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ABSTRACT

Purpose. Increase of the efficiency of using energy of parametric oscillations within the assembly of drilling string
bottom by means of solving nonlinear-parametric equations of a “bit — drive motor — drilled-out rock” system to
improve drilling indices.

Methods. The paper applies the method of mathematical modeling of a mechanical system as well as impedance
method to study oscillations. While modeling the system, a bit is considered to be an absolutely solid body; elastic
elements are non-inertial, drive motor is ideal, and resistance in elastic relations is viscous. While modeling dynamic
parameters of a drill string and its interaction with a near-bit system and bottom hole, mechanical system is repre-
sented in the form of blocks interacting with each other. Drill string in models is a sequential system of uniform rods.

Findings. In the course of analytical studies, it has been proved that use of energy of parametric oscillations within
the assembly of drilling string bottom makes it possible to increase axial load on a bit as well as rise mechanical
velocity especially while drilling horizontal areas of inclined boreholes. Dynamic parameters of mechanical system
of a drill string and its interaction with near-bit system and bottom hole have been substantiated. It has been deter-
mined that limitation of the amplitude of resonant vertical oscillations for a bit is possible at the expense of toothed
surface of cone rollers in terms of periodical positioning from one tooth to two teeth, physical and mechanical pro-
perties of the drilled-out rocks, and features of correcting elements mounted above the bit.

Originality. Innovative mathematical model describing dynamics of the operation of a “bit — drive motor — drilled-
out rock” mechanical system has been developed taking into consideration the effect of parametric oscillations.

Practical implications. Limited amplitude of resonant vertical oscillations of a bit is the condition of efficient
assembly operation and long service life of its components in the context of parametric excitations. The obtained
results may be useful while designing drill rigs.
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1. INTRODUCTION

Drilling is one of the most costly and risky activities
in the field of prospecting and development of oil and gas
deposits. To some extent, that high cost is connected with
the extraneous vibrations while drilling. Along with the
development of various devices to measure data in the
process of drilling and to implement them in real time,
vibration models are still a valuable tool to analyze ran-
dom drilling as well as to design and study sensitivity of
the input parameters. Recently, wide range of models has
been developed to design and analyze drilling rigs. Owing
to the complexity of well operation and excitation, certain
model simplifications and assumptions take place.

Scientific literature demonstrates thorough studies on
modeling vibrations while drilling. Author of paper
(Heisig, Sancho, & Macpherson, 1998) describes bore-
hole facilities equipped with various dynamics sensors,
and high-speed data-collection system and data-
processing algorithm which helps control vibrations
continuously; further, that makes it possible to control
drilling process at a new level. In his paper (Gibbs, 1975)
the author considers a situation with modern models to
predict axial, rotary, and bending oscillations (connected
and disconnected), assumptions of boundary conditions,
methods to formulate equations and use them to relieve
vibrations. Authors of papers (Chernin, Vilnay, & Shu-
frin, 2016; Eren & Kok, 2018; Khajiyeva, Kudaiber-
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genov, & Kudaibergenov, 2018) discuss drilling prob-
lems concerning vibration modeling in the context of the
available drilling techniques, such as drilling deflection
and use of vibration borehole tools. Paper (Parsian, Mag-
nevall, Beno, & Eynian, 2014) considers torsion-axial
engagement; the author proposes model of time domain
to model vibration oscillations. The obtained model is a
system of differential equations. Set of experiments to
test the model is represented as well. Different strategies
to solve the vibration problems are studied with the dis-
cussion of their possibility to be used while drilling.

Development and application of the drill-string bot-
tom design while drilling by various techniques is con-
nected with the necessity of performing preliminary
dynamic analysis of the structure taking into considera-
tion nonlinear and parametric characteristics of elastic
and dissipative coupling, drive power, and peculiarities
of interaction between the process duties and a rock-
breaking tool (bit) (Saroyan, 1979; Ogorodnikov, 1991;
Yunin & Khegay, 2004).

