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ABSTRACT

Purpose. The solution of the problem for determining a specified vertical displacement of supports in a rotating
unit, taking into account the yielding in the crosscut of the supporting node, as well as the peculiarities of the
structural design.

Methods. When performing the work, the approaches based on the elasticity theory principles are used, taking into
account the variable transverse crosscut of the unit and the different high-altitude positions of supports. To determine
the general expressions describing the axis position of the studied multisupport structure, the Cauchy’ function
method was used.

Findings. A system of solvable algebraic equations has been obtained that enables to perform calculations for a
beam-type cylindrical structure on rigid and elastic supports. The expressions are presented for determining the value
of vertical displacement of the supports, taking into account the operational characteristics of a unit, in particular the
presence of the influence of neighboring supports and the value of existing loads. The cases have been studied of
implementing the adjusting displacements, using the obtained equation system with the complete unloading of the
supporting nodes, as well as with the use of the technical diagnostics data — the determined values of the total dis-
placements of the supports. Expressions have been obtained for calculating the desired adjustment parameters. An
algorithm is proposed for performing the computing operations.

Originality. The method of adjustment of the specified position of supports in a rotating unit has been further deve-
loped, which is carried out through determining the elastic components, rigid displacements, complete displacement
in the supporting node, as well as the results of technical diagnostics.

Practical implications. The calculations have been made taking into account the yielding of the supports in the
range of maximum and minimum values. It is shown that the value of certain supports displacement, which should be
taken into account as a result of their yielding, can reach the extremum standard values. The presence of previous
displacements of the supports predetermines a significant acting forces redistribution in the rotating furnace body and
is determined by their direction. The value of adjusting displacements has been determined, which should be per-
formed to obtain a rectilinear axis of rotation. It has been revealed that it is appropriate to implement a parallel dis-
placement of the projected axis of rotation for reducing the adjustment parameters in the supporting nodes.

Keywords: rotating units, beam-type structures, supports adjustment, elastic deformations of supports, multisupport
units, axis of rotation

1. INTRODUCTION

In the mining and metallurgical industries, when
mining, transportation, dressing and processing of bulk
materials, the broaching, cylindrical units are widely
used that are located on separate supports. These include
conveyors, mills, screens, drying drums, furnaces and
other rotating units for various technological purposes. In
this case, the misalignment of a linear part, in particular

the axis of the structure rotation, from a specified vertical
position leads to exceeding the design loads and the oc-
currence of a complex stress-strain state (Bilobran &
Kinash, 2002). As a result, the local destruction of mate-
rial is often observed in the form of increased rate of
corrosion (Andreikiv, Skal’s’kyi, Dolins’ka, & Dzyubyk,
2018), wear of moving parts (Dreus, Sudakov,
Kozhevnikov, & Vahalin, 2016), as well as formation
and development of cracks (Andreikiv, Dolins’ka, Lysyk,
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& Sas, 2017), especially in areas of concentration of
technological stresses of the type, in particular welded
joints (Dreus, Kozhevnikov, Lysenko, & Sudakov, 2016;
Dzyubyk, Nykolyshyn, & Porokhovs’kyi, 2016).

The typical reasons for the supports displacement, es-
pecially in the case of multisupport rotating units, should
include a significant mass of the structure, the impact of
locally applied forces in the supports, wear of the working
surfaces (Trach, 2007; Kovalev, et al., 2009;
Maksymovych, Lavrenchuk, & Solyar, 2019), cyclic alter-
nate loads, location in areas with unstable soils, as well as
elastic deformation of the supporting node elements with
significant operational loads (Kuzo, Mykolskiy, &
Shevchenko, 1982; Dziubyk, Kuzo, & Prokopyshyn,
2009). In this regard, it is necessary to perform periodic
additional adjustments of the supports position in the pro-
duction conditions (Kuzo, Mykolskiy, & Shevchenko,
1982; Kuzo & Dziubyk, 2009). In such a case, it is im-
portant to know the value of the supports displacement,
taking into account the possible external influences and
peculiarities of the structural design of the rotating unit.

