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Abstract⎯ Oil and gas transmission pipelines operating beyond their original design life require comprehensive integrity 

assessments to ensure safe, reliable, and sustainable continued operation. Life-extension decisions should not rely only on asset age 

but must consider actual degradation conditions, operational risks, structural integrity, and remaining service capability. This study 

proposes an integrated pipeline integrity assessment framework to support technical decision-making for aging transmission 

pipelines. The proposed framework combines Failure Mechanism Identification (FMI), Risk Assessment (RA), Fitness-for-Service 

(FFS), and Residual Life Assessment (RLA) into a structured evaluation process. The methodology was applied to a 10-inch API 

5L X52 condensate transmission pipeline located in Jambi, Indonesia. Inspection records, ultrasonic thickness measurements, 

operational data, and engineering evaluation reports were analyzed to determine the actual integrity condition of the pipeline. The 

results showed that external corrosion was the dominant degradation mechanism affecting the pipeline system. Risk assessment 

indicated that most evaluated pipeline segments remained within acceptable risk levels. Fitness-for-Service evaluation confirmed 

that the pipeline satisfied the required acceptance criteria, with sufficient wall thickness for continued operation. Residual Life 

Assessment demonstrated adequate remaining service capability beyond the original design life. This study confirms that integrated 

integrity assessment provides a systematic and technically justified approach for supporting risk-based pipeline life-extension 

decisions. 
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I. INTRODUCTION1 

Transmission pipelines are crucial to the oil and gas 

industry. They help move hydrocarbons continuously 

from production facilities to processing and distribution 

systems. The integrity of these assets is essential for 

maintaining operational reliability, environmental 

protection, public safety, and business continuity. 

Pipeline failures may result in operational disruptions, 

significant economic losses, environmental impacts, and 

safety hazards. Therefore, pipeline integrity management 

throughout the asset life cycle remains an essential 

practice to ensure safe and sustainable operation [1], [2]. 

Many transmission pipelines are still operating even 

after they were supposed to have been decommissioned. 

The supposed lifespan is decided when the pipeline is 

designed. It does not really show how the pipeline is 

doing after many years. In reality, old pipelines can keep 

working if we find and manage problems through 

checks, watching, and fixing. So when we decide to 

extend a pipeline longer, we should look at how it is 

really doing, including how much risk it has, how strong 

it is, and how much longer it can work, not just how old 

it is. We should not just rely on the years it has been 

working to decide its fate. Pipeline life extension 

decisions need to be based on facts about its condition. 

The condition includes its risk profile, integrity, and 

remaining service capacity. 
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Operational capability should be preferred over 

chronological asset age when making life-extension 

decisions [3]-[5]. Asset Integrity Management (AIM) 

provides an organized framework that integrates 

inspection, monitoring, maintenance, and risk 

management activities to ensure asset safety and 

reliability throughout its running life [1]. We need to 

ensure the pipelines are safe and functioning properly. 

So companies are using methods to assess pipeline 

condition and identify risks. This way, they can plan 

inspections and maintenance in advance. The goal is to 

keep the pipelines safe and reliable. Many people have 

researched how to evaluate the integrity of pipelines. 

They want to find ways to do this. Pipeline integrity is 

very important. People are working on it.  

In recent years, risk-based approaches have played an 

increasingly important role in pipeline integrity 

management by supporting more effective inspection 

planning and maintenance prioritization. Hameed et al. 

[6] proposed a risk-based inspection methodology that 

explicitly considers risk exposure when developing 

pipeline inspection plans. Eskandarzade et al. [7] 

developed a semi-quantitative Risk-Based Inspection 

(RBI) approach for pipeline systems, while Wahono et 

al. [8] highlighted that recent progress in risk-based asset 

integrity management has expanded RBI implementation 

via state-of-the-art analytical methods and improved 

prioritization strategies. These studies underline the 

importance of risk assessment as a core element of 

integrity management. However, risk evaluation alone 

does not yield comprehensive information regarding 

structural suitability and future operational capability. 

Additional research has focused on engineering-based 

assessments and remaining life evaluations of degraded 

assets. Huang and Shuai [9] developed a pipeline 
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integrity management performance evaluation method 

that considers multiple integrity-related parameters. 

Fitness-for-Service (FFS) methods are commonly 

used to check if equipment with defects can still be used 

safely. Zangeneh et al. [10], [11] and Purwidyasari et al. 

[12] have shown that FFS assessments help evaluate 

structural problems and guide decisions for older 

equipment. However, FFS primarily focuses on the 

current mechanical state and should be combined with 

risk analysis and predictions of future degradation to 

develop a complete life-extension plan. Even with recent 

improvements in pipeline assessment, making good life-

extension decisions for aging pipelines remains difficult. 

