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MODELING OF DRILLING TOOL VIBRATION IN THE PROCESS
OF DRILLING BLAST WELLS

Purpose. To determine the characteristic features and model bit vibration during its interaction with rock in the process of
drilling technical (blast) wells in open pit mines.

Methodology. The following methods were used in the work: analysis of scientific and practical solutions; statistical methods
for processing the results of experimental studies; methods of analytical synthesis; computer modeling methods for synthesis and
analysis of mathematical models.

Findings. The process of interaction between a drill bit and a rock was analyzed. The conditions and causes of vibration of drill-
ing equipment are determined. The spectral analysis of the vibration signal, the formation and analysis of the map of the order of
rotation of the rotating parts of the drilling rig during the drilling of technical (blast) wells were performed to identify the bit in the
frequency domain of the measured concomitant integrated vibration signal as a source of high-amplitude vibration. The modu-
lated signal measured in the time domain at the specified frequency carries information about the physical and mechanical char-
acteristics of the drilled rock and the state of the bit. The analysis of the experimental studies and modeling of the process of inter-
action of the bit with the rock allows us to conclude that the obtained statistical indicators of the accompanying vibration signal
really adequately characterize the process of well drilling.

Originality. A method for determining the characteristics of the interaction of a drill bit with rock in the process of drilling tech-
nical (blast) wells based on measuring the parameters of the accompanying vibration signal is proposed. The method differs from
the known ones in the fact that in the process of changing the operating mode of the drive of the rotating parts of the drilling rig, an
order map is formed over the entire range of its revolutions, the frequency of high-amplitude vibration of the bit is determined,
which corresponds to a certain peak order of revolutions, and at this frequency the statistical parameters of changes are measured.

Practical value. This approach to the process of drilling wells in open pit mines makes it possible to quickly determine the physical
and mechanical characteristics of the drilled rock and adjust the process parameters accordingly to increase its productivity and en-

ergy saving.

Keywords: mine working, well drilling, chisel, vibration, parameters, modeling

Introduction. Vibration of drilling equipment is one of
the factors limiting the maximum drilling productivity. Vi-
bration oscillations during drilling also cause damage to the
bit, excessive torque of the drill string joints, torsional fa-
tigue, etc. [1].

The sources of vibration excitation are the interaction of
the well bore and drill string and the interaction of the well
bore with the drill bit. Real-time analysis of the rig dynamics is
becoming a necessity to optimize drilling parameters and re-
duce vibration-related problems. It is very difficult to develop
a model of the drilling process due to the presence of many
variables characterizing this process. This article presents an
approach based on the separation of vibrations arising from
the interaction of the bit with the bottom hole, in order to use
the parameters of this process to determine the physical and
mechanical characteristics of the rock.

© Morkun V.S., Morkun N.V., Hryshchenko S. M., Bobrov Ye. Ye.,
Haponenko A. A., 2024

Literature review. Rotary drilling is a standard method
used in the mining industry for exploration and production of
mineral resources. Drilling rigs currently in use vary greatly in
their design, purpose, and capabilities. However, the main
components of any drilling rig are: a drive power unit with a
transmission — A, a drill string (rod) — B, and a drilling tool
unit — C (Fig. 1).

Achieving high rates of penetration (ROP) is one of the
main goals of drilling process control. ROP primarily depends
on changes in a bit of load (WOB) and a bit rotation speed
(RPM). Taking into account the entire possible operating
range of WOB and RPM changes, this relationship is non-
linear [2]. This is due to the patterns of interaction between the
bit and the rock and its changing physical and mechanical
characteristics.

The bit is a kind of mechanism that converts the rotation of
the drill string into longitudinal (axial), torsional, and, under
certain conditions, transverse (lateral) vibrations in the pro-
cess of interaction with the bottom hole [3]. Fig. 1 shows the
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Fig. 1. Types of drilling rig vibrations:
1 — longitudinal; 2 — torsional; 3 — transverse

main types of vibrations that occur in a drilling rig during its
operation.