Nowadays, the amount of papers containing results of
calculation of drill string dynamics taking into considera-
tion effect of parametric oscillations is rather limited
(Bakenov, Gabler, Detournay, & Germay, 2003; Gha-
semloonia, Geoff Rideout, & Butt, 2014; Saldivar,
Mondié, Niculescu, Mounier, & Boussaada, 2016). Paper
(Ghasemloonia, Geoff Rideout, & Butt, 2014) gives
dynamic model of the whole drill string of oil wells with
several stabilizers for bottom-hole assembly. Effect of
axial vibration generator in a drill string is studied.
Moreover, the paper models connected nonlinear axial-
transverse dynamics of the whole drill string and analy-
ses qualitatively the lateral instabilities. Paper (Saldivar,
Mondié, Niculescu, Mounier, & Boussaada, 2016) repre-
sents overview of the modeling of axial and torsional
self-directing drilling vibrations. Paper (Bakenov, Ga-
bler, Detournay, & Germay, 2003) studies vibrations
while drilling. The paper shows possibility to control
vibration modes and improve drilling indices. Review of
the literature makes it possible to state that today the
evaluation of the efficiency of using the parametric oscil-
lations to improve drilling indices requires more detailed
studies. According to modern ideas and analysis of the
designs of drill string layout, it is clear that in most cases
their mechanical part may be represented in the form of
one or set of spring rods connected with each other and
with the bottom in elastic and dissipative way. The rods
may perform rotary, longitudinal, bending, longitudinal-
bending, and parametric oscillations.

While studying oscillation processes, one should take
into account nonlinearity of the properties of the drilled-
out rock. Paper (Depouhon & Detournay, 2014) analyzes
stability of a discrete model to study self-excited axial
and torsional oscillations of deep drilling systems. The
obtained data are illustrated in terms of deep drilling; it is
shown that they correspond to the tendencies observed in
drilling. Paper (Ghasemloonia, Geoff Rideout, & Butt,
2015) gives extensive overview of the literature concer-
ning modeling of drill string vibrations. Besides, it dis-
cusses certain problems of drill string vibration modeling
in terms of the available drilling techniques and the use
of vibration borehole tools. Review paper (Patil & Teo-
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doriu, 2013) generalizes the research carried out in the
sphere of modeling and control of rotary oscillations. The
represented experimental studies are carried out in labo-
ratories to simulate vibration oscillations.

The idea of a drill string as a determined system is
somehow idealized. It is known that random and para-
metric oscillations may occur even within the systems
with determined parameters (Ogorodnikov, 1991;
Depouhon & Detournay, 2014; Ghasemloonia, Geoff
Rideout, & Butt, 2014). Basing upon that, it is especially
important to take into account certain changes in physical
and mechanical parameters of the drilled-out rocks,
exciting force, and dissipative forces of elastic relations.
While developing design of the drilling rig bottom with a
correcting device in the form of parametric oscillation
generator, it is rather hard to provide purely parametric
excitation; that is why, it is accompanied by simple force
excitation. Thus, it is required to take into consideration
both parametric and force or kinematic excitation.

Asynchronous electric motors, turbodrills, propeller en-
gines, and bit drive in the form of a drill string driven from
the external drive — rotor — are usually used as a bit drive.

Efficiency of rock breaking on the bottom hole de-
pends upon the selected drilling modes, stable bottom-
hole cleaning, rock properties, and dynamic loads trans-
ferred to a bit from dynamically excited components of a
drill string (Ghasemloonia, Geoff Rideout, & Butt,
2014). Nowadays, among the available techniques to
excite oscillation processes within the drill string compo-
nents as a mechanical system, i.e. force, kinematic, auto-
oscillation, and parametric, only the latter has not been
considered properly yet being not used to improve inten-
sity of bit-bottom hole interaction (Tsifanskiy, Ber-
snevich, & Oke, 1991). There may be several reasons for
that. The main reason may be as follows: studies of the
drill string dynamics as a mechanical system with para-
metric excitation are connected with certain difficulties
of solving nonlinearly parametric differential equations.
Moreover, structural solutions providing time changes of
one of energy parameters (rigidity and mass) have not
been developed yet.

It is of special importance to take into consideration
interaction of a bit with the bottom-hole rock according
to deformational, hysteretic, and stochastic properties of
the rocks being drilled out in terms of the available
parametric excitation. Correspondingly, objective of the
paper is to prove the efficiency of using the energy of
parametric oscillations within the layout of the drill
string bottom to improve drilling indices.