Many current strategies rely on separate assessments 

such as risk analysis, defect checks, or remaining-life 

estimates, which may not fully capture how different 

factors interact. This can lead to fragmented decisions, 

since having some degradation does not always mean a 

pipeline is unsafe if risk, mechanical integrity, and 

remaining life are still acceptable. To solve this, a 

combined assessment method is needed-one that brings 

together failure mechanism identification, risk 

evaluation, engineering checks, and remaining-life 

prediction in a single process.  

Few studies have examined how Failure Mechanism 

Identification and Risk Assessment, Fitness-for-Service, 

and Residual Life Assessment operate. This research 

shows that using all of these things together gives us 

insight into what is going on, which helps us make good 

decisions about old pipelines. Using Failure Mechanism 

Identification and Risk Assessment and Fitness-for-

Service and Residual Life Assessment is better than 

using them separately. The main thing this study does is 

develop a way to assess pipelines that includes 

identifying what is wrong, quantifying the severity of the 

problems, checking the structure, and estimating how 

long they will last. This way, people can make decisions 

based on the pipeline's condition, not just its age. Asset 

integrity management also stresses that decisions should 

consider actual condition, degradation, and risk, not just 

how long the asset has been in use [2], [13], [14]. The 

resulting proposed framework offers a structured, 

technically sound approach to managing risk and making 

sustainable decisions regarding pipeline life extension. In 

this study, the framework was applied to assess the 

condition of a 10-inch API 5L X52 condensate pipeline 

that had operated beyond its design life. The study was 

conducted to determine the main cause of the pipeline's 

deterioration. It also looked at how bad the risks are. The 

people conducting the study wanted to see whether the 

pipeline was still usable. They tried to figure out how 

long it could be used. The study also developed a plan to 

manage the risks so the pipeline can be used safely for a 

time. This plan is based on the risks identified. The main 

goal is to ensure the pipeline can be used safely and in an 

environmentally friendly way. The pipeline is very 

important. The study was conducted to help ensure it can 

be used for a long time without major problems. 

 

II. METHOD 

A. Research Object and Data Collection 

 This research was performed on an operating 10-inch 

condensate transmission pipeline located in Jambi, 

Indonesia. The pipeline began operations in 2001 and 

has now exceeded its initial 20-year design lifetime. The 

main technical specifications and operating 

characteristics of the evaluated pipeline system are 

presented in Table 1. 
TABLE 1. 

PIPELINE TECHNICAL DATA 

Parameter Value 

Pipeline Size 10 inch 

Material API 5L X52 

Service Fluid Condensate 

Pipeline Length 17,300 m 

Design Pressure 9.30 MPa 

Operating Pressure 6.89 MPa 

Design Temperature 99.33°C 

Operating Temperature 65.55°C 

Design Life 20 Years 

Installation Year 2001 

Latest Inspection 2023 

Cathodic Protection Impressed Current 

Coating System Polyethylene Tape (Buried) 

 

This study used information already available in 

pipeline integrity documents and historical operational 

records. The information they collected included details 

about how the pipeline was designed; inspection reports; 

results from measuring the pipeline's thickness with 

ultrasound; data from corrosion monitoring; details about 

how the pipeline was operated; maintenance records; and 

reports from past engineering assessments. They used 

this information to figure out how the pipeline was 

deteriorating, determine when it was at risk, assess its 

condition, and estimate how long it could be used. They 

did all of this based on ideas about managing the 

integrity of the pipeline assets [1] [2]. 

 

B. Research Framework 

This study applies an integrated pipeline integrity 

assessment approach consisting of Failure Mechanism 

Identification (FMI), Risk Assessment (RA), Fitness-for-

Service (FFS), and Residual Life Assessment (RLA). 

This evaluation framework was developed to 

comprehensively assess pipeline condition by linking the 

identification of degradation mechanisms, operational 

risk levels, structural suitability to operating conditions, 

and estimation of remaining service life. The integration 

of these four methods provides a more comprehensive 

technical basis to support decision-making related to 

operational safety and pipeline service life extension. 

The framework was established to furnish a 

comprehensive assessment of pipeline conditions and to 

support risk-informed decisions on life-extension 

feasibility. The integrated methodology follows the 

principles of Asset Integrity Management and Risk-

Based Inspection, as recommended by ISO 55000, API 

RP 580, API RP 581, and API RP 1160 [1]–[5].  

The complete research framework adopted in this 

study is shown in Figure 1. The framework consolidates 
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Figure 1. Research Framework 

 

 
 

 

 

 
 
 

degradation-mechanism analysis, risk characterization, 

structural-strength evaluation, and remaining-life 

estimation into a single, integrated assessment sequence. 

