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Introduction

Drilling efficiency is the cornerstone of economic
feasibility in modern oil and gas exploration [1]. As
wells reach greater depths and encounter increasingly
complex geological formations, the necessity for
precise, real-time optimization becomes paramount.
Mechanical Specific Energy (MSE), originally defined
by Teale (1965) as the mechanical work performed per
unit volume of rock removed, has remained the focal
point of drilling performance research for decades [2].
The primary objective of this review is to synthesize the
current state of MSE applications, critically evaluate
the persistent challenges in its implementation, and
outline the necessary technical pathways for the
industry to move beyond superficial optimization.
Although MSE is widely used as a monitoring tool,
significant discrepancies persist between theoretical
models and operational outcomes.

Fundamental Principles and Comparative Analysis

The evolution of MSE has been defined by a transition
from basic mechanical models to integrated hydro-
mechanical frameworks.

Historical Development

Teale established the premise that the energy required
to remove a unit volume of rock remains relatively
constant, regardless of drilling parameters. Later,
Pessier and Fear (1992) extended this by incorporating
torque as a function of weight-on-bit (WOB) and bit
geometry [3].
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Synthesis of Research Trends: Identifying the Critical
Gaps

A critical review of the existing literature, summarized
in Table 1, reveals a concerning disconnect in current
drilling optimization research. While the table
captures the broad scope of MSE-related studies, it
serves a more vital purpose: highlighting the persistent
"blind spots" in the field.The Hydraulic Neglect:
Despite the proven influence of drilling fluids on the
mechanical energy balance, a significant majority
of the studies listed in Table | fail to account for
the hydraulic component (HHPB). Even in recent
publications (2020-2024), the integration of hydraulic
data remains the exception rather than the rule. This
omission creates a skewed understanding of energy
efficiency, as it attributes energy losses solely to the
rock-bit interface, ignoring the critical role of fluid-
driven cuttings removal. The Experimental Deficit:
Furthermore, the column corresponding to "Lab
Apparatus" remains conspicuously sparse. While the
industry has progressed in adopting data-driven and
Al-based models, these algorithms are often trained
on noisy field data without the necessary foundation
of controlled experimental validation. This review
identifies this as a fundamental research bottleneck.The
data presented in Table 1 argues for a paradigm shift:
for MSE to become a reliable metric, future research
must move beyond purely algorithmic approaches.
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Table 1 Recent studies on mechanical specific energy, its components, and the methods.
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Belayneh et.al. [1] 2019 X X X
Choudhry et.al. [4] 2019 X X X
Hegde [5] 2019 X X X
Al-Rubaii et.al. [6] 2020 X X
Trivedi et.al. [7] 2020 X X X X X
Ma et.al. [8] 2020 X X X
Hassan et.al. [9] 2020 X X
Leken et.al. [10] 2020 X X
Asgharzadeh [11] 2020 X
Abbas et.al. [12] 2020 X X
Nystad [13] 2021 X
Abkenari [ 14] 2021 X
Tawfiq et.al. [15] 2021 X X X
Ramba et.al. [16] 2021 X X X
Kumar [17] 2021 X
Kolapo [18] 2021 X X
Yu et.al. [19] 2021 X
Bimastianto et.al. [20] 2021 X
Blikra [21] 2021 X X X X
Losoya [22] 2021 X X
Roohi et.al. [23] 2022 X
Chen et.al. [24] 2022 X X X
Liang et.al. [25] 2022 X X
Deng et.al. [26] 2022 X X X
Cayeux et.al. [27] 2022 X X
Giinel et.al. [28] 2024 X X X
There is an urgent, industry-wide need to standardize Energy (MSE).

and expand laboratory drilling experiments to calibrate
the mathematical models that are currently being
applied to field data. Only through such fundamental,
apparatus-based validations can the influence of rock
properties and hydraulic efficiency be decoupled and
accurately modelled.

