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DEPENDENCE OF THE DRILLING SPEED ON THE FRICTIONAL
FORCES ON THE CUTTERS OF THE ROCK-CUTTING TOOL

Purpose. Forecasting the deepening in one revolution and the mechanical drilling speed, taking into account the
decrease in the actual axial load due to the action of the frictional force.

Methodology. The analytical model of the vertical and horizontal displacements of the indenter along the surface
of the rock has been improved. It is detailed with reference to drilling of boreholes with crowns of cutting type taking
into account the reduced actual axial load, acting on the cutter, on rocks with physical and mechanical properties.

Findings. It is established that during the drilling, the true axial load is less than the nominal load due to the fric-
tional force arising on the front of the tool. The one-turn and the mechanical drilling speed are predicted taking into
account the decrease in the actual axial load due to the action of the vertical friction force. It has been revealed that
as the width of the tool is reduced, the axial load losses increase due to friction forces, and the deepening per rotation
and the drilling speed decrease more intensively.

Originality. For the first time, the influence of the frictional force, which appears on the front of the tool of the rock
cutting tool on the true axial load, the depression in one turn and the mechanical drilling speed, is shown. New ana-
Iytical dependencies are proposed that allow one to predict the depth per one revolution and the mechanical drilling
speed taking into account the design of the rock cutting tool and the geological and technical conditions of drilling.

Practical value. The developed model of the interaction of cutting allows predicting the results of the application
of various designs and technologies for the development of a rock-sensing tool more reliably, as well as choosing ra-
tional technologies for their application to achieve maximum technical and economic indicators.

Keywords: drilling of wells, destruction of rocks, rock cutting tool, carbide crown, perforation in one turn, mechanical

drilling speed

Introduction. The appearance of the first designs of
carbide crowns is usually associated with the German
inventor Hugo Lohmann, who from 1913—1914, invent-
ed a number of hard alloys. The conducted patent stud-
ies allowed, however, stating that the first patented car-
bide crown is the design described in German patent
DE335805, which was issued by Alfred Stapf and Hans
Hundrieser. The patent was claimed on 26.03.1920, it
was issued on 14.04.1921 [1].

Since then, hard alloys have found a very wide ap-
plication in drilling [2], and carbide bits and became the
main rock-breaking tool for core drilling. However, at
present the volume of hard-alloy drilling is constantly
decreasing. They are replaced by shells with removable
core-holders, equipped with diamond crowns, as well as
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crowns equipped with diamond-carbide plates (PDC).
According to the principles of their work, crowns
equipped with PDC are very close to carbide-tipped
crowns and have common design principles. These
crowns destroy the rock by cutting, in contrast to dia-
mond crowns, where the abrasion process prevails at the
contact of the diamond-rock.

The theory of interaction between a carbide tip or a
crown equipped with an PDC and rock is fundamental
for the improvement of the rock-destroying tools and
the technology of their application. The study and im-
provement of this theory is necessary for:

- selecting ways for further research;

- determining the level of development of technolo-
gy and the actual results achieved;

- identifying the shortcomings of existing crown de-
signs and drilling technology;

21




MINING

- developing new design solutions for the rock-cut-
ting tool;

- forecasting the results of the application of various
designs and technologies for working out a rock-sensing
tool;

- choosing a rational technology for their application
to achieve one or more of the following objectives:

- minimization of the cost of one running meter of
the well;

- maximization of the mechanical or voyage drilling
speed;

- maximization of penetration to the crown;

- achieving special goals (to increase the yield of the
core, to deviate the well from the original direction, ef-
fective drill in the interval of geological complications,
and others).

The last two tasks are closely interrelated. Precisely
predicting the results of the application of various de-
signs and technologies allows the shortest possible way to
achieve maximum technical and economic indicators.

