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Abstract 

The drilling process is one of the most important and expensive aspects of the oil and gas industry. 

Drillin g is required during mining for different ore production processes such as blasting and large 

drilling operations. Overall, it contributes significantly to the total cost of mining. As a result, an 

accurate prediction of the rate of penetration (ROP) is crucial for drilling performance optimization 

and contributes directly to reducing drilling costs. Knowledge of drilling performance is a powerful 

tool to aid in the development of a consistent drilling plan as well as to anticipate issues that may 

arise during drilling operations. Several approaches, with varying degrees of complexity and 

accuracy, have been tested to predict drilling performance, but all have shown several limitation to 

predict the complete drilling performance curve including locate the founder point. This limitation 

can be extended to their capacity of covering different drilling scenarios with high accuracy. In this 

thesis (manuscript style) a review of the history of drilling performance prediction is conducted 

with emphasis on the rotary drilling of small and large diameters. The approaches are grouped into 

two categories: physics-based models and data-driven models. Due to the low complexity of the 

physics-based models and the scarcity of drilling performance prediction research that reports the 

founder point location, a novel physics-based ROP prediction model for rotary drilling that includes 

the founder point location is presented. This model presents high accuracy to predict the drilling 

performance for fixed cutter drill bit, roller-cone drill bit, and large diameter drilling operations. 

The behaviors of the new model constants (drillability coefficient and drillability constant term) 

are discussed when analyzed in relation to the unconfined compressive strength (UCS), bit 

diameter, and rotary speed. Additionally, a new experimental setup approach was developed based 

on the circular movement of the full-scale disc cutter that are normally used in raise boring and 
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tunnel boring machines. This setup will permit to simulate the large diameter drilling operations in 

laboratory scale aiming the understanding of the fragmentation process and application of 

optimization to this scenario. 
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Chapter 1 Introduction and Overview 

1.1 Introduction 

In the oil and gas industry, as well as in mining and construction areas, the drilling process 

is challenging because of the complexity of the operations involved and its consecutive impact in 

economic feasibility of drilling projects. Due to the explained before, it is crucial that each process 

involved in a drilling operation is fully understood. To have a successful drilling project, the rate 

of penetration (ROP) prediction is a crucial factor that provides the capability to predict the drilling 

problems and inefficiencies of a drilling operation.   

One of the most famous models for drilling performance prediction was developed by 

Maurer. This model as well as the other available prediction models are limited to predict a 

completed drilling performance curve including the founder point location (local maximum of this 

curve). Additionally, the vast majority of these models are restricted to a specific drilling scenario 

(a specific type of drill bit, rock properties, drilling fluid rheology, rotary speed, etc.) and their 

generalized application in a way implies to inaccurate prediction values. A detailed discussion of 

these models including the Maurer model is present in Chapter 2.  

This thesis explores the linear relationship between the drillability constant (Maurer model) 

and weight on bit (WOB). This relationship was identified in the present research and allowed for 

a new correlation to be developed that is able to predict the complete drilling performance curve 

including the founder point location. Additionally, the new model was applied in three different 

drilling scenarios, fixed cutter drill bits, roller-cone bits, and large diameter drilling, which are 
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differentiated by the drilling mechanics involved in their respective drilling process. This model 

proves to be a powerful tool since its accuracy remains highly independent of the drilling scenario 

that it is applied to.  

1.2 Statement of the Problem 

For decades, many research projects were conducted to determine an accuracy correlation 

to predict the drilling performance. Normally, these correlations are very specific and their 

predictions become increasingly inaccurate as their application is extended beyond those drilling 

scenarios (see Chapter 2 for more details). More recent studies about ROP prediction focus on bit-

rock interaction and cutting subject to a high confining pressure. These studies use the finite 

element to model the drilling scenario. One of the main points for the ROP prediction is the 

identification of the maximum WOB that results in a maximum ROP, called founder point. There 

is limited research that tries to predict the founder point location. The research is focused on 

predicting the drilling performance before the founder point, limiting comparison between different 

drilling scenarios and application of the optimization techniques. Therefore, this investigation is 

required to develop a universal drilling performance prediction model for the rotary drilling that 

includes the founder point location. 

1.3 Research Plan and Objectives 

The objective of this thesis is to develop a new model to predict drilling performance, 

including the founder point location, for rotary drilling. The objective of this study is to be able to 

predict the ROP for small and large diameter drilling for different types of drill bits and rock 

formations. In this way, drilling performance for different drilling scenarios are evaluated from 
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drill -off tests (DOTs) or field drilling operations previously conducted in other studies or 

performed in a laboratory as part of the current study. This research is divided into the three 

projects. 

1.3.1 A New Model to Predict the Drilling Performance for Fixed Cutter 

Drill Bits 

This project aimed to develop a new model to predict the drilling performance, including 

the founder point location for fixed cutter drill bits, based on limitations of models that are available 

in literature to predict the complete drilling performance curve including the founder point location. 

To measure the efficiency and accuracy of the new model, DOTs and field drilling operations 

available in literature as well as the data obtained from laboratory experiments conducted in this 

study were analyzed. In Drilling Technology Laboratory, DOTs are performed using a drilling 

simulator that simulates a drilling operation with different drill bits, different rock specimens, and 

in different drilling conditions. DOTs are used to establish a relationship between the WOB and 

ROP for a specific drilling scenario and are a base for the development of drilling performance 

models. Initially in this study, a DOT was performed with coring bit due the ease to generate a 

complete drilling performance curve including the founder point location, which was used to 

develop a new model. Finally, the effectiveness and accuracy of the new model was evaluated 

based on different scenarios of fixed cutter drill bits.    

1.3.2 Extension of the New Model to Predict the Drilling Performance 

Including the Founder Point Location for Roller-Cone Drill Bits 

This project studied the possibilities of an extension of the new drilling performance 

prediction model developed for fixed cutter drill bits for roller-cone drill bits. The need of this 



28 
 

analysis is based on the difference between the rock fragmentation mechanisms of these bit types. 

In the fixed cutter drill bit operation, a dragging-scraping (shearing) process is present. In the roller-

cone drill bit operation, a gouging-scraping or chipping-crushing process is present. During this 

project, DOTs in Drilling Technology Laboratory was performed and analyzed. Additionally, 

DOTs and field drilling operations previously conducted in other studies as well as the data 

obtained from laboratory experiments conducted in this study were analyzed. Similar to the 

previous project, the effectiveness and accuracy of the new model was proven during analysis of 

different roller-cone drill bit operations. 

1.3.3 Extension of the New Model to Predict the Drilling Performance 

Including the Founder Point Location for Large Diameter Drill Bits 

(RBM and TBM) 

This project was a comprehensive evaluation of the new model in a drilling scenario, 

outside the normal oil and gas application. This drilling scenario covers raise boring machine 

(RBM) and tunnel boring machine (TBM) applications where the main factor that differs from the 

application of fixed cutter and roller-cone drill bits analyzed in the two previous projects is the 

scale of the bit diameter. In the first two drill bit types, the drill diameter is in the order of inches, 

while in the large diameter the drilling is in the order of meters. In small diameter drilling it is 

assumed that only the intact properties of the rock affects the drilling performance. While in large 

diameter drilling, the property of the rock mass, which consists of the rock material and 

discontinuities, affects the drilling performance considerably. In this project, a comparative 

analysis of the Colorado School of Mines (CSM), Gehring, and de Moura and Butt models were 

performed and the founder point existence in large drilling operations is discussed (see Chapter 5 

for more details).
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Chapter 2 Literature Review 

2.1 Rotary drilling 

Rotary drilling is the most widely used worldwide drilling method for oil and gas drilling. 

Regardless of the drill rig, the basic rotary-drilling equipment is as shown in Figure 2-1 [1]. 

 
Figure 2-1 The rotary drilling process [1]. 