The results from each evaluation stage are used to 

formulate Asset Integrity Management (AIM) 

recommendations and to provide technical justification 

for pipeline life-extension decisions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The assessment process begins with Failure 

Mechanism Identification (FMI) to help identify threats 

that could impact pipeline integrity. The identified 

threats are then further analyzed through a Risk 

Assessment. A Risk Assessment is conducted to 

determine the likelihood of an event occurring and its 

consequences. A Fitness for Service (FMS) evaluation is 

performed to determine whether the pipe is still fit for 

use. This evaluation helps determine whether the pipe 

can still perform its intended function safely. Then, a 

Remaining Life Assessment (RA) is performed to 

estimate how much longer the pipe can be safely used. 

The combined results of these assessments are crucial for 

developing a plan to maintain the pipeline's operational 

life, based on the FMI, RA, FFS, and RLA, to ensure the 

pipeline is safe and functioning properly. Manage the 

pipe's integrity over time and make decisions about it. 

The plan is based on the results of the FMS, RA, Fitness 

for Service, and Remaining Life Assessment. 

 

C. Failure Mechanism Identification 

Failure Mechanism Identification (FMI) was 

performed to recognize possible degradation processes 

that could affect pipeline performance and integrity. The 

analysis considered several influencing factors, including 

operating conditions, environmental characteristics, 

inspection results, corrosion history, material properties, 

and pipeline design information. The identification 

process was carried out based on degradation mechanism 

classifications provided by API RP 571 and supported by 

established pipeline integrity management approaches 

[15], [16]. The identified degradation mechanisms were 

then used as fundamental inputs for the subsequent risk 

assessment stage.   

D. Risk Assessment 

Risk Assessment (RA) was carried out using a 

semiquantitative evaluation method that integrated 

Probability of Failure (PoF) and Consequence of Failure 

(CoF). The procedure followed Risk-Based Inspection 

principles defined in API RP 580 and API RP 581, as 

well as the risk management framework created by ISO 

31000 [3], [4], [17].  

The pipeline system was separated into several risk-

based segments using a dynamic segmentation method to 

represent differences in operational characteristics, 

environmental exposure, and potential consequence 

severity. 

The overall risk value was determined using the 

following equation: 

 

R = PoF x CoF       (1)      

 

where R represents the calculated risk level, PoF 

represents Probability of Failure, and CoF represents 

Consequence of Failure.  

The obtained risk scores were classified into 

predetermined risk categories and subsequently used to 

determine inspection priorities and appropriate risk-

reduction strategies. 

 

E. Fitness for Service 

The Fitness-for-Service assessment is conducted in 

accordance with API 579-1/ASME FFS-1 for Level 1 

assessment. Ultrasonic thickness inspection data is 

evaluated to determine the remaining pipe wall 

thickness. A Pipe Suitability Analysis is performed to 

determine the pipe's suitability for use.  

The analysis is carried out by comparing the pipe wall 

thickness with the thickness required for proper pipe 

operation. The purpose of the Pipe Suitability Analysis is 

to ensure that the pipe remains strong enough to 

function. If a portion of the pipe is thick enough, the pipe 

is considered safe for continued use in accordance with 

the provisions of API 579-1/ASME FFS-1 [5], [10], [11]. 

 

F. Residual Life Assessment 

 Residual Life Assessment (RLA) is conducted to 

estimate the pipe's remaining operational life based on 

corrosion rate analysis and evaluation of the remaining 

wall thickness. The assessment procedure referred to the 

principles established in DNV-RP-F101, the remaining-

life prediction methodologies, and the residual-life 

extension requirements issued by the Indonesian 

Directorate General of Oil and Gas [12], [17]-[18]. 

The Residual Life Assessment (RLA) was calculated 

using the following equation: 

 

Remaining Life = (t_actual − t_required) / CR       (2)      
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where t_actual represents the actual measured wall 

thickness (mm), t_required represents the minimum 

required thickness (mm), and CR represents the 

corrosion rate (mm/year). 

The calculated remaining life values were evaluated 

against the proposed extension period to determine 

whether continued pipeline operation remained 

technically feasible. 

 

G. Asset Integrity Management Recommendation 

The results of the Failure Mechanism Identification, 

Risk Assessment, Fitness-for-Service, and Remaining 

Life Assessment are integrated to create an Asset 

Integrity Management plan that helps the pipeline last 

longer. This plan includes looking at risks to decide 

when to inspect, being aware of corrosion, measuring the 

pipe thickness over time, performing maintenance to 

prevent problems, and regularly re-inspecting the 

pipeline integrity. The Asset Integrity Management Plan 

is prepared following the asset management principles as 

stipulated in ISO 55000 as well as the rules for managing 

pipeline integrity specified in API RP 1160 [1] [2]. 