In core drilling with carbide and CRM-equipped
crowns, the length of the voyage is short and much
smaller than the penetration of the rock-cutting tool.
This is an important difference from drilling chisels,
where, as a rule, they tend to achieve a flight length
equal to the drift per bit. The cost of carrying out the
lifting operations is much higher than the cost of the
carbide crown and increases with depth. Therefore, as a
criterion for optimizing the process when drilling with
carbide and DCTP-equipped crowns, the maximum of
the mechanical drilling speed is adopted. Thus, the pre-
diction of the mechanical drilling speed is an important
and urgent task in the study of the process of rock frac-
ture by cutting crowns.

Analysis of recent research and publications. To date,
a huge number of works devoted to the design and devel-
opment of technology for the use of carbide crowns have
been published. Great contribution to the solution of
thisproblem was made by: G. V. Artsimovich, D. N. Bash-
katov, V.C.Vladislavlev, S.A.Volkov, L.K.Gorshkov,
B. 1. Vozdvizhenskyi, L.G.Grabchak, V.G.Kardysh,
E.A.Kozlovskyi, N.I.Kulichikhin, B.B.Kudriashov,
A.1.Osetskyi, A.N.Popov, V.M. Rebrik, A.I.Spiva-
kov, S.S.Sulakshin, N.V.Soloviev, B.C.Fedorov,
F. A.Shamshev, L. A. Schreiner, P. M. Eigeles, E. F. Ep-
stein and many others.

At present, two main theoretical models of rock de-
struction in the process of drilling hard-alloyed and
equipped with DCTP crowns and chisels have been dis-
tributed.

The first model considers drilling as a combination
of two successive processes:

- introduction of the fixed tool of the rock-cutting
tool (RCT) into rock face;

- propagation of the fracture zone from the penetra-
tion well over the whole face due to the rotation of the
RCT and removal of the rock layer, the thickness equal
to the penetration depth.

Thus, in work [3], the process of rock destruction is
considered when indenting pyramidal and wedge-
shaped indenters.
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In work [4] the process of destruction of the rock by
roller cone bits is analyzed with the indenter ball indenta-
tion, which simulates the process of elastic-plastic defor-
mation of the rock by separate cutters of the drilling tool.

Also in the static state, the process of interaction of a
roller bit with a face rock is considered, at the moment
when each roller is supported by a flat face with a single
tooth in the work [5].

With such an influence, fatigue destruction of rocks
exerts a considerable influence. The susceptibility of rocks
to the alternating loads shows by how many times the
pressure at the point of contact between the teeth of the
bit and rock (in comparison with the die hardness) can be
reduced when designing the axial load on the bit [6].

The spreading over the well face process is consid-
ered an auxiliary one, 70—80 % of its energy expenditure
being ascribed to the cutter’s friction against the well
face.

Our opinion is that such a model can prove to be ad-
equate on occasions, when in use is a drilling mode,
consisting prevalently of imbeddings. It is the case with
drilling with cone rock bits. Their cones in the course of
rolling make their teeth alternatively plunge into closely
situated sectors of the well face.

So, with roller drilling, the cutter’s tooth, in the
course of its rolling along the face, comes in contact
with the rock, penetrates into it at a certain depth and
leaves the contact, giving way to another tooth that hits
the neighboring area.

The similar situation takes place at rotary-percus-
sion drilling, where rock destruction is performed at the
expense of impacts of cutters, while rotation only serves
to uniformly distribute the impacts against a well face.

It should also be pointed out, that the theory of the
cutter rock imbedding is developed mostly with relation
to friable and elastoplastic crystalline rocks. In relation
to ductile and porous formations (clays, loams, sandy
clays and others) the theory is not so well elaborated.

Meanwhile, as the depth of the wells increases, un-
der the influence of the rock pressure of the overlying
rocks, as well as the hydrostatic and hydrodynamic pres-
sures of the drilling fluid, the elastoplastic rocks acquire
the properties of plastic rocks. In work [6] it is consid-
ered how the mechanism of destruction of rocks chang-
es with increasing depth.

It is shown in [7] that the coefficient of compaction
of the rock, A, in connection with the increase in the
depth of the well in the presence of drilling mud in the
borehole, is expressed by the dependence

H,
h=141270,
105,

where vy, is the density of flushing liquid, kg/m?; H, is
borehole depth, m; §, is ultimate strength of the rock
under compression, Pa.