Strong vibrations during tool operation can lead to the de-
struction of drilling rig elements, an increase in the well diam-
eter, premature bit wear, and a decrease in the mechanical
drilling rate. When vibrations increase and in the absence of
control over their level, resonance may occur, which in most
cases leads to catastrophic destruction of the elements of the
drilling rig [4].

Vibration oscillations are of a wave nature. They depend
on the respective characteristics of the drill string (rod) and
bit, physical and mechanical properties of the drilled rocks,
and drilling operating parameters [5].

These types of vibration lead to specific movements of the
drilling tool: reverse vortex, catch-slip, bit jump, lateral vibra-
tions or run out [6].

In general, oscillatory motion is caused by the process of
intermolecular collision in a medium, such as air or a solid.
The necessary conditions for oscillatory motion are elasticity
and inertia. Elasticity is the ability of a body to return to its
equilibrium position after it is displaced. Inertia allows the
transfer of momentum neighboring elements of the environ-
ment. Oscillatory motion can be characterized in terms of
wave propagation, which, in turn, forms modes. Thus, the dy-
namics of mechanical vibrations can be studied in terms of
both wave propagation and modal analysis. Oscillatory motion
causes pressure fluctuations in air and displacements in solids.
Thus, the resulting mode shapes are pressure and displace-
ment patterns for air and solids, respectively [7].

Paper [8] states that the main diagnostic parameters of vi-
bration signals are time characteristics — the correlation func-
tion R(t) and dispersion D[£(F)] of the process (1), as well as its
spectral characteristics — frequencies f; of its harmonic com-
ponents and dispersion o2 of their random amplitudes v,.

In [9, 10], the process of propagation of vibrations in rock
is considered &, with a wavelength of A, whose amplitude de-
pends on the size and number of ore inclusions. The variance
of this value is determined by the expression

De = Mg - (€)%,

0 2
where ME> =% M [%] F(k); Mg — mathematical expecta-
k=0
tion of a random variable &; M(§/k) — conditional mathemati-
cal expectation for a fixed number of ore inclusions k; symbol
() — averaging over fluctuations in their size and number.

It is shown that the relative value of

e
siZ

characterizes the size of heterogeneity in the rock.

In addition to these characteristics, the envelope of the
correlation function, capstral characteristics, and, in multi-
channel systems, mutual correlation and spectral characteris-
tics are also used as diagnostic features [11].

Purpose of the article. To determine the characteristic fea-
tures and model bit vibration during its interaction with rock in
the process of drilling technical (blast) wells in open pit mines.

Methods. Rock destruction in the process of well drilling
has a pronounced dynamic nature of energy-intensive contact
interaction, during which each bit element is a source of high-
amplitude vibroacoustic vibrations that characterize this pro-
cess in aggregate.

‘When drilling wells, the physical and mechanical proper-
ties of rocks change randomly. To ensure optimal drilling
conditions, it is necessary to adequately regulate the axial
force and rotation speed of the drill bit when the rock strength
changes. It is proposed to solve the problem of prompt deter-
mination of the physical and mechanical characteristics of
rocks during well drilling by analyzing the vibrations of the bit
that occur during this process.

Fig. 2, as an example, shows the texture and structure of
iron ore deposits in the Kryvyi Rih basin.

Thus, we can note the diversity of minerals and their ag-
gregations in iron ore, which have their own special physical
and mechanical characteristics. Accordingly, the complex
mineralogical composition and textural and structural features
of iron ore deposits also determine the special characteristics
of the accompanying vibration signal in the process of contact
interaction between the drill bit and the rock.

The drill bit is the main tool used in drilling; it has a de-
structive effect on the rock during well drilling. Choosing the
best bit and its operating conditions is one of the tasks that
determines the efficiency of drilling.