2. METHODS

“Cone bit — drive motor — drilled-out rock” system is
described by a complex system of nonlinear-parametric
equations which include different-type nonlinear func-
tions. Task of the studies also involves solution of such a
system of equations which will describe drill string dy-
namics taking into consideration parametric excitations.

The study applies methods of mathematical and phy-
sical modeling, i.e. impedance method of oscillation stu-
dies (Vul’fson & Kolovskiy, 1969). While developing
mathematical model, a set of assumption is taken into
account. Bit is considered to be an absolutely solid body;
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elastic elements are non-inertial, drive motor is ideal, and
resistance in elastic relations is viscous. To analyze dy-
namic parameters of a mechanical system of a drill string
and its interaction with a near-bit system and bottom
hole, mechanical system is represented in the form of
blocks interacting with each other.

Drill string in models is a sequential system of uni-
form rods. In the context of repetition of a calculation
stage while transferring along the drill string sections, it
is possible to use generalized block of the model being a
combination of lumped and shared elements.

3. RESULTS AND DISCUSSION

3.1 Description of a device to generate
parametric oscillations

First, consider the structure (Fig. 1) of a correcting
device which generates parametric oscillations. The de-
vice consists of upper adapter /, connected to a body
with threading 2 where there is a set of spring plates 3
being firmly connected (mounted) into the adapter /.
Another set of spring plates 4 with other geometrical and
elastic parameters is mounted through a stiff coupling &;
lower parts of the plates are tightly connected to a multi-
ple-thread screw 6.

Figure 1. Correcting device to generate parametric oscillations
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Screw 6 interacts with a multiple-thread nut 5 which
is fixed threadedly to the body 2, and studding box 7 is
fixed threadedly to a nut 5. Lack screw and cone bit are
fixed to the end of a screw 6. A tube for flushing liquid
goes through the center of the device. The device oper-
ates (Fig. 1) as follows: drive shaft of the bottom-hole
motor or a drill string is connected to a shaft 2 through the
adapter /; the shaft is made of coaxial parts and flat band
springs 3 and 4 firmly fixed between them; the springs
are mounted perpendicularly to each other along the shaft
axis. During rotation of a drill string or drive shaft of a
bottom-hole motor, stiffness of structure 2, 3, and 4
changes periodically towards the support springs; owing
to that fact, parametric oscillations of a bit are excited.

3.2. Mathematical representation of parametric
oscillations of the drill string bottom

Limited amplitude of vertical oscillations of a bit at
the expense of toothed surface of a cone roller (periodical
positioning from one tooth to two teeth) and elastic pro-
perties of the drilled-out rocks on the bottom hole are the
conditions of efficient operation of the assembly and
long service life of its components. Note that with an
accuracy to small quantities of the second order relative
to the coefficient of parametric excitation u, hardness
towards axis x changes according to law:

kp:(1+/lsin.Qt), )
where:
Qt — the velocity of drive shaft (drill string) rotation.
Taking into account the adopted assumptions, bit mo-
tion without consideration of oscillation damping described
in equation (2) (Tsifanskiy, Bersnevich, & Oke, 1991) is:

2

mﬂ+b(x)ﬂ+b (1+ 4 sin.()t)ﬁ+

dr? e ? dt
+F, (x)+k, (1+usin 2t)x=0, )
where:

b(x) — the coefficient which is a function of a model
stiffness and movement of the bit center when a bit is
positioned from one tooth to two teeth;

b, —the coefficient taking into account excitation of
parametric oscillations from the action of nonlinear elas-
tic elements which axes coincide with axis x (both coef-
ficients (x) and b, depend upon the velocity of elements
located along axis x;

F.(x) — the coefficient depending upon the stiffness of a
system, axial movement of the bit center, and coordinate x;

k, — the coefficient of stiffness of the device which
excites parametric oscillations;

1 and u — coefficients of parametric excitation being
proportional to velocity dx/d¢t and movement along coor-
dinate x respectively (Vul’fson, & Kolovskiy, 1969).

