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ABSTRACT 

 

Full Name : Mohammed Dhafer Mohammed Al-Ajmi 

Thesis Title : Risk-Based Approach to Predict Casing Leaks Using Electromagnetic 
Corrosion Logs 

Major Field : Petroleum Engineering 

Date of Degree : January 2017 

This research has entertained and scrutinized several challenges faced by the petroleum 

industry in the field of wellbore integrity, downhole corrosion growth and multiple casings’ 

metal loss assessment with more focus on cutting-edge electromagnetic corrosion logging 

technology. Engineering solutions, innovative approaches and risk-based casing failures 

prediction models were formulated to address these challenges. These solutions will have 

significant impact on improving field safety (assets and personnel), mitigating wellbore 

risks and optimizing operational economics through data-driven well integrity surveillance. 

The research outcomes, data analysis, and prediction models are based on an extensive 

review of more than five hundred case studies from multiple Saudi Arabian fields. 

In addition, the research included a comprehensive review of well integrity surveillance 

technology evolution and impact on well integrity management strategy in mature oil and 

gas fields. 

The general objectives of this research work are outlined as follows: 

• Formulating a probabilistic model to predict downhole casing leaks based on 

electromagnetic corrosion logging data. 



 

 XIV   
 

• Establishing guidelines to design a cost-effective casing integrity surveillance 

program based on electromagnetic corrosion logging analysis outcomes.  
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 ملخص الرسالة

 
 

 محمد ظافر محمد العجمي: االسم الكامل
 

ستخدام سجالت اب الھیكل الداخلي لآلبار النفطیةتسریبات بتنبؤ لل تقدیر المخاطرعلى مقاربة مبنیة : عنوان الرسالة
  التآكل الكھرومغناطیسیة

 
 ھندسة البترول: لتخصصا
 

 2017 ینایر: تاریخ الدرجة العلمیة

ثي سیقوم بدراسة وتمحیص تحدّیات عدیدة تواجھھا الصناعة النفطیة في المجال المتعلّق بتماسك ھذا المشروع البح
وموثوقیة الھیكل الداخلي لآلبار النفطیة ، معدل وتسارع التآكل وخسارة المعدن لألنابیب والمواسیر الحدیدیة المتعدّدة 

یم ھذه التحدیات على معلومات حقلیة بناءا على أحدث والمبّطنة لجدران اآلبار المنتجة للنفط والغاز. وسیعتمد تقی
 مغناطیسیة.ت اآلبار عن طریق الموجات الكھروالتقنیات المستخدمة وھي سجال

 
سیقوم البحث بتطویر حلول ھندسیة وطرق معالجة مبتكرة و مبنیة على تقدیر المخاطر لحساب احتمالیة فشل األنابیب 

مبّطنة لجدران اآلبار، وكذلك تطویر نماذج للتنبؤ بمدى درجات التآكل للمبادرة و المواسیر الحدیدیة المتعدّدة وال
 بمعالجتھ.

 
ھذه الحلول ستسھم بدرجة عالیة ومھّمة في تحسین مستویات الّسالمة لألفراد والمنشآت النفطیة ، والحؤول بدرجة 

  العملیات التشغیلیة في الحقول النفطیة. كبیرة عن فشل وانھیار اآلبار بسبب مشاكل التآكل، وكذلك تحسین اقتصادیات
 

سیكون ذلك متاحاً بناء على تطبیق نظام متابعة ومراقبة لآلبار ذات المشاكل یأخذ باإلعتبار النتائج اللتي سیتوصل 
حقول نفطیة  ) عیّنة دراسیة من500( خمسمائةلھا المشروع والذي یعتمد على معلومات حقلیة موّسعة مّما یزید على 

 یة.سعود
 

سیقوم البحث بمراجعة شاملة ومستفیضة لكافة الجوانب المتعلقة بتماسك ھیكل اآلبار والتقنیات المستخدمة لقیاس ومراقبة 
مشاكل التآكل وكیف تطّورت ھذه التقنیات واستخدمت لتؤثر على استراتیجیات التشغیل في الحقول النفطیة وخصوصاً 

 ة اإلنتاج.ماكان منھا في المراحل المتأخرة من دور
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CHAPTER 1 

 

INTRODUCTION 

 

Saudi Arabia has one of the largest and most mature oil and gas fields. Therefore, shifting 

the paradigm of well integrity surveillance practices from reactive to proactive through 

capitalizing on the best-in-class technology and research capabilities will have an enormous 

impact on the sustainability of such invaluable assets. 

Sound well integrity management strategy in mature fields where wells can sustain 

economic production for thirty to fifty years is vitally important. Failing to achieve this 

strategy would cause catastrophic loss in both assets and human beings. Surface leaks are 

one example, not to mention the huge cost to be afforded. These leaks are caused by 

downhole multiple casings impairment due to active shallow aquifers corrosion. 

Downhole corrosion is the main threat to the integrity and upkeep of wellbore completion 

tubulars. It is categorized into internal corrosion and external corrosion. Internal corrosion 

is mostly caused by production/injection fluids. It attacks the inner downhole tubing or 

casing depending on the completion type. Whereas, external corrosion attacks the outer 

downhole casings and can cause dramatic loss of assets and production. Water-bearing 

formations especially at shallow depths are the main source of external corrosion. Poor 
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cement bond behind casings promotes and accelerates external corrosion growth. This is 

mostly observed across loss-circulation zones where cement quality is questionable. 

Casing integrity surveillance program consists primarily of temperature and annuli surveys. 

One common aspect among these surveillance tools is the detection of casing failures after 

their occurrence. Corrosion logging, another surveillance tool, provides the most direct 

measurement of casing integrity and can be used as a predictive measure as well. 

Mechanical, ultrasonic, and electromagnetic tools are three main types of corrosion logs. 

The latter type will be thoroughly discussed in the proposed research work. 

1.1 Well Integrity 

1.1.1 Brief Background  

Well Integrity is defined in NORSOK D-010 as the “application of technical, operational 

and organizational solutions to reduce risk of uncontrolled release of formation fluids 

throughout the life cycle of a well”. NORSOK stands for “Norsk Sokkels 

Konkurranseposisjon” (the competitive position of the Norwegian continental shelf) 1.  

NORSOK standards are developed by the Norwegian petroleum industry to ensure adequate 

safety, value adding and cost effectiveness for petroleum industry developments and 

operations1.  Historical rates of well “failure” in oil and gas fields vary from a few percent 

of wells with barrier failures to more than 40%17. Analyses of 8,000 offshore wells in the 

Gulf of Mexico shows that 11–12% of wells developed pressure in the outer strings (called 

“sustained casing pressure”), as did 3.9% of 316,000 wells in Alberta17 34 . Considine et al. 

used state violation records to estimate that 2.6% of 3,533 gas wells drilled between 2008 

and 2011 had barrier or integrity failure. Vidic et al. extended the timeline (2008–2013) and 

number of wells studied (6,466) and found that 3.4% had well-barrier leakage, primarily 



 

 3   
 

from casing and cementing problems. Davies et al. estimated that 6.3% of wells drilled 

between 2005 and 2013 had a well-barrier or integrity failure, consistent with Ingraffea et 

al.’s number of 6.2% for unconventional wells. 

1.1.2 Consequences of Well Integrity Loss 

History shows some severe examples of losing integrity in wells such as the Phillips 

Petroleum’s Bravo blowout in 1977, Saga Petroleum’s underground blowout in 1989, 

Statoil’s blowout on Snorre in 2004, and BP’s Macondo blowout in the Gulf of Mexico in 

2010. These serious accidents remind us of the potential dangers in the oil and gas industry 

and they are some of the main drivers for the current focus on well integrity in the industry31. 

1.1.3 Well Integrity Surveillance 

Well integrity surveillance is an essential part of any well integrity management strategy 

aimed at maintaining the healthiness of all completion components. Surveillance tools are 

divided into two main categories depending on their specific application and use: 

• Reactive tools such as temperature and annuli surveys that can detect downhole 

leaks after their occurrence. 

• Proactive tools such as corrosion logging technology that can predict eminent 

leaks before their occurrence and quantify the integrity of single or multiple 

downhole tubulars. 

Temperature Surveys are used for early detection of casing leaks and/or fluid movements 

behind pipe which can result in contamination of aquifers, loss of oil production or even 

surface blow-outs. Whichever occurs will affect the character of the temperature gradient 

recorded for that particular well. Timely identification of casing leaks is critical to avoid 

the loss of hydrocarbons and contamination of shallow aquifers.  A subsurface temperature 
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profile normally shows an increase in temperature with depth from ambient or surface 

temperature to reservoir temperature. In classical examples, the gradient is a straight line 

with a slope of about 1.5 degree Fahrenheit per hundred feet of depth26. Under field 

conditions, this linearity is distorted due to natural differences in thermal conductivity 

among zones, fluid movements within the zones and effect of wellbore deviation. Figure-

1 below portrays the temperature profile anomalies when a cross upward or downward flow 

takes place.  

 

Annuli Survey is a technical term describing the measurements of annuli pressures in a 

frequent basis. Annulus is any space between pipes, tubing or casing and the formation 

surrounding it26. It is named after the corresponding geometric concept. During the drilling 

process, the presence of an annulus gives the ability to circulate fluids in the well.  In a 

completed well, there may be different annuli. The "TCA" annulus is the space between the 

production tubing and the production casing string. The TCA annulus can serve a number 

of crucial tasks, including gas lift and well kills. A normal well will also have a "CCA-1" 

and frequently a "CCA-2" annulus or more, between the different casing strings as shown 

in Figure-2 below. These annuli do not normally have any connection to the wellbore 

Figure 1: Example of temperature profile anomalies when a cross upward or downward flow 
takes place (after Saudi Aramco Well Integrity Surveillance Manual, 2012). 
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fluids, but maintaining pressure in them is important in order to ensure the integrity of 

casing strings. Analyzing trends of annuli surveys and integrating the data together is 

essential to troubleshoot any suspected problem. An increase or decrease in annuli pressures 

and any change in the trend behavior should be treated as a suspected problem until proven 

otherwise.  

 

 

 

 

 

 

 

 

 

1.2 Wellbore Corrosion 

1.2.1 Definition 

Corrosion in its simplest definition is the loss of electrons from a metal causing the metal 

to transform to its ionic form and hence corrode. The term corrosion is sometimes also 

applied to the degradation of plastics, concrete and wood, but generally refers to metals2. 

Corrosion occurs because metals tend to revert to more stable forms in which they are found 

in nature initially, i.e., oxides, sulfates or carbonates. Corrosion is defined by the American 

Figure 2: Illustration of different annuli in a well (after Saudi Aramco Well Integrity 
Surveillance Manual, 2012). 
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Electrochemical Society as the destruction of a metal by chemical or electrochemical 

reaction with its environment14. The destruction of metals by corrosion occurs by: 

• Direct chemical attack at elevated temperatures in a dry environment. 

• Electrochemical process at lower temperatures in water-wet or moist environment. 

1.2.2 Principles 

Oxidation takes place when a given substance loses electrons and reduction occurs when 

there is a gain in electrons. A substance that gives electrons is called reducing agent, 

whereas the substance that gains electrons is called oxidizing agent. Electrons are always 

transferred from the reducing agent (anode) to the oxidizing agent (cathode). Within the 

process, the corrosion products are formed as: 

• Ions in solution, removed from the metal surface. 

• Ions precipitated as various salts on metal surfaces. 

• Released Hydrogen gas or Hydrogen evolution. 

The basic electrochemical reactions, which occur simultaneously at the cathode and the 

anode cause many forms of corrosion (Figure-3). At the cathode, the hydrogen or acid ion 

removes electrons from the cathodic surface to form hydrogen gas.  At the anode, a metal 

ion is released due to the loss of the bonding electrons and passes into solution or reacts 

with another component to form scale. Dissimilar metals exposed to electrolytes exhibit 

different potentials to go into solution or react with the environment.  It is worth noting that 

when the reaction area of cathodes to that of anodes (C/A ratio) is high, the corrosion rate 

at anodes will be high as well. 
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In case of electrochemical reaction which is the main method of corrosion of metals in 

drilling and production operations, the magnitude of electrochemical potential for a 

particular metal determines the tendency of the reaction to proceed. Under ambient 

conditions, the oxidation of most metals is thermodynamically spontaneous, with the 

notable exception of gold and platinum15. Whereas the resistance offered by the corrosion 

products to the continued progress of the reaction determines the rate of corrosion. 

Electrochemistry is the principle drive behind the oxidation and reduction reactions. The 

ideology of electrochemistry as well as its most widely used terms are introduced and 

defined below: 

• Electric potential (E) the capacity of an electric field to perform work, measured in 

volts. 

• Electric current (I) the movement of electrically charged particles, measured in 

amperes. 

• Resistance (R) determines the amount of current through the object for a given 

voltage across, measured in ohms. 

• Electric charge is the quantity for electric charge in coulombs. 

• Electrical energy is the energy made available by the flow of electric charge through 

an electrical conductor, measured in joule. 
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Figure 3 Typical Galvanic Cell (after http://2012books.lardbucket.org) 

 

1.2.3 Conditions Promoting Corrosion Growth 

Corrosion is a relentless process that never stops. As a matter of fact, the rate at which 

metal is lost is further accelerated in the presence of: 

• A driving force or electrical potential. 

• Saline water acting as an electrolyte.  

• Anodic and cathodic sites. 

In a wet environment, aqueous corrosion can occur due to electrochemical processes 

which depend upon metal ion transport and reaction13. Gradients of metallic and 

electrolytic ion concentrations, temperature, ambient pressure, and the presence of other 

metals, bacteria, or active cells, all influence the corrosion rate13. An external conductor is 
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a must to complete the electrochemical reactions and hence corrosion circuit. Also, a rise 

in temperature (within a reasonable limit) increases the rate of corrosion20.  

The various components that are involved in the process of corrosion of metal are:  

• The metal susceptible to corrosion. 

