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LANDSLIDE PROCESSES IN THE ASYMMETRIC
ANTICLINE GEOSTRUCTURES

The purpose of the research is to explore both the theoretical and practical aspects of natural and man-made
gravitational shear deformations and fractures. This will be based on the variational finite element method used to
solve elasticity problems for asymmetric multilayer orthotropic shells of rotation while accounting for shear stiffness.
To achieve this, we have modeled the shear deformations and failures of heterogeneous three-dimensional asymmetric
anticline geostructures under the influence of gravity using the method mentioned above. The method of research. The
research employs the variational finite-element method to address the elasticity of multilayer orthotropic shells of
rotation, with particular attention to shear stiffness. This approach enables us to accurately assess the degree of
deformation and the criteria for the failure of asymmetric three-dimensional heterogeneous anticline geostructures
under gravitational forces. This method holds significant theoretical and practical interest. The main result of this study
is the establishment of patterns in the shear deformation of asymmetric anticline geostructures under the influence of
gravity. The findings indicate that the amplitudes of shear deformation are affected by the degree of asymmetry, the
dimensions of the structure, and the mechanical properties of the rocks that compose these geostructures. In solid
geostructures that maintain elastic properties, the deformations are inversely proportional to the stiffness of the
surrounding rocks. A decrease in the radius of the geostructure results in a reduction of the corresponding deformation.
Conversely, an increase in the linear dimensions of the geostructure leads to greater deformation amplitudes.
Moreover, the presence of a non-rigid outer layer significantly impacts how the shape asymmetry of anticline
geostructures affects their shear deformation. This asymmetry can result in critical quantitative and qualitative
changes, potentially destroying the geostructure. The scientific novelty of this research is the establishment of
quantitative regularities regarding the shear deformation of the asymmetric anticline geostructures under gravity. We
demonstrate that a decrease in the radius of a geostructure results in a reduction of deformation in that structure.
Conversely, an increase in the linear dimensions of the geostructure leads to greater deformation. Additionally, a non-
rigid outer layer significantly affects the shear deformation of asymmetric anticline geostructures due to the shape's
asymmetry. The practical significance of this work lies in the ability to use quantitative estimates to predict and
minimize destructive shear processes in asymmetric anticline geostructures under the influence of gravity.

Key words: computer modeling, solving the problem of the layered shells elasticity, gravitational landslides
of the heterogeneous asymmetric anticline geostructures.

Introduction gical effects. Therefore, we can focus on applying the
theory of elasticity as it relates to a solid medium. Due to
its social importance and practical engineering signi-
ficance, the problems of studying gravitational shear soil
processes have a long history.

Many works are devoted to these problems, for
instance, [Vej, 2010; Kjul', 2017; Nijazov, 2015; Pendin,
2015; Fomenko, 2012; Gruden & Lan Heng-King, 2015;
Dikau et. al., 1996 Jaboyedoff et. al., 2013; Troiani et.

Nowadays the issues related to destructive slope
processes caused by gravitational forces are relevant.
Gravitational slope processes, along with other external
and tectonic events, play a significant role in shaping
modern terrain. Unfortunately, these processes fre-
quently complicate the effective use of the affected are-
as. Landslides are among the most hazardous gravi-
tational slope events. These events are characterized by

their widespread occurrence, significant material losses,
and potential human casualties. Landslide processses are
characterized by soil shifting without losing continuous
contact between the moving and stationary parts of the
massif [Grigorenko etc., 1992; Osipov, 1999]. Thus, we
can describe gravitational shear soil processes by
neglecting gaps within the soil mass and other rheolo-
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al., 2020]. Due to the ambiguity and variety of natural
and practical cases of gravity shear soil processes, these
works mainly relate to the definition of general
geological and engineering classifications, qualitative
criteria, and mechanisms of destructive events. Com-
putational models are simple enough and mostly limited
by analytical and semi-analytical approximate methods.
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On the other hand, the cases strict
mathematical and mechanical descriptions, as well as the

determination of specific quantitative mechanisms and

involving

criteria for the development of sliding gravity processes—
particularly concerning rheological numerical methods—
have been explored only to a limited extent.