A drill string consists of the sequence of sections that
is the successive mechanical connection of drill and
casing pipes which lower part includes a rock-breaking
tool. Following lumped elements are taken in the model
as simplest ones: mass M, flexibility C, and general loss
resistance R, assuming that the force required for their
surpassing is proportional to the velocity of movement.
Figure 2 represents a drill string model.
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Figure 2. Scheme of a drill string in the form of blocks: (a) a model with the distributed parameters; (b) a model with the

lumped parameters

Block one models tackle system with stiffness Cy and
mass of a movable load M, (Fig. 2a). As a real oscillation
system, tackle system has a generalized resistance. Taking
into consideration rigid fixing of the stationary part of the
block, we obtain nodal connection of three mechanical
resistances in our model. Owing to the fact that dynamic
load is applied to input A from a drill string, tackle system
responses to parallel reactions of all the three elements.
Further, to study such a mechanical system, we will use
impedance method of oscillation studies (Skuchik, 1971).

According to the rule of addition, impedance at point
A is expressed with the help of formula (3):

3)

oMy +——
C

]=Rm+ixm,
0

ZO =R0+i[

where:

Zy — input impedance of a tackle system;

o — cyclic frequency;

i=\/j1 s Ry =Ro; X = oMy + 1/ ©C).

Block two of the model includes upper section of drill
pipes (Fig.2b). Within the admissible boundaries of
minor area dx of the rod of a uniform section with L;
length, distributed parameters may be replaced by the
lumped ones (Fig. 2b):

dm=mdx; dC=Cydx; dR=Rdx, “)
where:

m; — the mass of a rod length unit;

C — the flexibility of a rod length;

R — the loss resistance per a rod length unit.

Value R, is determined in terms of the characteristics
of the processes in a drill string; it is taken as a constant
one with some assumptions.

Dimensional analysis demonstrates possibility of cal-
culations according to the known damping coefficient f:

{ 2B
R = |B*+omC == |
1 =,|7 11[0C0

©)
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i.e., approximate equivalence R, of damping coefficient
is observed.

Section AD contains linearized parameters of a
damper and concentrated friction at point B; section BD
contains section of drill pipes in the form of a rod. Exci-
tation from a bit, if the set has no correcting elements
(generator of parametric oscillations, damper) is trans-
ferred to point D (D:). Section OB is the load for rod sys-
tem BD. Impedance of sections AB and OB is as follows:

ZAB =RUp1 - =RUp+iXUp; (6)
41
ZoZ 4 .
= +Rr =(Rp+Rp | +iXp, 7
Zo+ 7 0 (Rp +Rp; ) +iXp )
where:

Z45 — impedance of section 4B;

R, — loss resistance in a damper;

U, — linearized flexibility of a damper;

Zp — impedance of section OB;

Rp — active component of the impedance;

R — is loss resistance on expanders, centralizers etc.;

X3 — reactive components of the impedance.

Impedance at the end of rod D is the load for a dis-
tributed system of pipes being modeled by rod BD in the
considered system. In terms of dynamic excitation F,
impedance of the system input at point BD is:

ZD :W(,)Clh(}/Ll_e), (8)
where:

w'o — wave resistance of a rod taking into considera-
tion loss resistance;

y — a distribution constant;

Ly — length of drill pipes;

6 — phase angle taking into account effect of the ter-
minal load, i.e. discordance of w/y and Zp.

Rl +ia)m1 .

ioC, ®

,
wWo =
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}/=4,(R1+la)ml)la)cl ) (10)
0=arth(—%} (11)

If there is a second consequent rod, then the value is
reassigned to point 4, and parameters of other rod are
introduced into section 4D without any changes. Solu-
tions are repeated relative to all the distributed elements.

As a result, we obtain impedance of the drill string input:
Zpy = Rp, +iXp,, (12)

where:

Rp. — active component Z, of a drill string;

X3, — reactive component Z,.

In terms of average value of the amplitude of longitu-
dinal oscillations of bit H;, determine amplitude of dy-
namic load on a bit:

Fy =|Zp,|wH, . (13)

In the course of frequency study of a model, we ob-
tain dependence of the amplitude of dynamic load as a
function of interaction frequency or rotation frequency of
a bit and bit-bottom hole interaction, if correcting ele-
ments (damper, generator of parametric oscillations) are
located above the bit (Fig. 3).

