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Abstract: This article is devoted to the development of technology for improving the efficiency of
directional well drilling by predicting and adjusting the system of static and dynamic components
of the actual weight on the bit, based on the real-time data interpretation from telemetry sensors
of the bottom hole assembly (BHA). Studies of the petrophysical and geomechanical properties of
rock samples were carried out. Based on fourth strength theory and the Palmgren–Miner fatigue
stress theory, the mathematical model for prediction of effective distribution of mechanical specific
energy, using machine learning methods while drilling, was developed. An algorithm was set for
evaluation and estimation of effective destruction of rock by comparing petrophysical data in the well
section and predicting the shock impulse of the bit. Based on the theory provided, it is assumed that
the given shock impulse is an actual representation of an excessive energy, conveyed to BHA. This
excessive energy was quantitively determined and expressed as an adjusting coefficient for optimal
weight on bit. The developed mathematical and predictive model helps to identify the presence of
ineffective rock destruction and adjust drilling regime accordingly. Several well drilling datasets from
the North Sea were analyzed. The effectiveness of the developed mathematical model and algorithms
was confirmed by testing well drilling data.

Keywords: well; optimization; control; operating parameters; drill string dynamics; weight on the
bit; bit vibrations and shocks; artificial neural networks

1. Introduction

Increasing consumption volumes of raw hydrocarbon materials creates a demand in
development of new oil and gas fields. The pace of placing green fields into operation
largely depends on the quality and efficiency of well construction. The majority of new
prospects requires higher overall expenses, mostly due to complexity of geological structure,
which impose the need for development of enhanced drilling technologies. The most recent
studies have shown that advanced solutions and improvements of new types of control,
management, and prediction of the stress–strain state (SSS) of a dynamically active system
of a drilling tool could greatly reduce capital costs of drilling process [1–3].

The presence of highly heterogeneous rocks under destruction, combined with insuffi-
cient control of SSS of the drilling tool and drilling regime parameters, makes it difficult
to correctly estimate the optimal required weight on the PDC bit. This could result in
unwanted consequences and drilling troubles, leading to rig downtime.

Furthermore, using rotary or combined drilling methods, due to either excessive or
insufficient weight on bit, it is highly likely that torsional, longitudinal, and transverse
vibrations of the drill string (DS) will occur. These vibration modes cause the occurrence
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of instant uncontrolled vibrations, including lateral and axial impacts of the bottom hole
assembly (BHA) on the rock, which lead to a sharp drop in the penetration rates, loss of
longitudinal stability of the tool, premature wearing out of the PDC bit, and the risk of
accidents and troubles [4–11] (Figure 1).
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The changing frequencies and amplitudes of the shocks of the PDC bits are mathe-
matically difficult to determine. In practice, a three-position accelerometer is located in the
telemetry system to measure the vibration of the bit. According to the passport data of the
equipment used for geophysical well surveys, as well as to avoid damage to the elements
of the column, vibration acceleration is limited from 30 to 45 g. As a result of untimely
regulation of the drilling mode parameters, due to the speed of information transfer and
the response of the automatic control system of the top drive, vibration acceleration can be
more than 100 g, which leads to a deviation from the design trajectory and a decrease in
the quality of the wellbore or turning and fracture of the drilling tool [12–14].

Currently, there are a large number of technical means and technological solutions
for monitoring and controlling drilling parameters, as well as methods for obtaining
more reliable information received from the bottomhole via communication channels from
sensors installed in BHA telemetry systems [15].

A great contribution to the solution of the problems of the dynamics of the DS in the
process of drilling wells was made by the research of domestic and foreign scientists.

In the study of Baldenko [16], the development of technical solutions is discussed,
in particular, small-sized sectional HDMs and drilling of ultra-small-diameter channels,
as well as the methodology for choosing the configuration of the HDM sections, which
are different from serial ones by means of hydraulic calculations. In the works of Woods
and Yigit [17,18] a study of the selection of the optimal parameters of rate of penetration
(ROP) and weight on the bit (WOB) on the cone-type bit is given. Since cone bits have a
crushing–shearing effect on the rock, mathematical models will be different compared to
drilling with a PDC bit—a cutting-attrition action that is widespread at the present time.
The work of Simonyants [19] contains a description of the function of the angular velocity,
the parameters of the coordinates of the length, and attenuation of the waves, characterizing
the process of friction and destruction of the rock by the bit. Experiments have shown that
the moment of friction forces as a function is nonlinear, which is further considered in the
work of Spanos [20]. In the scientific work [20], a study of the control of the dynamics
of the DS by developing a system for controlling bit slippage during the drilling process
is given. Mathematical algorithms in this work, in particular, contain a description of a
continuous function of the angular velocity with the parameters of the friction model. Due
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to the difficulty in determining the friction coefficients due to lithological heterogeneity,
calculations using this model are difficult in practice. In the article [21], the authors propose
technical solutions for drilling directional wells using a top power drive with an HDM.
The authors noted that the use of an HDM with simultaneous rotation of the DS makes
it possible to increase the rate of rotation without additional WOB of the DS. The control
of drilling in inclined sections of the well is complicated due to the increase in friction
of the drill bit against the rock. In the work of Christoforou [18], the authors consider a
bit slippage model, which describes the dependence of the friction torque on the rotation
speed. The model shows that when a certain critical rotation speed is exceeded, the stick–
slip effect stops. Recommended measures to reduce the negative impact of equipment
vibrations that occur during well drilling, as well as ways to improve the efficiency of work,
are described in the work of Yamaliev [22]. The performance criteria are also given, the
fulfillment of which, according to the authors, is necessary for the successful development
and application of vibration protection devices for the DS.