Fig. 2. Texture and structure of iron ore deposits in the Kryvyi
Rih basin:

1 — Southern Mining and Processing Plant (M PP), sixth iron hori-
zon. Siderite-limonite-hematite-martite quartzites, wide-ranging;
2 — Inhuletskyi HZK, fourth iron horizon. Quartzites are magnet-
ite, thinly laminated, sulphurous-faceted; 3 — Tsentralnyi HZK,
Glievatskyi open pit, fourth ferruginous horizon. Hematite-magnet-
ite quartzites, red-banded, broadly laminated; 4 — Tsentralnyi
HZK, Artemivsk open pit, fourth ferruginous horizon. Magnetite
quartzites are thin-layered, gray-banded; 5 — Inhuletskyi HZK,
fourth iron-ore horizon. Hematite-magnetite quartzites, thin-lay-
ered, red-striped; 6 — Pivnichnyi HZK, Pervomaiskyi open pit,
sixth iron horizon. Medium-layered magnetite quartzites
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There is a wide range of drill bits that can be used; however,
for rotary drilling, they are mainly divided into two categories:
roller cutter bits and bits with fixed cutters, such as polycrystal-
line diamond bits — PDC (Polycrystalline Diamond Compact).

A roller cone bit is a structure consisting of several axial
elements (usually three) on which roller cones rotate on roller
or ball bearings. There are pin bits with teeth in the form of
carbide pins with a wedge or spherical working surface and
toothed bits made of the same material as the roller. The drill
bits have one rotational degree of freedom relative to the body,
so that the drill bit rolls during drilling and each tooth periodi-
cally comes into contact with the rock.

The contact interaction of a roller cutter bit rock involves a
combination of dynamic and static forces, and the vibrations
that occur during drilling consist of three components: peri-
odic, shock, and random, which are determined by the struc-
ture and texture of the material of contact. Considering the
space occupied by the contact between the drill bit and the
rock at a given time ¢, as a discrete bounded area 2, the math-
ematical model of the contact interaction “drill bit-rock™ can
be represented as follows [12].

mii = p(t)+c(u,a)— f(u,p),
where m is mass matrix; i — acceleration vector; f — time vari-
able; p — external force vector; ¢ — contact force and friction
vector; f— internal voltage vector; # — moving an object; oo — a
variable related to the properties of the contact surface; f — a
variable related to the constitutive ratio of the material.

As a result of this process, vibrations of varying amplitude
and frequency are formed both in the bit itself and in the rock
mass.

Polycrystalline diamond (PDC) bits are believed to pro-
vide a higher rate of penetration (ROP) than conventional
conical bits with a roller cone. At the same time, their shear
effect on the rock usually leads to strong vibration, whereas the
bit movement includes periodic phases: sticking, when the bit
stops rotating, and slipping, when it acquires a higher than
nominal angular velocity when leaving the sticking phase.

The phenomenological model proposed by Detournay and
Defourny [13] takes into account the fact that the cutting action
of a friction PDC bit consists of both a cutting process and a
friction process. It is believed that the components of the torque
on the bit TOB and the load on the bit WOB act on each cutter
of the bit. When drilling through rock, the average cutting force
T, and the average weight carried by the cutting surface, W, are
the cutting components of TOB and WOB, respectively, and
the friction force T; and the contact surface W} are the corre-
sponding friction components. The rock-bit interaction model
uses WOB and bit angular velocity as input data w,, and the
torque is on the bit 7),; friction-related torque 7}; weight due to
friction W torque associated with cutting 7,; weight associated
with cutting W,, are the outputs.

Equation for torque on the bit 7}, (reflecting the nonlinear
friction moment caused by the interaction of rock and bit) un-
dergoing intermittent slippage [13].

T, = DWylne, (wp) + (g, — e )eix‘wb‘ 1,

where ., and p, are static, dry and coulomb friction coeffi-
cients; A — attenuation coefficient equal to 0.9; w, — angular
velocity of the bit.