• The films of hydrogen gas and metal corrosion products,  

• The liquid and gaseous environment and  

• The several interfaces between these components 

The external casing corrosion may be caused by the presence of one or combination of the 

following: 

• Presence of corrosive formation water (having high salinity) 

• Presence of bacterially generated H2S 

• Presence of electrical currents 

• Presence of corrosive completion fluids 

1.2.4 Corrosion Mechanisms 

Various forms of corrosion may take place in the wellbore. Corrosion mechanism can be 

sub-divided into three categories: 

• Electrochemical Corrosion 

• Chemical Corrosion 

• Mechanical Corrosion 

Electrochemical corrosion involves exchange of current and formation of a cell-like 

system. This type of corrosion mainly occurs on the outer walls of the casing and is 
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esponsible for many downhole leaks. This can be further subdivided into galvanic, crevice, 

pitting and Intergranular corrosion as18:  

1. Galvanic corrosion occurs because of dissimilar metals and the presence of electrolyte. 

This is easily satisfied when difference in metals from joint to joint, joint to collar 

or within the joint itself exists30.  

2. Crevice corrosion occurs adjacent to casing section exposed to different fluids or when 

a casing is exposed to a fluid and the other is not. Both scenarios create an anode 

/cathode pair. This type of corrosion occurs mainly in poorly cemented casings30.  

3. Pitting corrosion which often creates holes in casings. This can be initiated by small 

scratches, defects and impurities in the casing metal. 

4. Intergrannular corrosion is due to the presence of impurities such as oxides on the 

grain boundaries. The discontinuity in metal composition may stimulate small 

galvanic reactions when casing is exposed to saline corrosive fluids. 

Chemical corrosion involves chemical reactions that may not produce appreciable 

voltages. Most of these mechanisms occur on the inner wall of casings30.  

Mechanical corrosion is caused by stresses in the casing such as unsupported casing, 

tubing set under tension or compression, high differential pressure across casing or damage 

to the casing wall during drilling operations30. 

Erosion corrosion is caused by fast moving fluids and solids that strip out the casing or 

tubing wall of its protective coating causing accelerated corrosion. If solids are present in 

the stream erosion can occur quickly. 
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1.3 Corrosion Logging Technology 

In this section, major industry available corrosion logging tools, their applications, 

limitations and outputs are presented. There are three types of corrosion logging tools as 

follows: 

1. Mechanical Tools such as the Multi-Finger Caliper Tool. 

2. Ultrasonic Tools. 

3. Electromagnetic Tools. 

1.3.1 Multi-Finger Caliper Tool 

This tool uses multiple high resolution calipers which measure slight changes in the internal 

diameter of tubing and casing strings24. The tool deploys an array of hard-surfaced fingers, 

which monitor the inner pipe wall. Each of the sensors generates an independent signal that 

is recorded versus depth. The tool is equipped with centralizers to ensure effective centering 

force in highly deviated intervals.  The MFCT can detect casing deformation, bending, 

fractures, holes, scale deposition, paraffin build-up, and inner wall corrosion with high 

accuracy. The measurements are not affected by wellbore fluids. The resolution of the tool 

depends on the number of “feeler” arms mounted on the tool where the higher the number 

of calipers the higher the azimuthal resolution. The main limitation of the tool is the inability 

to detect external corrosion as it can measure the inside diameter only. 
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1.3.2 Ultrasonic Tool 

This tool uses a rotating ultrasonic transducer to measure the echo transit time and the signal 

strength of the ultrasonic pulse. The low frequency (200-700 Hz) ultrasonic pulses travel 

through the well fluids and reflect off the casing wall, resonating the casing in the thickness 

mode30. Signal arrivals are then analyzed to provide the casing thickness and surface 

condition images reflected from the internal and external casing interfaces. Precise radius 

and thickness measurements enable quantifying the depth of an anomaly. Low frequency 

tools provide the resolution and sensitivity needed to measure pits and other anomalies 

down to diameters as small as 1.2 inch on either the inside or outside surface. High 

frequency ultrasonic tools provide the resolution and sensitivity needed to measure pits and 

other anomalies down to diameters as small as 0.3in either on the inside or outside surface. 

This tool makes absolute measurements so that corrosion and other casing anomalies can 

be identified and measured without reference to a base log. The tool is most applicable in 

cases where good azimuthal coverage of the pipe is required or where corrosion on the 

outside surface of the casing is suspected. 

Figure 4: Multi-Finger Caliper Tool (after Saudi Aramco Well Integrity Surveillance Manual). 
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The ultrasonic interpretation is sensitive to the acoustic properties of the fluids. The tool 

cannot be run in gas wells as the fluid density is below the minimum allowable limit. Killing 

operation is required before running USIT to displace the wellbore with liquid that has a 

density below the maximum limit. In addition, excessively corroded pipe or scale may 

distort the pulsed echo signals and affect the interpretation. 

 

 

 

 

 

 

 

 

1.3.3 Electromagnetic Induction Tool (EMIT) 

This tool primarily detects the average total metal loss of all available pipe strings7. The 

tool uses three types of non-invasive electromagnetic measurements to characterize well 

casings employing low, medium and high frequency induction currents which are related 

Figure 5: Ultrasonic Tool (after Szary, T., 2006). 

Figure 6: Electromagnetic Induction Tool. 
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to the casing wall thickness, inside diameter, and permeability or conductivity. The lower 

the frequency, the deeper the penetration is to the outer casings. Each parameter is averaged 

around the pipe circumference. The tool has multiple transmitters and receivers to send and 

receive the electromagnetic signals. It detects average metal loss and changes in casing 

geometry regardless of the fluid type. 

Despite its ability to assess multiple casings metal loss, the tool can only read an azimuthal 

average loss across multiple strings. Consequently, wells with casing failures will definitely 

show average metal loss values less than 100% unless the failure occurs around the 360o 

circumference. In other words, 50% average metal loss could mean a failure if one part of 

the casing is completely gone and the other stays intact (see Figure-7). 

 

Figure 7: Different possibilities when the EMIT tool reads 50% metal loss on average. Case B is the 
worst-case scenario as it shows 100% metal loss on one side and 0% on the other. 
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1.3.4 Electromagnetic Defectoscope Tool (EMDS) 

This tool has the same working principle as EMIT yet can provide the metal thickness of 

individual casings and tubing. The tool employs an electromagnetic transmitter and receiver 

coils to induce transient or pulsed eddy currents in the cross section of the tubulars being 

evaluated and measure the decaying electromagnetic response generated from the induced 

signal with the receiver coils36. When AC power is supplied to the emitting coil, an 

electromagnetic field is generated that creates an electrical current around the tubing and 

casings. This current induces a voltage on the receiving side of the coil that is related to the 

pipe average metal thickness loss (see Figure-8). EMDS tool has many different versions 

with different radii of investigation that can go up to 4 casings strings in tubing-less 

completions and 3 casings strings in tubing completions. 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: EMDS working principle (on the left) and tool’s configuration (after 
Zhang, S., 2013). 
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EMDS tool has the same limitation when it comes to metal loss averaging. The special 

feature EMDS tool has over EMIT is the ability to determine the average metal loss of 

individual pipes. Depending on tool type, casings’ failures can be detected at average metal 

loss percentages as low as 15-20%. This has been verified by looking at the tool response 

across actual casing failures in multiple wells. 
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CHAPTER 2 

 

LITERATURE SURVEY 

(STANLEY et al, 1962) introduced a new Electromagnetic (EM) casing inspection tool to 

the industry. He described the existence of internal and external casing damage due to 

corrosion and other causes as a problem in many oil fields. The author stated a fact that 

prior to the development of the casing inspection tool, there has been no method by which 

to determine the extent of external casing damage. External damage usually became known 

when a casing leak developed. The author also described the theoretical basis of this new 

logging tool as a method of measuring the effect of eddy-currents on a magnetic field. The 

theory of eddy-currents indicates that the phase shift will be determined by four factors:  

1. Casing wall thickness.  

2. Frequency of alternating current.  

3. Electrical permeability and resistivity of the metal.  

The basic phase-shift equation which follows indicates that the phase shift will be 

proportional to casing-wall thickness. 

∅ = 2𝜋𝜋𝜋𝜋� 𝐹𝐹𝐹𝐹
𝜌𝜌×103

                                                                                                    (1) 

Where, 
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∅: Phase shift. 
D: Depth (cm). 

𝝁𝝁: Relative permeability. 

𝝆𝝆: Resistivity (micro-ohm cm). 
F: Frequency (cycles per second). 
 
The author has concluded that the utilization of this new tool should furnish information on 

the extent and the rate of casing corrosion to aid in the evaluation of protective measures 

and the planning of remedial work. 

(EDWARDS et al, 1964) reported field results obtained with EM corrosion-detecting tool. 

The author also explained the principles of operation, the types of equipment available for 

field use, interpretation principles as a result of laboratory and field experience, actual field 

results in various areas and recommended operating procedures. He concluded that 

although interpretation, techniques are not entirely quantitative, it is hoped that increasing 

field interpretation results will increase existing knowledge. 

(Cuthbert et al, 1974) introduced the new Pipe Analysis Log that employs separate tests 

of the total casing wall and of the inner surface. Together, these two measurements permit 

detection, with a high degree of resolution, of small defects and corroded areas in the pipe, 

and also provide the ability to discriminate between defects of the inner and outer walls of 

a single string of casing. The author states that using the data from the new log along with 

the older wall-thickness measurement enable detecting and locating severe corrosion or 

defects in the outer casing of double strings. Example logs of the new casing inspection 

tool, selected from an extensive test program and nine months of commercial application, 

were presented and comparisons are made of the results from the new tool with defects 

observed in the pipe when out of the well. The author concluded that the utilization of the 



 

 19   
 

Pipe Analysis Log in conjunction with previously used inspection techniques, such as the 

Electromagnetic Thickness Tool, provides additional information and more complete 

answers about the condition of single or concentric casing strings. 

(Smith, 1981) introduced the ETT-C corrosion logging technology which was developed 

for the in-situ inspection of well casing. The author described the limitation of a previous 

tool (ETT-A) as follows; electromagnetic techniques are used to measure casing wall 

thickness, apparent magnetic permeability, and inside diameter. Previous tools of this type 

made a single measurement which was dependent on both wall thickness and magnetic 

permeability. The single measurement technique did not allow the log analyst to 

differentiate between thickness changes and magnetic permeability variations. The ETT-C 

system monitors magnetic permeability to obtain an independent wall thickness 

measurement. The author concluded that ETT-C was developed to overcome the ETT-A 

limitation of casing permeability dependence. Multiple field examples have been presented 

to illustrate the new tool’s capability. 

 (Sharshar et al, 1991) presented a review of a multi-well approach to the analysis of 

corrosion logging measurements across 50 wells in the Dukhan field. The objective of the 

study was to understand corrosion phenomena throughout the field and to determine the 

relationships between corrosion in different wells. The author has also presented a 

statistical approach to corrosion mapping at different horizons. The approach has enabled 

the delineation of corrosive areas in Dukhan field. A conclusion was made based on the 

examined cases that further work is needed to understand why the oil producers are less 

prone to outer wall corrosion than the injectors. 
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(Brill et al, 2011) presented a slim EM corrosion logging tool that enables the assessment 

of multiple casing strings without the removal of production tubing. This technology 

requires running an additional log to inspect the inner casing string. 

(Burton et al, 2011) presented the results of surface tests conducted using EM eddy current 

tools to test the tool response across an array of engineering multiple casing failures.  

Another objective of the investigator’s work was to obtain a correlation defining the metal 

loss threshold value beyond which sever defects are detected. 

(Rourk et al, 2013) has introduced a new EM technology called pulsed eddy current log. 

This log is claimed by the author to have the capability of discerning individual strings’ 

metal loss values. The author has limited his work to the theoretical basis of the 

technology. 

(Garcia et al, 2013) presented a field application of the pulsed eddy current technology 

where several comparisons with ultrasonic tool response were made. The results of these 

comparisons showed a good match. The authors concluded with the need to enhance the 

tool capability to inspect more than two casing strings with quantitative and repeatable 

results. 

(Yateem et al, 2013) performed a comprehensive evaluation of EM eddy current tool 

results on more than 80 wells. The objective of this study was to understand the tool’s 

response across leaking and non-leaking hotspots confirmed during workover operations. 

The authors concluded that the uncertainty associated with EM eddy current tool was 

evident. Moreover, safe threshold of 50% average metal loss from the eddy current tool was 

set to classify the high risk of casings’ failures. This threshold was based on the observations 

and data analysis of the subject case studies. 
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CHAPTER 3 

 

PROPLEM STATEMENT 

 

Electromagnetic corrosion logging tools are the best-in-class when it comes to multiple 

casings metal loss assessment. However, most of the data acquired are more of qualitative 

than quantitative measurements. This is attributed to the fact that electromagnetic tools 

provide circumferential average readings of metal thickness loss across multiple strings 

rather than directional ones. Consequently, wells with casing failures will definitely show 

average metal loss values less than 100% when logged with electromagnetic tools, unless 

the failure occurs around the 3600 circumference. In other words, 50% average metal loss 

could mean a failure if one part of the casing is completely gone and the other part remains 

intact. 

The problem statement of this research has three main parts as follows: 

1. Quantifying the uncertainty associated with the averaging limitation of EMIT 

corrosion logging tools. This will be discussed in chapter five. 

2. Formulating a risk based model to analyze EMIT corrosion logging data and assist 

preventive maintenance workover decisions with data-driven inputs. This will be 

discussed in chapter six.  
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3. Designing an EMIT corrosion logging frequency that takes into account the 

variation in corrosion rate over time. This will be discussed in chapter seven. 
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CHAPTER 4 

 

EMIT CORROSION LOG ANALYSIS 

The objective of this section is to define key modeling parameters and assumptions used 

for EMIT logs analysis.   

