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Abstract 

 
In directional drilling, the planning phase is one of the most important phases of the entire 

project cycle. At this early stage, the complexity of a well and the associated costs are already 

apparent. Finally, from the planning phase it emerges whether it is feasible to carry out a drilling or 

not. The industry has therefore put many resources into the development of tools/indices to optimize 

these processes.  However, the development of these indices is not an easy task, as the factors that 

influence a well are so numerous. The indices are, therefore, usually oriented towards a sub-area of 

the drilling process depending on the company’s needs. The indices that consider the whole process 

of the development of a well are very complex and not easy to use. The indices are usually owned by 

the companies. 

There are few indices that focus on the Directional Drilling process and these are often not 

comprehensive enough or too complex. However, since directional drilling is the most important step 

in the entire drilling process and has a significant influence on the overall result, alternative indices 

should be available. Therefore, one of the most used indices, the Direction Difficulty Index (DDI), will 

be extended by geological parameters. This Enhanced DDI (EDDI) is developed using linear multiple 

regression. 

During the analysis, it became apparent how great the influence of geological parameters is and 

that this is not considered in the DDI. The first results of the EDDI are promising. To further develop 

the EDDI and make it more robust, further analyses based on an even more comprehensive data set 

are necessary and recommended. 
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1 Introduction 

1.1 Statement of the Problem 

Directional drilling is a complex operation consisting of several different important components. 

All these components must be taken into consideration at the planning stage of a drilling project. The 

planning phase is thus a large and complex process, as all aspects of a drilling operation must be 

considered. A thorough planning phase is the key to safe and economically efficient drilling (Kaiser, 

2007). 

The aim of well trajectory planning is to determine the optimal trajectory considering many 

parameters. To predict or evaluate the relative complexity of drilling a directional well, the industry 

uses a set of different indices at the planning stage. 

To be able to forecast drilling complexity and drilling performance is a crucial management tool 

in the oil and gas industry. Such predictions can often be almost directly translated into cost savings 

and contribute on a large scale to the safety of a drilling operation. Therefore, companies worldwide 

have invested in the development of schemes to predict complexity and costs. However, most of those 

indices are not accessible outside the company (Curry, 2005). 

An index is a tool to determine the complexity of a certain drilling campaign. However, there are 

very few indices available that focus solely on directional drilling one of which is the Directional 

Difficulty Index (DDI) presented by Oag (2000). The DDI alone does not reflect the overall well 

complexity as it doesn’t consider geology as an influencing factor. But geology influences the 

complexity profoundly. Therefore, an index to predict complexity considering the trajectory as well as 

the geology of this trajectory is needed. Such an index will be developed in the framework of this work 

and shall be called Enhanced Directional Difficulty Index (EDDI) as it is a hybrid of the DDI.    

1.2 Objectives of Study 

The goal of this work is to make a review of the existent drilling indices by comparing them 

using a case study. Furthermore, it is proposed a new comprehensive and easy to implement index to 

estimate the degree of difficulty for different well trajectories on the Directional Difficulty Index (DDI).  

1.3 Scope of Study 

To achieve the overall goal, an overview and introduction into directional drilling will be 

presented in Chapter 2 introducing and shortly analysing five indices: i) the Mechanical Risk Index 

(MRI) – the MRI employs primary variables and qualitative indicators to measure drilling risks and 

complexity; ii) the Joint Association Survey (JAS) – the JAS estimates drilling cost using survey data 

and quadratic regression models constructed from four descriptor variables; iii) the Directional 

Difficulty Index (DDI) – the DDI provides a first-pass evaluation of the relative difficulty to be 
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encountered in drilling a directional well; iv) The difficulty index (DI) that describe the expected 

difficulty in drilling an extended reach well; and v) Mechanical Specific Energy (MSE), which is used to 

calculate different processes of drilling, such as for post-well analysis, or as a real-time tool to 

maximize the rate of penetration (ROP). In Chapter 3 the methodology used in this work. Is made a 

new index to forecast the complexity of directional drilling operations shall be developed using multiple 

linear regression analysis. In Chapter 4 the results will be discussed and verified through a case study. 

Lastly, Chapter 5 includes the conclusion and some recommendations for future work. 

2 Literature Review 

Literature review was carried out to determine the state of the art on the subject. Due to the vast 

number of articles in these areas, this literature review is limited to the most relevant and/or well-

known works. 

The process of drilling a well for hydrocarbon recovery contains many different aspects and 

phases. A large part of this process is the drilling operation itself. A large and time-consuming part of 

the drilling operation is to plan directional drilling. First an introduction into directional drilling and 

second key components of well planning will be given, and third five indices to forecast cost and 

complexity will be introduced and lastly compared. 

2.1 Directional drilling 

2.1.1 Historical Overview 

Directional drilling as a tool/process was first observed in the United States‘oil and gas industry 

during the 19th century. Rotary drilling techniques were being introduced, replacing the older and 

traditionally used cable-tool rigs. According to Inglis (1987) at that time most of the wells were drilled 

vertically, straight down into the reservoir. Although these wells were considered to be vertical, 

borehole surveys taken some years later showed that the “vertical” wells were far from being vertical. 

As stated by Inglis (1987) back then little attempt was made to stabilize the drilling string and by that 

control the path of the wellbore. Additionally, some deviations in a wellbore frequently occur, due to 

formation effects and bending of the drill-string. The first recorded instance of a well being deliberately 

drilled along a deviated course was in California in 1930. This well was drilled to exploit a reservoir, 

which was beyond the shoreline underneath the Pacific Ocean. The next recorded use of directional 

drilling was in 1934. A deviated well was drilled to kill a blowout on the Conroe field in Texas (Inglis, 

1987); a blowout is the uncontrolled release of crude oil or gas from oil or gas well. 

An increase in the demand for petroleum after the Second World War led the industry into more 

remote and hostile areas for exploration. Large deposits of oil and gas were located offshore. 

However, offshore wells are associated with high drilling costs (Inglis, 1987). Nevertheless, without 

directional drilling techniques, for instance drilling multiple wells from one central platform, many 

offshore fields would not be economically viable.  
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Improvements in directional drilling tools and techniques, coupled with advances in production 

techniques have led to a steady increase in the proportion of wells drilled directionally rather than 

vertically (Professors, 2006). As the search for oil extends into ever more hostile and demanding 

environments, this trend is even today continuing. For Rocha (2008) directional drilling has now 

become an essential element in oilfield development, both onshore and offshore. “It is undoubtedly 

one of the engineering links to the oil and gas industry that has evolved most over the last few years”. 

Figure 1 gives a brief overview of the milestones of the evolution of directional drilling. Despite all the 

progress made in directional drilling technology, there is still a great need for personnel with proper 

training and experience to be able to use the technology and to maximize its benefit (Rocha, 2008).  

 

 

Figure 1 Evolution of directional drilling source (IADC , 2015) 

2.1.2 Applications of Directional Drilling 

There are many reasons that influence the choice to drill a directional well. While it is not the 

intent of this thesis to describe all the different uses, a few examples are provided to introduce this 

drilling technique. 

Practices for directional drilling can be separated into four main categories: 

 Reservoir Drainage 

 Return on Investment (ROI) 

 Inaccessible Target Locations from Surface 

 Avoidance of Obstructions in the Wellbore 
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A directional well provides the opportunity to reach more production intervals in a given 

formation sequence, normally, the more contact the wellbore has with the productive formation, the 

higher the production potential that exists, see Figure 2. 

Horizontal Hole

Tangent Section

-  Reservoir Contact

2nd Build Section to Horizontal

-  Reservoir Contact

-  Reservoir Contact

} }

}
 

Figure 2 Different contact lengths of wellbore reservoir depending on well types (Adams, 1985) 

There are many other reasons for drilling a non-vertical (deviated) well. Some of these other 

applications of directionally controlled drilling are the following (also compare figure 3): 

 Multi-well Platform Drilling 

 Relief Wells 

 Inaccessible Locations 

 Controlling vertical holes 

 Sidetracking 

 Fault Drilling 

 Salt Dome Drilling. 
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Figure 3 Applications of directional drilling a) Multi-well Platform Drilling, b) Relief Wells, c) Inaccessible 
Locations, d) Controlling vertical holes, e) Sidetracking, f) Fault Drilling, and g) Salt Dome Drilling 

2.1.3 Definition and terminology 

Directional drilling can generally be defined as the art of directing a wellbore along a 

predetermined trajectory to intersect a designated subsurface target. Figure 4 shows the main 

parameters of a directional well. 

The following terminology is commonly used (Rocha, 2008): 

 Kick-off point (KOP): The depth at which the well is first deviated from the vertical. 

 Build section: Is frequently designed at a constant build-up rate (BUR) until the desired hole 

angle or end-of-build (EOB) target location is achieved. 

 Build-up rate (BUR): Is the rate of change (degrees/100 ft or degrees/30 m) of the increasing 

angle in the hole. 

 Azimuth: The angle (°) between the north direction and the plane containing the vertical line 

through the wellhead and the vertical line through the target. 

 Drop-off point: The depth, where the hole angle begins to drop off (i.e. tending to vertical). 

 Displacement: The horizontal distance between the vertical lines passing through the target 

and the wellhead. 

 Inclination: Angle (°) made by the tangential section of the hole with the vertical. 

 Measured depth (MD): Depth (length) of the well along the wellpath. 

A 

B 

C 

D 

E 

F 

G 
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 Tangent section: Section of a well, where the wellpath is maintained at a certain inclination, 

with the intent of advancing in both true-vertical depth and vertical section. Short tangential 

sections are built for housing submersible pumps for instance. 

 True-vertical depth (TVD): Vertical distance between Kelly bushing (RKB) and survey point. 

 Vertical Section (VS): Pre-defined azimuth angle along which the VS is calculated, usually the 

angle between north and a line uniting the wellhead and the total depth. 

 Wellpath: The trajectory of a directionally drilled well in three dimensions. 

 

 

Figure 4 Measurement parameters of a directional well (modified from Gabolde and Nguyen, 1991) 

2.2 Well planning 

The main goal of planning a directional well is to save costs and, therefore, gain economic 

benefits and to additionally achieve safety benefits. If a well is effectively planned, much of the 

necessary time and effort of achieving the target can be reduced (Inglis, 1987). 

Planning even the simplest vertical well is a task that involves multiple disciplines. A casual 

observer might think that planning a directional well would require only a few geometry calculations in 

addition to the usual tasks. On the contrary, almost every aspect of well planning is affected when a 

directional well is planned. 

Every well planning starts with the efforts of geologists, geophysicists and reservoir engineers. 

In a joint effort they determine the best place for the wellbore. After a decision has been made on the 



17 
 

target, a Drilling Engineer must identify potential surface locations. In a second step the Drilling 

Engineer must define the well path. It is important to define the wellpath in such a manner that all 

target requirements are met at the lowest possible cost. If flexibility with regards to the surface location 

exists, it is easier to keep costs at a minimum. Various software systems are available to assist in 

these engineering efforts, but the effective application of such software also requires a good 

understanding of the underlying engineering principles (Economides & Watters, 1997). Economides et 

al. (1997) further believe that the fundamental variables that dictate the planned wellpath are the 

surface location for the rig and wellhead as well as the location(s) of the target(s) downhole. However, 

many other variables also impact the final wellpath. 

As well planning is such a complex and multidisciplinary task, many professionals from various 

fields and often even companies are involved in designing the various programs for the well (e.g. 

drilling fluid program, casing program, drill string design for each section, bit program, etc.).  

The planning phase is an important process, as one must bare all aspects of a drilling operation 

in mind. A thorough planning phase is the main ingredient for safe and economically efficient wells.  

The information needed to plan a directional well is listed below: 

 Well profile and application 

 Reservoir conditions 

 Completion needs 

 Open or cased hole completion 

 Location of completion equipment 

 Hole size requirements 

 Target constraints 

 Location 

 Size 

 Shape 

 Presence (or absence) of geological markers 

 Hole and casing sizes 

 Casing points 

By planning safe wells, the Non-productive time (NPT) can be reduced, simultaneously reducing 

additional costs, and good planning has farther the potential for saving money by increasing the 

chances of hitting the target optimally.  

2.2.1 Well Profiles and Terminology 

Figure 5 shows a simple build/hole/drop well profile, known as an “S” well. Rotary Kelly Bushing 

(RKB) is the location of a point in the well is generally expressed in Cartesian coordinates with the 

wellhead; the true vertical depth (TVD) that is usually expressed as the vertical distance below RKB. 

The KOP is the beginning of the build section. A build section is frequently designed at a constant 

BUR until the desired hole angle or end-of-build (EOB) target location is achieved. The purpose of the 
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tangent is to maintain the angle and direction until the next target is reached. The tangent section is 

followed by the drop section that usually aims to place the wellbore in the reservoir in the optimum 

orientation with respect to formation permeability or in-situ formation stress. Departure or vertical 

section (VS) is the distance between two survey points as projected onto the horizontal plane 

(Watters, 1997). 

 

 

Figure 5 well profile terminology (from Halliburton “The Petroleum Well Construction Book”) 

2.2.2 Wellpath Design 

The first step in planning a directional well is to design the wellbore path, or trajectory, to 

intersect a given target. The initial design should consider the various types of paths that can be drilled 

economically.  

The wellpath design is critical to the success and optimal performance of any directional drilling 

(DD) project, as it will affect all relevant aspects of the well program, such as: wellbore stability, hole 

cleaning, and torque and drag (Rocha, 2008).  

When preparing the program for DD wells, there are three types of wellpath design options that 

should be considered as stated by Krepp and Mims (2007): (also compare Figure 6) 

Type I (Build and Hold Profile): a constant build rate is used to kick the well off from vertical, 

building to a tangent angle that is held constant all the way to the target. Build and hold profiles 

minimize the total depth and require directional work; furthermore, they are a good starting option for a 

directional well design.  

To carry out the geometric planning for a Type I well, the following information is required: 
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 Surface Co-ordinates 

 Target Co-ordinates 

 TVD of target 

 TVD to KOP 

 Build-up rate 

Type II (S-Profile): The S-profile has a kick-off point a little higher than the B&H profile, from 

the kick-off point until the end of tangent section it has the same hold section as B&H, but after that 

there is a drop interval (drop section) before reaching the point to drill into the target. 

The following information is required to carry out the geometric planning: 

 Surface Co-ordinates 

 Target Co-ordinates 

 TVD of target 

 TVD at end of drop-off (usually end of well) 

 TVD to KOP 

 Build-up rate 

 Drop-off rate 

 Final angle of inclination through target 

Type III (J-Profile): this is made up of a vertical section, a deep kick off and a build up to the 

target. This type of trajectory is used for salt dome drilling and for planning appraisal wells to assess 

the extent of the discovered reservoir. The benefit of these designs is that drilling torque may be 

significantly reduced over a build and hold design but drag problems could increase depending on the 

specific wellpath geometry.  

The following information is required to carry out the geometric planning: 

 Surface Coordinates 

 Target Coordinates 

 Maximum inclination angle 

 TVD to KOP 

 Build-up rate 

Another type are horizontal wells (Complex 3-D). A horizontal well is a well, which can have any 

one of the above profiles plus a horizontal section within the reservoir. In DD projects with horizontal 

wells, complex 3-D profiles are becoming more common. Good examples include the Gullfaks 

offshore project in Norway and the Unocal offshore project in Thailand. Both projects include multiple 

and significant azimuth corrections at depth, to align the horizontal sections.  