In order to drill a well, it is necessary that a bit, under a downward force and torque, will 

produce fractures in the rock and will break it consecutively. The downward force, weight on bit 

(WOB) is provided by the weight of the drillstring and, in specific cases, a hydraulic system on the 

surface. The torque is transmitted from surface equipment to the drill bit through the drillstring. 
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After the fragmentation of the rock, the cuttings are transported to the surface by the drilling fluid 

that is constantly pumped inside the drillstring (direct circulation) which returns to the surface 

carrying the cuttings through the annular space between the borehole wall and the drillstring. On 

the surface, the cuttings and drilling fluid pass to a separation process for drilling fluid reuse [1].  

There are many different types of drill bits whose main difference is in rock cutting 

mechanics [2] (see Figure 2-2). 

 
Figure 2-2 Rock fragmentation mechanismï (a) Fixed Cutter Bits (polycrystalline diamond compact (PDC)), (b) Roller-cone Bits. 

Adapted from [3]. 

 In the next sections, the difference between three distinct drilling scenarios will be 

discussed: drilling with fixed cutter bits, drilling with roller-cone bits, and large diameter drilling. 

2.1.1 Fixed Cutter Drill Bits 

In fixed cutter drill bits, the cutter has continuous contact with rock, moving parallel to the 

rock surface, and it is characterized by a shearing action during the rock fragmentation process (see 

Figure 2-3) [2]. 
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Figure 2-3 PDC cutter engaged in rock. Adapted from [2]. 

Drag bits were the first version of fixed cutter drill bits that were introduced in very soft 

rock formation drilling operations in the early 1900s. Traditionally, they were made of steel and 

had two blades that were covered with harder alloy coatings (see Figure 2-4) [1]. 

The fixed cutter drill bits can be divided into three groups: PDC, Thermally Stable 

Polycrystalline (TSP), and diamond matrix bits. Each group has its own specific design features 

and rock fragmentation mechanisms [2]. 

Bits that used diamond as their cutting elements were first used in the 1940s and TSP and 

PDC technology was developed in the late 1970s (see Figure 2-5). In the 1970s, General Electric 

developed the concept of PDC and University of Tulsa Drilling Research Projects, as 

subcontractors of the United States Department of Energy, worked on the engineering design 

development and testing [2].  
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Figure 2-4 Drag bits with two blades. Adapted from [4]. 

 

 

 

Figure 2-5 (a) Diamond bits; (b) PDC bits [1]. 

 

The PDC is a 1/32 inches thick polycrystalline layer applied on a tungsten carbide material 

that is installed into a hole in the bit body [2]. TSP bits were the first bit with synthetic diamond 

elements used by the drilling industry and are an evolutionary milestone to the modern PDC bits 

[1]. In the PDC and TSP bits, small synthetic diamond disks provide the scraping/cutting surface. 
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The rock fragmentation mechanism of these bits is primarily by shearing where the cutters have 

enough axial force to penetrate into rock and torque for its rotation [1].   

Diamond matrix bits use a PDC matrix material and natural or synthetic diamonds. 

Normally, this type of bit runs with turbo drills and Positive Displacement Motor (PDM). Its cutting 

action is scraping where the drill uses a high-speed plowing action that breaks the cementation that 

holds the rock grains together [1].   

2.1.2 Roller-cone Drill Bits 

In 1909, Howard Hughes invented the first roller-cone bits with two cones. The tricone bits 

were introduced in the early 1930s for application in hard and soft formations. Initially, the roller-

cone bits had milled-teeth but in the late 1940s, with the deep drilling events that meant harder rock 

formations, the Hughes Tool Company introduced the first tungsten carbide insert tricone bits [1]. 

The roller-cone bits are categorized into two groups (see Figure 2-6): milled tooth (or steel 

tooth) bits typically used for drilling relatively soft formations; and tungsten carbide insert (TCI) 

tooth bits (button bit) ï it has wide application including the hard and abrasive formations. The 

rock-cutting mechanisms of the milled tooth bits are gauging, scraping, and chiseling and the 

failure mechanisms are tooth wearing, bearing failure, or both. In the case of the TCI bits, the rock-

cutting mechanisms are chipping and crushing and the failure mechanism is bearing failure [1], [2]. 
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Figure 2-6 (a) Roller-cone milled-tooth and (b) Tungsten carbide insert bits [2]. 

In 1965, Maurer performed laboratory experiments with an original setup of single tooth 

bits impacting or indenting a rock specimen surface simulating the real field borehole conditions 

(see section 2.2.1 for more details). He observed that the crater mechanism is related to the pressure 

differential between the rock-pore pressure and the borehole. Figure 2-7 shows the crater 

mechanism for low differential fluid pressure. This enables the ejection of the cutting from the 

crater almost completely. High differential fluid pressure hampered the cuttings and prevented their 

ejection from the crater because of the chip hold-down effect [1]. 
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Figure 2-7 Crater mechanism beneath a bit tooth [1]. 

2.1.3 RBM and TBM 

In mining and construction projects, the proper selection of an excavation machine and an 

accurate prediction of its performance are crucial to cost estimates and planning. Currently, 

mechanical excavation is a strong alternative to conventional drill and blasting in tunneling and 

mining projects. The most used excavation machines in these types of projects are TBM and RBM.  

TBMs are applied in tunnel construction for traffic, hydropower, sewerage and water, 

underground storage, and mining. Currently, there are a wide variety of TBMs available in the 

marketplace including machines with different diameters and adapted to different formation 

conditions [5]. TBMs present considerable advantages over drill and blast in favourable ground 
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conditions due to their normally high advance rates and lower risk levels, but in adverse ground 

conditions these machines present a significant increase in cost and decrease in safety [6]. 

Basically, the main parameters of a TBM are the thrust and torque. A motor rotates the 

cutterhead and the thrust is provided by cylinders that push the cutterhead against the precast 

segmental lining (Figure 2-8) [7]. 

 
Figure 2-8 TBM Push Cylinders [7]. 

 

Figure 2-9 shows a schematic of a TBM. From the Figure, four systems can be identified: 

(1) Boring system, including the cutterhead and disc cutters; (2) Thrust and clamping system, 

including the thrust cylinders, gripper shoes, front shoe, side-steering shoe, and supporting invert 

shoe; (3) Muck removal system, including the conveyor; and (4) Support system, including the 

roof shield and drills [7].  
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Figure 2-9 TBM Schematic [7]. 

 The standard TBM cutter consists of steel alloy discs with a tapered edge. The cutter has a 

bearing and is mounted on the cutterhead. The bearing has extreme importance for the excavation 

process because of the magnitude of the thrust and drag forces that are observed during the drilling 

process. The cutter can have single or multiedge discs (see Figure 2-10) and have TCI elements 

[7].  

 
Figure 2-10 Disc Cutters: (a) Single-Disc Cutters, (b) Twin-Disc Cutters, and (c) Center-Disc Cutters [7]. 
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 Figure 2-11 shows the disc cutter chipping process, called Kerf principle. According to this 

principle, the cutters are pushed against the rock face then the discs will penetrate in the rock 

creating craters and cracks. The debris is expelled by the shear and tensile stress caused by the 

penetration mechanism. Generally, a penetration between 4 mm and 15mm in hard rock and up to 

20 mm in softer rock are considered a good assumption [7].    

 
Figure 2-11 Disc Cutter Chipping Process [7]. 

 The TBM drilling performance is influenced by several factors such as geology, rock 

properties, water, and tunnel design. The rock discontinuities (joints or other cracks) are factors 

that needs to be highlighted in the TBM drilling process. Its effects on TBM drilling are based on 

the type of discontinuity, frequency, and orientation [7]. Additionally, the rock mass heterogeneity 

has considerable impact on the TBM performance. Normally, the geology-related problems are 

responsible for over 70% of TBM failures in mines [5].  
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RBMs are used in mining and construction projects to excavate shafts and other vertical 

structures. Initially, a pilot hole of a 230-350 mm diameter is drilled down. Next, the drill bit used 

during the pilot hole drilling is changed to a large diameter reamer, and it is pulled back up to the 

upper level (Figure 2-12). An RBM has the flexibility to work with different dip angles and bit 

diameters [8].  