In addition, the research of a field of gas shale rocks deformation was conducted
in [23]. The main objective of the study was to simulate pulse attenuation in fractured shale
core using the embedded discrete fracture model (EDFM). In order to achieve the most
accurate structure evaluation of core samples, a 3D scanner was applied, which was further
used for both digital twin creation and modeling of pulse attenuation. It was concluded
that there is no direct relationship between viscosity reduction due to retention of small
pores and behavior of fluid in fractured shale formations. Moreover, the given study
reveals quite a high level of 3D scanner applicability for simulation of pulse attenuation
in fractured-shale-type formations. For instance, a SkyScan 1173 scanner was applied for
evaluation of physical and mechanical properties anisotropy of gas shale. Subsequent
digital twin development of the studied rock sample and experimental measurements
using special software (e.g., AnSYS Twin Builder) enabled more accurate pulse estimation
and its impact on rock matrix, as well as predicted creation of fractures in a near-well
region. In addition, it is important to mention several studies that are dedicated to that
particular field of study [24–26].

The integrated approach to the study of impact dynamics, which consists primarily of
studies of the internal structure and physical and mechanical properties of rocks, makes it
possible to more accurately determine the optimal WOB and its parameters.

However, in the listed studies, the possibility of shock impulse estimation of BHA,
which forms the actual PDC WOB, is not considered.

It is possible to increase the efficiency of drilling wells by developing a technology
for online control of WOB [27,28] and predicting the balance of the system of static and
dynamic components of the actual PDC WOB based on the interpretation of vibration
acceleration data and geomechanical properties of rocks [29], obtained in real time from
BHA telemetry systems.

To proceed to the stage of forming a mathematical model based on the construction of
numerical experiments, the following hypothesis was formulated:

If a critical WOB is applied to a DS located in a well of a certain diameter and length,
its stability may be lost, leading to longitudinal or spiral bending (Figure 2) [30].

The loss of stability and the change in the spatial shape of the drill bit is due to both
the excess of the static load on the bit over the axial rigidity of the rod and the dynamic
component, which is formed as a result of torsional vibrations of the BHA, and the impact of
axial and lateral vibrations due to the destruction of the rock by the bit with the occurrence
of shock impulse of the BHA.

The shock impulse of the BHA is characterized by vibration acceleration and displace-
ment (penetration-cutting depth) of the bit tooth into the rock.
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2. Materials and Methods
2.1. Development of Algorithms for Association of Axial and Transverse Vibrations While Drilling

To calculate the elastically deformable rod, the work considers axial vibrations arising
in the BHA, considering the DS to be a spring [31–35].

At each moment of time, the axial deformation of the DS is caused by a certain resultant
force, which is resisted by the elasticity of the spring:

m
d2x
dt2 + kx = 0. (1)

However, it is also important to consider dissipative forces that contribute to the
damping of oscillations, for example, friction forces [36,37]. Let us combine them into a
common term of resistance forces, proportional to the first derivative of the displacement:

m
d2x
dt2 + kx + r

dx
dt

= 0; (2)

d2x
dt2 +

k
m

x +
r
m

dx
dt

= 0. (3)

Let us denote k/m asω2, and r/m as 2θ, where ω is the circular frequency of harmonic
oscillations, and β is the damping coefficient.

Knowing that the general solution to the equations of damped oscillations can be
represented using a combination of harmonic oscillations and an exponential term (4):

x = e−θt f (t). (4)

We use the derivatives of this function to simplify the differential Equation (5):

d2 f (t)
dt2 +

(
ω2 − θ2

)
f (t) = 0. (5)

Since DS vibrations are observed in practice, it can be argued that the square of the
cyclic frequency is greater than the square of the damping coefficient.
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Replacing ω2 − θ 2 with the corrected cyclic frequency ω1
2, we obtain the harmonic

oscillation equation. This solution is known to be (6):

f (t) = A sin(ω1t + ϕ), (6)

whence from Equations (4) and (6) we obtain (7):

x = Ae−θt sin(ω1t + ϕ), (7)