As discussed earlier, there are various wellpath design options for a given DD project. Each has 

its distinct advantages and disadvantages that one must bear in mind before selecting one (Krepp, 

2007). 
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Figure 6 Type of wellpath design (Rabia, 2002) 

To summarize the steps in designing a well profile are: 

 Kick off Point (KOP) 

 Formation compatibility 

 Build up rate 

 Casing program 

 Casing wear and hole erosion 

 Tangent sections (if any) 

 Horizontal displacement 

 TVD uncertainty of reservoir and geological markers 

 Directional performance uncertainties 

 Completion requirements 

 TVD uncertainty of reservoir and geological markers 

 Oil/water and oil/gas contact TVD uncertainty 

2.2.3 Torque and Drag 

Torque and drag (T&D) modelling is a further requirement for well planning. It helps to predict 

and prevent drilling problems that might occur during the drilling process (e.g. inability to slide drill, 

inability to run casing to bottom).  

Drag is defined as the incremental force required for moving the pipe up or down in the hole; 

while torque is the momentum required to rotate the pipe. In a vertical well torque and drag are not 

significant as the pipe generally hangs in the wellbore’s centre without touching the sides 

(theoretically), no additional forces are seen other than the tension/compression in the string. 

However, in deviated and Extended reach drilling (ERD) wells additional forces are seen due to the 

drill string’s contact with the wellbore (Stavanger, 2010).  



21 
 

Torque and drag may be critical factors in determining whether the desired wellpath can actually 

be drilled. Torque/drag models consider well trajectory, drill string configuration, doglegs, friction 

factors, and casing depth to predict torque and drag in the well.  

Some example of application purposes of Torque-and-drag modelling are the following: 

 Evaluating and optimizing wellpaths to minimize torque and drag 

 Fine-tuning wellpaths to minimize local effects, such as excessive normal loads 

 Providing normal force loads for inputs into other programs, such as casing wear models 

 Identifying depth or reach capabilities or limitations, both for drilling and running casing/tubing  

 Matching the strength of drill string components to the loads (axial, torsional, or lateral) in the 

wellbore 

 Identifying the hoisting and torque requirements of the drilling rig 

Various components can contribute to the build up of both torque and drag in DD operations. 

Identifying and quantifying these distinct components is an important part of properly projecting torque 

and drag. The acquisition and analysis of field data during the drilling process is critical. 

Torque and drag can be a limiting factor for analysis and fore castings, effective measures must 

be available to minimize the specific operational constraints.  

The following is seen as the minimum work scope for modelling of torque and drag (Stavanger, 

2010): 

 Slack-off and pick-up weights for the drilling assembly in each hole size;  

 Buckling of the drill string when drilling in each hole size;  

 Off-bottom torque for the drilling assembly in each hole size;  

 Slack-off, pick-up, off-bottom torque and buckling as required for each casing and liner run;  

 Slack-off, pick-up, off-bottom torque and buckling as required for clean out runs, completion 

running and future work over requirements. 

2.2.4 Borehole stability 

Another aspect that we have to take into account when planning a directional well is the 

wellbore stability. Borehole instability due to high pressure or water-sensitive formations must be 

minimized, when drilling an extended reach well. By carefully screening the mud type and properties, 

mud/rock interaction needs to be minimized. In general, two extremes of hole instability are 

recognized: formation collapse and formation breakdown (Figure 7). 
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Figure 7 Formation collapse and formation breakdown (The British Petroleum Company p.l.c, 1996) 

While drilling some rock types collapse easily or are easily fractured. This can influence the 

decision on chosen the mud weight (MW). A too high MW may fracture sand or limestone but 

choosing a too low MW may cause some shales or salts to squeeze into the hole. The difference 

between minimum and max weight is called the “mud weight window”. The wider the window, the 

easier it is to drill the well. (Figure 8) 

 

Figure 8 Mud weight window (The British Petroleum Company p.l.c, 1996) 
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Due to the importance of wellbore stability a study on this should be conducted for any 

directional drilling project. The study should address the optimum mud weight selection, and the 

drilling window, it further should highlight any possibility of instability. This is of relevance as every 

extension of a well in a given area often increases the risk of instability. Therefore, greater care during 

the planning and drilling of DD well is necessary  (The British Petroleum Company p.l.c, 1996). 

After well design, knowing the exact trajectory, it is of utmost importance to choose a Bottom 

Hole Assembly that satisfies specific needs/ characteristics of this well design.   

2.2.5  Bottom Hole Assembly (BHA) Design and Directional Drilling Strategy 

Bottom Hole Assembly design 

The Bottom Hole Assembly (BHA) is a key component of the drilling system. The BHA helps in 

maximizing directional control by providing both stiffness and the precision tools necessary to steer 

the bit in the correct direction.  

The key structural components of the BHA are as follows: 

 Heavy-weight drill pipe – used as a tapered transition between the drill collars and drill pipe 

while helping to add weight and stiffness.  

 Drill collars – used to provide weight on bit with a stiff tubular, and a certain amount of stiffness 

or rigidity in the BHA is required while drilling. 

 Stabilizers –short components with larger diameter fins called “blades” which stick out close to 

the diameter of the hole being drilled and are used to centralize the drilling assembly within 

the hole.  

 Reamers – tools that enlarge, maintain or trim the side of the wellbore for various reasons, 

including easier electric logging, improved drilling performance and bit life, and reduced 

friction and vibration caused by a miss-shaped hole. 

 Various Subs – short components that are often used to connect other pieces of the BHA 

(crossover subs) or carry out specific functions.  

In addition to the main components mentioned above, the BHA includes other steering 

components such as a downhole motor or a Rotary Steerable System (RSS) and Measurement While 

Drilling (MWD), as well as Logging While Drilling (LWD) tools. These are the most relevant drilling, 

steering, and recording components, which together with the bit itself do the work of the bottom hole 

assembly: 

 Down Hole Motors –provide additional power to the drill bit by converting the energy and flow 

of the drilling fluids to create additional rotation, and torque using a cavity pump system. This 

tool improves efficiency and power as it is connected directly to the bit.  

 RSS –replaces conventional down hole motor directional tools to help control wellbore 

trajectory in directional drilling. There are many different designs of tools but they all sit directly 

behind the bit and either push or point it in the required direction to make it steer. A rotary 
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steerable tool is more expensive than a down hole motor but offers more precision and 

control. 

 MWD and LWD Tools – These tools containing complex electronics components that measure 

and record the physical properties of the drilling process. These tools communicate this data 

to the drilling team on surface in real time so that they can adjust the drilling process to 

achieve objectives. 

When designing the BHA, directional drillers / drilling engineers must consider the operational 

objectives, the properties of the rock to be drilled, the relevant drilling parameters and the available 

tools. Operational goals should be considered during the design process, such as the angle o drill, 

direction and depth targets, the expected Rate of Penetration (ROP) and how to achieve the planned 

build/drop rate. The design of the BHA is influenced by geological properties such as abrasiveness 

and competence of the rock, bed dip angles and the pressure regime in the borehole to be drilled. The 

expected drilling parameters for the design of the BHA include the applied RPM range, the desired 

WOB, the torque and the anticipated vibration pattern. If BHAs do not have the predicted directivity, 

parametric studies must be performed to isolate whether plane deviations have been caused by 

formation anisotropy or other effects such as hole erosion or stabilizer wear. In almost all cases, 

predictive BHA modelling requires disciplined integration of mechanical models with empirical field 

experience (Krepp, 2007). 

The planning of drill string design strategies plays an instrumental role in the ability to drill 

certain DD projects. Complex drill string designs are often required to allow slide drilling at depth, 

maximize hydraulics or to minimize pressure to the formation through ring-shaped circulating 

pressures (Krepp, 2007). 

 Directional Drilling Strategy 

Directional drilling strategies play a critical role in the success and performance of directional 

well projects. Directional drilling practices are integral to minimizing torque and drag and maximizing 

the ability to clean the hole. The main aspect of the directional drilling strategy is the BHA strategy. 

There are three main categories of BHAs that can be run. Many different options exist within each 

category and the assemblies from the different categories can also be combined (Krepp, 2007).The 

following table (table 1) gives an overview of the three main categories: 

 

 

 

 

 



25 
 

Table 1 Main categories of Drilling Strategies (Krepp, 2007) 

BHA Main Considerations in Selection 

Steerable assemblies  
(Mud Motors): 
 

Allow full directional control (inclination and 
azimuth); 
Sliding will become inefficient with poor weight 
transfer to the bit (buckling); 
Extra tortuosity will be added to the wellpath with 
frequent slides back to the “line”; 
Hole cleaning will be compromised, particularly in 
12¼” hole: 

 String not rotated while sliding; 

 Rotary rpm limited by motor bend; 

 Hydraulics restriction with 1200 – 1500 
pressure drop to be allowed for, if a motor 
is run; 

Rotary assemblies Have only inclination control, but no control over 
azimuth, though walking bits rotary assemblies 
have been used effectively in 12¼” hole; 
Minimal tortuosity added to the wellpath; 
Numerous hole cleaning benefits: 

 String is rotated throughout the drilling 
process thereby keeping the cuttings in the 
active flow regime and moving them out of 
the hole. 

 High rotary speed possible always (>120 
rpm) 

Rotary-steerable systems (RSS) 
 

Allows for full directional control (inclination and 
azimuth), especially in thin bed reservoirs; 
Minimal tortuosity is added to the wellpath; 
Hole cleaning benefits as per the rotary assembly; 

RSS’s are ideally suited for drilling ERD wells. 
However, there are still two main disadvantages 
that must be overcome – cost and reliability. The 
cost must be economically justified on a well-by-
well basis. Although reliability has improved in the 
last few years, this is still an issue in most runs. 

2.2.6 Hydraulics 

In general hydraulics help to keep the bore hole clean during the drilling process, but for many 

other reasons hydraulics are important during the drilling of a bore hole.  

Annulus hydraulic pressure-loss calculations for directional wells are identical to calculations in 

vertical wells; however, the process of cuttings transport is different. The eccentricity of the drill string 

affects the velocity profiles along the annular space cross section; a zone of low velocity is created 

near the lowest annular clearance. Cuttings transport is also considerably influenced by hole angle, 

since the gravitational velocity component does not act axially but radially on solids (compare figure 

9). Both the cuttings and the weighting solids are affected. The low velocity zone and the gravitational 
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component are both factors contributing to the formation of cuttings on the low side of the hole 

(Thomas, 1982 and Slavomir, 1986). For these reasons, directional wells require an above-average 

circulation rate to facilitate the removal of the cuttings. The rotation of the drill string is also decisive for 

the removal of the drill cuttings. According to Locket (1993) pipe rotation mechanically stirs the 

cuttings, lifts them from below into the high velocity current. 

 

Figure 9 Fluid Movement in the Annulus (Krepp, 2007) 

Due to gravity and typically in directional wells, the drill string is on one side of the well, and 

therefore, differential sticking is a concern for such wells. In directional wells, a stuck pipe is the most 

common hazard, and the prevention and rehabilitation of stuck pipes should be carried out through 

appropriate training of all rig personnel in the correct operating procedures and the best possible 

properties of drilling fluid. The occurrence of cuttings beds must be monitored during drilling by 

monitoring changes in circulating pressure, torque and drag; corrective actions must be taken when 

predetermined levels of equivalent circulating density (ECD) are reached. ECD is also of high concern 

for directional wells. By definition, ECD is the sum of hydrostatic pressure caused by the column of 

mud (and cuttings) in the annulus, and further the pressure drop in the annulus during circulation see 

formula (1). The higher the required flow rates in directional wells, the higher the circulating-pressure 

drop in the annulus. In addition, the angle of the borehole with respect to in-situ formation stress 

generally results in formation fracture at a lower ECD than in a vertical hole. These factors limit the 

range of safe drilling fluid weight. As shown in Figure 10, pore pressure and fracture gradient can limit 

the drillability of a bore hole, e.g. in some high-angle wells (Guild, 1994). 
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(1) 

Where: 

MW = Mud weight 

TVD = True vertical depthl. 

PS = Pressure 

 

 

Figure 10 Safe drilling-fluid weight range decreases as hole angle increases (Larry T. Watters - 
Halliburton, 1997) 

Watters (1997), said that the relationship between mud weight, ECD, fracture gradient, and hole 

angle is a key screening criterion in assessing the feasibility of a directional well and a key factor in the 

design of the casing and hole intervals. A drill pipe with a large diameter is often used in directional 

wells. According to Watters, the drill pipe is often one size larger than the one used in vertical wells. 

This practice offers two advantages in terms of hydraulics: firstly, the larger inner diameter (ID) 

significantly reduces the pressure drop through the bore so that higher flow rates can be used without 

increasing the surface pressure, and secondly, the larger outer diameter (OD) increases the annular 

velocity at a given flow rate, which improves hole cleaning. The ideal drilling fluid for directional wells 

should be characterised by good lubricity and cut material carrying capacity, minimum solids and ECD 

and maximum formation inhibition. However, some of these properties can be mutually exclusive; 

therefore, priorities for the many parameters (hole cleaning, formation stability, torque/drag, etc.) can 

be defined by iterative analysis using appropriate models. Some drilling fluids have been specifically 

developed for directional wells and drilling fluid companies should be consulted for specific 

recommendations regarding flow rates and optimum rheology. 
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2.2.7 Rig Capabilities  

Attention should be paid in the planning phase of directional drilling to the choice of the rig, even 

more so when drilling complex wells, such as horizontal and extended rich drilling (ERD). Due to the 

large outreach and high angle of inclination, much more rig power is required to meet torque and drag 

requirements. According to Rocha (2008) onshore ERD wells tend to challenge a rig’s capacity more 

than a conventional directional well of the same depth. Further, deep offshore wells are also 

complicated, as the weight of the steel in the additional ascending pipe length must be considered. 

Beside torque and drag, hydraulic problems become increasingly complex as the water depth 

increases. Higher flow rates and continuously increased pressure in complex directional wells require 

additional pump power for boosters to clean the rising pipe. It is important to know that the high 

mechanical and hydraulic loads acting on a rig system increase the likelihood of rig downtime. Fluid 

pumping and rotating table operations are energy-intensive, so the system requires enough power.       

The simultaneous occurrence of these activities, e.g. the back reaming operation that is widely used in 

DD, can cause the rig power limit to be met. Enough space for the storage of materials and the 

accommodation of personnel are further requirements, which must be fulfilled by the rig. In view of 

these requirements, the choice of rig or the adaptation of an existing one must be taken into account 

when planning DD (Rocha, 2008). 

2.3 Drilling cost estimation 

It is the oil and gas industry’s goal to drill a well as quickly as possible considering all the 

technological, operational, quality, and safety limitations associated with the process. These objectives 

are frequently conflicting and depend on factors that interrelate. Moreover, they vary with respect to 

time, location, and personnel, and are subject to significant private and market uncertainty (Pulsipher, 

2007). Considering these uncertainties estimation models to quantify drilling costs are very important. 

According to Kaiser (2007) cost estimation is difficult and benchmarking efforts are often 

unreliable. Performance comparisons are mostly done on a well-by-well, actual-versus-plan basis, or 

seek to correlate costs to performance indicators, metrics, or drilling parameters. To evaluate the 

differences that exist in drilling wells and to compare costs, it is necessary to establish statistically 

reliable relationships between performance metrics and the factors that impact drilling. Kaiser, (2007) 

also believed that the formation geology at the site and the location of the target reservoir are the 

primary factors that influence drilling costs.  