Critical Analysis: The Conceptual Inadequacy of
Strength-Based MSE Benchmarks

A fundamental issue in current drilling optimization is
the reliance on compressive strength as a proxy for the
energy required to drill a formation. This review posits
that neither Unconfined Compressive Strength (UCS)
nor Confined Compressive Strength (CCS) provides
a representative benchmark for Mechanical Specific

The Failure of UCS and CCS as Proxies

The use of UCS is physically flawed because it
neglects the triaxial stress state (confinement and
pore pressure) inherent in the subsurface. While CCS
attempts to correct this using the Mohr-Coulomb
failure criterion, it remains an impractical metric
for real-time operations. Estimating CCS requires
complex petrophysical modeling and continuous sonic
data, which are neither cost-effective nor available in
all depth intervals. Thus, both UCS and CCS fail as
reliable, real-time indicators of the actual energy
expenditure required for rock destruction.

The Energy Fallacy: Mechanistic vs. Operational MSE
The core of the problem lies in the misconception that
MSE is purely a measure of the energy required to break



the rock matrix. Theoretically, if Rate of Penetration
(ROP) were to approach infinity, rotational energy
would vanish, and MSE would equate to the vertical
stress (essentially the UCS). However, operational
reality contradicts this model.

Practical drilling data indicates that the vertical energy
component accounts for less than 2% of the total
energy expenditure, with the vast majority of energy
consumed by rotational forces and friction [29]. A
static compressive strength test measures the force
required for failure over a full cross-section, whereas
the bit interacts with the rock through a limited surface
area while simultaneously attempting to convey
cuttings. As highlighted by the recent work of Samuel
et al. [30], the assumption that MSE can be derived
from, or equated to, rock strength measurements is
fundamentally scientifically unsupported.

The Energy of Cuttings Transport and Regrinding

In a continuous drilling environment, a significant
portion of energy is consumed by the transport of
cuttings and the secondary process of regrinding those
cuttings before they are evacuated from the borehole.
The classical MSE equation does not account
for the energy dissipation required for borehole
cleaning, which is why actual field-measured MSE
is significantly higher than the “intrinsic energy”

Table 2 Laboratory studies measuring the rate of penetration.
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required to merely overcome the compressive
strength of the rock. Consequently, utilizing MSE
as a tool for “formation strength detection” without
considering hydraulic efficiency and cuttings transport
is a methodological error that masks the true state of
drilling dysfunctions.

The Hydraulic Component: A Missing Link

A significant methodological gap in classical MSE
models is the omission of hydraulic energy. Drilling
fluid serves two fundamental roles: altering the
effective stress and removing cuttings.
Hydro-Mechanical Specific Energy (HMSE)

The introduction of the drilling fluid’s power (HHPB)
into the MSE equation, known as HMSE, provides a
more comprehensive view of the energy balance.

Our analysis indicates that excluding hydraulics creates a
bias where inefficient hydraulic cleaning is misinterpreted
as rock-bit inefficiency. Therefore, adopting HMSE is a
scientific necessity to avoid this bias.

Laboratory Insights and Experimental Validation
The experimental data synthesized in our review
emphasizes the necessity of controlled environments.
As shown in Table 2, laboratory rigs provide the only
reliable platform to isolate variables and understand
the intrinsic behavior of rock destruction.

Output Param-

SPE

hole Sensors

Author Setup Capabilities Input Parameters oters Goal
Reddish and | 2 hand—held drill fit- Hand Drilling and | WOB, RPM ¢Electri- ROP‘. Obtaining maximum drill-
ted with a masonry L Electrical Cur- | .
Yasar [31] bit Stand-Mounted Drilling | cal Voltage rent ing speed
Drilling with constant | ROP/RPM  «RPM« Simplification and reduc-
Hamrick [32] Northco Drill Bench | vertical and rotational | Bit Diameter <Air | WOB <Torque | tion of component interde-
speed Flow pendencies
o Hoisting Systems, Top | RPM «<WOB« . .
Loken et.al. [10] Iﬁziiboratory Drilling Drive, Fluid, Bottom- | Torque, Fluid Flow, | ROP E/?{nﬁzggg dsdetectlon by
& hole Sensors Fluid Pressure
Hoisting Systems, Top . .
Losoya et. al. Labqratory Scale Drive, Fluid, Bottom- | RPM «WOB ROP Realtlme formation detec-
[22] Drilling Rig hole Sensors tion
Laborat Rig b Hoisting Systems, Top WOB and RPM Optimi-
Nystad [13] oratory Kig by Drive, Fluid, Bottom- | RPM «WOB ROP zation for ROP Maximum

Seeking

These studies confirm that for every rock type, there
exists an optimal drilling energy that can only be
extracted through controlled experimental setups,
providing the necessary calibration for field-based
predictive models.