Analysis of existing sources. At the present time,
various calculation methods are widely used, based on
the elasticity theory principles and the use of computer
simulation methods (Kuzo, Mykolskiy, & Shevchenko,
1982; Kuzo & Dziubyk, 2008; Kuzo & Dziubyk, 2009;
Kononenko, Khomenko, Sudakov, Drobot, & Lkhagva,
2016; Khomenko, Kononenko, Myronova, & Sudakov,
2018). The finite element method, which ensures the
visibility of the results and the possibility to take into
account the geometry features is the most characteristic
one Polivanov, Belov, & Morozova, 2017). At the same
time, in the case of multisupport broaching structures, it
is rather difficult to perform such simulation and unify
calculations. More acceptable is to present the considered
units according to the model of continuous beam (Timo-
shenko & Woinowsky-Krieger, 1959; Kuzo, Mykolskiy,
& Shevchenko, 1982). The most studied here is the case
of the beam with constant and variable transverse crosscut
on rigid supports (Kuzo, Mykolskiy, & Shevchenko, 1982;
Kuzo, & Dziubyk, 2009). Also, the influence was shown
of the rigidity coefficient of the support elements onto the
value of displacements in the supporting node as a whole
(Kuzon & Dziubyk, 2008). The strength characteristics of
the beam on elastic supports have been studied separately
(Kuzo & Dziubyk, 2007; Kuzo, & Dziubyk, 2009). How-
ever, a comprehensive assessment of the beam structure
strength of a rotating unit with possible vertical displace-
ments, in the presence of elastic deformations of the sup-
ports and available information about their relative high-
altitude position, has been studied insufficiently.

Setting of the problem. When performing calcula-
tions, it is expedient to consider the available results of
technical diagnostics and testing of rotating units both
after stopping and when running into commercial opera-
tion. A clear algorithm should also be developed for
implementing the procedure of calculating the value of
adjusting displacements. Therefore, it is relevant and
important to study the model of static equilibrium of a
beam with variable rigidity on elastic supports in case of
preliminary set displacement, as well as the ability to
perform its correction.
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2. METHODS

Given the structural design of the multisupport unit, it
is expedient to present it in the form of some beam struc-
ture. It has a certain overall length (/), but at the same
time piecewise constant flexural rigidity. The latter one is
conditioned by various transverse crosscuts of the studied
units to ensure the special technological operating condi-
tions. The studied beam lies freely on elastic supports
(Nr) under the action of applied concentrated and distri-
buted piecewise constant loads (Fig. 1).

aNy

ET & &

Figure 1. Diagram of a multisupport unit in the form of a
beam structure with piecewise constant bending
rigidity on elastic supports (Dziubyk, Kuzo, & Pro-
kopyshyn, 2009)

n

The following designations are introduced here for
the diagram in Figure 1: a;, ki, z;, i = 1, Ng — coordinates,
yielding coefficients and initial displacements of separate
supports; (dn, dnr1), m =1, Np—areas of the unit where
the bending rigidity D,, of the beam structure is constant.
At points x =cy, k=1, N,, the concentrated forces P,
such as a crown drive gear, a bandage and the like, act on
the beam structure. Also, the presence of a protective
lining, chain loops, etc., are taken into account. For this
purpose, in separate areas (b;, bj+1), j =1, Ny (within the
area of constant rigidity), the distributed forces of con-
stant intensity ¢; are applied. It is taken into account here
that 4; = b+ — b; is the length of the area with constant
load, b° = (bj1 + b))/ 2—is their centers. External load
causes the reaction of supports R;, i = 1, Nx.

The deflection of the considered beam w(x) satisfies
the following differential equation (Timoshenko & Woi-
nowsky-Krieger, 1959; Dziubyk, Kuzo, & Prokopyshyn,
2009; Westergaard, 2014):

(D(x)w”) =q(x), xe(0,7), (1)
where:
Np Np
g(x)= X Rd(x—a;)+ X BS(x—c )+
i=1 k=1
Ny
+ qj[ﬁ(x—bj)—ﬁ(x—bjﬂ)} external load;
Jj=1

0 (x— ) — Dirac delta function;

H(x—a)z{

The bending moment and shear force in the consi-
dered beam are determined from its displacements:
M(x) =-D(x)w"(x); Q(x) = M'(x).

Since the beginning and end of the rotating unit are
free, the beam edges should be considered in a similar
way: the conditions of equality to zero of bending mo-
ments and shear force are satisfied on them AM(0)=0;

Q(0)=0; M(]) =0, O()) = 0.

0, x<a . .
— Heaviside function.
Lxz2o
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Each support is exposed to a force, opposite to the

0
= 2 . , (3
support reaction R;, which causes the elastic displace- w(x) =y + G-+ My aaK(x’0)+Q°K(x’O)+w (x.0), )

ment of support (J; = —«iR;, i = 1, Ng).