To estimate drilling costs, as explained by Nzeda et al (2014) as a first step specific drilling 

activities need to be defined. If an offset well is available, it forms a good base to estimate time-spent 

for each activity. These activities can then in a second step be classified as productive and non-

productive time. Non-productive time includes all activities that need to be conducted due to 

unplanned events and that do not contribute to well’s progress. Therefore, the more uncertainties one 

encounters during a drilling operation the bigger the amount of non-productive time and with that the 

bigger the cost. Productive time on the other hand includes time spend on activities that were 
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budgeted for. Productive time can be summarized as net-operating time. The cost estimation is done 

specific to the drilling prognosis. Usually costs are split up according to the above-mentioned drilling 

activities into cost categories. After identifying the different cost categories, these categories get 

divided into minor cost elements, (table 2). 

Table 2 Cost categories (Fraser, 1991) 

 

To identify the key cost drivers, each category’s percentage share of total cost is estimated. To 

improve these cost estimations, the uncertainty of the cost drivers needs to be quantified (Peterson, 

1993).  

As the oil and gas industry operates in a very complex environment it is important to budget for 

uncertainties (e.g. stuck pipes, adverse weather conditions) in the form of time and cost allowances 

(Nzeda & Schamp, 2014). The expected drilling time is the sum of Net Operating Time and 

Contingencies (compare figure 7). 
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Figure 11 Time Categories (based on Nzeda et al (2014) 

To quantify contingencies in the past engineers relied on their intuition and experience, most 

companies today make use of indices for their estimations or make use of well known benchmarks.  

2.4 Benchmarking of drilling operations 

To benchmark the drilling performance oil and gas industry commonly uses two methods. One 

is based on experimental design and controlled field studies, and the other one focuses on factor 

effects and is based on aggregated assessment of well data sets.   

 For the experimental design and controlled field studies one or more parameters of the drilling 

process are varied and the impact of the different variable(s) on output measures are tested 

(Bourgoyne, 2003). Kaiser (2007) further states that all optimization schemes use a similar 

comparative process to identify the parameters that yield the best results relative to other settings. 

Controlled field studies are often the best way to understand the relationship between drilling factors 

under a set of conditions that are tightly controlled. 

For the aggregated assessment of well data sets derived from different wells. Data that 

distinguish a set of wells is gathered and relationships are established between the variables based on 

empirical modelling techniques, as shown by several authors, like Noerager et al. (1987), Bond et al. 

(1996). The complete approach uses a set of drilling data and tries to discover relationships between 

various factors of drilling cost and wellbore complexity. Wells drilled under a wide variety of conditions 

provide the raw data for this approach to explore the way in which different factors contribute to drilling 

cost (Kaiser, 2007). This method enables a company to compare a variety of factors that impact 

drilling and helps to develop models that characterize normal behaviour of the performance metrics 

(Kaiser, 2007).   

A wide number of drilling indices further helps to achieve better benchmarking results. 

2.5 Drilling Indices 

To understand and plan the drilling process, it is necessary to isolate factors affecting drilling 

and to quantify their interaction (Hossain & Al-Majed, 2015). For Kaiser and Pulsipher (2007) despite 

many characteristics of the process that can be observed, it is not possible to identify all influencing 

factors that might be of importance. Hence, for drilling operations and out of practical reasons, this 

means that only a set of factors can and will be considered, which adequately represent drilling 
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conditions. In addition, some researchers, for instance Rowe et al. (2000), believe that many 

unobservable factors also impact drilling performance, such as well planning and preparation, 

experience, and knowledge in project management. Experience and examination of process 

characteristics from several well data allow the factors that influence drilling cost and complexity to be 

identified. 

For management purposes it is very important to predict directional drilling complexity and 

performance as this is directly linked to costs and safety issues. A few cost and complexity models 

have been developed within companies and service companies across the world. Yet, these 

techniques are usually company specific and confidential, without a public record to assess, and thus, 

not available for analysis. According to Kaiser (2007) quantifying well costs and complexity is 

challenging, due to either restrictions on data collection and availability, constraints associated with 

modelling, or combinations of these factors.  

Despite all these limitations, a number of indices are available: the Rushmore Drilling Index 

(RDI) provides a global drilling database of Key Performance Indicators on over 50,000 wells from 

more than 200 companies in over 100 countries; the Mechanical Risk Index (MRI) employs primary 

variables and qualitative indicators to measure drilling risks and complexity and; the Joint Association 

Survey (JAS) estimates drilling cost using survey data and quadratic regression models constructed 

from four descriptor variables. There are other indices such as: The Directional Difficulty Index (DDI), 

which provides a first-pass evaluation of the relative difficulty to be encountered in drilling a directional 

well; the Drilling Complexity Index (DCI) is a tool used to measure the complexity of a well and; the 

Difficulty Index (DI) that characterises the expected difficulty in drilling an extended-reach well. All 

these indices result from an empirical approach and are based on data. 

2.5.1 Joint Association Survey (JAS)  

According to Kaiser’s Article (2007) the Joint Association Survey (JAS) on drilling costs, was 

deployed in the United States from 1954 onwards in cooperation with the American Petroleum Institute 

as with other relevant institutions for the oil and gas sector. After 1959, JAS data was collected and 

published on an annual basis.  

It is the JAS’ purpose to collect and provide information on drilling costs and expenditure to 

find, develop, and produce oil and gas in the United States.  

The JAS derives its information from questionnaires. These questionnaires are mailed to 

operators to verify information on well completions performed during the year. The operators are 

farther asked to also include information on costs for each well drilled. The reply rate of the survey is 

around 40-50% of operators responding to the request for information. This group represents around 

40-60% of the total number of wells and footage drilled during the year.  

As the feedback was not as expected there is a need to estimate drilling costs for unreported 

wells. The JAS accomplishes this task by constructing models to conclude the expected cost of drilling 

for unreported wells. The model estimated costs are added to the reported costs to obtain the total 

estimated expenditures for the year. 
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The geographic location of each well (offshore and onshore) is specified, as are well type 

(exploratory or development) and well class (oil, gas, dry). The total depth of the well is part of the 

required information. This is the total feet of penetration drilled down the wellbore including water 

depth and all plugged-back footage, however, footage from sidetracks is excluded. 

For the JAS well direction is classified as vertical or horizontal. Most offshore exploration wells 

are drilled vertically, while typically only the first development well is vertical, the others are drilled 

vertical to a certain depth and then kicked off to the target (Kaiser, 2007). 

The wells are evaluated after the drill bit reached the target depth. To appraise the flow rates 

of hydrocarbons a drill stem test, which is a procedure to isolate and test pressure in the wellbore, 

may be used. After this data is marched with well log data, it is used to decide which completion type 

should be implemented.  

According to Kaiser (2007) the JAS cost estimation was developed in five stages: 

1954-1965: Wells were classified according to the geological structure, drilling conditions, and 

economic expectations. Well cost/ft drilled by depth range was regressed against the average 

depth/well in each class interval and for each region and well class for tangible and intangible costs 

(American Petroleum Institute, 1967). 

1966-1977: The average cost/ft drilled was computed for wells classified according to well 

type, location, and depth (American Petroleum Institute, 1976). The tangible and intangible cost 

categories were aggregated, and regression lines were computed to describe the functional 

relationship between cost per foot and depth for each area, under consideration: 

  (2) 

Where: 

Z = represents the cost per foot 

TD = the total depth of the well. 

1978-1992: For each sample area as well as for all different well types a stepwise linear 

regression on the cost per foot was applied (Joint Association Survey on Drilling Costs, 1986). Three 

depth variables were used: inverted depth, depth, and depth squared – as well as a set of dummy 

classification variables for well type (oil, gas, dry), well class (exploratory, development), and 

completion type (single, multiple). 

The equation is: 

 

 

(3) 

Where Z represents the cost per foot  

Equation 2 specifies the function and the coefficients.  and , estimated through 

a least-squares regression. Where Z represents the cost per foot and Ii (i=1...9) are indicator variables, 



33 
 

one for each of the nine wellbore classification categories: {(oil, exploratory, single), (oil, development, 

single), (oil, exploratory, multiple)… (dry)}. 

1993-1994: Using functional relations for well type and geographic areas, regression models 

were developed, leading to:  

 

  (4) 

where Y represents the total well cost and , , , and  are determined by regression  (Joint 

Association Survey on Drilling Costs, 1994). 

 

1995 - Present: Wellbore data is currently aggregated into 16 geographic regions following the 

Gas Research. A non-linear two-factor regression model is constructed for each region based upon 

the following model specification described by the following equation: 

 

 

 

(5) 

 

Where: 

Y= Total well cost in the region 

X1 = TD = total depth (ft) 

X2 = TD
2
 = total depth squared (ft

2
) 

X3 = WT = well type 

X4 = WC = well class  

X5 = DIR = well direction. 

 

The X1 and X2 variables are numeric, while the X3, X4 and X5 variables are categorical, defined in 

terms of indicator variables; e.g., X4 =WC = {0, exploratory well; 1, development well}. 

The coefficients  and , are assessed for each geographic location. Only statistically 

significant variables are maintained in the final model. Statistical assessments are employed to accept 

or reject outlier data. A correction factor is employed to account for bias introduced through the non-

linear transformation. 

The JAS drilling cost index applies four variables in a non-linear two-factor regression model. 

These variables are total depth, well type, well class, and well direction. To “build-up” the number of 

available terms and to improve the statistical fit of the regression, two-factor interaction terms were 

incorporated in the model. This type of model construction has some limitations, as four variables 

cannot describe the complexity and operational aspects involved in the overall drilling process.  
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Due to its methodology of a quadratic expression, the JAS cannot offer a consistent cost 

predictor on an individual well basis, even though the methodology is appropriate for the requirements 

of the survey. For prognoses on an individual well basis the categories chosen for the JAS are too 

broad. However, to approximate (unreported) cost data and develop aggregate expenditure patterns 

the JAS procedure works well. As the descriptor variables are not captured in the survey response, 

they cannot be satisfactorily represented in the output model. A more robust model would include 

additional descriptor variables of the wellbore and drilling process and relax the quadratic specification 

(Kaiser, 2007). 

2.5.2 Mechanical Risk Index Development  

Conoco Engineers developed the Mechanical Risk Index (MRI) during the late 1980’s. The 

idea was to compare operations and derive an algorithm based on empirical analysis of well data 

taking into consideration factors such as the water depth, measured depth, and kick off point for 

sidetracks. In the mid-1990’s, Dodson modified the MRI with key drilling factors. He copyrighted the 

formula and incorporated the measure as part of a commercial well database 

(http://www.infogulf.com).  

The MRI is defined by four “component factors” and a weighted composite “key drilling factor.” 

The component factors are described in terms of six primary variables, and the key drilling factor 

represents the composite impact of 14 qualitative indicators. The MRI is computed as an additive 

function of the component factors weighted by the composite key drilling term: 

 

 

 

(6) 

The six primary variables of the MRI are: 

 Total measured depth (TD),  

 Vertical depth (VD)  

 Horizontal displacement (HD)  

 Water depth (WD) 

 Number of casing (NS) 

 Mud weight (MW) 

The primary variables of the MRI are combined into four normalized component factors: 

 

 

 

(7) 
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(8) 

 

 

 

(9) 

 

 

 

(10) 

 

Each component factor is non-linear in the primary variables. The unit of  and is [ft
2
] and the unit 

of  is ppg
2
. The unit of  is ft

2
. 

In order to generalize the MRI and with that make it usable for a greater group of wells Dodson 

(1990) introduced drilling factors into the MRI’s formula. For some authors the selection of the factors 

and weight assignment appear to be arbitrary (Pulsipher & Kaiser, 2007). 

The key drilling factors are user-defined qualitative variables  that are assigned to an integer-valued 

weight  according to the occurrence of the condition and its degree of complexity.  

If  denote the i
th
 drilling factor of well w and  the corresponding numerical weight: 

  (11) 

Each is a qualitative indicator and the weights are numerical and do not have units.  

Drilling factors are determined by the sum of the drilling factor weights: 

 

 

(12) 

Where the qualitative variables and corresponding weights are: 

 = horizontal section ( ) and  = J-curve directional ( ):  

Horizontal drilling is more complex to log and complete than vertical drilling. If a horizontal section of a 

well is drilled, then a weight of “3” is assigned to the key drilling factor, while if a J-type or S-type 

trajectory is employed, an additional weight of “3” or “2” is included in the metric. 

 = subsea well installed ( ):  

A subsea well is a well in which the wellhead, the Christmas tree, and production control equipment 

are located on the seabed. This type of completion structure tends to have more problems and is 

costlier than a normal tree installation and, therefore, a weight of “2” is assigned to subsea 

completions. 

 = H2S/CO2 environment ( ):  
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Hydrogen sulphide (H2S) and CO2 environments require special considerations when drilling since 

the corrosive gases weaken the steel casing and drill string. They consequently require special 

operating procedures. 

 = hydrate environment ( ) and  = depleted sand section ( ):  

Many mature fields come with drilling challenges related to depleted reservoirs. The water-wet sands 

that typify depleted zones propagate seepage losses and differential sticking. In large fractures drilling 

fluid losses are often unavoidable. As pressured shales are repeatedly embedded in depleted sands, 

due to that they require stabilization of multiple pressure sequences with a single drilling fluid 

(Hariharan, 2003).  

 = salt section ( ): 

Salt is a ductile material, it can move and deform surrounding sediments and create traps. Drilling salt 

is risky, as the salt is weak and undergoes continuous deformation like a fluid (Barker, 1992). Below 

intruded salt, sediment layers are often disrupted and over pressured, therefore, to produce long-

lasting wells in salt domes special considerations, from selecting drilling fluids to implementing casing 

programs and cementing procedures, are required. 

 = slim hole ( );  = mud line suspension system installed ( ) and  = 

coring ( ):  

A slim hole well describes a borehole significantly smaller than normal (6”). Mud hole 

suspension systems and coring also add to the time and complexity of drilling. 

 = shallow water flow potential ( );  = riserless mud to drill shallow water flows 

( ) and  = loop current ( );  

Environmental events, such as loop currents, eddies, and shallow water hazards, create 

special problems during drilling. Loop currents and eddies cause stress and vibration on facilities and 

drilling risers. They may bend or bow from the current to such an extent that the vessel must change 

position to stay connected. In some cases, the drill pipe may rub against the drilling riser forcing an 

immediate shutdown. Shallow water flow occurs when drilling into over pressured sand zones  

(Bourgoyne, 1998). Installation of additional casing is usually required to maintain wellbore integrity in 

shallow flow. 

The MRI is currently used as the industry standard in the Gulf of Mexico, where it is manly 

used to compare the drilling performance of two or more wells. The MRI is a predictive tool to estimate 

the anticipated drilling risk during the planning phase. This index is easy to comprehend and serves as 

a useful tool in aggregated comparisons. It is defined through simple, spreadsheet-programmable 

relationships.  

However, there appears to be no basis to the weight assessment beyond subjective reasoning. 

If weights are not inferred through an empirical assessment of well data, the assignment can be 

considered arbitrary and may possibly be ambiguous; e.g., if a horizontal section of a well is drilled, a 
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weight of “3” is assigned to the key drilling factor. On a cost per foot basis, however, horizontal wells 

are not necessarily more expensive than vertical holes (Kaiser, 2007).  

2.5.3 Directional Difficulty Index 

The Directional Difficulty Index (DDI) was proposed by Schlumberger engineer, Alistair W. 

Oag in (2000). Traditionally drilling performance was benchmarked through the categories cost/foot, 

cost/metres or feet. Each truly three dimensional well has its own unique well profile, and, due to that 

Oag believed that the traditional methods used to benchmark drilling performance could no longer be 

applied (Oag, 2000). Therefore, directional drilling impact on the drilling cycle becomes a measure of 

how quickly the well is drilled. Little or no consideration is given to the question of “how to get there”, 

to the impact of the tortuous part drilled on the outcome and performance of the well. According to 

Oag and Williams (2000) this is a common problem for both operators as well as service companies, 

when both groups are striving to demonstrate their added value to their clients.  