 
Figure 2-12 Raise Boring Process [9]. 

 Additionally, where the upper level access is limited, a RBM can be used to drill on upward 

direction. In this application, called boxhole boring method, the RBM is installed on the lower level 

and, with or without a pilot hole, a reamer or full face bit is used to drill the hole upward adding 

stabilizers to the drillstring to minimize the vibrations and bending stresses. In the boxhole boring 

method, the cuttings fall down (gravity effect) and are collected above the RBM by a muck 

collector and a muck chute (see Figure 2-13) [9].   
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Figure 2-13 Boxhole boring method [9]. 

 With respect to the drilling mechanics, the RBM is very similar to the TBM. Due to its 

large diameter, the rock discontinuities and heterogeneity have considerable impact on its drilling 

performance. 

2.2 Drilling Performance Prediction Modelling 

The ROP prediction models can be divided into two major approaches: physics-based and 

data-driven prediction models. Physics-based prediction models or traditional models are based on 

laboratory experiments, being empirical models designed for specific types of drilling parameters. 

Data-driven models are based purely on data, incorporating machine learning and/or implementing 

neural networks to the ROP prediction [10]. 

With for a few rare exceptions, both major approaches need calibration with real drilling 

data-set. Normally, the prediction models that do not need calibration present low accuracy to 
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embrace a different drilling scenario. Additionally, research on prediction of the drilling 

performance including the founder point location is scarce. 

2.2.1 Physics-based Models 

Maurer (1962) presented a model to predict the drilling performance for roller-cone bits, 

which is derived from rock cratering mechanisms. This model is called ñperfect cleaningò because 

it assumes that all of the rock debris is removed during the drilling operation. His work was 

compared with experimental data where full-scale W7R bits were applied to drill in impermeable 

Beekmantown dolomite rocks using water as the drilling fluid under near ñperfect cleaningò 

conditions [11]. 

Equation (3-1) presents Maurerôs correlation [11]. 

Ὑ Ὧ
ὔὡ ὡ

φπὈὛ
 Ὢέὶ ὡ ὡ  (2-1) 

Where k is called ñdrillability constantò, N is the rotary speed (rpm), W is the WOB (kN), 

W0 is the threshold WOB before cratering is initiated (kN), D is the bit diameter (mm), S is the rock 

strength (MPa), and R is the ROP (m/h). 

Due to the high WOB involved in the drilling operations, normally it is assumed that ὡḻ

ὡ , which reduces Eqn. (3-1) to Eqn.(3-2).  

Ὑ Ὧ
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φπὈὛ
  (2-2) 
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Despite the high accuracy to predict the drilling performance, Maurerôs correlation is 

limited to the values before the founder point. This limitation is due to the squared defence of the 

ROP to the WOB, which is evidence of the nonexistence of a local maximum point in the curve 

generated by Maurerôs correlation.  

Bauer and Calder (1967) used previously published field data to develop an empirical 

equation to predict the rotary drilling performance which relates the ROP to the rock strength, 

WOB, rotary speed and hole diameter. To validate the field data used in their formulations, they 

conducted laboratory indenter tests to study rock failure in hard rock. Their results provide a 

method to describe and predict the ROP through indenter penetration and sub-surface fracturing 

[12]. 

Equation (2-3) presents the Bauer and Calderôs correlation. 

Ὑ φρ ςψÌÏÇὛ
ὡ

Ὀ

ὔ

σππ
  (2-3) 

Where N is the rotary speed (rpm), W is the WOB (lbf), D is the bit diameter (inch), S is the 

rock strength (psi), and R is the ROP (ft/h). 

Bauer and Calderôs correlation presents  high accuracy in hard iron ores but presents 

considerable inaccuracy when the iron ores have low rock strength [13]. Due to the linear 

relationship between the ROP and WOB presented by Bauer and Calderôs correlation (Eqn. (2-3)), 

its accuracy in predicting the drilling performance curve is very limited as well as the impossibility 

to locate the founder point.   
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In 1971, Bauer presented methodologies to both estimate drill requirements and optimize 

the drilling process and blasting costs in a given context. He discussed the rotary drill performance 

based on Bauer and Calderôs equation [14] that included recommended pull-down weight, ROP 

versus confined compressive strength (CCS), bit life versus rock strengths, and drilling costs [15]. 

Warren (1979) presented a drilling prediction model for full-scale soft-formation bits that 

related the WOB, rotary speed, bit size, rock strength, and bit type to the ROP based on laboratory 

experiments. His model was developed based on the premise that the effect of the mechanical 

conditions could be determined in the laboratory using full-scale drill bits and that the model could 

be coupled with other models that would be appropriate for the drilling fluid properties and 

hydraulic effects [16]. 

Equation (2-4) presents the Warrenôs correlation. 

Ὑ
ὥὛὈ

ὔὡ

ὧ

ὔὈ
  (2-4) 

Where a, b, and c are constants, S is the rock strength (kPa), D is the bit diameter (cm), N 

is the rotary speed (rev/s), W is the WOB (N), and R is the ROP (ft/h). 

Based on the analysis of the derivative of Eqn. (2-4), the drilling performance curve 

generated by Warrenôs correlation does not have a maximum local point that limited this correlation 

to the region of the curve before the founder point.  
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In 1987, Bourdon et al. described the progress of the development and implementation of 

a system for the acquisition of rig-site DOT data as well as the laboratory simulation of DOTs. In 

their work, more than 50 DOTs performed in onshore vertical wells and deviated wells (up to 40º) 

and different lithology types were analyzed. Roller-cone bits of 215.9 mm and 152.4 mm diameter 

were applied in these DOTs. In the laboratory DOTs, roller-cone bits of 215.9 mm were used in 

several rock types, including Carrara marble, Bolton Wood sandstone, Portland limestone, and a 

limestone aggregate concrete. They highlighted the importance of good sensors and data logging 

in collecting valuable information for the evaluation of drilling performance. They did not observe 

significant transient effects in the ROP response during either field or laboratory DOTs [17]. 

Bourdon et al. considered the ROP directly proportional to the WOB introducing the 

correlation shown in Equation (2-4). 

Ὑ ὑὡὪὺ  (2-5) 

 Where K is the drilling-model coefficient, W is the WOB (N), f is the function of rotary 

speed, and v is the rotary speed (rpm). 

 The linear relation between the ROP and WOB presented by Eqn. (2-5) makes evident the 

inexistence of a local maximum point on the drilling performance curve. This observation 

introduces a significant limitation to this correlation to represent the whole drilling performance 

curve. 
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In 1991, Wijk showed that drilling rates for percussion drilling and roller-cone drill bit 

operations can be predicted through the use of stamp test data. The use of stamp test data to predict 

the drilling performance for roller-cone drill bit operation is based on the authorôs affirmation that 

its rock fragmentation process is very similar to the percussive drilling. Additionally, Wijk 

presented a power consumption prediction for rotary drilling and discussed its economics [14]. 

Equation (2-6) shows the correlation proposed by Wijk to predict the drilling performance 

for rotary drilling.  

ὄ ὄὲὛ
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  (2-6) 

 Where B is the ROP, n is the rotary speed, ὄ is a non-dimensional constant, Ὓ is the button 

density (see Eqn. (2-7)), F is the WOB, D is the hole diameter, and „  is the stamp test strength 

index.  

Ὓ
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  (2-7) 

Where ὔ is the number of buttons on the cone mantle surface in roller-cone drill bit, and 

ɗ is the half of the cone top angle. 

Analyzing the derivate (derivative?) of Eqn. (2-7) in relation to F, the inexistence of a local 

maximum point on the curve generated by this equation is observed. Then, Wijkôs correlation is 

restricted to predict the drilling performance curve before the founder point.   
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In 1996, Autio and Kirkkomäki presented a novel full-face boring technique based on rotary 

drilling and vacuum flushing to remove the rock cuttings. In this work, a model to predict the ROP 

was established for application to boring machines. Their work covered the evaluation of the 

excavation disturbance, hole quality, particle size distribution and shape of the crushed rock, energy 

consumption, greenhouse emissions, and occupational conditions [18]. 