 

III. RESULTS AND DISCUSSION 

A. Failure Mechanism Identification 

The Failure Mechanism Identification (FMI) 

evaluation was performed through analyzing inspection 

documentation, operating history, environmental 

exposure data, and corrosion monitoring records. Based 

on the assessment results, external corrosion was 

identified as a considerable degradation mechanism 

affecting the integrity of the pipeline system. These 

results are in line with previous studies, which showed 

that external corrosion is a major contributor to failure 

events in buried transmission pipelines, caused by 

various factors, including damage to the protective 

coating, soil properties, moisture conditions, and 

inadequate cathodic protection performance [15], [18], 

[19]. Therefore, effective external corrosion control 

remains a critical component for maintaining pipeline 

integrity throughout the asset life cycle. 

Possible degradation mechanisms were also 

identified during the assessment, including atmospheric 

corrosion occurring in aboveground facilities, localized 

internal corrosion influenced by fluid characteristics, 

under-deposit corrosion, and possible mechanical 

damage in specific pipeline areas. However, these 

degradation mechanisms were considered secondary 

threats when compared with the influence of external 

corrosion. A summary of the identified degradation 

mechanisms along with their typical locations within the 

pipeline system is provided in Table 2. 

An organized method foress for identifying possible 

failure mechanisms is necessary to determine appropriate 

inspection priorities and maintenance strategies during 

asset operation. A similar method has been used with 

Failure Mode and Critical Impact Analysis (FMECA) 

which provides a step-by-step way to find failure modes, 

assess their criticality, and assist in risk-based 

maintenance decision-making, for engineering systems 

[20]. Although this study applies Failure Mechanism 

Identification (FMI) rather than FMECA, both methods 

share the same fundamental objective: methodically 

identifying degradation processes as a basis for effective 

implementation of integrity management. 

 
TABLE 2. 

FAILURE MECHANISM IDENTIFICATION SUMMARY 

Threat Category Failure Mechanism Typical Location 

Internal 
Corrosion 

General Corrosion CO₂ containing 
condensate flow 

Internal 

Corrosion 

Localized Corrosion Low flow area 

Internal 

Corrosion 

Under Deposit 

Corrosion 

Sediment accumulation 

zone 

Internal Erosion Flow Induced 

Erosion 

Low point section 

External 

Corrosion 

Atmospheric 

Corrosion 

Aboveground facilities 

External 

Corrosion 

Soil Corrosion Buried pipeline 

External 
Corrosion 

Soil-Air Interface 
Corrosion 

Transition zones 

External 

Corrosion 

Corrosion Under 

Support 

Pipe support 

Mechanical 

Damage 

Third-party Damage ROW area 

Mechanical 
Damage 

Vehicle Loading Road crossing 

Equipment 

Failure 

Valve and Seal 

Failure 

Valve station 

 

The identification of degradation mechanisms 

provides an important basis for subsequent risk analysis 

and integrity assessment. Systematic hazard 

identification is also recognized as an important element 

in engineering risk management practices. Previous 

research using the Hazard and Operability (HAZOP) 

method has confirmed its ability to identify potential 

operational risks and to support preventive integrity 

management programs in industrial facilities [21]. 

A complete understanding of dominant failure 

mechanisms is required to establish effective inspection 

methods, maintenance priorities, and integrity 

management strategies. Based on the degradation threats 

identified in Table 2, inspection techniques were picked 

to ensure potential defects throughout the pipeline 

system could be effectively detected and monitored. 

Internal degradation mechanisms, including general 

corrosion, localized corrosion, and under-deposit 

corrosion, are controlled through ultrasonic thickness 

measurements, inspections, corrosion monitoring, and 

periodic integrity evaluation programs.  

 Meanwhile, external degradation mechanisms such 

as atmospheric corrosion, soil corrosion, corrosion under 

support, and soil-to-air interface corrosion are controlled 

through a periodic integrity inspection and monitoring 

program. The degradation mechanism control strategy is 

implemented through inspection of the protective layer, 

monitoring the performance of the cathodic protection 

system, and measuring the pipe wall thickness at critical, 

vulnerable locations. These monitoring activities help 

detect potential damage early, evaluate the progression 

of degradation, and ensure the effectiveness of 

implemented mitigation measures. By implementing a 

continuous inspection and integrity management 

program, potential degradation can be controlled, 

ensuring the pipeline's structural integrity is maintained 
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Figure 3. Pipeline Risk Profile 

 

 

 

and enabling safe, reliable operation throughout the 

service period and extended operational life.  

Strategies to minimize risks have been established for 

the identified degradation categories to maintain long-

term pipeline integrity. Recommended mitigation actions 

for each threat mechanism are summarized in Table 3. 
 

TABLE 3. 