DDI provides a first pass evaluation of the relative difficulty to be encountered in drilling a 

directional well. The key performance measure was identified using a straightforward questionnaire. 

The index can be used to group wells of similar characteristics and complexity. Data from these similar 

groups can be examined for learning-curve improvements and, thus, provide a measure of 

performance. With previous benchmarks for random well designs this was not possible. The key value 

drivers for quality, service and time can further be examined on a like-for-like basis. This allows 

focusing on the key principles of performance measurement with a much more balanced approach. 

(Oag, 2000).  

The project for DDI development has been structured by Oag (2000) as follows:  

 Predicting the possible outcomes. 

 Identifying the input variables. 

 Recognizing and standardizing the controlled variables. 

 Examining the results to produce coherent conclusions. 

 Evaluate real data sets to explore the validity of the hypothesis. 

The goal was to develop a universally applicable tool with the simple means of classifying any 

directional well, anywhere in the world. A secondary requirement was to determine whether the 

concept could be used to produce a variable remuneration matrix, where reward would be proportional 

to difficulty of the task.  

Oag (2000) stated that the dilemma for index development was the question what parts of a well 

contribute to its degree of difficulty. To get an answer to this relevant question he consulted many 

Directional Drillers and Drilling Engineers at Schlumberger. The results of this investigation were 

canvassed and tabulated, as shown in figure 12. These parameters were in a next step used as the 

potential variables that needed examination. During project conception Oag and William (2000) aimed 

at keeping the study as simple as possible. This was out of fear for over complicating the entire 
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process, to that effect the rig rating, geology, pressure and temperature variables were controlled as 

having no influence.  

 

Figure 12 Parameters affecting difficulty source Oag and William (2000) 

As his goal was to build a handy index - simple and easy to use - he examined data available both 

in present and historical formats. Directional survey files were the only readily available dataset 

belonging to both periods. The data sets contained the same basic information: Measured Depth, 

Inclination and Azimuth. All other values can be calculated from those basic measurements; using 

minimum curvature equations, for instance:  

 True Vertical Depth (TVD) 

 North and East  

 Vertical Section Displacement (VSD)  

 Along Hole Displacement (AHD)  

 Dogleg severity (DLS) and Tortuosity. 

AHD was chosen as a key variable as it provided the desired result independent of 

interpretation, when expressed as AHD/TVD. AHD can be calculated from resolving an elliptical 

integral; but as mentioned earlier this process had to be simple to understand and use, because of 

that Oag decided to apply the Pythagorean principle from the North and East values as calculated at 

each survey station. 

The questionnaire for the field personnel highlighted two more important components: 

measured depth and dogleg. Measured depth is easy to read as it comes straight from the survey file. 

The dogleg is a calculated value. According to Oag (2000) dogleg is one of the crucial elements to 

demonstrate a well’s ‘difficulty’. However, dogleg, or average dogleg, is an insufficient value to reflect 

difficulty adequately. The term ‘tortuosity’ has been derived as a cumulative value (cumulative dogleg) 

to reflect the total curve imposed on a wellbore. Tortuosity was perceived as the most important 

variable. 
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As a first pass Oag worked with the following equation: 

 
 

(13) 

Where: 

MD is the total measured depth 

AHD is along hole displacement  

TVD is total vertical depth  

Tortuosity (describes the total curvature of the wellbore). 

However, the results of this equation let to too big values, in the range of 10e
5
 – 10e

8
. Those results 

were neither useful nor practical. Due to this Oag applied log10 to get the values into an acceptable 

range of 5 – 8 (see table 3). Producing the following equation: 

 

 

(14)  

The multiplicative equation ensures that each drilling factor is given equal weight in the index.  

Table 3 Proposed Banding and Contract Rate Modifiers for Typical Field (Oag, 2000)  

Difficulty Well Type Proposed Modifier 

Less than 6 Relatively short wells. Simple 
profiles with low tortuosity 

Minus 10% 

6.0 to 6.4 Either shorter wells with high 
tortuosity or longer wells with 

lower tortuosity 

0 

6.4 to 6.8 Longer wells with relatively 
tortuous wellpaths 

plus 5% 

Greater than 6.8 Long tortuous well profiles with 
a high degree of plus 10% 

difficulty 

plus 10% 

After applying this index to different types of well profiles, the results show that the simple DDI 

can be used to reflect well difficulty from all the key components. Wells of increasing departure show 

an increasing trend as do wells of the same departure but of increasing complexity. Furthermore, by 

plotting DDI against the key performance indicators (KPI) it was clear that, there is an excellent 

relationship between KPI’s and DDI, when DDI increases the KPI’s show lower performance, and 

conversely as DDI decreases the KPI’s show marked improvements over the average. 

DDI can be used as a metric for directional drilling performance by plotting the planned DDI 

against the actual DDI. The gap between the two (planned and actual DDI) indicates a difference in 

performance. The smaller this difference the better the directional drilling performance. It should be 
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noted that this is not applicable to wells that are modified while drilling or wells that are geo-steered 

(Oag, 2000). 

The main problem of this index is that the geological formations penetrated by the trajectory are 

not considered. The DDI is only applicable for the comparison of the difficulty of drilling wells from the 

same field. The DDI weight functions are user-defined, like the MRI metrics, and this limits the 

application of the formula since the weights are not supported by empirical analysis. 

2.5.4 Drilling Complexity Index (DCI) 

According to Nzeda and Schamp (2014), Wintershall company found existing complexity 

indexes imperfect and to facilitate the well planning process Wintershall developed its own tool to 

determine the complexity of the drilling process. 

To compute well technical and geological complexity built-in, Wintershall’s Drilling Complexity 

Index (DCI) is based on factors that influence such complexity. These factors were interpreted and 

weighted against each other. The main factors are: 

 Type of well (e.g. exploration, appraisal, development, onshore, offshore, Extended Reach 

Well (ERD), High Temperature High Pressure (HTHP)) 

 Well Programme (e.g. field knowledge, well sequence) 

 Rig specifications (e.g. rig type, water depth, rig capability, operative situation, etc.) 

 Well trajectory (e.g. TVD, MD, Hole Displacement (HD). inclination, azimuth, targets. etc.) 

 Pressures and temperatures (e.g. max MW, overbalance, drilling margin, etc.) 

 Casing programme (e.g. number of casings, critical setting depths, etc.) 

 Formation issues (e.g. stability, special activities like under reaming, etc.) 

 Operational considerations (e.g. tasks to be done) 

 HSE considerations (e.g. pressure rating of Blow out Preventer (BOP) stack, location, 

discharges, H2S, etc.) 

The analysis of the all results above led to the development of a simple spreadsheet for the 

calculation of the DCI. The spreadsheet’s results lead to a number defining the inherent risks between 

0 and 10 and are shown like a traffic light scheme called „Drill-O-Meter“ see figure 13: 

 0.0 < DCI > 2.9 = Low Complexity (green) 

 3.0 < DCI > 5.9 = Moderate or elevated complexity (yellow) 

 6.0 < DCI > 10.0 = High Complexity (red) 
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Figure 13 DCI displayed called “Drill-O-Meter source (Nzeda et al., 2014) 

After weighting these factors, Wintershall was able to test the tool with data from its own wells 

and some international wells. Throughout the testing and optimization phase the weighting of the 

factors was altered until the DCI value matched the perceived complexity of the drilling operation. 

The results of this analysis were in a next step correlated with other key performance 

indicators to validate the results. For this analysis the Rushmore Reviews Drilling Performance 

database with data from more than 50,000 wells was used. As in the past a correlation between 

number of casing strings and complexity has been proven, as well as with high pressure, the well data 

was categorized accordingly. Through these analyses’ correlations between the DCI and the following 

key performance indicators were proven: non-productive time (NPT), drilling performance defined as 

days/1000m, well cost defined as cost/meter drilled and water depth in off-shore projects (Nzeda & 

Schamp, 2014). 

Even though the DCI was initially developed mainly for planning purposes, according to Nzeda 

et al (2014) Wintershall uses the DCI in almost every stage of the overall drilling process. It is a tool for 

Drilling Engineers to conduct an early risk and hazards evaluation during the well planning process. In 

this case different well concepts are weight against each other. The DCI plays a crucial role when 

estimating time and cost contingencies, due to its strong correlation with non-productive time, 

meters/day and others. The DCI in addition to that is farther used for human resource purposes, e.g. 

Crew Resource Management as it offers a first hint on what competency level is needed. Due to its 

significant correlations with key performance indicators a number of important drilling results can be 

forecasted using the DCI. According to Nzeda and Schamp (2014) the DCI is also used for monitoring 

and benchmarking exercises. 

2.5.5 Difficulty Index 

The difficulty index (DI) was presented by K&M Technology Group 

(http://www.kmtechnology.com) to describe the expected difficulty in drilling an extended reach 

well. In an extended reach well, high angles are built before drilling onward to a distant target  (Shirley, 

http://www.kmtechnology.com/
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2003). The DI has similarities to the MRI specification, but the weights employed are frequently 

specified in terms of a one- or two-dimensional function, as follows: 

  (15)  

 

 
 

(16)  

 

Where  denotes a one-dimensional functional,  denotes a two-dimensional function, and  

the ith factor of the drilling process, well bore, or another predictor. 

The factor descriptions are:  

i) Vertical depth 

A vertical depth factor d (VD) employs a stepwise increasing linear function from 8,000 ft to 22,000 ft 

as shown in Table 4. The weight factor is zero for VD < 8,000 ft and saturates when VD ≥ 22,000 ft. 

Table 4 Vertical Depth Weight Function 

(VD) VD (ft) 

0 VD < 8,000 

1 8,000 ≤ VD < 10,000 

2 10,000 ≤ VD <12,000 

3 12,000 ≤ VD <14,000 

4 14,000 ≤ VD <16,000 

5 16,000 ≤ VD <17,000 

6 17,000 ≤ VD <19,000 

7 19,000 ≤VD<20,000 

8 20,000 ≤VD<22,000 

9 VD > 22,000 

ii) Total vertical depth below mudline 

A two-dimensional weight function is defined in terms of the total vertical depth below mudline, 

VD-WD, and horizontal reach, HD: 

 
 

(17)  

 

Where: 

WD is the water depth 

HD is horizontal displacement  

VD is the vertical depth  
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iii) Target size and dogleg 

The smallest target width at Total Measured Depth (TD) perpendicular to the well azimuth, 

STW (ft), determines the weight factor (Table 5). Inclination is usually easier to control than azimuth in 

a deep well, and so the target width perpendicular to the well trajectory is applied. Shallow and very 

deep wells usually cannot achieve the reach of aggressive moderate wells due to frictional forces and 

mechanical load limits. The horizontal reach at TD is computed as the “unwrapped” total length 

projected more onto the horizontal plane. The weight associated with the cumulative planned dogleg 

at TD, DOG (°), attempts to account for directional changes beyond a simple build and hold plan 

(Table 6). The ideal well survey directional plan dogleg is used according to well type: for two-

dimensional wells the inclination changes are added from spud to TD; for S-Turn wells, the cumulative 

build is added sans section doglegs; for three-dimensional wells, the survey calculation program is 

used to calculate cumulative dogleg from spud to TD. 

Table 5 Smallest Target Width Weight Function 

(TSW) STW (ft) 

0 STW > 300 

1 250 < STW ≤ 300 

2 200 < STW ≤ 250 

3 150 < STW ≤ 200 

5 100 < STW ≤ 150 

6 50 < STW ≤ 100 

7 STW ≤ 50 
 

Table 6 Cumulative Planned Dogleg Weight Function 

(DOG) DOG (°) 

0        DOG < 40 

1 40 ≤ DOG < 60 

2 60 ≤ DOG < 80 

3 80 ≤ DOG < 100 

4 100 ≤ DOG < 120 

5 120 ≤ DOG < 140 

6 140 ≤ DOG < 160 

7 160 ≤ DOG < 180 

8 180 ≤ DOG < 200 

9 200 ≤ DOG < 220 

10 DOG < 60 

iv) Mud 

The drilling fluid is another success factor in Extended Reach Drilling (ERD). The maximum 

mud weight MXMW (ppg) and oil-based mud weight MXMW/O (ppg) factor applies a stepwise 

increasing scale to mimic the operational complexity associated with high mud weight systems (Tables 

7 and 8).  (MXMW/O) characterizes the complexity, risk, and cost due to lost returns and the 



44 
 

propagation of existing/induced fractures in abnormal pressure wells (Tibbits, 2002). If a well is drilled 

in an underbalanced mode, a weight factor  (U) = 11 is assigned. 

Table 7 Maximum Mud Weight Function 

(MXMW) MXMW (ppg) 

0 MXMW < 12 

1 12 ≤ MXMW < 13 

2 13 ≤ MXMW < 14 

3 14 ≤ MXMW < 15 

4 15 ≤ MXMW < 16 

6 16 ≤ MXMW < 17 

8 17 ≤ MXMW < 18 

10 MXMW ≥ 18 

Table 8 Maximum Oil-Based Mud Weight Weight Function 

(MXMW/O) MXMW/O (ppg) 

0 MXMW/O < 14 

4 14 ≤ MXMW/O < 15 

5 15 ≤ MXMW/O < 16 

6 16 ≤ MXMW/O < 17 

7 MXMW/O ≥ 17 

v) Temperature 

The bottom hole static temperature T (TD) (°F) weight factor employs a stepwise increasing 

linear function to account for the additional complexity of managing mud systems and personnel safety 

(Table 9). 

Table 9 Bottom Hole Static Temperature Weight Function 

(T) T (°F) 

0 T < 250 

1 250 ≤ T < 300 

2 300 ≤ T < 325 

3 325 ≤ T < 350 

4 350 ≤ T < 375 

5 T ≥ 375 

vi) Pressure 

(NS/ECD) = NS/ECD 0 < FG < 1.0 

(NS/ECD) = 2.NS/ECD    1.0 < FG < 1.5 

(NS/ECD) = 4.NS/ECD    1.5 < FG < 2.0 

  (18)  

For Pore  (Proehl, 2002) pressure and fracture gradients in the subsurface are uncertain in 

most drilling operations. Using the fracture gradient factor, FG, and the equivalent circulating density, 

ECD, the string factor NS/ECD assigns a weight depending on the string count and fracture gradient 

interval (Equation 18). Fracture gradients in hole sizes less than 8½ in. are difficult to drill and can 
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have high ECD due to pipe rotation, cutting pickup when circulation is initiated, and pressure surges 

due to pipe movement (Hannegan, 2001). In larger hole diameters, the ECD is lower and usually not 

an issue (Schlumberger, 2004). 

vii) Casing/Re-Drill 

The number of casing strings and liners below the drive casing is denoted NS, and Table 10 

shows the corresponding weight function. For each liner tied back or string requiring rollers, simple 

flotation, or inverted string weights, the difficulty index gains one point. Two points are for high-angle 

wells for each casing string/liner requiring the use of differential techniques or rotation to slide into the 

hole. Additional weights are assigned as follows: 

 Wells that require a cased-hole whipstock kickoff or a cement plug kickoff receive two points. 

 Drill pipe whipstock slot recovery wells receive five points. 

 Fishing operations that require casing string sections to be cut and pulled, milled, or pilot 

milled receive two points. 

Table 10 Number of Strings Weight Function 

(NS) NS 

0 1 

1 2 

2 3 

4 4 

6 5 

9 ≥ 6 
 

viii) Well type and learning curve  

Exploration wells usually have a higher degree of risk and complexity than a typical 

development well, and learning economies in development drilling often reduce the difficulty of drilling 

a series of wells. Well type and learning is characterized by assigning points: 

 6 points for a rank wildcat. 