According to Autio and Kirkkomäki, the advance rate or ROP is a relation to cutters, WOB, 

rotary speed and the rock properties being affecting by the vacuum flushing efficiency. They 

highlighted that the advance per rotation was used as a test parameter because it is more accurate 

than the net advance rate and because of the difficult to keep the rotation spend stable during the 

tests.  

Based on the field tests results, Autio and Kirkkomäki applied the method of least squares 

to define a linear, logarithmic, and exponential curves that best fit to the measured data, using the 

regression coefficient as a parameter of quality control to the fit curves. They concluded that the 

differences between these fit curves are very small in low range of WOB but become expressive in 

large range of WOB, being the exponential regression (Eqn. (2-8)) for most of the tests.   

Ὑ ὃὡ   (2-8) 

 Where R is the rate of penetration (net advance rate) (m/h), W is the WOB, and A and B 

adjustment coefficients. 
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 Based on Eqn. (2-8), the limitation of the Autio and Kirkkomªkiôs approach to predict the 

whole drilling performance curve is evident because the inexistence of a local maximum point 

(positive value) in this curve restricting its application to point before the founder point.  

In 2008, Detournay et al. presented a model to predict the drilling performance of a drag 

bit (i.e. showed a relationship between the WOB, torque on bit (TOB), ROP, and angular velocity). 

One of the outcomes highlighted in their work was the possibility of obtaining the rockôs or the 

bitôs properties from the knowledge of the existence of different phases in the response of the bit 

to a drilling operation [19]. 

Detournay et al.ôs model assumes the presence of three different operational drilling 

regimes which are associated with the relation between the contact forces and the depth of cut per 

revolution. In the first regime, it is assumed that the relationship between the increase of the contact 

forces and the increase of the depth of cut per revolution is mainly a consequence of a geometrical 

effect. In the second regime, after a critical value of depth of cut per revolution, that is a relation 

to the bit bluntness, the contact force is totally applied. In this regime, any increase of the WOB 

will result in an increase of the depth of cut per revolution. In the last drilling regime, the sharing 

of material between the rock face and the drill bit is started (consequence of poor cleaning), 

increasing the contact area. The threshold for this regime is a relation to the bit geometry, mud 

properties, flow rate, and rock properties. 

 Detournay et. al. presented a mathematical model for the first and second drilling regimes. 

Eqns. (2-9) (2-10) and shows the relation between the scaled weight and the depth of cut per 

revolution for first and second drilling regimes, respectively. 
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ύ ‒‐Ὧ„Ὠ  (2-9) 

ύ ‒‐Ὠ Ὠz ύz  (2-10) 

 Where w is the scaled weight (N/mm) (Eqn. (2-11)), d is the cut per revolution (mm) (Eqn. 

(2-12)), Ὠz is the depth of cut per revolution at the transition between the first and second drilling 

regimes (mm), ύz is the scaled weight at the transition between the first and second drilling regimes 

(N/mm), ů is the internal friction angle of the rock, ɕ is a constant that varies between 0.5 and 0.8, 

and Ů is the energy required to remove a unit volume of rock under ideal conditions (MPa). 
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 Where a is the bit radius, ɟ is the ratio between the inner and outer bit radius (for full face 

bit ” π), and ɋ is the angular velocity (rad/s. 

 Based on the previous discussion and the linearity relationship between the scaled weight 

and the cut per revolution, the model presented by Detournay et al. is limited to the regions of the 

drilling performance curve before the founder point. 

In 2009, Shirkavand et al. presented a theoretical correlation between the rock strength 

applied to both the overbalanced and underbalanced drilling conditions and predictions of the 

bottom hole pressure in underbalanced drilling operations with aerated or foam drilling fluid [20]. 

They used the Eqn. (2-13) to derivate the rock strength as a relation to the drilling depth. This 
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equation is applied for PDC bits, which was based on the conservation of mass considering the 

ROP equivalent to the rate of rock removal during the drilling process.   

 Ὑ  ὡ
Ȣ Ȣ Ȣ

Ȣ Ȣ
  (2-13) 

 Where R is the ROP, W is the WOB, N is the rotary speed, Ŭ and ɗ are the cutter rake angles, 

S is the confined compressive strength, Ὀ  is the bit diameter, and ὡ  is the wear constant that 

varies between 1 (new drill bit) and 0 (cutters totally worn). 

 Equation (2-13) shows a linear relationship between the ROP and the WOB. This 

relationship limits its application to a restricted region of the drilling performance curve excluding 

the region of this curve after the founder point. 

In 2012, Kowakwi et al. developed a ROP prediction model that is a normalized hydraulic 

model with a two-term roller-cone bit that considers the available hydraulic level at a drill bit, chip 

hold down and bit wear effects (Eqn. (2-14)). This model is based on Warrenôs two-term model 

(Eqn. (2-4)) [12]. Their model was compared with a field dataset which showed good accuracy to 

predict the drilling rate. They also presented a model to predict the unconfined compressive 

strength (UCS) of a formation based on the drilling parameter [21]. 
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Where ů is the rock strength (kPa), D is the bit diameter (cm), N is the rotary speed (rev/s), 

W is the WOB (N), R is the ROP (ft/h), Ὢὼ is the hydraulic energy function, Ὢὖ  is the chip hold 

down effect, ὡ  is the bit wear effect, HSI is the bit hydraulic horsepower per area of drill bit, (ὥ, ὦ, and 

ὧ) are chip hold down constants, ὖ is the confinement pressure (psi), and ЎὄὋ is the tooth dull grad 

(IADC). 

As Eqn. (2-14) is an extension of Warrenôs model that does not change the relationship between the 

WOB and the ROP, the model proposed by Kowakwi et al. carries the same limitation of  Warrenôs 

model with respect to the limitation to predict the behaviour the drilling performance curve after 

the founder point. 

In 2012, Yagiz et al. presented an approach for predicting TBM performance, the CSM 

model. The CSM model is an evolution that started with a semi-theoretical model based on the 

cutting forces of individual cutters in 1977 [22], incorporated estimated cutting forces as a function 

of intact rock properties such as UCS and tensile strength in 1993 [23], and, finally, added the 

intact rock brittleness (BI) and fracture properties of rock masses in 2002 and 2006 [24] [25]. In 

general terms, the cutterhead requirements (thrust, torque and power) related to the maximum ROP 

are determined based on the individual cutter forces performing on the rock mass. In this study, the 

CSM model is discussed based on its application in massive and fractured hard rock conditions. 

The authors mentioned the difficulty of a simple formula to model the TBM performance due to 

the complexity of mechanical tunneling processes and the distinct rock properties and features and 
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affirmed that the CSM model has low accuracy to predict faulted fractured rock mass conditions 

where the ROP is affected by the fractures and plane of weakness. In the CSM model, the relation 

between the normal force per cutter and the ROP is a potential function [26].  

Eqns. (5-1), (5-2), and (5-3) represent the CSM model.   
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Where ҿ is the angle of the arc of contact, R is the cutter radius, P is the penetration rate, 

Pô is the pressure of contact area, c is the cutting constant, „ is the uniaxial compressive strength, 

„ is the Brazilian tensile strength, s is the spacing of cutters, T is the cutter trip width, Ὂ  is the 

normal force per cutter. 

In 2014, Chen et al. used a new variation of the mechanical specific energy (MSE) 

developed from the evaluation of available MSE models. This new approach was used as a tool for 

real-time monitoring, predicting, avoiding down hole accidents, reducing costs and so on. They 

stated that the ROP can be predicted by the new approach of the MSE. Additionally, they 

introduced a rate of penetration model based on the mechanical specific Energy (Eqn. (2-22)) [27]. 
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 Where R is the ROP (ft/h), ‘ is the bit-specific coefficient of sliding friction, N is rotary 

speed (rpm), Ὀ  is the bit diameter (inches), CCS is the confined compressive strength (psi), Ὁ  is 

the mechanical efficiency of new bit, W is the WOB (lbf), µ is the coefficient of friction of drill 

string, ‎ is the inclination of the bottom hole (rad), and ὃ  is the bit area (in2). 

