Stage I of the TAM Model 

Removing NEs from the TAM list started with setting of layout of the gas plant, 

classified static and rotating equipment parts and then separated critical and 

non-critical equipment of static and rotating pieces of equipment according to 

the Equation 3.1 obtained from the literature. The Equation 3.1 includes four 

constraints and three scales that was developed by incorporating operation, 

maintenance (MAG) and inspection (M&I) experts’ opinions to add cost and 

availability to production and safety factor. The gas plant experts and 

management have not taken the cost and availability aspect into account to 

identify NEs due to lack of information was provided, whereas, it was only 

identified from the production and safety perspective according to investigation 

shown in Table 8.2.  

   Table 8. 2. Investigation of SOC management/experts for stage I 

Stage SOC Management/Experts  
Stages Used 

Validation C A P S 

1st  
  

Operation & Maintenance Manager      
Operation Superintendent       
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Maintenance Superintendent      

M&I Expert      

MAG Expert      

Planning Unit      

 

This gives an indication that SOC should consider further improvements to 

achieve the required performance. Thus, Stage I was more accurate when 

compared to estimated results of the SOC gas plant which relied on the cost 

and availability factor as well.  

The validation process, and based on the inputs (failures records, M&I and 

MAG experts) showed that stage I has accurately achieved the desired target 

to remove 97% of NREs and 53% of NSEs to maintain within proactive 

maintenance plan. This was the gap needed to be improved in order to 

decrease downtime and increase uptime of the gas plant according to opinions 

of senior management, inspection, operation and maintenance experts. This 

stage was contributed in capturing information about financial, technical 

statements of CSEs and CREs and converted into data may be assisted 

maintenance experts in decision making. In practice, and in this stage, the 

financial, technical reports about each equipment and component must be 

presented to planning unit in order to analyse it and direct the TAM strategy 

for future improvements in the determination of time and cost of TAM.   

Stage II of the TAM Model 

This stage was associated with RBI to determine CSEs that posed the highest 

risks on the production, operating assets, and environment issues. The results 

of stage II was consistent with the risk matrix results used by (M&I) experts in 

the gas plant to determine static pieces of equipment that have the highest risk 

in order to maintain them during the TAM duration to avoid the production 
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losses and unforeseen shutdown during normal operation of plant. However, 

the validation process of stage II showed that inspection process in the gas 

plant was implemented on critical and non-critical pieces of equipment as an 

opportunistic maintenance using RBI to determine equipment that required 

priority to inspection, repair or replacement. This means that TAM activities 

were not only relied on critical pieces of equipment, but also depended on non-

critical pieces. Therefore, the results of RBI approach in the stage II was 

consistent with the results of inspection process in the gas plant in terms of the 

production losses (PL) risk for critical pieces of equipment as shown in Table 

8.3.  

Table 8. 3. Investigation of SOC management/experts for stage II 

Stage SOC Experts  
Stage Used 

Validation ED 
 

PL 
 

AD 

2nd  
  

Operation & maintenance manager      

Operation Superintendent       

M&I Expert      

Planning Unit      

 

Developing Stage II is necessary to take operating assets damage and 

environment issues into consideration as a part of consequences of failures. 

The validation process with M&I expert showed that results of Stage II were 

more reliable than current approach to reflect the difference between the 

existing practice for the gas plant and the Stage II practice in the determination 

of CSEs.      

Stage III of the TAM Model 

This stage was associated with RBF to determine critical failures for each 

rotating equipment that constituted high risks on the operational performance 

and reliability of the plant. Since most of rotating pieces of equipment in the 
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gas plant were redundant, thus the followed policy for rotating pieces 

maintenance depended on PdM that aims to determine failure symptoms 

ahead of occurrence using vibration monitoring devices. However, a part of 

these rotating pieces of equipment deferred to TAM activity to renew and 

replace their parts. RBF approach can be appropriate in terms of failures data 

associated with equipment that cannot be maintained during the normal 

operation of the plant. Consequently, the validation process associated with 

MAG experts demonstrated that TAM activity of rotating equipment in the gas 

plant was limited on rotating equipment that deferred its maintenance during 

duration of TAM, and critical rotating pieces of equipment as well. In 

developing Stage III, critical equipment which may be maintained between 

TAM intervals and identified as critical components for each equipment using 

FTA were highlighted. The results of validation process of stage II were 

applicable to facilitate the road map towards TAM improving. 

Stage IV of the TAM Model 

The stage IV was crucial dimension in determining duration and interval of 

TAM which formulates the problem statement in TAM activity. SOC plants have 

required the improvement of TAM cost and production losses. This stage has 

focused on the PERT and failure distributions to determine duration and 

interval of the TAM of the gas plant. The validation process illustrated that the 

top management of the gas plant was authorized to estimate the duration and 

interval of TAM (30 days every 2 years). However, these estimates were 

described without a real strategy of the TAM scheduling and cost of the plant 

TAM. Interview with senior management (inspection, operation and 

maintenance) showed that estimation of TAM scheduling by senior 
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management was random and permanent for all oil and gas plants in SOC as 

shown in Table 8.4.  

 Table 8. 4. Investigation of SOC management/experts for stage IV 

Stage SOC Management/Experts  
Stages Tool to Determine  

Validation Duration Interval 

4th  
  

Operation & maintenance manager  No No 

Operation Superintendent   No No 

Maintenance Superintendent  No No 

M&I Expert  No No 

MAG Expert  No No 

Planning Unit  No No 

 

Therefore, determination of the duration and interval of TAM were the gab 

needed to optimise the TAM scheduling. In fact, SOC has not assigned 

measurement or criteria to determine duration and interval of TAM, which 

consequently, caused unjustified increase in production losses and excess 

time in the TAM activity. Furthermore, developing TAM model could be based 

on identifying TAM scheduling of processing plants.   

8.2.2.2   Validation Process of the TAM Model in SOC Plants 

It is recognized that validation process of the TAM model results varies from a 

plant to another due to differences in the operating and processing conditions, 

equipment and specification of fluid. In addition, size and aging of plant (in 

terms of the residual life of critical equipment). Therefore, the validation 

process of the TAM model was conducted for Gas, Methanol I, and Refinery 

plant. The validation process was achieved using three plants at the same 

manner that will be briefly explained. 

Maintenance division in these plants contain two main maintenance units, 

rotating and static equipment unit. The static equipment unit issues Work 
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Requests (WR) which includes static pieces of equipment that require TAM 

based on recommendations of M&I experts associated with stage II. Rotating 

equipment unit also issues Work Requests (WR) which contains rotating 

pieces of equipment that need TAM based on recommendations of MAG 

experts associated with stage III. These requests are submitted to planning 

unit of TAM committee to identify pieces of equipment that should be inspected 

and maintained during TAM period according to the priority level. 

Validation process of the TAM model for some SOC plants showed that 

planning unit related to the TAM committee for each plant has not been 

assigned to determine duration and interval of the TAM. 

8.2.2.2.1    Validation of the TAM Model Based on the Gas Plant Data 

Senior management of SOC has assigned in the decision-making process to 

identify the duration, interval and allotted budget of the TAM to become 30 

days once every 2 years and budget reaches to $2.5 million. As a result, the 

senior management, planning unit, O&M experts and TAM committee of gas 

plant have not used a particular model or criteria for estimating the TAM 

scheduling. Therefore, the estimation process of TAM scheduling of the gas 

plant was conducted routinely and randomly based on historical experience. 

Due to the war in Libya, SOC plants operated normally without expected or 

unexpected shutdown for three years (between June 2014 and June 2017) in 

order to wait run-to-failure phase of the gas plant. However, In July 2017, the 

gas plant was shut downed in a planned manner to execute TAM activity of 

2017 as shown in Table 8.5. This is because the risks indicators have become 

apparent through cases of leakages, fluctuated temperatures and increased 

pressures caused by damages in sealing, catalyst material and accumulated 
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fouling in heat exchangers. This means that the gas plant could be 

continuously operated for three years as a maximum limit without any threat to 

the plant performance.  

According to TAM interval which was identified by TAM model, 2 years and 10 

months can be considered a typical TAM interval of the gas plant. TAM model 

had a performed well in determining the TAM Interval for the gas plant. 

Therefore, this interval is considered a real example to validate the TAM model 

for determining interval of TAM based on the data that was collected by failures 

records, M&I and MAG experts of the gas plant.  

With regard to TAM duration of the gas plant had been executed during 20 

days in July 2017 based on critical activities that included replacement of trays 

due to its corrosion and missing bolts resulting from fluctuated temperatures, 

and cladding replacement of T-701 and T-702 as shown in Table 8.5. In 

addition, noncritical equipment pieces that included heat exchangers, drums 

and pipelines maintenance within duration of TAM. The total cost of 2017-TAM 

estimated $1.65 million during 20 days. Consequently, the TAM model also 

proved that TAM scheduling could be optimised depending on the critical 

pieces of equipment.  
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Table 8. 5. TAM scheduling activities-2017 of the gas plant  

 

Based on records of process engineering division of the gas plant that is 

related to fouling in the heat exchangers, thickness of fouling can be mitigated 

using chemical solvent during normal operation of plant. However, the 

accumulated fouling layers are usually thicker than the removed fouling layers. 

Accumulated fouling layers may reach to 3 mm during two years of the 

continuous operation of plant to lose 30% of heat transfer efficiency, and would 

lose 40% of efficiency when thickness of fouling exceed 3 mm as shown in 

Table 8.6. A thickness of 3.5 mm is a critical indictor that often appear in-

between two years and three months, and three years of the continuous 

operation of plant. This indicator was considered an initial indicator for starting 

in the preparation of total shutdown of heat exchangers to avoid increasing 

energy consumption and other risk consequences. In addition, TAM-2004 and 

2006 report showed that thickness of fouling for these pieces of equipment 

was 2.65 mm and 2.8 mm. This means that heat exchangers can run normally 

for more than two years without any outage in their operational performance.  

1- 2- 3- 4- 5- 6- 7- 8- 9- 10- 11- 12- 13- 14- 15- 16- 17- 18- 19- 20-

Mobilization Critical 

Columns Critical 

Heat Exchangers Non-Crti

Drums Non-Crti

Pipelines Non-Crti

Turbines Non-Crti

Valves Non-Crti

Pumps Foundations Non-Crti

Miscellaneous Non-Crti

Start-up Critical 

Planning %

Actual %

Status
Days

Activities
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Gas plant experts confirmed that heat exchangers were heavily dependent 

upon the specification of fluid, operational conditions and the overall design of 

exchanger. However, it is necessary to undergo these heat exchangers to a 

planned shutdown to avoid the loss of efficiency to 50%. 

Table 8. 6. An increase fouling thickness with time of heat exchanger 

Fouling thickness  
(mm) 

Efficiency loss  
(%) 

Time  
(Months) 

d ≤ 1 10% 0 < t ≤ 9 

1 < d ≤ 2 20% 9 < t ≤ 18 

2 < d ≤  3 30% 18 < t ≤ 27 

3 < d ≤ 4 40% 27 < t ≤ 36 

d > 4 50% t > 36 

 

The above results are in consistent with the results of TAM model for heat 

exchangers. Consequently, the validation process of results of model showed 

that TAM model was proven that has able to reflect a real status for 

accumulated fouling in the heat exchangers.   

8.2.2.2.2    Validation of the TAM Model Based on the Methanol Plant I 

Data 

In 2017, the methanol plant I required more attention for optimising TAM 

scheduling to become 15 days every 3 years rather than 30 days every 2 years 

based on the critical static equipment that included the cleaning fouling of heat 

exchangers and re-activated catalyst materials in reactors. This means that 

the TAM model achieved results close to real status of the duration and interval 

of TAM for methanol plant I. Therefore, the TAM model can be a tool in order 

to obtain tangible optimizations of TAM scheduling for any processing plants 

which are continuously operated in cruel environment conditions.   
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 Table 8. 7. TAM scheduling of methanol plant I 

Year 
Duration 

 
Interval 

 
TAM cost 

($) 
Status 

 (day)     (Yr.) 

1978 - 97 35 1 - OMs 

1998 - 03 30 1 850,000 Previous 

2004 30 2 1,000,000 Previous 

2006 30 2 1,200,000 Previous 

2008 30 2 1,500,000 Previous 

2010 30 2 1,500,000 Current 

2014 –2017           Methanol Plant under processing   

7/2017 15 3 880,000 Target 

 

8.2.2.2.3   Validation of the TAM Model Based on the Refinery Plant Data 

There are 5 refinery plants in Libya with a designed nameplate capacity of 

400,000 barrels per day (bpd). The SOC refinery was a good example because 

it is considered the oldest and the smallest refinery in Libya, which has a 

capacity of 12,000 bpd. The plant was implementing TAMs activities during 30 

days every two years. However, the review for each stage of the TAM model 

with the refinery experts showed that TAM model could be able to achieve 

realistic results of optimising TAM scheduling without any threat to the 

operational conditions of the plant. Based on failures records of critical 

equipment for refinery plant and TAM model showed that refinery plant can be 

subjected to TAM activities every 4 years without any outage and complete 

their activities in the duration shorter than 21 days.     

   Table 8. 8. TAM scheduling of refinery plant  

 Year 
Duration 

 
Interval 

 
TAM cost 

($) 
Status 

 (day)     (Yr.) 

1971 - 03 30 1  OMs 

2005 30 2 750,000 Previous 

2007 30 2 1000,000 Previous 

2009 30 2 1000,000 Previous 

2018 15 4 - Planning 
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There are some application that would be able to identify duration or interval 

of TAM. However, it is very rare obtain particular models have been used in oil 

and gas companies to estimate TAM scheduling. As a result, most oil and gas 

companies used traditional technique to identify TAM scheduling, which 

included a constant time (once every a few years) and the predetermined 

budget in order to become TAM scheduling as a normal routine. This reveals 

that most oil and gas companies were not dependent upon critical equipment 

pieces in the identification of TAM scheduling. For this reason, key 

performance indicators (KPIs) to measure performance of availability and cost 

of the TAM model and compare with previous TAM can also be highlighted.  

8.3      Optimization of the TAM Scheduling   

The main drivers to optimizing TAM scheduling were associated with two 

approaches: decrease duration and increase interval of TAM of the gas plant 

in order to reduce TAM cost and production losses and improve reliability and 

availability of the gas plant based on developing the TAM model.   

8.3.1    Decreasing Duration of TAM 

Strategies and practices of scheduling TAM vary considerably in the oil and 

gas industries. Therefore, it decrease downtime, lower cost, returning the plant 

capability fully and providing safety rate until the next TAM period interesting 

to most of oil and gas companies that face the same challenges. Thus, cost, 

production losses, availability, and safety have played a critical role in Stage I 

in order to remove NREs and NSEs from the SoW of TAM to proactive 

maintenance plan. Classification of CEs and NEs in the stage I of the TAM 

model in the gas plant also demonstrated that most of rotating pieces of 
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equipment that driven by steam turbine were active redundancy. Few pieces 

of rotating equipment that driven by motor were standby with equipment that 

driven by steam turbine. Therefore, pieces of equipment that driven by motor 

are considered critical pieces of equipment during start-up phase of the plant 

due to unavailable steam supply in pipelines during this phase of the TAM 

duration. Based on the cost, availability, effect on the production and safety, 

all redundant pieces of rotating equipment that driven by steam turbine were 

removed to proactive maintenance except single pieces of equipment that 

driven by motor and gas turbine which could be considered critical pieces 

during the start-up period of plant., Static pieces of equipment also played 

important role more than rotating pieces of equipment in the determination of 

TAM scheduling because of their impact on the production, operating assets 

and environment. Therefore, removing 120 vessels and 56 pipelines of static 

pieces of equipment and 115 of 118 rotating pieces of equipment would be a 

road map to apply stage II, III and IV of TAM model as shown in Table 8.9. 

      Table 8. 9. Identified and removed NSEs and NREs   

Stage No Static Equipment Rotating Equipment 

1st 

In out In Out 

186 + 91 pipe 

Pipespo 

120 + 56 pipe 118 115 

2nd & 3rd 

In         In  

66 + 35 (S) Pipelines 

pipelineses pipelines 

  3 

 

In this study focused on the application of RERT technique for critical 

equipment pieces that extracted from stage II and III to estimate duration of 

TAM. These pieces included 5 types of critical pieces: heat exchanger, drum, 

processing column, piping and gas turbine. Each equipment of these pieces 

estimated its duration based on three parameters (TO, Tm, Tp) that identified 
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according to experts opinions and failures records of 2004, 2006, 2008 and 

2010. The results revealed that optimum period for completing TAM event is a 

maximum duration and limited between 21 and 24 days based on the longest 

time of dependent activities of processing columns (T-701 and T-702) as 

shown in Table 8.10.  

Table 8. 10. PERT-Beta distribution results 

Statistics of TAM duration 
PERT 

results 

Minimum TAM duration (days) 21 

Maximum TAM duration (days) 24 

Mean 22.83 

Mode 22 

Standard deviation (σ) 1.11 

Probability of completing TAM between 21 & 24 days 0.804 

γ 3.63 

δ 4.23 

 

Consequently, removing NEs resulted in the decreased TAM duration between 

21 and 24 days by probability of 80.38% rather than 30 days which have 

randomly determined by senior management. In addition, decreasing duration 

of TAM from 30 to 21 days would also be led to the increased uptime of the 

plant, reduced production losses and minimised TAM cost that reached to $2.5 

million.  

8.3.2    Increasing Interval of TAM of CSEs 

The optimisation results of the interval of CSE were identified and summarised 

in Table 8.11 that shows a sample of these results related to stage II and IV 

which involve four items: heat exchangers, drums, columns and pipelines 

which are located in the highest risk zone in terms of the production losses, 

asset damage, and environment. In addition, this table includes also reliability 
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function R(t), hazard rate h(t), failure mode (MF), and TAM interval of four 

items.  

The operational risk of each critical equipment was determined based on 

probability of failure (PoF) and economic consequences as shown in Table 

8.11. Consequently, the optimum TAM interval for heat exchangers, drums, 

processing columns and pipelines were found as followed: 24800 hr, 73500 

hr, 75100 and 113500 hr, respectively when compared operational risk for 

each equipment to an tolerable risk (500 $/hr).  

On the other hand, based on shape and scale parameters for each equipment 

as shown in chapter 5. It is normal that, reliability function usually decreases 

gradually with TAM interval for all equipment pieces that operated 

continuously, especially in oil and gas industries. Hazard rate also increases 

continuously with TAM interval for all equipment pieces. This is obvious that, 

once a decrease of reliability and an increase of hazard rate the failure mode 

is expected to increase with TAM interval till it reaches a peak 0.00003, 

0.000027, 0.00003, and 0.000029 at 24800, 73500, 75100, and 113500 hrs 

for heat exchanger, drum, column, and pipeline and to become R(t) 57%, 44%, 

43% and 41%, and h(t) 5 failures, 6 failures, 7 failures, and 7 failures per 105 

hours, respectively. A peak point is an indicator to address issues associated 

with these equipment pieces. When R(t) and h(t) reached to these values, this 

means that, it is prudent to make decision to select an optimum TAM interval 

of the plant among the following critical times: 24800, 73500, 75100, and 

113500 hrs of heat exchangers, drums, columns, and pipelines, respectively. 
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                        Figure 8. 1. The TAM interval of the high risk equipment 

 

Since the interval of TAM is equivalent the uptime, therefore, optimum TAM 

interval of the gas plant is that represented a minimum period to avoid an 

unexpected shutdown and risks consequences due to deterioration in the 

critical pieces of equipment between TAM intervals caused by fluctuating 

temperatures and pressures. 24800 operational hour associated with heat 

exchangers is considered an optimum TAM interval for the gas plant when 

compared to other equipment pieces. Consequently, the gas plant facilities 

must be totally shut downed to execute TAM event based on 6 pieces of heat 

exchangers due to cumulated fouling layers through tubes of heat exchangers 

that can be caused in the detraction of the flow of fluid, increase in the pressure 

drop, change in heat transfer during the operating process, increase in overall 

heat transfer coefficient loss, increase in electrical consumption and high 
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vibrations throughout the bundle. Consequently, these stages (II and IV) have 

illustrated great optimizations in the interval of TAM for static equipment. 

Table 8. 11. Stage II and IV scenarios  

Stage II 

Risk Category H. exchangers  Drums 
 

Columns Piping 

Total 
equipment 

18 32 16 35 
V. Low 2 12 0 12 

Low 6 9 7 20 
Moderate 4 9 7 1 

High 6 2 2 2 
V. High 0 0 0 0 

Number CEs  ⑥ Series  ② Separated ② Series ② items 

Main Causes Fouling Shell corrosion Trays & Caps  Wall corr. 