4.1 Casing Integrity Assessment 

Casing integrity is a fundamental part of any well integrity program. Casing integrity is 

about the mechanical integrity state of casing metal that prevents formation fluids from 

cross flowing into shallow aquifers or to surface and mechanically support the formations 

from deformation throughout the life of a well. It is therefore of a paramount for 

safeguarding wells, avoiding loss of valuable hydrocarbon resources and eliminating 

contamination of shallow aquifers. Casing integrity assessment may involve casing 

corrosion evaluation, casing mechanical strength estimate to tell how close each casing is 

to mechanical failures at given operating conditions such as pressure, temperature and 

produced fluid composition, if the casing is exposed to production. 

4.2 Electromagnetic Corrosion Logs Analysis Assumptions  

The presiding assumptions applied to interpret EMIT corrosion logs are listed below: 

• The corrosion is assumed to be external considering the worst-case scenario at 

which casing strings are lost one by one and outside-in (see Figure-9). This 
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assumption becomes more valid across known corrosive formations and loss 

circulation zones where cement quality is poor and external corrosion growth is 

expected. It is also more valid in wells completed with tubing and packer where the 

non-corrosive packer fluid inhibits internal corrosion growth. 

• Unless there is a log for the inner tubing diameter, the production tubing is assumed 

to be in a perfect condition and total metal loss is taken from the outer casing strings 

considering the worst-case scenario. 

• Unless there is a base log performed using the same tool, the average corrosion rate 

is calculated using the nominal thicknesses of the casing strings. 

• In case the total nominal thickness is more than the maximum measurable thickness 

of the tool, then the results are deemed qualitative. 

The above assumptions will form the bases for modeling the external corrosion growth in 

multiple casings and predicting the remaining completion life.    

 

 

 

 

 

 

Figure 9: An illustration of the external corrosion concept. 
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4.3 Interpretation of EMIT Logs 

Data to be interpreted in a typical EMIT corrosion log report are total remaining thickness 

and average metal loss percentage at all hotspots (see Figure 10). The time it takes to reach 

the measured metal loss in multiple casings is also a key input during the data interpretation 

process. Key parameters derived from the raw logging data will be defined to quantify the 

wellbore integrity. These parameters should address the following:  

• Averaging issue of EMIT corrosion logging tool 

• Completion type 

• Number of casing strings 

• Nominal thicknesses of casing strings 

• Different combinations of casing strings 

• Well age 

• Workover interventions throughout the life of  the well 
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4.3.1 Average Remaining Barriers Ratio (ARBR) 

EMIT provides the metal loss percentage out of the total nominal thickness as well as the 

remaining total thickness in inch. The metal loss breakdown per each string can be easily 

calculated taking into consideration the concept that casing strings are corroded externally 

one by one. The assumption of external corrosion growth is more valid in wells completed 

with tubing and packer where the tubing casing annulus is filled with inhibited brine or 

diesel preventing internal corrosion growth. Casing internal corrosion growth phenomenon 

Figure 10: Example of EMIT report. 
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may exist under specific conditions such as packer-less completions and mechanical casing 

damage during installation. The Average Remaining Barriers Ratio (ARBR) is the average 

number of remaining strings between the corrosive zones, usually water-bearing 

formations, and the wellbore divided by the number of nominal strings. It is a normalized 

parameter that accounts for different combinations and sizes of downhole casings.  

The following formula is used to calculate ARBR:  

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 1 −  
�𝑇𝑇𝐿𝐿1T𝑁𝑁1

+𝑇𝑇𝐿𝐿2
T𝑁𝑁2

+T𝐿𝐿3
T𝑁𝑁3

+⋯T𝐿𝐿𝐿𝐿
T𝑁𝑁𝐿𝐿

�

𝑋𝑋
                                                (2) 

Where, 
TL1: Thickness loss from the outer string (in). 
TL2: Thickness loss from the second outer string (in). 
TL3: Thickness loss from the third outer string (in). 
TN1: Nominal thickness of the outer string (in). 
TN2: Nominal thickness of the second outer string (in). 
TN3: Nominal thickness of the third outer string (in). 
X: Number of strings across the hotspot. 
 

4.3.2 Corrosion Rate  

Corrosion rate is quantified by different methods such as weight loss and rate of 

penetration. In our case, the latter method is applied to calculate the corrosion rate in mills 

per year using the below formula: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐴𝐴𝑅𝑅𝑅𝑅𝑅𝑅(𝑚𝑚𝑚𝑚𝑚𝑚) = [𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑇𝑇ℎ𝑂𝑂𝑖𝑖𝑖𝑖𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖(𝑂𝑂𝑂𝑂)−𝑅𝑅𝑖𝑖𝑅𝑅𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑇𝑇ℎ𝑂𝑂𝑖𝑖𝑖𝑖𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖 (𝑂𝑂𝑂𝑂)]    ×1000
𝑁𝑁𝑁𝑁𝑅𝑅𝑁𝑁𝑖𝑖𝑂𝑂 𝑜𝑜𝑜𝑜 𝑦𝑦𝑖𝑖𝑂𝑂𝑂𝑂𝑖𝑖 𝑖𝑖𝑂𝑂𝑂𝑂𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑖𝑖 𝑂𝑂𝑂𝑂𝑖𝑖𝑡𝑡 𝑂𝑂𝑜𝑜𝑂𝑂 

 (3) 

For base logs, the original thickness will be the nominal one and the number of years will 

be the well age.  
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4.3.3 Expected Life: 

Expected life of multiple/single casing string(s) is defined as the number of years before 

the average remaining thickness reaches a predefined retirement value. The formula to 

calculate expected casing life is as follows:  

𝐸𝐸𝐸𝐸𝑚𝑚𝑅𝑅𝐸𝐸𝑅𝑅𝑅𝑅𝐸𝐸 𝐴𝐴𝑅𝑅𝑚𝑚𝑅𝑅𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅 𝐿𝐿𝐶𝐶𝐿𝐿𝑅𝑅(𝑚𝑚𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶) =

[𝐶𝐶𝑁𝑁𝑂𝑂𝑂𝑂𝑖𝑖𝑂𝑂𝑡𝑡 𝑂𝑂𝑖𝑖𝑅𝑅𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑡𝑡ℎ𝑂𝑂𝑖𝑖𝑖𝑖𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖(𝑂𝑂𝑂𝑂)−𝑅𝑅𝑖𝑖𝑡𝑡𝑂𝑂𝑂𝑂𝑅𝑅𝑖𝑖𝑂𝑂𝑡𝑡 𝑡𝑡ℎ𝑂𝑂𝑖𝑖𝑖𝑖𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖 (𝑂𝑂𝑂𝑂)]×1000
𝐶𝐶𝑜𝑜𝑂𝑂𝑂𝑂𝑜𝑜𝑖𝑖𝑂𝑂𝑜𝑜𝑂𝑂 𝑂𝑂𝑂𝑂𝑡𝑡𝑖𝑖 (𝑅𝑅𝑚𝑚𝑦𝑦)

                    (4) 

Determining the retirement remaining thickness will be discussed in chapter six and 

seven. 

4.4 Example Calculation of EMIT Log  

In this section, an example of EMIT key parameters calculation will be presented. The 

objective of this is to further illustrate the tool’s interpretation, demonstrate the ARBR 

concept and lay the ground for subsequent modeling of these parameters. Below are the 

steps to interpret a typical EMIT log of Well-A. 

1. Two hotspots with the same average metal loss percentage were identified from the 

logging report as follows: 

a. 40% metal loss of triple casing.  

b. 40% metal loss of double casing. 

2. Starting with the first hotspot, the total nominal thickness is given by 1.142 inch 

which is the sum of all nominal thicknesses of the three casing strings across this 

hotspot.  

3. The total average thickness loss in inch for the first hotspot is calculated as follows: 
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𝑇𝑇𝐶𝐶𝑅𝑅𝑅𝑅𝑇𝑇 𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅𝑇𝑇 𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶(𝐶𝐶𝐶𝐶) = 𝑇𝑇𝐶𝐶𝑅𝑅𝑅𝑅𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝐶𝐶𝐶𝐶𝑅𝑅𝑇𝑇 𝑅𝑅ℎ𝐶𝐶𝐸𝐸𝑖𝑖𝐶𝐶𝑅𝑅𝐶𝐶𝐶𝐶×𝐴𝐴𝐴𝐴𝑅𝑅𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅 𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅𝑇𝑇 𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶 𝑚𝑚𝑅𝑅𝐶𝐶𝐸𝐸𝑅𝑅𝐶𝐶𝑅𝑅

= 1.142×0.40 = 0.4568 𝐶𝐶𝐶𝐶 

4. Assuming outside-in corrosion, the total metal loss is determined for each string 

starting from the outer casing all the way to the inner casing one after the other.  

Casing String Nominal 
Thickness (in) 

Thickness Loss 
(in) 

Total Number 
of Casing 

Strings (X) 
1st outer string (OD is 

13-3/8 inch 
0.430 0.430 

3 

2nd outer string (OD is 9-

5/8 inch) 
0.395 0.0268 

Inner string or third outer 

string (OD is 7 inch) 
0.317 0 

Total 1.142 0.4568 

Table 1: Example 1 for Metal Loss Summary of Each Casing String 

 

5. The Average Remaining Barriers Ratio (ARBR) is calculated as follows: 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 1 −
�0.43
0.43+

0.0268
0.395 +

0
0.317�

3
= 0.6440  

6. As for the second hotspot, the total nominal thickness is given by 0.825 inch which 

is the sum of all nominal thicknesses of the two casing strings across this hotspot.  

7. The total average thickness loss in inch for the second hotspot is calculated as 

follows: 

𝑇𝑇𝐶𝐶𝑅𝑅𝑅𝑅𝑇𝑇 𝑚𝑚𝑅𝑅𝑅𝑅𝑅𝑅𝑇𝑇 𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶(𝐶𝐶𝐶𝐶) = 𝑇𝑇𝐶𝐶𝑅𝑅𝑅𝑅𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝐶𝐶𝐶𝐶𝑅𝑅𝑇𝑇 𝑅𝑅ℎ𝐶𝐶𝐸𝐸𝑖𝑖𝐶𝐶𝑅𝑅𝐶𝐶𝐶𝐶×𝐴𝐴𝐴𝐴𝑅𝑅𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅 𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅𝑇𝑇 𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶 𝑚𝑚𝑅𝑅𝐶𝐶𝐸𝐸𝑅𝑅𝐶𝐶𝑅𝑅

= 0.825×0.40 = 0.33 𝐶𝐶𝐶𝐶 
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8. Assuming outside-in corrosion, the total metal loss is determined for each string 

starting from the outer casing all the way to the inner casing one after the other.  

Casing String Nominal 
Thickness (in) 

Thickness 
Loss (in) 

Total Number 
of Casing 

Strings (X) 
1st outer string (OD is 

13-3/8 inch 
0.430 0.33 

2 
2nd outer string or inner 

(OD is 9-5/8 inch) 
0.395 0 

Total 0.825 0.33 

Table 2: Example 2 for Metal Loss Summary of Each Casing String 

 

9. The Average Remaining Barriers Ratio (ARBR) is calculated as follows: 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 1 −
�0.33
0.43+

0
0.395�

2
= 0.616  

It can be noticed from the above example that at the same average metal loss percentage, 

the ARBR value of the two-string hotspot is less than the ARBR value of the three-string 

hotspot. This is due to the fact that ARBR parameter accounts for the number of remaining 

strings rather than the total remaining thickness.    
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CHAPTER 5 

 

 

UNCERTINITY QUANTIFICATION OF EMIT 

CORROSION LOGS DATA 

 

This chapter will focus on quantifying the uncertainty associated with EMIT average metal 

loss measurements. The chapter will also describe statistical methods of data collection and 

analysis used to quantify this uncertainty. Brief descriptions of basic statistical 

terminologies will precede the related chapter’s topics for introduction.           

5.1 Statistical Terminologies  

• Statistics: is the study of how to collect, organize, analyze, and interpret 

numerical information from data. 

• Population: A collection of units being studied. Units can be people, places, 

objects, properties or many other things. Statistics is mostly concerned with 

estimating numerical properties (parameters) of an entire population from a 

random sample of units from the population. In this research, examples of 

population will be the total number of wells in a field and total number of casing 

failures over the lifecycle of a field.   

• Sample: A sample is a collection of units from a population. In this research, 

examples of sample will be the EMIT average metal loss percentage data and the 

group of logged wells by EMIT in a given field. 

http://www.stat.berkeley.edu/%7Estark/SticiGui/Text/gloss.htm#unit
http://www.stat.berkeley.edu/%7Estark/SticiGui/Text/gloss.htm#unit
http://www.stat.berkeley.edu/%7Estark/SticiGui/Text/gloss.htm#parameter
http://www.stat.berkeley.edu/%7Estark/SticiGui/Text/gloss.htm#random_sample
http://www.stat.berkeley.edu/%7Estark/SticiGui/Text/gloss.htm#unit
http://www.stat.berkeley.edu/%7Estark/SticiGui/Text/gloss.htm#unit
http://www.stat.berkeley.edu/%7Estark/SticiGui/Text/gloss.htm#population
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• Sample Mean: The arithmetic mean of a random sample from a population. 

• Sample Standard Deviation: The standard deviation of a set of numbers is the 

root mean square of the set of deviations between each element of the set and the 

mean of the set. 

• Z statistic or Z score: A Z statistic is a test statistic that shows how many standard 

deviations a certain value X is away from the sample/population mean. The 

equation used to calculate this value is as follows: 

Zstatistic = [X value−Sample mean]
Sample standard deviation

                                                                      (5) 

• Histogram: A histogram is a bar graph that shows how frequently data occur 

within certain ranges or intervals (bins). The height of each bar gives the 

frequency in the respective interval. 

• Normal Probability Distribution: A theoretical frequency distribution for a set of 

variable data, usually represented by a bell-shaped curve symmetrical about the 

mean. For each set of normally distributed data, there is a corresponding normal 

probability distribution that is a function of the sample’s mean and standard 

deviation. 