THREAT MITIGATION STRATEGY 

Threat Category Recommended Mitigation 

Internal Corrosion Corrosion monitoring and thickness 

measurement 
Under Deposit 

Corrosion 

Pigging and cleaning program 

Atmospheric Corrosion Coating inspection and maintenance 

Soil Corrosion Cathodic protection monitoring 

Soil-Air Interface 

Corrosion 

Focused inspection at transition zones 

Corrosion Under 

Support 

Support inspection and moisture control 

Third-Party Damage ROW patrol and excavation control 

Vehicle Loading Mechanical protection at crossings 

Equipment Failure Preventive maintenance and testing 

 

 The mitigation measures presented in Table 3 form 

the basis for developing the recommended Asset 

Integrity Management (AIM) strategy. This integrity 

management program focuses on corrosion prevention, 

integrity condition monitoring, maintenance activities, 

and the control of various degradation mechanisms that 

could impact pipeline performance. The implementation 

of this strategy aims to ensure that the pipeline continues 

to operate safely and reliably in accordance with 

technical requirements during the service life extension 

period. Integration between damage mechanism 

identification, risk-based inspection planning, and 

implementation of appropriate mitigation measures can 

make pipeline integrity management more effective at 

supporting technical decision-making and maintaining 

the operational sustainability of assets.   

 

B. Risk Assessment 

The pipeline system was divided into 41 individual 

segments using a dynamic segmentation approach. This 

segmentation was conducted to accommodate 

differences in operating parameters, environmental 

characteristics, and potential consequence severity along 

the pipeline route. The dynamic segmentation 

methodology used in this research is presented in Figure 

2 and serves as the basis for examining the distribution 

of risk throughout the evaluated pipeline system. 

Risk evaluation was carried out using the Probability 

of Failure (PoF) and Consequence of Failure (CoF) 

approach, in accordance with the Risk-Based Inspection 

methodology. The generated pipeline risk distribution is 

illustrated in Figure 3, while the summarized results of 

the risk assessment are presented in Table 4.  

The risk assessment results indicate that approximately 

97.6% of the 41 analyzed pipeline segments fall into the 

Low Risk category, while 2.4% fall into the Medium 

Risk category; no pipeline segments fall into the High or 

Very High Risk categories. No pipeline segments were 

identified within the High Risk or Severe Risk 

categories. These outcomes show that the pipeline's total 

integrity condition remains within an acceptable risk 

range and does not require significant corrective 

intervention.  

 

 
Figure 2. Dynamic Segmentation of Pipeline System 

 

 

 

 

 

 

 

 

 

 

 

 
TABLE 4. 

RISK ASSESSMENT SUMMARY 

Risk Category 
Number of 

Segments 
Percentage 

Level I  
(Low Risk) 

40 97.6% 

Level II  

(Medium Risk) 
1 2.4% 

Level III  
(High Risk) 

0 0% 

Level IV  
(Very High Risk) 

0 0% 

 
The results obtained correspond to the study by 

Hameed et al. [6], which reported that Risk-Based 

Inspection methodologies can successfully identify 

critical pipeline areas while improving the efficiency of 

inspection resource assignment. Eskandarzade et al. [7] 

also demonstrated that semi-quantitative risk assessment 

provides a reliable approach for prioritizing inspections, 

optimizing resources, and supporting integrity 

management. Similar findings were presented by 

Anggraini and Nurjaya [22], who showed that risk-based 

assessment methods can support maintenance 

prioritization and integrity decision-making procedures 

for aging pipeline assets. Furthermore, Siswantoro et al. 

[23] demonstrated the successful implementation of 

Risk-Based Inspection methodology for scrubber vessel 

assessment in geothermal facilities. The Medium Risk 

segment identified in this research requires additional 

monitoring and increased inspection frequency to control 

the development of future degradation. Nevertheless, the 

overall risk evaluation confirms that the pipeline system 

remains acceptable for continued operation. 
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C. Fitness-for-Service 

 The Fitness-for-Service evaluation was conducted in 

accordance with API 579-1/ASME FFS-1 Level 1 

procedures. This evaluation compared the results of pipe 

wall thickness measurements with the minimum required 

thickness criteria and calculated the Maximum 

Allowable Operating Pressure for Fitness. The results of 

the Fitness-for-Service evaluation and Residual Life 

Assessment are summarized in Table 5 below. 

The results of the Fitness-for-Service assessment 

indicate that all inspected pipes are in good condition for 

use in accordance with API 579-1 and ASME FFS-1. In 

addition, the pipe wall thickness exceeds the required 

minimum, and the Maximum Allowable Operating 

Pressure (MAOP) from the Fitness-for-Service 

assessment ranges from 19.00 to 19.47 MPa, up from 

6.89 MPa. This indicates that the evaluated pipeline 

maintains sufficient mechanical integrity and pressure-

bearing capacity to continue safe operation.   

 
TABLE 5. 