Therefore, combining (5)–(7), we obtain (8):

ge f f =
d2x
dt2 = −Aθe−θt

[(
ω1

2 − θ 2
)

sin(ω1t + ϕ) + 2ω1θ cos(ω1t + ϕ)
]
, (8)

Boundary conditions are set.
Oscillations are generated when the bit hits the bottom hole [37]. In addition to being

in the gravity field, the bit is also exposed to the forces of the bottomhole resistance to the
penetration of the indenter [38,39]. Using the energy strength criterion, we find the energy
stored after impact (9):

E = Eaxial + Erotational − Edestruction, (9)

This energy gives the bit an upward motion; Equations (10) and (11):

d2x
dt2 (0) = g +

WOB
m

, (10)

dx
dt

(0) =

√
2E
m

. (11)

The resulting equation describes one wave propagating from the bottom along the BHA.
The algorithm development methodology includes the following steps:

1. The height of the bit indenter—h, the damping coefficient that combines the action of
dissipative forces and controls the rate of damping of vibrations, the Young’s modulus
of the string, the outer and inner diameters of the DS, its mass, length of the BHA,
and the frequency of shocks generated at the bottom are set.

2. The initial conditions are assumed as follows: the DS is lowered to the bottom, the
rock is destroyed, and the first wave is simultaneously generated, which makes
the following contribution to the effective acceleration of gravity acting on the DS,
Equation (8).

3. For the time in the specified range, the generation of new waves is calculated. New
waves can be generated in two ways: (1) the wave, propagating at the speed of sound
in steel, reaches the top of the BHA. The wave is reflected, which can be represented
as an instantaneous damping of the incident wave with the generation of a secondary
reflected wave in the opposite direction; (2) the DS is again lowered to the bottom,
generating a wave when the indenter contacts the bottom rock.

4. A graph of the total impact of waves is built for a given time, taking into account their
attenuation, the decrement of which can be expressed as λ = θT, where T—period,

moreover T = 2π
ω1

, and ω1 =
√

ω2 − θ2 =
√

k
m − θ2 =

√
Eπ(d2

outer−d2
inner)

4m − θ2.

The additional effective WOB created by vibrations, expressed as an additional effec-
tive acceleration of gravity, can be used to accelerate the destruction of the rock. In this
regard, it seems necessary to develop an algorithm that would make it possible to establish
the dependence of the axial WOB and rotation speed sufficient to destroy a particular rock
in order to optimize the drilling process using axial vibrations.

This can be achieved using the energy strength criterion. The use of the energy
criterion seems to be the most convenient, because it allows us to fully present the kinetic
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energy of the rock-cutting tool coming into contact with the bottom and allows us to take
into account both the axial and rotational movements of the bit.

Let the triaxial compressive strength σ and its Poisson’s ratio µ be known.
We represent the graph in coordinates ω–g, where g presents the effective acceleration

due to gravity, that is, the linear coefficient connecting the axial WOB at a given time and
the mass of the DS that creates it.

Let us calculate the energy imparted by the DS. It can be expressed as consisting of
two terms, expressed in stresses—axial σ1 and lateral perpendicular to it, caused by the bit
rotation—σ3.

Let all the energy pass into the energy of transformation. Then, it will be possible to
apply the energy criterion of strength to determine the combinations of angular velocity
and effective gravitational acceleration required for destruction (12):

σ1 =
Eaxial

Ac
=

mBHA ·WOB
Ac

, (12)

where

• m—the mass of the BHA, kg.
• Ac—contact area proportional to the indenter area, m2.

In this case, the rotational energy (13) is expressed as

Erotational =
ω2 I

2
, (13)

where

• ω—the angular velocity of rotation of the bit, rad/s.
• I—the moment of inertia of the BHA, kg ×m2.

The moment of inertia of the BHA is defined as the moment of inertia of the cylin-
der (14): {

I =
∫

R2dm
I = mBHAR2

2
, (14)

where R—the radius of the BHA, m.
Lateral stress (15) is expressed as follows:

σ3 =
Erotation
∆h·Ac

=
(2π·n)2mR2

4∆h·Ac
, (15)

where

• ∆h—cutting depth for rock breaking, m.
• n—rate of rotation, rpm.

Then, the total stress, compared with the compressive strength (16), will be equal to

σ0 =

√
σ1

2 + σ32 + (σ1 − σ3)
2. (16)

Taking advantage of the condition of rock destruction σ0 ≥ σcompression, it is possible to
calculate the minimum value of gravitational acceleration required for rock destruction for
any value of the circular velocity, which will allow the use of axial vibrations to optimize
the drilling process.

If the angular velocity and effective gravitational acceleration are accurately main-
tained, the energy will be mostly spent on the destruction of the rock, and in exceeding
that, a significant excess of energy will appear, leading to the formation of additional
excess vibrations.
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In order to determine the shock impulse of the BHA, it is required to conduct experi-
mental studies to establish the range of longitudinal and transverse deformations of rocks
with different petrophysical and physical–mechanical properties.