=

Figure 3. Scheme of roller cone operation taking into consideration correcting elements: 1 — tackle system; 2 — drill string;
3 — generator of parametric oscillations; 4 — screw pair (screw intensifier of axial load); 5 — damper; 6 — near-bit mass
(adapter); and 7 — bit; M, — moment of resistance; Co— damper stiffness; M — near-bit mass; Ji — reduced moment of
inertia; X — coordinate axis; R — interaction force of a roller cone tooth and rock; ¢ —turn angle of a roller cone;
F1— force effecting the axis of a roller cone; Ri— force of the bottom hole

Basing upon the scheme (Fig. 3.) and expression to
determine dynamic load on a bit 9 as well as taking into
account changes in its operation at the expense of the
effect of correcting elements, we obtain:

1 :
Fy =|Zp,|0H, mkp(lwsm.ot), (14)

where:
1/tany — transmission number of a screw mechanism.
Input energy flow into a drill string of all the blocks
is characterized by the conducted power within the active
components of input impedance:
W 0.5F Vi Rpx .

|Z |

Transmission function T of a drill string is obtained
as a ratio of amplitudes of vibrovelocity of movable load
(swivel) vy, and vibrovelocity of bit Qr. Hence, in terms
of the preset amplitude of kinematic excitation on a bit, if
there are no correcting elements for a drilling mode,
transmission function of a drill string is of the form simi-
lar to amplitude-frequency characteristic of oscillations
of the upper part of a drill string:

(15)

_Vmy

=0 16
o (16)

That is proved by numerous vibrorecords of oscilla-
tions immediately in the process of vertical borehole
drilling.
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4. CONCLUSIONS

Oscillations of “cone bit — drive — drilled-out rock”
system are described with the help of a complex system
of nonlinear-parametric equations which include diverse
nonlinear functions.

Limited amplitude of resonance vertical oscillations
of a bit at the expense of toothed (height and geometry of
the equipment) surface of periodical relocation from one
tooth to two teeth, physical and mechanical properties of
the drilled-out rock, and properties of correcting ele-
ments mounted above the bit is the conditions of efficient
assembly operation and long service life of its compo-
nents in the context of parametric excitations.

Cone bit is a mechanism with “discontinuous” mo-
tion; it is subject to considerable distortion of the output
kinematic functions. That disadvantage is connected with
intermittent changes in derived functions of the location
of an introduced elements (bit) resulting in periodical
impulsive excitations.

Drill string consists of a set of sections being a set of
blocks which include elements with both lumped and
distributed parameters. That makes it possible to use
impedance method for its dynamic study and determine
its effect upon correcting elements and a bit.
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BUKOPUCTAHHS EHEPI'Ti TAPAMETPUYHUX KOJIUBAHb

JUISI HIABUINEHHSA ITIOKA3HUKIB BYPIHHSA

B. Ceitimumekuid, [1. Oropomnaikos, FO. KoBamsayk

Merta. [linBuienHs eheKTUBHOCTI BUKOPHCTaHHS €HEPTii MapaMeTpUYHMX KOJIMBAaHb Y KOMIOHOBII HU3Y OypHIIb-
HOI KOJIOHH IIUIIXOM PO3B’S3aHHS HEITiHIHHO-TTApaMETPUIHUX PIBHSIHDb CHCTEMH ‘‘IOJIOTO — IIPUBOJHHUNA IBUTYH — PO3-
OyproBaHa opoza” AJIs IMiIBUIICHHS MOKa3HUKIB OypiHHS.

MeTtoanka. B poOOTi BUKOPHUCTAHO METOA MATEMaTHYHOI'O MOJMICIIOBAHHS MEXAHIYHOI CHCTEMH Ta IMITCAaHCHHMA
METOJ| AOCTIKeHHs KOJMBaHb. [Ipy MOzeoBaHHI CHCTEMH JI0J0TO BBAXKAETHCS aOCOJIIOTHO TBEPAUM TLIOM, MPYKHI
eJIeMeHTH — Oe3iHepUiiHIMH, TPUBOJHUN JABUI'YH — 1I€AJIbHUM, a OMIp Y NPYXKHUX 3B’s3Kax — B’s3kuM. [Ipu mocui-
JUKEHHI AMHAMIYHUX MapameTpiB OypWIIbHOT KOJOHM Ta i1 B3aeMOii 3 HaJJ0JIOTHOIO CHCTEMOIO i BUOOEM MeXaHi4yHa
crcTeMa MpEJCTaBICHA y BUIIISAI OJIOKIB, sIKi B3a€MOAIIOTH MOMDK c00010. BypuibHa KoJOHa B MOJENSIX CTAaHOBHUTh
HOCJIIZIOBHY CUCTEMY OJHOPIIHUX CTPUXKHIB.