From the condition of ideal beam contact with the where: % (x—s)(s-a)
support, the equality is obtained, which determines the K(x,a)=] WSS s —is the Cauchy’ function;
complete displacement in the supporting node: o D(s)
X
w(a;)==KR;+z,i=1Ng. ) we (x,0) = [ K (x,t)q(t) dt .
o
Having used the Cauchy” function method (Zoriy, 1979; Here, the initial parameters wo, 8, Mo, Qo correspond
Hashchuk & Zorii, 1999; Jaroszewicz & Zorij, 1999), to to the deflection, angle of rotation, bending moment and
construct the general solutions of differential equations with shear force at the left end of the beam structure (x = 0).
variable coefficients (Gashchuk & Zorii, 2002), the general The bending moments and shear forces are further found
solution of equation (1) can be written as follows: by the formulas in the following form:
0, x<b j

Ng Np Ng 2

M(x)= - 1 Rie(x—ai)(x—a,-)—kzlPkH(x—ck J(x—cp)- Z] q; (x—bj) /2, bi<x<bjy;
i= = J=
0
Ai(x_bj)’ b sx 4)
0, x<b j

Np Np q
O(x)=-X RO(x—a;)- 3 BO(x—c;)- X qjyx=b;, b;<x<bjy.

i=1 k=1 j=1 ‘

4js b =x

The next stage is determining the force factors acting transverse  force  from the specified loads;
on the body of a multisupport rotating unit. As a result, Np Ny
they cause deformation of the lengthy structure of the My =3 B (l-c )+ X q;4; (1 —b.?) — the total moment
body and reduce its durability. Therefore, it is also im- k=1 J=l
portant to develop an algorithm for adjusting the high- of the specified loads relative to the right end of the beam;
altitude position of the supporting nodes for obtaining the N N

P q
optimal position of the axis of rotation. Xi==2% BO(a;—cp )K (a5, ¢ )+ X q;H; (a.i) and
k=1 Jj=1
3. RESULTS AND DISCUSSION Yim =0(a;—a,,)K(a;,a,,).
The beam deflection, bending moment and shear force Let us show that an additional linear displacement of
are fully expressed through the initial displacements wy the supports:
and the angle of rotation 6, the reaction of the supports R;, _ . T
i=1, N and the external load. From the boundary condi- Az =a+ fa;, i=1.Ng. )
tions, at x = 1, the following equations (5) can be obtained: where:
Ng a,  — are constant, does not change the reactions of
> Ri(I-a;)+ My =0; supports.
i=1 Thus, having substituted the expression (7) in equa-
) (5) g p q
Np tion (6) we obtain:
2R +FR =0. N
= wo —or+a; (6= B)+ X WinRy + KRy =2+ 7,
The equations (5) are the conditions for the equilibri- [— m=1
um of moments and transverse forces relative to the right i=1,Np. ()

end of the beam and the condition of the transverse forc-
es equilibrium.
From the conditions of ideal contact between the beam

. . . . the system (5), (6).
and the sup p?vr;S (2), the Ny is obtained of the equation (6): Thus, the supports displacement as a rigid-body

W, +a;0)+ 3 Wi R, + KR =z + 1. (6) (within the framework of the assumptions of the model)
m=1 will not change the reactions of the supports, and, hence,
the stress state of the beam.

Therefore, the support reactions and moments in the
- beam, as well as its position can be regulated by dis-
wo, 0o and R;, i=1,Np . The following designations placement of only Nz—2 supports — without changing

Np Ny the starting position of any two supports.
are introduced here: R =3 F + X q;4; —the total An analysis of the system of linear algebraic equa-
k=1 J=1 tions (5), (6) also makes it possible to conclude about the

Relative to unknown wo'=wo—a, 6=060—p,
Rj...Rng, the system of equations (5), (8) coincides with

Equations (5), (6) constitute a system of Nz + 2 linear
algebraic equations for determining Ny + 2 of unknown
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statically and kinematically equivalent states of a beam
on rigid supports and a beam on elastic supports.
Let us consider a beam on rigid supports when

zi=z" k=0, i=1,Np . The reactions of supports for

this case are denoted as R*=0, i=1,Np .