This paper proposes a variational finite-element
method to address the elasticity of multilayer ortho-
tropic shells, taking shear rigidity into account [Koz-
lov et al., 1995; Lubkov, 2015]. This method enables
accurate calculations of deformation processes,
mechanical behavior, and failure criteria for a specific
class of three-dimensional asymmetric anticlinal
geostructures under gravitational loads. This approach
holds significant theoretical and practical interest and
offers several advantages over existing methods.

Formulation of the problem

Consider the deformation of the anticlinal geostructure
that resembles the upper half of a fragment of a three-layer
cylindrical or conic shell, which is rigidly fixed at the ends
and subjected to the force of gravity. To analyze the
deformation of the anticlinal geostructure, which consists
of rocky or dispersed soil rocks [Trofimov, 2005] we will
employ the theory of multilayer orthotropic elastic shells
of rotation taking shear rigidity into account [Kozlov etc.,
1995; Lubkov, 2015]. We will consider the shell in the
curvilinear coordinate system (S, J, Z), which is rigidly
fixed with a large solid rock massif. Here, S,J are
coordinates along the surface of the shell; z is the shell
thickness coordinate. Displacements along theS, J,Z
coordinates for the j-th layer of the shell can be
represented in the form [Kozlov etc., 1995; Lubkov,
2015]:

U; =Uy(s,J)+zu,(s,.J);
(UEAACH DESAACH DE (1)
W, =W, (S,J)+ 2w (S, J);

here, U,,V,, W, are displacement components of the

middle surface of the shell; U,,V, are rotation angles
of the middle surface normal relative to coordinate
lines J = const, S = const accordingly, W, is
compression of the middle surface normal of the shell.
Let us make the Lagrange functional [Kozlov etc.,
1995; Lubkov, 2015], which expresses the potential

mechanical energy of the considered geostructure
under gravitational load conditions:
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here R1 R R2 are the radiuses of curvature on the left and

right ends of the geostructure; J is gravity aceleration;
S is the surface area of the geostructure; hj is the

thickness of the ] -th layer of rocks of the geostructure;

r i is the density of the j-th layer; eabj are

components of the strain tensor of the j - th layer;

Eabjis the modulus of elasticity of the j - th layer;

G, are components of the shear modulus of the J - th

layer; Ta ,Tab are forces acting on the contour of the

geostructure in the tangential directions to its surface;
Qa are forces acting on the contour of the geostructure

in directions perpendicular to its surface. The boundary
conditions of the problem make up on the rigid fixation
of the fragment of the considered geostructure at its ends.
Suppose the beginning of the coordinate system is taken
to be the left end of the considered fragment of the
geostructure, which has the form of the upper half of a
three-layer conical shell. The length of the shell is taken
as L. In this case, the boundary conditions of the problem
have the form:

Uy(s=0)=0,v,(s=0)=0,w,(s=0)=0; 5
Uy(s=L)=0,v,(s=L)=0,w,(s=L)=0. ®)

Method of the problem-solving

To address the issue of the geostructure defor-
mation caused by gravity, we will utilize the finite
element method, which is based on Lagrange's va-
riational principle. This principle indicates the mini-
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mization of the system's potential mechanical energy
[Kozlov etc., 1995; Lubkov, 2015 Zienkiewicz &
Taylor, 2005]:

dW (u,,v,, w,,u, v, w,)=0. 4)

For solving the variational equation (4), we use the
nine-node isoparametric quadrilateral shell finite element
with a curved surface [Kozlov, etc., 1995; Lubkov,
2015]. A curvilinear coordinate system (S, J , Z) is used

as a global one, i.e. a system where all finite elements
(on which the research area is divided) are combined. A

normalized coordinate system (X,( ) is used as a local
one, where every finite element form function is
constructed. To create finite element shape functions that
approximate displacement components within each

elementU,,V,, W,,U,,V,,W,, we utilize algebraic and

trigonometric polynomials to ensure smoothness and
convergence of the finite element solution [Kozlov, etc.,
1995; Lubkov, 2015]:

9 9 9
u, = é.NiUoi; Vo = é.NiVOi; W, = é.NiWOi;
i=1 i=1 i=1
3 3 3
u=aNug; v =aNv;w=aNw,
i=1 i=1 i=1
Nl = H](q)Pl(X); N2 = H](q)Pz(X);
N, =H,(@)P,(X); N, =H,(@)R (X);
Ns = H1(q)P3(X);
N =H,@)P,(X); N, =H;@)P(X);
Ny = H,@)R(x); Ny =H,@)P(X). (6
(g S0 70 =sin@ -q,) *sin@, -q,)
: sin(ql _qz) _Sin(q1 _q3) +Sin(q2 _q3) ’
H.@)= sin(q -Q;) -sin(q -q,) +sin(q; -q,) .
*7 sin(@, -0,) -sin@, -q,) +sin(@, -,
H (q) — Sin(q _ql)_Sin(q _q2)+5in(q1 _qz) .
* sin(g, -q,) - sin(@, -q,) +sin(g, -d,)
1Lj=1
H. =7 :
](qk) ,:\0’ J 1 1 1)

PI(X)=%X(X ~1y; P2<x):§x(x +1);

P(x)=1-x". (7)

The finite-element algorithm for solving the
variational problem (4) is the following. In the initial
stage, within the local coordinate system (X,( ), we

approximate all displacements and deformations from

functional (2). These are functions of the displacement
components Uy, Vy, W,,U,,V,,W,, achieved through

formulas (5-7). In our local system, we perform
analytical integration within each shell layer and then
sum the results across them all. In the second stage, we
vary the functional (2) relative to all nodal displacement
components and set the corresponding variations equal
to zero. This process yields a linear algebraic system of
54 equations for each finite element. We summate the
local linear systems of algebraic equations across all the
finite elements that make up the shell in the global
coordinate system (S,J,Z). We also establish the

formation of the global system of linear equations. We
calculate double integrals over the area of the shell
through numerical integration using Gauss's quadrature
formulas [Kozlov etc., 1995; Lubkov, 2015]. We resolve
the global system of linear algebraic equations using the
Gauss numerical method [Kozlov etc., 1995; Lubkov,
2015]. As a result, the displacement compo-

nentsU,,V,, W,,U;,V,,W, can be determined at all

nodal points of the finite element grid. Displacements,
deformations, stresses, and other relevant values can be
determined from the calculated nodal displacement
components at any point within the finite element, speci-
fically at any location of the analyzed shell geostructure.

Modeling the landslide deformation of the
asymmetric anticline geostructures

When modeling the gravitational shear processes
of asymmetric anticline geostructures, we will analyze
the deformation of the upper half of a three-layer
cylindrical shell subjected to gravity. The parameters
for this model are as follows: the radius of the left end
of the shell is 100 meters, while the radius of the right
end varies. Each of the three shell layers has a
thickness of 10 meters. The angle from the horizontal
in the positive direction (counter-clockwise) isp /2.
The average density of the rocks under consideration
is assumed to be 2,300 kg/m’. Firstly, we will
examine the shear deformation (movement in the
angular direction), along the slope of homogeneous
anticlinal geostructures. In Fig. 1, we analyze the case
of rocks [Trofimov, 2005] with the following elastic
properties: Young's modulus E=710'° Pa, Poisson's
ratio i = 0.3. The length of this geostructure is 400 m.
Fig. 2 depicts rocky asymmetric anticlinal
geostructures with a length of 600 m. Fig. 3 shows the
gravity deformation of asymmetric anticlinal
geostructures, which consist of solid dispersed rocks
(E=710° Pa, u = 0.3) and semi-solid dispersed soil
rocks (E=2+10° Pa, p = 0.35) with the length of 600
m. Fig. 4 shows the deformation of asymmetric
multilayer geostructures composed of the intrinsic
rocky layer, the middle solid dispersed soil rocks
layer, and the outer tough-plastic dispersed soil rocks
(E=10% Pa, pu = 0.4) layer [Trofimov, 2005] and with
the length of geostructure of 600 m.
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Fig. 1. Landslide shifting of anticline geostructures, which consist of rigid rocks,
under gravity forces action in the angle direction:
a) cylindrical geostructure with both radiuses 100 m; b) conic geostructure with the left radius 100 m and right
radius 70 m; ¢) conic geostructure with the left radius 100 m and right radius 50 m; d) conic geostructure with
the left radius 100 m and right radius 30 m.
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Fig. 2. Landslide shift of conic anticline geostructures, which consist of rigid rocks,
under gravity forces action:

¢) in the vertical direction, left radius is 100 m, right - 70 m;
d) in the vertical direction, left radius is 100 m, right - 50 m.
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Fig. 3. Landslide shift of conic anticline geostructures in the angle direction,
which consist of rigid dispersed rocks, under gravity forces action:

a) left radius is 100 m, right — 70 m; b) left radius is 100 m, right - 50 m. And semi-solid dispersed soil rocks: c)
left radius is 100 m, right - 70 m; d) left radius is 100 m, right - 50 m.
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Fig. 4. Landslide shift of multilayer conic anticline geostructures in the angle direction,
composed of the intrinsic rocky layer, the middle solid dispersed soil rocks layer,
and outer tough-plastic dispersed soil rocks, under gravity forces action:

a) left radius is 100 m, right — 80 m; b) left radius is 100 m, right - 70 m;
c) left radius is 100 m, right - 60 m; d) left radius is 100 m, right - 50 m.

Analysis of the results

The modeling results indicate that the

deformation of anticlinal

54

shear

asymmetric  geostructures,
influenced by gravity, depends on several factors: the size

of the structure, the degree of asymmetry, and the
mechanical properties of the rocks that compose these
structures. In some cases, this requires careful exa-
mination. In Fig. 1, we illustrate the intensity of shear
deformation in anticlinal geostructures consisting of solid
rocks as this relates to the degree of asymmetry. It is
observed that shear deformation increases slightly as the
radii of the left and right parts of the geostructure become
equal. The largest shear deformations are observed in the

lower middle part of the anticlinal geostructure, they have
negative values (as the movement is clockwise).
Deformations in the positive direction can be observed in
the upper part of the geostructure. This means that under
the influence of gravity, the top of the geostructure can
shift in the opposite angular direction. Fig. 2 illustrates the
shear deformation of conical anticlinal geostructures
composed of rocks with increased linear dimensions.

An increase in the linear dimensions of these geo-
structures leads to a corresponding growth in their shear
deformation. Moreover, the deformation in the angular
direction is correlated with the one in the vertical direction.
Fig. 3 presents the characteristics of shear deformation in
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conical anticlinal geostructures made up of solid and semi-
solid dispersed soils. Compared to the rocks, the
amplitudes of shear deformations in solid dispersed soils
increase by approximately ten times. This significant
increase is consistent with a similar reduction in the
rigidity of the solid dispersed rocks, confirming their
elastic behavior. At that time, the difference in shear
deformation between geostructures consisting of solid and
semi-solid dispersed rocks is insignificant. Fig. 4
illustrates the deformation of asymmetric multilayer
geostructures composed of the intrinsic rocky layer, a
middle layer of solid dispersed soil rocks, and an outer
layer of tough-plastic dispersed soil rocks. Comparing
Figs. 4a, 4b, 4c, and 4d, it becomes evident that even
slight changes in the symmetry of the left and right ends of
the conical geostructures can lead to significant quan-
titative and qualitative alterations in their shear defor-
mations. Therefore, to ensure resistance to gravitational
collapse, layered asymmetric anticlinal geostructures
should be primarily composed of rocky or hard dispersed
rocks, particularly in the internal bearing layers. They
should maintain minimal symmetrical differences. Thus,
we can make the following conclusions. First, the
gravitational shear deformation and resistance to
destruction of the multilayered asymmetric anticlinal
geostructures is mainly determined by the rigidity of the
internal bearing rocks. Secondly, the presence of the non-
rigid outer layers significantly influences the asymmetry
of anticlinal geostructures during shear deformation. The
variational finite element method discussed here addresses
the elasticity problem for multilayered orthotropic shells
of rotation, taking shear rigidity into account. This
approach allows for a thorough quantitative investigation
of shear deformation and failure in heterogeneous,
asymmetric three-dimensional anticlinal geostructures
under gravitational loading. This approach has advantages
over other methods in this field of research, which
primarily focus on general geological and engineering
classifications, qualitative criteria, and the mechanisms of
destructive events. In the future, we plan to expand this
method for use in a broader range of heterogeneous
anticlinal geostructures.