For the destruction of the rock by cutting, when the
rock layer is removed by the moving cutter along the
face “horizontally”, this model is not adequate.

This model does not explain why a cutter, embedded
in the rock, after the beginning of the “horizontal” dis-
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placement, continues its implementation, and does not
retain the depth reached by indentation by the action of
a static load. And the introduction in the course of the
“horizontal” movement (to be precise, moving along an
inclined spiral trajectory) constitutes the essence of rock
destruction by cutting during rotary drilling.

The second model represents drilling as a combined
process of horizontal and vertical movements of the in-
denter.

The simplest similar theoretical models of rock de-
struction are constructed with multiple assumptions and
simplifications, the main ones being the following: cut-
ting is considered as a two-dimensional process, while it
is believed that there is no interaction between neighbor-
ing cuts (blocked cutting by a single cutter), possible in-
clusions and/or violations in the rock are ignored [8].

A mathematical model of the problem of the intro-
duction of a wedge in a rock is constructed in [9], in
which a plane deformation of a half-space is analyzed
under the action of an extended asymmetric wedge in
the cross section.

Often, when designing structures to increase the ef-
ficiency of the main incisors, their output over the end
of the crown is made to a different size, while a step-
shaped slaughter is obtained [10].

An important design parameter is also the inclina-
tion angle of the tool. Thus, in work [11], the influence
of the PDC inclination angle on the wear resistance and
loading of the drill bit was studied. Using the method of
calculating the geometrical parameters of the drill cut-
ters and the corresponding computer program, the
working angular parameters of the drill cutter reinforced
by the PDC are determined.

In [12], during the analysis of rock fracture while
drilling with PDC bit cutters, the geometrical depen-
dences of the normal cutting force and its components
on the front cutting angle and the parameters of the area
drilled by the cutter were obtained. Formulas are ob-
tained for the dependence of the pressing force of the
tool on the axial and tangential components of forces on
the constant front cutting angle.

Unsolved aspects of the problem. In the above and
other studies on the study of rock destruction by cutting,
much attention is paid to predicting the depth of the
cutter in one turn and the mechanical drilling speed.
However, the examined and other models do not take
into account the influence of the tool’s frictional force
on the rock on the reduction of the actual axial load act-
ing on the cutter and the resulting decrease in the recess
per revolution and the mechanical speed.

The objective of the article is to forecast the depths for
one revolution and the mechanical drilling speed taking
into account the decrease in the actual axial load due to
the action of the frictional force.

Methods for conducting research. The analytical
model of the vertical and horizontal displacements of
the indenter along the surface of the rock has been im-
proved. It is detailed with reference to drilling of bore-
holes by crowns of cutting type taking into account a
decrease in the actual axial load acting on the cutter, for
rocks with different physical and mechanical properties
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Presentation of the main research. Let us analyze the
model of interaction between the cutting tool of the
rock-breaking tool and the rock, proposed by
V.S. Vladislavlev and improved in work [13]. The idea
being, that an imbedded cutter in the course of its move-
ment along the well face is continuously leaving the sec-
tor compressed with the longitudinal load (impossible
for further penetration). While displacing the opposing
wall of the groove, the cutter comes over to the neigh-
boring sector, not deformed and compressed yet. For
that reason the cutter is gaining more penetration on the
new sector under the same load. The process is illus-
trated in Fig. 1.

From position I, where it was in an h deep groove,
the indenter along the a—b line comes to position II.
Thereafter it plunges by the value 4, which corresponds
to the longitudinal load Q and resistance Q, of the com-
pressed layer 2 of the rock.

In position I, a flat indenter 1 with a width of & is
embedded in the plastic rock to a depth 4.

Then, along the a—b line, it moves to position 11, af-
ter which it sinks to a depth /4 corresponding to the equi-
librium of the vertical load Q and the resistance force Q,
of the compressed rock layer 2.