They can be determined by solving a system of
equations:

N,
S RO (I—a;)+ My =0;

)
i=1
Np 0
> R+R =0; (10)
i=1
Np
wo+a;00+ > v, RO =20+ x4, i=1,Npg. (11)

m=1
Now consider the same beam (with the same loads)
on elastic supports. Let us define additional displace-
i=1,Np . Then the total rigid
displacements of the supports will be equal:

ments of its supports Az,

zb =244z, i=1,Np. (12)

Having substituted these expressions in equations (5),
(6), an equation for determining unknown reactions R;!,

i=1,Np can be obtained:

Ng I

(13)
i=1
Np 1
2 R+B=0; (14)
i=1
1 L 1 1__0
m=1
PZ LN (15)

Let us subtract from the equations of system (13) —(15)
the equations of the system (9)—(11), then for incre-
ments Awy = wy! — W()O, A0y = 0y — 900, AR; = R' — R the
system of equations can be obtained:

Ng
> AR, (I-a;)=0;

(16)
i=1
Ng
> AR, =0; 17)
i=1
Ng 1 .
Awy+a; 46y + 3 v, AR, + K;R; = Az;, i=1,Np . (18)
m=1
Let us transform the last equation like this:
Ng
Awy +a; A6y + 3 Wi, AR, +
m=1 ) (19)

i (R - RY ) = 42, = iR}

or:
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Np
Awg +a; 40y + Y, Wy, AR, + kAR, = Az, — GRY . (20)

m=l1

If to put:

Az = KR}, @1
then the system of equations (16) — (18) will have a trivial
solution AR; = 0, i = 1, N, therefore, R;' = R?, i=1, Nx.

Thus, a beam on rigid supports with displacement z?,
and reactions of supports R?, is statically equivalent to a
beam on elastic supports with displacement z;' =z + xR .

The vertical positions of the elastic supports after
loading and additional adjustment are equal to:

wh =20+ Az, — kR, i=1,Np . (22)
If to take additional adjustment parameters according

to formula (21), then we obtain:
=20, (23)

Thus, the vertical position of the supports after load-
ing and additional adjustment (21) will be equal to the
initial rigid supports position. Consequently, the consid-
ered beams will also be kinematically equivalent.

Let us consider now the problem of ensuring a speci-
fied vertical position w;', i = 1, Nk of the elastic supports.
Their initial position will be denoted as z°, i = 1, Nx.

From equalities (22), the N of additional equations
can be obtained:
wh, i=1,Npg.

z,Q +4z; — K‘Rl»1 =w, (24)

Equations (13)—(15), (24) constitute a system
2Ny + 2 of equations for determining unknowns wy!, 6o,
Ri',... Rag', 4zi,...Azxg'. However, this system allows
the following simplifications. Let us determine the values
kR;' from equations (24) and substitute in equation (15),

after that we obtain:

Ly 20 Nk Rl =l . 25
wo + 400+ 2 Wi Ry =wi = %5 (25)

m=l

LNg .

The system of equations (13), (14), (25) corresponds
to a beam on rigid supports with preceding displacements

w;l. After the support reactions are determined R,

i=1,Np, the desired displacements will be obtained
from the equalities (24):

Azy=w =z} + KGR}, i=1,Np. (26)

In particular, to ensure the vertical position of the
elastic supports after loading, the desired adjustment
parameters will be obtained:
Az; =—z0 + KR! 27
where:

R;! —reactions found for a beam which rests on un-
displaced rigid supports (z; = 0, i = 1, Ng).

The direct application of ratios (25) — (27) is possible if
rigid initial displacements of the supports z° are known,

which can be determined only by unloading them.
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Let us determine the expression for the additional ad-
justments, when only the complete displacements of the
supports are known.

As before, denote the initial rigid displacements of
the elastic supports as z°, i =1, Nz. Then the system of
equations for determining the reactions (5), (6) can be
written as follows:

N
S RO (I-a;)+ My =0;

(28)
i=1
Nz 0
2R +R=0; (29)
i=1
0 R 0 0__0

m=1

The total supports displacement, which can be meas-
ured, is written as follows:

0

0
wp =z

P

KR} | i=1Ng.

1)

Given this, the equation (30) can be rewritten as follows:

0 90 Ng RO =0 1N
W0+ai0+21‘//im m =W, + X, i=LNpg.
m:

(32)

Having solved the system of equations (28), (29),
(32) the reactions R, i=1, Nk can be found. After this,
the rigid displacements of the supports are determined
from (31):

=

+iGRY, i=1Np.