 5 points for a near field wildcat. 

 4 points for the first well in a development program, or in areas with no drilling in the past 2 

years. 

 2 points for the second well in development program, or no drilling for at least 1 year. 

 1 point for the third well in development program, or no drilling for the past 6 months. 

 

ix) Ring capacity 

The drilling rig and system used will affect drilling success; complex systems require additional 

planning and well time. A jack-up or platform rig with a surface wellhead is assigned the weight “1,” 

tension leg platforms and spar systems with surface BOPs and subsea hangers the weight “3,” and 
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floaters with subsea BOPs/wellhead the weight “5.” Several operational constraints may also arise. Big 

rigs usually place no constraints on well design or operations, but new or stacked rigs may experience 

extra mechanical problems. If the rig and crew have not previously worked for the operator’s drilling 

group, additional time may be required. Weight factors are assigned as follows: 

 0-extra capacity rig. 

 3-rig at capacity. 

 6-undersized rig. 

 4-new rig or stacked within 90 days. 

 4-time span between rig activation date and spud date less than 30 days. 

 2-time span 31-60 days. 

 1-time span 61-90 days. 

 2-rig and crew have not worked for the operator within the last 2 years. 

1. Well-1 (7-SER-28D-RNS) characteristics:{VD=10774 ft, WD=3284 ft, HD=7493 ft, DOG =160 

°, MXMW = 0 ppg, MXMW/O =11.2  ppg, T(TD) =120 °F, NS/ECD =2(FG=1,4) , NS=4, Rank 

willcat=1, Surface BOP, STW=65 ft, Rig capacity(operational constraints)= undersized rig} 

 

2. Compute weight factors: :{ 1(VD) =2, 2(VD-WD,HD)=2, 3(DOG)=160 °, 4(MXMW)= 0 

ppg, 5(MXMW/O)=0, 6(T(TD))=0, 7(NS/ECD)=4, 8(NS)=4, 9(Rank willcat)=1, 10(Surface 

BOP)=3, 11(STW)=6, 12(Rig capacity(operational constraints)=3,} 

3. Compute DI 

 
 

 

(19)  

The difficulty index (DI) is intended to gauge the difficulty of drilling an extended reach well, 

and as a gross measure, it may be useful to compare the various factors that impact drilling. 

Unfortunately, there is no foundational basis to the weight assessment beyond subjective reasoning. 

The weight functions vary with one or more factors and may be more robust than the drilling factors 

employed in the MRI, but the weights are not calibrated with drilling data. The DI weight functions are 

user-defined, like the DDI and MRI metrics, and this is a serious limitation since the weights are not 

supported by empirical analysis. It is possible in theory to discriminate between wells based on the 

tactics employed in drilling, since some of these tactics may be observable, but frequently, most of the 

tactics are not reported or available for analysis. 

2.5.6 Mechanical Specific Energy (MSE) 

In order to measure the energy needed to fragment a rock Simon (1963) and Teal (1965) 

developed the concept of Mechanical Specific Energy (MSE). Since its development the MSE has 

been used to calculate different processes of drilling, such as for post-well analysis, as a real-time tool 
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to maximize the rate of penetration (ROP) and by that gain a better understanding of drilling efficiency 

and others. 

The rate of penetration is limited by different factors that are not affectable or documentable by 

the drillers. These factors can be divided into two categories according to (Dupriest, 2005). 

1) Factors that create inefficiency  

2) Factors that limit energy input 

Inefficiencies are caused by bit balling, bottom hole balling, and vibrations. There are several 

factors to energy input, among these are: hole integrity, hole cleaning efficiency, etc. 

It is important to note that the MSE is an operational tool to optimize ROP and not directly a 

cost or complexity estimation model. The MSE is defined as the calculated force that is being used to 

fragment a given volume of rock. Teal (1965) developed the following equation (20): 

 

 

(20)  

Where Tor is the torque, RPM is rotation per minute of string and bit, WOB is weight on bit and 

DIA is the diameter of the drill bit.  

This relationship is often used operationally to modify drilling parameters, such as WOB or 

RPM, to prevent inefficiencies and to manage the drilling process. During the laboratory tests, Teal 

(1965) found that the maximum energy required to remove a certain amount of rock (MSE) was 

virtually constant regardless of changes in drilling parameters (ROP, WOB or RPM). 

When a bit reaches its peak efficiency, the ratio of energy to rock volume remains relatively 

constant. This relationship is used operationally to adjust drilling parameters such as WOB or RPM to 

avoid founder and control the drilling process. The instantaneous penetration rate depends on rock 

strength, borehole pressure and formation fluid pressures. Typically, increasing borehole pressure 

reduces the penetration rate in an impermeable rock, while increasing the difference in borehole and 

pore pressure reduces the penetration rate in a permeable rock. ROP (ft/hr) refers to the MSE (ksi), 

the bit diameter DIA (in) and the power input for the bore W (hp) (Curry, 2005). 

 

 

(21)  

The maximum penetration rate that can be attained under optimal drilling conditions is 

described by the technical limit penetration rate: 

 

 

 

(22)  
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Curry (2005) correlated rotating days, normal and total dry hole days per 1,000 m against 

TLSE for a small set of wells. The correlation for rotating days was very strong, but for the wider 

dimensions of drilling performance many factors influence performance in addition to drillability. 

Operations personnel often examine the performance of successful wells to identify 

appropriate success factors. These in turn are then to be used to duplicate the success. There has 

been a tendency to reuse the bit, bottom hole assembly and the directional steering system in offset or 

similar wells (Dupriest, 2006). Exxon Mobil’s ROP management focuses on extending constraints, not 

identifying higher-level bit-systems. Instead of looking for a more powerful system based on empirical 

experience, ROP is driven by identifying specific limiters and reengineering. The field process for the 

use of MSE enables drills to readjust parameters again and again and observe whether the MSE rises 

or falls. The parameters are maintained at the point where the MSE is at its lowest level. Nozzles and 

flow rates often need to be adjusted after drilling optimization to achieve the highest hydraulic 

horsepower per square inch Dupriest (2006) outlines how MSE monitoring can be used to optimize the 

drilling process by determining the ideal operating parameters and obtaining the quantitative data that 

justifies a design change. 

2.5.7 Drillability and Uniaxial compression strength (UCS) 

Estimating drillability under estimated rock conditions can involve a significant cost risk. 

Improved predictability of drilling speed and drill wear is required. Various geological and mechanical 

parameters have a decisive influence on the drillability of a rock. In the following, some important 

relationships between specific rock properties and in particular geological factors with measured drill 

wear and drilling speed are presented (Palmström, 2000). The drilling speed depends on many 

geological parameters: Among these main parameters are the connection of rock masses, the 

orientation of the foliation (rock anisotropy), the porosity and quality of cementation in clastic rock, the 

degree of hydrothermal decomposition and the weathering of a rock mass. Drill wear increases with 

quartz content. The main property for the content of abrasive minerals is the equivalent quartz content. 

For different groups of rock types different compounds with the corresponding quartz content could be 

proven (Palmström, 2000). 

Due to the heterogeneity of the formation, estimating drillability under predicted rock formation 

conditions is a difficult task. Various methods for estimating and predicting drillability have been 

proposed which can be classified into three main categories: 

1. A very good reference for other methods is the experimental laboratory test method, which 

uses a microbit to simulate the rock crushing process, directly reflecting how difficult rocks are 

crushed by fragmentation tools (Gstalder, 1966). However, it has been restricted by limited 

nuclei in certain areas of the well and cannot draw a series of continuous profiles.  

2. An estimation of drillability is also possible by using a general equation for drilling speed. The 

method can save manpower and materials and reduce costs compared to the indoor 

experiment method. However, even this method is complicated, the value is calculated 
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depending on a large amount of sludge logging and completion data, so unexpected errors 

may occur in determining the index.  

3. Uniaxial Compression Strength (UCS). Most drillability estimation models require information 

about the UCS. Test results for UCS are usually obtained from laboratory or field 

investigations (Schmidt Hammer, point load), but these values are often not available for 

routine drillability predictions. Several approaches and models have been proposed to 

correlate UCS with other indirect parameters; sound velocity is the most commonly used.  

For this work the uniaxial compressive strength (UCS) is the most important test for the 

characterization of rocks from the strength perspective. The uniaxial compressive strength of the rock 

represents the maximum strength limit of the actual rock mass.  

The uniaxial compressive strength can be determined directly by uniaxial compressive strength 

tests, i.e. a specimen is simply compressed axially without radial stress until it fails at a value defined 

as uniaxial compressive strength (Zoback 2007), or indirectly by point load tests, testing the load on a 

piece of rock between two steel points according to ISRM (1985). The classification proposed by 

ISRM (1978) is shown in Table 11. 

Table 11  Classification of the Uniaxial Compressive Strength of Rocks (c )  ( ISRM, 1978) 

 Classification Uniaxial Compressive Strength c  (MPa) 

Extremely low strength σc < 0.25 MPa 

Very low strength σc = 0.25 - 1 MPa 

Low strength σc = 1 - 5 MPa 

Medium strength σc = 5 - 25 MPa 

strength σc = 25 - 50 MPa 

High strength σc = 50 - 100 MPa 

Very high strength σc = 100 - 250 MPa 

Extremely high strength σc > 250 MPa 

 

Rock strength is size dependent ISRM (1981). This is attributed to the fact that the rock is a 

tissue of minerals and grains that are bonded or welded together. The rock therefore contains 

microscopically small cracks and fissures. Relatively large samples are required to include all 

components that affect strength. If the size of the sample is so small that relatively few cracks are 

present, failure is forced to cause a greater portion of the new crack growth than with a larger sample. 

Accordingly, this rock scaling effect has been the subject of many investigations in recent decades, 

Palmstrom (1995). Figure X1 below shows the results of various tests compiled by Hoek and Brown 

(1980) in which the scale effect (for samples between 10 and 200 mm) was determined: 
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(23)  

Where:  

c(50): is for specimens of 50 mm diameter  

d: is the diameter (in mm) of the actual tested samples.  

Figure 14 Influence of specimen size upon the uniaxial compressive strength of intact rock. 

 

 

ISRM (1980) recommends that the uniaxial compressive strength of the rock in a given area 

be reported as the mean strength of rock samples taken from faults, joints and other discontinuities 

where the rock may be more weathered. Many compressive strength tests are performed on dry 

specimens. To increase test accuracy, ISRM (1980) suggests that samples should be tested with a 

water content relevant to the problem to be solved. Since rocks are often much weaker in wet 

conditions than in dry materials, it is important to be informed about moisture conditions. 

For Palmström (2000), the uniaxial pressure test is time-consuming and is limited to the 

relatively hard, unbroken rocks that can be processed into normal samples. Although the strength 

classification is based on laboratory tests, it can be approximated using simple methods. Deere and 

Miller (1966) have shown that rock strength can be estimated with a Schmidt-Hammer and a density 

test with sufficient reliability to perform sufficient strength characterization. According to Patching and 
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Coates (1968), the rock strength in the field can be estimated quickly and cost-effectively and, if 

necessary, further specified by laboratory tests. 

2.5.8 Discussion 

Almost every company has its own index to forecast, capture, and compare drilling 

performance. The six indices selected for this project represent the six most used on the Industry 

market. Previously described indices present advantages and disadvantages. For more detail 

compare table 12, giving an overview over the different indices.  

While the DDI and DCI are globally implemented, the JAS and MRI are mostly used in the 

Northern American. The JAS focuses on costs and does not take complexity into consideration. All 

other three include costs as well as complexity or difficulty. The DDI on the other hand is the only one 

that focuses on the trajectory or directional drilling. The other three (JAS, MRI, and DCI) consider 

many more variables as the DDI, as they allow a look at the overall well project. 

The DDI uses only a very limited number of variables and geological formations features are 

not considered. A point of critique is that it, therefore, is not possible to use the DDI as a comparison 

tool for different areas. Nonetheless, the DDI is easily accessible and does not require a great amount 

of pre-knowledge for application making it a globally often-used tool due to its simplicity and locally 

achieves good results. 

The primary and key drilling factors that were for instance chosen for the MRI represent the 

drilling operation and its difficulties better than the variables selected for JAS. Although the MRI 

incorporates more drilling parameters than the JAS approach, the JAS methodology appears to be 

more structured, as the analytic framework removes potential user bias. In general, the JAS works 

mostly as a data pool for the comparison of operation costs.  

The DCI is the newest of the introduced indices and has conquered the oil and gas industry 

quickly. It might only be based on observations, but as these observations and the assigned weights 

have been tested and justified using a great data pool, the results are reliable, and the tool is easy to 

use.  

Recent advances in using MSE as a optimization tool to manage and quantify the drilling 

process have been highlighted in chapter 2.5.6. 
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Tabela 12 Factors Comparison 

Indices Focus on 

complete 

drilling 

process 

Focus on 

directional 

drilling 

Optiminization  

tools 

More variable 

(Complex) 

 

Few 

variable 

(Simple) 

 

Focus  on 

complexity/ 

performance 

 

Focus on  

Cost 

 

MRI           

JAS         

DDI             

DI           

DCI             

MSE           

All the above indices, apart from the DDI and DI, have one thing in common: they consider the 

entire process of a drilling operation and not a specific partial step. Only the DDI deals with the 

directional drilling as such and tries to predict the complexity of this crucial partial step. In the 

prediction, however, the DDI only considers the geometry of the borehole. There is one important 

factor that significantly and decisively influences the course of directional drilling and thus the 

complexity of this process, namely the underlying geology, but the DDI does not take this into account 

at all. Thus, despite numerous indices, none of them takes a holistic approach to directional drilling 

and attempts to estimate the complexity of the most important sub-step of a drilling project. This is 

what the development of the EDDI will attempt to do. Developing an index has proven to not be an 

easy task as there are so many influencing factors. However, if a data pool is available to derive 

observations or justify observations it becomes a manageable task. 
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3 Methodology 

Before explaining the underlying methodology, it is important to highlight the type of well for 

which the method is being developed. Generally, a distinction can be made between three different 

types of wells: i) Exploration wells are drilled to obtain information on the hydrocarbon properties of 

formations. These are the most difficult wells to plan, as usually little information is available about 

their geology or pressure conditions. Therefore, the well plan can only be prepared from seismic data 

and regional geology. ii) Appraisal wells are usually drilled to determine the extent of the geological 

structures and deposits after initial successful exploration drilling. The planning of estimation wells is 

simplified, since offset well data should be available. iii) Development or production wells are the 

easiest well types to design, as a considerable amount of offset well data should be available. The 

housing range should be designed for production houses and complete equipment. The requirements 

for electrical logging should be minimal and could in some cases be eliminated using MWD 

techniques. 

For the purpose of this work appraisal and development wells are being considered.  

Over the past decades a few methods have been created to forecast and evaluate drilling cost 

and complexity. But, because factors influencing drilling performance are so numerous predictive 

models are difficult to develop.  Restrictions on data collection and availability, constraints associated 

with modelling, or a combination of these factors, further, hamper the development of costing models.  

Besides, most of the methods developed by companies are company property and because of 

that not accessible for any other interested party. Most of these indices do focus on the overall well 

construction and not on directional drilling specifically.  