After that, under the action of the circumferential
force P, the indenter shifts the rock layer 2/ in thickness
in front of it, moves a distance o to position III along the
a,—b, line and is inserted by the same value 4. The total
depth of the indenter penetration reaches 3.

When the indenter moves toward zero (& — 0), the
implant will also tend to zero (A — 0). As a result, in-
stead of a stepped trajectory, the movement of the in-
denter in a straight line will be obtained, the angle of
inclination o to the plane perpendicular to the axis of
the well is characterized by the tangent

h
tgo =—. 1
ga 5 (1

Because of rotation the cutter’s inclined direct line
trajectory turns into a helix. In Fig. 2 an unfolding of its
two first revolutions is shown.

Q
I Il I
P =
5 s T 6
h h a___b_ !
z _ a,___bjT 3h
) L]
Q 2

Fig. 1. A model of the indenter’s penetrating, while mov-
ing along the well face (V. Viadislavlev)
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2x,

rev

Fig. 2. The single isolated cutter’s performance on the

well face: unfolding — with two revolutions have been
made (V. Viadislavlev):
X — abscissa; y — ordinate; xrev — the length of revolution;
Voo = H — penetration for revolution; o. — the cutting line
inclination to the well face; & — the cutter width; q — longi-
tudinal load; P — transverse load; t© — friction force

At the part of the unfolding, related to the first revolu-
tion, the penetration y of the cutter and the thickness of
the layer, removed by it, increases with the course along x.
After having made the first revolution with x = x,,, and
gaining y = H penetration, the cutter returns to its initial
position (although at a greater depth). Henceforward in
the course of the second and all the further revolutions the
thickness of the layer preserves the constant value H.

Hence expression (1) can be written in the following
form

tga =2, )
X

rev

In Fig. 3 an unfolding of one revolution of a core bit,
supplied with 3 cutters is shown. Fig. 3, a shows the cut-
ters in their initial position; various hatching being pro-
vided to the layers of rock, removed by various cutters.

Cutter No. 1, after having performed 1/3 of revolution
(from its initial position) runs into an H tall wall, left by
cutter No. 2. The same will occur with cutter No. 2: it will
run into an A tall wall, left by cutter No. 3 and that one,
in turn, — in an A tall wall, left by cutter No. 1. Thus, after
1/3 of revolution all 3 cutters (and the bit) will penetrate
by the depth H=1y,,/3 (Fig. 3, b, position I).

In Fig. 3, b in positions II and III shown are the cut-
ters, completing 2/3 and full revolution. After complet-
ing the full revolution all the cutters and the whole of the
drill stem will penetrate by y,,, = 3H.

Thus, the layer of rock y,,, that is removed per rota-
tion is divided by the number of incisors

H-tm
m

where m is the number of cutters, pcs.

The number of cutters does not influence the pene-
tration per revolution. A single cutter with the same
load, after having made one revolution, penetrates by
some depth y,,,, as m cutters

where Q is a bit load, N.
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Fig. 3. Performance of the core bit, supplied with 3 cut-
ters:

a — the layers of the rock, removed with the cutters; b — po-
sitions I, I1, 111 of the cutters after layer depth H tuple pen-
etration; x,,, — the length of one revolution; y,,, — the pen-
etration per revolution; n — rotation direction; q — the
cutter load

According to V. Vladislavlev

tgo = 24, 3

ga=—= 3)
where 6 is dimension of the indenter along the line of its
movement (Fig. 1), m; ¢, is intensity of the vertical load,
N/m; a is rigidity of the indenter—rock couple, Pa.

Since the rigidity of the indenter is an order of mag-

nitude higher than the rigidity of the rock, the indenter
can be considered as an absolutely solid body, and then
the rigidity of the pair will be determined only by the
rigidity of the rock. In turn, the rigidity of the rock can
be defined as

7 “

where F is Young’s modulus of the rock, Pa; p is its
Poisson’s constant.
With reference to the conditions of the drilled well

q;= g,
mb

where b is the width of the well face along its radius, m.