As mentioned above, the main causes of drilling rig vibra-
tions are: the abrupt nature of rock fracture; well bore bottom
hole dislocation, which in turn depends on the impact of the
drill string on the bottom hole during its longitudinal and tor-
sional vibrations, abrupt and frequent changes in drilling mode
parameters, heterogeneity, fracturing and sharp variations in
the hardness of the drilled rocks, pressure differences under dif-
ferent bit teeth, etc.

Usually, a distinction is made between low-frequency and
high-frequency vibrations of a drilling rig. For example, for the
SBSh-250 drilling rig, which is widely used in the drilling of

exploration and production wells, high-frequency vibrations
have an amplitude of 0.01—0.03 mm and a frequency of 20—
60 Hz, and low-frequency vibrations, respectively: 0.1—2 mm
and 2—12 Hz [14].

When modeling the vibrations of a drilling rig, its model
can be represented as a set of connected elementary basic 0s-
cillatory blocks consisting of a spring k£ (means for storing po-
tential energy), mass m or inertia J (means for storing Kinetic
energy), and a damper ¢ (means by which energy is gradually
lost) (Fig. 3).

Periodic force F(7), acting on the above system, can be ex-
pressed in terms of harmonic functions using the Fourier se-
ries as follows [15].

a, < .
F(t)=-2+ (a,cosnwt +b, sinnwt).

n=1

Then the stationary solution for the above scheme can be
written as

Xp(t):&+ a,,/k cos(nwt -y, )+
2%k a2+
+ b”/k sin(nwt —vy,,).

;\/(1 -r2?+Q2¢r,)?

During the drilling process, the damping parameters
change (interaction of the drill bit with the rock, friction of the
drill string against the borehole walls, movement of intercon-
nected parts of the drilling rig), which leads to changes in the
parameters of the system response to the applied force. In
Figs. 4, 5 show the dependence of the phase angle and the di-
mensionless value of the response to a harmonic signal on the
frequency ratio 7 for different values of the damping coefficient
¢ from 0.1to 1.0

r=—.
w

n

In this case, the value of the dimensionless response is set
as a bandwidth [15, 16].

2
2Lw
I+ ——
X _ ( v, j
A - 2 2|
W" Wn
where A4 is the amplitude of the harmonic effect; { — the

damping coefficient.
Phase angle ¢ is defined by the expression

2
4z
Wy
2 2
1- K + 2C7W
Wy W,

¢(w)=tan™!

‘ F(n

Fig. 3. Model of the basic oscillating unit
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Fig. 4. Dependence of the dimensionless response of an oscilla-
tory system to a harmonic signal on the frequency ratio r
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Fig. 5. Dependence of the phase angle of response to a harmonic
signal on the frequency ratio r

Thus, the use of the above approach allows modeling the
parameters of the drilling tool vibration in the process of inter-
action with the rock, which are the characteristic features of
this process.

Vibrations occurring on the bit during well drilling repre-
sent a complex oscillatory process

X()= ZA(t)cos[kwo(t) +¢, D]+, (7).
k=1

It includes the superposition of a quasi-poly harmonic
process — in the low and medium frequencies, a random
broadband stationary process &,(f) — in the high frequency re-
gion [14, 17].

Relevant information on the interaction of the bit with the
rock during well drilling is contained in the high-frequency
random component of the vibration signal. The extraction of
this useful information and the determination of characteristic
features for identifying the physical and mechanical character-
istics of the rock is carried out using spectral analysis. The
Fourier transform determines the spectral power density of
this signal [18].

ST(W):%[HT(jw)]Z, 0<r<T,

where Hy(jw)= _[ n(w)e ™ is frequency representation of the

-0

signal.
From this signal, a narrow band component was distin-
guished &,(#) with the highest capacity [14, 19].

Ea(0) = A[1 + mB(%) cos (w,f + @),
where 0 < m < 1 is the modulation depth.

In this expression

B(@t)= iCk cos(kQt + @),

k=1

i.e., represents an amplitude-modulated process of the form

Et)=A|1+ kaCk cos(kQt + (p)} -cos(w,t+ @),

k=1

where m; is the partial modulation coefficient; Q2 is the angular
frequency of modulation.