Challenges and Strategic Solutions: A Roadmap for
Future Research

The implementation of MSE in modern drilling
operations is not without significant hurdles. This
section details the six primary challenges identified
in our review and proposes technical, data-driven
solutions for each.

Data Reliability and Signal Processing

The primary challenge in field-based MSE calculations

is the high noise-to-signal ratio present in surface-
measured data (WOB, torque, and RPM). Surface
measurements often fail to account for frictional losses
in the drill string, leading to erroneous efficiency
indices.

* Proposed Solution: The industry must shift towards
advanced signal processing. By employing techniques
such as adaptive filtering and blind-source separation,
surface data can be corrected to approximate
"downhole-equivalent" metrics.

Interpretation Ambiguity

A persistent challenge is distinguishing between
drilling dysfunctions, such as bit balling, vibration, and
formation changes. A drop in ROP can be attributed to
several factors, and MSE alone is often insufficient to
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pinpoint the cause.

* Proposed Solution: Adopting diagnostic frameworks
such as the Gerbaud Method allows for a multi-
parametric approach. By cross-referencing MSE with
vibration data and torque-on-bit (TOB) fluctuations,
operators can move from a simple monitoring state to
a diagnostic state, identifying if a performance drop is
due to dull cutters, mechanical vibration, or formation
hardness changes [33].

The "Descriptive to Predictive" Transition

Current MSE implementations are largely descriptive,
informing engineers of past performance rather than
guiding future operations.

* Proposed Solution: The integration of Closed-Loop
Drilling Systems is the natural evolution of MSE.
By feeding real-time MSE data into Reinforcement
Learning (RL) agents, the system can dynamically
adjust WOB and RPM to find the theoretical "sweet
spot" for ROP without manual intervention.
Experimental Deficit

As highlighted in our comparative analysis (Table
2), there is a critical scarcity of controlled laboratory
data. Relying solely on field data limits our ability to
calibrate models for extreme conditions.

* Proposed Solution: We advocate for a global
initiative to standardize Direct Shear and Crushing
Tests. Experimental rigs, such as those used by
Nystad [13] and Losoya et al. [22], should become the
industry standard for determining the “Intrinsic MSE”
of different rock types under triaxial stress conditions.
6.5. Moving Beyond Strength-Based Benchmarks
The industry’s persistent effort to use MSE as a proxy
for rock strength (UCS or CCS) is a conceptual error
that limits the utility of the metric. As established,
MSE is an operational measure of energy expenditure,
not a geomechanical property of the formation.

* Proposed Solution: The industry should abandon the
attempt to correlate MSE directly with static strength
values. Instead, the focus must shift toward Operational
Energy Profiling. By establishing “Baseline Energy
Envelopes” for specific drilling assemblies (BHA) and
operational parameters, engineers can detect deviations
in efficiency without the need for inaccurate strength-
based benchmarks. The goal should be to monitor
energy fluctuations caused by the drilling system’s
performance (e.g., bit dulling, cuttings transport
inefficiency, and mechanical vibration) rather than
attempting to derive inaccurate geological parameters
from an energy equation.

Addressing Hydraulic Neglect

Classical models often treat hydraulic energy as a
secondary factor, despite its profound impact on ROP
through chip removal and effective stress modification.
* Proposed Solution: The adoption of Hydro-
Mechanical Specific Energy (HMSE) models.
Incorporating Computational Fluid Dynamics (CFD)
into daily drilling reports allows engineers to quantify

the “cleaning efficiency” of the fluid, preventing the
misinterpretation of poor hydraulics as poor rock-bit
interaction.