Stage IV 

Scenarios 1st Scenario 2nd Scenario 

 

3rd Scenario 4th 

Scenario 

R(t) 0.57 0.44/0.49 0.43 0.41 

h(t) 0.00005 6/5E-5 0.00007 0.00007 

MF 0.00003 2.7/2E-5 0.00003 0.000029 

Re ($/hr) 499.5 499.6 499.8 499.7 

TAM Interval 
(hr) 

24800 
73500 
79000 

75100 113500 

Optimum 
Interval  

24800 hrs ( 2 years and 10 months) 

 

8.3.3    Increasing Interval of the TAM of CREs 

Table 8.12 shows the optimisation results of the interval of CRS which were 

identified based on stage III and IV associated with application of FTA on 

centrifugal, rotary pump and gas turbine which could be impacted the plant 

performance due to unforeseen malfunctions. Most centrifugal and rotary 

pumps in the gas plant were connected together as a parallel system. 

However, there are few of centrifugal and rotary pumps such as PM-1251C 

and PM-1361C in the gas plant were operated as single pumps during start-

up phase that considered one of main requirements to start-up phase to 

operate the plant, which may take a week to two. Therefore, these pieces of 
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equipment need to shut down after 12579 and 16622 operating hours, 

respectively to conduct TAM activities. However, these pumps that operate 

intermittently may not be needed another stand-by pumps, but their status as 

single driven pumps by motor have become very necessary to avoid any defect 

could be occurred during start-up phase that can be caused delay in start-up 

stage of the gas plant as happened in 2006. Consequently, these pumps 

should be subjected three scenarios:  

 Classify these pumps under non-critical activities to maintain every TAM 

scheduling,  

 Remove these pumps from TAM activities to proactive maintenance,  or 

 Install another pump as a stand-by to c with each other as a parallel system 

and to conduct TAM activities once every 18868 and 24933 operating 

hours as given in Figure F.8 and G.8 in Appendix F and G. 

Consequently, it is necessary to highlight on the cost as a main indicator to 

identify the optimal scenario. This case can be considered in the future work 

of this study. 

 Table 8. 12. MTTF of GT, CP and RP  

Type of 
pumps 

No of 
critical 
failure 

Failure 
rate  
(hrs) 

MTTF 
Single 

(hrs) 

 
R(t) 

 
F(t) 

MTTF 
1oo2 
(hrs) 

GT 11 40.13E-6 24919 0.368 0.63
1 

37378 

CP 9 79.50E-6 12579 0.367 0.63
2 

18868 

RP 5 60.16E-6 16622 0.368 0.63

1 

24933 

 

With regard for GT-301 equipment of the gas plant that run as single 

equipment during normal operation or commissioning stage of the plant. Based 

on failures rate associated with each equipment in GTU showed that GT-301 

should shut down once every 24919 operating hours of its life cycle to undergo 
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to the TAM activities related to G5, G6, G7, or G8 and resulting from critical 

failures (X3, X6, X8, X12, X16, X17, X19, X25, X29, X30 or X36). Therefore, 

TAM interval of the GT-301 was reached to 24919 hrs. This period was 

consistent with the results of McMillan and John (2013) of gas turbine. 

It is clear that reliability of GT-301 decreased with time as shown in Figure 8.2 

due to harsh operating conditions until it reach operating hours of the GT-301 

to 24919, and become reliability indicator 36.8%, this means that GT-301 

during this period cannot perform its functional performance correctly. Thus, 

this unit must subject to TAM activities in order to achieve the required 

operating conditions and to avoid any threat may occur of the gas plant.  

 

                                           Figure 8. 2. Reliability of the GT-301  

 

In order to achieve high reliability and availability of the GT another unit can 

be added as a stand-by piece of equipment to convert the unit to parallel 

system. However, adding another part may be expensive in terms of costs, but 

this can lead to the increased interval of the TAM to become 37379 instead of 

24919 hours. 

As a result, the TAM model estimated the optimal interval of TAM of CSEs 

associated with heat exchangers at 24800 hrs, and optimal interval of the TAM 
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of CREs related to the gas turbine at 24919 hrs for the gas plants. Interval of 

heat exchanger was considered a real indicator to determine the TAM interval 

of the gas plant according to validation process that conducted with experts of 

SOC. Consequently, the plant facilities must be subjected to total shutdown of 

the plant based on the lowest interval of TAM as shown in Figure 8.3. 

Equipment 
TAM Interval Per Year 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Heat 
Exchangers 

 

  2Y:10M   

Drum   8Y:5M   

Insulated 
Drum 

  9Y:6M   

Column   8Y:7M   

Pipelines   13Y   

Gas Turbine  2Y:10+M  

                 Figure 8. 3. Optimum TAM interval of the gas plant (Y: year, M: month) 

 

The results showed that the listed critical pieces of equipment in the Figure 8.3 

and related to the gas plant, which were posed threat and serious 

consequences for most oil and gas companies. In order to avoid these 

obstacles, the optimum interval of TAM should be selected the lowest period 

to avoid any risk may be occurred between TAM duration cycles. The optimum 

interval of TAM was selected at 24800 hrs based on accumulated fouling 

layers in tubes of heat exchangers.  

TAM interval may be varied from company to company and from time to time 

for the same part due to the operating conditions and configuration process. 

Hence, the TAM model should be carried out every planning cycle of the TAM 

according to Figure 3.2, 3.3, 3.4, and 3.5. In order to carry out the executive 

requirements of the TAM model for gas plants, it should be based on a set of 
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factors to optimise TAM scheduling at every planned phase of TAM cycle. 

These factors could be included: analyse, improve, schedule and then 

implement. 

8.4 Key Performance Indicators (KPIs) of the TAM  

KPI is considered a fundamental principle of TAM to compare previous 

performance with current performance of TAM for closing the performance 

gaps. Selected KPIs should be precisely identified to take action in the 

improvement of TAM performance. TAMs in oil and gas industries always 

create the challenges among operation, maintenance and inspection experts 

to measure TAM performance and compare with previous TAMs. Availability 

and the TAM cost are leading indicators to verify the TAM performance 

improvement based on the historical data of the previous and current TAMs. 

8.4.1    Availability Dimension 

The duration and interval of the TAM can be reduced and extended, 

respectively by considering the availability of the plant. Availability is a function 

of maintainability and reliability (Eti et al. 2004). Maintainability deals with 

duration of TAM that is equivalent downtime. Reliability deals with interval of 

TAM’s that is equivalent uptime to achieve optimising TAM scheduling of the 

gas plant and accomplish in the cost-effective manner (Barringer et al., 1997). 

Availability deals with the uptime and downtime of the plant according to 

Equation (8.1) that can be written as:  

                             Px(t) = {
 1              if system is up       
0              if system is down 

       

                             Plant Availability (A) =
 Uptime

 Uptime+Downtime
               (8.1) 
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Time (t) 

                                       Duration of TAM (Downtime) = 21 days,  

                                       Interval of TAM (Uptime) = 1033 days  

                                       Life Cycle of TAM = 1057 days  

The downtime is equivalent to the duration of TAM and the uptime is 

equivalent to the interval of TAM. 

                            A =
 Interval of TAM

 Interval of TAM+Duration of TAM
= 98%                                       

 

                        

 

                                       

                                        Figure 8. 4. MTTF, MTTR and MTBF 

 

Table 8.13 illustrates that previous, current and suggested TAM scheduling of 

the gas plant. The TAM duration and interval until 2002 was 30 days once 

every year. In 2004, the interval was once every 2 years. In TAM 2006, 

massive problems occurred during start-up phase due to the corrosion of 

steam header line (PL6-26") located between SWB and utilities area. 

Unforeseen failures of PM-1251C also contributed in the extension of TAM 

duration to 15 days to become 45 days rather than 30 days. These problems 

have given indicator that TAM has depended on a traditional planning to 

determine the TAM scheduling and nor adopted on the residual life of critical 

pieces of equipment. In 2008 and 2010, TAM scheduling became 30 days, 

once every 2 years. As a result, availability of the gas plant TAM has differed 

from a year to a year due to the random decision of top management in the 

determination of intervals between TAM periods.  

Uptime Plant 

Downtime plant 

MTBF 
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Table 8.13 also shows the reason of disparity in the availability of the TAM gas 

plant. An increase in the TAM interval from a year to 2 years with keeping at 

30 days of TAM duration would lead to the increased availability of the plant 

from 91.78% to 95.89. A decrease of TAM duration from 45 to 30 days at the 

same TAM interval (2 years) would result in the increased availability of plant 

from 93.84% to 95.89%. It is clear that, this study illustrated that TAM 

scheduling associated with duration and interval of TAM could be optimised to 

21- 24 days once every 2 years and 10 months without any threats or 

consequences to the operational performance of the gas plant. Therefore, the 

TAM model has demonstrated great improvements in availability of heat 

exchangers which may be reached up to 97.73% - 98%, respectively instead 

of 95.89% compared to current TAM of the gas plant in 2008 and 2010.  As a 

result, any increase in the interval between TAM periods that would lead to the 

reduced production losses largely, and any decrease in the duration which 

would lead to the reduced costs of the TAM and production losses and also 

increased interval of TAM. 

     Table 8. 13. Gas plant availability 

Year 
Duration 

 
Interval 

 
Availability 

(A) 
Status 

 MTTR (day) MTTF (Yr.) 

1960 30 1  OEMs 

2000 30 1 91.78% Previous 

2001 30 1 91.78% Previous 

2002 30 1 91.78% Previous 

2004 30 2 95.89% Previous 

2006 45 2 93.84% Previous 

2008 30 2 95.89% Previous 

2010 30 2 95.89% Current 

Suggested 24 2.10 97.73% Target 

Suggested 21 2.10 98% Target 

      Year = 365 days                                                           OEMs: Original Equipment Manufacturers 
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8.4.2    TAM Cost Dimension 

TAM cost is another direct measure of TAM performance. The immensity in 

the costs associated with TAM of gas plants is one of challenges that faced 

most of oil and gas companies. Arunraj and Maiti (2007) cited in Bevilacqua 

and Braglia (2000) reported that the critical pieces of equipment for any 

processing plant required high maintenance costs might reach up to 70% of 

total production costs. As Sahoo (2013) stated that the costs of TAMs for oil 

and gas industries could exceed 30% of the allocated budget, also the 

production losses during the shutdown period of plants. Thus, these plants 

incurred losses in the profits margin due to TAM activity. 

The fluctuation of TAM cost of the gas plant from a cycle to a cycle was due to 

the extra and unexpected works. Based on the decision of top management of 

the company associated with the TAM activity allocated budget $2 million 

during 30 days, once every a year of the TAM for the period from 2000 to 2004, 

however actual cost fluctuated between $1,785,000 and $1,950,000. In 2004, 

the budget changed and became $2.5 million with the same duration of 30 

days, once every two years to become actual costs of TAM between 91% and 

110.88% of allocated budget ($2.5 million) of the TAM from 2004 to 2010 as 

shown in Table 8.14.     

Table 8. 14. Planning and actual TAM cost of the gas plant  

Year 

Planning Actual  

A Budget 
 ($) 

Duratio
n (day) 

Cost 
($) 

Duration   
   (day) 

  Cost  
   (%) 

2000 2,000,000 30 1,950,000 30 97.5% 91.78% 

2001 2,000,000 30 1,910,000 30 95.5% 91.78% 

2002 2,000,000 30 1,785,000 30 89.25% 91.78% 

2004 2,500,000 30 2,275,000 30 91% 95.89% 
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2006 2,500,000 30 2,772,000 45 110.88% 93.84% 

2008 2,500,000 30 2,510,000 30 100.4% 95.89% 

2010 2,500,000 30 2,380,000 30 95.2% 95.89% 

 
                                Figure 8. 5. Cost of TAM based on allocated budget 

  

The cost of TAM is considered one of the main elements that impacted the 

TAM activity success. The cost of TAM may not be accurately estimated due 

mainly to the extra, unexpected, backlog, contingency works or the changed 

SoW, which can be occurred during inspection and maintenance process in 

order to achieve the TAM success. However, planned costs can be estimated 

during preparing phase (plus or minus 10 per cent). Though, actual costs can 

be typically calculated two months before the event to present to the head of 

the TAM committee (custodian of plant) to approve it by manufacturing and 

maintenance manager. These costs have to be following included:     

TAM Duration = Execution Phase + Termination Phase   

Execution Phase = Pre-shutdown Days + Execution Days 

Termination Phase = Start-up Days + Commissioning Days  

TMC = IMC + POC 

IMC = PSC + EC  

EC = EPC + UPC + CC – CSC 
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POC = SUC + COC 

TC = TGM + TMC + POC + DMC 

TGM = TAM duration x GML/day 

TMC = PSC + EPC + UPC + CC + SUC + COC+ DMC – CSC 

EPC = IC + DC 

TC = TGM + PSC + (IC + DC) + UPC + CC + SUC + COC + DMC – CSC 

Where     

   TC   Total Cost.  

TGM   Total Gross Margin Loss. 

TMC   TAM Cost. 

I & MC  Inspection and Maintenance Cost.  

PSC   Pre-Shutdown Cost. 

POC   Pre-Operation Cost.  

EC   Execution Cost. 

DMC   Demobilisation Cost. 

SUC   Start-Up Cost. 

COC   Commissioning Cost 

GML   Gross Margin Loss. 

EPC    Expected Scope Cost. 

UPC   Unexpected Cost. 

CC    Contingency Cost. 

CSC   Cancelled Scope Cost. 

IC    Indirect Cost. 

DC   Direct Cost. 

Unexpected cost is an estimated cost resulting from inspections and analytical 

results. 

Unexpected cost includes underestimated works due to poor scope definition 

and some works that are cancelled and moved to next TAM or which occurred 

during inspection and maintenance activities (Opportunity Maintenance) as 

shown in Table 8.15. 
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Allocated Budget (AB) of the TAM can be express it as: 

 

                                       AB = EPC + UPC + CC+ DMC. 

The total cost of TAM ought to be less or equal to targeted budget of the TAM 

to be feasible TAM in terms of cost.  

               Mathematically if TMC ≤ AB 

               TMC – AB ≤ 0 implies that TAM will be success in terms of cost. 

Table 8. 15. Detailed costing analysis of TAM-2010 

I & M Cost ($) SUC & COC 
($) 

GML ($)  
DC ($)      Activity ID ($)             Activity 

17500* 
Static 
Inspectors 

14600 Site mobilization 
Pre-operation 
Cost ($) 

 

12500* 
Rotating 
Inspectors 

3200* Owner Steam cost 
        20,000 *  
LNG m3 per day 

21820* Welders 134000* Cranes and others Cooling water  
        1680000*  
Naphtha gal per day 

17725* Pipefitters 15200* Transportations Fuel  
        500*  
LPG m3 per day 

13400* Sandblasters 25500* Accommodation  O&M labourers  
LNG= 20,000 x $1.8 
         = $36,000 daily. 
 
LPG=500x1000Lx$0.07 
        = $35000 daily.  
 
Naphtha=1680000gal      
                 x$0.0.17 
              = $285,600 daily 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
GML/day = $356,600 

18875* Painters 45000* Meals and snacks Safety equipment 

45000* 
Temporary 
labourers 

28800* Scaffolding & scaffolders 

 

22500* 
Mechanical 
labourers 

35050* Housekeepers 

25250* 
Civil 
labourers 

15600 
Temporary & Logistics 
facilities 

7240* 
Electrical 
labourers 

9960* Management & Supervisors 

7860* Safety factor 4300* Coordinators  

6200* 
Operation 
labourers 

900* External Purchases member 

565,530 Contractors  900* Internal Purchases member 

33000 Tools 1000* Administrative cost 

415000 Materials 11300* Transporters site 

325550 Spare parts 135,000* Overtime 

98240 Equipment  65,000 Rewards 

10250* Power  32,000 Unexpected Cost   

12870* Fuel 5000 Site demobilisation 

13200 Safety tools   

120,000 Workshop   

1,757,690 582,310 40,000                                

TMC (2010) = $2,380,000                                           TC (2010) = 356600 x 30 + 2,380,000 = $13,078,000 
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Every shutdown day of the gas plant led to the increase in the production 

losses of the LNG, LPG and Naphtha products that reached to $10,698,000 

every TAM cycle as explained in Appendix E. In addition, $2,380,000 of TAM 

costs (TMC) according to TAM 2010. However, the TAM of the gas plant could 

be executed during 21 to 24 days with costing 70% – 80% of cost of TAM 2010 

($1,666,000 - $ 1,904,000), especially the TAM cost associated with 

manpower and equipment resources, and lost revenue of suggested TAM that 

would reduce between $7,488,600 and $8,558,400 instead of $10,698,000 

during the TAM period. Therefore, the suggested TAM cost and revenue would 

estimate between $9,154,600 and $10,462,400 rather than $13,078,000 of 

TAM 2010.  

Figure 8.6 shows revenue and profit in yearly due to production losses 

resulting from the plant TAM during 30 and 21 days. These losses of 

production can be added to TAM cost to calculate within Total Cost (TC).   

 

 

 

 

 

 

 
       

      

      

Figure 8. 6. Production revenue and profit of the gas plant during 21 & 30 days/2010 

 

 

21 day TAM

Revenue 122,670,400

Profit 61,146,670

Total cost 61,523,730
 

30 day TAM

Revenue 119,461,000

Profit 57,325,270

Total cost 62,135,730
 

No TAM

Revenue 130,159,000

Profit 82,568,820

Total cost 47,590,180
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The effect of operating costs of the gas plant is also presented in this study to 

include operating cost without TAM activity and with TAM activity based on 

TAM 2002 that achieved 100% as shown in Figure 8.7. All worked pieces of 

equipment in the gas plant SOC in between year 2000 and 2010 showed that 

decreasing duration of TAM has not impacted on the operating cost with 

comparing to revenue.     

 

 
       Figure 8. 7. Annual operating costs of the gas plant compared to 2002 cost 

 

Figure 8.8 illustrates the profit margin with or without TAM activity and losses 

with comparing TAM 2010 (30 days) to the suggested TAM (21 days). The 

TAM duration during 21 days would achieve a profit margin more than TAM 

duration during 30 days (TAM 2010) and decrease losses from 16% to 14% 

due to the reduction of TAM cost and production losses.    

 

               Figure 8. 8. Profit margin of gas plant in case of TAM optimization 
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Consequently, a decrease of TAM duration from 30 to 21 days could also be 

increased savings to 2%. A 1% increase in the availability of the gas plant 

could be resulted in a 15% reduction in the TAM costs. However, any an 

increase in the reducing of TAM duration more than 21 days may be faltered 

the reliability of plant and increased risks between intervals of TAM event.      

8.5   Reflections on the Validation Process of Stages and the TAM 

Model 

The TAM model stages could be validated completely by case studies and real 

industries. Three published case studies were used to validate the TAM Model 

stages to determine interval of TAM based on heat exchangers and gas 

turbines equipment. It has been proven that the TAM model stages are giving 

the same results as shown in the published case studies data. The stages 

embedded in the TAM model have converted that data into indicators to 

optimise TAM scheduling. Hence, the validation output of the TAM model in oil 

and gas plants have proven the model capability in providing a reliable and 

flexible integration between the Stage I, Stage II, Stage IV and Stage I, Stage 

III, Stage IV. The TAM model has achieved the main research objectives by 

identifying the prioritised actions for optimisation in TAM scheduling of gas 

plants. It has also shown the re-development of the TAM model stages along 

with the demonstration of key steps in each stage. 

The validation process has shown how the TAM model helps to capture data 

related to TAM scheduling performance of gas plants. It has also shown how 

the stages are embedded in the TAM model to establish relationships, and 

converts that data into indicator to help the planning unit in the decision-

making. Furthermore, the validation process has also shown the ability to 
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demonstrate the audit trail of the TAM model across the framework steps. 

Based on the analysis results of the validation process of TAM model stages 

that have conducted in the gas plant showed that these stages need immediate 

implementations to be properly used during planning phase of the life cycle of 

TAM.  

The validation process of TAM model in oil and gas plants has concluded that 

availability and reliability of the gas plant have improved continuously and also 

reduced TAM cost and production losses over the last three consecutive years 

due to attention with critical equipment. Hence, the developed TAM model is 

capable of helping such an oil and gas companies in the decision-making 

process to optimise TAM scheduling in order to reduce TAM cost and 

production losses and improve the plant availability.  