 

http://www.stat.berkeley.edu/%7Estark/SticiGui/Text/gloss.htm#mean
http://www.stat.berkeley.edu/%7Estark/SticiGui/Text/gloss.htm#random_sample
http://www.stat.berkeley.edu/%7Estark/SticiGui/Text/gloss.htm#deviation
http://www.stat.berkeley.edu/%7Estark/SticiGui/Text/gloss.htm#mean
http://www.stat.berkeley.edu/%7Estark/SticiGui/Text/gloss.htm#test_statistic
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5.2 The Data Set Under study 

A cross-field data collection was conducted to assess the variation of EMIT response across 

known leaking and non-leaking average metal loss hotspots. In this research, two defined 

parameters will be used in relation to the assessment of casing corrosion; these are leaking 

and non-leaking hotspots. A leaking average metal loss hotspot is defined as the one 

measured by EMIT across confirmed multiple casings’ leaks or failures. Casing failures are 

confirmed by different well integrity diagnostic methods, some of which are rigless such as 

annuli and temperature surveys and some are performed during rig intervention such as 

positive and negative pressure tests. On the other hand, a non-leaking average metal loss 

hotspot is the opposite where the EMIT measurements are taken across confirmed healthy 

multiple casings’ conditions.    

The total number of data points collected is 535 hotspots from 218 wells; out of which 498 

are non-leaking and 37 are leaking average metal loss hotspots. A practical definition of a 

Figure 11: Normal Probability Distribution. Reprinted from Study.com, 2003. 
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hotspot is any depth interval exceeding 12% average metal loss measured by the EMIT tool. 

This average metal loss tolerance was established by logging EMIT in four newly drilled 

wells to calibrate the tool’s response across brand new casing strings.   

The data set includes oil and water wells with different completion types and casings’ 

grades, sizes and combinations. Well age is ranging between 2 to 67 years and the average 

metal loss hotspots were measured across a wide range of depths between 9 to 7723 feet. 

The below table presents the descriptive statistics of well age, hotspot depth and average 

metal loss values for both leaking and non-leaking data sets.    

 

 

It is clearly shown from the above table that the leaking and non-leaking key parameters 

overlap greatly leaving a wide range of undiscernible hotspots. For example, the overlap 

range in well age between the two data sets (leaking and non-leaking) is between 18 to 64 

years which means that any hotspot well age within this interval can be either leaking or 

non-leaking. Similar conclusions are made about the two other parameters to emphasize on 

the uncertainty associated with casing leak prediction. In the next section, a methodical 

statistical investigation of the average metal loss parameter is presented to quantify this 

uncertainty.    

Parameter 
Leaking Hotspots Non-Leaking Hotspots 

Average Minimum Maximum Average Minimum Maximum 
Well Age 

(years) 39.4 18 64 36.4 2 67 

Hotspot 
Depth (ft) 1867 114 6116 3011 9 7723 

Average 
Metal Loss 

% 
62 40 82 27 1 74 

Table 3: Summary Statistics of Leaking and Non-leaking Hotspots Key Parameters 
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5.3 Average Metal Loss Percentage Uncertainty 

EMIT average metal loss measurements are subject to interpretation uncertainty. The fact 

that EMIT doesn’t provide directional metal loss readings presents a challenge to define an 

average metal loss cutoff beyond which a preventive maintenance workover decision is 

made proactively before the well casings fail. Chapter one describes this challenge in great 

detail. The first step towards solving this challenge is to quantify the uncertainty using well 

known statistical methods. In this research work, a fundamental assumption is made that 

both leaking and non-leaking average metal loss data are normally distributed. Normality 

tests were performed on both data sets to validate this assumption. The normality test is a 

plot of the data ranked in an ascending order versus their percentiles on a normal probability 

scale. A straight line trend of the plotted data is the condition upon which the data set is 

classified as normally distributed. Figures 12 and 13 below present the test results.          
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It can be clearly seen that both plots characterize the two data sets (leaking and non-leaking) 

as normally distributed. Generally, leaking hotspots data correlate more linearly on a 
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Figure 12: Leaking Average Metal Loss Data Normality Test. 

Figure 13: Non-Leaking Average Metal Loss Data Normality Test. 
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normal probability scale than non-leaking hotspots data. This becomes more evident below 

10% and above 60% average metal loss values on the non-leaking normality test plot 

(Figure-13). In statistical terms, these data may be classified as outliers but not necessarily 

erroneous.    

After identifying the distribution of both data sets, their probability density functions 

(PDFs) can be written in a mathematical form to generate their Normal Probability 

Distribution curves. These curves are plotted to relate the PDF versus average metal loss 

for both leaking and non-leaking hotspots. The steps followed to generate the PDF curves 

are as follows: 

1. The non-leaking hotspots average metal loss values mean and standard deviation 

are calculated using the below equations: 

𝜇𝜇𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = ∑ (𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁%)𝑂𝑂𝑛𝑛
𝑖𝑖=1

𝑂𝑂
                                                                                           (6) 

𝛼𝛼𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = �∑ (𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑂𝑂−𝐹𝐹𝑁𝑁𝐿𝐿𝑁𝑁𝐿𝐿)2𝑛𝑛
𝑖𝑖=1

𝑂𝑂−1
                                                          (7) 

Where, 

𝜶𝜶𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵: Non-Leaking Metal Loss standard deviation (%). 

𝝁𝝁𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵: Non-Leaking Metal Loss mean (%). 
NLML: Non-Leaking Metal Loss. 
 

2. The leaking hotspots average metal loss values mean and standard deviation are 

calculated using the below equations: 

𝜇𝜇𝑁𝑁𝑁𝑁𝑁𝑁 = ∑ (𝑁𝑁𝑁𝑁𝑁𝑁%)𝑂𝑂𝑛𝑛
𝑖𝑖=1

𝑂𝑂
                                                                                                 (8)  

𝛼𝛼𝑁𝑁𝑁𝑁𝑁𝑁 = �∑ (𝑁𝑁𝑁𝑁𝑁𝑁𝑂𝑂−𝐹𝐹𝐿𝐿𝑁𝑁𝐿𝐿)2𝑛𝑛
𝑖𝑖=1

𝑂𝑂−1
                                                                                      (9) 
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Where, 

𝜶𝜶𝑵𝑵𝑵𝑵𝑵𝑵: Leaking Metal Loss standard deviation (%). 

𝝁𝝁𝑵𝑵𝑵𝑵𝑵𝑵: Leaking Metal Loss mean (%). 
LML: Leaking Metal Loss. 

3. The PDFs of both non-leaking and leaking hotspots are calculated as follows: 

𝑃𝑃𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(𝑁𝑁𝐿𝐿𝑀𝑀𝐿𝐿) = 1
√2𝜋𝜋𝛼𝛼𝑁𝑁𝐿𝐿𝑀𝑀𝐿𝐿

 𝑅𝑅
− 
�𝑁𝑁𝐿𝐿𝑁𝑁𝐿𝐿−𝜇𝜇𝑁𝑁𝐿𝐿𝑀𝑀𝐿𝐿�

2

2𝛼𝛼𝑁𝑁𝐿𝐿𝑀𝑀𝐿𝐿
2  

                                                 (10)                                                              

𝑃𝑃𝑁𝑁𝑁𝑁𝑁𝑁(𝐿𝐿𝑀𝑀𝐿𝐿) = 1
√2𝜋𝜋𝛼𝛼𝐿𝐿𝑀𝑀𝐿𝐿

 𝑅𝑅
− 
�𝐿𝐿𝑁𝑁𝐿𝐿−𝜇𝜇𝐿𝐿𝑀𝑀𝐿𝐿�

2

2𝛼𝛼𝐿𝐿𝑀𝑀𝐿𝐿
2  

                                                             (11) 

Where, 

𝑷𝑷𝑵𝑵𝑵𝑵𝑵𝑵(𝑵𝑵𝑵𝑵): Leaking Metal Loss Probability Density Function. 

𝑷𝑷𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵(𝑵𝑵𝑵𝑵): Non-Leaking Metal Loss Probability Density Function. 
 
Equations (10) and (11) are plotted versus average metal loss in Figure-14 below.  

 

 
Figure 14: Metal loss leaking and non-leaking PDF plots. 
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Analyzing the above plots reveals and quantifies the uncertainty of EMIT average metal 

loss measurements. The average metal loss range delineated by the black box in Figure-

14 defines the interval within which a non-uniform external corrosion is likely to occur 

causing multiple casings failure (scenarios A and B in Figure-7). In fact, a casing leak is 

expected whenever we see an average metal loss value between 30% and 70%. Also, it 

can be inferred that the probability of a casing failure is 1 above 70% and 0 below 30% 

average metal loss.      

 

5.4 Average Remaining Barriers Ratio Uncertainty 

ARBR discussed in chapter four is a normalized mathematical transformation of the 

average metal loss parameter. The reason for introducing ARBR is that the metal loss value 

doesn’t address the number of nominal casings, their thicknesses and combinations. For 

example, 50% average metal loss from 4 casing strings is less alarming than 50% loss from 

2 strings. It is assumed in this research that EMIT response to average thickness loss in 

multiple casings is a strong function of these factors and not only the average metal loss 

percentage. Accordingly, the subsequent modeling of multiple casings failure will focus on 

ARBR as the statistical random variable of the probability distributions. 

Similar to the pervious section, ARBR data will be categorized into leaking and non-

leaking data sets. A normality test is also performed to decide whether the two data sets 

are normal or not. The below plots present the ARBR normality tests results.    
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Figure 15: Leaking ARBR Normality Test. 
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Figure 16: Non-Leaking ARBR Normality Test. 

 

It can be clearly seen that both plots characterize the two ARBR data sets (leaking and non-

leaking) as normally distributed. Generally and similar to the average metal loss data sets, 

leaking hotspots data correlate more linearly on a normal probability scale than non-leaking 

hotspots data. This becomes more evident below 0.3 and above 0.9 ARBR values on the 

non-leaking normality test plot (Figure-16). In statistical terms, these data may be classified 

as outliers but not necessarily erroneous.    

After identifying the distribution of both data sets, their probability density functions 

(PDFs) can be written in a mathematical form to generate their Normal Probability 

Distribution curves. These curves are plotted to relate the PDF versus ARBR for both 
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leaking and non-leaking hotspots. The steps followed to generate ARBR PDF curves are as 

follows: 

1. The non-leaking hotspots ARBR values mean and standard deviation are 

calculated using the below equations: 

𝜇𝜇𝑁𝑁𝑁𝑁𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅 = ∑ (𝑁𝑁𝑁𝑁𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅)𝑂𝑂𝑛𝑛
𝑖𝑖=1

𝑂𝑂
                                                                             (12) 

𝛼𝛼𝑁𝑁𝑁𝑁𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅 = �∑ (𝑁𝑁𝑁𝑁𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅𝑂𝑂−𝐹𝐹𝑁𝑁𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)2𝑛𝑛
𝑖𝑖=1

𝑂𝑂−1
                                                  (13) 

 
Where, 

𝜶𝜶𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵: Non-Leaking ARBR standard deviation. 

𝝁𝝁𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵: Non-Leaking ARBR mean.  
NLARBR: Non-Leaking Average Remaining Barriers Ratio. 
 

2. The leaking hotspots ARBR values mean and standard deviation are calculated 

using the below equations: 

𝜇𝜇𝑁𝑁𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅 = ∑ (𝑁𝑁𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅)𝑂𝑂𝑛𝑛
𝑖𝑖=1

𝑂𝑂
                                                                                        (14) 

𝛼𝛼𝑁𝑁𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅 = �∑ (𝑁𝑁𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅𝑂𝑂−𝐹𝐹𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)2𝑛𝑛
𝑖𝑖=1

𝑂𝑂−1
                                                                       (15) 

Where, 

𝜶𝜶𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵: Leaking ARBR standard deviation. 

𝝁𝝁𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵: Leaking ARBR mean. 
LARBR: Leaking Average Remaining Barriers Ratio. 
 

3. The PDFs of both non-leaking and leaking hotspots are calculated as follows: 
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𝑃𝑃𝑁𝑁𝑁𝑁𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅(𝑁𝑁𝐿𝐿𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴) = 1
√2𝜋𝜋𝛼𝛼𝑁𝑁𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

 𝑅𝑅
− �𝑁𝑁𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁−𝜇𝜇𝑁𝑁𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁�

2

2𝛼𝛼𝑁𝑁𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁2
 
                                (16) 

 𝑃𝑃𝑁𝑁𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅(𝐿𝐿𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴) = 1
√2𝜋𝜋𝛼𝛼𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

 𝑅𝑅
− �𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁−𝜇𝜇𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁�

2

2𝛼𝛼𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁2
 
                                              (17)         

Where, 

𝑷𝑷𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵(𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵): Leaking ARBR Probability Density Function. 

𝑷𝑷𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵(𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵): Non-Leaking ARBR Probability Density Function. 
 

Equations (16) and (17) are plotted versus ARBR in Figure-17 below. 

 

Figure 17: Leaking and Non-Leaking ARBR Normal Distribution Plots. 
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Similar to the average metal loss analysis, the above plots also reveal the uncertainty 

associated with ARBR. The ARBR range delineated by the black box in Figure-17 defines 

the interval within which a non-uniform external corrosion is likely to occur causing 

multiple casings failure (scenarios A and B in Figure-7). In fact, a casing leak is expected 

whenever we see an ARBR between 0.4 and 0.8. Also, it can be inferred that the probability 

of a casing failure is 1 below 0.4 and 0 above 0.8 ARBR values.       
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CHAPTER 6 

 

 

MODEL-ASSISTED DECISION MAKING 

 

This chapter aims to achieve one essential goal of this research work; i.e. modeling the 

casing corrosion severity based on EMIT corrosion logs' data. Statistical models will be 

formulated to compute the likelihood of wellbore casings' failure taking into account the 

imbedded uncertainty due to the EMIT averaging problem discussed in chapters three and 

five. Overall, the expected milestones upon completing this chapter are to transform EMIT 

average metal loss data from qualitative responses of thickness reduction to actionable 

information in order to make prudent and cost-effective preventive maintenance workover 

decisions.  