2.2. Experimental Research of Longitudinal and Transverse Deformation of Rock Samples

A servo-hydraulic installation of triaxial volumetric compression MTS 815 is used as
an installation for conducting experimental studies.

Figure 3 shows the results of the research of longitudinal (Figure 3a) and transverse
deformation (Figure 3b) of rock samples. A summary table with rock data is shown in
Table 1.
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Table 1. Strength characteristics of rocks.

Name of the Rock Poisson’s Ratio Differential Strength, MPa

Shale 0.11 19.6
Limestone 0.32 50.0
Siltstone 0.35 107.22
Granite 0.27 166.0

Silty sandstone 0.28 172.4
Quartz 0.15 215.7

The results of Table 1 shows that for silty sandstone, the longitudinal deformation
ranges from 0.28 mm to 0.79 mm, and for siltstone, from 0.33 mm to 0.65 mm. These
indicators of rock deformation are taken as a parameter—the depth of cut during the
destruction of the rock to determine the shock impulse of the BHA.

2.3. Simulation of the Dynamics of Directional Indention to Determine the Cutting Depth of the
Drilling of Rocks

When drilling with PDC bits, cutting–abrasive destruction of the rock occurs. Since
the angle of inclination of the PDC-indenter has a certain inclination to the surface of the
rock, a directional indention occurs with the contact plane.

Let us consider the dynamic component of PDC bit shocks while drilling. The inden-
tion force acting on the cutter will be the impulse—S. The velocity of the center of mass of
the BHA—ν at the beginning of the indention is directed at an angle to the rock and can be
represented in the form of linear velocity νx and axial velocity at the moment of indention
νy (Figure 4), and is mathematically described by the system of Equation (17).

νx = ωR
νy =

√
2gh

ν =
√

νx2 + νy2
. (17)
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The depth of cut of a PDC bit is a direct indication of its aggressiveness. The greater
the depth of cut, the more aggressive the bit interacts with the rock and the higher the
potential ROP. On the other hand, however, high cutting depth leads to high reactive torque
and can cause stick–slip effect, increased vibration acceleration, and subsequent loss of tool
control during slide drilling. To prevent torsional vibrations, PDC bits are equipped with
cutting depth stops.

The depth of cut for determining the rotational energy is taken from the considerations
of penetration per revolution of the bit (18). When the cutting depth is less than 2 mm,
the rock is destroyed plastically, and when the cutting depth is more than 3 mm, brittle
destruction of the rock occurs.

∆h =
v
n

, (18)

where v—ROP, m/s.
In this case, the shock impulse can be determined based on the reflection coefficient of

mechanical waves and presented in the form (19):{
S = mBHAνko

u = νko
, (19)

where ko—reflection coefficient of mechanical waves.
The reflection coefficient of mechanical waves (20) depends on the elastic properties

and impedance of the tool material and the rock:

ko =
Imaterial − Irock
Imaterial + Irock

, (20)

where Imaterial , Irock—impedance of material and rock, respectively, kg × s/m2.
The shock impulse (21), based on the substitution of Equations (17) and (20) in (19), is

calculated as

S = mBHA·

√(
ω

D
4

)2
+ 2g∆h·

ρsteel

√
Esteel
ρsteel
− ρrock

√
Erock
ρrock

ρsteel

√
Esteel
ρsteel

+ ρrock

√
Erock
ρrock

. (21)

To clarify the shock time, it is necessary to take into account the elastic propagation
of waves in the BHA and rock. The rebound of the bit will depend on the coefficient of
relative elastic properties of materials celast (dimensionless coefficient) (22), expressed by
the following equation:

Celast =

√
Esteel
ρsteel

/√
Erock
ρrock

, (22)
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where

• Esteel , Erock—Young’s modulus of steel and rock, GPa.
• ρsteel , ρrock—density of steel and rock, respectively, kg/m3.

The shock time, t (s) (23), is determined by the following expression:

t =
h·Celast

ν
. (23)

Accordingly, the average value of the shock reaction N, kN (24), is calculated as follows:

N =
S
t

. (24)

2.4. Analysis of the Drilling Process Performance

It is rather problematic to quantify the effectiveness of rock destruction during drilling,
since it is impossible to accurately determine the effective ratio of the applied axial and
transverse forces. In scientific studies [40–42], it was found that the ratio of the axial and
rotational force of the impact is about 83%, and the optimal load angle was 50 degrees from
the vertical. However, these experiments took into account a single PDC bit insertion.