Finally, the chapter has demonstrated the TAM model capability with respect 

to optimise TAM scheduling of the gas plant based on availability and TAM 

cost. This has successfully proven through applying KPIs. 

8.6 Conclusions 

This chapter has demonstrated the validation process of TAM model based on 

literature case studies and SOC plants. Three case studies were applied 

based on individual pieces of equipment (heat exchangers and gas turbines) 

to determine interval of TAM. The goal behind applying the validation process 

of stages was to show the capability of the TAM model in the optimization of 

the TAM scheduling and to ensure that the TAM model was constructed 

correctly and accurately to represent a real surrogate to serve any processing 

plant can be continuously operated under harsh environment conditions. 
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The TAM model stages results were also examined through the gas plant to 

confirm the capability of the developed model in achieving the required 

performance and the capability of the developed model in giving valid 

decisions during planning phase. In addition, the developed TAM model was 

validated through three real SOC plants. These plants are the gas plant, 

methanol I and refinery plant. The detailed discussion of the validation process 

was carried out with M&I and MAG experts to analyse the results which is 

presented in Appendix A, B and C. This was successfully proven through 

implementing process related to the gas plant and methanol plant. The results 

of validation process of the TAM model associated with optimising TAM 

scheduling for gas plant was achieved during 20 days every 3 years, and also 

during 15 days every 3 years for methanol plant based on critical equipment. 

On the other hand, records of process engineering division of the gas plant 

related to fouling in the heat exchangers, the results of these records were also 

completely consistent with results of TAM model to determine TAM interval 

associated with heat exchangers.   

Also, this chapter has focused on the optimization of TAM scheduling 

associated with decreasing duration and increasing interval of TAM using the 

TAM model. The TAM model was able to decrease TAM duration between 21 

and 24 days by 80.38% instead of 30 days based on process column that 

considered the critical path to identify duration of TAM, and also increase 

interval of TAM to 2 years and 10 months rather than 2 years based on heat 

exchangers which was considered the main reason to determine interval of 

TAM of the gas plant. The TAM model is validated using literatures and three 

oil and gas plants.  
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Finally, this model could go into further improvement with respect to availability 

and cost. Therefore, this chapter has also highlighted the KPIs for the 

measurement of TAM scheduling performance. Two typical KPIs for TAM were 

included in this study to ensure optimization of TAM scheduling. The first 

indicator was the availability of plant that measured the optimization range 

associated with decreasing duration and increasing interval of TAM to become 

between 97.73% and 98% rather than 95.89%. The second indicator was the 

TAM cost which include TAM cost and the production losses due to plant 

shutdown. By decreasing duration of TAM from 30 days to between 21 and 24 

days, the TAM cost could be reduced from 20% to 30% of 2010 TAM cost and 

increase the profit margin to 49.5% rather than 48% compared to the current 

TAM 2010. An extension of the current TAM interval from two-yearly to two-

yearly and 10 months would also lead to the reduction of production losses to 

30% of every cycle of TAM because of the plant downtime. As a result, the 

sixth, seventh, and eighth objectives of research have been achieved and 

provided appropriate findings, which can be applied as real practices on 12 

plants which already have operated within the SOC.  
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CHAPTER 9 

CONCLUSIONS AND RECOMMENDATIONS 

9.1    Introduction 

A wide range of models and techniques were used to identify maintenance 

scheduling of individual equipment for oil and gas plants. This was carried out 

considering different scenarios to optimise maintenance time, minimise cost 

and reduce production losses according to the nature of the problems being 

considered in the literature. Therefore, TAMs are the largest maintenance 

activities for most oil and gas plants. TAM is considered an expensive event in 

terms of the time and cost due to a plant shutdown during predetermined time 

period to execute its activities according to the SoW.  

This chapter summarised the thesis findings considering the importance of the 

TAM model to be implemented in gas plants. The development process of the 

TAM model has covered the strategic issues of inspection and maintenance of 

the gas plant in the SOC in order to achieve the aim of this research associated 

with decreasing duration and increasing interval of TAM in the medium and 

long- term.  

9.2    Research Achievements 

The aim of this research was to optimise TAM scheduling associated with 

decreasing duration and increasing interval of TAM for gas plants by 

implementing the TAM model, which has been developed in this study. The 

objectives of this research have been successfully achieved in all steps that 

started with designing, developing, implementing, and then validating the TAM 

model to bridge the existing gap. Therefore, the developed TAM model is able 
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to assist the TAM event of oil and gas companies in their decision-making 

processes via implementing the TAM model. The research activities are 

summarised as follow.  

In Chapter 1, the research has proceeded from a background of the 

maintenance of the oil and gas industries with a special focus on current issues 

related to the TAM of gas plants; this was to formulate the research aim and 

objectives. The chapter has also highlighted the research methodology that 

draws the roadmap of optimising TAM scheduling using developing TAM 

model encompassed four stages. 

Chapters 2 has proceeded with an extensive literature review in the areas of 

TAM, optimisations of TAM scheduling, and risk and reliability approach for 

TAM in order to fulfil item (1) of the main research objectives. 

Chapter 3 has proposed that the TAM model, which covers almost all pieces 

of equipment at gas plant by four stages: i) NEs were removed from TAM list 

to maintain as part of proactive maintenance policy, ii) CSEs were identified 

that represented the highest risk sing RBI technique based on the common 

failure, iii) CREs were identified that represented the highest risk using RBF 

technique based on the critical components failures, and iv) Duration and 

interval of TAM for each equipment were determined using failure and 

reliability function. The proposed stages were converted into a conceptual 

framework, and then developed these stages in detail to become a valid TAM 

model for any processing plant, Thereby, this chapter have fulfilled the 

research objectives 2, 3 and 4. 
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Chapters 4, 5, 6 and 7 demonstrated the implementation of TAM model based 

on the collected information and data and related to critical equipment pieces 

at the SOC gas plant. According to this data associated with gas plant was 

proven that the TAM model has been able to optimise TAM scheduling. The 

results obtained in these chapters have achieved the research objective 5 and 

supported arguments in the decrease and increase of duration and interval of 

TAM for any processing plant. The TAM model was implemented to cover 

almost all pieces of equipment at gas plant by four stages: 

i) At first stage, NCEs and NREs were removed from TAM work list to proactive 

maintenance plan in order to decrease the TAM duration and increase interval 

of TAM. A decrease of TAM duration led to the reduced TAM cost and 

production losses due to the plant downtime, and the increase of the TAM 

interval that contributed in the improvement of reliability, availability and 

productivity of the plant.  

Based on stage I, Approximately 120 out of 186 static pieces of equipment, 56 

out of 91 pipelines and 115 out of 118 rotating pieces of equipment were 

identified and removed from SoW of the TAM to proactive maintenance plan 

based on four dimensions: cost of equipment downtime, availability of 

equipment, effect of equipment downtime on the production and effect of 

equipment downtime on the system safety. Results of the removed NSE and 

NRE from the TAM scope showed that the TAM duration could be decreased 

and the interval between TAM periods could be increased. Although 

optimisation of the TAM scheduling can decrease the TAM expenditures and 

may increase the operational risk between TAM periods. For example, during 

operation stage, protected coating of pipelines may be damaged due to 
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exceeded temperatures limit within four hours, and this concern can occur 

many times between TAM intervals. This could be resulted in re-coating of an 

entire part of pipelines or making patch repairs of pipelines section in the next 

TAM to reduce an accelerated corrosion. However, RBI precautions were 

taken into consideration to address this concern which was due to excessive 

pressure and fluctuated temperatures resulting from the poor performance of 

operating and maintenance and harsh operating conditions.   

ii) At second stage played an important role in the application of RBI, which 

was to identify static pieces of equipment that represented the highest risks on 

the production, operating assets and environment issues based on common 

failures in 66 CSEs and 35 type of pipelines. All these were in the SOC gas 

plant considered in stage II and identified using AHP approach. The results of 

AHP and RBI application showed that fouling was the culprit which caused the 

highest risk in heat exchangers on the short term with CR = 0.096, corrosion 

was the factor affecting drums and was referred to as having the highest risks 

on the middle and long term with CR = 0.073. Corrosion was also responsible 

for the repeated failure that represented the highest risks for pipelines on the 

long term with CR = 0.065. These failures were considered to have common 

failure cause in the generation of terrible consequences and can cause 

damaged to the plant in terms of operating assets, production and 

environment.  

Application of RBI was vital for static equipment, especially heat exchangers, 

pressure drums, process columns and pipelines which represent the highest 

risks at the gas plant based on common failures for each equipment. PoF and 

CoF according to inspection records and translated by means of risk matrix 



Chapter.9: Conclusions and Recommendations -----------------------------------------------------------------------------------------------------------------------------------

------------ 

 

Page | 281  

  

(5x5), identify risk ranking for each static equipment. The results of RBI 

application showed that 10 out of 66 CSEs and 2 out of 35 pipelines were 

located in high risk zone. Twelve out of 101 pieces of equipment were 

extracted as critical equipment by using of RBI based on a common failure for 

each equipment and caused by increasing pressures and fluctuated 

temperatures, which can be more impacted on the operating assets, 

environment issues and production losses. Six heat exchangers, 2 drums, 2 

processing columns and 2 Steam header lines pieces of equipment were 

added to stage IV to determine an optimal duration and interval of TAM based 

on PERT and the appropriate failure distributions.  

iii) At third stage, vibration was considered an early indicator in rotating pieces 

of equipment that provides a sign of forthcoming failure during the operational 

life of equipment /component. Within gas turbines and pumps, vibration can be 

a sign of cavitation, impeller erosion, improperly balanced impeller, loose shaft, 

failed bearings or a coupling issue. These failures cannot be inspected or 

maintained in critical pieces of equipment unless the entire pieces of 

equipment are shutdown. Therefore, the third stage was to highlight RBF to 

identify 3 CREs out of 118 rotating pieces of equipment which were not be 

inspected and maintained during normal operation of the plant, also 

represented threat to the operational performance of the plant and TAM timing 

decision as well. Therefore, FTA technique was also included within this stage 

to determine critical components for each equipment/unit. The results of RBF 

application was feasible in the determination of critical components for GT-

301, MP-1251C and MP-1361C. Therefore, these pieces of equipment have 

extracted from Stage III to consider in the stage IV. GT-301 identified as a 
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critical equipment because was not a redundant system. This equipment 

included 11 components connected with each other as a series configuration. 

This implies that any failure in one of a component of GT-301 would be affected 

the system fully.  

iv) At fourth stage was associated with applying the PERT approach and failure 

distributions to determine the duration and interval of the TAM for CSE and 

CRE pieces that extracted from the stage II and III, respectively. Consequently, 

the results of stages II, III, and IV applications at SOC gas plant demonstrated 

that the TAM interval could be increased without increasing in the risks 

associated with the static and rotating equipment failure.  

The design of the TAM model was a complicated process as it takes all static 

and rotating equipment of the gas plant into account to consider in each stage 

of the model with the aim to optimize TAM scheduling at gas plant. 

Consequently, this model has explained critical pieces of equipment which 

cannot be inspected or maintained during the normal operation of the plant.  

Implementation of the TAM model through oil and gas plant illustrated that 

duration and interval of TAM could be optimised without any threat of fouling, 

corrosion or other difficulties that may occur between TAM periods. Based on 

the collected data of CSEs and CREs of the gas plant showed that static 

equipment played important role in the determination of TAM scheduling more 

than rotating equipment of the gas plant, which included heat exchangers, 

drums, columns and pipelines. All expected failures caused in the breakdown 

of these pieces of equipment were taken into consideration. However, fouling 

and corrosion were culprits in heat exchangers and processing columns which 

had a significant impact on the TAM scheduling performance. Therefore, 
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columns and heat exchangers demonstrated that the TAM model was capable 

to optimise the duration and interval of TAM period, and emphasise the 

inspection and maintenance cost that could lead to improved operation 

process towards optimality.  

PERT was one of assumptions used to estimate TAM duration for static 

equipment. The columns in the process were the most critical static equipment 

used to determine duration of TAM. They were estimated between 21 - 24 days 

representing the highest path when compared to other pieces of equipment 

which achieved 80.38% of probability of the TAM activity completing. Heat 

exchangers were the main critical equipment to determine interval of TAM 

which estimate was every 2 years and 10 months, which represent the lowest 

time when compared to other CSEs rather than 2 years.   

Chapter 8, the validation process of the stages of TAM model were discussed 

based on three published case studies and also through a real industries of 

the SOC gas plant. The validation process of the TAM model was also 

conducted through three (SOC-based) plants: the gas plant, methanol plant 

and refinery plant. In addition to, the validation process of results of the TAM 

model were also discussed based on records of heat exchangers failures in 

the process engineering unit, which showed that the TAM model ensured 

consistency and reliability to fulfil the research objective (6).  

The validation results and the detailed discussion were also presented in this 

chapter with the emphasis on using KPIs to combine availability and cost 

indicators. An improvement in availability and cost can also be supported the 

feasibility of TAM optimisation at gas plants.   
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Thereby, objectives 6, 7 and 8 of the research have successfully achieved in 

Chapter 8 by validation process of the TAM model, optimisation of TAM 

scheduling and evaluation of  TAM scheduling for gas plants.    

Finally, this chapter concluded that the research output, highlighting the 

advantages and limitations of the research. In addition, presenting 

recommendations for future research. 

As a result, the research work showed in this thesis is contributed in the 

development of TAM model for optimising TAM scheduling associated with 

decreasing duration and increasing interval of TAM. This is obvious that, once 

a decrease in TAM duration from 30 days to (21-24 days), the cost of TAM and 

production losses are reduced between 20% and 25%. Once an increase TAM 

interval from 2 years to 2 years and 10 months, availability of the plant is also 

improved between 97.73% - 98% instead of 95.89%. In addition, the profit 

margin can also be increased to 49.5% because of decreasing production 

losses resulting from the plant downtime.  

The research work clearly indicates the utilization of the TAM model in the 

decisions-making in order to estimate TAM scheduling through a real 

environment related to oil and gas industries. The developed model in this 

study covered all stages in the framework in details to implement it in the oil 

and gas plants that operated under harsh environment conditions.  

Four journal papers have been published in this regard associated with 

constructing framework of TAM model and implementing the TAM model as 

shown in Appendix H.  
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9.3    Contributions to Knowledge 

This study has addressed the issues that faced maintenance and inspection 

strategies of gas plants associated with scheduling TAM, which has randomly 

estimated without taking the residual life of critical equipment and operating 

conditions into account. Therefore, this study has provided a new novel in the 

TAM event by developing the TAM model that carried innovative practical and 

theoretical findings, which have been identified during the development 

process and implementation of TAM model stages: 

1. One of the findings of the TAM model is that it enhances TAM 

scheduling associated with decreasing duration and increasing 

interval of TAM in the medium and long-term;  

2. The TAM model deals with both CSEs and CREs according to the 

residual life of critical equipment and operating conditions to 

optimise TAM scheduling of gas plants;  

3. The TAM provides real results to assist managing company in the      

decision making to estimate TAM scheduling; 

4. It model adapts to all other facilities of the processing plants operate 

continuously under excessive pressures and fluctuating 

temperatures; 

5. Application of RBI and RBF approaches for CSEs and CREs, this 

means that all precautions have been taken to avoid consequences 

caused by increasing interval of TAM between TAMs cycles; 

6. The TAM model has achieved the optimum optimisation of TAM 

scheduling when compared with results of the suggested approach 
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to the current approach from the availability and TAM cost 

perspective; 

7. It utilizes as a tool to introduce the advice in order to inspect and 

maintain for an upcoming shutdown; 

8. It increases close attention of the proactive maintenance plan to 

avoid backlog activities during the normal operation of plants; 

9. The TAM model has achieved significant attention in most the SOC 

plants through the validation process of model stages and the TAM 

model; 

10. It contributes to the improvement in performance of TAM scheduling 

in terms of human resources, contracts management, culture and 

health, safety and environment; 

11. The decision-making to identify TAM period should be based on the 

approach to the estimate TAM duration, and not randomly 

determined by top management. Thus, the TAM model introduces a 

tool to an authorised planning unit to make decision in the 

determination of the TAM scheduling for any plant without threat to 

the operational performance of plants and   

12. Also, the development of the TAM model will go further in order to: 

       - Reduce the TAM cost and production losses and  

       - Improve availability, reliability and maintainability of plants. 

9.4    Limitations of the TAM Model 

Although the developed the TAM model has demonstrated the optimisation of 

TAM scheduling, the model is still under the development stage. Thus, some 

limitations may be flexible as shown below: 
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1. The TAM model is developed and implemented through TAM strategy 

of gas plants. Therefore, the model may need some adjustments to use 

other indicators of the KPIs; 

2. The TAM model cannot be implemented on plants that their pieces of 

equipment are redundant. Therefore, the development of the TAM 

model only confines the CSEs and CREs that cannot be inspected and 

maintained during the normal operation of plants and  

3. The implementation of the TAM model focuses on the failures records 

of CSEs and CREs that operate continuously under severe operating 

conditions. Therefore, the TAM model the model may need adjustment 

in stage IV to apply other distributions due to difference in the shape 

and scale parameters resulting from excessive pressures and 

fluctuating temperatures.  

9.5    Recommendations for Future Work 

The research in the TAM field of oil and gas plants is still very limited and 

requires contributions from academic researchers and industrial experts to 

help oil and gas companies in the decision-making associated with scheduling 

TAM. Some recommendations for the TAM model future work optimisation are 

explained in the following points:  

1. The validation process of real plants was performed in a Libyan 

environment, which differs from many other countries in terms of 

operating conditions, geographical conditions, practice, and culture. 

Therefore, the TAM model is recommended to be validated in other 

industrial environments, which have a different culture, and strict 

operating conditions;   
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2. The validation process was implemented in gas and methanol plants 

environment which differs in some practices related to the RBI and RBF 

approaches. It is therefore recommended to validate the TAM model in 

the other processing plants such as petrochemical plants, refinery, and 

power and desalination stations to suit the new application; 

3. Some rotating single equipment (not redundant standby equipment) 

operated only during start-up phase of the plant due to lack of 

abundance in the steam. Although, these parts of equipment cannot be 

considered as critical pieces of equipment, it is however, to be taken 

into account to undergo to the following scenarios:  

 Classify these pieces of equipment under non-critical activities to 

maintain every TAM scheduling;  

 Remove these pieces of equipment from TAM activities to proactive 

maintenance or 

 Install another piece of equipment as a stand-by to become in 

parallel system.  

The cost and risk criteria should also be presented in the determination of 

optimal scenario.  

4. Non-critical pieces of equipment which have been removed in the first 

stage from TAM scope could be considered to identify whether these 

pieces of equipment belong to preventive or predictive maintenance to 

determine their maintenance scheduling during normal operation of the 

plant;  

5. The optimisation of TAM scheduling is still in a needs to contribute in 

many aspects: 
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- Estimation of the profit margins;  

- Performance assessment of TAM event;  

- Estimation of critical path of TAM event and   

- Reduction of defects that occur during duration of TAM such as 

welding defects in piping, vessels and drums, and sandblasting and 

coating process to reduce TAM duration and 

6. Failures analysis of the rotating equipment was implemented using FTA 

in this study due to its evident flexibility that represented complicated 

operational scenarios in rotating pieces of equipment. Failure Modes, 

Effects and Criticality Analysis (FMECA) are also adequate tools to 

apply them in the rotating pieces of equipment as an alternative to FTA. 