6.1 Casing Failure Concept and Probability 

Casing integrity failure is an important concept to conceive before stepping into its 

mathematical modeling. In this section, we attempt to derive a probability of failure 

equation from ARBR leaking and non-leaking normal distributions. Key terminologies used 

in this derivation are defined below:         
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- ARBRc is the cutoff value at and above which the probability of casing failure is 

computed. 

- Fhotspots is the number of leaking/ failed hotspots at and above ARBRc. 

- SFhotspots is the number of leaking/ failed hotspots below ARBRc. The “SF” notion 

means that these hotspots survived from failure at and above ARBRc and then failed 

below it.  

- SShotspots is the number of non-leaking hotspots below ARBRc. The “SS” notion 

means that these hotspots survived from failure at and above ARBRc and still 

surviving below it.  

- L is the total number of leaking hotspots. 

- NL is the total number of non-leaking hotspots.   

Figure-18 below is an illustration of these terminologies.   
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Figure 18: Illustration of casing failure probability derivation parameters. 

 

The probability of failure equation will be derived in terms of ARBRc, but before that the 

mathematical formulations of the failure and survival parameters defined above are 

presented as follows: 

𝑃𝑃𝑁𝑁𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ≥ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖) = 1
√2𝜋𝜋𝛼𝛼𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

 ∫ 𝑅𝑅
−�𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁−𝜇𝜇𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁�

2

2𝛼𝛼𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁2
 𝑑𝑑𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅 ∞

𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅𝑖𝑖             (18)                                

 𝑃𝑃𝑁𝑁𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 < 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖) = 1
√2𝜋𝜋𝛼𝛼𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

 ∫ 𝑅𝑅
−�𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁−𝜇𝜇𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁�

2

2𝛼𝛼𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁2
 𝑑𝑑𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅 𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅𝑖𝑖

−∞           (19) 

𝑃𝑃𝑁𝑁𝑁𝑁𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 < 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖) = 1
√2𝜋𝜋𝛼𝛼𝑁𝑁𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

 ∫ 𝑅𝑅
−�𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁−𝜇𝜇𝑁𝑁𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁�

2

2𝛼𝛼𝑁𝑁𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁2
 𝑑𝑑𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅 𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅𝑖𝑖

−∞      (20) 

𝐹𝐹ℎ𝑜𝑜𝑡𝑡𝑖𝑖𝑚𝑚𝑜𝑜𝑡𝑡𝑖𝑖 = 𝐿𝐿  𝑃𝑃𝑁𝑁𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ≥ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖)                                                           (21) 
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𝑆𝑆𝐹𝐹ℎ𝑜𝑜𝑡𝑡𝑖𝑖𝑚𝑚𝑜𝑜𝑡𝑡𝑖𝑖 = 𝐿𝐿  𝑃𝑃𝑁𝑁𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 < 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖)                                                         (22)    

𝑆𝑆𝑆𝑆ℎ𝑜𝑜𝑡𝑡𝑖𝑖𝑚𝑚𝑜𝑜𝑡𝑡𝑖𝑖 = 𝑁𝑁𝐿𝐿  𝑃𝑃𝑁𝑁𝑁𝑁𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 < 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖)                                                    (23) 

Accordingly, the probability of casing failure PF (ARBRc) is defined as follows: 

𝑃𝑃𝐹𝐹(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖) =  
𝐹𝐹ℎ𝑜𝑜𝑡𝑡𝑖𝑖𝑚𝑚𝑜𝑜𝑡𝑡𝑖𝑖

�𝐹𝐹ℎ𝑜𝑜𝑡𝑡𝑖𝑖𝑚𝑚𝑜𝑜𝑡𝑡𝑖𝑖 + 𝑆𝑆𝐹𝐹ℎ𝑜𝑜𝑡𝑡𝑖𝑖𝑚𝑚𝑜𝑜𝑡𝑡𝑖𝑖 + 𝑆𝑆𝑆𝑆ℎ𝑜𝑜𝑡𝑡𝑖𝑖𝑚𝑚𝑜𝑜𝑡𝑡𝑖𝑖�
 

=  𝑁𝑁  𝑃𝑃𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅≥𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅𝑐𝑐)
�𝑁𝑁  𝑃𝑃𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅≥𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅𝑐𝑐)+𝑁𝑁  𝑃𝑃𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅<𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅𝑐𝑐)+𝑁𝑁𝑁𝑁  𝑃𝑃𝑁𝑁𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅<𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅𝑐𝑐)�

       (24)  

The below figure shows the probability of casing failure plot as a function of average 

remaining barriers ratio cutoff. 

 

Figure 19: Probability of Casing Failure plot. 

 

Equation (24) is an explicit mathematical expression to quantify the probability of casing 

failure above certain ARBRc that is cutoff based on which the decision to refer the corroded 

casing well to preventive maintenance workover is made. The graph in Figure-19 shows a 
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sharply increasing likelihood of failure below 0.65 from 0% all the way to 100% at 0.15. 

This equation will be one of the fundamental relationships used to obtain an optimum value 

of ARBRc that takes into account both risk of failure and cost of preventive maintenance 

workovers.  

6.2 Field Casing Corrosion Distribution  

In this section, we introduce the concept of field casing corrosion distribution, PW (ARBR), 

and model the probability of preventive maintenance and casing repair workovers, PPM 

(ARBRc) and PR (ARBRc) respectively.  

Field casing corrosion distribution is defined as the probability density function of the 

lowest ARBR value in each well within a field. Another equivalent definition is that field 

casing corrosion distribution is the extreme value distribution of the non-leaking ARBR 

data. In other words, we define the lowest worst-case scenario value of ARBR in every well 

and collect a sample of all these values to generate the field casing corrosion distribution. 

Each data point in this distribution represents a well in the field or multiple fields under 

study. Knowing the distribution of field corrosion by well will enable the prediction of 

preventive maintenance and casing repair workover requirements as functions of ARBRc. 

So for example, if we know that the average remaining barriers ratio cutoff is 0.5 and 20% 

of the wells have ARBR values less than ARBRc, then we can predict that 20% of the total 

population of wells in a given field will be referred to preventive maintenance workover.  

To generate the field casing corrosion distribution, we will start by presenting the normality 

test results of the extreme non-leaking data sample as follows in the below figure. 
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Figure 20: Field Corrosion Growth Data Normality Test. 

 

It can be clearly seen that this plot characterizes the field corrosion growth ARBR data set 

as normally distributed. It is also noticed that the ARBR data deviate from normality 

below 0.4 and above 0.9. In statistical terms, these data may be classified as outliers but 

not necessarily erroneous.    

After identifying the distribution, the probability density function can be written in a 

mathematical form to generate the Normal Probability Distribution curve. The steps 

followed to generate the field corrosion growth ARBR PDF curve is as follows: 

1. The non-leaking extreme hotspots ARBR values mean and standard deviation are 

calculated using the below equations: 

𝜇𝜇𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅 = ∑ (𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅)𝑂𝑂𝑛𝑛
𝑖𝑖=1

𝑂𝑂
                                                                                   (25) 
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𝛼𝛼𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅 = �∑ (𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅𝑂𝑂−𝐹𝐹𝑁𝑁𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)2𝑛𝑛
𝑖𝑖=1

𝑂𝑂−1
                                                             (26) 

Where, 

𝜶𝜶𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵: Non-Leaking Extreme ARBR standard deviation. 

𝝁𝝁𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵: Non-Leaking Extreme ARBR mean.  

 

2. The PDF of field corrosion growth ARBR is calculated as follows: 

𝑃𝑃𝑊𝑊(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴) = 1
√2𝜋𝜋𝛼𝛼𝑁𝑁𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

 𝑅𝑅
−�𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁−𝜇𝜇𝑁𝑁𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁�

2

2𝛼𝛼𝑁𝑁𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁2
 
                                                  (27) 

Equations (27) is plotted versus ARBR in Figure-21 below. 

 

Figure 21: Field Corrosion Growth Distribution. 
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Figure-21 describes the field corrosion growth distribution. Generally, mature fields 

distributions are shifted more to the left than newer ones with better well integrity 

programs.  

The preventive maintenance workover probability can be then written in terms of ARBRc 

as follows: 

𝑃𝑃𝑃𝑃𝑁𝑁(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖) = 𝑃𝑃𝑊𝑊(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 < 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖) =

1
√2𝜋𝜋𝛼𝛼𝑁𝑁𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

 ∫ 𝑅𝑅
−�𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁−𝜇𝜇𝑁𝑁𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁�

2

2𝛼𝛼𝑁𝑁𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁2
 𝑑𝑑𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅 𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅𝑖𝑖

−∞              (28) 

Similarly, the casing repair workover probability can be expressed in terms of ARBRc as 

follows: 

𝑃𝑃𝑅𝑅(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖) = 𝑃𝑃𝑊𝑊(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ≥ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖) 𝑃𝑃𝐹𝐹(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖) 

=  1
√2𝜋𝜋𝛼𝛼𝑁𝑁𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

 ∫ 𝑅𝑅
−�𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁−𝜇𝜇𝑁𝑁𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁�

2

2𝛼𝛼𝑁𝑁𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁2
 𝑑𝑑𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅 ∞

𝑁𝑁𝑅𝑅𝑁𝑁𝑅𝑅𝑖𝑖 𝑃𝑃𝐹𝐹(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖)                         (29) 

Where PF (ARBRc) is expressed in equation (24). 

Equations (28) and (29) are plotted versus ARBRc in Figure-22 below. 
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Figure 22: Preventive Maintenance and Casing Repair Probabilities. 

 

It can be clearly seen that the higher ARBRc value we select the more preventive 

maintenance workovers and the less casing repair workovers there are.  

Overall, the workover requirements were modeled by equations (28) and (29) based on the 

selected ARBRc value. The prediction of these requirements is an essential input to guide 

the analyst of EMIT log throughout the decision making process as to whether a well is due 

for workover or not.    

6.3 Optimum Average Remaining Barriers Ratio (ARBRc
*) 

In this section, an optimum ARBRc value will be defined. The field economics element will 

be factored in to derive a mathematical expression that relates the expected Casing Integrity 

Management Cost (CIMC) with ARBRc value. Subsequently, an optimum average 
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remaining barriers ratio (ARBRc*) is defined as the one corresponding to the minimum 

CIMC. The below equation describes the CIMC as a function of casing repair cost, casing 

repair probability, preventive maintenance cost, and preventive maintenance probability. 

Expected Casing Integrity Management Cost = Expected Casing Repair 

Workover Cost + Expected Preventive Maintenance Cost                               (30)     

Therefore, 

𝐶𝐶𝐶𝐶𝑀𝑀𝐶𝐶(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖) =  𝐶𝐶𝑅𝑅 𝑃𝑃𝑅𝑅(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖) +  𝐶𝐶𝑃𝑃𝑁𝑁𝑃𝑃𝑃𝑃𝑁𝑁(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖)    

=  𝐶𝐶𝑅𝑅 𝑃𝑃𝑊𝑊(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ≥ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖)𝑃𝑃𝐹𝐹(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖)  + 𝐶𝐶𝑃𝑃𝑁𝑁𝑃𝑃𝑊𝑊(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 < 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖)           (31) 

Equation (31) is plotted versus ARBRc in Figure-23 below. CR and CPM values were 

assumed to be 4 and 2 million dollars respectively for illustration purposes; refer to 

Appendix D for details. 
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Figure 23: Casing Integrity Management Cost Curve. 

 

In summary, ARBRc* is dependent on the following factors: 

1- Leaking ARBR distribution.  

2- Non-Leaking ARBR distribution. 

3- Field corrosion growth distribution. 

4- Repair and preventive maintenance costs. 

Equation (31) is very dynamic and changes constantly with every new EMIT log entered in 

the data base, casing failure incident, and/or change in workover costs.   
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6.4 Zero-Tolerance Average Remaining Barriers Ratio (ARBR0) 

In this section, we introduce the zero-tolerance decision making approach. In simple terms, 

the average remaining barriers ratio cutoff that corresponds to zero failure probability is 

defined as ARBR0. This approach doesn’t consider the economic implications of being too 

conservative in the decision making. To express this in a mathematical form, equation (31) 

is re-written as follows: 

  𝐶𝐶𝐶𝐶𝑀𝑀𝐶𝐶(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴0) =  𝐶𝐶𝑅𝑅 𝑃𝑃𝑊𝑊(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ≥ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴0)𝑃𝑃𝐹𝐹(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴0)  +  𝐶𝐶𝑃𝑃𝑁𝑁𝑃𝑃𝑊𝑊(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 <

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴0)                 (32) 

By definition, 𝑃𝑃𝐹𝐹(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴0) = 0; hence, the equation becomes: 

 𝐶𝐶𝐶𝐶𝑀𝑀𝐶𝐶(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴0) = 𝐶𝐶𝑃𝑃𝑁𝑁𝑃𝑃𝑊𝑊(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 < 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴0)                                              (33)                                               

Applying the Zero-Tolerance on the same example in Appendix D results in a great increase 

of 60.60% in the Casing Integrity Management Cost compared to the optimum scenario i.e. 

𝐶𝐶𝐶𝐶𝑀𝑀𝐶𝐶(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖∗). Figure-24 below illustrates this fact. 
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Figure 24: Zero-Tolerance Curve. 
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CHAPTER 7 

 

 

CORROSION SURVEILLANCE DESIGN 

 

In this chapter, we will discuss the challenges of EMIT corrosion logging frequency design 

and derive a statistical model to predict the casing life.  

There are two sources of uncertainty in predicting the casing life; they are as follows: 

• Uncertainty in retirement remaining thickness prediction. This was addressed in 

chapter six where the retirement thickness will be the one corresponding to 

ARBRc* or ARBR0 if a zero tolerance approach is applied.  

• Variation of corrosion rate over time. 