Conclusions

The variational finite-element method developed
for addressing elasticity problems in multilayer
orthotropic shells of rotation takes shear rigidity into
account. This approach enables the examination of
shear deformation and failure behavior in heteroge-
neous, asymmetric, three-dimensional anticlinal geo-
structures subjected to gravitational forces. It provides
valuable quantitative insights, which is a significant
advantage over other methods in this research area.
Many existing methods mainly focus on defining
general geological and engineering classifycations

along with qualitative criteria and mechanisms related
to destructive events. The modeling results show that
shear deformation in asymmetric anticlinal geostruc-
tures, due to gravity, is influenced by their degree of
asymmetry, linear dimensions, and the mechanical
properties of the constituent rocks. It was found that
more compact geostructures experience less shear
deformation. In predominantly solid geostructures
that retain the elastic properties of the rocks, there is
an inversely proportional relationship between shear
deformation and the rigidity of the rocks. We have
demonstrated that the deformation caused by gra-
vitational landslides and the resistance to the de-
struction of multi-layered asymmetric anticlinal
geostructures are primarily determined by the rigidity
of the internal bearing rocks. The presence of the non-
rigid outer layers significantly affects how the
asymmetry of anticlinal geostructures influences their
shear deformation process under the force of gravity.
This can result in critical changes, both quantitative
and qualitative, potentially leading to the destruction
of such geostructures.
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3CYBHI I[TPOLECH B HECUMETPUYHUX AHTUKJITHAJIBHUX 'EOCTPYKTYPAX