Conclusion

Mechanical Specific Energy is a foundational theory
that has reached a critical crossroad. Its future lies
in integration. By adopting multiphysics models,
leveraging intelligent diagnostics, and validating
findings through standardized laboratory testing,
MSE can transition from a simple indicator to the
core framework of the automated, closed-loop drilling
systems of the future. This roadmap provides the
industry with the necessary steps to achieve higher
drilling efficiency in increasingly complex reservoirs.
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1. Confined Compressive Strength
2. Confined Pressure
3. Scratch Test
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Table 1 Mechanical specific energy efficiency coefficients
from the researchers’ perspective.

Author Efficiency factor, Ef
Dupriest et al. 2005 [9] 0.35
Guerrero et.al. 2007 [19] 0.35
Hammoutene, 2012 [20] 0.64 - 0.26
Amadi & Iyalla, 2012 [10] 0.125
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1. Chip Removal Energy
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Fig. 1 Effects of bit aggressiveness, formation hardness, and rotational speed for an efficient bit.

1. Founder Point

2. Bit Aggressiveness

3. Measure While Drilling
4. Reaming

5. Casing While Drilling
6. Extended Rich Drilling
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Table 2 Recent studies on mechanical specific energy, its components, and the methods.
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Belayneh et.al. [2] 2019 X X
Choudhry et.al. [53] 2019 X X X
Hegde [46] 2019 X X X
Al-Rubaii et.al. [32] 2020 X X
Trivedi et.al. [33] 2020 X X X X X
Ma et.al. [42] 2020 X X X
Hassan et.al. [35] 2020 X X
Leken et.al. [47] 2020 X X
Asgharzadeh [48] 2020 X
Abbas et.al. [44] 2020 X X
Nystad [54] 2021 X
Abkenari [45] 2021 X
Tawfiq et.al. [51] 2021 X X X
Ramba et.al. [34] 2021 X X X
Kumar [36] 2021 X
Kolapo [37] 2021 X X
Yu et.al. [38] 2021 X
Bimastianto et.al. [39] 2021 X
Blikra [52] 2021 X X X X
Losoya [49] 2021 X X
Roohi et.al. [43] 2022 X
Chen et.al. [55] 2022 X X X
Liang et.al. [56] 2022 X X
Deng et.al. [57] 2022 X X X
Cayeux et.al. [58] 2022 X X
Giinel et.al. [50] 2024 X X X
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Fig. 3 The method proposed by Gerbuad for identifying the
causes of increased mechanical specific energy.

1. Drill Strength

2. Torque on Bit (TOB)
3. Cutting Force

4. Sliding Drilling

5. Drag Force
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1. Dilatancy

2. Motor Stall

3. Penetration per Revolution
4. Laboratory Rig Platform
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Table 3 Laboratory studies measuring the rate of penetration.
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fitted with a o . Electrical L
Yasar [25] . Stand-Mounted Drilling | <Electrical Voltage drilling speed
masonry bit Current
L . Simplification
Northco Drill Drilling with constant | ROP/RPM «RPM« d reducti
orthco Dri and reduction
Hamrick[67] vertical and rotational Bit Diameter ¢<Air | Torque <WOB
Bench of component
speed Flow . .
interdependencies
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Hoisting Syst it T Drilli . .
Loken et.al. Laboratory OISHRE SYSIEIS, “Op orque, Jriing Formation detection
[47] Drilline Ri Drive, Drilling Fluid, Fluid Flow, ROP by ML Method
rilling Ri
88 Bottomhole Sensors Drilling Fluid y ethods
Pressure
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L t. Laboratory Scal . S . Realtime fi t
osoya € avoratory Seaie | pyive, Drilling Fluid, WOB (RPM ROP cattime Tormation
al. [49] Drilling Rig detection
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Laboratory Rig b Hoisting Systems, Top (6] timiir;tion for
Nystad [54] YREDY | Drive, Drilling Fluid, WOB RPM ROP P ,
SPE ROP Maximum
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Reducing drilling
First laboratory Realtime Optimizatior component Using Al and data-
investigation of of drill interdependence by driven techniques
penetration rate using MSE simplifying MSE in MSE
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drilling optimization,
in conjunction with
MWD and sonic logs
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Fig. 4 Timeline of the development of mechanical specific energy studies.

1. Adaptive Model-Free Algorithm
2. Extremum Seeking (ES)

3. Data-Driven
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