The main issue in this procedure is to determine the signs
by which the &,(7) is distinguished. This determines how much
information about the process of interaction of the bit with the
rock is protected from the influence of various interferences
(vibrations of other parts of the drilling rig, external processes
in the rock mass, etc.). To solve this problem, the formation,
and analysis of the map of the rotational order of the rotating
parts of the drilling rig is performed.

The idea of the proposed method is to use the formation
and analysis of the map of the order of rotation of the rotating
parts of the drilling rig during the drilling of technical (blast)
wells to identify the bit in the frequency domain of the mea-
sured concomitant integrated vibration signal as a source of
high-amplitude vibration. Measurement of the characteristic
parameters of oscillations in the time domain at a certain fre-
quency corresponding to the peak value of the order on the
generated map allows reducing the influence of disturbing fac-
tors arising in the process of well drilling and being potential
sources of undesirable components of the measured vibration
signal for analysis on the results of assessing the characteristics
of the interaction of the drill bit with the rock. The modulated
signal measured in the time domain at a specified frequency
carries information about the physical and mechanical char-
acteristics of the drilled rock and the state of the bit. The infor-
mation on ore characteristics obtained at the stage of extrac-
tion allows optimizing further technological operations
(crushing, grinding, classification, benefaction, etc.) to pre-
pare it for metallurgical processing [20]. It is also useful for
improving the quality of modeling of these operations [21].

Order analysis is the study of vibrations in rotating systems
that result from the rotation itself. The frequency of these vi-
brations is often proportional to the rotational speed. The con-
stants of proportionality are the orders.

Rotational speed is usually measured independently and
varies with time under most experimental conditions. Proper
analysis of rotational oscillations requires resampling and in-
terpolation of the measured signal to achieve a constant num-
ber of samples per cycle.

This process converts signal components whose frequen-
cies are constant multiples of the rotational frequency into
constant tones. The conversion reduces the blurring of spec-
tral components that occurs when the time-tone changes rap-
idly over time.

There are various methods for tracking the order of the ro-
tating machines. For example, the method for tracking the
order using analog devices is based on measuring vibration pa-
rameters with the simultaneous generation of a signal propor-
tional to the speed of the rotating machine shaft. This allows
for selective selection of information (angular domain sam-
pling) followed by its analysis using the Fast Fourier Trans-
form (FFT), which results in an order spectrum. Currently,
this method is of limited use due to the low accuracy and com-
plexity of its hardware implementation.

The following methods are widely used, mainly for detect-
ing malfunctions of machines and mechanisms: the computed
order tracking (COT) method, the method based on the Vold-
Kalman filter (VKF-OT) and the method using the Gabor
transform.

COT essentially consists of converting a time domain signal
sampled by the Shannon-Nyquist sampling theorem into an
angular domain signal. The equipment collects the axis veloc-
ity pulse signal at the same time interval to calculate an equal
angular time, then an interpolation algorithm is used to inter-
polate and fit the resampling time to obtain the final angular
domain signal [22].

The limitation of this method is the finite order resolution.
This causes problems when orders do not fall on spectral lines.

The VKF-OT method relies on data equations and a struc-
tural equation. The data equation of the second-generation
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Vold-Kalman filter for single-order filtering is defined as [23].

y(n) =x(n)e’*" +n(n),
where y(n)is measured data; x(n) — complex envelope of the

filtered signal; e/®" — complex carrier wave; ©(n) = Zw(i)At;
i=1

w(i) — discrete angular frequency; n(n) — random noise and

other order components, or errors.

The structural equation ensures the smoothness of the se-
quential digital points of the filtered data by fitting a low-order
polynomial to the sequence x(#).

This method allows for the extraction of close and overlap-
ping orders in systems with multiple shafts, and has a higher
frequency and order resolution than conventional methods.
However, since the VKF-OT method requires a longer calcu-
lation time, it is not well suited for real-time processing.