These tools will clearly be worthwhile for the majority of rotating 

equipment experts. 
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APPENDIX A: Removing Non-critical Static Equipment from TAM List 

A.1: Removing vessels equipment 

      Code    Equipment 
Criticality analysis 

EC% 
Stand Critical 

C% A% P% S% by Decision 

FIL-455/702  Condensates Filters 15 25 30 60 43.33 Yes Removing 

FIL-401A/B Drier filters 15 25 30 60 43.33 Yes Removing 

FIL-402A/B Drier effluent filters 15 25 30 60 43.33 Yes Removing 

FIL-403A/B Fractionation filters 15 25 30 60 43.33 Yes Removing 

FIL-404A/B Fractionation filters 15 25 30 60 43.33 Yes Removing 

FIL-405A/B Fractionation filters 15 25 30 60 43.33 Yes Removing 

FIL-752A/B GLRU filters 15 25 30 60 43.33 Yes Removing 

SK- 401…..405 Spheres tanks 45 25 30 60 53.33 Yes/T Removing 

TK-401,1401,1501 Storage tanks 45 25 30 60 53.33 Yes/T Removing 

TK-1630,31,32 Storage tanks 45 25 60 60 63.33 Yes/T Removing 

GF-710 GLRU flare 30 25 30 30 38.33  Removing 

DR-401 C/D Vapour driers 45 50 30 60 61.66  adding 

DR-402 C/D Liquid driers 45 50 60 30 61.66  adding 

GF-410/411/412 Gas flares 45 25 30 30 43.33  Removing 

C-725/325 Coalescers 30 25 30 30 38.33  Removing 

D-701 Drum 45 50 60 60 71.66  Adding  

D-702/703 Drums 45 50 60 30 61.66  Adding  

D-704/757 Reflux drums 45 50 60 60 71.66  Adding  

D-705A/B Reflux columns 45 50 30 30 51.66 No Adding  

D-706 Drum 45 50 60 30 61.66  Adding  

D-712/1400 Surge drums 45 50 30 30 51.66 No Adding  

D-760/761 Flash drums 45 50 30 30 51.66 No Adding  

D-799 Reflux drums 30 50 60 30 56.66 No Adding  

D-793 Flash drums 45 50 60 30 61.66  Adding  

D-302 Reflux drum 30 50 30 30 46.66 No Adding  

D-1610 Drum 45 25 60 30 53.33 No Adding  

DS-1610/1610A   Desuperheaters 30 25 30 30 38.33 Yes Adding  

D-401 Gas K.O. drum 45 50 60 30 61.66  Adding  

D-402 Acid gases K.O. drum 45 50 60 30 61.66  Adding  

D-404 Reflux drums 45 50 60 30 61.66  Adding  

D-414 Condensate drum 45 50 60 30 61.66  Adding  

DE-791/792 Desalters  45 50 60 30 61.66  Adding 

D-412 Feed gas separator drum 45 25 60 60 63.33  Adding  

D-405 Reflux drum  30 50 60 60 66.66  Adding  

D-406 Reflux drum  30 50 60 60 66.66  Adding  

D-407 Reflux drum  30 50 60 60 66.66  Adding  

D-409 Reg. drum 45 50 60 60 71.66  Adding  

D-410 Drum 30 50 60 60 66.66  Adding  

D-413 Separator drum  30 50 60 30 56.66 No Adding  

D-602A/B Reflux drum  30 25 30 60 48.33 Yes Removing 

D-462 Feed gas separator drum 30 50 60 30 56.66 No Adding  

T-701 Splitter tower 45 50 60 90 81.66  Adding  

T-702 Debutanizer 45 50 60 90 81.66  Adding  

T-703 Caustic treater of LPG 45 50 90 60 81.66  Adding  

T- 401 Hot catacarb absorber 30 50 60 60 66.66  Adding  

T-402 Cold catacarb absorber 30 50 60 60 66.66  Adding  

T-403 Catacarb regenerator  45 50 60 60 71.66  Adding  

T-404 Gas caustic treater 45 50 60 60 71.66  Adding  

T-405 Demethanizer system 45 50 90 60 81.66  Adding  

T-406 Deethanizer system 45 50 90 60 81.66  Adding  

T-407 Depropanizer system 45 50 90 60 81.66  Adding  

T-408 Debutanizer system 45 50 90 60 81.66  Adding  

T-410  Absorbers  30 50 60 60 66.66  Adding  

E-709A/B Coolers by pass 30 75 30 30 
 

55 Yes Removing  

E-752A/B/C/D Salt water condensers 45 25 30 60 53.33 Yes Removing  
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E-701 A/B/C/D Coolers 45 25 30 60 53.33 Yes Removing  

E-750A/B Salt water coolers 45 25 60 60 63.33 Yes Removing  

E-1610 (10) Fin fans 45 25 60 30 53.33 Yes Removing  

E-706/707 Salt water coolers-st/by 30 25 30 30 38.33 Yes Removing  

E-406 A/B Wash water heater 30 50 30 30 46.66 Yes Removing  

E-753A/753A/755 Reboiler 30 25 30 60 48.33 Yes Removing 

E-708/708A Preheaters 30 25 30 60 48.33 Yes Removing 

E-401 Catacarb reg. reboilers 45 25 60 60 63.33  Adding  

E-402 A/B Gas/semi lean cat. H.E 30 25 30 60 48.33 Yes Removing 

E-403 A/B  Semi sweet gas cooler 30 25 30 60 48.33 Yes Removing 

E-404 A/B Lean catacarb cooler 45 25 30 60 53.33 Yes Removing 

E-405 A/B Reg. tower condenser  45 25 30 60 53.33 Yes Removing 

E-407/ A/B Sweet gas cooler 45 25 30 60 53.33 Yes Removing 

E-423 Caustic solution heater 45 25 60 60 63.33  Adding  

F-401A/B Reg. gas furnaces 45 25 30 60 53.33 Yes Removing 

E-418A/B coolers 30 25 30 60 48.33 Yes Removing 

F-404A/B Reg. gas furnaces 45 25 30 60 53.33 Yes Removing 

E-408/409 Reboiler 45 25 30 30 43.33  Removing 

E-410 Overhand condenser 45 25 60 60 63.33  Adding  

E-411 Reboiler 30 50 60 60 66.66  Adding  

E-412 Condenser  45 25 60 60 63.33  Adding  

E-413 Kettle reboiler  30 25 30 30 38.33 S/b Removing  

E-414 Condenser  45 25 60 60 63.33  Adding  

E-415 Reboiler 30 50 60 30 56.66 No Adding  

E-424 Butane cooler 30 50 30 60 56.66 No Adding 

E-426  45 25 60 60 63.33  Adding  

E-428  45 25 60 60 63.33  Adding  

E-1500 LPG cooler 30 50 60 30 56.66 Yes adding 

E-603A1-A4 Pre-cooler 30 25 60 60 58.33 Yes Removing  

E-603B1-B4 Pre-cooler 30 25 60 60 58.33 Yes Removing  

E-604A1-A4 Pre-cooler 30 25 60 60 58.33 Yes Removing  

E-604B1-B4 Pre-cooler 30 25 60 60 58.33 Yes Removing  

E-601 Cooling  45 25 90 90 83.33  Adding  

ME-601 Main Cryogenic Colum 45 25 90 90 83.33  Adding  

E-601A Feed  Gas Exchanger 45 25 60 60 63.33  Adding  

E-601B Feed  Gas Exchanger 45 25 60 60 63.33  Adding  

E-602A Feed  Gas Exchanger 45 25 60 60 63.33  Adding  

E-602B Feed  Gas Exchanger 45 25 60 60 63.33  Adding  

E-1254  30 25 60 60 58.33 Yes Removing 

E-1251A/B  30 25 60 60 58.33 Yes Removing  

E-1252A/B  30 25 60 60 58.33 Yes Removing  

E-1259A/B  30 25 60 60 58.33 Yes Removing  

SG1231-1252 Boilers 45 25 30 60 53.33 Yes Removing  

 

 
A.2: Removing pipelines of the gas plant 

Equipment Unit 
Criticality analysis 

  EC% 
Stand Critical 

C% A% P% S% by Decision 

PL1-4" GLRU 15 25 30 30 33.333333  Removing 
TAM PL2-4" Treating   15 25 30 30 33.333333  Removing  

PL3-4" Drying  15 25 30 30 33.333333  Removing  

PL4-4" Fractionation 15 25 30 30 33.333333  Removing  

PL5-4" SWB 15 25 60 30 43.333333  Removing  

PL6-4" Utilities 15 25 60 30 43.333333  Removing  

PL7-4" C & C 15 25 60 30 43.333333  Removing  

PL1-6" GLRU 15 25 30 30 33.333333  Removing  

PL2-6" Treating   15 25 30 30 33.333333  Removing  

PL3-6" Drying  15 25 30 30 33.333333  Removing  

PL4-6" Fractionation 15 25 30 30 33.333333  Removing  
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PL5-6" SWB 15 25 30 30 33.333333  Removing  

PL7-6" C & C 15 25 30 30 33.333333  Removing  

PL6-6" Utilities 15 25 30 30 33.333333  Removing  

PL1-8" GLRU 15 25 30 30 33.333333  Removing  

PL2-8" Treating   15 25 30 30 33.333333  Removing  

PL3-8" Drying  15 25 30 30 33.333333  Removing  

PL4-8" Fractionation 15 25 30 30 33.333333  Removing  

PL5-8" SWB 15 25 30 30 33.333333  Removing  

PL7-8" C & C 15 25 30 30 33.333333  Removing  

PL6-8" Utilities 15 25 30 30 33.333333  Removing  

PL1-10" GLRU 15 25 30 30 33.333333  Removing  

PL2-10" Treating  15 25 30 30 33.333333  Removing  

PL3-10" Drying  15 25 30 30 33.333333  Removing  

PL4-10" Fractionation 15 25 30 30 33.333333  Removing  

PL5-10" SWB 15 25 30 30 33.333333  Removing  

PL7-10" C & C 15 25 30 30 33.333333  Removing  

PL6-10" Utilities 15 25 30 30 33.333333  Removing  

PL1-12" GLRU 30 25 30 30 38.333333  Removing  

PL2-12" Treating   30 25 30 30 38.333333  Removing  

PL3-12" Drying Area 30 25 30 30 38.333333  Removing  

PL4-12" Fractionation 30 25 30 30 38.333333  Removing  

PL5-12" SWB 30 25 30 30 38.333333  Removing  

PL7-12" C & C 30 25 30 30 38.333333  Removing  

PL6-12" Utilities 30 25 30 30 38.333333  Removing  

PL1-14" GLRU 30 25 30 30 38.333333  Removing  

PL2-14" Treating   30 25 30 30 38.333333  Removing  

PL3-14" Drying Area 30 25 30 30 38.333333  Removing  

PL4-14" Fractionation 30 25 30 30 38.333333  Removing  

PL5-14" SWB 30 25 30 30 38.333333  Removing  

PL7-14" C & C 30 25 30 30 38.333333  Removing  

PL6-14" Utilities 30 25 30 30 38.333333  Removing  

PL1-16" GLRU 30 25 30 30 38.333333  Removing  

PL2-16" Treating   30 25 30 30 38.333333  Removing  

PL3-16" Drying Area 30 25 30 30 38.333333  Removing  

PL4-16" Fractionation 30 25 30 30 38.333333  Removing  

PL5-16" SWB 30 25 30 30 38.333333  Removing  

PL7-16" C & C 30 25 30 30 38.333333  Removing  

PL6-16" Utilities 30 25 30 30 38.333333  Removing  

PL1-18" GLRU 30 25 30 30 38.333333  Removing  

PL2-18" Treating   30 25 30 30 38.333333  Removing  

PL3-18" Drying Area 30 25 30 30 38.333333  Removing  

PL4-18" Fractionation 30 25 30 30 38.333333  Removing  

PL5-18" SWB 30 25 30 30 38.333333  Removing  

PL7-18" C & C 30 25 30 30 38.333333  Removing  

PL6-18" Utilities 30 25 30 30 38.333333  Removing  

PL1-20" GLRU 45 50 30 30 51.666667 No Adding TAM 

PL2-20" Treating   45 50 30 30 51.666667 No Adding TAM 

PL3-20" Drying Area 45 50 30 30 51.666667 No Adding TAM 

PL4-20" Fractionation 45 50 30 30 51.666667 No Adding TAM 

PL5-20" SWB 45 50 30 30 51.666667 No Adding TAM 

PL7-20" C & C 45 50 30 30 51.666667 No Adding TAM 

PL6-20" Utilities 45 50 30 30 51.666667 No Adding TAM 

PL1-24" GLRU 45 50 30 30 51.666667 No Adding TAM 

PL2-24" Treating   45 50 30 30 51.666667 No Adding TAM 

PL3-24" Drying Area 45 50 30 30 51.666667 No Adding TAM 

PL4-24" Fractionation 45 50 30 30 51.666667 No Adding TAM 

PL5-24" SWB 45 50 30 30 51.666667 No Adding TAM 

PL6-24" C & C 45 50 30 30 51.666667 No Adding TAM 

PL7-24" Utilities 45 50 30 30 51.666667 No Adding TAM 

PL1-26" GLRU 45 50 60 30 61.666667  Adding TAM 

PL2-26" Treating   45 50 60 30 61.666667  Adding TAM 
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PL3-26" Drying Area 45 50 60 30 61.666667  Adding TAM 

PL4-26" Fractionation 45 50 60 30 61.666667  Adding TAM 

PL5-26" SWB 45 50 60 30 61.666667  Adding TAM 

PL6-26" C & C 45 50 60 30 61.666667  Adding TAM 

PL7-26" Utilities 45 50 60 30 61.666667  Adding TAM 

PL4-30" Fractionation 45 50 60 30 61.666667  Adding TAM 

PL5-30" SWB 45 50 60 30 61.666667  Adding TAM 

PL7-30" C & C 45 50 60 30 61.666667  Adding TAM 

PL6-30" Utilities 45 50 60 30 61.666667  Adding TAM 

PL1-30" GLRU 45 50 60 30 61.666667  Adding TAM 

PL2-30" Treating   45 50 60 30 61.666667  Adding TAM 

PL3-30" Drying Area 45 50 60 30 61.666667  Adding TAM 

PL1-36" GLRU 45 50 60 60 71.666667  Adding TAM 

PL5-36" SWB 45 50 60 60 71.666667  Adding TAM 

PL6-36" Utilities 45 50 60 60 71.666667  Adding TAM 

PL7-36" C & C 45 50 60 60 71.666667  Adding TAM 

PL5-48"-84" SWB 45 75 60 60 80  Adding TAM 

PL7-48"-84" C & C 45 75 60 60 80  Adding TAM 

PL6-48"-84" Utilities 45 75 60 60 80  Adding TAM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendixes------------------------------------------------------------------------------------------------------------------------------------------------------------- 

 

A-5 
 

APPENDIX B: Removing Non-critical Rotating Equipment from TAM List 

Removing Non-critical Rotating Equipment from TAM List 

Code Equipment Unit 
Criticality analysis 

EC% 
St-
by  

Critical 

C% A% P% S% Decision 
PM-702 A/B Pump driven by Motor GLRU 15 25 30 30 33.33333  Removing TAM 

PM-706 Pump driven by Motor GLRU 15 50 30 30 41.66667  Removing TAM 

PM-708A/B Pump driven by Motor GLRU 15 25 30 30 33.33333  Removing TAM 

PM-711A/B Pump driven by Motor GLRU 15 25 30 30 33.33333  Removing TAM 

PM-712A/B Pump driven by Motor GLRU 15 25 30 30 33.33333  Removing TAM 

PM-751 A/B Pump driven by Motor GLRU 15 25 30 30 33.33333  Removing TAM 

PM753A/B/C Pump driven by Motor GLRU 15 25 30 30 33.33333  Removing TAM 

PM-751 A/B Pump driven by Motor GLRU 15 25 30 30 33.33333  Removing TAM 

PM-761A/B Pump driven by Motor GLRU 15 25 30 30 33.33333  Removing TAM 

PM-791A/B Pump driven by Motor GLRU 15 25 30 30 33.33333  Removing TAM 

PM-792A/B Pump driven by Motor GLRU 15 25 30 30 33.33333  Removing TAM 

PM-793A/B Pump driven by Motor GLRU 15 25 30 30 33.33333  Removing TAM 

PM-1610 A/B Pump driven by Motor GLRU 15 25 30 30 33.33333  Removing TAM 

CT-701 Compressor driven by 
Turbine 

GLRU 30 25 30 30 38.33333  Removing TAM 

CM-702 Compressor driven by 

Motor 
GLRU 30 25 30 30 38.33333  Removing TAM 

PT-725/726 Pump driven by 
Turbine 

GLRU 30 25 30 30 38.33333  Removing TAM 

IP Inhibiter Pump GLRU 15 25 30 30 33.33333  Removing TAM 

PM-325A/B/C/D Pump driven by Motor Off-S 15 25 60 30 43.33333  Removing TAM 

PM-1330 Pump driven by Motor Off-S 15 50 30 30 41.66667  Removing TAM 

PM-1331 Pump driven by Motor Off-S 15 50 30 30 41.66667  Removing TAM 

PM-1400A/B/C Pump driven by Motor Off-S 15 25 30 30 33.33333  Removing TAM 

PM-1401A/B / 

TK 
Pump driven by Motor Off-S 15 25 30 30 33.33333  Removing TAM 

PM-1402 / TK Pump driven by Motor Off-S 15 25 30 30 33.33333  Removing TAM 

PM-1404 / TK Pump driven by Motor Off-S 15 25 30 30 33.33333  Removing TAM 

PM-1405 / TK Pump driven by Motor Off-S 15 25 30 30 33.33333  Removing TAM 

IP Inhibiter Pump Off-S 15 25 30 30 33.33333  Removing TAM 

PM-401A/B Pump driven by Motor Treating 15 25 30 30 33.33333  Removing TAM 

PT-402A/B Pump driven by 
Turbine 

Treating 45 25 30 30 43.33333  Removing TAM 

PT-403A/B Pump driven by 

Turbine 
Treating 45 25 30 30 43.33333  Removing TAM 

PM-404A/B Pump driven by Motor Treating 15 25 30 30 33.33333  Removing TAM 

PM-408A/B/C Pump driven by Motor Treating 15 50 60 30 51.66667 Yes Removing TAM 

PM-410A/B Pump driven by Motor Treating 15 25 30 30 33.33333  Removing TAM 

PM-422A/B Pump driven by Motor Treating 15 25 30 30 33.33333  Removing TAM 

PM-411 A/B Pump driven by Motor Fraction. 15 25 30 30 33.33333  Removing TAM 

PM-412 A/B Pump driven by Motor Fraction. 15 25 30 30 33.33333  Removing TAM 

PM-413 A/B Pump driven by Motor Fraction. 15 25 30 30 33.33333  Removing TAM 

PM-414 A/B Pump driven by Motor Fraction. 15 25 30 30 33.33333  Removing TAM 

PM-415 A/B Pump driven by Motor Fraction. 15 25 30 30 33.33333  Removing TAM 

PM-417 A/B Pump driven by Motor Fraction. 15 25 30 30 33.33333  Removing TAM 

PM-418 A/B Pump driven by Motor Fraction. 15 25 30 30 33.33333  Removing TAM 

PT-419  Pump driven by Motor Fraction. 30 25 30 30 38.33333  Removing TAM 

PM-421 Pump driven by Motor Fraction. 15 25 30 30 33.33333  Removing TAM 

CM-1351 Compressor driven by 
Motor 

Utility 30 25 30 30 38.33333  Removing TAM 

CT-1302 Compressor driven by 

Motor 
Utility 45 25 30 60 53.33333 Yes Removing TAM 

PT- 1251A/B/D Pump driven by 
Turbine 

Utility 30 25 60 60 58.33333 Yes Removing TAM 

PM- 1251C Pump driven by Motor 

(water) 
Utility 15 25 60 60 53.33333 St-

up 
Adding TAM 

FDT-1251/52/53 Fan driven by Turbine Utility 30 25 60 60 58.33333 1oo3 Removing TAM 

FDM-1254   Fan driven by Motor 
(air) 

Utility 30 25 60 60 58.33333 Yes Adding TAM 

PM-1364A/B  Pump driven by Motor Utility 15 25 30 30 33.33333  Removing TAM 

PT-1365 Pump driven by 
Turbine 

Utility 30 25 60 30 48.33333 Yes Removing TAM 

PM-1367 Pump driven by Motor Utility 15 25 30 30 33.33333  Removing TAM 

PM-409A/B Pump driven by Motor Utility 14 25 30 30 33  Removing TAM 

PT-1360A Pump driven by Motor SWB 30 25 60 60 58.33333 2oo5 Removing TAM 
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PT-1360B Pump driven by Motor SWB 30 25 60 60 58.33333 Removing TAM 

PT-1360C Pump driven by Motor SWB 30 

 
25 60 60 58.33333 Removing TAM 

PT-1361A Pump driven by Motor SWB 30 25 60 60 58.33333 Removing TAM 

PT-1361B Pump driven by Motor SWB 30 25 60 60 58.33333 Removing TAM 

PM-1361C Pump driven by Motor SWB 15 25 60 60 53.33333 St-

up 
Adding TAM 

PT601A Pump driven by Motor C & C 30 25 30 30 38.33333  Removing TAM 

PT601B Pump driven by Motor C & C 30 25 30 30 38.33333  Removing TAM 

PT601C Pump driven by Motor C & C 30 25 30 30 38.33333  Removing TAM 

PT601D Pump driven by Motor C & C 30 25 30 30 38.33333  Removing TAM 

PM602A Pump driven by Motor C & C 15 25 30 30 33.33333  Removing TAM 

PM602B Pump driven by Motor C & C 15 25 30 30 33.33333  Removing TAM 

PM602C Pump driven by Motor C & C 15 25 30 30 33.33333  Removing TAM 

PM602D Pump driven by Motor C & C 15 25 30 30 33.33333  Removing TAM 

PM423A/B Pump driven by Motor C & C 15 25 30 30 33.33333  Removing TAM 

PM604 Pump driven by Motor C & C 15 25 30 30 33.33333  Removing TAM 

PM301 Pump driven by Motor C & C 15 25 30 30 33.33333  Removing TAM 

PT606 Pump driven by Motor C & C 30 25 30 30 38.33333  Removing TAM 

CT601A Compressor driven by 
Motor 

C & C 45 25 60 30 53.33333 

2oo5 

Removing TAM 

CT602A Compressor driven by 

Motor 
C & C 45 25 60 30 53.33333 Removing TAM 

CT651A Compressor driven by 

Motor 
C & C 45 25 60 30 53.33333 Removing TAM 

CT652A Compressor driven by 
Motor 

C & C 45 25 60 30 53.33333 Removing TAM 

CT301 Compressor driven by 

Motor 
C & C 45 25 60 30 53.33333 Removing TAM 

GT301 Gas Turbine C & C 45 75 60 30 70  Adding TAM 
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APPENDIX C: Results of CSEs 

AHP Results 

 

1. AHP of Drums 

The most 

common failures 

in drum

1.Leakage

2.Insulation

3. Corrosion

4.Miscellaneous

Goal Criteria 

D-704

D-409

D-462

Alternatives

       
            Figure C1. Decision hierarchy for common failures of drums. 