7.1 Casing Corrosion Monitoring Concept 

The corrosion growth rate could increase, decrease, or stay constant over time depending 

on the nature of corrosion. Understanding the corrosion trend requires time-lapse data to 

verify whether the curve in Figure 25 will concave up or down. Extrapolating the metal 

loss over time using a linear function to predict the expected life should be done with 

caution and a risk based safety factor should be applied to the expected life values 
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particularly when the only information we have about the corrosion growth is from the base 

log.   

 

 

 

 

 

 

 

 

7.2 Corrosion Logging Frequency Modeling 

In this section, we will present statistical models to predict casing life and design corrosion 

logging frequency. In case adequate time-lapse logging is performed in a given well to 

profile the casing corrosion rate over time, the casing expected life can be determined after 

correlating EMIT average remaining thickness measurements with time. Adequate time-

lapse logging means that a clear corrosion growth trend can be discerned from EMIT data 

over time (see Figure 25).  

The addressed challenge in this section of the research work is the prediction of casing 

expected life from base EMIT logs. Generally, corrosion rate variation is caused by three 

fundamental factors as follows:  

Figure 25: Uncertainty in Corrosion Growth Prediction. 
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1- Corrosion growth hotspot location. Corrosion rate varies from one well to another 

within the same depth interval due to differences in completion cement quality and 

aquifer corrosivity. 

2- Corrosion growth depth interval. Similarly, completion cement quality, aquifer 

type, and presence of loss circulation zones changes the corrosion rate profile with 

depth. 

3- Well age. This factor considers the variation of corrosion rate over time which is the 

most challenging variation to quantify in the absence of time-lapse casing corrosion 

logs.   

Quantifying the corrosion rate variation over time is not possible without time-lapse 

corrosion logs. Therefore, a method is proposed to estimate that variation by studying the 

corrosion rate distribution in the fields understudy for given depth intervals. The proposed 

method is as follows: 

1- Divide the corrosion rate data in a given field into subsets by depth interval. This 

is to minimize the corrosion rate variation due to depth. The narrower the depth 

interval is the less uncertainty there is in the corrosion rate variation estimate. 

2- Identify the corrosion rate distribution for each depth interval. 

3- Calculate the maximum likely corrosion rate value. This value is the one 

corresponding to a Zscore value of 3 after excluding statistical outliers.  

4- Modify the expected life equation, eq. (4), by including this maximum likely 

corrosion rate.  

In this research, the above steps will be applied on the data under study to derive a 

mathematical expression of EMIT corrosion logging frequency. Due to the limitation with 
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regards to the data availability across all depth intervals, the method will be applied over 

the first 900 feet only to demonstrate the corrosion rate variation concept. The reasons 

behind selecting this interval are as follows: 

• All the corrosive aquifers in the fields under study are above 900 feet. 

• Most of the loss circulation zones and cement quality issues are within this interval. 

 So first, a corrosion rate data set is collected consisting of corrosion growth hotspots within 

the first 900 feet. A normally test is performed to identify whether this data set is normal or 

not. The results are presented in the below figure.   

 

Figure 26: Corrosion Rate Normality Test. 

 

It can be clearly seen that this plot characterizes the first 900 feet corrosion rate data set as 

normally distributed. It is also noticed that the data deviate from normality below 5 and 
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above 15 mpy. In statistical terms, these data may be classified as outliers but not 

necessarily erroneous. After identifying the distribution, the cumulative probability 

distribution function is plotted in the below figure.   

 

Figure 27: Corrosion Rate CDF. 

 

Figure-27 shows a maximum likely corrosion rate of 23.27 mills per year (mpy) which is 

the worst-case credible corrosion rate over the studied depth interval. A mill is conventional 

defined as one over one thousand of an inch. This value is then used to design the corrosion 

logging frequency as follows: 

𝐶𝐶𝐴𝐴𝑧𝑧=3 =  3 𝛼𝛼𝐶𝐶𝑅𝑅 + 𝜇𝜇𝐶𝐶𝑅𝑅                                                                                         (34) 

𝐿𝐿𝐶𝐶𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝑅𝑅 𝐹𝐹𝐶𝐶𝑅𝑅𝐹𝐹𝐹𝐹𝑅𝑅𝐶𝐶𝐸𝐸𝑚𝑚 =

[𝐶𝐶𝑁𝑁𝑂𝑂𝑂𝑂𝑖𝑖𝑂𝑂𝑡𝑡 𝑂𝑂𝑖𝑖𝑅𝑅𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑡𝑡ℎ𝑂𝑂𝑖𝑖𝑖𝑖𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖(𝑂𝑂𝑂𝑂)−𝑅𝑅𝑖𝑖𝑡𝑡𝑂𝑂𝑂𝑂𝑅𝑅𝑖𝑖𝑂𝑂𝑡𝑡 𝑡𝑡ℎ𝑂𝑂𝑖𝑖𝑖𝑖𝑂𝑂𝑖𝑖𝑖𝑖𝑖𝑖 (𝑂𝑂𝑂𝑂)]×1000
𝐶𝐶𝑅𝑅𝑧𝑧=3(𝑅𝑅𝑚𝑚𝑦𝑦)

                (35) 
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Where, 

𝜶𝜶𝑪𝑪𝑵𝑵: Corrosion rate standard deviation (mpy). 

𝝁𝝁𝑪𝑪𝑵𝑵: Corrosion rate mean (mpy). 

 

Equation (35) represents a safe and conservative approach to calculate the corrosion logging 

frequency by considering the corrosion rate variation over time. However, it should be 

noted that the maximum likely corrosion rate value, determined from Figure-27, will 

continue to change with more data flow. Therefore, the corrosion logging frequency will be 

continuously updated depending on the corrosion rate distribution.  
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CHAPTER 8 

 

 

RESEARCH SUMMARY, CONCLUSIONS AND AREAS 

FOR FURTHER INVESTIGATION 

 

In this chapter, we will summarize the research conclusions and suggest some areas for 

further investigation or improvement beyond what have been achieved in this work.  

8.1 Summary and Conclusions 

1- Electromagnetic Induction corrosion logging technology (EMIT) uncertainty 

was quantified by studying the average metal loss measurements across leaking 

and non-leaking metal loss hotspots. 

2- A new parameter, Average Remaining Barriers Ratio (ARBR), was introduced 

to normalize the effects of multiple casings’ combinations, grades and 

thicknesses. 

3- The assumption that average metal loss, ARBR and corrosion rate data are 

normally distributed is fairly applicable. 
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4- A probability of failure model was derived as a function of an ARBR cutoff value 

below which wells are referred to preventive maintained workover. 

5- The probabilities of casing repair and preventive maintenance workovers were 

modeled as functions of the ARBR cutoff.  

6- An optimum ARBR cutoff was defined whereby the overall casing integrity cost, 

including the preventive maintenance and casing repair costs, is minimized. 

7- A zero-tolerance ARBR cutoff was defined whereby the chances of casing 

failure are eliminated. 

8- Casing repair and preventive maintenance workover costs play a crucial role in 

the decision making process.  

9- Zero-Tolerance approach cost can be significantly higher than the optimum 

ARBR approach. 

10- Casing Integrity Management Cost equation is very dynamic and changes 

constantly with every new EMIT log entered in the data base, casing failure 

incident, and/or change in workover costs. 

11- Generally, corrosion rate variation is caused by three fundamental factors; these 

are corrosion growth hotspot location, corrosion growth depth interval and well 

age.  

12- A statistical model was formulated to predict the casing life and design the 

corrosion logging frequency based on base EMIT log data. 

13- The methods suggested in this research work are widely applicable to analyze 

EMIT data irrespective of the field, well, or completion type. 
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14- Applying the research outcomes in the industry will enhance the well integrity 

surveillance program as a whole, including the use of reactive surveillance tools 

such as temperature surveys, annuli surveys and near surface casing inspections.     

8.2 Areas for Further Investigation 

The following focus areas are opportunities for further improvement in the multiple 

casing integrity surveillance research field:    

1- Electromagnetic corrosion logging candidate selection. Data sampling method of 

both base and time-lapse logs can greatly affect the overall casing corrosion 

surveillance program. Hence, investigating the possibility of developing a risk-

based sampling methodology is of importance.  

2- Studying EMIT time-lapse corrosion logs to determine a correlation of corrosion 

growth over time and minimizing the uncertainty in forecasting the life of a casing.  

3- Modifying the Casing Integrity Management Cost equation to account for the 

variation in workover economics. 

4- Quantifying the uncertainty of and improving EMDS technology interpretation. 

5- Developing a directional multiple casing corrosion profiling tool to eliminate the 

uncertainty associated with current technology.    
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APPENDIX A: EMIT DATA 

Field 
Well 

Numbe
r 

Leaking Case 
(Yes/No) 

Average 
ML% Age 

Average 
Remaining 

Barriers Ratio 

Corrosio
n Rate 

SD 107 NO 58% 43 0.470 14.824 
AD 32 NO 41% 63 0.614 10.510 
AD 179 NO 40% 42 0.658 10.467 
AD 179 NO 38% 42 0.676 9.943 
SD 197 NO 56% 34 0.505 25.365 
SD 55 YES 60% 45 0.444 10.427 
SD 77 YES 59% 45 0.455 10.253 
AD 98 YES 45% 47 0.591 7.487 
SD 105 YES 75% 42 0.264 11.946 
HR 134 YES 40% 18 0.617 16.822 
SD 9 NO 50% 60 0.529 9.892 
AD 155 NO 49% 40 0.557 13.990 
SD 53 YES 82% 46 0.095 19.591 
AD 199 YES 44% 39 0.600 8.823 
AB 42 YES 59% 64 0.439 10.943 
SD 63 YES 62% 45 0.429 15.142 
AD 119 NO 50% 41 0.554 13.402 
UT 176 YES 69% 40 0.356 18.958 
SD 99 YES 53% 43 0.522 13.546 
SD 105 YES 59% 42 0.460 15.438 
SD 152 NO 68% 41 0.366 18.227 
AD 142 NO 52% 42 0.533 13.607 
SD 76 NO 51% 45 0.543 12.455 
SD 82 NO 49% 45 0.543 12.457 
SD 6 YES 50% 61 0.529 9.730 
SD 63 NO 51% 45 0.567 15.289 
UT 601 NO 23% 21 0.792 17.272 
SD 457 NO 26% 12 0.758 26.368 
SD 209 NO 30% 33 0.708 18.227 
SD 157 NO 40% 40 0.658 10.990 
SD 128 NO 39% 42 0.668 10.205 
AB 845 NO 36% 42 0.673 13.517 
UT 397 NO 36% 38 0.682 14.533 
SD 55 NO 43% 45 0.626 10.502 
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SD 139 NO 38% 42 0.651 12.965 
SD 153 NO 38% 41 0.664 14.218 
AD 185 NO 39% 40 0.639 11.573 
SD 183 NO 39% 36 0.639 13.249 
SD 51 NO 40% 46 0.658 9.557 
SD 294 NO 42% 24 0.608 21.298 
SD 77 NO 42% 45 0.637 10.257 
SD 110 NO 42% 42 0.637 10.990 
AB 84 NO 42% 53 0.625 9.050 
AD 209 NO 43% 37 0.597 18.850 
SD 91 NO 43% 42 0.626 11.252 
SD 53 NO 43% 46 0.626 10.273 
SD 163 NO 44% 40 0.606 12.562 
AB 862 NO 47% 37 0.571 20.058 
SD 166 NO 47% 40 0.585 12.913 
UT 189 NO 47% 40 0.577 13.419 
AB 193 NO 25% 37 0.780 10.365 
AB 62 NO 18% 65 0.850 3.979 
SD 81 NO 30% 45 0.744 7.327 
SD 156 NO 13% 40 0.889 3.572 
AB 18 NO 23% 67 0.779 3.704 
SD 88 NO 14% 42 0.834 5.113 
SD 149 NO 15% 41 0.868 5.612 
SD 142 NO 15% 40 0.872 4.121 
AB 71 NO 16% 58 0.849 4.455 
AB 192 NO 12% 37 0.889 3.957 
SD 143 NO 16% 41 0.882 6.064 
SD 38 NO 19% 46 0.838 4.539 
SD 57 NO 19% 46 0.838 4.539 
AD 90 NO 19% 45 0.838 4.640 
SD 131 NO 18% 41 0.847 4.825 
AD 141 NO 18% 42 0.847 4.710 
SD 125 NO 19% 42 0.842 4.850 
SD 50 NO 20% 45 0.830 4.884 
SD 16 NO 24% 61 0.779 4.670 
SD 14 NO 24% 58 0.779 4.912 
SD 83 NO 22% 45 0.820 7.744 
AB 179 NO 24% 37 0.768 8.173 
SD 80 NO 25% 55 0.771 5.373 
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SD 52 NO 24% 47 0.788 7.833 
AD 7 NO 28% 65 0.661 6.190 
SD 104 NO 23% 42 0.804 6.018 
AB 604 NO 10% 27 0.908 6.030 
AD 151 NO 23% 41 0.814 7.809 
AD 151 NO 23% 41 0.709 7.809 
SD 173 NO 22% 36 0.813 6.716 
SD 56 NO 25% 46 0.787 5.973 
UT 415 NO 23% 37 0.792 9.803 
UT 542 NO 23% 35 0.794 10.403 
AB 915 NO 16% 18 0.853 10.551 
SD 930 NO 22% 31 0.780 3.052 
SD 930 NO 22% 31 0.780 3.052 
SD 305 NO 19% 21 0.829 11.237 
SD 156 NO 27% 40 0.770 7.418 
AD 47 NO 33% 62 0.696 6.318 
SD 201 NO 26% 33 0.778 8.659 
SD 111 NO 31% 44 0.730 6.475 
SD 160 NO 30% 39 0.734 8.785 
SD 910 NO 20% 34 0.801 5.088 
SD 108 NO 32% 43 0.727 8.179 
AD 199 NO 31% 39 0.736 8.736 
SD 54 NO 33% 45 0.719 8.059 
SD 140 NO 33% 45 0.719 8.059 
SD 49 NO 34% 46 0.710 8.123 
AD 98 NO 32% 35 0.727 10.048 
SD 93 NO 36% 42 0.693 9.420 
SD 175 NO 36% 37 0.693 10.693 
SF 29 NO 27% 56 0.737 6.041 
SF 29 NO 24% 56 0.779 5.087 
SF 92 NO 18% 48 0.847 4.121 
SF 246 NO 27% 33 0.758 9.472 
SF 246 NO 27% 33 0.761 9.347 
SF 246 NO 27% 33 0.763 9.264 
SF 278 NO 26% 33 0.774 8.822 
SF 280 NO 35% 33 0.693 12.001 
SF 280 NO 30% 33 0.737 10.292 
SF 280 NO 29% 33 0.747 9.887 
SF 280 NO 28% 33 0.750 9.776 
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SF 368 NO 11% 30 0.885 7.674 
SF 379 NO 18% 31 0.821 7.641 
SF 426 NO 15% 29 0.872 5.684 
SF 476 NO 13% 28 0.874 5.850 
SF 483 NO 24% 28 0.767 10.860 
SF 483 NO 22% 28 0.786 9.955 
SF 488 NO 18% 28 0.819 8.421 
SF 490 NO 42% 28 0.587 19.650 
SF 502 NO 12% 23 0.880 6.835 
SF 704 NO 21% 22 0.789 12.505 