2y

(33)

Having substituted the expressions (33) into formula
(26), the expressions for the desired adjustment are
obtained:

_ 1 0
AZI-—WI- —W; +K~l

(R -R). (34)

Therefore, the algorithm for determining the neces-
sary adjustment parameters is as follows:

1) measure the initial total displacement of the sup-
ports w0, i=1, Nz. By solving the system of equations
(28), (29), (32), the reactions R, i = 1, N are determined;

2) specify the desired new displacements of supports
wil, i =1, Ng. By solving a system of equations similar to
(28), (29), (32) (with the superscript “17), the reactions
R, i=1, Ny are determined;

3) calculate the desired adjustment parameters by the
formula (34).

Let us now solve the problem of the beam position af-
ter the adjustment parameters 4z°, i = 1, Ny are specified,
in case when the complete initial positions of the sup-
ports w, i = 1, Ng are known. The initial reactions of the
supports R are determined from the system of equations
(28), (29), (32).

After adjustment, the reactions of the supports will be
equal to R, i=1, Nz. They are determined from the
system of equations:

Ng I
i=1

(35)
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Np 1

SR+R =0; (36)
i=1

1 1, Nk 1 1

m=1
Given that the complete initial displacements of the
supports are the following:

0_ 0 _ ..po
W; =2Z; KRi’

(3%)

equation (37) can be rewritten as:
1 1 Ne 1 1__ 0 0
w, +a;,6,+ X W, Ry, + KR =w; + KGR +4z; + ;. (39)
m=1

By solving the system of equations (35), (36), (39),
the reactions R;!, i = 1, N are determined.

After that, the total displacements of the supports af-
ter adjustment can be calculated:

ul =

20+ Az; — KR! =wf’+Azi—/(l-(Rl-1—Rl~”). (40)

Although equality (40) corresponds to equality (34), the
values w;! and R;!, included into it, have a different meaning.

Practical implications. The obtained above ratios and
the above algorithm for calculating the beam structure of
a rotating unit were implemented in a Delphi environ-
ment. In order to verify the correctness of the problem
solution, there was used the case known in the literature
to study the strength of a rotating furnace body set on
eight supports (Kuzo, Dziubyk, & Yefremov, 2009). To
determine the value of the supports yielding, the range of
maximum values (&max = 1,14-10° m/MN) and minimum
values (#min=0,81-10° m/MN) can be distinguished,
obtained in the work (Kuzo & Dziubyk, 2008).

The obtained results of the value of elastic deformations
of the supporting nodes, for the case of the initial rectilinear
position of the supports are represented in Table 1.

Table 1. Elastic deformations of supporting nodes

Support and
. 2 3 4 5 6 7 8
deformation
G, {5 & FH 8 T 8 G
mm < v
4@ 23 &8 8 & & = 8
(e -
O (Gmin),mm G 33 dF &

The performed calculations have revealed that for the
case of accepted values of yielding, a misalignment of the
axis of rotation of the unit body on the supports is observed
in the range from 2 to 6 mm. Therefore, to reduce the ad-
justing displacements, a parallel displacement of the axis of
body rotation downward relative to the initial position of
the supports should be performed. In particular, in the stud-
ied case, the displacement values will be 4.51 or 3.20 mm
for maximum and minimum yielding, respectively.

Using the obtained system of algebraic equa-
tions (5), (6) and the presented algorithm, the calcula-
tions have been performed of the adjusting displace-
ments for the case of displacement of the supports tak-
ing into account their yielding.
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The obtained results of the value of the necessary ad-
justing displacements are presented in Table 2. In this
case, they will not exceed 1.23 mm. Comparison of the
obtained results for the case of initially undisplaced sup-
ports with the data given in the literature (Kuzo, Dziubyk,
& Yefremov, 2009) has testified their complete matching.

Table 2. Results of adjusting the supporting nodes displacement

Adjustment of Support
displacement 1 2 3 4 5 6 7 8
n 2 ~ 9 SR e
EA R SRR L N S
. g &8 2 8 = 3 3 @«
Elmmm S S S § 5 $ ¢ 3

The obtained data analysis shows that the presence of
elastic deformations in the supports predetermines their
displacement by values close to the standard boundaries
(Dziubyk, Kuzo, & Prokopyshyn, 2009). In such a case,
the presence of previous displacements predetermines a
significant redistribution of the acting forces in the rotat-
ing furnace body and is determined by their direction.
Therefore, it is important to correctly determine the value
of adjusting displacements.

Another aspect of using the proposed methodology is
to take into account the elastic deformations of the sup-
porting nodes when performing repairs to replace part of
the body. Here, as a result of cutting out the defective
area, the end crosscuts of the shell ring under the action
of bending moments’ M,' = M," = M; are rotated by a
certain angle 8 (Fig. 2).