PesyabTaTu. B X071 aHaNITHYHUX AOCITIDKEHb OYJIO OBEAEHO, IO BUKOPUCTAHHS SHEpril MapaMeTpUYHUX KOJIH-
BaHb y KOMIIOHOBI HU3Y OYpHIIbHOI KOJOHHM JIa€ MOXKJIMBICTH 301JIBIIMTH OCHOBE HAaBAaHTA)KCHHS HA JIOJIOTO Ta IIiJ(BH-
IIMTH MEXaHIYHY MIBUAKICTH, 0COOIMBO TiJ] 4ac OypiHHS TOPU30HTAIBHOI YaCTUHU MOXMIO CIIPSIMOBAHUX CBEP/JIOBHH.
OOrpyHTOBaHO AWHAMIYHI IMapaMeTpU MEXaHIYHOI CHCTEMH OYpHIBHOI KOJIOHH Ta ii B3a€EMOIi 3 HaUIOJIOTHOIO CHCTE-
MOI0 i BHOOeM. BusiBnieHO, 0 OOMEKEHHSI aMILTITY AW PE30HAHCHUX BEPTUKAJIBGHHUX KOJIHMBAHb JOCATAETHCS AOJOTOM 32
paxyHOK 3y04aToi MOBEpXHI MAPOIIOK IPH MEePioJUIHOMY IepecTylaHHi 3 0qHOro 3y0a Ha /Ba, (i3MKO-MEXaHIYHUX
BJIACTUBOCTEH pO30YPIOBaHUX MOPIJ 1 BIACTHBOCTEH KOPEKTYIOUHX €JIEMEHTIB, BCTAHOBJICHUX HaJ JA0JIOTOM.

HaykoBa HoBu3Ha. Po3po0iieHO HOBY MaTeMaTH4HY MOJAENb, II0 ONHCY€E IHHAMIKYy poOOTH MEXaHI4HOI CHCTEMH
“I0JI0TO — IPUBOIHUIA ABUTYH — pO30yproBaHa mopoja” 3 ypaXyBaHHAM BIUIMBY [TapaMETPUYHUX KOJIMBAHb.

IpakTHyna 3HaYNMicTh. HasBHICTh OOMEXEHHS aMILTITYIM PE30HAHCHUX BEPTHKAIBHUX KOJIMBAaHb JI0JOTA CTBO-
pIOE YMOBH ITpale31aTHOCTI KOMIIOHOBOK 1 JIOBrOBIYHOCTI 11 €JIeMEHTIB i3 mapaMeTpUYHUMHU KoiuBaHHAMH. OTpuMaHi
pe3ysbTaTi MOXKYTh OYTH KOPUCHUMH TIPH MIPOEKTYBaHHI OypOBHX KOHCTPYKIIIH.

Knrwowuosi cnosa: 6ypunvna Koaona, 0010mMoO, C8epPONOSUHA, BUOTUHUN OBUSYH, 26UHMOSUL O0B8USYH, HAGAHMA-
JiceHHsl, mypoooyp
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MCHOJIb30BAHUE SHEPT MU MAPAMETPUYECKHUX KOJIEBAHUI
JJIA IIOBBIIIEHUS ITOKA3ATEJIEU BYPEHUSA

B. Ceernuuxuii, I1. Oroponnukos, 0. Kopansuyk

Heab. [ToBeimenne 3(h(heKTUBHOCTH MCIONB30BAHUS YHEPIHU NApaMETPUUECKUX KoyieOaHWH B KOMIIOHOBKE HHU3a
OypWJILHOHM KOJIOHHBI IIyTE€M pElICHHs HEINHEeWHO-IapaMeTpUYecKuX YpaBHEHHH CUCTEMBI ““II0JIOTO — IIPUBOIHOMN JBHU-
rarejib — pa30ypuBaeMasi mopoia’ IS MOBBIIICHHSI TOKa3aTee OypeHusl.