 Analyzing the derivative of Eqn. (2-22), the lack of a local maximum point in the drilling 

performance curve predicted by it is observed.  

In 2015, Deng et al. analyzed the drilling resistance in the rock breaking process and 

proposed a new approach to predict the ROP (Eqn. (2-23)). In their work, the energy consumption 

in the drilling process and the rock fragmentation fractal characteristics were studied, which was 

supported by laboratory experiments with roller-cone bits [29]. 
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 Where ’ is the ROP, n is the rotary speed, M is the torque, D is the bit diameter, a is the 

specific energy, and P is the WOB. 

 The behaviour of the Eqn. (2-23) is very similar to Eqn. (2-22) including the inexistence of 

a local maximum point in the curved generated by this equation.  

In 2015, Ataei et al. studied 11 different zones of an open-pit iron mine to classify them 

with respect to rock drillability. Laboratory tests and geological mapping of the rock faces were 

carried out, and rock-mass structural parameters were recorded to develop a model for ROP 
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prediction that could also predict the UCS in terms of Schmidt hammer rebound values (Eqn. 

(2-24)). This model was compared with previous models from literature based on analyzed 

scenarios in their paper. The authors affirmed that their model for ROP prediction is limited to the 

geological and drilling conditions that were studied in their paper [30]. 

Ὑ  ςȢσρ
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  (2-24) 

Where R is the ROP (m/min), W is the WOB (kg), N is the rotary speed (rpm), RDi is the 

rock mass drillability index, P is the air pressure for flushing the blast hole (psi), and D is the bit 

diameter (mm). 

Analyzing graphically Eqn. (2-24), the lack of a local maximum to this curve is easily 

observed. Based on this observation, Eqn. (2-24) is limited to represent the drilling performance 

curve before the founder point.  

In 2015, Mamaghani et al. presented experimental studies focused on the determination of 

a penetration index related to RBMs applications. Their study is based on indentation test 

laboratory experiments using hydraulic press in rock samples obtained from Eti Copper Kure 

Asikoy underground mine located in Turkey. Their study results were validated by a comparative 

analysis between the ROP prediction (Eqn. (2-25)) and field results [31]. 

Ὕ πȢππυὔ
Ὂ

Ὠ
ὴ (2-25) 

 Where Ὕ  is the maximum thrust or reaming thrust of the raise borer (kN), Nô is the 

number of carbide inserts in the reamer head times the number of roller cutters, F/d is the 
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penetration index value (which is obtained from an indentation test) and p is the penetration per 

revolution of the cutterhead (mm/rev). 

 Eqn. (2-25) shows a linear relationship between the maximum thrust or reaming thrust of 

the raise borer and the penetration per revolution of the cutterhead, which limited the correlation 

to predict the region of the drilling performance curve before the founder point. 

In 2016, He et al. investigated the relationship between five brittleness indices and the 

various petrophysical and geomechanical properties of rocks. In addition, they developed a 

correlation that relates the brittleness indices to Youngôs modulus, P-wave velocity, and porosity. 

A ROP prediction approach for PDC bits was established based on gamma ray, neutron, density, 

and sonic log data derived from correlations in the literature. Their approach is based on Eqn. 

(2-26) [32]. 

Ὑ ὡὋ
ὡ ὔ

ὛὈ
 (2-26) 

 Where R is the ROP, W is the WOB, ὡ  is the bit wear function, N is the rotary speed, S is 

the confined rock compressive strength, Ὀ  is the drill bit diameter, and a, b and G are constants. 

 The exponential relationship between the ROP and the WOB, presented in Eqn. (2-26), 

limited its application to the whole drilling performance curve because of the inexistence of a local 

maximum point for the curve generated by this equation.  
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In 2016, Deng et al. presented a ROP prediction model for roller-cone bits (Eqn. (2-27)) 

that considered the combined effect of the main drilling parameters and the rock dynamic 

compressive strength. Their model is based on the rock fragmentation mechanism of a single 

indenter. They applied the rockôs dynamic compressive strength to reflect the real process of rock 

dynamic crushing by a roller-cone bit during the drilling process. They conducted a laboratory 

drilling experiment on sandstone and limestone rock samples with a full-scale bit to validate their 

ROP prediction model as well as compare their model with the other available models based on 

rock static compressive strength. They affirmed that the ROP prediction models based on rock 

static compressive strength presented an error between 45% and 50% and their model presented an 

average error of about 15% during their drilling laboratory experiments [33]. 
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ὃ
πȢρςφὑ

Ὧ Ὧ Ὧ Ⱦ“Ὑ ÓÉÎ•
 (2-28) 

ὑ  Ὧ  (2-29) 

Where ’ is the ROP, ὲ is the bit rotary speed, W is the WOB, „ is the rock ultimate 

dynamic compressive strength, Ὧ (Ὥ ρȟςȟὥὲὨ σ) is the number of teeth embedded in each cone in 

contact with rock at the same time, and ά is the number of generatrixes on the each cone. 

Equation (2-27) shows an exponential relationship between the ROP and the WOB what results in 

the inexistence of a local maximum point in the drilling performance curve generated by this equation. 

Therefore, this equation is restricted to predict the drilling performance before the founder point. 
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In 2016, Rostami reviewed existing models and ongoing research to predict the TBM 

performance. According to Rostami, ROP, utilization rate, advance rate, and cutter life are some 

parameters that, in general, are estimated in the TBM performance analysis. He affirmed that the 

force balance or theoretical approach, and the empirical models are two camps that, normally, are 

used to predict the TBM performance in hard rock formations. According to the author, the 

theoretical approach is based on estimation of cutting forces and the empirical models are based 

on the analysis and observations of the past projects. Additionally, he concluded that the accuracy 

of a TBM performance prediction is very low due to the high variability of the application scenarios 

[34]. 

In 2018, Shaterpour-Mamaghani et al. presented a new empirical model to predict the RBM 

performance using simple and multiple regression methods. Their study was based on statistical 

analysis of field results and laboratory studies. They used the UCS to estimate the rotational speed 

and consumed reamerhead torque, and Brazilian tensile strength (BTS) associated with elasticity 

modulus to estimate the field specific energy [35]. As the contribution of the thrust force on the 

cutterhead for the rate of penetration is not explicit in the empirical model proposed by Shaterpour-

Mamaghani et al., these methods do not represent the drilling performance curve based on the 

relation between the ROP and WOB. 

 In 2018, Armetti et al. proposed a new model to predict the TBM performance which 

correlates the ROP and FPI with the singular rock-mass parameters such as UCS, quartz content, 

and spacing between fractures. Their study was based on the field data continuously recorded 

during the construction of the ñLa Maddalenaò exploratory tunnel, situated in northern Italy. The 

rock-mass quality indices: rock mass rating (RMR) and geological strength index (GSI) were used 
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to estimate the excavatability of a given material showing the importance of an accurate geological-

geotechnical characterization to TBM prediction performance. The authors listed eight known 

empirical predictive methods for TBM performances. In all methods adding the method develop 

by the authors , the rate of penetration is not a function of the thrust force on the cutterhead (WOB) 

[36]. Then, for obvious reasons, these methods do not represent the drilling performance curve 

based on the relation between the ROP and WOB. 

In 2020, Arbabsiar et al. presented a new model to improve the accuracy of ROP prediction 

for a TBM in distinct geotechnical conditions. This model is based on TBM operational parameters 

and media characteristics (geotechnical risk levels in the modelling). The authors presented five 

known TBM performance prediction empirical models that does not present an explicit relationship 

between the rate of penetration and the cutter normal force. Additionally, the authors presented two 

models (Grahamôs (Eqn. (2-30)) and Farmer and Glossopôs (Eqn. (2-31)) models) that stablish a 

relationship between the rate of penetration and the cutter normal force [37]. 