Table 4: EMIT Data 
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APPENDIX B: FIELD CORROSION GROWTH DATA 

(EQUATION# 27) 

Number of Wells (W) 
208 

Field Well Number ARBR 

AB 18 0.78 
AB 62 0.75 
AB 63 0.72 
AB 71 0.71 
AB 72 0.48 
AB 73 0.70 
AB 84 0.30 
AB 106 0.72 
AB 110 0.64 
AB 145 0.71 
AB 179 0.72 
AB 192 0.81 
AB 193 0.78 
AB 198 0.81 
AB 232 0.56 
AB 271 0.54 
AB 314 0.70 
AB 604 0.61 
AB 605 0.60 
AB 845 0.67 
AB 862 0.57 
AB 915 0.76 
AB 924 0.86 
AD 1 0.74 
AD 5 0.77 
AD 7 0.66 
AD 31 0.65 
AD 32 0.61 
AD 46 0.36 
AD 47 0.66 
AD 78 0.53 
AD 85 0.80 
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AD 90 0.70 
AD 98 0.73 
AD 99 0.64 
AD 119 0.55 
AD 123 0.81 
AD 135 0.78 
AD 141 0.85 
AD 142 0.53 
AD 151 0.71 
AD 155 0.56 
AD 157 0.83 
AD 167 0.74 
AD 185 0.64 
AD 199 0.74 
AD 209 0.60 
AD 211 0.71 
AD 222 0.67 
AD 235 0.77 
AD 242 0.75 
AD 257 0.66 
SD 6 0.89 
SD 8 0.75 
SD 9 0.53 
SD 14 0.72 
SD 16 0.78 
SD 22 0.76 
SD 30 0.71 
SD 38 0.79 
SD 40 0.66 
SD 41 0.86 
SD 49 0.71 
SD 50 0.83 
SD 51 0.66 
SD 52 0.72 
SD 53 0.63 
SD 54 0.72 
SD 55 0.63 
SD 56 0.79 
SD 57 0.71 
SD 64 0.73 
SD 67 0.86 
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SD 76 0.54 
SD 77 0.64 
SD 80 0.71 
SD 81 0.62 
SD 82 0.50 
SD 83 0.82 
SD 88 0.83 
SD 91 0.63 
SD 93 0.69 
SD 104 0.80 
SD 107 0.47 
SD 108 0.73 
SD 111 0.73 
SD 114 0.80 
SD 125 0.67 
SD 126 0.77 
SD 127 0.73 
SD 128 0.67 
SD 131 0.85 
SD 136 0.78 
SD 137 0.84 
SD 138 0.87 
SD 139 0.65 
SD 140 0.72 
SD 143 0.80 
SD 149 0.87 
SD 150 0.75 
SD 152 0.37 
SD 153 0.66 
SD 156 0.77 
SD 160 0.73 
SD 163 0.61 
SD 166 0.58 
SD 173 0.70 
SD 175 0.69 
SD 177 0.81 
SD 183 0.64 
SD 186 0.89 
SD 188 0.55 
SD 190 0.71 
SD 195 0.85 



 

 74   
 

SD 197 0.51 
SD 201 0.78 
SD 203 0.74 
SD 206 0.55 
SD 218 0.76 
SD 219 0.83 
SD 292 0.79 
SD 294 0.61 
SD 303 0.89 
SD 305 0.83 
SD 457 0.76 
SD 731 0.89 
SD 910 0.63 
SD 930 0.78 
SF 29 0.69 
SF 60 0.72 
SF 86 0.75 
SF 92 0.85 
SF 112 0.54 
SF 121 0.69 
SF 148 0.62 
SF 154 0.81 
SF 172 0.48 
SF 174 0.52 
SF 240 0.59 
SF 241 0.76 
SF 243 0.80 
SF 244 0.76 
SF 246 0.76 
SF 261 0.71 
SF 270 0.78 
SF 272 0.64 
SF 277 0.68 
SF 278 0.55 
SF 280 0.69 
SF 308 0.72 
SF 309 0.68 
SF 310 0.75 
SF 317 0.66 
SF 343 0.66 
SF 344 0.83 
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SF 349 0.72 
SF 350 0.54 
SF 351 0.72 
SF 357 0.65 
SF 362 0.89 
SF 365 0.51 
SF 366 0.73 
SF 368 0.88 
SF 370 0.58 
SF 371 0.58 
SF 374 0.49 
SF 379 0.60 
SF 426 0.87 
SF 427 0.87 
SF 435 0.60 
SF 436 0.79 
SF 443 0.67 
SF 446 0.78 
SF 448 0.77 
SF 449 0.79 
SF 450 0.81 
SF 460 0.57 
SF 470 0.80 
SF 471 0.86 
SF 474 0.82 
SF 475 0.83 
SF 476 0.87 
SF 479 0.72 
SF 483 0.75 
SF 485 0.64 
SF 488 0.58 
SF 490 0.58 
SF 491 0.66 
SF 495 0.59 
SF 498 0.76 
SF 502 0.51 
SF 576 0.81 
SF 593 0.88 
SF 594 0.59 
SF 646 0.82 
SF 704 0.68 
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UT 189 0.58 
UT 301 0.89 
UT 397 0.68 
UT 415 0.79 
UT 431 0.59 
UT 466 0.85 
UT 542 0.79 
UT 568 0.83 
UT 601 0.79 
UT 614 0.79 
UT 1179 0.79 
UT 1208 0.79 

Table 5: Field Corrosion Growth Data 
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APPENDIX C: PROBABILITY OF CASING FAILURE 

DATA (EQUATION# 24) 

L NL 

37 498 
ARBR

c 
PLARBR(ARBR>=ARB

Rc) 
PLARBR(ARBR<ARB

Rc) 
PNLARBR(ARBR<ARB

Rc) PF(ARBRc) 

0 0.999925706 7.42937E-05 6.3372E-13 0.99992570
6 

0.01 0.999893051 0.000106949 1.25405E-12 0.99989305
1 

0.02 0.999847257 0.000152743 2.45971E-12 0.99984725
7 

0.03 0.999783571 0.000216429 4.78202E-12 0.99978357
1 

0.04 0.99969574 0.00030426 9.21503E-12 0.99969574 

0.05 0.999575615 0.000424385 1.76012E-11 0.99957561
5 

0.06 0.99941269 0.00058731 3.33235E-11 0.99941269 

0.07 0.999193553 0.000806447 6.25349E-11 0.99919355
2 

0.08 0.99890126 0.00109874 1.16322E-10 0.99890125
8 

0.09 0.99851463 0.00148537 2.14471E-10 0.99851462
7 

0.1 0.99800747 0.00199253 3.91964E-10 0.99800746
4 

0.11 0.997347734 0.002652266 7.10064E-10 0.99734772
5 

0.12 0.996496659 0.003503341 1.27504E-09 0.99649664
2 

0.13 0.99540788 0.00459212 2.2695E-09 0.99540785 

0.14 0.994026588 0.005973412 4.00421E-09 0.99402653
5 

0.15 0.992288767 0.007711233 7.00304E-09 0.99228867
4 

0.16 0.990120572 0.009879428 1.21407E-08 0.99012041
1 

0.17 0.987437913 0.012562087 2.08637E-08 0.98743763
6 

0.18 0.984146317 0.015853683 3.55411E-08 0.98414584
6 

0.19 0.980141143 0.019858857 6.00159E-08 0.98014035
1 



 

 78   
 

0.2 0.975308218 0.024691782 1.00462E-07 0.97530689
9 

0.21 0.969524959 0.030475041 1.66702E-07 0.96952278
4 

0.22 0.962662039 0.037337961 2.74212E-07 0.96265848
6 

0.23 0.954585614 0.045414386 4.47141E-07 0.95457986
9 

0.24 0.94516014 0.05483986 7.22796E-07 0.94515094
6 

0.25 0.934251741 0.065748259 1.15826E-06 0.93423717
6 

0.26 0.921732075 0.078267925 1.84002E-06 0.92170924
9 

0.27 0.90748262 0.09251738 2.89779E-06 0.90744722
7 

0.28 0.891399229 0.108600771 4.52422E-06 0.89134495
2 

0.29 0.873396812 0.126603188 7.0026E-06 0.87331450
1 

0.3 0.853413942 0.146586058 1.07453E-05 0.85329053
4 

0.31 0.831417181 0.168582819 1.63467E-05 0.83123429
6 

0.32 0.807404899 0.192595101 2.46544E-05 0.80713706
3 

0.33 0.781410368 0.218589632 3.68656E-05 0.78102283
1 

0.34 0.753503933 0.246496067 5.46535E-05 0.75295005
8 

0.35 0.723794074 0.276205926 8.03321E-05 0.72301233
3 

0.36 0.692427243 0.307572757 0.000117069 0.69133790
7 

0.37 0.659586381 0.340413619 0.000169157 0.65808807
6 

0.38 0.625488117 0.374511883 0.000242344 0.62345452
1 

0.39 0.590378683 0.409621317 0.000344258 0.58765576
7 

0.4 0.554528676 0.445471324 0.000484899 0.55093302
7 

0.41 0.518226848 0.481773152 0.000677242 0.51354571
7 

0.42 0.481773152 0.518226848 0.000937936 0.47576701
6 

0.43 0.445471324 0.554528676 0.001288098 0.43787975
6 

0.44 0.409621317 0.590378683 0.001754215 0.40017292
3 
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0.45 0.374511883 0.625488117 0.002369116 0.36293884
6 

0.46 0.340413619 0.659586381 0.003173016 0.32647099
4 

0.47 0.307572757 0.692427243 0.00421458 0.29106198
5 

0.48 0.276205926 0.723794074 0.005551961 0.25700115
5 

0.49 0.246496067 0.753503933 0.007253771 0.22457080
7 

0.5 0.218589632 0.781410368 0.009399886 0.19404017
7 

0.51 0.192595101 0.807404899 0.012082022 0.16565646
3 

0.52 0.168582819 0.831417181 0.015403988 0.13963283
4 

0.53 0.146586058 0.853413942 0.019481502 0.11613440
1 

0.54 0.126603188 0.873396812 0.024441506 0.09526418
2 

0.55 0.108600771 0.891399229 0.030420866 0.07705196
5 

0.56 0.09251738 0.90748262 0.037564409 0.06144898
1 

0.57 0.078267925 0.921732075 0.046022234 0.04833040
8 

0.58 0.065748259 0.934251741 0.055946307 0.03750598
7 

0.59 0.05483986 0.94516014 0.067486348 0.02873709
8 

0.6 0.045414386 0.954585614 0.080785101 0.02175723
1 

0.61 0.037337961 0.962662039 0.095973105 0.01629236
4 

0.62 0.030475041 0.969524959 0.113163135 0.01207834
2 

0.63 0.024691782 0.975308218 0.132444542 0.00887353
5 

0.64 0.019858857 0.980141143 0.153877743 0.00646634
2 

0.65 0.015853683 0.984146317 0.177489129 0.00467811 

0.66 0.012562087 0.987437913 0.203266707 0.00336256
9 

0.67 0.009879428 0.990120572 0.231156734 0.00240302
6 

0.68 0.007711233 0.992288767 0.261061604 0.00170838
8 

0.69 0.005973412 0.994026588 0.292839204 0.00120883
6 
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0.7 0.00459212 0.99540788 0.326303865 0.00085167
4 

0.71 0.003503341 0.996496659 0.361228988 0.00059764
1 

0.72 0.002652266 0.997347734 0.397351309 0.00041780
2 

0.73 0.00199253 0.99800747 0.434376689 0.00029103 

0.74 0.00148537 0.99851463 0.47198723 0.00020201
7 

0.75 0.00109874 0.99890126 0.509849426 0.00013974
8 

0.76 0.000806447 0.999193553 0.547623011 9.63415E-05 
0.77 0.00058731 0.99941269 0.584970103 6.61878E-05 
0.78 0.000424385 0.999575615 0.621564244 4.53116E-05 
0.79 0.00030426 0.99969574 0.657098931 3.09076E-05 
0.8 0.000216429 0.999783571 0.691295269 2.10034E-05 

0.81 0.000152743 0.999847257 0.72390843 1.42173E-05 
0.82 0.000106949 0.999893051 0.754732669 9.58468E-06 
0.83 7.42937E-05 0.999925706 0.783604745 6.43408E-06 
0.84 5.12015E-05 0.999948798 0.810405674 4.2999E-06 
0.85 3.50076E-05 0.999964992 0.835060834 2.86022E-06 
0.86 2.37457E-05 0.999976254 0.857538541 1.89329E-06 
0.87 1.59787E-05 0.999984021 0.877847252 1.24684E-06 
0.88 1.06667E-05 0.999989333 0.896031648 8.16742E-07 
0.89 7.06393E-06 0.999992936 0.91216786 5.32031E-07 
0.9 4.64067E-06 0.999995359 0.926358124 3.44563E-07 