Metoauka. B pabore MCronb30BaH METOJ MAaTeMaTHYECKOrO MOIEIMPOBAHUS MEXaHMYECKOH CHCTEMBI W HMIIe-
JAHCHBIM MeTOJ MccienoBaHusl KoneOanuid. [Ipyn MopennpoBaHUM CHCTEMBI JIOJIOTO CUHUTAETCS aOCOJIIOTHO TBEPABIM
TEJIOM, YIPYTHe 3JeMEHThl — O€3MHEPIIMOHHBIMY, IPUBOAHON JBUTATEb — WICAIBHBIM, & CONPOTHBIICHUE B YIIPYTUX
CBsI35X — BA3KMM. lIpM HMccienoBaHMM JUHAMUYECKHX MAapaMeTpoB OypWIIBHON KOJIOHHBI W €€ B3auMOAEHCTBHUS C
HaJJ0JIOTHON CHUCTEMOH M 3a00eM MEXaHMUYecKas CHCTEMa IIPEACTaBIeHA B BUE OJIOKOB, KOTOPBIE B3aUMOJEHCTBYIOT
MeXxay co0oii. BypriibHas KOJIOHHA B MOJIEIISIX COCTABIIAET MOCIIEAOBATEIBbHYIO CHCTEMY OHOPOIHBIX CTEP)KHEH.

Pe3yabTaThl. B Xone aHanmuTHuecknx HcciaemoBaHUN ObUIO JOKA3aHO, YTO MCIOJIB30BaHUE SHEPTHH IapaMeTpHyie-
CKUX KoJieOaHUII B KOMIIOHOBKE HM3a OypHIBHOM KOJIOHHBI IIO3BOJISIET YBEIWYUTh OCEBYIO HAarpy3Ky Ha JOJIOTO U
MIOBBICHTh MEXaHHYECKYI0 CKOPOCTb, OCOOCHHO IpU OYpeHUH TOPH30HTAIBHOI 4acTH HAKJIOHHO-HANPABICHHBIX CKBa-
»uH. OOOCHOBaHBI IMHAMHYECKHE MapaMeTPbl MEXaHUUECKOI CHCTEMbI OYpUIIbHOIM KOJIOHHBI U €€ B3auMOJAEHCTBUS C
HAaJJIOJIOTHOM cHCTeMOl 1 3a00eM. BBIsSBIIEHO, 4TO OrpaHMYECHUS aMIUIUTYAbl PE30HAHCHBIX BEPTUKAIBHBIX KOJIeOaHUH
JOCTHUTAETCs JI0JI0TOM 32 CHeT 3y04aToil HOBEPXHOCTH IAPOUIEK MPH IIEPUOJHMYECKOM TepeliaruBaHiy ¢ 0JHOTO 3y0a
Ha 71Ba, (PU3MKO-MEXaHUUECKHX CBOMCTB pa30ypHBaeMbIX IOPOJ] M CBOWCTB KOPPEKTHPYIOIIMX 3JIEMEHTOB, YCTAaHOB-
JICHHBIX HaJl I0JI0TOM.

Hayunas HoBu3HA. Pa3paboTaHO HOBYIO MaTeMaTHYECKYIO MOJIENb, OITMCHIBAOILYIO TUHAMUKY paOOThl MEXaHUUECKOH
CHCTEMEI “‘JI0JIOTO — TIPHBOIHON JIBUTATENb — pa30yprBaeMasi Mopoaa” ¢ yIeTOM BIHSAHUS MapaMeTPUIECKIX KOIeOaHMH.

IMpakTuyeckasi 3HAYMMOCTb. Hammure orpanndeHns aMIUIMTYAbl PE30HAHCHBIX BEPTUKAIBHBIX KoJeOaHuil qomoTa
CO3J1aeT YCJIOBHS PabOTOCTIOCOOHOCTH KOMIIOHOBOK M IOJITOBEYHOCTH €€ 3JIEMEHTOB C NMapaMeTPUIeCKUMHU KoJieOaHMs-
Mmu. [lomyueHHbIe pe3yabTaThl MOTYT OBITH HOJIE3HBIMH HPH IIPOEKTUPOBAHUH OYPOBBIX KOHCTPYKIIHH.

Kniouesvie cnosa: 6ypunroHas KOAOHHA, OOJOMO, CKBANCUHA, 3A0OUHBIN O8uzamenb, GUHMOBOU Osuzcamens,
Hazpy3Kka, myp6ooyp
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