 
        Table C1. Criteria comparison of four-point scale matrix for drums  

No Cr1 Cr2 Cr3 Cr4 

Cr1 1 5 1/3 7 

Cr2 1/5 1 1/7 1 

Cr3 3 7 1 7 

Cr4 1/7 1 1/7 1 

SUM 4.34 14 1.61 16 

        
       Table C2.Criteria weights of four-point scale for drums 

No Cr1 Cr2 Cr3 Cr4 Sum Weight Rank 

Cr1 0.230 0.357 0.204 0.437 1.230 0.31 2 

Cr2 0.046 0.071 0.086 0.062 0.266 0.065 3 

Cr3 0.691 0.500 0.621 0.437 2.249 0.56 1 

Cr4 0.032 0.071 0.086 0.062 0.253 0.065 3 

SUM 1 1 1 1 
 

 1  

order

F L C V H O L I C O L I C O L I C V High

1 Manufacturing & Maintenance Manager 1 2 3 4 5 5 2 4 1 3 1 2 4 1 3

2 Operation Superintendent of Gas Plant 1 1 2 3 4 4 2 3 1 3 1 1 4 1 3

3 Maintenance Planning Coordinator 1 2 2 3 2 3 2 3 2 3 1 3

4 Static Maintenance Coordinator of gas plant  1 2 3 4 5 5 1 4 2 3 2 4 2 3

5 MAG Coordinator / SOC 2 1 2 1 1 2 3 2 4 2 1

6 M&I Coordinator / SOC 1 2 3 4 5 6 2 3 1 3 1 2 4 1 3

7 N.D.T. Group supervisor / SOC 2 2 3 4 5 5 2 4 1 3 2 4 1 3

8 Head of the TAM committee for Gas plant 2006/10 2 1 3 4 5 5 2 4 1 3 2 3 1 3

9 Inspection Engineer 1 2 2 3 5 4 2 4 1 3 2 4 1 3

10 Process Engineer 1 2 2 3 4 4 2 4 2 3 1 2 4 2 3

11 Operation technician 2 1 2 3 1 4 2 3 1 4 2 3

12 Maintenance technician 3 2 1 1 1 2 1 1 1 2 3

13 Inspection technician 2 2 1 4 6 5 2 4 1 3 2 4 1 3 Low

N
Pipelines

1

2

3

Drums  Columns

F: fouling, L: leakage, C: corrosion, V: vibration, I: insulation, H: shell, O: other

5

6

Heat Exchangers
SOC Expert 

4

SIRTE OIL COMPANY 
For Production, Manufacturing of Oil & Gas 

Marsa El-Brega 

Libya 
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Corrosion is the most common effect in drums of the gas plant, when 

 λmax = 4.197, CI = 0.056, and CR = 0.073.  

2. AHP of Piping 

 

The most 

common failures 

in drum

1. Leakage

2. Insulation

3. Corrosion

4. Vibration

Goal Criteria 

PL.20"

PL.84" 

PL.26"

Alternatives

.

.

. 

.

.

. 

 
                      Figure C2. Decision hierarchy for common failures of pipelines 
 
Table C3. Criteria comparison of four-point scale matrix for pipelines 

No Cr1 Cr2 Cr3 Cr4 

Cr1 1 5 1/3 7 

Cr2 1/5 1 1/7 3 

Cr3 3 7 1 9 

Cr4 1/7 1/3 1/9 1 

SUM 4.34 13.33 1.58 20 

 

Table C4. Criteria weights of four-point scale for pipelines 

No Cr1 Cr2 Cr3 Cr4 Sum Weight Rank 

Cr1 0.230 0.375 0.208 0.35 1.164 0.29 2 

Cr2 0.046 0.075 0.088 0.15 0.359 0.09 3 

Cr3 0.691 0.525 0.633 0.45 2.299 0.58 1 

Cr4 0.032 0.024 0.069 0.05 0.176 0.04 4 

SUM 1 1 1 1  100  

 

Corrosion is the most common effect in pipelines of the gas plant, when 

λmax = 4.174, CI = 0.058, and CR = 0.065 

 

 

 

 

 

 

 



Appendixes------------------------------------------------------------------------------------------------------------------------------------------------------------- 

 

A-9 

 Variable: Time to Failure of Heat Exchangers 
 
Censoring Information Count 
Uncensored value          26 
Estimation Method: Maximum Likelihood 
Distribution:   Weibull 
Parameter Estimates 
                     Standard   95% Normal CI 
Parameter  Estimate          Lower        Upper 
Shape        2.28147       1.66826      3.12010 
Scale         58382.4    48903.1      69699.2 
 
Log-Likelihood = -298.668 
Goodness-of-Fit 
Anderson-Darling (adjusted) = 0.678 
 
Characteristics of Distribution 
 
                        Standard   95.0% Normal CI 
                                            Estimate    Lower      Upper 
Mean                                 51717.4     43277.2    61803.6 
Standard Deviation             24019.5     18168.6    31754.5 
Median                             49718.0     40763.6    60639.5 
First Quartile (Q1)                33815.6     25513.7    44818.8 
Third Quartile (Q3)             67368.9     56906.4    79755.0 
Interquartile Range (IQR)    33553.3     25684.5    43832.8 
 

                            Table of Time to Failure (hrs) of Feed Gas Heat Exchangers 

TTF (hr) 
 

        TTF (hr) 

1.    11840 
2.    14887 
3.    17879 
4.    20852 
5.    24900 
6.    27200 
7.    31589 
8.    34448 
9.    37950 
10.    40850 
11.    43650 
12.    46580 
13.    49752 

 
 

14.   52688 
15.   55220 
16.   58230 
17.   61380 
18.   64050 
19.   67300 
20.   71200 
21.   74720 
22.   78050 
23.   82500 
24.   87000 
25.   91840 
26.   95980 
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 Variable: Time to Failure for Cooling & Cryogenic Heat 
Exchangers 

Censoring Information Count 
Uncensored value           6 
Estimation Method: Maximum Likelihood 
Distribution:   Weibull 
 
                     Standard   95.0% Normal CI 
Parameter   Estimate     Lower      Upper 
Shape         3.86162     1.95096    7.64347 
Scale          389560      313743     483698 
Log-Likelihood = -78.003 
Goodness-of-Fit 
Anderson-Darling (adjusted) = 2.173 
Characteristics of Distribution 
 
                                    Standard 95% Normal CI 
                                    Estimate     Lower     Upper 
Mean                    352396       279862    443730 
Standard Deviation           102059       58541.7   177925 
Median                        354287       277797    451837 
First Quartile (Q1)             282134       198694    400614 
Third Quartile (Q3)               423945       344585    521581 
Interquartile Range (IQR)     141811       78909.2    254854 
 
                                  Table of Time to Failure (hr) of Cooling & Cryogenic Heat Exchangers  

i TTF (hr) 

1.  
2. 
3. 
4. 
5. 
6. 
 

155000 
     276110 

352200 
395550 
443300 
484500 
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Results of R(t), h(t) and FM for Feed Gas Heat Exchangers and Cooling 
Heat Exchangers 

TAM 
Interval R(t) F(t) h(t) 

Failure 
mode 

Risk 
plant 

hrs 

0 1 0 1.99179E-06 0 0 

2000 0.998269509 0.001730491 6.55496E-06 1.98834E-06 24.773 

5000 0.985851215 0.014148785 1.35885E-05 6.46221E-06 81.022 

8760 0.94956258 0.05043742 1.61406E-05 1.29031E-05 164.85 

10,000 0.932230296 0.067769704 2.04578E-05 1.50467E-05 194.040 

12,000 0.898764275 0.101235725 2.49975E-05 1.83868E-05 241.550 

14,000 0.858855306 0.141144694 2.97366E-05 2.14692E-05 288.663 

16,000 0.813135707 0.186864293 3.34607E-05 2.41799E-05 334.396 

17,520 0.775013866 0.224986134 3.46574E-05 2.59325E-05 367.686 

18,000 0.762446974 0.237553026 3.97455E-05 2.64244E-05 377.871 

20,000 0.707796673 0.292203327 4.23485E-05 2.81317E-05 418.322 

21,000 0.679334115 0.320665885 4.36641E-05 2.87687E-05 437.209 

21,500 0.664882499 0.335117501 4.49889E-05 2.90315E-05 446.287 

22,000 0.650308889 0.349691111 4.63228E-05 2.92567E-05 455.111 

22500 0.635632075 0.364367925 4.76657E-05 2.94443E-05 463.674 

23,000 0.620870874 0.379129126 4.90174E-05 2.95942E-05 471.970 

23,500 0.60604408 0.39395592 4.96965E-05 2.97067E-05 479.993 

23750 0.598611938 0.401388062 5.03777E-05 2.97489E-05 483.901 

24000 0.591170408 0.408829592 5.17466E-05 2.97818E-05 487.738 

24,500 0.576268444 0.423731556 5.20214E-05 2.98199E-05 495.199 

24,600 0.573286279 0.426713721 5.22965E-05 2.98231E-05 496.657 

24,700 0.570303866 0.429696134 5.25719E-05 2.98249E-05 498.104 

24,800 0.56732135 0.43267865 5.28477E-05 2.98252E-05 499.539 

24,900 0.564338877 0.435661123 5.31239E-05 2.98240E-05 500.962 

25,000 0.561356592 0.438643408 5.45095E-05 2.98214E-05 502.374 

25,500 0.546453028 0.453546972 5.59032E-05 2.97869E-05 509.257 

26,000 0.531575647 0.468424353 5.66873E-05 2.97168E-05 515.848 

26,280 0.523262315 0.476737685 6.15581E-05 2.96623E-05 519.409 

28,000 0.47267362 0.52732638 6.73358E-05 2.90969E-05 539.233 

30,000 0.415520161 0.584479839 7.32306E-05 2.79794E-05 557.832 

32,000 0.361038201 0.638961799 7.92373E-05 2.6439E-05 571.716 

34,000 0.309988183 0.690011817 8.53512E-05 2.45626E-05 581.076 

36,000 0.262949824 0.737050176 9.15683E-05 2.24431E-05 586.206 

38,000 0.220315502 0.779684498 9.78846E-05 2.01739E-05 587.477 

40,000 0.182294588 0.817705412 0.000101079 1.78438E-05 585.319 

41,000 0.165032792 0.834967208 0.000104297 1.66813E-05 583.097 

42,000 0.148927301 0.851072699 0.000107538 1.55326E-05 580.193 

43,000 0.133960218 0.866039782 0.000110802 1.44058E-05 576.667 

44,000 0.120106043 0.879893957 0.000114088 1.33079E-05 572.576 

45,000 0.107332572 0.892667428 0.000117396 1.22453E-05 567.979 

46,000 0.095601834 0.904398166 0.000124078 1.12233E-05 562.934 

48,000 0.075093388 0.924906612 1.99179E-06 9.31741E-06 551.712 
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3. Analysis of Time to Failure of Drums of the Gas Plant  

 D-704  

Censoring Information Count 
Uncensored value           6 
Estimation Method: Maximum Likelihood 
Distribution:   Weibull 
Parameter Estimates 
                     Standard   95.0% Normal CI 
Parameter   Estimate     Lower       Upper 
Shape         5.51965     2.85996    10.6528 
Scale          76141.3     65370.7     88686.4 
 
Log-Likelihood = -66.150 
Goodness-of-Fit 
Anderson-Darling (adjusted) = 2.111 
Characteristics of Distribution 
 
                                    Standard   95.0% Normal CI 
                               Estimate   Lower      Upper 
Mean                         70307.9   59441.2    83161.2 
Standard Deviation               14710.4   8584.59    25207.6 
Median                         71249.6   60039.2    84553.0 
First Quartile (Q1)            60756.2   47619.3    77517.3 
Third Quartile (Q3)           80783.0   69864.3    93408.2 
Interquartile Range (IQR)           20026.8   11232.5    35706.6 
 
                                                  Table of Time to Failure (hr) of D-704 

i TTF 

1 45230 

2 58150 

3 66740 

4 76720 

5 83460 

6 90100 

 

 

       



Appendixes------------------------------------------------------------------------------------------------------------------------------------------------------------- 

 

A-13 

Results of R(t), h(t) and FM of D-704 

TAM Int. 
R(t) F(t) h(t) 

Failure 
mode 

Risk 
plant hrs 

0 1 0 0 1.71115E-08  

12,000 0.9999628 3.72E-05 1.71121E-08 3.43452E-08 0.202 

14,000 0.999912889 8.7111E-05 3.43481E-08 6.27983E-08 0.407 

16,000 0.999817959 0.000182041 6.28097E-08 1.06926E-07 0.744 

18,000 0.999651266 0.000348734 1.06964E-07 1.72103E-07 1.268 

20,000 0.999376243 0.000623757 1.72211E-07 2.64665E-07 2.041 

22,000 0.998944619 0.001055381 2.64945E-07 3.91939E-07 3.140 

24,000 0.998294464 0.001705536 3.92608E-07 5.62252E-07 4.652 

26,000 0.997348193 0.002651807 5.63747E-07 7.84915E-07 6.677 

28,000 0.996010577 0.003989423 7.88059E-07 1.07017E-06 9.327 

30,000 0.994166825 0.005833175 1.07645E-06 1.42907E-06 12.72 

32,000 0.991680819 0.008319181 1.44106E-06 1.87335E-06 17.02 

34,000 0.988393627 0.011606373 1.89535E-06 2.13129E-06 22.34 

35,000 0.986393402 0.013606598 2.16069E-06 2.41513E-06 25.45 

36,000 0.984122415 0.015877585 2.4541E-06 2.72641E-06 28.87 

37,000 0.981553994 0.018446006 2.77764E-06 3.06661E-06 32.63 

38,000 0.978659959 0.021340041 3.13348E-06 3.43719E-06 36.76 

39,000 0.97541065 0.02458935 3.52384E-06 3.83956E-06 41.27 

40,000 0.971774977 0.028225023 3.95108E-06 4.27501E-06 46.19 

41,000 0.9677205 0.0322795 4.41761E-06 4.74476E-06 51.54 

42,000 0.963213519 0.036786481 4.92597E-06 5.24985E-06 57.34 

43,000 0.958219202 0.041780798 5.47876E-06 5.79119E-06 63.61 

44,000 0.952701737 0.047298263 6.0787E-06 6.07567E-06 70.37 

44,500 0.949735408 0.050264592 6.39723E-06 6.16283E-06 73.94 

44,650 0.948817531 0.051182469 6.49528E-06 6.16341E-06 75.04 

44,651 0.948811368 0.051188632 6.49593E-06 6.16575E-06 75.05 

44,655 0.948786709 0.051213291 6.49856E-06 6.19207E-06 75.08 

44,700 0.948508659 0.051491341 6.52822E-06 6.25083E-06 75.41 

44,800 0.947886517 0.052113483 6.59449E-06 6.36946E-06 76.15 

45,000 0.946624513 0.053375487 6.72861E-06 9.8205E-06 77.65 

50,000 0.906535536 0.093464464 1.0833E-05 1.0619E-05 122.3 

51,000 0.896318607 0.103681393 1.18474E-05 1.41164E-05 133.1 

55,000 0.846994613 0.153005387 1.66665E-05 1.50506E-05 182.12 

56,000 0.832412603 0.167587397 1.80807E-05 1.60001E-05 195.92 

57,000 0.816888347 0.183111653 1.95866E-05 1.69594E-05 210.31 

58,000 0.800409184 0.199590816 2.11884E-05 1.79225E-05 225.29 

59,000 0.782968237 0.217031763 2.28905E-05 1.88826E-05 240.82 

60,000 0.76456509 0.23543491 2.46972E-05 2.3357E-05 256.89 

65,000 0.658634051 0.341365949 3.54628E-05 2.41235E-05 343.82 

66,000 0.634888753 0.365111247 3.79965E-05 2.48247E-05 362.17 

67,000 0.610408795 0.389591205 4.06689E-05 2.54505E-05 380.68 

68,000 0.585264511 0.414735489 4.34855E-05 2.59914E-05 399.29 

69,000 0.55953604 0.44046396 4.64518E-05 2.64381E-05 417.92 

70,000 0.533313046 0.466686954 4.95733E-05 2.67817E-05 436.47 

71,000 0.506694227 0.493305773 5.28558E-05 2.70144E-05 454.87 
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72,000 0.479786619 0.520213381 5.63051E-05 2.71076E-05 473.02 

72,700 0.460840492 0.539159508 5.8822E-05 2.71233E-05 485.53 

72,900 0.455417322 0.544582678 5.9557E-05 2.71265E-05 489.06 

72,950 0.454061077 0.545938923 5.97419E-05 2.71293E-05 489.95 

73,000 0.452704681 0.547295319 5.99272E-05 2.71390E-05 490.83 

73,500 0.439135859 0.560864141 6.1805E-05 2.71403E-05 499.57 

73,600 0.436421845 0.563578155 6.21859E-05 2.71208E-05 501.31 

74,000 0.425569152 0.574430848 6.37282E-05 2.69846E-05 508.20 

75,000 0.398505698 0.601494302 6.77145E-05 2.67183E-05 525.05 

76,000 0.371643358 0.628356642 7.18922E-05 2.63211E-05 541.28 

77,000 0.345112799 0.654887201 7.6268E-05 2.57943E-05 556.81 

78,000 0.319044428 0.680955572 8.08485E-05 2.43671E-05 571.55 

80,000 0.268802435 0.731197565 9.06507E-05 1.90126E-05 598.38 

85,000 0.15946391 0.84053609 0.000119228 1.24583E-05 647.39 

90,000 0.080700929 0.919299071 0.000154376 6.62887E-06 668.72 

95,000 0.033629789 0.966370211 0.000197113 2.75385E-06 665.96 

100,000 0.01107991 0.98892009 0.000248545 8.53747E-07 647.43 

105,000 0.002755173 0.997244827 0.00030987 1.87581E-07 621.79 

110,000 0.000490558 0.999509442 0.000382384 2.75508E-08 594.87 

115,000 5.89E-05 0.999941065 0.000467475 2.53276E-09 569.26 

120,000 4.47E-06 0.99999553 0.000566635 1.71115E-08 545.57 

 

  D-409  

Censoring Information Count 
Uncensored value           5 
Estimation Method: Maximum Likelihood 
Distribution:   Weibull 
 
                       Standard   95.0% Normal CI 
Parameter           Estimate  Lower         Upper 
Shape                   4.65458  2.25615   9.60269 
Scale                   82853.7  67963.9      101006 
Log-Likelihood = -56.309 
Goodness-of-Fit 
Anderson-Darling (adjusted) = 2.459 
Characteristics of Distribution 
 