Equating the value of tga obtained in formulas (2,
3), substituting (4, 5) in (3) and taking into account the
constrained working conditions of the cutters in the
borehole, we obtain the expression for determining the
recess in one revolution of the RCT

20(1-p%)
=X, —— 6
yrev rev meSk ( )
where x,,, is the length of a circumference, related to the
cutter’s middle; A is the coefficient, allowing for the
constrained conditions of the cutters’ work on the well

face. According to V. Vladislavlev, A = 1.38.

(&)
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The drilling penetration speed is

200-1)

m = erV meS?\/ (7)

Table 1 presents an example of the above theory ap-
plication for conditions of drilling limestone. For that
rock £=50 000 MPa, pn=0.3. The drilling is performed
with a core bit with a diameter of 112 mm, with four
(m = 4) cutters with a transverse dimension of b =9 mm.
The average length of the crown circumference is
X,y = 326 mm. Axial bit load Q = 10 000 N, rotational
frequency # = 100 rpm. We assume that during the drill-
ing process, the tool does not blunt; its width & remains
constant (which is typical, for example, when drilling
with self-sharpening crowns).

Obtained by formulas (6, 7), the results of the calcu-
lation of the penetration per revolution y,,, and the drill-
ing speed V,,, depending on the width of the tool d, are
shown in Table 1.

According to V. Vladislavlev, while moving along the
well face, the cutter, meeting the rock resistance, acts
with its front facet on the wall of the groove with the
force

P=oy, - F, ®)

where o, is breaking strength of the rock at shearing,
Pa; Fis the area of the groove’s front wall, m>
In turn

F=b- Yrey (9)

On the front face of the cutter, the force P brings
friction force that will act in the plane of the front face of
the cutter. It is directed upwards from the cutting edge in
contact with the rock, since the friction force is directed
in the opposite direction of motion, and the cutting edge
goes deeper into the rock.

t=Pf, (10)

where f is a friction coefficient.

The vertical load Q and the friction force t are two dif-
ferently directed forces, and according to the rule of addi-
tion of forces, the net force will be equal to the algebraic
sum of these forces. Thus the actual value of the bit load

0,=0-r an

Substituting (8, 9) into (10) we define the friction
force

Table 1

The dependency of penetration per revolution
and penetration speed on the cutter’s blunting area width

Width of
cutter 5, mm

Penetration 1.19 | 1.59 | 2.39 | 2.99 | 3.98 | 5.97 | 11.94
per revolution
yreva mm

Penetration 72 19.6 |14.3 (179 | 239|358 | 71.7
rate V,,, m/h

2 | L5 ] 1 08 [ 06 |04 | 02
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T=GgbY,ad. (12)

Substituting (12) into (11), we determine the true
value of the axial load

0,=0-0ubyuf. (13)
From (13) we find the value of the recess in one revo-
lution
, _0-0,
s b

(14)

Substituting in the formula (6) the true value of the
axial load at the RCT load and equating (13, 14), we ob-
tain an expression that will allow us to find the true value
of the axial load

20,(1-1) _0-0,

" bmES) cbf ’
Let us express the true value of the axial load
Q.= 2 (1Q 1Y
Gshf : e = +
mESA ./

After the transformations, we finally obtain

OmES).
2%,,05f(1-p?)+mES).

Q,= (15)

We determine the values of the true axial load for the
same conditions that were adopted in the calculation of
these values earlier. In addition, the following values were
accepted: the hard alloy-rock friction coefficient /= 0.55
(some characteristic values of the coefficient of friction for
various rocks and cutter material are given in [14]); Lime-
stone’s shear strength, measured in the laboratory condi-
tions is 12 MPa, but taking into account the geostatic and
hydrostatic pressures occurring in the well conditions, the
coefficient 4 is applied to this value, the value is 48 MPa.

In addition, we find the values of the recess in one
revolution and the drilling speed from formulas (14, 7),
substituting the value of the true axial load obtained by
formula (15) in them.