— e — .- e — . ="

Figure 2. Position of the body when cutting out a defective area

After completing welding, in this position, various
stresses will occur in the end crosscuts during subsequent
operation. To avoid this, it is expedient to lower the sup-
port before cutting out the defective area of the body,
taking into account its elastic deformation, by an appro-
priate value (z,), at which the bending moment M; is
reduced to zero (M;=0), and the end crosscuts of the
body become parallel.

The proposed methodology for performing repair
work enables to create the same working conditions for
the body material in specific transverse crosscuts (equal
stresses at all points of the annular crosscut during rota-
tion of the unit).

Accounting for elastic deformations of supports was
carried out based on the application of the above devel-
oped mathematical model. The displacements of the
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support as a whole from a specified position is presented
in Table 3. The end supports are not considered due to
the presence of cantilever elements.

Table 3. Calculated displacement values (zs) of supports when

repairing
Support displace- Number of support
ment (zs) at diffe-
o 2 3 4 5 6 7
rent yielding, mm
. o 0 — o~ o o
ki=0, i=1,Np S N ) — S =)\
< N — e N o
2 0z 9 8 5 g
Zsi (Kmax), mm 3 ¥ - it oc &
£ 2 5 § = 3
Zsi (Kmm), mm - hoc puc > = <

As can be seen, the lack of consideration of the elas-
tic deformations of the supporting nodes elements leads
to insufficiently complete setting of parallelism of the
furnace body ends. Given the significant overall dimen-
sions of the body, this leads to welding materials over-
consumption and a decrease in the efficiency of the re-
pair process. Moreover, the subsequent operation, due to
local stress state disturbances, will significantly reduce
the residual operation life of the unit.

4. CONCLUSIONS

Based on the problem solution of the static equilibrium
of the beam structure, which has piecewise constant flex-
ural rigidity and is placed on elastic regulated supports, a
system of linear algebraic equations has been obtained for
its calculation. An algorithm is proposed for determining
vertical adjusting displacements, taking into account the
yielding of the supports. The calculation of the eight-
support rotating unit for processing minerals has been
performed and the necessary displacements are proposed
to ensure the rectilinearity of the axis of rotation.
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3ABE3INEYEHHSA 3AJAHOI'O TOJIOKEHHSA BAI'ATOOIIOPHUX
OBEPTOBUX AI'PEI'ATIB IIPU 3BAT'AYEHHI KOPUCHHUX KOITAJIMH

A. I3r00uk, A. Cynakos, JI. JI3t00uk, [{. CynakoBa

Mera. Po3B’s13aHHS 3aJa4i PO BCTAHOBJICHHS 3aJIJaHOT0 BEPTHKAIBLHOTO NMEPEMIIeHHS OIOp 00EpTOBOTO arperary
i3 BpaxyBaHH;IM NOAATIMBOCTI B TIEPEPi3i OIIOPHOTo By3J1a Ta OCOOIMBOCTEI KOHCTPYKTHBHOI'O BUKOHAHHSI.

MeTtoauka. [Ipy BUKOHaHHI pOOOTH 3aCTOCOBYIOTHCS IiJIXO/H, IO IPYHTYIOTHCS Ha TIOJIOKEHHSIX Teopii NPy HOCTI
i3 BpaxyBaHHSIM 3MIHHOTO TIOIIEPEYHOTO TIepepi3y arperary Ta pi3HOTO BHCOTHOTO MOJOXKEHHS omop. i1 BCTaHOBJICH-
Hsl 3arajibHUX BUPAa3iB, SKi ONMUCYIOTh MOJIOXKEHHS OCI JIOCHIPKYBaHOI 0araToornopHoi KOHCTPYKIIii, 3aCTOCOBYBABCS
Meron GpyHknii Komri.