Standard   95.0% Normal CI 
                                             Estimate        Lower       Upper 
Mean                             75758.5       61107.8     93921.8 
Standard Deviation         18523.2        10301.6     33306.3 
Median                             76579.8    61303.0     95663.6 
First Quartile (Q1)                 63396.2    46161.1     87066.6 
Third Quartile (Q3)          88876.8    73599.3     107326 
Interquartile Range (IQR)  25480.5    13611.4     47699.6 
 
                                          Table of Time to Failure (hr) of D-409 

i TTF 

1    46240 

2    62160 

3    78860 

4    89750 

5    100230 
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                  Results of R(t), h(t) and FM for D-409  

TAM Int. 
R(t) F(t) h(t) 

Failure 
mode 

Risk 
plant hrs 

0 1 0 0 0  

12,000 0.999874681 0.000125319 4.8564E-08 4.85579E-08 0.74 

14,000 0.999743381 0.000256619 8.52452E-08 8.52233E-08 1.31 

16,000 0.999522576 0.000477424 1.38784E-07 1.38718E-07 2.13 

18,000 0.999174556 0.000825444 2.13328E-07 2.13152E-07 3.28 

20,000 0.998653066 0.001346934 3.13373E-07 3.12951E-07 4.81 

22,000 0.997902706 0.002097294 4.43757E-07 4.42826E-07 6.82 

24,000 0.996858415 0.003141585 6.0964E-07 6.07725E-07 9.36 

26,000 0.995445038 0.004554962 8.16498E-07 8.12779E-07 12.53 

28,000 0.993577028 0.006422972 1.07011E-06 1.06324E-06 16.41 

30,000 0.991158287 0.008841713 1.37656E-06 1.36439E-06 21.08 

32,000 0.988082198 0.011917802 1.74221E-06 1.72144E-06 26.64 

34,000 0.984231881 0.015768119 2.17371E-06 2.13943E-06 33.18 

35000 0.981977181 0.018022819 2.4163E-06 2.37275E-06 36.84 

36,000 0.979480726 0.020519274 2.67798E-06 2.62303E-06 40.78 

37,000 0.97672531 0.02327469 2.95964E-06 2.89076E-06 45.01 

38,000 0.973693244 0.026306756 3.26222E-06 3.1764E-06 49.53 

39,000 0.970366408 0.029633592 3.58665E-06 3.48036E-06 54.37 

40,000 0.966726301 0.033273699 3.93388E-06 3.80299E-06 59.52 

41,000 0.962754113 0.037245887 4.30491E-06 4.14457E-06 65.00 

42,000 0.958430785 0.041569215 4.7007E-06 4.5053E-06 70.82 

43,000 0.953737097 0.046262903 5.12227E-06 4.8853E-06 76.98 

44,000 0.948653752 0.051346248 5.57064E-06 5.28461E-06 83.50 

44,500 0.94595993 0.05404007 5.80519E-06 5.49148E-06 86.89 

44,650 0.945131489 0.054868511 5.87694E-06 5.55448E-06 87.93 

44,800 0.944293566 0.055706434 5.94932E-06 5.6179E-06 88.97 

45,000 0.943161474 0.056838526 6.04684E-06 5.70314E-06 90.38 

46,000 0.937241114 0.062758886 6.55192E-06 6.14073E-06 97.62 

47,000 0.930873764 0.069126236 7.08696E-06 6.59706E-06 105.24 

48,000 0.924040884 0.075959116 7.65302E-06 7.07171E-06 113.23 
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49,000 0.916724433 0.083275567 8.25122E-06 7.5641E-06 121.60 

50,000 0.908907013 0.091092987 8.88266E-06 8.07351E-06 130.36 

51,000 0.90057202 0.09942798 9.54847E-06 8.59908E-06 139.50 

52,000 0.891703804 0.108296196 1.02498E-05 9.13977E-06 149.02 

53,000 0.882287835 0.117712165 1.09878E-05 9.69437E-06 158.92 

54,000 0.872310876 0.127689124 1.17636E-05 1.02615E-05 169.20 

55,000 0.861761166 0.138238834 1.25784E-05 1.08396E-05 179.85 

56,000 0.8506286 0.1493714 1.34335E-05 1.14269E-05 190.86 

57,000 0.838904916 0.161095084 1.433E-05 1.20215E-05 202.23 

58,000 0.826583888 0.173416112 1.52691E-05 1.26212E-05 213.94 

59,000 0.813661509 0.186338491 1.62522E-05 1.32238E-05 225.99 

60,000 0.800136179 0.199863821 1.72804E-05 1.38267E-05 238.35 

61,000 0.786008886 0.213991114 1.83551E-05 1.44273E-05 251.02 

62,000 0.77128338 0.22871662 1.94775E-05 1.50226E-05 263.96 

65,000 0.723599855 0.276400145 2.31439E-05 1.67469E-05 304.27 

66,000 0.706579674 0.293420326 2.44702E-05 1.72902E-05 318.11 

67,000 0.68902668 0.31097332 2.58509E-05 1.7812E-05 332.11 

68,000 0.670964083 0.329035917 2.72873E-05 1.83088E-05 346.24 

69,000 0.652418627 0.347581373 2.87807E-05 1.87771E-05 360.45 

70,000 0.633420604 0.366579396 3.03327E-05 1.92133E-05 374.72 

71,000 0.614003822 0.385996178 3.19445E-05 1.9614E-05 389.01 

72,000 0.594205554 0.405794446 3.36176E-05 1.99757E-05 403.29 

73,000 0.574066431 0.425933569 3.53534E-05 2.02952E-05 417.50 

73,500 0.563882632 0.436117368 3.62453E-05 2.04381E-05 424.58 

73,600 0.561837461 0.438162539 3.64256E-05 2.04653E-05 425.99 

74,000 0.553630306 0.446369694 3.71534E-05 2.05692E-05 431.62 

75,000 0.532944069 0.467055931 3.9019E-05 2.07949E-05 445.60 

76,000 0.512057422 0.487942578 4.09517E-05 2.09696E-05 459.40 

77,000 0.491022609 0.508977391 4.2953E-05 2.10909E-05 472.98 

77,500 0.480466587 0.519533413 4.39799E-05 2.11309E-05 479.68 

78,000 0.469894108 0.530105892 4.50244E-05 2.11567E-05 486.30 

78,100 0.467778261 0.532221739 4.52354E-05 2.11602E-05 487.62 

79,000 0.448728274 0.551271726 4.71673E-05 2.11653E-05 499.32 

79,100 0.446611854 0.553388146 4.73856E-05 2.11630E-05 500.60 

79,250 0.443437734 0.556562266 4.77144E-05 2.11584E-05 502.52 

80,000 0.427582949 0.572417051 4.93834E-05 2.11155E-05 511.99 

81,000 0.406517035 0.593482965 5.16741E-05 2.10064E-05 524.28 

82,000 0.385590033 0.614409967 5.4041E-05 2.08377E-05 536.15 

83,000 0.364861555 0.635138445 5.64856E-05 2.06094E-05 547.56 

84,000 0.344390818 0.655609182 5.90095E-05 2.03223E-05 558.48 

85,000 0.324236116 0.675763884 6.16143E-05 1.99776E-05 568.87 

90,000 0.230112318 0.769887682 7.5908E-05 1.74674E-05 612.10 

95,000 0.151201621 0.848798379 9.24685E-05 1.39814E-05 639.32 

100,000 0.090899344 0.909100656 0.000111507 1.01359E-05 650.51 

105,000 0.049355463 0.950644537 0.000133243 6.57626E-06 647.84 

110,000 0.023865984 0.976134016 0.000157901 3.76847E-06 634.98 
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115,000 0.010122644 0.989877356 0.000185716 1.87994E-06 615.92 

120,000 0.003704812 0.996295188 0.000216927 8.03675E-07 594.08 

 

4. Analysis of Time to Failure of T-701  
 

Censoring Information Count 
Uncensored value           6 
Estimation Method: Maximum Likelihood 
Distribution:   Weibull 
Parameter Estimates 
 
                     Standard   95% Normal CI 
Parameter       Estimate        Lower        Upper 
Shape              6.32646       3.39250      11.7978 
Scale               80800.0       70666.4      92386.7 
 
Log-Likelihood = -65.510 
 
Goodness-of-Fit 
Anderson-Darling (adjusted) = 2.154 
Characteristics of Distribution 
 

                                    Standard   95.0% Normal CI 
                                            Estimate           Lower        Upper 
Mean                   75177.8      64792.9      87227.2 
Standard Deviation             13872.4         8301.52       23181.9 
Median                                76252.0         65639.7       88580.0 
First Quartile (Q1)               66356.5         53814.6       81821.5 
Third Quartile (Q3)              85081.3         74929.8      96608.1 
Interquartile Range (IQR)   18724.7         10786.9       32503.9 
 
                                                  Table of Time to Failure (hr) of T-701 

i TTF 

1 60000 

2 61120 

3 69360 

4 78120 

5 86880 

6 95640 
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 T-702 Analysis:  
 

Censoring Information Count 
Uncensored value           5 
Estimation Method: Maximum Likelihood 
Distribution:   Weibull 
 
Parameter Estimates 
 
                     Standard   95.0% Normal CI 
Parameter                  Estimate         Lower      Upper 
Shape         10.0123    4.82233   20.7881 
Scale         95246.1    86901.8   104392 
 
Log-Likelihood = -53.622 
Goodness-of-Fit 
Anderson-Darling (adjusted) = 2.505 
Characteristics of Distribution 
 
                                            Standard   95.0% Normal CI 
                                          Estimate   Lower     Upper 
Mean        90617.2      81575.7   100661 
Standard Deviation           10889.5      5755.30   20603.8 
Median                              91822.5      82847.8   101769 
First Quartile (Q1)           84101.7      72600.8   97424.5 
Third Quartile (Q3)            98404.5      90150.1   107415 
Interquartile Range (IQR) 14302.8      7268.06   28146.4 
 
                                                   Table of Time to Failure (hr) of T-702 

i TTF 

1 68750 

2 78720 

3 89640 

4 99330 

5 115800 
  

 

 
 

         Results of R(t), h(t) and FM of T-702 

TAM Int. 
R(t) F(t) h(t) 

Failure 
mode 

Risk 
plant hrs 

0 1 0 0 0  
1,000 1 0 1.2468E-14 1.24684E-14 0 

5,000 0.99999996 4.1E-08 5.0672E-11 5.06719E-11 0.0005 
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10,000 0.99999701 2.991E-06 1.8542E-09 1.85417E-09 0.0197 

15,000 0.999963 3.7001E-05 1.5315E-08 1.53141E-08 0.16 

20,000 0.99977906 0.00022094 6.8667E-08 6.86516E-08 0.72 

25,000 0.99911549 0.00088451 2.2018E-07 2.19986E-07 2.33 

30,000 0.99725205 0.00274796 5.7096E-07 5.69389E-07 6.05 

35,000 0.99284042 0.00715958 1.2786E-06 1.26946E-06 13.51 

40,000 0.98362667 0.01637333 2.5717E-06 2.52961E-06 27.04 

50,000 0.9358077 0.0641923 8.2745E-06 7.74335E-06 84.80 

55,000 0.88672598 0.11327402 1.3635E-05 1.20905E-05 136.04 

60,000 0.8131121 0.1868879 2.1515E-05 1.74944E-05 205.75 

65,000 0.71110727 0.28889273 3.2737E-05 2.32794E-05 293.59 

70,000 0.58189557 0.41810444 4.829E-05 2.80999E-05 394.56 

72,000 0.52435685 0.47564315 5.5982E-05 2.93544E-05 436.38 

75,000 0.43474022 0.56525978 6.9354E-05 3.01509E-05 497.86 

75,100 0.43172507 0.56827493 6.9841E-05 3.01519E-05 499.85 

75,150 0.43021747 0.56978253 7.0085E-05 3.01517E-05 500.84 

76,000 0.40460941 0.59539059 7.4346E-05 3.0081E-05 517.50 

80,000 0.28751436 0.71248565 9.7313E-05 2.79788E-05 588.31 

85,000 0.16197821 0.83802179 0.00013378 2.16688E-05 651.27 

90,000 0.07416284 0.92583716 0.0001806 1.33937E-05 679.54 

95,000 0.02606787 0.97393213 0.0002399 6.25359E-06 677.22 

100,000 0.00657004 0.99342996 0.00031407 2.06347E-06 656.24 

105,000 0.00109493 0.99890507 0.00040583 4.44358E-07 628.43 

110,000 0.00010969 0.99989031 0.0005182 5.68398E-08 600.46 

115,000 5.91E-06 0.99999409 0.00065456 3.86774E-09 574.41 

120,000 1.50E-07 0.99999985 0.00081865 1.23159E-10 550.48 

125,000 1.56E-09 1 0.00101459 1.58274E-12 528.46 

130,000 5.56E-12 1 0.00124693 6.92741E-15 508.13 

 

Analysis of Time to Failure of PL-26" Analysis:  

Censoring Information Count 
Uncensored value           4 
Estimation Method: Maximum Likelihood 
Distribution:   Weibull 
Parameter Estimates 
 
                            Standard   95.0% Normal CI 
Parameter   Estimate    Lower      Upper 
Shape              8.97664     4.36704    18.4519 
Scale               115006      102375     129196 
 
Log-Likelihood = -43.605 
Goodness-of-Fit 
Anderson-Darling (adjusted) = 3.196 
 
Characteristics of Distribution 
 
                                                Standard   95.0% Normal CI 
                                   Estimate    Lower       Upper 
Mean                             108894      95495.4     124173 
Standard Deviation        14503.4     7849.96     26796.0 
Median                      110405      96995.0    125669 
First Quartile (Q1)                100102       83803.2    119571 
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Third Quartile (Q3)                119268      106837      133145 
Interquartile Range (IQR)      19165.7     9961.20    36875.6 
                                                   
                                                  Table of Time to Failure (hr) of PL-26" 

i TTF 

1 100260 

2 102650 

3 105100 

4 129500 
 

 
                        

                        

Results of R(t), h(t), and FM for PL-26”   

TAM Int. 
R(t) F(t) h(t) Failure mode 

Risk 
plant 

($)/hrs 
hrs 

0 1 0 0 0  

1000 1 0 2.93853E-21 2.93853E-21 0 

25,000 0.999999 1E-06 4.0711E-10 4.07109E-10 0.0038 

30,000 0.999994 6E-06 1.74095E-09 1.74094E-09 0.019 

32,000 0.99999 1E-05 2.91189E-09 2.91186E-09 0.030 

34,000 0.999982 1.8E-05 4.72081E-09 4.72073E-09 0.051 

36,000 0.99997 3E-05 7.44493E-09 7.44471E-09 0.080 

38,000 0.999951 4.9E-05 1.14553E-08 1.14547E-08 0.124 

40,000 0.999923 7.7E-05 1.72404E-08 1.72391E-08 0.185 

42,000 0.999881 0.000119 2.54347E-08 2.54317E-08 0.272 

43,000 0.999853 0.000147 3.06813E-08 3.06767E-08 0.329 

44,000 0.999819 0.000181 3.68508E-08 3.68442E-08 0.396 

45,000 0.999779 0.000221 4.40792E-08 4.40694E-08 0.473 

48,000 0.999606 0.000394 7.37263E-08 7.36972E-08 0.790 

50,000 0.999431 0.000569 1.02075E-07 1.02017E-07 1.096 

55,000 0.998663 0.001337 2.18183E-07 2.17891E-07 2.341 

60,000 0.997084 0.002916 4.36511E-07 4.35238E-07 4.682 

70,000 0.98843 0.01157 1.49129E-06 1.47403E-06 15.92 

75,000 0.978623 0.021377 2.58445E-06 2.5292E-06 27.46 

80,000 0.962181 0.037819 4.32272E-06 4.15924E-06 45.54 

85,000 0.935748 0.064252 7.00807E-06 6.55779E-06 72.82 

90,000 0.895037 0.104963 1.1052E-05 9.89199E-06 112.35 

95,000 0.835185 0.164815 1.70054E-05 1.42027E-05 167.14 

100,000 0.751771 0.248229 2.55935E-05 1.92405E-05 239.14 
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105,000 0.642761 0.357239 3.77579E-05 2.42693E-05 327.78 

110,000 0.511271 0.488729 5.47053E-05 2.79692E-05 428.04 

113,000 0.425715 0.574285 6.77899E-05 2.88591E-05 489.62 

113,100 0.422828 0.577172 6.82695E-05 2.88663E-05 491.65 

113,200 0.419941 0.580059 6.8752E-05 2.88718E-05 493.67 

113,300 0.417054 0.582946 6.92376E-05 2.88758E-05 495.69 

113,500 0.411278 0.588722 7.02177E-05 2.8879E-05 499.72 

113,600 0.408391 0.591609 7.07123E-05 2.88782E-05 501.73 

114,000 0.396842 0.603158 7.27212E-05 2.88589E-05 509.73 

114,100 0.393957 0.606043 7.32312E-05 2.88499E-05 511.72 

114,200 0.391072 0.608928 7.37443E-05 2.88394E-05 513.70 

114,500 0.382426 0.617574 7.53025E-05 2.87977E-05 519.63 

 

 Table. Economic consequences of failures 
 

Critical Equipment  ECPL ($) ECOA ($) ECEI ($) 
Sum CoF  

($)  

Heat exchangers  16,047,000 11,479,768 1,105,499 28,632,268 

Drum-704 10,698,000 51,067,767 3,703,000 65,468,767 

Drums-409 1,248,1000 55,048,950 4,025,690 71,555,640 

Processing columns 2,852,8000 35,070,000 2,460,000 66,058,000 

Pipelines 5,349,000 85,185,300 5,807,915 96,342,215 

 
Heat exchangers 

Total Population (Gas plant)    230 

Population density  0.0035 employee/m2 

Asset density  2000 $/m2 

Ci, Cm, Csp, Cind, Cp  $8,967,768 during 45 days 

Unplanned shutdown 45 days 

Cost of human damages $251478 
P(t) = 1 ( as a maximum probability)   at EZ = 20 m2   

 

EZ=π (20)
2

EZ=π (40)
2

EZ=π (60)
2

EZ=π (80)
2

P(t)=1

P(t)=0.9

P(t)=0.8

P(t)=0.7

                                               
Figure Effect Zone of heat exchangers 
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APPENDIX D: Failure Rate of Rotating Equipment 

Data sample overview of GT 

Gas turbines GT-301 (30,000hp) 

No. of critical failures 45 

No. of non-critical failures 855 

Total operational time (T) 45 years (394200 hrs) 

Total no. of failures 900 

 

Data sample overview of CP and RP 

No. of critical failures (CP) 50 

Total operational time (T) 30 years (262800 hrs) 

No. of critical failures (RP) 36 

Total operational time (T) 30 years (262800 hrs) 

 

GT, CP and RP components 

GT CP RP 

Event 
failure 

frequency (Qi) 
(times/yr) 

Event 
failure frequency 
(Qi)  (times/yr) 

Event 
failure 

frequency 
(times/year) 

X3 0.0454 Y2 0.008 Z1 0.094 

X4 0.0084 Y4 0.098 Z2 0.063 

X5 0.0017 Y5 0.014 Z3 0.127 

X6 0.0555 Y6 0.01 Z4 0.057 

X7 0.0030 Y7 0.054 Z5 0.056 

X8 0.0484 Y8 0.026 Z6 0.042 

X9 0.0091 Y9 0.014 Z7 0.075 

X10 0.0027 Y10 0.045 Z8 0.121 

X11 0.0055 Y12 0.117 Z9 0.051 

X12 0.028 Y13 0.008 Z10 0.064 

X13 0.0001 Y14 0.015 Z11 0.04 

X15 0.0024 Y15 0.067 Z12 0.042 

X16 0.0281 Y17 0.036 Z13 0.108 

X17 0.0281 Y19 0.01 Z14 0.056 

X18 0.0036 Y20 0.014 Z15 0.067 

X19 0.01897 Y21 0.021   

X20 0.0104 Y22 0.008   

X21 0.0023 Y23 0.01   

X22 0.0001 Y24 0.008   

X23 0.0064 Y25 0.014   

X24 0.0006 Y26 0.01   

X25 0.0184 Y27 0.012   

X26 0.0017 Y29 0.021   

X27 0.0006 Y31 0.11   

X28 0.0023 Y32 0.024   
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X29 0.029 Y33 0.089   

X30 0.0157 Y34 0.026   

X31 0.0088 Y35 0.005   

X32 0.0066 Y36 0.008   

X33 0.0017 Y37 0.029   

X34 0.0048 Y38 0.028   

X35 0.0034 Y40 0.015   

X36 0.0446 Y41 0.005   

X37 0.0017 Y42 0.008   

X38 0.0001 Y43 0.012   

X39 0.0048 Y46 0.077   

 