For a quantitative assessment, it is proposed to introduce the coefficient of the un-
loading capacity of the BHA—k. This coefficient is the ratio of the energies supplied to
the bottomhole—axial Eaxial and rotational Erotational (25). Quantification is determined
empirically from field data.

k =
Eaxial

Erotational
. (25)

Axial and rotational energy (26) can be determined in accordance with the following
system of equations:

Eaxial = WOB·∆h;

Erotational = 2π·N·Mb·∆h = 2π·n
v
·M·µb·e−µγ;

k =
WOB

2π·n
v
·M·µb·e−µγ

,
(26)

where

• N—number of rotations.
• Mb—torque on bit, N·m.
• M—torque on rotor, N·m.
• µb—bit sliding coefficient, units.
• µ—drill string sliding coefficient of friction, units.
• γ—zenith angle, rad.

Using the unloading capacity coefficient we derive the stress ratios. Based on the
fourth theory of strength, axial and rotational energy form the stress tensors (27) σ1 and σ3:

Eaxial = k·Erotational ;
σ1 = kσ3;

σ =
√

σ1
2 + σ32 + (σ1 − σ3)

2.
(27)

Hence, the correction coefficient β (28) follows, which can be represented by the
coefficient k: 

σ2 = 2σ1
2
(

1 +
1
k
+

1
k2

)
;

β = 1 +
1
k
+

1
k2 .

(28)
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Then, the energy-efficient WOB based on the systems of Equations (26)–(28) is ex-
pressed as follows: 

σ1 =
σ√
2β

;

σ1 =
WOB · G

Ac

, where (29)

Hence, the energy-efficient WOB PDC (30) is

G =
σ·Ac√

2β·WOB
. (30)

The contact area in the case of determining axial vibrations (31) is determined as 1/2
of the cross-sectional area, since when drilling with a PDC bit, only a part of the bit interacts
with the bottom:

Ac =
1
2
·πD2

4
. (31)

To verify a mathematical model, it is necessary to produce correlation analysis using
the Pearson correlation coefficient (32):

r =
1
n

n

∑
i=1

dxidyi
σxσy

. (32)

For a qualitative estimate of the dynamic WOB, it is proposed to use the mechan-
ical specific energy (MSE) parameter [43]. This criterion is widely used to determine
complications while drilling wells.

MSE analysis is capable of displaying the effects of low bit vibration that conventional
telemetry tools cannot show in real time. The advantage of downhole accelerometers is that
they clearly indicate the type of vibration that occurs, while more experience is required to
determine them from the MSE curve.

The energy efficiency of rock destruction by a bit is achieved when the MSE value
approaches the uniaxial compressive strength of rocks [44].

A qualitative estimate of the condition implies the identification of areas of ineffective
drilling. The MSE parameter (33) is the energy expended to destroy a unit volume of rock:

MSE =
E
V

, (33)

where

• E—energy spent on rock destruction, J.
• V—volume of destroyed rock, m3.

Initially, the concept of mechanical specific energy for rotating drilling was proposed
by Teale in 1965 [42]. The total MSE is presented in the form of axial and rotational
components and is expressed as follows (34) and (35):

MSE =
Eaxial + Erotational

V
; (34)

MSE =
WOB

Sb
+

2π·n·M
Sb·v

, (35)

where

• Sb—borehole cross-sectional area, m2.

The abovementioned model has two main variables—torque at the bit and weight on
bit. However, torque and WOB field data is usually in the form of surface measurement,
which makes MSE calculation much more complicated. Several studies, such as [43],
optimized Teale’s model, so the precision of calculation has been improved. It was proposed
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to use a functional relationship between WOB and torque at the bit. However, due to the
great difference in WOB values at the surface and at the bottom hole, this model also
contained a bungee of errors and several limitations.

Researchers [45] proposed to add a term of hydraulic energy, as it contributes to
destruction of the rock. However, its role is quite complex and cannot be applied in all
cases, because bit hydraulics are mostly responsible for removal of drill cuttings from the
bottom hole.

Authors [40] addressed the problem of difference in values of WOB and torque at the
surface and at the bottom and came up with WOB–torque relationships, which can help
to calculate real MSE values. This model includes the artificially introduced bit-specific
coefficient of sliding friction to express torque as a function of WOB [43]. This model is
used here to calculate real MSE values, because given data for computation is in the form
of surface measurements.

WOBb = WOB·e−µγ (36)

Mb =
µb·WOBb·Db

3
=

µb·WOB·e−µγ·Db
3

(37)

• WOBb—Actual WOB at the bottom hole, N.
• Mb—torque at the bottom hole, N ×m.
• µb—bit sliding coefficient of friction, units.
• µ—drill string sliding coefficient of friction, units.
• γ—zenith angle, rad.