PesyabTaTn. OTpuMaHO CHUCTEMY pO3B’S3YBaHHX alreOpaidHUX piBHSIHP, SIKa Ja€ 3MOTY BHKOHYBAaTH OOYHCIICHHS
101t 6alKoBOT MIIIHAPHYHOI KOHCTPYKLIT Ha )KOPCTKHUX Ta IPY)KHHUX oropax. IIpeacTaBieno Bupasu Ui BCTAHOBJICHHS
BEJINYMHU BEPTHKAJIBHOTO 3MIIIEHHS OIIOp 13 BpaXyBaHHSM EKCIUTyaTallliHUX XapaKTepHCTHK arperaty, 30KpeMa HasB-
HOCTI BIUIMBY CYCIIHIX OIIOp Ta BEJIMYMHU JIIOYMX HaBaHTAXXEHb. PO3IIISIHYTO BHIIAJIKU pealtizalii perysroBalbHUX Ie-
PEMIIIEHB i3 3aCTOCYBaHHAM OTPUMAaHOI CHCTEMH PIiBHSHB IIPH IIOBHOMY PO3BaHTa)KEHHI OIMOPHUX BY3IIB, a TAKOX MPH
BUKOPHUCTaHHI JTAHUX TEXHIYHOIO JIarHOCTYBaHHS — BCTAHOBIICHMX 3HAYCHb CYMAapHHUX MepeMilieHb omnop. OTpuMaHo
BUpA3M ISl 00UMCIIEHHS IIyKaHUX PETYIIIOBAaHb. 3alIpOIIOHOBAHO ajrOPUTM BUKOHAHHS OOYHMCITIOBAIEHUX OTEpallii.

HaykoBa HoBu3Ha. OTpUMaB MMOJANBIINA PO3BUTOK METOA PETYJIIOBAHHS 33JaHOTO IOJIOKEHHS ONOp 00EPTOBOTO
arperary, 110 3AiHCHIOETbCA i3 BCTAHOBJICHHSM INPY)KHHX CKIAIOBHX, XKOPCTKHX 3MIIIEHb, IIOBHOTO IEPEMILllEHHS B
OMOPHOMY BY3JIi Ta pe3yJIbTaTIB TEXHIYHOI'O IIarHOCTYBaHHS.
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IpakTuyna 3HauyuMicTh. [IpoBeieHO OOUYUCICHHS 13 BpaXyBaHHSIM MOJATIMBOCTI ONOpP Y JAiana3oHi MakCUMalb-
HUX Ta MiHIMQJIBHUX 3Ha4YCHb. [10Ka3aHO, 1110 BEIUYMHA 3MIIICHHS OKPEMHUX OIOp, Ky HEOOXiIHO BpaxOBYyBaTH BHa-
CIIIOK 1X TIOJATIMBOCTI, MOXKE CSATATH TPAHUYHUX HOPMATHBHUX 3HadeHb. HasgBHICTE momepeHiX 3MIIIeHb OTIop 3yMO-
BJIFO€ 3HAYHUI NIEPEPO3NOIIIT III0UYMX 3YCHIIb B KOPITyCi 00€pPTOBOI Medi Ta BU3HAYAEThCS X HANpsSMOM. BcTaHOBIIEHO
BEJIMUMHY PETryJIOBAIBHUX NEpPEMIllleHb, sIKi He0OOXiJHO BUKOHATH JIsi OTPUMaHHS NpsIMOIIiHIiHOT oci o0epranus. [To-
Ka3aHo, 10 JIOLUIBHO Peali3oByBaTH NapajebHe 3MILEHHS IPOSKTOBaHOI 0ci 00epTaHHs 11 3SMEHILCHHS PEeryJIIOBaHb
B OMOPHHUX BY3Jax.

Kniouosi cnosa: o6epmosi azpecamu, 6ankosi KOHCMPYKYii, pe2yiosanis Onop, npysicui degpopmayii onop, 6aca-
MOONOPHI azpezamu, 8icb 0OepmanHs

OBECIIEYEHUS 3ATAHHOTI'O ITOJIOKEHUSA MHOTI'OOITIOPHBIX
BPAIIAIOIIUXCS AT'PEI'ATOB ITPU OBOI'AIIEHUHA ITOJIE3HBIX HCKOITAEMBIX

A. JI3r06uk, A. Cynakos, JI. /I3t00uk, JI. Cynakosa

Hean. Pemenne 3anaun 00 ycTaHOBJIEHHH 33/IaHHOTO BEPTHKAJIBHOTO IIEPEMEILIEHHs ONIOP BPAIIAIOIIErocs arperara
C YYETOM MOJATIMBOCTH B CEYEHUH OITOPHOTO y3J1a U OCOOEHHOCTEI KOHCTPYKTHBHOTO HCIIOJIHEHUSI.

MeTtoauka. [Ipy BeIIONHEHNN pabOTHl IPUMEHSIOTCS T10JIX0/(bI, OCHOBaHHBIE Ha MOJIOKEHUSIX TEOPUH YIIPYTOCTH C
y4€TOM MEPEMEHHOT0 MONEPEYHOr0 CEUEHHs arperara U pa3aMyHOro BEICOTHOTO MOJ0XKEHUs onop. s ycTaHOBIEHUS
oOMmMX BEIpaKEHHUH, OMMCHIBAIONINX ITOJIOKEHHE OCH MCCIIEIyeMO MHOTOOIIOPHOW KOHCTPYKITUH, IPUMEHSIICS METOL
¢ysaxmuit Komrm.