FITNESS FOR SERVICE AND RESIDUAL LIFE SUMMARY 

Location 

Tmin 

Actual 
(mm) 

Tmin 

Required 
(mm) 

MAOP 

(MPa) 

Remaining 

Life 
Status 

CPS 

Facility 
9.26 4.92 19.47 >20 Years Accepted 

ROW 

Pipeline 
9.14 4.92 19.47 >20 Years Accepted 

Valve 
Box 

>4.92 4.92 >19.00 >20 Years Accepted 

 

Comparable findings were reported by Zangeneh et 

al. [10], [11], who concluded that aging equipment can 

remain suitable for continued operation when the actual 

wall thickness meets the minimum acceptance 

requirements and operating parameters remain within the 

allowable design limitations. The Fitness-for-Service 

analysis results reinforce the study's core concept that 

decisions regarding the extension of a pipeline's 

operational life must be based on an evaluation of the 

asset's actual condition, technical assessment findings, 

and structural capability for safe continued operation, 

rather than solely on the asset's operational age. The 

results of the Fitness-for-Service evaluation show that all 

inspected pipes are suitable for continued operation 

beyond the originally planned period because they 

remain in good condition and are safe for use. 

D. Residual Life Assessment 

A Residual Life Assessment (RLA) was conducted to 

estimate the remaining serviceability of the pipeline by 

taking into account the actual wall thickness and 

corrosion development during operation. Inspection data 

from 2016, 2019, and 2023 were evaluated to assess 

degradation characteristics and predict the pipeline's 

ability to maintain structural integrity over its extended 

service life. As shown in Figure 4, the wall thickness 

probability distribution plot shows a gradual reduction in 

thickness as the operating period increases. This trend 

reflects the material degradation behavior associated 

with the wall-thinning mechanism due to corrosion. 

Although wall thickness decreased between 

inspection periods, the remaining thickness values 

remained substantially above the minimum required 

thickness criteria. The corresponding results of the 

Fitness-for-Service evaluation and Residual Life 

Assessment are summarized in Table 5. 

 

 
Figure 4. Pipeline Thickness Probability Distribution 

 

The Residual Life Assessment (RLA) results indicate 

that all analyzed pipeline segments have an estimated 

remaining service life of more than 20 years. This 

finding indicates that the pipeline can still maintain the 

structural integrity and operational capacity required for 

long-term use, even after exceeding its initial design life. 

The degradation rate remains within a controlled range, 

thus not significantly affecting the mechanical strength, 

reliability, or operational safety of the pipeline during the 

planned service life extension period. Therefore, the 

evaluation results indicate that the pipeline is still 

technically feasible to continue operating based on the 

actual conditions of the asset. 

The findings are consistent with the research by 

Zhang [13], which demonstrated that remaining-life 

prediction based on corrosion-rate evaluation and 

residual wall-thickness calculation provides an effective 

technical basis for integrity assessment and life-

extension decisions. Similar conclusions were also 

reported by Purwidyasari et al. [12] and Putra et al. [24], 

who explained that remaining-life assessment can 

support the safe continued operation of aging assets 

when combined with Fitness-for-Service evaluation. 

These results also support the service life extension 

evaluation approach implemented by the Directorate 

General of Oil and Gas of Indonesia, where decisions 

regarding the sustainability of asset operations place 

greater emphasis on condition-based assessments rather 

than on asset replacement that only considers operational 

life [25]. Overall, the combination of Fitness-for-Service 

(FFS) and Residual Life Assessment (RLA) evaluations 

confirmed that the evaluated pipelines still have adequate 

structural integrity, meet the technical requirements for 

continued operation, and are worthy of support through 

the implementation of a planned, integrity-management-

based life extension program. 

 

E. Asset Integrity Management Recommendation 

By combining Failure Mechanism Identification 

(FMI), Risk Assessment (RA), Fitness-for-Service 

(FFS), and Residual Life Assessment (RLA), this 

framework provides a solid technical basis for making 

decisions about pipeline integrity. The results show that 

the pipeline can continue operating safely, falls within an 

acceptable risk range, and has sufficient remaining life to 

support a ten-year extension, provided integrity 
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management is maintained. 

Based on these findings, a risk-based Asset Integrity 

Management (AIM) strategy was developed to ensure 

the pipeline stays reliable over time. This strategy 

follows well-established practices and focuses on risk-

based inspections, degradation control, preventive 

maintenance, and periodic reassessments throughout the 

pipeline's life [14], [24], [26]. As summarized in Table 6, 

the proposed Asset Integrity Management (AIM) 

strategy includes a program of periodic pipe wall 

thickness measurements, corrosion control and 

monitoring, risk-based inspection planning, and the 

establishment of reassessment intervals based on the 

results of the Residual Life Assessment (RLA). 