As shown before for directional drilling only a very limited number of indices exist; during the 

research for this thesis only two were found, namely: 1) the Directional Difficulty Index (DDI) and 2) 

the Difficulty Index (DI). The first is very simple to apply but it only considers the geometry of the well 

and doesn’t consider any geological/physical characteristics of the formation, and the second requires 

a long list of parameters and the application is not straightforward. Therefore, it is the overall aim of 

this work to propose a comprehensive and easy to implement index to estimate the degree of difficulty 

for different well trajectories. ROP is a good measure of the degree of difficulty and can, therefore, be 

used as a predictor variable. Hence, it is proposed to use multiple regression analyses for deriving an 

index from DDI and UCS computed for a set of data. From this point forward the new index will be 

referred as Enhanced Directional Difficulty Index (EDDI). 
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3.1 Multiple regressions analyses 

Multiple regression analysis is a statistical tool to investigate how several independent 

variables are linked to a dependent variable. In general, there are two forms of multiple regression: 

prediction and explanation. This project will focus on prediction. 

Multiple regression is an extension of linear regression. Linear regression analyzes a one-to-

one relationship, while multiple regression examines a many-to-one relationship, see Figure 8. While 

there can be many different influencing factors, it is important to use only those independent variables 

that are relevant. Adding more independent variables to a multiple regression does not mean that the 

regression provides better predictions; more variables often worsen the result. It's called overfitting. In 

addition, the more variables one includes, the more data is needed to perform a successful analysis. 

At the same time, more variables also lead to a higher probability that some independent variables are 

correlated (Kutner, 2005). The statistical phenomenon when independent variables are correlated is 

called multicollinearity. The ideal is that all independent variables are correlated with the dependent 

variable but are not related (see Figure 15). 

 

Figure 15 Many-to-one relationship (Independent variable-IV, Dependent variable-DV) 

Due to overfitting and multicollinearity, it is important to carefully examine the relationships 

between variables before performing the multiple regression analysis. Using scatterplots, correlations 

and optional simple regression analysis, the following relationships must be investigated: 1) 

relationship between each independent variable and the dependent variable, 2) the relationships 

between all independent variables.  
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The estimated multiple regression equation is:  

 
 

(24)  

Here: 

Y is the value of the dependent variable (y) that is being predicted or explained. 

b0 is the constant or intercept and b1, b2, b3, ..., bk are the slope or regression coefficients for 

the independent variable (X1 ,X2.... Xn). 

In multiple regressions, each coefficient is interpreted as the estimated change in Y 

corresponding to a one unit change in a variable, when all other variables are held constant.  

X1 is the first independent variable that is explaining the variance in Y and the error (E) is the 

difference between the predicted value and the actual value. 

Once a multiple regression equation has been constructed, the predictive ability can be tested 

by examining the coefficient of determination (R2). R2 always lies between 0 and 1. 

R
2
 the proportion of the variance in the values of the dependent variable (Y) explained by all the 

independent variables (XN) in the equation together; sometimes this is reported as adjusted R
2
, when 

a correction has been made to reflect the number of variables in the equation (Kutner, 2005). 

The closer R2 is to 1, the better is the model and its prediction. 

3.2 Drilling index models’ development  

To develop the EDDI, the following steps were carried out: 1) data collection and preparation; 

2) selection of variables with 2a) determination of the DDI and 2b) determination of the UCS; 3) 

multiple regression analysis, and finally 4) validation of the EDDI through a case study. This procedure 

is visualized in figure 16.  
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Figure 16 Models development workflow 

3.2.1 Data collection and preparation  

When analysing data with multiple regression, it is part of the process to ensure that multiple 

regression is applicable with the existing data. The first step in multiple regressions is always to define 

and collect data on the dependent variable and the independent variables. For this purpose, data from 

the drilling program of 58 wells from different countries was collected and evaluated. Of the 58 wells, 

42 are in Brazil (both offshore and onshore); as this data was collected during my work as a 

Directional Driller, the details of the wells cannot be published. The other 16 wells are in Norway and 

were operated by Statoil.  

It is important to note that mud motors were used for all the wells considered here, as the ROP 

depends strongly on the choice of directional drilling tool (see chapter 2.2.5). For instance, a well 

drilled with mud motor and a well drilled with RSS would not be comparable.   

3.2.2 Selection of Variables  

One of the main challenges is the selection of variables that have significant impact on 

complexity or drilling costs. Therefore, in a first a step the described indices were analysed with a 

focus on the variables each one uses and by that discovering which index is the less complex with 

regards to number of variables used and implementation. Through this analysis it also became clear 

that some indices do not consider the directional drilling process, hence, important aspects are being 

left out. This let to focusing on the Directional Difficulty Index.  



57 
 

3.2.2.1  Directional Difficulty Index (DDI) 

The DDI does not reflect the overall well complexity. As shown in chapter 2.4.3 analysing the variables 

that underlie the DDI, the DDI solely focuses on the well path complexity. These variables are: i) True 

Vertical Depth, which is the vertical depth of the well; ii) Measured depth, which is the overall length of 

the well; iii) Along Hole Displacement; iv) Dog Leg, which is the sum of the total dog leg generated 

during the drilling process. To reflect the overall well complexity other (known) factors need to be 

included in such a manner that the final output has greater value in terms of complexity prediction and 

evaluation across different regions and locations. 

Geology, for instance, has major influence on drilling work (Head, 1951). Although the DDI 

claims to measure complexity and performance, no aspects of geological conditions are considered. 

Therefore, the DDI cannot provide a clear picture of the complexity. Consequently, geological 

variables such as the drillability of the formation must be considered. However, since the DDI is a 

good indicator for determining the complexity outside the geology of a well, it will serve as an 

independent variable in this model. 

The estimation of formation drillability in predicted rock conditions is a difficult task, due to the 

heterogeneity of the formation. A small introduction on drillability will be made. 

Drillability refers to the relative ease with which a formation can be drilled. It can be assumed 

that every formation also has certain drillability. The best indication of this is the bit power in wells. 

Tricone bits, which are used for drilling soft formations, drill with a shear and rotary motion. They drill 

into the formation and can sometimes drill so fast that the penetration rate must be controlled to allow 

efficient hole cleaning. In soft to medium-soft formations that are not too sticky, PDC bits offer the best 

alternative, especially in oil-based mud. Harder formations are drilled using insert bits with slide 

bearings and gauge protection or alternatively diamond core bits. Tricone bits can remain in the bore 

for several days, so they must always be used with shrouded nozzles to avoid washout around the 

circlips that hold the nozzles. 

Strength, hardness and abrasivity are the most important variables that determine drillability. 

For this study, however, due to a lack of data to analyze all three parameters, the focus will be on 

compressive strength. Compressive strength has a considerable effect on the current penetration rate 

and can be measured on this basis. The current penetration rate thus serves as a dependent variable 

for the model.  

Studying the concept of drillability let to the idea of using Uniaxial Compressive Strength as 

one of the independent variables, knowing that other factors also influence formation drillability.    

3.2.2.2  Uniaxial Compressive Strength  

Compressive strength analysis has been widely accepted as a key formation property for 

determining the drillability of formations. The compressive strength of a given rock is the product of the 

combination of heat, pressure, age, and geographic variations. If a rock has a compressive strength of 
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“X” psi, then that is the amount of stress required to fail the rock. Sanjay et al (2013) indicate that 

various indirect measurement techniques are currently used to estimate formation strength, which in 

turn correlates with drillability and bit selection.  

The drillability of the formation is best determined by the uniaxial compressive strength (UCS). 

It is one of the most basic parameters of rock strength and the most frequently performed 

determination for drillability predictions. UCS is a common measure of the strength of intact rock. It is 

normally measured on cylinders of the rock core by compressing the core between two plates and 

measuring the maximum load at which failure occurs. This approach is called a direct approach. While 

for indirect techniques mathematical and empirical relationships are used to define UCS, for instance 

using sonic log.   

For the indirect approach various equations exist that relate petro physical properties of rocks 

to rock strength. This is since numerous factors that influence rock strengths also influence other 

physical properties of the rock. Since rocks of the same lithology have different characterizations due 

to different composition and deposition conditions, it is very complex to determine generic empirical 

equations for a type of rock. Thus, most of the developed equations are used for a certain region or 

rock with specific characterization. This underlines the importance of local calibration for the equations 

before they are used to predict UCS for any stability analysis (Zoback, 2007). 

Table 13 shows UCS mean maximum and minimum values with the respective geology as 

presented by Arild Palmström (2011) in is Ph.D. thesis "The Rock Mass Characterization System for 

Rock Engineering Purposes". The compressive strength values given are based on measurements by 

SINTEF, Norway. 
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Table 13 Normal range of common Compressive Strength for some common rock type (Hansen, 1988 and 
Hoek and Brown, 1980) 

ROCK TYPE Uniaxial  ROCK TYPE Uniaxial 

compressive  compressive 

strength (MPa)  strength (MPa) 

low - average - high  low - average - high 

S
E

D
IM

E
N

T
A

R
Y

  
R

O
C

K
S

 

Coal 16 - 21- 26  

M
E

T
A

M
O

R
P

H
IC

  
R

O
C

K
S

 

Amphibolite 75 - 125 - 250 

Claystone 2 - 5 - 10  Amphibolitic 
gneiss 

95 - 160 - 230 

Conglomerate 70 - 85 - 100  Augen gneiss 95 - 160 - 230 

Coral chalk 3 - 10 - 18  Black shale 35 - 70 - 105 

Dolomite 60 - 100 - 300  Garnet mica schist 75 - 105 - 130 

Limestone 50 - 100 - 180  Granite gneiss 80 - 120 - 155 

Mudstone 45 - 95 - 145  Granulite 80 -  150 - 280 

Shale 36 - 95 - 172  Gneiss 80 - 130 - 185 

Sandstone 75 - 120 - 160  Gneiss granite 65 - 105 - 140 

Siltstone 10 - 80 - 180  Greenschist 65 - 75 - 85 

Tuff 3 - 25 - 150  Greenstone 120 - 170 - 280 

IG
N

E
O

U
S

 R
O

C
K

S
 

Andesite 75 - 140 - 300  Greywacke 100 - 120 - 145 

Anorthosite 40 - 125 - 210  Marble 60 - 130 - 230 

Basalt 100 - 165 - 355  Mica gneiss 55 - 80 - 100 

Diabase 
(dolerite) 

227 - 280 - 319  Mica quartzite 45 - 85 - 125 

Diorite 100 - 140 - 190  Mica schist 20 - 80 - 170 

Gabbro 190 - 240 - 285  Mylonite 65 - 90 - 120 

Granite 95 - 160 - 230  Phyllite 21 - 50 - 80 

Granodiorite 75 - 105 - 135  Quartz sandstone 70 - 120 - 175 

Monzonite 85 - 145 - 230  Quartzite 75 - 145 - 245 

Nepheline 
syenite 

125 - 165 - 200  Quartzitic phyllite 45 - 100 - 155 

Norite 290 - 298 - 326  Serpentinite 65 - 135 - 200 

Pegmatite 39 - 50 - 62  Slate 120 - 190 - 300 

Rhyolite - 85 ? -  Talc schist 45 - 65 - 90 

Syenite 75 - 150 - 230    

Ultrabasic 
rock 

80 - 160 - 360    

S
O

IL
 

Very soft clay 0,025  

S
O

IL
 

Stiff clay 0.1 - 0.25 

Soft clay 0.025 - 0.05  Very stiff clay 0.25 - 0.5 

Firm clay 0.05 - 0.1  Hard clay 0.5 - 1 

   Silt, sand 0.0001  - 0.001 

 

None of the common indices offer a complete picture and at the same time are easy to 

implement. However, if the DDI is extended by the factors of geology just described, a relatively good 

instrument is obtained. Therefore, within the scope of this work, the DDI will be expanded to include 

the average UCS and thus a new index, the EDDI will be developed.  
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3.2.2.3 Rate of Penetration (ROP) 

Rate of penetration (ROP), also known as penetration rate or drill rate, is the speed at which 

a drill bit breaks the rock under it to deepen the borehole. It is usually measured in feet per minute or 

meters per hour, but sometimes it is expressed in minutes per foot. 

The ROP is influenced by many different factors; these can be divided into two main groups: 

i) controllable factors and ii) environmental factors. The controllable factors can be changed and 

influenced more easily than environmental factors. Due to economic and geological conditions, 

changing environmental factors is impractical or very expensive. The multitude of factors indicates the 

complexity of bit/rock interaction. Since sludge properties such as type, density,  all depend on the 

type of formation and formation pressure, the sludge properties are considered as "Environmental 

factors" (Osgouei, 2007). 

Table 14 Factors that affect ROP (Osgouei, 2007 ) 

Enviromental Factors Controllable Factors 

Depth Bit Wear State 

Formation Properties Bit Design 

Mud Type Rotary Speed 

Well path design Weight on Bit 

Overbalance Mud Pressure Flow Rate 

Bottom hole Mud Pressure Bit Nozzle Size 

Bit Size Motor/Turbine Geometry 

 

To summarize, for this model the rate of penetration is the dependent variable and thus used 

to explain the complexity of a drilling process; while the DDI and UCS are independent variables. The 

ROP considered for this work is defined as time while drilling on bottom. With this information the 

multiple regressions analyses can be conducted.  

3.2.3 Determination of DDI and UCS 

The dependent variable and, therefore, the variable that measures complexity, in this model is 

Avg_ROP. ROP is suitable as a dependent variable since it cannot be influenced by the user of the 

model. It is worth noting that the larger the ROP, the easier it is to drill the well and vice versa. 

Although ROP is influenced by many factors, only two significant independent variables have been 

selected - the geometry of the well and the geology. Since only a limited amount of data is available, 

the number of variables cannot be increased further. 

In a next step, the DDI was determined for all 58 wells. The data from the drilling programs 

were used for this and equation 14 was applied. The DDI value for each well serves as the first 

independent variable for the model. It is important to note that the DDI itself serves as an independent 

variable, not the four variables on which it is based. This approach is necessary because not enough 

https://en.wikipedia.org/wiki/Drill_bit#Well_drilling_bits
https://en.wikipedia.org/wiki/Rock_(geology)
https://en.wikipedia.org/wiki/Borehole
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data is available to analyze all underlying variables. For an overview of the different DDIs compare 

appendix A.  

The second independent variable for this model is UCS. Since there is no information on UCS 

in the drilling program, one would ideally use data from an offset well. In the case of this work, 

however, these data were not available. As already described, in such a case, values can be used 

which are determined in laboratory tests for different geological formations. In addition, this value must 

be correlated with the respective region. 

For each well a log stratigraphy exists showing the geological formation of the well and how it 

changes with depth. UCS changes with depths even for the same lithology, because of pressure and 

soil compaction.  But, the present data does not offer this information. Nontheless it is possible to 

assign each lithology a percentage value corresponding to its occurrence in the well. Following this, 

each lithology is allotted its corresponding UCS value. This UCS value is then multiplied by the 

percentage corresponding to the percentage of its lithology in the total well. The sum of the weighted 

UCS values represents the UCS estimate for the entire well. Appendix B offers an overview of the 

different UCS values and how they were calculated.  

Due to the application of a UCS value from the literature, it is important that every time the 

new model is applied this value is checked for the given lithology, depth and the region through this 

approach one can calculate Avg_UCS for the respective well.  

After the variables (one dependent and two independent) have been determined, the model can 

now be applied. The software SPSS was used for this analysis. 

3.2.4 Verification the regression assumptions 

An exploratory analysis is a good mean to gain better understanding of the underlying data, 

which helps to interpret inferential statistics at a later stage. A second advantage is that one might 

detect mistakes that occurred during data entry and be able to correct those (quality control).  

To perform this analysis sample size needs to be large enough to yield reliable estimates of 

correlations among the variables. A general rule of thumb for is that for each variable in the model 15 

cases are available in the data set (Field, 2009) This minimum requirement is accomplished. 