The results of calculations are summarized in Ta-
ble 2. Also Table 2 shows the values of the calculation of
the horizontal force P and the frictional force t calcu-
lated by formulas (8, 10).

Fig. 4 shows the results of a comparative analysis in
calculating the mechanical drilling speed with and with-
out friction forces.

Comparison of Tables 1, 2 enables us to make a con-
clusion, that the sharper the cutter is, the greater reduc-
tion in its penetration rate is, caused by reduction of the
bit load brought about by friction forces. So if for the
cutters with blunting of 2 mm the penetration rate drops
for that reason by only 2.8 % (from 7.20 to 7.0 m/h), for
the cutters with 6 = 0.2 mm that drop attains as much as
22.1 % (from 71.7 to 55.8 m/h)

It is possible to ascertain that due to proportional de-
pendency (7), the drop in penetration is caused by the
same relative drop of the bit load.
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Table 2

The dependency of the actual bit load, penetration per revolution and penetration speed on the cutter’s blunting
area width with consideration of friction forces

Width of cutter §, mm 2 1.5 1 0.8 0.6 0.4 0.2

Actual bit load Q, N 9724 9635 9463 9338 9136 8 757 7790
Penetration per revolution y,,,, mm 1.16 1.53 2.26 2.79 3.64 5.23 9.30
Horizontal force P, H 502 663 976 1204 1571 2259 4019
Friction force T, H 276 365 537 662 864 1243 2210
Penetration rate V,,, m/h 7.0 9.2 13.6 16.7 21.8 314 55.8
Vm, m/h 2. Ratov, B.T., Khomenko, V. L., Bayboz, A.R. and De-

80 likesheva, D. N., 2017. Classification of the drilling hard-

0 ) alloy tool. Mining journal of Kazakhstan, 11, pp. 31—38.

\ 3. Neskoromnykh, V. V. and Popova, M.S., 2018. Prin-
60 A ciples of system approach to designing drilling tools.
<o "“ Construction of oil and gas wells on land and sea, 8,
\ ——1 pp. 26—31.
a0

. Kﬁ
20 x\_

10 i
0

00 02 04 06 08 1.0 1.2 14 16 1.8 2.0 2.2 § mm

Fig. 4. Dependence of the mechanical drilling speed on
the cutter width:
1 — calculated dependence without allowance for frictional
forces; 2 — calculated dependence with allowance for fric-
tional forces

Conclusions.

1. The updating of the borehole drilling technology
must be based upon an adequate theory of the drilled
rock destruction.

2. Two theoretical models of drilling process are cur-
rently in use:

- amodel, according to which the cutter’s imbedding
process is preceding the process of spreading the de-
struction zone all over the well face;

- a model, according to which both processes are
proceeding at the same time.

3. The second model is adequate as applied to the
cutting type drilling with the cutter removing from the
well face a layer of rock.

4. It is established that during the drilling, the true
axial load is lower than the nominal load due to the fric-
tional force arising on the front face of the tool.

5. The model predicted protracted operations asso-
ciated with operations.

6. It is revealed that with a decrease in the width of the
cutting (i.e., its aggravation), the axial load losses increase.
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Meta. I[lporHo3yBaHHs TOIJIUOJIEHHS 3a OOWUH
00epT i MeXaHiuHOI IIBUAKOCTI OYypiHHS 3 ypaxyBaH-
HSIM 3HIDKCHHSI CITPaBXXHBOTO OChOBOTO HaBAaHTAXKCH-
Hsl Yyepe3 Jil0 BEPTUKAIbHOI CUJIN TEPTSI.

MeTtoauka. Y 10CKOHaJIeHa aHAJIiTUYHA MOJIEIb I10-
€IHAHOTO y Yaci BepTUKAJIbHOIO i TOPU3OHTAIBHOIO
PYXy iHAEHTOpa 1O MOBEPXHi TipchKoi nmopoau. BoHa
JleTajlizoBaHa MO BiJHOLIEHHIO A0 OYypiHHS CBEpAJIO-
BUH KOPOHKAMU PixXy4yoro TUITY 3 YpaxXyBaHHSIM 3MEH-
IIEHHS CIMPaBXHbOIO OCbOBOTO HABAHTAXEHHS, IO
Jli€ Ha pizelb, MO MopoaaM 3 pi3HUMU (Hi3UKO-MeXxa-
HIYHUMU BJIACTUBOCTSIMU.