Given these relationships, it is assumed that average values for PDC bits range from
0.6 to 0.9 [46], while DS sliding coefficient of friction is estimated to be 0.25 to 0.4 [47].
Figure 5 highlights the relationship between the WOB ratio and the bottom hole deviation
angle. The value of the bit sliding coefficient is set to 0.35.
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Authors [48] proposed a new method of drilling optimization, based on real-time MSE
computation. The key point is that three regions of a drilling system were introduced to
track the efficiency of the process: region A—inadequate depth of cut, region B—efficient
bit, and region C—founder. It is assumed that bit is efficient, if rate of penetration is
linearly dependent on weight on bit (region B), whereas rate of penetration reaches founder
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point (region C), the ROP–WOB relationship is nonlinear, which may cause several types
of drilling troubles. The algorithm of tracking region B and maintaining drilling mode
parameters, corresponding to this region, was developed. Figure 6 illustrates the three
regions of the drilling mode system [49].
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In this paper, based on the abovementioned algorithm, in order to track possible zones
of vibrations, it is suggested to introduce two zones, corresponding to each configuration of
drilling mode parameters—green and red [49]. The green area (38) indicates stable drilling
when the MSE values are minimal. The ROP–WOB relation is linear, which means that
the rate-to-load ratio does not change over time. The red area (39) is characterized by high
MSE values and leads to complications such as vibrations, sticking, tool wear, etc. The
ROP–WOB relation is nonlinear (Figure 7).

Green area: 
ROP
WOB

= Const

MSE = min
. (38)

Red area: 
ROP
WOB

6= Const

MSE = max
. (39)
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2.5. Algorithm for Predicting and Monitoring the Impulse and Determining the Most Efficient
WOB While Drilling Directional Wells

On the basis of laboratory research of triaxial rock compression and data from teleme-
try downhole systems, an algorithm was proposed to predict and monitor the shock
impulse of a bit and to determine the most effective WOB while drilling directional wells.
The algorithm is shown in Figure 8.
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First of all, a model was developed for determining the intervals of occurrence of
torsional vibrations based on the MSE calculation [50].

The program requires the following input parameters: WOB; hook weight; torque;
ROP; rotation frequency; well diameter; gamma-ray logging; riser pressure.

The program calculates MSE for the selected interval of the well and determines
abnormally high energy values that are not typical for drilling this interval. Based on
practice, when a certain value of MSE is reached, there is a high probability of occurrence
of torsional vibrations [51,52].

To analyze wells data, a machine learning method was applied—a fully connected
feedforward neural network. The method is well suited for solving data classification
problems in the absence or impossibility of calculating the parameters of the probability
distribution and distance measure.

The architecture of a fully connected neural network was selected: one hidden layer
with eight input and two output neurons. One of the output neurons indicates the presence
of torsional vibrations, and the other describes the stability of the parameters. At the input,
the neural network perceives the eight parameters listed above.

From the data [53], the training and test samples were selected in an 80/20 ratio. The
learning process is shown in Figure 9.
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The MAE parameter is used as an estimation of the model in the training process.
MAE is the mean absolute error, calculated as

MAE =
∑n

i=1|yi − xi|
n

, (40)

where

• y—the predicted value of the model.
• x—the real value.
• n—number of values.

3. Results of Research and Analysis of Developed Algorithms

Based on production data at the Volve field, the North Sea shelf determines the
coefficient of the unloading capacity of the BHA and the correction coefficient β. This is an
open source data from Equinor [53].

As an example, based on the analysis of the data drilling of 1000–3500 m of the well
F_14, the average unloading capacity of the BHA for drilling wells on the intervals of a
different lithological and stratigraphic section of rocks is calculated. The results of the
calculations are presented in Table 2.
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Table 2. The values of the coefficients depending on the type of rock.

Type of the Rock k, Units β, Units

Shale 0.05–0.1 110–170
Limestone 0.03–0.06 300–900
Siltstone 0.04–0.08 170–650
Granite 0.03–0.05 300–550

Silty sandstone 0.05–0.08 170–420
Quartz 0.06–0.08 170–300

The drilling parameters are presented: WOB—from 5 to 140 kN, the rate of rotation is
from 0 to 143 rpm, the torque is from 2 to 24 kN ×m, and the well diameter—215.9 mm.

Figure 10 shows the results of the program in the well F_9A.
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The program analyzes the parameters of the drilling mode in the interval of 500–1200 m
along the wellbore. From a depth of 950 m there is a change in geology—clays and loams
are replaced by sandstones. At the same time, the drilling mode was chosen incorrectly,
as a result of which high values of the MSE are observed. High MSE values characterize
an incorrectly selected drilling mode. Excessive energy contributes to the formation of
torsional vibrations of the drill bit and BHA, which led to breakage and wear of the bit at a
depth of 1009 m in well F_9A.

For the selection of correct drilling parameters, it is proposed to use the derived
empirical coefficients k and β. We consider drilling intervals 950–1000 m and 1020–1100 m
and define the average values of these coefficients. Table 3 presents average data values to
calculate each of the intervals.
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Table 3. Calculation data.