Implementing this Asset Integrity Management (AIM) 

strategy enables operators to maintain acceptable 

pipeline integrity through more effective inspection and 

maintenance management. The strategy also supports 

optimized resource allocation, controls potential 

degradation, and ensures the safe and reliable operation 

of the asset throughout its planned service life extension 

period. Similar risk-based management methods have 

also worked well for managing corrosion in other aging 

assets, demonstrating that combining degradation 

checks, risk analysis, and maintenance planning can 

improve long-term reliability [27]. 

Integration between inspection activities, 

maintenance strategies, operational monitoring, and 

engineering assessments is key to the success of an 

integrity management program. This consolidated 

approach is an essential component of pipeline integrity 

assurance and long-term asset reliability, making sure 

that inspection findings are translated into appropriate 

maintenance actions and technical decisions throughout 

the asset life cycle [28]. The proposed Asset Integrity 

Management (AIM) program consists of periodic risk 

reassessments, a corrosion monitoring program, pipe 

wall thickness measurements using the Ultrasonic 

Thickness Measurement (UTM) method, monitoring the 

effectiveness of the cathodic protection system, 

implementing preventive maintenance, and periodic 

Fitness-for-Service (FFS) evaluations. Implementation of 

these strategies is necessary to ensure that potential 

degradation can be identified and effectively controlled, 

so that the structural integrity, operational reliability, and 

safety of the pipeline can be maintained throughout the 

planned service life extension period. These strategies 

help keep degradation under control and detect potential 

problems before they become serious. 

From an asset management perspective, the framework 

developed in this study provides a basis for operators and 

asset owners to make pipeline life extension decisions 

based on technical evidence, risk profiles, and the actual 

condition of the asset rather than solely considering its 

operational age. A condition-based and risk-informed 

approach allows for more systematic inspection and 

maintenance decisions, taking into account the priority 

level of asset integrity. Implementing this strategy 

supports the optimization of resource allocation, 

increases the effectiveness of integrity management 

programs, and minimizes the need for asset replacement 

before the end of its operational life, as long as the 

technical evaluation results indicate that the asset still 

meets the eligibility criteria for continued safe and 

reliable operation. 
TABLE 6. 

RECOMMENDED ASSET INTEGRITY MANAGEMENT PROGRAM 

Activity Frequency 

Risk Assessment Review Every 3 Years 
Thickness Measurement Every 3 Years 

Corrosion Monitoring Annually 

Cathodic Protection Monitoring Annually 
Fitness for Service Review Every 5 Years 

Residual Life Reassessment Every 5 Years 

 

Furthermore, this strategy supports operational 

sustainability by maintaining safety, reliability, 

environmental protection, and regulatory compliance 

throughout the service life extension period. The results 

of this study demonstrate that the application of an 

integrated framework combining Failure Mechanism 

Identification (FMI), Risk Assessment (RA), Fitness-for-

Service (FFS), and Residual Life Assessment (RLA) can 

be used as a decision-support approach in managing 

pipelines that have exceeded their design life. The 

integration of degradation mechanism identification, risk 

analysis, structural feasibility evaluation, and remaining 

service life prediction allows for a more comprehensive 

assessment of asset condition. Thus, this approach 

provides a stronger technical basis in supporting Asset 

Integrity Management strategies and operational life 

extension decisions based on the actual condition of the 

asset. 

 The main takeaway is that aging alone does not 

mean a pipeline is no longer usable; its condition, risks, 

and remaining life must be properly assessed. Even 

though the pipeline studied has been in use longer than 

planned, the integrated assessment shows it can still 

operate safely. FMI found external corrosion is the main 

issue to watch; RA showed that most segments are low 

risk; FFS confirmed the pipeline is structurally sound; 

and RLA showed sufficient life remains for the 

extension. The unique aspect of this framework is its 

ability to combine diverse assessment results into a 

single decision-making process. Traditional assessments 

typically look at everything in isolation. This ensures 

that all important aspects are considered simultaneously, 

helping asset managers make risk-based decisions about 

pipeline life extension. Pipeline life extension is a critical 

issue for asset managers, so they need to consider all key 

aspects when making such decisions. 

Compared to asset replacement decisions that only 

refer to the chronological age of the pipeline, the actual 

condition-based approach provides a more objective 

basis for operators to determine the priority of 

inspections, maintenance activities, and mitigation 

actions based on risk  and the condition of the asset 

integrity. Therefore, implementing this integrated 

framework can improve the effectiveness of resource 

allocation, optimize asset utilization, and support the 

sustainable operation of pipelines that have exceeded 

their design life, without compromising safety, 

reliability, or applicable technical requirements. 

 

F. Research Limitations and Future Research 

This research was performed using historical 
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inspection information obtained from a single operating 

condensate transmission pipeline located in Indonesia. 