Failure rate of critical components for GTU 

Component 
Failure 
Detection 
Method 

Non-Critical  
Failures 

Critical 
Failures Total 

CF 
 
     λ  

NF CF 

X3 

PM 30 2 

3 2.00E-06 
CM 3 1 

PdM 52 0 

OM 0 0 

X6 

PM 20 3 

3 2.00E-06 
CM 4 0 

PdM 42 0 

OM 12 0 

X8 

PM 30 3 

4 3.50E-06 
CM 7 0 

PdM 10 0 

OM 13 1 

X12 

PM 30 2 

5 5.00E-06 
CM 5 2 

PdM 14 1 

OM 0 0 

X16 

PM 30 4 

4 3.50E-06 
CM 15 0 

PdM 35 0 

OM 0 0 

X17 

PM 30 4 

4 3.50E-06 
CM 10 0 

PdM 42 0 

OM 0 0 

X19 

PM 10 3 

3 2.00E-06 
CM 3 0 

PdM 32 0 

OM 0 0 
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X25 

PM 28 3 

5 5.00E-06 
CM 2 0 

PdM 112 2 

OM 0 0 

X29 

PM 17 4 

6 6.63E-06 
CM 3 0 

PdM 56 1 

OM 11 1 

X30 

PM 32 4 

5 5.00E-06 
CM 0 0 

PdM 27 0 

OM 10 1 

X36 

PM 20 3 

3 2.00E-06 
CM 4 0 

PdM 42 0 

OM 12 0 
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APPENDIX E. Production Losses of the Gas Plant Due to TAM Period 

E.1 Production during normal operation of the gas plant (No TAM) 

Production Rate  
   

 
LNG product = 20000 m3 

  

 
LPG product = 500 m3  

  

 
Naphtha product = 1680000 gal 

  

Revenue / year 
   

 
LNG = 20000 m3x 365 days x $1.8 $13,140,000 

 

 
LPG = 500 m3 x 1000L x 365 days x 
$0.07 
      

$12,775,000 
 

 
Naphtha = 1680000 gal x 365 days x 
$0.17 

$104,244,000 
 

Total revenue 
  

$130,159,000 

Direct cost 
   

 
Operators cost  13,790,000 

 

 
Equipment and Materials cost* 10,500,000 

 

 
Energy and fuel cost  4,707,800 

 

 
Daily maintenance cost* 1,400,000 

 

 TAM cost*  0  

 Safety tools 235,500  

Total direct cost 
 

$30,633,300 
 

Indirect cost 
   

 
Training  250,000 

 

 
Meals and Accommodations 1,500,000 

 

 Stationery and equipment 50,000  

 Transportations 100,000  

 Health insurance 250,000  

 Taxes 9,556,880  

 Others 500,000  

Total indirect cost 
 

 
$16,956,880 

 

Total O & M cost  
  

$47,590,180 

Profit  
  

$82,568,820 

O & M Margin 
  

36.5% 

Operation Margin   27.5% 

Maintenance  Margin   9% 

Profit Margin      63.5% 

  

E.2   Production losses during TAM period (30 days – TAM) 

Production Rate  
   

 
LNG product = 20000 m3 

  

 
LPG product = 500 m3  

  

 
Naphtha product = 1680000 gal 

  

Revenue / year 
   

 
LNG = 20000 m3x 335 days x $1.8 
 
  

$12,060,000 
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LPG = 500 m3 x 1000L x 335 days x 
$0.07 
      

$11,725,000 
 

 
Naphtha = 1680000 gal x 335 days x 
$0.17 

$95,676,000 
 

Total revenue 
  

$119,461,000 

Direct cost 
   

 
Operators cost + Overtime (30 days)  14,040,000 

 

 
Equipment and Materials cost* 22,900,000 

 

 
Energy and fuel cost  4,253,350 

 

 
Daily maintenance cost* 1,250,000 

 

 TAM cost*  2,500,000  

 Safety tools 235,500  

Total direct cost 
 

$45,178850 
 

Indirect cost 
   

 
Training  250,000 

 

 
Meals and Accommodations 1,500,000 

 

 Stationery and equipment 50,000  

 Transportations 100,000  

 Health insurance 250,000  

 Taxes 9,556,880  

 Others 500,000  

Total indirect cost 
 

 
$16,956,880 

 

Total O & M cost  
  

$62135730 

Profit  
  

$57,325,270 

O & M Margin 
  

52% 

Operation Margin   30% 

Maintenance  Margin   22% 

Profit Margin      48% 

 

E.3   Production losses during TAM period (21 days – TAM) 

Production Rate  
   

 
LNG product = 20000 m3 

  

 
LPG product = 500 m3  

  

 
Naphtha product = 1680000 gal 

  

Revenue / year 
   

 
LNG = 20000 m3x 344 days x $1.8 $12,384,000 

 

 
LPG = 500 m3 x 1000L x 344 days x 
$0.07 
      

$12,040,000 
 

 
Naphtha = 1680000 gal x 344 days x 
$0.17 

$98,246,400 
 

Total revenue 
  

$122,670,400 
 Direct cost 

   

 
Operators cost + Overtime (21 days)   13,965,000 

 

 
Equipment and Materials cost* 22,900,000 

 

 
Energy and fuel cost  4,55,350 

 

 
Daily maintenance cost* 1,250,000 
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 TAM cost*  1,666,000  

 Safety tools 235,500  

Total direct cost 
 

$44,566,850 
 

 

Indirect cost 
   

 
Training  250,000 

 

 
Meals and Accommodations 1,500,000 

 

 Stationery and equipment 50,000  

 Transportations 100,000  

 Health insurance 250,000  

 Taxes 9,556,880  

 Others 500,000  

Total indirect cost 
 

 
$16,956,880 

 

Total O & M cost  
  

$61,523,730 

Profit  
  

$61,146,670 

O & M Margin 
  

50.5% 

Operation Margin   29.5% 

Maintenance  Margin   21% 

Profit Margin      49.5% 
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APPENDIX F: FTA for Components of CP  

Figure F.1. Fault Tree for bearing effect in the CP  
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 MOCUS Algorithm of Bearing Failure  

 M1 

M1 Y4 Y4 Y4 Y4 Y4 Y4 Y4 

Y10 Y10 Y10 Y10 Y10 Y10 Y10 

Y21 Y21 Y21 Y21 Y21 Y21 Y21 

Y38 Y38 Y38 Y38 Y38 Y38 Y38 

Y18 Y20 Y20 Y20 Y20 Y20 Y20 

Y3 Y22 Y22 Y22 Y22 Y22 Y22 

Y11 Y32 Y32 Y32 Y32 Y32 Y32 

Y45 Y3 Y2 Y2 Y2 Y2 Y2 

Y1 Y11 Y5 Y5 Y5 Y5 Y5 

Y16 Y451 Y6 Y6 Y6 Y6 Y6 

 Y1 Y7 Y7 Y7 Y7 Y7 

Y16 Y13 Y13 Y13 Y13 Y13 

 Y15 Y15 Y15 Y15 Y15 

Y17 Y17 Y17 Y17 Y17 

Y41 Y41 Y41 Y41 Y41 

Y46 Y46 Y46 Y46 Y46 

Y11 Y14 Y14 Y14 Y14 

Y45 Y19 Y19 Y19 Y19 

Y1 Y45 Y9 Y9 Y9 

Y16 Y1 Y12 Y12 Y12 

 Y16 Y17 Y17 Y17 

 Y19 Y19 Y19 

Y23 Y23 Y23 

Y37 Y37 Y37 

Y41 Y41 Y41 

Y1 Y8 Y8 

Y16 Y24 Y24 

 Y42 Y42 

Y16 Y13 

 Y21 

Y37 

Y42 

Y43 

  

Cut Set of Bearing Failure    

M1 = {Y2 ∪ Y4 ∪ Y5 ∪ Y6 ∪ Y7 ∪ Y8 ∪ Y9 ∪ Y10 ∪ Y12 ∪Y13 ∪ Y14 ∪ Y15 ∪ Y17 ∪ Y19 

∪ Y20 ∪ Y21 ∪ Y22 ∪ Y23 ∪ Y24 ∪ Y32 ∪ Y37 ∪ Y38 ∪ Y41 ∪ Y42 ∪ Y43 ∪ Y46} 
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Figure F.2. Fault Tree for rings and mechanical seals effect in the CP  
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 MOCUS Algorithm of Rings and Mechanical Seals Failure  

 

M2 

M2 Y4 Y4 Y4 Y4 Y4 

Y7 Y7 Y7 Y7 Y7 

Y10 Y10 Y10 Y10 Y10 

Y26 Y26 Y26 Y26 Y26 

Y27 Y27 Y27 Y27 Y27 

Y38 Y38 Y38 Y38 Y38 

Y18 Y20 Y20 Y20 Y20 

Y11 Y22 Y22 Y22 Y22 

Y45 Y32 Y32 Y32 Y32 

Y1 Y11 Y14 Y14 Y14 

 Y45 Y19 Y19 Y19 

Y1 Y45 Y9 Y9 

 Y1 Y12 Y12 

 Y17 Y17 

Y19 Y19 

Y23 Y23 

Y37 Y37 

Y41 Y41 

Y1 Y8 

 Y24 

Y42 

 

Cut Set of Rings and Mechanical Seals Failure  

M2 = {Y4 ∪ Y7 ∪ Y8. ∪ Y9 ∪ Y10 ∪ Y12 ∪ Y14 ∪ Y17 ∪ Y19 ∪ Y20 ∪ Y22 ∪ Y23 ∪ Y24 ∪

             Y26 ∪ Y27 ∪ Y32 ∪ Y37 ∪ Y38 ∪ Y41 ∪ Y42} 
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Figure F.3. Fault Tree for vibration and noise effect in the CP 
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 MOCUS Algorithm of Vibration and Noise effects 

M3 

M3 Y4 Y4 Y4 Y4 Y4 Y4 Y4 Y4 
Y10 Y10 Y10 Y10 Y10 Y10 Y10 Y10 
Y21 Y21 Y21 Y21 Y21 Y21 Y21 Y21 
Y25 Y25 Y25 Y25 Y25 Y25 Y25 Y25 
Y28 Y28 Y28 Y28 Y28 Y28 Y28 Y28 
Y29 Y29 Y29 Y29 Y29 Y29 Y29 Y29 
Y38 Y38 Y38 Y38 Y38 Y38 Y38 Y38 
Y40 Y40 Y40 Y40 Y40 Y40 Y40 Y40 
Y18 Y20 Y20 Y20 Y20 Y20 Y20 Y20 
Y3 Y22 Y22 Y22 Y22 Y22 Y22 Y22 
Y11 Y32 Y32 Y32 Y32 Y32 Y32 Y32 
Y45 Y3 Y2 Y2 Y2 Y2 Y2 Y2 
Y30 Y11 Y5 Y5 Y5 Y5 Y5 Y5 
Y16 Y45 Y6 Y6 Y6 Y6 Y6 Y6 
Y28 Y30 Y7 Y7 Y7 Y7 Y7 Y7 
 Y16 Y13 Y13 Y13 Y13 Y13 Y13 

Y28 Y15 Y15 Y15 Y15 Y15 Y15 
 Y17 Y17 Y17 Y17 Y17 Y17 

Y41 Y41 Y41 Y41 Y41 Y41 
Y46 Y46 Y46 Y46 Y46 Y46 
Y11 Y14 Y14 Y14 Y14 Y14 
Y45 Y19 Y19 Y19 Y19 Y19 
Y30 Y45 Y9 Y9 Y9 Y9 
Y16 Y30 Y12 Y12 Y12 Y12 
Y28 Y16 Y17 Y17 Y17 Y17 
  Y28 Y19 Y19 Y19 Y19 

 Y23 Y23 Y23 Y23 
Y27 Y27 Y27 Y27 
Y37 Y37 Y37 Y37 
Y41 Y41 Y41 Y41 
Y30 Y31 Y31 Y31 
Y16 Y32 Y32 Y32 
Y28 Y33 Y33 Y33 
  Y16 Y13 Y13 

Y28  Y21 Y21 
 Y37 Y37 

Y42 Y42 
Y43 Y43 
Y28 Y29 
 Y42 

Y43 

 

Cut Set of Vibration and Noise effects  

M3 = {Y4 ∪ Y5∪ Y6 ∪ Y7 ∪ Y8 ∪ Y9 ∪ Y10 ∪ Y13 ∪ Y14 ∪ Y15 ∪ Y17 ∪ Y19 ∪ Y20 ∪ Y21 

∪ Y22 ∪ Y23 ∪ Y25 ∪ Y27 ∪ Y29 ∪ Y31 ∪ Y32 ∪ Y33 ∪ Y37 ∪ Y38 ∪ Y40 ∪ Y41 ∪ Y42 ∪ 

Y43 ∪ Y46} 
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Figure F.4. Fault Tree for energy demand excessive effect in the CP  
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 MOCUS Algorithm of Energy Demand Excessive Effect 

M4 

Y4 Y4 Y4 Y4 Y4 

Y7 Y7 Y7 Y7 Y7 

Y29 Y29 Y29 Y29 Y29 

Y34 Y34 Y34 Y34 Y34 

Y35 Y35 Y35 Y35 Y35 

Y38 Y38 Y38 Y38 Y38 

Y39 Y22 Y22 Y22 Y22 

Y45 Y36 Y36 Y36 Y36 

Y16 Y45 Y9 Y9 Y9 

Y28 Y16 Y12 Y12 Y12 

 Y28 Y17 Y17 Y17 

  Y19 Y19 Y19 

  Y23 Y23 Y23 

  Y41 Y41 Y41 

  Y37 Y37 Y37 

  Y16 Y13 Y13 

  Y28 Y21 Y21 

   Y42 Y42 

   Y43 Y43 

   Y28 Y29 

    Y42 

    Y43 

 

Cut Set of Rings and Mechanical Seals Failure  

M4 = {Y4 ∪ Y7∪ Y9 ∪ Y12 ∪ Y13 ∪ Y17 ∪ Y19 ∪ Y21 ∪ Y22 ∪ Y23 ∪ Y29 ∪ Y34 ∪ Y35 ∪.      

           Y36 ∪ Y37 ∪ Y38 ∪ Y41∪ Y42 ∪ Y43} 

Cut Set of Centrifugal Pump 

CP = M1 ∪ M2 ∪ M3 ∪ M4 

CP = {Y2 ∪ Y4 ∪ Y5 ∪ Y6 ∪ Y7 ∪ Y8 ∪ Y9 ∪ Y10 ∪ Y12 ∪Y13 ∪ Y14 ∪ Y15 ∪ Y17 ∪

 Y19 ∪ Y20 ∪ Y21 ∪ Y22 ∪ Y23 ∪ Y24 ∪ Y32 ∪ Y37 ∪ Y38 ∪ Y41 ∪ Y42 ∪ Y43 ∪ Y46 ∪ Y4 

∪ Y7 ∪ Y8. ∪ Y9 ∪ Y10 ∪ Y12 ∪ Y14 ∪ Y17 ∪ Y19 ∪ Y20 ∪ Y22 ∪ Y23 ∪ Y24 ∪ Y26 ∪

 Y27 ∪ Y32 ∪ Y37 ∪ Y38 ∪ Y41 ∪ Y42 ∪ Y4 ∪ Y5∪ Y6 ∪ Y7 ∪ Y8 ∪ Y9 ∪ Y10 ∪ Y13 ∪

 Y14 ∪ Y15 ∪ Y17 ∪ Y19 ∪ Y20 ∪ Y21 ∪ Y22 ∪ Y23 ∪ Y25 ∪ Y27 ∪ Y29 ∪ Y31 ∪ Y32 ∪

 Y33∪ Y37 ∪ Y38 ∪ Y40 ∪ Y41 ∪ Y42 ∪ Y43 ∪ Y46 ∪ Y4 ∪ Y7∪ Y9 ∪ Y12 ∪ Y13 ∪ Y17 

∪ Y19 ∪ Y21 ∪ Y22 ∪ Y23 ∪ Y29 ∪ Y34 ∪ Y35 ∪. Y36 ∪ Y37 ∪ Y38 ∪ Y41∪ Y42 ∪ Y43}. 
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CSCP = {Y2 ∪ Y4 ∪ Y5 ∪ Y6 ∪ Y7 ∪ Y8 ∪ Y9 ∪ Y10 ∪ Y12 ∪ Y13 ∪ Y14 ∪ Y15 ∪ Y17 ∪ 

Y19 ∪ Y20 ∪ Y21 ∪ Y22 ∪ Y23 ∪ Y24 ∪ Y25 ∪ Y26 ∪ Y27 ∪ Y29 ∪ Y31 ∪ Y32 ∪ Y33 ∪ 

Y34 ∪ Y35 ∪ Y36 ∪ Y37 ∪ Y38 ∪ Y40 ∪ Y41 ∪ Y42∪ Y43 ∪ Y46}    

The fault tree of centrifugal pump comprises of 45 events that found to be the 

cause in centrifugal pump unit failure of gas plant. Based on MOCUS 

algorithm, the first order of MCS included 36 components: {Y2}, {Y4}… {Y43}, 

and {Y46}. Therefore, all the 36 basic components are considered the most 

important parts of centrifugal pump. However, 9 of these pieces are critical 

components of CP based on CE(i) as shown in Table T.1. 

The probability of failure for top event P(T) can be calculated as follows: 

           P(T) = P(Q2+q2Q4+q2q4Q5+ ……. +q2q4q5….q43Q46) 

           P(T) = 0.00876+ 0.99124x 0.098112+……+ 0.027019536 = 0.6765 

Table T.1 illustrates the frequency of failure, probability importance PI(i) and 

critical event P(T) of centrifugal pump that consists many components. 

Table T.1. The frequency of failure, probability importance and critical event of CP 
components 

Event Qi qi P(T) PI(i) CE(i) Inde

x Y2 0.008 0.991 0.008 0.326 0.008 29 
Y4 0.098 0.901 0.097 0.358 0.108 3 
Y5 0.014 0.985 0.012 0.328 0.014 19 
Y6 0.013 0.986 0.011 0.328 0.013 23 
Y7 0.054 0.945 0.047 0.342 0.057 7 
Y8 0.026 0.973 0.021 0.332 0.027 12 
Y9 0.014 0.985 0.011 0.328 0.014 20 
Y10 0.045 0.954 0.036 0.339 0.047 8 
Y12 0.117 0.882 0.088 0.366 0.133 1 
Y13 0.008 0.991 0.005 0.326 0.008 30 
Y14 0.015 0.984 0.010 0.328 0.016 17 
Y15 0.067 0.932 0.043 0.347 0.072 6 
Y17 0.036 0.963 0.022 0.335 0.038 9 
Y19 0.010 0.989 0.006 0.327 0.010 26 
Y20 0.014 0.986 0.008 0.328 0.014 21 
Y21 0.021 0.978 0.011 0.330 0.021 15 
Y22 0.008 0.991 0.005 0.326 0.008 31 
Y23 0.010 0.989 0.005 0.327 0.010 27 
Y24 0.008 0.991 0.004 0.326 0.008 32 
Y25 0.014 0.985 0.008 0.328 0.014 22 
Y26 0.010 0.989 0.005 0.327 0.010 28 
Y27 0.012 0.987 0.007 0.327 0.012 24 
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Y29 0.021 0.979 0.011 0.330 0.021 16 
Y31 0.110 0.889 0.056 0.363 0.124 2 
Y32 0.024 0.975 0.011 0.331 0.025 14 
Y33 0.089 0.910 0.039 0.355 0.098 4 
Y34 0.026 0.973 0.010 0.332 0.027 13 
Y35 0.005 0.994 0.002 0.325 0.005 35 
Y36 0.008 0.991 0.003 0.326 0.008 33 
Y37 0.029 0.970 0.011 0.333 0.030 10 
Y38 0.028 0.971 0.010 0.332 0.028 11 
Y40 0.015 0.984 0.005 0.328 0.015 18 
Y41 0.005 0.994 0.001 0.325 0.005 36 
Y42 0.008 0.991 0.003 0.326 0.008 34 
Y43 0.012 0.987 0.004 0.327 0.012 25 
Y46 0.077 0.922 0.027 0.350 0.083 5 

 

 

 
 

Figure F.5. Chart of critical event of centrifugal pump component 

Minimum Cut Set of Centrifugal Pumps  

Nine critical failures can be impacted in scheduling TAM of CP that include:  

Y04, Y07, Y10, Y12, Y15, Y17, Y31, Y33, Y46↕ 

Table T.2 shows critical failure and the estimated parameter of exponential 

distribution for centrifugal pump that are used in gas plant. 
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  Non-critical components 
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Table T.2. Description of critical failures of centrifugal pump component 

Eq. In Critical Failure MCS 
Failure Rate  
    Per hr  

       
      
 
 
CP 
 

1 
2 
3 
4 
5 
6 
7 
8 
9 

 Wear rings  

 Misalignment between driver and pump 

 Inadequate grouting between baseplate and pump  

 Oil leak at bearing seal  

 Contaminated lubrication  

 Overheating 

 Air leaks in seal  

 Air leaks through gaskets 

 Radial bearing damaged 

Y4 
Y7 
Y10 
Y12 
Y15 
Y17 
Y31 
Y33 
Y46 

5.20E-06 
12.00E-06 
5.20E-06 
12.00E-06 
9.90E-06 
5.20E-06 
7.50E-06 
7.50E-06 
15.00E-06 

  

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

  

 

 

                       Figure F.6. FTA for critical failures of centrifugal pump  
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 Mean Time to Failure (MTTF) of CP 

MTTF is considered one of the most widely used measures to identify reliability 

of system. MTTF can be defined by Integration of reliability function:  

 

 

                 Figure F.7. RBD of critical failure of centrifugal pump as a series system  

 

MTTF = − ∫ 𝑡 
𝑑𝑅(𝑡)

𝑑𝑡
. 𝑑𝑡 

∞

0
 

Since tR(t) ⟶ 𝑧𝑒𝑟𝑜 𝑎𝑠 𝑡 ⟶ 𝑧𝑒𝑟𝑜 𝑎𝑛𝑑 𝑡 ⟶ ∞  

MTTF = ∫ 𝑅(𝑡) 𝑑𝑡.
∞

0
 

MTTF = ∑  ∫ 𝑒−𝜆𝑡. 𝑑𝑡
∞

𝜊
𝑛−1
𝑘=0  

MTTF = 
1

𝜆
 ∑   

1

𝑘+1

𝑛−1
𝑘=0  

The MTTF for a series configuration with n components is given below:    

MTTF = 
𝑛

𝐹𝑎𝑖𝑙𝑢𝑟𝑒 𝑟𝑎𝑡𝑒 𝑜𝑓 𝐶𝑃 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠
 = 

𝑛

𝝀𝑪𝑷
 

MTTF = 
1

79.50𝐸−06
 = 12579 hrs 

MTTF = one years, five months, and ten days. 