Parameter
Interval, m

950–1000 1020–1100

WOB, kN 31 101.4
Well diameter, mm 215.9 215.9
ROP, m/h 16.8 51.0
Rate of rotation, rpm 140.8 193.0
Torque, kN ×m 8470.0 8360.0
Zenith angle, degrees 59.0 60.0
Friction coefficient «bit-rock» 0.2 0.2
Friction coefficient «DS-wellbore» 0.45 0.45
Strength strongest compression of sandstone, MPa 115.0
Sandstone density, kg/m3 2400.0
Steel density, kg/m3 7800.0
Young’s modulus (sandstone), GPa 25.0
Young’s modulus (steel), GPa 200.0

Intervals: 950–1000 m: k = 0.008; β > 1000. 1020–1100 m: k = 0.068; β = 234.

Figure 11 shows the result of the calculation on the entire well section F_9A. In the
range of 950–1000 m, high MSE values are observed, more than 2 GPa, and relatively low
values of WOB—less than 30 kN. The BHA unloading capacity coefficient is 0.008 units,
which is a low value for sandstone. From Table 2, it follows that k for sandstone varies
in the range from 0.04 to 0.08 units. As it was analyzed, values below 0.01 cause elastic
impacts of the bit on the bottomhole. Thus, practically all the energy for destruction is
kinetic rotating. Therefore, with insufficient penetration of the bit cutters, there is a high
probability of torsional vibrations. In this case, the discrepancy between k table values
leads to the occurrence of axial and transverse vibration acceleration.

To determine the combined effect of axial and transverse shocks, it is necessary to
determine the average depth of cut in the interval under consideration [54,55]. The cutting
depth according to (18) is

∆h =
16.8/3600

140.8/60
= 0.002

m
rev

Thus, the cutting depth per revolution is 2.5 mm (Figure 12a). Based on laboratory
experiments and the data given, when an indenter is introduced less than 2 mm, the rock
undergoes predominantly plastic deformation (Figure 12b). The joint action of the axial and
transverse components of vibration accelerations is described based on considerations of the
accumulation of fatigue stresses in the rock according to the Palmgren–Miner theory [56]. To
calculate the energy efficient load, we use Equation (35). Taking into account the calculated
coefficients k and β, the G will be

G =
115·106·0.5·π·0.21592

4√
2·234·3.1·103

= 3.4 g
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Figure 13a shows that the recommended WOB in the interval of 950–1000 m is
100–120 kN, when the dynamic WOB is minimal. However, when drilling this interval, a
WOB of 30 kN was chosen, which is caused by an increase in the dynamic component of
the WOB.
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Based on Figures 12a and 13a, with a recommended WOB of 100–120 kN and a rate
of rotation of more than 155 rpm, brittle fracture of the rock occurs in the interval of
950–1000 m. At a rate of rotation of 140 rpm, the rock is deformed plastically, which causes
the formation of axial and transverse vibration acceleration of 15–16 g.

• The shock impulse is calculated according to (21):
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S = 3.1·103·

√(
2π·140.8/60·0.2159

4

)2
+ 2·9.81·16·0.001·

7800

√
2·1011

7800
− 2400

√
9·109

2400

7800

√
2·1011

7800
+ 2400

√
9·109

2400

= 2342 N·s

• The shock time is determined by (23):

t =

0.002 ·
√

2·1011

7800

/√
9·109

2400

2π·140.8/60·0.2159
4

= 6.6·10−3 s

• The average magnitude of the shock reaction according to (24):

N =
2342

6.6·10−3 = 354.5 kN

The average value of the shock reaction is 354.5 kN, which significantly exceeds the
static WOB of 31 kN, by more than 11 times. When adjusting the parameters of the static
weight and the rate of rotation, optimal and uninterrupted destruction of the rock at the
bottom is achieved. The average value of the shock reaction is 354.5 kN, which significantly
exceeds the static WOB of 31 kN (Table 3), by more than 11 times. When adjusting the
parameters of the static WOB and the rate of rotation, a stable destruction of the rock at the
bottomhole is achieved.

The results of the verification of the mathematical model according to (32) are shown
in Figure 14 (accuracy is 91.6%).
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4. Discussion

The existing methods of WOB monitoring presented in the article demonstrate possible
risks during drilling operations. These risks can cause accidents (loose assembly elements,
tool breakage, etc.), leading to an increase in the cost of the well.

The algorithm and computer program presented for the first time make it possible
to determine and predict the critical dynamic WOB bit resulting from impacts of the rock
cutting tool on the rock. The solution of this problem makes it possible to implement the
technology [48,49,51,52], which ensures the reduction of errors in the process of selection
of regime parameters for drilling wells.