0.91 3.02435E-06 0.999996976 0.938725157 2.21812E-07 
0.92 1.95521E-06 0.999998045 0.949406521 1.41903E-07 
0.93 1.25389E-06 0.999998746 0.958549214 9.01982E-08 
0.94 7.97685E-07 0.999999202 0.966304677 5.69533E-08 
0.95 5.03384E-07 0.999999497 0.972824375 3.5717E-08 
0.96 3.1511E-07 0.999999685 0.978256045 2.22429E-08 
0.97 1.95666E-07 0.999999804 0.982740663 1.3753E-08 
0.98 1.20519E-07 0.999999879 0.986410136 8.44178E-09 
0.99 7.36346E-08 0.999999926 0.989385693 5.1433E-09 

1 4.46259E-08 0.999999955 0.991776908 3.11008E-09 
Table 6: Probability of Casing Failure Data 
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APPENDIX D: CASING INTEGRITY MANAGEMENT 

COST DATA (EQUATION# 31) 

CR CPM 
$        4,000,000 $       2,000,000 

ARBRc PPM(ARBRc) PF(ARBRc) PR(ARBRc) CIMC ($) 
0 1.5779E-10 0.999925706 0.999925706 $                   3,999,703 

0.01 2.78826E-10 0.999893051 0.999893051 $                   3,999,572 
0.02 4.8891E-10 0.999847257 0.999847257 $                   3,999,389 
0.03 8.5068E-10 0.999783571 0.99978357 $                   3,999,134 
0.04 1.46875E-09 0.99969574 0.999695738 $                   3,998,783 
0.05 2.51638E-09 0.999575615 0.999575612 $                   3,998,302 
0.06 4.27812E-09 0.99941269 0.999412686 $                   3,997,651 
0.07 7.2174E-09 0.999193552 0.999193545 $                   3,996,774 
0.08 1.20826E-08 0.998901258 0.998901246 $                   3,995,605 
0.09 2.00724E-08 0.998514627 0.998514607 $                   3,994,058 
0.1 3.30899E-08 0.998007464 0.998007431 $                   3,992,030 

0.11 5.41318E-08 0.997347725 0.997347671 $                   3,989,391 
0.12 8.78766E-08 0.996496642 0.996496554 $                   3,985,986 
0.13 1.41567E-07 0.99540785 0.995407709 $                   3,981,631 
0.14 2.26318E-07 0.994026535 0.99402631 $                   3,976,106 
0.15 3.59046E-07 0.992288674 0.992288318 $                   3,969,154 
0.16 5.65272E-07 0.990120411 0.990119851 $                   3,960,481 
0.17 8.83172E-07 0.987437636 0.987436764 $                   3,949,749 
0.18 1.36936E-06 0.984145846 0.984144499 $                   3,936,581 
0.19 2.10705E-06 0.980140351 0.980138286 $                   3,920,557 
0.2 3.21754E-06 0.975306899 0.975303761 $                   3,901,221 

0.21 4.87606E-06 0.969522784 0.969518056 $                   3,878,082 
0.22 7.33353E-06 0.962658486 0.962651426 $                   3,850,620 
0.23 1.09462E-05 0.954579869 0.95456942 $                   3,818,300 
0.24 1.62151E-05 0.945150946 0.94513562 $                   3,780,575 
0.25 2.38391E-05 0.934237176 0.934214905 $                   3,736,907 
0.26 3.47841E-05 0.921709249 0.921677188 $                   3,686,778 
0.27 5.03726E-05 0.907447227 0.907401517 $                   3,629,707 
0.28 7.24E-05 0.891344952 0.891280419 $                   3,565,266 
0.29 0.000103281 0.873314501 0.873224305 $                   3,493,104 
0.3 0.000146231 0.853290534 0.853165756 $                   3,412,955 

0.31 0.0002055 0.831234296 0.831063477 $                   3,324,665 
0.32 0.000286641 0.807137063 0.806905705 $                   3,228,196 



 

 82   
 

0.33 0.00039685 0.781022831 0.780712882 $                   3,123,645 
0.34 0.000545364 0.752950058 0.752539426 $                   3,011,248 
0.35 0.000743917 0.723012333 0.722474473 $                   2,891,386 
0.36 0.001007277 0.691337907 0.690641539 $                   2,764,581 
0.37 0.001353846 0.658088076 0.657197126 $                   2,631,496 
0.38 0.001806321 0.623454521 0.622328362 $                   2,492,926 
0.39 0.002392409 0.587655767 0.586249854 $                   2,349,784 
0.4 0.003145586 0.550933027 0.54920002 $                   2,203,091 

0.41 0.004105859 0.513545717 0.511437171 $                   2,053,960 
0.42 0.005320528 0.475767016 0.473235684 $                   1,903,584 
0.43 0.006844881 0.437879756 0.434882521 $                   1,753,220 
0.44 0.008742801 0.400172923 0.396674291 $                   1,604,183 
0.45 0.011087219 0.362938846 0.358914864 $                   1,457,834 
0.46 0.013960358 0.326470994 0.321913342 $                   1,315,574 
0.47 0.017453715 0.291061985 0.285981872 $                   1,178,835 
0.48 0.021667711 0.257001155 0.251432529 $                   1,049,066 
0.49 0.026710954 0.224570807 0.218572306 $                       927,711 
0.5 0.032699073 0.194040177 0.187695243 $                       816,179 

0.51 0.039753075 0.165656463 0.159071109 $                       715,791 
0.52 0.047997216 0.139632834 0.132930847 $                       627,718 
0.53 0.057556382 0.116134401 0.109450125 $                       552,913 
0.54 0.068553003 0.095264182 0.088733536 $                       492,040 
0.55 0.081103565 0.077051965 0.070802776 $                       445,418 
0.56 0.0953148 0.061448981 0.055591984 $                       412,998 
0.57 0.111279662 0.048330408 0.042952216 $                       394,368 
0.58 0.129073236 0.037505987 0.032664968 $                       388,806 
0.59 0.148748742 0.028737098 0.024462491 $                       395,347 
0.6 0.170333805 0.021757231 0.018051239 $                       412,873 

0.61 0.193827181 0.016292364 0.013134461 $                       440,192 
0.62 0.219196116 0.012078342 0.009430816 $                       476,115 
0.63 0.246374507 0.008873535 0.006687322 $                       519,498 
0.64 0.275262006 0.006466342 0.004686404 $                       569,270 
0.65 0.305724176 0.00467811 0.003247899 $                       624,440 
0.66 0.337593762 0.003362569 0.002227387 $                       684,097 
0.67 0.370673092 0.002403026 0.001512289 $                       747,395 
0.68 0.404737565 0.001708388 0.001016939 $                       813,543 
0.69 0.439540139 0.001208836 0.000677504 $                       881,790 
0.7 0.474816658 0.000851674 0.000447285 $                       951,422 

0.71 0.510291853 0.000597641 0.00029267 $                   1,021,754 
0.72 0.545685764 0.000417802 0.000189814 $                   1,092,131 
0.73 0.580720352 0.00029103 0.000122023 $                   1,161,929 
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0.74 0.615126033 0.000202017 7.77511E-05 $                   1,230,563 
0.75 0.648647886 0.000139748 4.91007E-05 $                   1,297,492 
0.76 0.681051284 9.63415E-05 3.0728E-05 $                   1,362,225 
0.77 0.712126761 6.61878E-05 1.90537E-05 $                   1,424,330 
0.78 0.741693929 4.53116E-05 1.17043E-05 $                   1,483,435 
0.79 0.769604349 3.09076E-05 7.12097E-06 $                   1,539,237 
0.8 0.795743272 2.10034E-05 4.29009E-06 $                   1,591,504 

0.81 0.820030263 1.42173E-05 2.55869E-06 $                   1,640,071 
0.82 0.842418734 9.58468E-06 1.51037E-06 $                   1,684,844 
0.83 0.862894485 6.43408E-06 8.82148E-07 $                   1,725,792 
0.84 0.881473383 4.2999E-06 5.09652E-07 $                   1,762,949 
0.85 0.89819833 2.86022E-06 2.91176E-07 $                   1,796,398 
0.86 0.913135704 1.89329E-06 1.64459E-07 $                   1,826,272 
0.87 0.92637145 1.24684E-06 9.18033E-08 $                   1,852,743 
0.88 0.938007011 8.16742E-07 5.06323E-08 $                   1,876,014 
0.89 0.948155255 5.32031E-07 2.7583E-08 $                   1,896,311 
0.9 0.956936562 3.44563E-07 1.48381E-08 $                   1,913,873 

0.91 0.964475187 2.21812E-07 7.87983E-09 $                   1,928,950 
0.92 0.970895997 1.41903E-07 4.12994E-09 $                   1,941,792 
0.93 0.976321651 9.01982E-08 2.13574E-09 $                   1,952,643 
0.94 0.980870266 5.69533E-08 1.0895E-09 $                   1,961,741 
0.95 0.984653567 3.5717E-08 5.48129E-10 $                   1,969,307 
0.96 0.987775527 2.22429E-08 2.71908E-10 $                   1,975,551 
0.97 0.990331454 1.3753E-08 1.32972E-10 $                   1,980,663 
0.98 0.992407487 8.44178E-09 6.40943E-11 $                   1,984,815 
0.99 0.994080444 5.1433E-09 3.0446E-11 $                   1,988,161 

1 0.995417963 3.11008E-09 1.42505E-11 $                   1,990,836 
Table 7: Casing Integrity Cost Management Data 
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NOMENCLATURE 

 

𝑷𝑷𝑭𝑭(𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝒄𝒄): Probability of casing failure above a certain average remaining barriers 
ratio cutoff. 

𝑷𝑷𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵(𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵): Leaking ARBR Probability Density Function. 

𝑷𝑷𝑵𝑵𝑵𝑵𝑵𝑵(𝑵𝑵𝑵𝑵𝑵𝑵): Leaking Metal Loss Probability Density Function. 

𝑷𝑷𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵(𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵): Non-Leaking ARBR Probability Density Function. 

𝑷𝑷𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵(𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵): Non-Leaking Metal Loss Probability Density Function. 

𝑷𝑷𝑵𝑵(𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝒄𝒄): Probability of casing repair workovers. 

𝜶𝜶𝑪𝑪𝑵𝑵: Corrosion rate standard deviation (mpy). 

𝜶𝜶𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵: Leaking ARBR standard deviation. 

𝜶𝜶𝑵𝑵𝑵𝑵𝑵𝑵: Leaking Metal Loss standard deviation (%). 

𝜶𝜶𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵: Non-Leaking ARBR standard deviation. 

𝜶𝜶𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵: Non-Leaking Extreme ARBR standard deviation. 

𝜶𝜶𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵: Non-Leaking Metal Loss standard deviation (%). 

𝝁𝝁𝑪𝑪𝑵𝑵: Corrosion rate mean (mpy). 

𝝁𝝁𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵: Leaking ARBR mean. 

𝝁𝝁𝑵𝑵𝑵𝑵𝑵𝑵: Leaking Metal Loss mean (%). 

𝝁𝝁𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵: Non-Leaking ARBR mean.  

𝝁𝝁𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵: Non-Leaking Extreme ARBR mean.  

𝝁𝝁𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵: Non-Leaking Metal Loss mean (%). 

∅: Phase shift. 

ARBR: Average Remaining Barriers Ratio (dimensionless). 

ARBR0: Zero-Tolerance Average Remaining Barriers Ratio Cutoff. 

ARBRc : is the cutoff value at and above which the probability of casing failure is 
computed. 

ARBRc*: Optimum Average Remaining Barriers Ratio Cutoff. 
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ARBRc: Average Remaining Barriers Ratio Cutoff.  

CDF: Cumulative Distribution Function.  

CIMC: Casing Integrity Management Cost. 

CPM: Casing preventive maintenance workover cost. 

CR: Casing repair workover cost. 

CRz=3: Maximum likely corrosion rate (mpy).  

D: Depth (cm). 

EM: Electromagnetic. 

EMDS: Electromagnetic Defectoscope Tools. 

EMIT: Electromagnetic Induction Tools. 

F: Frequency (cycles per second). 

Fhotspots : is the number of leaking/ failed hotspots at and above ARBRc. 

L: is the total number of leaking hotspots. 

LARBR: Leaking Average Remaining Barriers Ratio. 

LML: Leaking Metal Loss. 

n: number of sample data points.  

NL: is the total number of non-leaking hotspots.   

NLARBR: Non-Leaking Average Remaining Barriers Ratio. 

NLEARBR: Non-Leaking Extreme Average Remaining Barriers Ratio. 

NLML: Non-Leaking Metal Loss. 

PDF: Probability Density Function. 

PPM (ARBRc): Probability of preventive maintenance workover.  

PW (ARBR): Probability density function of the field corrosion growth distribution. 

SFhotspots : is the number of leaking/ failed hotspots below ARBRc. The “SF” notion 
means that these hotspots survived from failure at and above ARBRc and failed below it.  

SShotspots : is the number of non-leaking hotspots below ARBRc. The “SS” notion means 
that these hotspots survived from failure at and above ARBRc and still surviving below it.  

TL1: Thickness loss from the outer string (in). 

TL2: Thickness loss from the second outer string (in). 
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TL3: Thickness loss from the third outer string (in). 

TN1: Nominal thickness of the outer string (in). 

TN2: Nominal thickness of the second outer string (in). 

TN3: Nominal thickness of the third outer string (in). 

X: Number of strings across the hotspot. 

𝝁𝝁: Relative permeability. 

𝝆𝝆: Resistivity (micro-ohm cm). 
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