Figure 15 shows that all 58 cases provide data that can be used for the analysis, in conclusion 

no missing values. This is important for further statistical analysis, as a lack of value would impact the 

results significantly.  
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Tabela 15 Case Processing Summary 

 

Before running the regression model, it is important to check some underlying assumptions.  

To use the proposed multiple regression analysis, it is necessary to test and verify that the 

proposed equation satisfies the assumptions. Assumptions of multiple linear regression tested in this 

study to validate the proposed multiple regression analysis are (Field, 2009): 

1. Linear relationships and outliers:  

This set of assumptions can be examined to a fairly satisfactory extent simply by plotting 

scatterplots of the relationship of the actual outcome variable and the predicted outcome. Figure 16 

shows the result of the linearity. The linearity is not perfect (R
2
=1), but good with R

2
=0.872. 

Interestingly, if plotting scatterplots of the relationship between the independent variable DDI and the 

dependent variable, no linearity exists (compare annex D). One reason for this could be the lack of 

data or simply proof that the DDI has no relation to geology. (Field, 2009)  

 

Figure 17 Scatterplot of the actual outcome variable against the predicted outcome 

http://www.restore.ac.uk/srme/www/fac/soc/wie/research-new/srme/glossary/index2cbf.html?selectedLetter=S#scatterplot
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To check for outliers a box plot was created. As Figure 18 shows neither for the UCS nor for 

DDI outliers exist.  

 
Figure 18 Bloxplot of A (Avg_UCS) and B (DDI) 

2. Variance in all explanatory variables: 

Testing the variance is relatively simple. A histogram is created for each variable to ensure that 

there is a range of values or that the data is spread across several categories. This assumption was 

also fulfilled (see appendix C) (Field, 2009). 

3. Multicollinearity  

Multicollinearity can be checked with the help of a correlation matrix, which shows whether the 

explanatory variables are highly correlated or not. A more accurate approach, however, is to use the 

collinearity statistics that SPSS offers. The Variance Inflation Factor (VIF) and tolerance statistics 

show whether or not a particular explanatory variable has a strong relationship to the other 

explanatory variables. The results of this analysis are demonstrated in table, which show that there is 

no multicollinearity. The possible correlations between the four variables of the DDI have been 

ignored, as the DDI is an existing model. (Field, 2009) 

Table 16 Correlation Matrix 

 ROP Avg_UCS DDI 

Pearson 

Correlation 

ROP 1 -0.921 0.005 

Avg_UCS -0.921 1 -0.161 

DDI -0.005 -0.161 1 

Sig (1-tailed) ROP  .000 0.485 

Avg_UCS .000  0.113 

DDI 0.485 0.113  

N ROP 58 58 58 

Avg_UCS 58 58 58 

DDI 58 58 58 
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4. Homoscedasticity  

By comparing the residuals with the values predicted by the regression model, it can be 

checked whether the residuals do systematically vary with the predicted values. As the scatter plot in 

Figure 19 shows, the data points appear to be distributed according to a pattern. (Field, 2009) This 

means that the assumption of homoscedasticity is being violated.  

Especially in complex modelling situations, non-optimal modelling can lead to this distortion. 

Omitted variable distortion is often cited as a reason for heteroscedasticity (the violadition of 

homoscedasticity). The relationships estimated by a regression model can only be valid for the 

specific hole size in which they were measured. The available data are derived from 36 - 81/2" 

offshore drilling and 171/2"- 81/2" onshore drilling. The relationship between Avg_UCS, DDI and ROP 

may vary for holes drilled with different hole size groups. 

The exact cause of heteroscedasticity can only be determined in an analysis with a much larger 

data set.  

 

Figure 19 Scatterplot showing Heteroscedasticity 

After verifying the above mentioned assumptions the regression analysis can be conducted.  

3.2.5 Application of regression analysis  

Before performing the multiple hierarchical regression, the relevant assumptions of this 

statistical analysis were tested. First, a sample size of 58 was considered sufficient as only 2 

independent variables were included in the analysis. The assumption of singularity or variance was 

also fulfilled, since the independent variables are not a combination of other independent variables. An 
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examination of the correlations found that the independent variables are not highly correlated. An 

investigation for univariate outliers was also conducted. Residual and scatter diagrams showed that 

the assumptions of normality, linearity were all fulfilled; however, the assumption of homoscedasticity 

has been violated. Even though the assumption of homoscedasticity has been violated, the analysis 

will be conducted as planned. This is due to the fact that it could be either natural cause or not optimal 

modelling. Even if the assumption of homoscedasticity was violated, the analysis is carried out as 

planned. This is because it can be either a natural cause or a non-optimal modelling. In addition, all 

possibilities to minimize heteroscedasticity were exhausted (logarithms of dependent variables, R2 of 

dependent and independent variables, etc.) even these statistical tricks did not bring success 

Hierarchical multiple regression was carried out to investigate whether Avg_UCS and DDI could 

significantly predict ROP.  

The Model Summary (table17) shows Multiple R and the coefficient of determination (R2) for 

the regression model. Avg_UCS was included in step 1 and explained 84.8% of the variance in ROP. 

After entering the DDI values at step 2, the total variance explained by the model was 87.2%. In other 

words, the ROP is strongly influenced by Avg_UCS and less strongly by DDI. Nevertheless, it is not 

possible to say with certainty whether this ratio would behave in the same way with a larger data set, 

since we know that the variables underlying the DDI influence the ROP as well. 

Table 17 Model Summary  

Regression Statistics Avg_UCS Avg_UCS & DDI 

Multiple R 0.921 0.934 

R Square 0.848
 
 0.872

 
 

Adjusted R Square 0.845
 
 0.868

 
 

Standard Error 3.0673
 
 2.837

 
 

Observations 58
 
 58

 
 

 

Whether our regression model explains a statistically significant part of the variance can be 

seen in the ANOVA table 18, especially the F-value (penultimate column) and the corresponding 

significance value (F(2.55) = 187.949, p = .000) provide information thereon. These values confirm 

that the regression model is significant and rejects the null hypothesis. 

Table 18 ANOVA table for the model 2 

Final Model  df Mean Square F Significance F 

Regression (Avg_UCS) 1 2941.112 312.606 000 

Residual (Avg_UCS) 56 9.408   

Total (Avg_UCS) 57    

Regression (Avg_UCS & DDI) 2 1512.663 187.949 .000 

Residual (Avg_UCS & DDI) 55 8.048   

Total (Avg_UCS & DDI) 57    
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The model can now be used to predict the penetration rate of a specific drilling campaign. 

Looking at coefficient table 19, the intercept is 65,196, this is the expected ROP for our wells, where 

UCS = 0 and DDI = 0 (note that UCS and DDI are never really 0, the constant is only important for 

constructing the model). The coefficient for UCS shows that any increase in unit in UCS is associated 

with a decrease of about -0.484 m / h in the ROP and the coefficients for DDI show the same 

behaviour with each increase of the DDI unit, ROP decreases -1,260 m / h. 

Table 19 Coefficients 

Model 2 Coefficients Stan.Error t p-value Lower 

95% 

Upper 

95% 

Constant 65.196 3.184 20.475 .000 58.815 71.577 

Avg_UCS -.484 .025 -19.388 .000 -.534 -.434 

DDI -1.260 .390 -3.235 .002 -2.041 -.479 

The predicted values are calculated the following way: There are 2 terms in our regression 

equation. On the one hand the intercept, that is constant for all cases, and on the other hand two 

regression coefficients: a coefficient for Avg_UCS and a coefficient for DDI. As already described, the 

predicted ROP calculation (labeled Ŷ) would be written as follows for each case (using equation 19): 

 

Where Ŷ = the predicted ROP; b0= the intercept; b1= the regression coefficient for variable 1; 

x1= the value of variable 1, b2= the regression coefficient for variable 2; x2= the value of variable 2.  

The predicted value for any case can be calculated by simply typing in the relevant quantities 

(b0, b1, x1, b2, x2) from the regression equation. 

 

In order to use EDDI as an index the value calculated through the regression analysis needs to be 

transformed. The regression estimates the ROP therefore; the ROP is used to define the limits of the 

index. This is measured on a scale of 0 – 60, where 0 is extremely difficult and 60 is easy, through the 

transform this limits will be 0 – 10 in such a way that the EDDI will be the inverse of ROP where 0 is 

extremely easy and 10 is difficult. This is shown in the equation below. 

 

 
 

(25)  
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4 Case studies  

To validate and compare the two most common indices, the DDI and the DI, with the newly 

developed EDDI data from seven directional drilling projects in various oil fields - three of which were 

drilled onshore and four at sea. These are the same wells that have been used to develop the model. 

The wells have been selected to represent both onshore and offshore wells and are suitable for 

comparison based on their properties. In addition, these wells were selected to provide a typical well 

design for the oil field under consideration. Four of the selected wells were drilled with water-based 

mud and synthetic oil mud, while two of the onshore holes were drilled with synthetic oil mud only. The 

predominant geological formations are sandstone, dolomite, limestone, clay and anhydrite. 

4.1 Indices computation  

A case study with seven wells was used to calculate the three indices previously described: DI, 

DDI and EDDI. Then the results are analysed and compared.  

4.1.1 Computing the DI 

The DI of well w is denoted as DI = DI(w) and defined as the sum of the one- and two-

dimensional weight functional  and , as shown in equation below (20). 

 

 

 
The below table shows the weight factors 
 

Table 20 Weight factors 

(VD)    

  

(DOG)  

(MXMW)  

(MXMW/O)    

(T(TD))  

(NS/ECD)  

(NS)  

Well Type and Learning Curve(WLTC)    

(surface BOP)  

(TSW)  

(Rig cap)    
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Tabela 21  Well Characteristics 
 

Wells VD (ft) WD (ft) HD (ft) DOG (°) MXMW (ppg) MXMW/O (ppg) T(D) (°F) NS/ECD (ppg) NS Rank Willcat BOP type TWS 
(ft) 

Rig_cap 

Well-1 10774 3284 7943 160 0 11.2 120 2 (FG=1,4) 4 1 Surface 65 rig at capacity 

Well-2 16978 11975 2326 50 12 11.5 144 2 (FG=1,1) 4 2 Sub-surface 164 rig at capacity 

Well-3 17139 10764 518 39 12 14 290 1.5 (FG=1,3) 6 4 Sub-surface 229 rig at capacity 

Well-4 20774 14163 525 30 12 12 316 2 (FG=1,3) 6 4 Sub-surface 328 rig at capacity 

Well-5 12526 3320 9206 190 10 10 176 2 (FG=1,5) 6 1 Surface 65 rig at capacity 

Well-6 10434 10136 2998 162 11.4 12 215 1,5 (FG=1) 5 4 Sub-Surface 49 rig at capacity 

Well-7 3635 0 738 40 10 10 302 2 (FG=1,6) 3 2 Surface 82 rig at capacity 
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In a first step, the weight factors were calculated using the well characteristics as shown in Chapter 

2.7, Table 22 shows the results of this calculation. With these weights, it is possible to calculate the DI 

in a second step.  

Table 22 Weights factors and DI 

Well             DI 

Well-1 2 2 7 0 0 0 4 4 1 3 6 3 32 

Well-2 5 3 1 1 0 0 4 4 2 5 3 3 31 

Well-3 6 2 2 1 4 1 3 9 4 5 2 3 42 

Well-4 8 2 0 1 0 2 4 9 4 5 0 3 38 

Well-5 3 2 8 0 0 0 4 9 1 3 6 3 39 

Well-6 2 1 7 0 0 0 3 6 4 5 7 3 38 

Well-7 0 0 1 0 0 2 6 2 2 3 7 3 26 

 

Table 22 illustrates that in terms of complexity, as defined by the DI, there is not much 

difference between all selected wells, whether onshore or offshore. However, well 3 has the highest 

DI, while well 7 has the lowest DI. In addition, five of the selected wells are medium complex (DI = 30 

to 60) and one is of low complexity (DI<30). This is also illustrated in Figure 20, (the green area is low 

complexity, yellow means medium complexity and red high complexity). 

 

 
Figure 20 Graph showing DI of the wells 
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4.1.2 Computing DDI 

The DDI is calculated using equation 14:   

 

 

 

The values of the different variables are being selected from well profile data. The variables’ 

values as extracted from well profile data are shown in table 23, as well as the corresponding DDI. In 

terms of complexity as defined by the DDI (the higher the DDI the more complex the well) well-5 is the 

most complex, while well-4 is the less complex well.  

Table 23 DDI value 

Well MD TVD AHD TORT DDI 

Well-1 3285 1001 2718 160 6.2 

Well-2 5884 5175 1604 50 5.0 

Well-3 5382 5224 546 35 4.3 

Well-4 6552 6332 850 30 4.2 

Well-5 3818 1012 3214 190 6.4 

Well-6 4038 3215 1765 161 5.6 

Well-7 1333 1108 622 44 4.5 

Figure 21 visualises DDI values for the six wells and shows that for complexity as defined by 

the DDI onshore wells appear to be more complex then offshore wells. This is since the DDI focuses 

mostly on the geometry of the well, meaning its complexity, and leaves other factors out. Therefore, 

wells that have a complex well design have a high DDI value.  

 
Figure 21 Graph showing DDI of the wells 
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4.1.3 Computing EDDI 

A multiple regression analysis was applied to calculate the rate of penetration. The results 

obtained are presented in Table 24:  

Table 24 showing DDI and UCS values for each well and the combination of the two, hence the 

value of the new index (EDDI). The application of the EDDI shows that well 5 is the most complex, 

while well 6 is the least complex (the lower the value, the higher the complexity).  

Table 24 EDDI value 

Well DDI UCS (Mpa) EDDINormalized 

Well-1* 6.2 107 9.03 

Well-2 5 108 8.86 

Well-3 4.3 112 9.08 

Well-4 4.2 110 8.85 

Well-5* 6.4 108 9.14 

Well-6 5.6 66 5.61 

Well-7 4.5 104 8.12 

4.2 Discussion  

Comparing the results of the EDDI with those of the DDI, the following can be observed:  

 Both indices conclude that well 5 is the most complex. However, the second most 

complex well according to DDI (well 1) is only the third most complex well according to 

EDDI. observed at This indicates that EDDI is able to reflect the great influence that 

geology has on drilling operations.  

 The higher DDI and UCS the more complex is the drilling operation. This ratio is indeed 

reflected by the model, as the closer examination of the coefficients (Table 15) shows. 

 Even though, UCS values were estimated (approximate values) and do not result from 

actual measurements, promising results have been achieved by the application of the 

index. This shows that with the development of the EDDI is on a good track and that 

EDDI is a promising instrument once it can be calculated with more data.  

The table 22 below shows the variables used by each index: 

Overall, it can be stated that the first results of this analysis are promising. The ROP is 

influenced by many different factors, while the model uses only two of these, which may be limitative 

for a index of this nature. However, in order to substantiate the model and make it usable for the 

planning phase of drilling operations, a more detailed analysis with considerably more data is required.  



72 
 

4.2.1 EDDI limitations 

The most fragile feature of the proposed index is no doubt the small set of data used to derive it 

. For instance, instead of conducting the analysis using all four variables underlying the DDI the final 

DDI has been used. This approach was necessary, as not enough data was available. However, a 

more detailed analysis with a larger data set and considering all four variables could change the 

results. Moreover, based on this analysis it is not possible to discover e.g. which of the four DDI 

variables influences complexity most. 

As described in the chapters before the UCS value was estimated and is not a measured value. 

Hence, a less uncertain UCS could further change the outcome of this statistical analysis.  