ὖὙ σωτπ
Ὂ

ὝὛ
 (2-30) 
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 Where ὖὙ  is the penetration per revolution, Ὂ is the cutter normal force, and the TS is 

the tensile strength. 

 Equations (2-30) and (2-31) present a linear relationship between the penetration per 

revolution (equivalent to the ROP) and the cutter normal force (equivalent to the WOB). Due to 
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this relationship, these equations are limited to predict the region of the drilling performance curve 

before the founder point.  

 The scarce of the models to predict the whole drilling performance curve including the 

founder point location is evidenced in this section.  

2.2.2 Data-driven Models 

In 2010, Bataee et al. investigated the accuracy and the validity of various ROP predictions 

and applied computer optimization to yield drilling parameter recommendations for PDC and 

roller-cone bits application in the Shadegan Oil Field. Furthermore, they observed that different 

models showed more accuracy in different moments of the drilling operation (depth, bit diameter, 

bit type, and type of formation) [38]. 

In 2010, Hedayatzadeh et al. developed a model to predict the TBM performance using an 

artificial multi-layer neural network with a back propagation (BP) learning algorithm. The authors 

affirmed that a ROP prediction for a TBM is influenced by a large number of parameters that can 

be divided into four main categories: Intact-rock characteristics; rock-mass properties; rock-mass 

conditions; and machine characteristics. They highlighted the complexity in developing a model 

that covers all four categories and that there is not a single universal model to predict the TBM 

performance [39]. 

In 2011, Hassampour et al. developed a new ROP prediction model for TBMs based on the 

analysis and compilation of a database from different hard rock tunneling projects. Their model 

used statistical methods and the relationship between geological and operational parameters. 
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Additionally, an approach for estimation of rock-mass boreability and TBM performances was 

introduced [40]. 

In 2012, AlArfaj et al. compared the traditional multiple regression method with Extreme 

Learning Machines (ELM) and Radial Basis Function Network (RBF) to predict the ROP [41]. 

In 2013, Ge et al. proposed a ROP prediction model to TBM based on the least-square 

support vector machine. This model correlated the ROP and rock properties such as UCS, BTS, 

peak slope index, DPW and the alpha angle [42]. 

In 2014, Bataee et al. applied the Artificial Neural Network (ANN) model for prediction of 

ROP and optimization of the drilling parameters through choosing a proper model of ROP 

prediction among the Bourgoyne and Young model, Bingham model, and the modified Warren 

model [43]. 

In 2014, Ghasemi et al. developed a fuzzy logic model to predict the ROP of a TBM 

application in hard rock. They used a data-set from the Queens Water Tunnel 3, Stage 2 that was 

drilled in New York City. Their model used intact-rock and mass-rock properties such as UCS, 

rock brittleness, distance between planes of weakness (DPW), and the discontinuities orientation 

in the rock-mass to predict the drilling performance of a TBM. They affirmed that the major 

advantage of the use of a fuzzy model for ROP prediction is that human judgment and intuition can 

be used. Additionally, they concluded that additional improvement is necessary to their fuzzy 

model to extend to other tunnel drilling operations [28]. 
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In 2015, Duan et al. proposed a model to predict the ROP based on BP neural network 

technologies. The prediction model is built based on the known of the wells drilling logs to predict 

the ROP to the new well [44]. 

In 2016, Moraveji, and Naderi investigated the simultaneous effect of the well depth, WOB, 

rotary speed, bit jet impact force, yield point to plastic viscosity ratio, and the 10 min to 10 s gel 

strength ratio on the ROP using drilling field data. They used Response Surface Methodology 

(RSM) to determine the relationship between these six drilling parameters and the ROP. 

Additionally, they used the Bat Algorithm (BA) to maximize the ROP through the identification 

of the respective optimal range for the six drilling parameters [45]. 

In 2017, Eskandarian et al. presented a procedure for predicting the ROP using a ranking 

technique and applying data mining algorithms to build predictive models [46]. 

In 2017, Hegde et al. studied the drilling performance to predict the ROP through two 

different approaches: physics-based and data-driven. Their approach (data-based) used the machine 

learning algorithms and surface measured input (WOB, rpm, and flow rate) to predict the ROP in 

PDC bit application [10]. 

In 2017, Diaz et al. analyzed the drilling parameters to improve the ROP prediction in the 

context of geothermal systems. A fast Fourier transform filter was used to smooth the fluctuation 

of the ROP values and two optimization methods, multiple regression and ANN, were used to 

evaluate the data smoothing effects. They observed that the drilling parameterôs trends were 



61 
 

influenced by many factors such as stratigraphy, formation strength, change of drilling operator, 

mud properties, and change of drill bit [47]. 

In 2017, Adoko et al. presented a study about ROP prediction for TBM applications based 

on the rock-mass parameters including the UCS, BI, angle between the plane of weakness, TBM 

driven direction, and DPW. A tunneling project in New York City was used as the base to establish 

the proposed models in their paper. This work used the Bayesian inference approach to identify the 

most appropriate models to predict the ROP among the eight models that were selected. They used 

the Markov chain Monte Carlo (MCMC) technique, by WinBUGS software, to obtain the mean 

values of the model parameters that were considered in the model prediction performance 

evaluation. Deviance information criterion (DIC) was used as a model accuracy indicator and to 

rank the models conforming to their fit and complexity [48]. 

In 2018, Salimi et al. analyzed the performance of a hard rock TBM in a 12.24 km tunnel 

to assess the relationship between the TBM operation and different lithology. Non-linear 

Regression Analysis, Classification and Regression Tree, and Genetic Programming were used to 

analyse the TBM performance with respect to the ground conditions. In their work, they affirmed 

that all existing rock-mass classification systems have limited accuracy in TBM performance 

prediction. They proposed new models to predict the TBM performance based on the principle 

components analysis approach [49]. 

In 2018, Elkatatny applied the self-adaptive differential evolution technique to optimize the 

ANN variable parameters that were used to predict the ROP as a function of the WOB, TOB, stand 

pipe pressure, flow rate, UCS, drilling fluid density, plastic viscosity, and rotary speed. He 
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concluded that the ROP is a strong function of the WOB, rotary speed, TOB, and house power 

while the ROP is a moderate function of UCS [50]. 

In 2018, Mnati and Hadi presented a new approach to predict ROP using the ANN 

technique. They used the data set collected from five drilling operations in the Alhalfaya oil field 

to train and validate their ANN models. Additionally, they used the proposed model to optimize 

the drilling costs [51]. 

In 2018, Diaz et al. explored the relations between the drilling parameters to improve the 

ROP prediction accuracy. This study was based on a drilling data-set from a geothermal project 

that drilled a well with 4.2 km depth. Their approach applied traditional multiple regression and 

ANN [47]. 

In 2019, Gan et al. proposed a ROP prediction hybrid model considering the process 

characteristics. Their model was divided into three stages: Stage I ï a wavelet filtering method is 

applied to reduce the noise presented in the drilling data; Stage II ï the mutual information method 

is used to determine the model inputs with the purpose of decreasing model redundancy; Stage III 

ï a hybrid BA is applied to optimize the hyper-parameters of the support vector regression model 

[52]. 

In 2019, Gan et al. proposed a novel two-level intelligent modelling method for the ROP 

prediction in complex geological drilling processes considering incomplete drilling parameters, 

coupling, and strong nonlinearities. A formation drillability fusion sub-model was established to 

categorize the influence of the drilling parameter in the ROP by using Nadaboost extreme learning 
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machine algorithm. The ROP prediction model was established by an ANN with radial basis 

function optimized by the particle swarm optimization [53]. 

In 2020, Samaei et al. proposed a new equation and introduced novel techniques for TBM 

performance prediction. They investigated the relationship between the ROP and rock-mass 

properties using regression analysis. Due to this investigation, two non-linear multi-variable 

equations were presented and optimized by the Imperialist Competitive Algorithm, and two other 

models were examined by the Classification and Regression Tree and Genetic Expression 

Programming techniques [54]. 