Mertor0 fOCTIUKEHb € BCTAHOBJICHHS TEOPETUYHHMX Ta NMPAKTHYHHUX ACHEKTIB NPHPOIHUX TA TEXHOT'CHHHX
rpaBiTallifHUX 3CYBHUX Jedopmariii Ta pyiiHyBaHb Ha OCHOBI BapiallifHOTO CKiHYE€HO-EIEMEHTHOTO METOIy
PO3B’A3aHHA 3a/Jadi HPYKHOCTI JUII HECUMETPUYHHX 0araToIlapoBHUX OPTOTPONHUX OOOJOHOK OOepTaHHS 3
ypaxyBaHHS 3CYBHOi >KOPCTKOCTi. Jlyii IIbOrO Ha OCHOBI 3a3HAaYEHOTO METOJa IIPOBEICHO MOJICTIOBAHHS
3CyBHOTO Je(opMyBaHHA Ta pYHHYBaHHS HEOAHOPINMHMX TPUBHMIPHUX HECHUMETPHYHHMX aHTHUKIIHAJIBHUX
TEOCTPYKTYpP B YMOBax Jlii CUIM TsDKiHHA MeToIuKa TOCIiHKeHb. 3anporOHOBaHUH B AaHii poOOTi BapiamiiHui
CKIHUEHO-€JIEMEHTHUN METOJI PO3B’s3aHHS 3a/adi MPY)KHOCTI OararomrapoBUX OPTOTPOMHHX OOOJIOHOK 00ep-
TaHHS, 3 YpPaxyBaHHIM 3CYBHOI >KOPCTKOCTI, TO3BOJISIE aJIeKBATHO Ha KiJbKICHOMY PiBHI pO3paxyBaTu CTYIiHb
nedopmyBaHHS Ta KpuTepil pyliHYBaHHSI HECUMETPUYHHX TPUBUMIPHHX HEOJHOPIAHUX TEOCTPYKTYP B YMOBax
Jii CHJIM TSDKIHHS 3 METOI0 BUSBIEHHS BIAMOBITHUX KUTBKICHUX 3aKOHOMIpHOCTEH, 10 Mae Oe3yMOBHHIA
TEOPETUYHMH 1 IpaKTU4HUH iHTepec. OCHOBHUM pe3yNIbTaTOM poOOTH € BCTAHOBJICHHS 3aKOHOMIPHOCTEH, 11070
3CYBHOTO Ae(OpPMYBAaHHS HECHMETPHUYHMX AHTHKITIHAIBHUX TEOCTPYKTYp WA Mi€l0 CWIM TSDKIHHA. BoHH
MOKa3yIOTh, IO aMIUNITYAW 3CYBHOTO Je(hOpMyBaHHS 3ajeXaTh BiJ CTYNEHIO HECUMETPUYHOCTI, PO3MIipiB
CTPYKTYPH Ta MEXaHIYHHX BIACTUBOCTEH MOPiJ, IO CKIAJAIOTh IIi TEOCTPYKTYpH. Y TBEpAHX I'€OCTPYKTypax,
1o 30epiraroTh MPYXKHI BIACTHBOCTI, 30epiraeThcst 00EpHEHO MPOMOPIIHHUI XapakTep AeGopMyBaHHS BiTHOCHO
JKOPCTKOCTI HAaBKOJIMIIHIX TMOpiA. 3MEHIIEHHS pajiycy T'€OCTPYKTypH NPU3BOAWTH 10 3MEHIIeHHS nedop-
MYBaHHS BiATIOBIIHOI F€OCTPYKTYpH. 301IbIICHHS JTiHIITHUX pO3MipiB T€OCTPYKTYPH MPU3BOIUTD A0 301IBIICHHS
amIuTiTy] nJeopMyBaHHs BiNOBIAHOT CTPYKTypu. Iloka3aHo, 10 HasBHICTh HEKOPCTKOTO 30BHINIHBOTO IIApy
NPU3BOJNUTL [0 3HAYHOTO BIUIMBY HECHUMETPHUYHOCTI ()OPMH aHTHKIIHAJIBHUX TEOCTPYKTYp Ha iX 3CyBHE
nedopmyBaHHs, 0 MOXE NPUBOAUTH 10 KPUTHYHHX KUIBKICHUX Ta SKICHUX 3MiH i pyHHYBaHHS I'€OCTPYKTYpH.
HaykoBoro HOBM3HOIO JOCTI/UKEHb € BCTAaHOBICHHS NESIKHX KUIBKICHUX 3aKOHOMIPHOCTEH, IOJO 3CYBHOTO
neopMyBaHHS HECHUMETPUYHHX AaHTHKIIHAJBHUX TEOCTPYKTYp IiJ Ai€r0 cund TsokiHasA. [lokaszaHo, 110
3MEHILIECHHS Pajilycy TeOCTPYKTYPH TNPH3BOAWTH JO 3MEHIICHHsS Ae()OpMYBaHHS BiJIIOBIIHOI TE€OCTPYKTYpH,
30UTBIICHHS JTIHIHHUX PO3MIpiB TEOCTPYKTYPH MPHU3BOIUTH IO 30UIBIICHHS aMIUTTYA AeQOpPMYBaHHS BiIIO-
BITHOI CTPYKTYpH, HasBHICTh HEKOPCTKOTO 30BHIIIHBOTO INAPY MPH3BOAUTH IO CYTTEBOTO BIUIMBY HECHMET-
puuHOCTI (POPMH aHTHKIIIHATBHUX T'€OCTPYKTYp Ha iX 3cyBHE aedopmyBanHs. IIpakTuyHa 3HAaUymicTs podboTn
MOJISITAa€ Y MOXKIIMBOCTI Ha OCHOBI KiBKICHMX OLIHOK MepeadadnTH Ta 3a0e3NedYuTH MiHIMi3allilo pyHHIBHIX
3CYBHHX IIPOIIECIB B HECUMETPHYHNX aHTUKITIHAIBHUX T'€OCTPYKTYpax IIiJl €0 CHIIH TSDKIHHSA.

Kniouosi cnoea: KOMIT'IOTEpHE MOJICIIIOBAHHS, PO3B’SI3aHHS 337a4i IPYKHOCTI IIapyBaTuX OOOJIOHOK,
rpaBiTaliifHi 3CyBH HEOJHOPIIHUX HECUMETPUUYHUX aHTUKIIIHAIBHUX T€OCTPYKTYP.
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