Pe3yabTaTu. YctaHoBieHO, 1110 Y OpOLECi OypiHHSA
CIIPaBXHE OChOBE HaBaHTAXXKCHHs MEHIIE, HiXK HOMi-
HaJIbHE 3a paxyHOK il CUJIA TepTsI, 10 BUHMUKAE Ha TIe-
penHiit rpaHi pisus. IlporHo3oBaHi moriuGaeHHs 3a
OIMH 00epT i MeXaHiuHa IBUAKICTb OypiHHSA 3 ypaxy-
BaHHSIM 3HIMKEHHsI CIIPaBXHBOT'O OCbOBOI'O HaBaHTAa-
JKeHHSI BHACJIIIOK il BEpTUKAIbHOI CUJIU TepTsl. BusiB-
JIEHO, 110 3i 3MEHIIEHHSM IIUPUHU pi3Lsl 30iablIy-
IOTbCSI BTPaTM OCbOBOIO HaBaHTaXEHHS yepe3 ilo
CUJIU TepTs, a MOIUOJEHHS 32 ONUH OOEpT i LIBUA-
KiCTb OYpiHHS 3MEHILYIOThCS OiJIbII iIHTEHCUBHO.

HaykoBa HoBM3HA. YTiepilie TTOKa3aHO BIUIMB CUJIN
TepTsl, 110 BUHUKAE HA MEpeaHili rpaHi pi3Ls MOpoao-
PYIHYIOYOTO iHCTPYMEHTY, Ha CIIpaBXHE OCHOBE Ha-
BaHTaXKEHHSI, TTOMIMOJICHHS 3a OIMH 00epT i MeXaHIuHY
IIBUAKICTb OypiHHS. 3amporoHOBaHiI HOBiI aHAIITUYHI
3QJIESKHOCTI, 1110 O3BOJISIIOTH ITPOTHO3YBaTU IIOTJIM-
OJICHHSI 32 OIMH 00epT i MeXaHiUHY IIBUAKICTh OYPiHHS.

IIpakTnuna 3naunmicTs. Po3pobiieHa Moaesb B3ae-
Moii pi3Lsl MOPOAOPYHHYIOUOTO iHCTPYMEHTY 3 MOPO-
JIOI0 T03BOJIUTh OiJIbIII JOCTOBIPHO MPOTHO3yBaTU pe-
3yJIbTaTU BUKOPUCTAHHS PiI3HUX KOHCTPYKILiH i TEXHO-
JIOTiil BiAIpallloBaHHS MOPOAOPYIHYIOUOrO iHCTPY-
MEHTY, a TaKOX OOMpaTH palliOHaJIbHI TEXHOJOTIl iX
BUKOPUCTAHHS IJIsT TOCATHEHHST MAKCUMAaJIbHUX TEXHi-
KO-€KOHOMIYHUX MOKAa3HMKIB.

KmouoBi cioBa: oypinus ceepdnogur, pyiiHy8aHHs
2ipcokux nopio, nopodopyiHyr4ull iHCmpymeHm, meep-
docnaaena KOpoHKa, noeaubaeHHs 3a 00uH 0bepm, mexa-
HIYHa weuoKicmo 6ypIHH
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Iens. [TporHo3upoBaHue yriayoku 3a OA1MH 000pOT
1 MEXaHMYECKOM CKOPOCTU OYPEHUSI C yUETOM CHUXKE-
HUSI UCTUHHOM OCEeBOI Harpy3Ku BCAEACTBUE NEHCTBUS
BEPTUKAJIBHOMN CUJTBI TPEHUSI.