Therefore, the results of this study may not completely 

represent other pipeline systems with different material 

specifications, transported products, operating 

conditions, environmental characteristics, degradation 

behaviors, or integrity management strategies. 

Furthermore, this assessment mainly applied a semi-

quantitative risk analysis methodology and deterministic 

remaining life prediction approach, which may have 

limitations in representing uncertainties related to 

corrosion progression and variations in future operating 

conditions. 

Despite these limitations, this study confirms the 

practical applicability of integrating Failure Mechanism 

Identification (FMI), Risk Assessment (RA), Fitness-for-

Service (FFS), and Residual Life Assessment (RLA) into 

a comprehensive framework to support pipeline life-

extension decision-making. The proposed methodology 

provides a systematic approach for assessing aging 

pipeline assets by considering actual degradation 

conditions, risk exposure, structural reliability, and 

remaining operational capability. 

Future research should expand the implementation of 

the integrated integrity assessment framework across 

various piping systems under different operating 

conditions, environments, and degradation mechanisms 

to further validate the proposed methodology. Further 

development can be achieved through the integration of 

probabilistic reliability analysis, corrosion growth 

prediction modeling, uncertainty evaluation, and real-

time integrity monitoring technology. Furthermore, the 

implementation of a digital integrity management system 

supported by predictive analytics is expected to improve 

the accuracy of degradation predictions and risk 

evaluations, and the effectiveness of decision-making in 

pipeline life extension programs, safely and sustainably. 

 

IV. CONCLUSION 

This study developed and implemented an integrated 

pipeline integrity assessment framework to provide 

technical support for life-extension decision-making of 

aging transmission pipeline systems. The recommended 

framework integrates Failure Mechanism Identification 

(FMI), Risk Assessment (RA), Fitness-for-Service 

(FFS), and Residual Life Assessment (RLA) into a 

comprehensive evaluation process that encompasses 

degradation mechanisms, risk conditions, structural 

acceptability, and remaining service capability. The 

developed methodology follows the principles of asset 

integrity management and risk-based inspection, which 

emphasize condition-based evaluation and risk-informed 

decision-making for managing aging assets [1]–[5], [14], 

[16]. 

The application of an integrated integrity assessment 

methodology to a 10-inch API 5L X52 condensate 

transmission pipeline in Jambi, Indonesia, demonstrated 

that pipelines that have exceeded their initial design life 

can still be objectively evaluated based on the asset’s 

actual condition. The failure mechanism identification 

results indicate that external corrosion is the primary 

degradation mechanism that requires control through an 

integrity management program. The risk evaluation of 41 

pipeline segments showed that 40 segments (97.6%) 

were classified as Low Risk, 1 segment (2.4%) as 

Medium Risk, and none as High or Very High Risk. 

These results indicate that the risk level of the entire 

piping system remains within established acceptable 

limits, thus supporting continued operational feasibility. 

This condition can be maintained through a consistent 

inspection program, integrity monitoring, and risk-based 

mitigation strategies to ensure that degradation remains 

controlled during continued operation. 

The Fitness-for-Service Evaluation confirmed that all 

pipeline locations met the acceptance requirements 

specified by API 579-1/ASME FFS-1 [5]. The calculated 

Maximum Allowable Operating Pressure (MAOP) 

values were significantly higher than the operating 

pressure of 6.89 MPa. This indicates that the pipeline 

maintains adequate structural strength and pressure-

holding capacity. Furthermore, the Remaining Life 

Assessment results indicated that all pipeline segments 

have an estimated remaining service life exceeding 

twenty years. These results indicate that the evaluated 

pipeline remains technically feasible to operate beyond 

its original design life under the specified operating 

conditions. 

The results of this study support its primary objective 

by demonstrating that the recommended integrated 

assessment framework provides a reliable technical basis 

for pipeline life-extension decision-making. 

Furthermore, the results also confirm that decisions 

regarding asset operational extension should not rely 

solely on chronological age but should be supported by 

actual degradation conditions, operational risk levels, 

structural conditions, and remaining serviceability. 

Therefore, the proposed methodology provides a 

practical decision-support system for evaluating aging 

pipelines and implementing condition-based life-

extension strategies. 

Based on the overall assessment results, a risk-based 

Asset Integrity Management strategy is recommended to 

guarantee the sustainability and effectiveness of the life-

extension program. The proposed strategy includes 

scheduled risk reassessment, ultrasonic thickness 

inspection, corrosion monitoring, cathodic protection 

evaluation, Fitness-for-Service review, and periodic 

Residual Life reassessment. The designed framework 

can support pipeline operators, asset owners, and 

regulatory authorities when optimizing inspection 

programs, focusing on maintenance strategies, ensuring 

compliance with applicable regulations, and maintaining 

safe and sustainable operation of aging pipeline assets 

[14], [25], [29], [30]. 
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