In order to quantify the effectiveness of the drilling process, in addition to the qual-
itative determination by means of MSE described in [39,49], an empirical coefficient of
BHA unloading capacity k was introduced to pass a certain rock, which is defined as the
ratio of axial and rotational energy required to destroy the rocks, taking into account its
physical and mechanical properties. On the basis of field data, the model was verified and
the average values of k were determined for the passage of each lithotype, at which the
most effective destruction of the rock occurs. As a result, it was found that for sandstone
the optimal value of k is from 0.04 to 0.08 units, for limestone, k—0.03–0.05 units, and for
shale, k—0.05–0.1 units

For the first time in the work, the dynamics of the oblique impact of the PDC bit on
the rock were simulated to assess the negative impact of torsional vibrations on the rock
cutting tool. Studies in [51] do not give a clear definition of the depth of cut. To achieve this,
this research uses the principle of rock destruction in conjunction with the fourth theory of
strength and the hypothesis of the accumulation of fatigue stresses by Palmgren–Miner.

Based on field data from telemetry sensors, it was possible to determine, with minimal
error, the values of axial and transverse shocks of the dynamic WOB when drilling different
types of rocks, as well as the average values of the support reaction in the event of a high
dynamic WOB, leading to breakage of the BHA elements.

The paper presents the methodology and method for determining the dynamics of
work and predicting the actual weight on the cutting–chipping action bit; however, this
problem is also acute for optimizing the operation of BHA shock impulses during the
interaction of rock and rock-cutting tools, for example, crushing–shearing and abrasive–
cutting action. These include cone and diamond (impregnated) bits. For example, to date,
many factories have reduced the output of roller cone bits due to the failure of bearing
assemblies, bearings, causing a decrease in their reliability and motor resource. The use
of the results of this work in predicting the actual WOB will provide a multiple increase
in reliability and durability, for example, for the operation of roller cone bits and other
mechanisms that are limited in terms of dynamic shock component. For example, in the
passports of the manufacturer of a roller bit, the maximum WOB when drilling wells is from
160 kN. The installed software package and the algorithm for calculating in the «online»
mode of drilling wells, taking into account data from the vibration acceleration sensor and
the well logging system (LWD), which determines the petrophysical properties of the rock,
will make it possible to identify the excess of the critical dynamic WOB and ensure the
transmission of information to the automated control system of the top drive about the
need to regulate the static component of the WOB in the BHA or the bit speed.

In discussion, it can be noted that in this work an attempt was made not only to
limit the PDC WOB or to reduce the rotational speed of the DS according to the available
information from the vibration acceleration sensors, for example, no more than 75–100 g,
as is now accepted in the world community with drilling wells, and to make the right
decision, but also to calculate and monitor the actual axial impact impulse and the resulting
energy expended on the destruction of the rock.

5. Conclusions

Based on the results of a complex of laboratory bench tests and computational experi-
ments, the following conclusions can be drawn:
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1. The necessity and expediency of monitoring and predicting BHA shock impulse,
which is the basis for the formation of an energy-efficient WOB during well drilling,
were theoretically substantiated and scientifically confirmed.

2. Based on experimental studies of the physical and mechanical properties of rocks with
a hardness of 60 to 170 MPa, a range of longitudinal and transverse deformations was
established, which makes it possible to estimate the penetration depth of the PDC bit
cutting structure for the determination of the BHA impact impulse and its prediction
using the lithological and stratigraphic data of the well.

3. A mathematical model was developed that enabled us to determine effective PDC
WOB, represented by the introduced BHA unloading capacity coefficient, based on
the discussed energy-efficient rock destruction theory.

4. Based on the proposed algorithm for determination of the minimum resultant vi-
bration acceleration of the BHA and the cut depth of the rock, which ensure the
creation of its optimal shock impulse, a technology for monitoring and predicting
energy-efficient PDC WOB was developed.

Determination of the dynamic component of WOB for drilling with cone bits and
extending their motor resource to the level of PDC bits operation time will be presented in
the next scientific works of the Mining University [57–59].

6. Patents

In the course of scientific work, the following patents were developed:

• Kunshin, A.A.; Starikov, V.V.; Buslaev G.V. Program for predicting possible complica-
tions while drilling in real time based on artificial neural networks and calculating the
mechanical specific energy. Russia. Certificate No. 2021665628, 30 September 2021.

• Kunshin, A.A.; Dvoynikov, M.V. Program for determining the required WOB while
drilling wells with vibration acceleration of the BHA. Russia. Certificate No. 2020616213,
11 June 2020.

• Kunshin, A.A.; Dvoynikov, M.V.; Polyansky, S.D. Program for determining vibration
acceleration with damped axial vibrations of the drill string. Russia. Certificate No.
2020615753, 1 June 2020.

• Kunshin, A.A.; Sidorov, D.A.; Buslaev, G.V.; Dvoynikov, M.V. Downhole shock ab-
sorber. Russia. Patent No. 2749705 C1, 16 June 2021.
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