PesyasTatsl. [lomydeHa cucrema pelraeMbIx ypaBHEHHH, KOTOPast TIO3BOJISICT BHIMOJHATH BEIYUCIICHHS IS Oaoy-
HOW IWIMHIPUYECKON KOHCTPYKIMH Ha KXECTKUX M YHPYTuX omopax. IIpemcraBiieHb! BEIpaKEHUS AJIS YCTAaHOBJICHHUS
BEJIMYUHBI BEPTHKAJIFHOTO CMEIICHHS ONOp C YYEeTOM OJKCINTyaTallMOHHBIX XapaKTEPHCTHUK arperara, B YaCTHOCTU
HAJIMYHMH BIUSHUS COCETHUX OTOP U BEIWYMHBI JEHCTBYIOIINX HATPYy30K. PacCMOTpeHBI ciiyyan peaan3ayy peryiInpo-
BOYHBIX MEPEMEIECHNH C MPUMEHEHUEM TOMYyUYEeHHOM CHCTEMBI YPAaBHEHUU MPH MOJTHON pa3rpy3Ke OMOPHBIX Y3JIOB, a
TaKKE IMPU UCIOJIb30BAHUN JAaHHBIX TCXHUYCCKOTO AUArHOCTUPOBAHUSA — YCTAHOBJICHHBIX 3HaYEHUI CYMMAapHbIX IEPEC-
MeLLleHI/Iﬂ Oor110p. Honyqem,l BBIPpAXKCHUA JIA BBIYUCIICHUA UCKOMBIX PETYJIIMPOBOK. Hpeﬂnomeﬂ AJITOPUTM BBITIOJTHEHU S
BBIUUCIIUTENIEHBIX OIEpaLyi.

Hayunasi HoBu3Ha. [Tonyunn naneHeiee pa3BUTHE METO, PETryJIUPOBaHMS 33JaHHOTO IMOJIOKEHHs OIOp Bpalua-
IOLIErocs arperaTa, KOTOPbIM OCYILECTBIISIETCS ¢ YCTAHOBIEHUEM YIPYTHX COCTABISIOIIMX, KECTKAX CMEILEHHUH, TO-
HOTO TIEPEMEIIECHISI B OTIOPHOM y3JIe M Pe3yJIbTATOB TEXHUIECKOTO THATHOCTUPOBAHUS.

IpakTHyeckasi 3HAYUMOCTb. [IpOBEIICHBI BRIUHCICHAS C YI€TOM ITOJATIMBOCTHA ONOpP B IMANA30HE MaKCHMAalb-
HBIX 1 MUHUMAJBbHBIX 3HaueHHUH. [10ka3aHo, 4TO BeTMYNHA CMEIICHHUS OTACIBHBIX OTOp, KOTOPYIO HEOOXOIMMO YUHTHI-
BaTh B pe3yJbTaTe UX MOJATINBOCTH, MOXKET JOCTUraTh MPEACIbHBIX HOPMATUBHBIX 3HaueHUH. Hammame npenprrynmx
CMeIIeHnH onop 00yCIaBIMBaeT 3HAUUTEIFHOE TIepepacpeieieHHue JeHCTBYIOMNX YCHINI B KOPIyCe Bpamaromencs
NeYH U OMpEeeNsieTcs UX HamnpaBlIeHUEeM. Y CTaHOBJICHO BEJIMYMHY PETYJIUPOBOUYHBIX MEPEMEUIEHHM, KOTOpbIe HEOOXO-
JMMO BBITIOJIHUTG ISl TIOJIy4eHHs] MPSIMOJIMHEHHOW ocH BpamieHus. [loka3aHo, 4To 1enecoo0pa3HO peain3oBarh Ia-
panensHoe CMELeHHEe IPOESKTUPYEMOI OCH BpAILeHHs I YMEHBIIEHUS PEryJIUPOBOK B OTIOPHBIX y37ax.

Knrouesvle cnosa: spawarowuecs azpecamol, 6a104Hble KOHCMPYKYUU, pe2yIuposanue onop, ynpyaue oegopmayuu
ONOp, MHO200ONOPHbIE azpe2amul, OCb BPALYEHUS.
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