When extracting signal order based on the Gabor trans-
form, the center frequency is usually determined by linear in-
terpolation. On this basis, the filter pass band is determined by
the equal-frequency or equal-order method. If g- and the cen-
ter frequency f,(#) and equal frequency bandwidth Af’is a con-
stant, the filtering neighborhood can be represented by equa-
tion [24].

A At At
f[,(t)izf:{fq(t)—z, fq(l)+2}.

Then, using a masking algorithm, the Gabor coefficient of
the corresponding order in the signal is obtained.

The method based on the Gabor transform requires less
time to implement compared to the VKF-OT method, but is
inferior in accuracy.

Other methods for tracking the order of the rotating ma-
chines are also known, each of which has its advantages and
disadvantages [25].

Obviously, the choice of a particular one depends on the
specifics and conditions of the task at hand.

Results. Fig. 6 shows a block diagram of the order analysis
algorithm using Matlab functions based on the WT'O method
with the use of signal resampling to increase its resolution [26].

The following operations are performed sequentially:

1. Download of the vibration signal synchronized with the
data of the drilling rig drive speed.

2. Estimation of the phase angle as a time integral of the
rotational speed using the function suntraps

2)= %dt

0
3. Upsampling and low-pass filtering of the signal using
the resample.
4. Linear interpolation of the signal to a uniform grid in the
phase domain using the function interp 1.

!
Download the data
of the analyz=d signal
T T

pus
Foarier transform (STFT): spectragram
function
. ¥

- ——

The results of the arder analysis

s u

Determining the highest available
order Qmax

Fatimating the professional angle: the
camtrap function

Low-pass filtering: rexampl function

9

Linear signul interpolation: interpl
function.

L} 2

Fig. 6. Order analysis algorithm using Matlab functions

5. Determination of the highest available order in the mea-
surement, which is recorded by the sampling rate and the
highest rotational speed achieved by the system

o LS

max RPM N
max
60

To obtain better results, we resample by an additional factor
of 4. The resulting sampling frequency in the phase domain f, is

/)2
RPM
max
60
6. Calculation of the short-term Fourier transform (STFT)
of the interpolated signal using the function spectrogram. The

function divides the signal into L sampling segments and flat-
topped windows of each of them

N, —min| | Zoee g | p_1|,
overlap 100

where p,,..4, is Overlap between adjacent segments (50 %).
Resolution depends on the sampling rate and segment
length

f,=4:20,, =42

rzﬁ-ENBW,
L

where ENBW is the equivalent noise bandwidth of the win-
dow, which is calculated using the function enbw.

7. The results of the order analysis are used to distinguish
the component of the total vibration signal in the time domain
at the bit rotation frequency during all operating modes of the
drilling rig.

In accordance with the above algorithm, an rpm map was
formed from the vibration data in the process of changing the
operating mode of the drilling rig (increasing the drive speed
from 500 to 2,150 rpm within 40 seconds (Fig. 7). The ampli-
tude of the map represents the root-mean-square (RMS) val-
ue of the vibration signal.

Fig. 8 shows the results of the spectral analysis of the total
vibration signal (1) and the isolated ordinal signal directly on
the drill bit (2).

Figs. 9, 10 show the results of separating the ordinal compo-
nent on the bit from the total vibration signal in the time do-
main during a change in the operating mode of the drilling rig.

Table 1 shows the statistical characteristics of the line-by-
line signals on the bit corresponding to the three types of iron
ore: Mean — mean value; Median — median value; RMS —
root mean square value; STD — standard deviation; VAR —
variance).

The analysis of the experimental studies and modeling of
the process of interaction between the bit and the rock allows
us to conclude that the obtained statistical indicators of the
accompanying vibration signal really adequately characterize
the process of drilling wells.