In a general, the data-driven models do not have focus in the prediction the whole drilling 

performance curve limiting to the region of this curve that present high drilling efficiency, i.e., the 

region before the founder point. This can be considered a limitation of this type of the prediction 

model because of the difficulty of comparison between different drilling scenarios and limit the 

optimization capability. 
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Chapter 3 Physics-Based Rate of Penetration 

Prediction Model for Fixed Cutter Drill Bits 
 

This Chapter is based on section 1.3.1 and was approved for publication in the Journal of 

Energy Resources Technology ï American Society of Mechanical Engineers (ASME) in December 

2020 and will be entered into production soon. This chapter is an improvement of the paper 

ñWidening Drilling Operation: Performance Analysis on the Application of Fixed Cutter Drill Bits 

in Hard Rock Formationò that was presented in ASME 39th International Conference on Ocean, 

Offshore and Arctic Engineering in August 2020 [1] . This improvement and consecutive 

submission to a journal was a recommendation of the conference paper reviewers. 

Authors:  Jeronimo de Moura, Jianming Yang, and Stephen D. Butt. 
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3.2 Abstract 

The drilling process is one of the most important and expensive aspects of the oil and gas 

industry. Its economic feasibility is a directly related to a good planning that has high dependence 

on an accurate prediction of the rate of penetration (ROP). Knowledge of drilling performance 

through ROP prediction models is a vital tool in the development of a consistent drilling plan and 

allows industry players to anticipate issues that may occur during a drilling operation. Additionally, 

as some drilling parameters (such rotary speed, weight on bit (WOB), and drilling fluid flow rate), 

an accurate prediction of the ROP is crucial to the optimization of drilling performance and 

contributes to reducing drilling costs. Several approaches to predict the drilling performance have 

been tried with varying degrees of success, complexity and accuracy. In this paper, a review of the 

history of drilling performance prediction is conducted with emphasis on rotary drilling with fixed 

cutter drill bits. The approaches are grouped into two categories: physics-based and data-driven 

models. The paper's main objective is to present an accurate model to predict the drilling 

performance of fixed cutter drill bits including the founder point location. This model was based 

on a physics-based approach due to its low complexity and good accuracy. This development is 

based on a quantitative analysis of drilling performance data produced by laboratory experiments. 

Additionally, the validation and applicability tests for the proposed model are discussed based on 

Drill -off tests (DOTs) and field trials in several different drilling scenarios. The proposed model 

presented high accuracy to predict the fixed cutter drill bit drilling performance in the twenty-seven 

different drilling scenarios which were analyzed in this paper. 
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3.3 Introduction 

Recent ROP prediction studies have focused on the bit-rock interaction and experiments 

subject to high confining pressure. Normally, these studies use the finite element to model the 

drilling scenario [2].  

ROP prediction models can be divided into two major approaches: physics-based and data-

driven. Physics-based prediction models, or traditional models, are empirical models designed for 

specific types of drilling parameters and are based on laboratory experiments. Data-driven models 

are based purely on data, and either incorporate machine learning, implementation of Artificial 

Neural Networks to the ROP prediction, or both [3]. 

Except in a few rare cases, both major approaches need calibration when faced with real 

drilling data-sets. Normally, the prediction models that do not need calibration present low 

accuracy in an embracing drilling scenario. Additionally, research on the prediction of drilling 

performance including the founder point location are scarce. The founder point represents the point 

of a drilling performance curve at which an increase in WOB no longer corresponds to an increase 

in ROP [4]. The founder point is not the point of maximum drilling efficiency but shows the 

maximum ROP possible in a specific drilling scenario.  

During the research activities presented in this paper, it was identified that the 

proportionality constant of Maurer's correlation Eqn. (3-1), called ñdrillability constantò (k), 

presents a linear relationship with the WOB. This linear relationship was observed for different 
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types of drill bits, such as the coring bit, drag bit, polycrystalline diamond compact (PDC) bit, and 

natural diamond bit in laboratory experiments, field trials and in different rock formations. 

Considering the linear relationship of the drillability constant with the WOB, an extension 

of Maurerôs model to predict the drilling performance, including the localization of the founder 

point for different drilling scenarios, was proposed. A new correlation was developed that not only 

presents two constants that need to be calibrated but also covers the drilling performance 

completely including the founder point location. 

3.3.1 Physics-Based Prediction Models 

Maurer (1962) presented a model to predict the drilling performance for roller-cone bits. 

This model is detailed in Subsection 3.4.1 [5]. 

Bauer and Calder (1967) used previously published field data to develop an empirical 

equation to predict the rotary drilling performance, which relates the ROP to the rock strength, 

WOB, rotary speed and hole diameter. To validate the developed model by using field data, they 

conducted laboratory indenter tests to study rock failure in hard rock. Their results provide a 

method to describe and predict the ROP through indenter penetration and sub-surface fracturing 

[6].   

In 1971, Bauer presented methodologies to both estimate drill requirements and optimize 

the drilling process and blasting costs in a given context. He discussed the rotary drill performance 

based on Bauer and Calder equation [7] that included recommended pull-down weight, ROP versus 

confined compressive strength (CCS), bit life versus rock strengths, and drilling costs [8]. 
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Warren (1979) presented a drilling prediction model for full-scale soft-formation bits that 

related the WOB, rotary speed, bit size, rock strength, and bit type to the ROP based on laboratory 

experiments. His model was developed based on the premise that the effect of the mechanical 

conditions could be determined in the laboratory using full-scale drill bits and that the model could 

be coupled with other models that would be appropriate for the drilling fluid properties and 

hydraulic effects [9]. 

In 1991, Wijk showed that drilling rates for percussion and rotary drilling can be predicted 

through the use of stamp test data. Additionally, Wijk presented a power consumption prediction 

for rotary drilling and discussed its economics [7]. 

Detournay, Richard, and Shepherd (2008) presented a model to predict the drilling 

performance of a drag bit (i.e. showed a relationship between the WOB, torque on bit (TOB), ROP, 

and angular velocity). One of the outcomes highlighted in their work was the possibility of 

obtaining the rock's or the bit's properties from the knowledge of the existence of different phases 

in response to the bit of a drilling operation [10].   

Shirkavand, Hareland and Aadnoy (2009), presented a theoretical correlation between the 

rock strength applied to both the overbalanced and underbalanced drilling conditions and 

predictions of the bottom hole pressure in underbalanced drilling operations with aerated or foam 

drilling fluid [11]. 

In 2014, Chen et al. used a new variation of the mechanical specific energy (MSE) 

developed from the evaluation of available MSE models. This new approach was used as a tool for 
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real-time monitoring, predicting, avoiding down hole accidents, reducing costs and so on. They 

stated that the ROP can be predicted by the new approach of the MSE [12].     

In 2015, Deng et al. analyzed the drilling resistance in the rock breaking process and 

proposed a new approach to predict the ROP. In their work the energy consumption in the drilling 

process and the rock fragmentation fractal characteristics were studied, which was supported by 

laboratory experiments with roller-cone bits [13]. 

He, Chen, Zhengchun and Samuel (2016) investigated the relationship between five 

brittleness indices and the various petrophysical and geomechanical properties of rocks. In 

addition, they developed a correlation that relates the brittleness indices to Young modulus, P-wave 

velocity, and porosity. A ROP prediction approach for PDC bits was established based on gamma 

ray, neutron, density, and sonic log data derived from correlations in the literature [14]. 

3.3.2 Data-Driven Prediction Models 

Bataee, Kamyab, and Ashena (2010) investigated the accuracy and the validity of various 

ROP predictions and applied computer optimization to yield drilling parameter recommendations 

for PDC and Roller-cone bits application in the Shadegan Oil Field. Furthermore, they observed 

that different models showed more accuracy in different moments of the drilling operation (depth, 

bit diameter, bit type, and type of formation) [15]. 