MeTtoauka. YcoBeplIeHCTBOBaHA aHaJuTUYecKast
MOJIeJTb COBMEIIIEHHOTO BO BpEMEHU BEPTUKATBLHOTO 1
TOPU3OHTAJILHOTO TIepeMellleHnld WHAEHTopa 10 TOo-
BEpXHOCTH TOpHOI mopombl. OHa OeTaJu3upoBaHa
IIPUMEHUTENIFHO K OYPEHMIO CKBAXKTH KOPOHKAMU Pe-
KYIIEeTO THIIA C YIeTOM YMEHBIIIeHUSI UCTUHHOM oce-
BOM HArpy3KH, IEMCTBYIOIIEN HA PE3ELL, IO TTOPOIAM C
Pa3IMIHBIMU (PU3UKO-MEXaHUISCKUMU CBOMCTBAMMU.

Pe3yabraThl. YcTaHOBIEHO, UTO B Mpoliecce Oype-
HUSI UICTUHHAsI OceBasl Harpy3ka MEHbIIe, Y4eM HOMM-
HaJIbHAs1 3a CYeT ACHCTBUSI CUJIbI TPEHUsI, BOSHUKAIO-
el Ha mepeAaHeil rpaHu pesna. CporHO3MPOBaHBI
yIJyOKa 3a OAUMH 00OpOT M MeXaHUYecKasi CKOPOCTb
OypeHUs ¢ YIeTOM CHIDKEHUS MCTMHHOM OCEBOM Ha-
I'PY3KU BCIICACTBUE NECTBUAS BEPTUKATBLHOM CUITBI TPE-
HUs. BEISIBIIEHO, 9TO ¢ YMEHBIICHUEM IIMPUHBI pe3lia
VBEIMUMBAIOTCS TIOTEPU OCEBOI HArpy3KU BCIICICTBHE
TMEWCTBUS CHIIBI TPEHUS, a YIIIyOKa 3a OMUH 00O0pOT U
CKOPOCTb OypeHUsI CHUXKaITCs 00Jiee MHTEHCUBHO.

Hayuynas noBu3Ha. BriepBble MOKa3aHO BJIMSIHUE
CUJIbI TPEHUSI, BO3HUKAIOLIEH HA MEpEAHEN TpaHU pe3-
11a TTOPOJAOPA3PYIIAIOIIET0 MHCTPYMEHTa, Ha MCTUH-
HYIO OCEBYIO Harpys3Ky, yriiyoky 3a oquH 000pOT U Me-
XaHUYECKYI0 CKOPOCTh OypeHus. [IpensioxeHbl HOBbIE
AHAIUTUYECKUE 3aBUCHMOCTH, MO3BOJISIONINE TPO-
THO3UPOBATh YIIYOKY 32 OOWH OOOPOT U MeXaHWYe-
CKYI0 CKOPOCTb OypeHUSI.

IlpakTuyeckas 3HauumocTh. PazpaboTraHHas Mo-
IIeJTb B3aMMOIEMCTBUS pe3lla MOpOodopa3pyIIaoIIeTro
WHCTPYMEHTA ¢ TTOPOI0ii 32005 MO3BOJIUT Oojee m0-
CTOBEPHO IIPOTHO3UPOBATh PE3YIbTAaThl MPUMEHEHMS
Pa3IMYHBIX KOHCTPYKLIUI U TEXHOJOIMU OTpabOTKU
MOpPOIOpa3yIIaloiero MHCTPYMEHTa, a TakKXke BBIOM-
paTh pallMOHAJIbHbIE TEXHOJIOTUM UX MIPUMEHEHUSI IS
TOCTVKEHUSI MaKCUMaJbHBIX TEXHUKO-I2KOHOMMUYE-
CKUX IMOKa3aTeJen.

KimoueBble ciaoBa: Oypenue ckeajyscuH, paspyuieHue
2OPHbIX NOPO0, NOPOOOPA3PYUANOWUTL  UHCMPYMEHM,
meepoocnaasHas KopoHKa, yeayboxa 3a o0ut 06opom, me-
XaHU4eckas ckopocmos OypeHus
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