It should be noted that the characteristics of the obtained
vibration signals depend on the content of iron oxides Fe,O5 +
FeO. Thus, the data presented in Table correspond to iron ore
with Fe,O; + FeO content of 42.2, 23.5, 16.5 (%), and the
overall correlation of RMS of the obtained signals with this
indicator is 81—85 for ores with different mineralogical com-
position. This can be explained by the predominant hardness
and strength of these components over others. At the same
time, given the diversity of the mineral composition and tex-
tural and structural features of iron ore, the use of only the
above parameters of the vibration signal is not sufficient to reli-
ably determine its mineralogical and technological varieties.

Conclusions. A method for determining the characteristics
of the interaction of a drill bit with rock in the process of drill-
ing technical (blast) wells in open pit mines based on measur-
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Fig. 8. The results of spectral analysis of the total vibration signal
(1) and the isolated ordinal signal directly on the drill bit (2)

Amplitude, mV

0 1000 2000 3000 4000 5000
Samples

Fig. 9. Sequence signals on the bit corresponding to three types
of iron ore
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Fig. 10. An ordinal signal on the bit against the background of
the general vibration signal

Table

Parameters of the analyzed drilling rig vibration signal in the
time domain

Parameter Mean | Median RMS STD VAR

Signal 1 1.334 1.3701 1.4556 | 0.6072 | 0.3687
Signal 2 0.9736 | 0.9996 1.0716 0.4477 | 0.2004
Signal 3 0.6180 0.6155 0.6819 0.2881 0.0830

ing the parameters of the accompanying vibration signal has
been investigated, which differs from the known ones in the
fact that in the process of changing the operating mode of the
rotating parts of the drilling rig, an order map is formed in the
entire range of its revolutions, the frequency of high-amplitude
vibration of the bit is determined, which corresponds to a cer-
tain peak order of revolutions, and at this time the statistical
parameters of changes in the amplitude of the measured signal
are measured. This makes it possible to improve the quality of
assessment of the physical and mechanical characteristics of
the drilled rocks by reducing the influence of disturbing factors.

The obtained results are used as one of the characteristic
features in determining the technology and mineralogical
types of iron ore in the process of drilling technical (blast)
wells. This approach makes it possible to quickly determine
the physical and mechanical characteristics of the drilled rock
and adjust the process parameters accordingly to increase its
productivity and energy saving. In addition, based on the in-
formation obtained, a geological scheme of the deposit and
the corresponding blasting technology for its exploration and
exploitation are formed.

The direction of further research is to determine the best
combination of the characteristic features of the well drilling
process and intelligent methods for processing the information
received to optimize its technological and economic perfor-
mance.
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Merta. BuzHaueHHs XapaKTepUCTUYHUX O3HAK i MOJEJIIO-
BaHHS BiOpallii 10o710Ta MpU MOro B3a€Mo/Iii 3 ripChbKOIO IO~
poao10 y Tpolieci OypiHHS TeXHIYHUX (BUOYXOBUX) CBEPJIO-
BUH Ha BIIKPUTHUX TipHUYKX BUPOOKAX.

MeTtoauka. Y poboTi BUKOPUCTaHI Taki METOIU: aHai3
HAyYKOBUX i TPAKTUYHUX PIillIeHb; CTATUCTUYHI METOIU TSI
00pOOJIEHHS  pe3y/bTaTiB  eKCIePUMEHTAJIbHUX  HdOCHi-
JIUKEHb;  METOAM  aHAJiTUYHOTO  CHHTE3Yy;  METOIU
KOMIT'IOTEPHOTO MOJIEJIOBAHHS JJIs1 CHHTE3Y Ta aHaJli3y Ma-
TEMaTUYHUX MOJEIIEH.