Due to the limitations of this dataset the model is only applicable for the wells that have been 

selected for this study and might not be applicable for other wells. To achieve an universal new index 

and overcome these limitations further analysis with a larger dataset are necessary. If a larger dataset 

is available it would also be recommended to not only use UCS as a variable for a proxy of geology 

but include also others such as hardness or abrasivity that further describe the geological conditions 

and influence complexity. 

4.2.2 Indices Comparison 

For the comparison of the indices their respective scales won’t be changed as can be 

observed in table 25 below. While a complex well design leads to a high DDI value and in our case to 

more complex onshore drilling, the DI, on the other hand, shows a higher complexity for offshore 

drilling (in this case 2 of 3), considering other factors besides the well design. 

The Difficulty Index (DI) is intended to measure the difficulty of drilling an extended reach well. 

The DI can also be useful as a rough measure to compare the various factors that influence drilling. 

Unfortunately, there is no solid basis for weight determination beyond subjective reasoning. The DI 

weight functions are user-defined, like DDI, and this is a serious limitation as the weights are not 

supported by empirical analysis. Theoretically, it is possible to distinguish between wells based on the 

procedures used in drilling, as some of these procedures are observable, but often most procedures 

are not reported or are not available for analysis. 

The DDI was developed to enable a performance comparison. The DI, on the other hand, is 

designed to determine the complexity of an extended reach well, considering more factors that can 

affect a well. The two indices are thus developed for different objectives, but both measure complexity. 

n the following all three indices will be compared.  

Table 25 shows the results for all three indices (the exact values are shown in the chapter 4.1 

indices computation): while well 1, 2, 3, 4 and 5 have the highest complexity according to EDDI, DDI 

and DI don’t contribute high complexity to any well of the sample. All indices show one well with 

medium complexity, however, interestingly all indices consider different wells to be the medium 
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complex: for the DI it is well 3, for the DDI it is well 5 and for the EDDI it is well 7. Moreover, it is 

interesting to note that well 6 has the lowest complexity for all three indices. 

Comparing the EDDI results for the different wells, 5 wells are considered complicated; while 

for the other wells the level of difficulty varies from easy (well 6) to medium (well 7). One of the 

reasons could be that geological factors are being reflected and not only the geometry of the well. 

Another explanation could also lie within the setting of the index or more precisely the underlying 

variables (each index is developed with another aim), meaning that the results could change if the 

EDDI is further developed.  

The result of the EDDI for well 6 shows a low value, especially compared to all other values 

that have a comparable DDI value. This shows that geology is a predominant factor for the time it 

takes to drill. Knowing that the model of the EDDI is uncertain, the results are still as expected or in 

the range of acceptable. 

                                           

Table 25 Comparison of complexity for the different indices 

DDI Scale Complexity Well 

0 - 6.4 Low 1, 2, 3, 4, 6, 7 

6.4 - 6.8 Medium 5 

6.4 - 6.8 High None 

DI Scale  

0 - 40 Low 1, 2, 4, 5, 6, 7 

40 - 70 Medium 3 

70 >  High None 

EDDI Scale  

0-7.5 Low 6 

7.5-8.5 Medium 7 

7.5-8.5 High 1, 2, 3, 4, 5 

 

To compare the three indices, it is important to be aware once again of the variables on which 

they are based. Table 26 shows all underlying variables.  

The DDI uses only a very limited number of variables. However, geological formations are not 

considered. A point of critique is that it, therefore, is not possible to use the DDI as a comparison tool 

for different areas. Nonetheless, the DDI is easily accessible and does not require a great amount of 
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pre-knowledge for application making it a globally often used tool. Due to its simplicity and when used 

in one area it achieves good results.  

In contrast, DI uses most variables. It is, therefore, more robust than the other indices, but at 

the same time much more complex to use. 

Table 26 Factors Comparison 

 

It is generally assumed that an offshore well is more complex than an onshore well. This is for 

example due to the depth of the water or cuttings removal. Looking at the values of the DI, this 

assumption is confirmed. For the DDI and EDDI, onshore drilling is the most complex. This is because 

the DDI attaches great importance to the geometry of the well. The borehole design is indeed the most 

complex for this onshore well.   

Despite these results, no general conclusions can be drawn about the complexity of onshore 

and offshore drilling. The thesis that off-shore drilling is generally more complex can therefore neither 

be refuted nor confirmed. This also requires a larger data set.  

With the crises on the oil and gas industry and the necessity to explore even more remote and 

hazardous environments, indices represent a great advantage for management. They can be used to 

predict costs and help to allocate funds in a meaningful manner, but they also race awareness when it 

comes to safety issues. In the sense of cost prediction, the EDDI is even more promising than others. 

The EDDI predicts the Rate of Penetration, which translates into the time that is needed to drill a 

certain well. The time is directly linked to the costs of a drilling operation. This said the further 

development of the EDDI would be a win for the oil and gas industry.    
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5 Conclusion and recommendations 

The drilling costs of directional wells are 1.4 to 3 times more than a vertical well drilling, 

depending on the drilling method. (Ozbayoglu, 2002) Therefore, careful estimation of the penetration 

rate and optimization of the cost per foot for a directional project prior to operations is perhaps the 

most important factor of a project. 

This work has shown how difficult it is to develop a model that predicts the complexity of a well. 

The factors that affect the complexity of a well are so numerous that they cannot all be modelled. 

Especially if one sets oneself the goal to develop a model which should be easy to handle. 

Therefore, it is important to be aware of what you want to develop the model for and which 

factors play the most important role in this scenario. In addition, it is of paramount importance to have 

enough data available for statistical analysis. Otherwise, the best and most precise model cannot be 

sufficiently developed and verified. 

Most models cannot incorporate all the details of complex natural phenomena. For example, we 

are trying to predict ROP using only two variables, but this does not incorporate variations that affect 

ROP. Incorporating these additional details would make the model too complex for use. As the index 

should be simple enough to be used during the planning process of a well and due to statistical 

restrictions and not enough data, some factors were left out.  

Since the results of the EDDI are promising, it would be interesting to continue the statistical 

analysis with a larger data pool and develop the index accordingly. 
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APPENDIX A: Variables used to calculate the DDI 

Well  TVD (m) MD (m) AHD (m) Tortousity (°) ROP (m/h) DDI 

1 294 310 78 78 14.58 3,8 

2 350 400 171 35 9,6 3,8 

3 350 400 171 35 8,46 3,8 

4 449 477 172 30 17,37 3,7 

5 459 490 173 30 15,58 3,7 

6 786 789 38 19 9,7 2,9 

7 764 790 27 15 12,26 2,6 

8 789 804 85 69 10,5 3,8 

9 854 855 12 17 19,8 2,3 

10 535 876 542 97 2,72 4,9 

11 912 934 34 18 11 2,8 

12 587 942 602 92 4,26 4,9 

13 607 945 575 94 4,89 4,9 

14 615 955 560 86 4,84 4,9 

15 602 948 569 100 4 5,0 

16 670 967 624 57 8,86 4,7 

17 625 998 615 92 3,89 5,0 

18 736 1230 674 120 9,25 5,1 

19 1105 1328 618 48 9,5 4,6 

20 303 1801 1685 97 7 6,0 

21 288 2198 2126 69 7,02 6,1 

22 1883 1890 64 18 11,9 3,1 
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23 642 1984 1589 112 8,67 5,7 

24 233 2000 1952 41 8,28 5,8 

25 1618 2049 1035 52 10,42 4,8 

26 924 2175 1482 93 19,08 5,5 

27 939 2350 1607 111 22,86 5,6 

28 942 2351 1549 118 23,68 5,7 

29 945 2397 1703 91 28,35 5,6 

30 921 2437 1632 130 27,07 5,7 

31 960 2466 1731 94 22,98 5,6 

32 2445 2491 358 21 7,9 3,9 

33 262 2940 2890 42 6,6 6,1 

34 2372 2966 1454 71 10,59 5,1 

35 2903 2998 543 51 9,83 4,5 

36 3102 3340 916 34 10,98 4,5 

37 3071 3357 993 48 7,95 4,7 

38 3155 3565 1386 34 8,65 4,7 

39 3257 3584 1670 35 7,3 4,8 

40 273 281 50 83 17,2 3,6 

41 267 281 51 126 13,19 3,8 

42 269 288 85 59 14,47 3,7 

43 3330 3632 1241 132 22,27 5,3 

44 3239 3682 1364 175 21,2 5,4 

45 3253 3463 983 77 22,1 4,9 

46 3181 3622 1419 126 16,21 5,3 

47 3293 3868 1349 125 24,9 5,3 



C 
 

48 1077 1083 82 17 35,6 3,1 

49 1105 1114 97 14 31,66 3,1 

50 1018 1206 444 64 29,96 4,5 

51 3065 5353 3335 137 17,4 5,9 

52 3394 4550 2169 219 14,42 5,8 

53 3070 3441 1200 115 21,32 5,2 

54 3157 3750 1109 155 20,48 5,3 

55 3170 4090 2095 128 20 5,5 

56 3212 4095 1985 206 21,2 5,7 

57 3016 3497 1443 156 20,5 5,4 

58 3044 3232 958 132 19,6 5,1 
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APPENDIX B: Calculation of UCS 

  Avg_UCS (Mpa) 

Well Sandstone (%) Limestone  (%) Conglomerate (%) Basalt (%) Carbonate/salt (%) Claystone (%) Shale (%) Coal (%) Total 

1 110 0,40 100 0,30 85 0 165 0 110 0 7 0,17 95 0,13 21 0 88 

2 110 0,55 100 0,31 85 0 165 0 110 0 7 0 95 0,14 21 0 105 

3 110 0,55 100 0,31 85 0 165 0 110 0 7 0 95 0,14 21 0 105 

4 110 0,45 100 0,3 85 0 165 0 110 0 7 0 95 0,55 21 0 102 

5 110 0,45 100 0,3 85 0 165 0 110 0 7 0 95 0,55 21 0 102 

6 110 0,30 100 0,05 85 0 165 0 110 0 7 0 95 0,65 21 0 100 

7 110 0,40 100 0,05 85 0 165 0 110 0 7 0 95 0,55 21 0 101 

8 110 0,25 100 0,10 85 0 165 0 110 0 7 0 95 0,65 21 0 99 

9 110 0 100 0 85 0 165 0 110 0 7 0 95 0 21 0 103 

10 110 0,08 100 0,79 85 0 165 0,13 110 0 7 0 95 0 21 0 109 

11 110 0,15 100 0,05 85 0 165 0 110 0 7 0 95 0,8 21 0 98 

12 110 0,07 100 0,81 85 0 165 0,12 110 0 7 0 95 0 21 0 109 

13 110 0,06 100 0,83 85 0 165 0,11 110 0 7 0 95 0 21 0 108 

14 110 0,07 100 0,82 85 0 165 0,11 110 0 7 0 95 0 21 0 108 

15 110 0,07 100 0,81 85 0 165 0,12 110 0 7 0 95 0 21 0 109 

16 110 0,3 100 0,50 85 0 165 0 110 0 7 0 95 0,2 21 0 102 

17 110 0,10 100 0,90 85 0 165 0 110 0 7 0 95 0 21 0 101 

18 110 0,40 100 0,27 85 0 165 0 110 0 7 0 95 0,33 21 0 102 

19 110 0,4 100 0 85 0 165 0 110 0 7 0 95 0,6 21 0 101 

20 110 0,22 100 0 85 0 165 0 110 0 7 0 95 0,78 21 0 98 

21 110 0,23 100 0 85 0 165 0 110 0 7 0 95 0,77 21 0 98 

22 110 0,40 100 0 85 0 165 0 110 0 7 0 95 0,60 21 0 101 

23 110 0,53 100 0,3 85 0 165 0 110 0 7 0 95 0,17 21 0 104 

24 110 0,29 100 0 85 0 165 0 110 0 7 0 95 0,71 21 0 99 

25 110 0,30 100 0 85 0 165 0 110 0 7 0 95 0,70 21 0 100 

26 100 0,4 100 0 85 0 165 0 110 0 7 0 95 0,38 21 0,27 82 

27 100 0,35 100 0 85 0 165 0 110 0 7 0 95 0,4 21 0,25 78 

28 100 0,3 100 0 85 0 165 0 110 0 7 0 95 0,4 21 0,3 74 

29 100 0,3 100 0 85 0 165 0 110 0 7 0 95 0,35 21 0,35 71 

30 100 0,3 100 0 85 0 165 0 110 0 7 0 95 0,35 21 0,35 71 
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31 100 0,35 100 0 85 0 165 0 110 0 7 0 95 0,4 21 0,2 77 

32 110 0,74 100 0,03 85 0 165 0 110 0 7 0 95 0,23 21 0 106 

33 110 0,15 100 0 85 0 165 0 110 0 7 0 95 0,85 21 0 97 

34 110 0,25 100 0 85 0 165 0 110 0 7 0 95 0,75 21 0 99 

35 110 0,51 100 0,07 85 0 165 0 110 0 7 0 95 0,42 21 0 103 

36 110 0,01 100 0,12 85 0,01 165 0,04 110 0,66 7 0 95 0,16 21 0 108 

37 110 0,01 100 0,12 85 0,01 165 0,04 110 0,66 7 0 95 0,16 21 0 108 

38 110 0,44 100 0,02 85 0 165 0 110 0 7 0 95 0,54 21 0 102 

39 110 0,44 100 0,01 85 0 165 0 110 0 7 0 95 0,55 21 0 102 

40 110 0,52 100 0,4 85 0 165 0 110 0 7 0,08 95 0 21 0 98 

41 110 0,62 100 0,38 85 0 165 0 110 0 7 0,09 95 0 21 0 107 

42 110 0,52 100 0,4 85 0 165 0 110 0 7 0,08 95 0 21 0 98 

43 110 0,60 100 0,1 85 0 165 0 110 0 7 0,30 95 0 21 0 78 

44 110 0,55 100 0,15 85 0 165 0 110 0 7 0,30 95 0 21 0 78 

45 110 0,60 100 0,1 85 0 165 0 110 0 7 0,30 95 0 21 0 78 

46 110 0,45 100 0,35 85 0 165 0 110 0 7 0,10 95 0,1 21 0 95 

47 110 0,55 100 0 85 0 165 0 110 0 7 0,45 95 0 21 0 64 

48 110 0,40 100 0 85 0 165 0 110 0 7 0,60 95 0 21 0 48 

49 110 0,45 100 0 85 0 165 0 110 0 7 0,55 95 0 21 0 53 

50 110 0,50 100 0 85 0 165 0 110 0 7 0,50 95 0 21 0 59 

51 110 0,25 100 0,4 85 0 165 0 110 0,15 7 0,10 95 0,1 21 0 94 

52 110 0,35 100 0,3 85 0 165 0 110 0,15 7 0,10 95 0,1 21 0 95 

53 110 0,40 100 0,3 85 0 165 0 110 0,00 7 0,32 95 0,02 21 0 78 

54 110 0,35 100 0,25 85 0 165 0 110 0,00 7 0,25 95 0,15 21 0 80 

55 110 0,30 100 0,2 85 0 165 0 110 0,10 7 0,28 95 0,12 21 0 77 

56 110 0,30 100 0,2 85 0 165 0 110 0,10 7 0,28 95 0,12 21 0 77 

57 110 0,30 100 0,2 85 0 165 0 110 0,10 7 0,28 95 0,12 21 0 77 

58 110 0,30 100 0,2 85 0 165 0 110 0,10 7 0,25 95 0,15 21 0 80 
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APPENDIX C Figure a) Histogram; b) Normal P-P Plot of Regression Standardized Residual 
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APPENDIX D Scatterplots showing correlation Figure a) ROP vs UCS; b) ROP vs DDI 
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