This means that critical failure TAM of centrifugal pump can be expected once 

every a year, five months, and ten days.  

A failure probability of CP and failure rate, which can be modelled using 

exponential distribution: 

                                     R(t)CP = Exp (– 0.0000795t)  

                                     F(t)CP = 1 - Exp (–0.0000795t)   

 

 

Y

4 
Y7 Y1

0 
Y1

2 
Y1

5 
Y1

7 
Y3

1 
Y3

3 
Y4

6 
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              Table T.3. Reliability and unreliability of centrifugal pump component  

Interval of TAM 
hr 

R(t) F(t)  

100 0.992081518 0.007918482 

500 0.961029667 0.038970333 

750 0.942117762 0.057882238 

1000 0.92357802 0.07642198 

1500 0.887585877 0.112414123 

2000 0.852996359 0.147003641 

3000 0.787808688 0.212191312 

5000 0.671997943 0.328002057 

7000 0.573211798 0.426788202 

8760 0.498366265 0.501633735 

10000 0.451581235 0.548418765 

11000 0.417070503 0.582929497 

12000 0.385197149 0.614802851 

12579 0.367868221 0.632131779 

13000 0.35575962 0.64424038 

14000 0.328571766 0.671428234 

15000 0.303461661 0.696538339 

17000 0.258851692 0.741148308 

17520 0.248368934 0.751631066 

18000 0.239069733 0.760930267 

19000 0.220799551 0.779200449 

20000 0.203925612 0.796074388 

21000 0.188341213 0.811658787 

22000 0.173947804 0.826052196 

22500 0.167169 0.832831 

22600 0.165845276 0.834154724 

22624 0.165529144 0.834470856 

22650 0.165187349 0.834812651 

23000 0.160654369 0.839345631 

25000 0.137037592 0.862962408 

26280 0.123778698 0.876221302 

27000 0.116892567 0.883107433 

28000 0.107959405 0.892040595 

29000 0.099708934 0.900291066 

30000 0.09208898 0.90791102 

  

 M-OUT-OF-N Systems of CP  

PM-1251C is centrifugal pump driven by motor which is considered a standby 

pump of PT-1251A/B/D. However, PM-1251C is necessary in the start-up 

phase of operating process due to the lack of steam after shutdown period of 

the plant. Most of pumps that driven by motor in the gas plant are worked as a 

single pump (without standby). Therefore, this pump that driven by motor 

should operate in parallel system as 1oo2 (M=1, N=2) in order to become the 
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system more reliable and safe that can be expressed by M out of N (1oo2). 

Figure F.8 illustrates success logic for 1oo2 configuration.     

 

 

 

 

 

 
                                  Figure F.8. RBD of CP’s for as a 1oo2 parallel system     

 
The reliability expression of 1oo2 system for identical failures of centrifugal 

pump is 

R1oo2 = ∑  ( n
m

) Ri Fn−in
m  

R1oo2 =  𝐂2
2

 R2 F0 + 𝐂1
2

 R1 F1       at    λ1 = λ2 =  λ = 79.5E-6 h-1 

R1oo2 = R2 + 2 R F1  

R1oo2 = R2 + 2 R (1 − R)1  

R1oo2 = 2 R −  R2 

In order to estimate the MTTF of any system requires the derivation of an 

expression for reliability of system from 0 to ∞ 

MTTF = ∫ R(t). dt 
∞

0
 

MTTF = ∫ 2R(t) − R2(t) . dt 
∞

0
 

MTTF = ∫ (2e−λt −  e−2λt∞

ο
 ) . dt 

MTTF = 
3

2 λ
 

MTTF = 18868 hrs.                   

Work 
during 

Start-up  
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Critical failure TAM of redundant centrifugal pumps that work within 1oo2 

configuration can be expected once every two years, a month and twenty six 

days without any threat to the gas plant stability. 

                                          R(t) = Exp (- 0.000053t) 

                  Table T.4. Improving reliability of CP-1oo2  

Interval of TAM 
hr 

R(t) F(t)  

100 0.99471402 0.00528598 

500 0.973848044 0.026151956 

750 0.961029667 0.038970333 

1000 0.948380012 0.051619988 

1500 0.92357802 0.07642198 

2000 0.899424648 0.100575352 

3000 0.852996359 0.147003641 

5000 0.76720595 0.23279405 

7000 0.690043942 0.309956058 

8760 0.628587525 0.371412475 

10000 0.58860497 0.41139503 

11000 0.558221188 0.441778812 

12000 0.529405818 0.470594182 

12579 0.51340668 0.48659332 

13000 0.502077896 0.497922104 

14000 0.476160641 0.523839359 

15000 0.451581235 0.548418765 

17000 0.406163293 0.593836707 

17520 0.395122277 0.604877723 

18000 0.385197149 0.614802851 

19000 0.365313277 0.634686723 

20000 0.34645581 0.65354419 

21000 0.328571766 0.671428234 

22000 0.311610895 0.688389105 

22500 0.303461661 0.696538339 

22600 0.301857569 0.698142431 

22624 0.30147385 0.69852615 

22650 0.301058705 0.698941295 

23000 0.295525545 0.704474455 

25000 0.265802959 0.734197041 

26280 0.248368934 0.751631066 

27000 0.239069733 0.760930267 

28000 0.226728956 0.773271044 

29000 0.21502521 0.78497479 

30000 0.203925612 0.796074388 
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Appendix G: FTA for Components of RP 

 

 

 

 

 

 

 

 

 

 

 

 

             

 

                            

                       Figure G.1. Fault Tree of rings and mechanical seal in rotary pump 

 MOCUS Algorithm of Rings and Mechanical Seals Failure for RP 
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Cut Set of Rings and Mechanical Seals Failure for RP  

N2 = {Z1 ∪ Z2 ∪ Z3 ∪ Z4 ∪ Z5 ∪ Z6 ∪ Z7 ∪ Z8 ∪ Z9 ∪  Z12 ∪ Z13} 

 

 

 

 

 

 

 

 

 

 

 

 

                      Figure G.2. Fault Tree of excessive discharge pressure in rotary pump 

 MOCUS Algorithm of Excessive Discharge Pressure for RP 

N2 
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M 
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Z5 
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Z9 

Z15 
Z16 
Z14 

 

Cut Set of Excessive Discharge Pressure for RP 

N2 = {Z1 ∪ Z5 ∪ Z6 ∪ Z9 ∪ Z10 ∪ Z11 ∪ Z14 ∪ Z15∪ Z16} 
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                                Figure G.3. Fault tree of vibration and noise for rotary pump 

 

 MOCUS Algorithm of Vibration & Noise for RP 
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Cut Set of Vibration & Noise for RP  

N3 = {Z1 ∪ Z2 ∪ Z3 ∪ Z4 ∪ Z5 ∪ Z6 ∪ Z7 ∪ Z8 ∪ Z9 ∪ Z10 ∪ Z11 ∪ Z12 ∪ Z13} 

 

 

 

 

 

 

 

 

 

 

 

 

             

 

                   

               Figure G.4. Fault tree of excessive energy demand for rotary pump 
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Cut Set of Excessive Energy Demand for RP  

N4 = {Z1 ∪ Z2 ∪ Z3 ∪ Z4 ∪ Z5 ∪ Z6 ∪ Z7 ∪ Z8 ∪ Z9 ∪ Z11 ∪ Z12 ∪ Z14 ∪ Z15∪ Z16} 

Top event = N1 ∪ N2 ∪ N3 ∪ N4 

Cut set of PR = {Z1 ∪ Z2 ∪ Z3 ∪ Z4 ∪ Z5 ∪ Z6 ∪ Z7 ∪ Z8 ∪ Z9 ∪ Z10 ∪ Z11 ∪ Z12 

∪                                Z13 ∪ Z14 ∪ Z15 ∪ Z16}  

The fault tree of rotary pump consists of 22 events that found to be the cause 

in rotary pump failure of gas plant. Based on MOCUS algorithm, the first order 

of MCS included 16 components: {Z1}, {Z2}… {Z15}, and {Z16}. Therefore, all 

the 16 basic components are considered the most important elements of rotary 

pump. However, 5 pieces are considered critical components in RP based on 

CE(i) as shown in Table W.1. 

The probability of failure for top event P(T) can be calculated as follows: 

          P(T) = P(Q1+q1Q2+q1q2Q3+ ……. +q1q2q3….q15Q16) 

          P(T) = 0.09417+ 0.90583 x 0.06351+……+ 0.01691161 = 0.68969977 

Table W.1 illustrates the frequency of failure, probability importance PI(i) and 

critical event P(T) of rotary pump that consists many components. 

Table W.1. Frequency of failure, probability importance and critical event of RP 
components 

Event Qi qi P(T) PI(i) CE(i) Index 

Z1 0.094 0.905 0.094 0.342 0.046 4 

Z2 0.063 0.936 0.057 0.331 0.030 8 

Z3 0.127 0.8723 0.108 0.355 0.065 1 

Z4 0.057 0.942 0.042 0.329 0.027 9 

Z5 0.056 0.943 0.039 0.329 0.027 10 

Z6 0.042 0.957 0.028 0.324 0.020 14 

Z7 0.075 0.924 0.047 0.335 0.036 5 

Z8 0.121 0.879 0.070 0.353 0.062 2 

Z9 0.051 0.948 0.026 0.327 0.024 13 

Z10 0.064 0.935 0.031 0.331 0.031 7 

Z11 0.040 0.959 0.018 0.323 0.019 16 

Z12 0.042 0.957 0.018 0.324 0.019 15 

Z13 0.108 0.891 0.045 0.348 0.054 3 
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Z14 0.056 0.943 0.021 0.329 0.027 11 

Z15 0.067 0.932 0.023 0.333 0.032 6 

Z16 0.051 0.948 0.017 0.327 0.024 12 

  

 
 
                    Figure G.5. Chart of critical event of rotary pump component 

 Minimum Cut Set of Rotating Pumps  

Five critical failures can be impacted in scheduling TAM of RP that include: Z1, 

Z3, Z7, Z8 or Z13↕. 

Table W.2 shows critical failure and the estimated parameter of exponential 

distribution for rotary pump that are used in gas plant. 

Table W.2. Description of critical failures of rotary pump component 

Eq. In Critical Failure MCS 
Failure 
Rate  
    Per hr 
   h   

       
      
RP 
 

1 
2 
3 
4 
5 
 

 Misalignment of driver and pump  

 Wear rings  

 Gasket, loss of bolts and other  

 Rotating parts binding  

 Inadequate grouting between baseplate and pump  

Z03 
Z08 
Z13 
Z01 
Z07 

 

 20.00E-6 
 5.50E-06 
 3.00E-06             
 17.00E-06 
 15.00E-06 
 

 

 

 

  Critical components 
  Non-critical components 

 

                   Ḿ = 0.034 
               SD = 0.028 

 

4 

1 

5 

2 

3 



Appendixes -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

------------------- 

 

A-49 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                     

                                  

                          Figure G.6. FTA for critical failures of rotary pump 
 

 Mean Time to Failure (MTTF) of RP 

MTTF contributes in identifying interval of TAM for rotary pump. Therefore, 

MTTF can be defined by Integration of reliability function:  

 

 

                     Figure G.7. RBD of critical failure of RP as a series system  
 

 

Z8 Z3 Z7 

+
 

Z1

3 

Z1 W 

+
 

P 

Z3 

C 

Z7 

+
 

D 

+
 

 

Critical failure of 
RP 

N4 N3 N2 N1 
+

 

TAM of RP 

+
 

Z

1 
Z3 Z7 Z8 Z1

3 

+
 



Appendixes -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

------------------- 

 

A-50 

MTTF = − ∫ 𝑡 
𝑑𝑅(𝑡)

𝑑𝑡
. 𝑑𝑡 

∞

0
 

Since tR(t) ⟶ 𝑧𝑒𝑟𝑜 𝑎𝑠 𝑡 ⟶ 𝑧𝑒𝑟𝑜 𝑎𝑛𝑑 𝑡 ⟶ ∞  

MTTF = ∫ 𝑅(𝑡) 𝑑𝑡.
∞

0
 

MTTF = ∑  ∫ 𝑒−𝜆𝑡. 𝑑𝑡
∞

𝜊
𝑛−1
𝑘=0  

MTTF = 
1

𝜆
 ∑   

1

𝑘+1

𝑛−1
𝑘=0  

The MTTF for a series configuration with n components is given below:    

MTTF = 
𝑛

𝐹𝑎𝑖𝑙𝑢𝑟𝑒 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑅𝑃 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠
 = 

𝑛

𝝀𝑹𝑷
 

MTTF = 
1

60.16𝐸−06
 = 16622 hrs 

MTTF = one years, five months, and ten days. 

This means that critical failure TAM of rotary pump can be expected once every 

a year and eleven months. Therefore, MTTF of RP is considered more than 

MTTF of CP, because number of critical components of RP are less than 

number of critical components of CP.      

A failure probability of RP and failure rate, which can be modelled using 

exponential distribution: 

                                         R(t)RP = Exp (– 0.00006t)  

                       Table W.3. Reliability and unreliability of RP components 

Interval of TAM 
hr 

R(t) F(t) 

14000 0.431710523 0.568289477 

15000 0.40656966 0.59343034 

16622 0.36886668 0.63113332 

17000 0.36059494 0.63940506 

17520 0.349518076 0.650481924 

20000 0.301194212 0.698805788 

22000 0.267135302 0.732864698 

22500 0.259240261 0.740759739 

25000 0.22313016 0.77686984 

26280 0.206635274 0.793364726 
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 M-OUT-OF-N Systems of Rotary Pump  

PM-1361C is rotary pumps driven by motor that worked as single configuration 

in the gas plant. There are few rotary pumps driven by motor operated in the 

gas plant based on the unavailability of steam in pipelines. One of two of RP 

at least should be under operating process in order to improve reliability and 

availability of the plant. Therefore, redundant standby rotary pumps in gas 

plant can be expressed by M out of N (1oo2) as shown in Figure G.8.      

 

 

 

 

 

 

                                     Figure G.8. RBD of RP’s for as a 1oo2 parallel system     

The reliability expression of 1oo2 system for identical failures of rotary pump 

is 

R1oo2 = ∑  ( n
m

) Ri Fn−in
m  

R1oo2 =  𝐂2
2

 R2 F0 + 𝐂1
2

 R1 F1       at    λ1 = λ2 =  λ = 60.16E-6 h-1 

R1oo2 = R2 + 2 R F1  

R1oo2 = R2 + 2 R (1 − R)1  

R1oo2 = 2 R −  R2 

In order to estimate the MTTF of any system requires the derivation of an 

expression for reliability of system from 0 to ∞ 

MTTF = ∫ R(t). dt 
∞

0
 

MTTF = ∫ 2R(t) − R2(t) . dt 
∞

0
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MTTF = ∫ (2e−λt −  e−2λt∞

ο
 ) . dt 

MTTF = 
3

2 λ
 

MTTF = 24933 hrs.                   

TAM of critical failures for redundant standby RP that worked within 1oo2 

configuration can be expected once every two years, ten month and a week 

without any threat to the gas plant stability. 

                                           R(t) = Exp (- 0.00004t) 

                         Table W.4. Improving reliability of RP-1oo2 

Interval of TAM 
hr 

R(t) F(t)  

20000 0.449328964 0.550671036 

22600 0.404946629 0.595053371 

22624 0.404558067 0.595441933 

22650 0.404137545 0.595862455 

23000 0.398519041 0.601480959 

24933 0.36886668 0.63113332 

25000 0.367879441 0.632120559 

26280 0.349518076 0.650481924 
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APPENDIX I: SOC Permission to Collect Information, Data and 

Validation of the TAM Model at Sirte Oil Company.  
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APPENDIX J: Glossary and Terms  

Tolerable risk 
The risk level that is acceptable to the owner-user. 
Availability  
It can be defined as a probability that a system will operate for a given time period.  
Components 
Components is a piece of equipment that can be replaced as spare parts. For example a 
pump may consist of several components (bearing, motor, shaft, rings, etc.) 
Consequence 
It is an outcome from an event. Consequences are usually negative from safety 
perspective that may be expressed qualitatively or quantitatively. 
Damage 
It can be the physical appearance of damage such as pitting, cracking and rupture 
Deterioration 
The reduction in the ability of an equipment. 
Down time is the time period which a system can be performed its function (Sikos, 
L.2010). 
Equipment 
It is part of a system that includes vessel, pump, piping, and boiler. 
Failure 
It is a terminated the ability of an equipment to accomplish its required function. There are 
failures can be unannounced and undetected at the instant of occurrence.  
Failure Mode 
Effect in which a failure is observed on the faulty equipment 
Fault  
It is a state resulting from a failure  
Fouling  
It is the unwanted accumulation of layers on a heat transfer surface resulting from the 
chemical reactions that lead to reduced thermal efficiency, and fluctuated temperatures 
and pressure. 
Heat Exchanger  
It is static equipment that help in continuously transferred the heat from a hot to a cold 
fluid directly or indirectly via a transfer surface of heat 
Maintainability  
It can be defined as the probability that a failed system will be restored or repaired to a 
specific condition during a period of time when maintenance levels are accomplished 
under the prescribed maintenance procedures.  
Mitigation 
It is a limited negative consequence or reduced in probability of a particular event. 
Reliability  
It can be defined as a probability that a system will perform a required function during a 
fixed time and under a stated operational condition.  
Risk Criteria 
It is a set of terms by which the significance of risk is assessed. Risk criteria can be 
included cost and benefits, legal and statutory requirements, economic and environmental 
aspects. Also, concerns of stakeholders, and other priorities for assessment. 
Risk Assessment 
It is an overall process of risk analysis and their evaluation. 
Risk Evaluation 
It is process by which compare the estimated risk with risk criteria to determine the 
acceptance or mitigation decision in order to evaluate the risk level. 
System 
It is a set of components and equipment to perform a specific function. For example, gas 
plant, distillation plant, methanol plant, etc. 
Up time 
It is a repairable system period to operate successfully.
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APPENDIX K: Flow Diagrams of Gas Plant 
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