Pe3yabTaTu. BukoHaHo aHasi3 npoliecy B3aeMo/ii 0ypo-
BOTO 10J0Ta 3 TipCbKOlO moponaoio. BusHaueHi ymMoBU Ta
NMPUYMHU BUHMKHEHHSI BiOpalliii OypoBOro ycTaTKyBaHHS.
BukoHaHo cnekTpajibHUil aHali3 BiOpaLiiiHOTO CHUTHamy,
(opMyBaHHS Ta aHaJi3 KapTu MOPSIAKY 00epTiB 00epTOBUX
YacTUH OypOBOI YCTAHOBKM Y TIpOlieCi OypiHHSI TEXHIYHUX
(BUOYXOBMX) CBEPIJIOBUH IS ineHTUbiKaLlil J0J0Ta y yac-
TOTHilA 00JIaCTi BUMIpIOBAHOTO CYIYTHBOTO iHTETPOBAHOIO
BiOpaliifHOro curHa€y siK Jxepesa BUCOKOAMILIITYAHOI Bi-
Opauii. BuMipsinuii y yacoBiit 0061acTi Ha 3a3Ha4Y€HI YacTOTi
MOJYJIbOBAaHUI CUTHAJI Hece iHgopMallilo mpo (izuko-me-
XaHiIYHI XapaKTepUCTUKU TipCbKOI MOPOaU, 110 OypuUTHCH, i
CTaH NoJoTa. AHaJli3 BUKOHAHUX €KCIIEPUMEHTAIbHUX 10-
CIIXKEeHb 1 MOJICJIIOBAHHS MPOLIECY B3aEMO/III 10JI0Ta 3 Tip-
CbKOIO MOPOJIOI0 TO3BOJISIE 3pOOMTU BUCHOBOK IIPO T€, 1110
OTpMMaHi CTaTUCTUYHI MOKa3HUKM CYITyTHbOTO BiOpauiitHO-
IO CUTHaJy AiliCHO aJieKBaTHO XapaKTepHU3YIOTh Mpoliec Oy-
PiHHSI CBEpIJIOBUH.

HaykoBa HOBM3HA. 3arpoOIrOHOBAaHO METON BU3HAYEHHSI
XapaKTepUCTUK B3aEMO/Iii 10J0Ta OypOBOi YCTAHOBKHU 3 Tip-
CHKOIO TTOPOJIOI0 Y TIpolieci OypiHHS TEXHIYHUX (BUOYXOBUX)
CBEPIJIOBUH HAa OCHOBI BUMipIOBAaHHSI MapaMeTpPiB CYIMyTHbO-
ro BiOpatiiiHoro curtanay. Mero Biapi3HSIETbCS Bill BiTOMUX
TUM, 1110 y MPOLIECi 3MiHU POOOYOTO PeXUMY MPUBOIY 00Ep-
TOBUX YaCTUH OYPOBOI YCTAHOBKU (hOPMYIOTh KapTy MOPSIAKY
B YCbOMY Jiana3oHi loro o0epTiB, BU3HAYalOTh YACTOTY BU-
COKOaMIUTITYIHOI BiOpallii 1010Ta, sIKa BiJNOBiga€ BU3HAUC-
HOMY MiKOBOMY TOPSIAKY OO€pPTIB, i HA 1iil 4aCTOTI BUMIipIO-
I0Tb CTATUCTUYHI MapamMeTpu 3MiH aMIUIITyId BUMipSIHOTO
CUTHAITy.

IIpakTiyHa 3HaYMMicTh. 3a3HAUYCHUI TiAXiA 10 Tpouecy
OypiHHS CBEPIJOBUH Ha BIAKPUTUX TipHUYMX BUPOOKaAX 10-
3BOJISIE ONEPAaTMBHO BU3HAUYATH (hi3MKO-MEXaHiuHi Xapakre-
PUCTUKHU TiPCHKOI MOPOIU, 110 OYPUTHCS, 1 BiAMOBIIHUM YU-
HOM KOPEeryBaTu NapaMeTpy MpoLecy AJis MiABULLEHHS Oro
MPOIYKTUBHOCTI Ta EHEPTO30EPEKEHHSI.

KurouoBi cioBa: eipruui eupobku, OypinHsa ceéeponoeut, do-
A0mo, eibpayjis, napamempu, MOOeAI08AHHS
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