In 2012, AlArfaj, Khoukhi, and Eren compared the traditional multiple regression method 

with Extreme Learning Machines (ELM) and Radial Basis Function Network (RBF) to predict the 

ROP [16]. 
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Bataee, Irawan, and Kamyab (2014) applied the Artificial Neural Network (ANN) model 

for prediction of ROP and optimization of the drilling parameters through choosing a proper model 

of ROP prediction among the Bourgoyne and Young model, Bingham model, and the modified 

Warren model [17]. 

In 2015, Duan, Zhao, Xiao, and Chen proposed a model to predict the ROP based on Back 

Propagation (BP) neural network technologies. The prediction model is built based on the known 

wells drilling logs to predict the ROP for the new well [18].  

In 2016, Moraveji, and Naderi investigated the simultaneous effect of the well depth, WOB, 

rotary speed, bit jet impact force, yield point to plastic viscosity ratio, and the 10 min to 10 s gel 

strength ratio on the ROP using drilling field data. They used Response Surface Methodology 

(RSM) to determine the relationship between these six drilling parameters and the ROP. 

Additionally, they used the Bat Algorithm (BA) to maximize the ROP through the identification 

of the respective optimal range for the six drilling parameters [19]. 

Eskandarian, Bahrami, and Kazemi (2017) presented a procedure for predicting the ROP 

using a ranking technique and applying data mining algorithms to build predictive models [20]. 

In 2017, Hegde, Daigle, Millwater, and Gray studied the drilling performance to predict the 

ROP through two different approaches: physics-based and data-driven. Their approach (data-

based) used the machine learning algorithms and surface measured input (WOB, revolutions per 

minute (rpm), and flow rate) to predict the ROP in PDC bit application [3]. 
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In 2018, Diaz, Kim, Kang, and Shin analyzed the drilling parameters to improve the ROP 

prediction in the context of geothermal systems. A fast Fourier transform filter was used to smooth 

the fluctuation of the ROP values and two optimization methods, multiple regression and ANN, 

were used to evaluate the data smoothing effects. They observed that the drilling parametersô trends 

were influenced by many factors such as stratigraphy, formation strength, change of drilling 

operator, mud properties, and change of drill bit [21]. 

Elkatatny (2018) applied the self-adaptive differential evolution technique to optimize the 

ANN variable parameters that were used to predict the ROP as a relation to the WOB, TOB, stand 

pipe pressure, flow rate, unconfined compressive strength (UCS), drilling fluid density, plastic 

viscosity, and rotary speed. He concluded that the ROP is a strong relation to the WOB, rotary 

speed, TOB, and house power while the ROP is a moderate relation to the UCS [22].    

In 2018, Mnati and Hadi presented a new approach to predict ROP using the ANN 

technique. They used the data set collected from five drilling operations in the Alhalfaya oil field 

to train and validate their artificial neural network models. Additionally, they used the proposed 

model to optimize the drilling costs [23]. 

Gan et al. (2019) proposed a ROP prediction hybrid model considering the process 

characteristics. Their model was divided into three stages: Stage I -- a wavelet filtering method is 

applied to reduce the noise presented in the drilling data; Stage II -- the mutual information method 

is used to determine the model inputs with the purpose of decreasing model redundancy; Stage III 

-- a hybrid bat algorithm is applied to optimize the hyper-parameters of the support vector 

regression model [24]. 
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In 2019, Gan et al. proposed a novel two-level intelligent modelling method for the ROP 

prediction in complex geological drilling processes considering incomplete drilling parameters, 

coupling, and strong nonlinearities. A formation drillability fusion sub-model was established to 

categorize the influence of the drilling parameter in the ROP by using Nadaboost extreme learning 

machine algorithm. The ROP prediction model was established by an ANN with radial basis 

function optimized by the particle swarm optimization [25]. 

3.4 Background 

In normal drilling conditions, the ROP and the WOB can usually be plotted on a 

characteristic curve (see Figure 3-1). From the graph, three different regions can be identified: 

Region A -- inadequate depth of cut is presented in the drilling operation; Region B -- the region 

of higher drilling efficiency where there is an approximately linear relationship between ROP and 

the WOB; Region C -- the region where the drilling problems such as bit balling and vibrations 

appear resulting in low drilling efficiency and no-linearity of the relationship between the ROP and 

the WOB [26]. One of the most important aspects of this graphic is the local maximum point, called 

the ñfounder pointò. The founder point represents the point at which an increase in WOB no longer 

corresponds to an increase in ROP [4]. The founder point is not the point of maximum drilling 

efficiency but shows the maximum ROP possible in a specific drilling scenario. However, it is 

fundamental to know the complete drilling performance and subsequently to identify the maximum 

drilling efficiency. 

Many studies focused on the ROP prediction have been published in recent years. Some of 

the identified prediction techniques are very consistent and robust and are currently being applied 
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worldwide. Among these, we can highlight a physics-based ROP prediction correlation that was 

developed by Maurer (1962). 

 
Figure 3-1 Relationship between the ROP versus WOB plot [26]. 

 

3.4.1 Maurerôs Correlation 

Maurer (1962) presented a model to predict the drilling performance for roller-cone bits, 

which is derived from rock cratering mechanisms. This model is called ñperfect cleaningò because 

it assumes that all of the rock debris is removed during the drilling operation. His work was 

compared with experimental data where full-scale W7R bits were applied to drill in impermeable 

Beekmantown dolomite rocks using water as the drilling fluid under near ñperfect cleaningò 

conditions [5].  

Equation (3-1) presents the Maurerôs correlation [5]. 

Ὑ Ὧ
ὔὡ ὡ

φπὈὛ
 Ὢέὶ ὡ ὡ  (3-1) 
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Where k is called ñdrillability constantò, N is the rotary speed (rpm), W is the WOB (kN), 

W0 is the threshold WOB before cratering is initiated (kN), D is the bit diameter (mm), S is the rock 

strength (MPa), and R is the ROP (m/h). 

Due to high WOB involved in the drilling operations, normally it is assumed that ὡḻὡ , 

which reduces Eqn. (3-1) to Eqn. (3-2).  

Ὑ Ὧ
ὔὡ

φπὈὛ
  (3-2) 

3.5 Development of a New Physics-based ROP Prediction 

Model 

The physics-based ROP prediction model presented in this paper was developed by using 

the results of the DOTs performed in the Drilling Technology Laboratory (DTL) localized at 

Memorial University of Newfoundland (MUN). These DOTs are derived from experiments which 

analyzed drilling performance using a coring drill bit in natural granite. This bit type was chosen 

due to the ease of determining the founder point location (low WOB) during the drilling 

experiments. Complete details about the development of this model, as well as presentation of the 

related DOTs, are discussed in the next sections. 

3.5.1 Coring Bit ï Drill -off Tests 

Figure 3-1 shows a schematic diagram of a drilling simulator that was designed and 

manufactured by researchers at MUN. This drilling simulator, called Small Drilling Simulator 

(SDS), was designed to perform DOTs involving drilling operations with small diameter drill bits 

that required low loads and low torques. 
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Figure 3-2 Schematic of Small Drilling Simulator (SDS) used to conduct of DOTs. Adapted from [27]. 

The DOTs were performed under atmospheric pressure and water as the drilling fluid. The 

water flows from a reservoir to the coring drill bit, passing through a hose, swivel and the drill 

pipe. After the drilling process has stabilized, water is collected in the cut collection system drain 

where the water flow is measured. The water flow rate was measured using both a graduated glass 

beaker of 3000 ml capacity (graduation range 250-2500 ml, graduation interval 250 ml, and 

accuracy ±5%) and a digital high precision stopwatch. In all phases of these experiments, the flow 

rate was about 35 L/m. 

The power to rotate the drill string is provided by an electrical motor. A suspended mass 

and a rack and pinion mechanism provide the weight on the bit necessary for the drilling operation. 

A correlation between the suspended mass and the static WOB was established. This correlation 
















































































































































































































































