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Abstract. In order to ground parameters of rock bolting for mine workings, it is necessary to study the stressedly-
deformed state of the host rock and the elements of rock bolting. Under certain mining and geological conditions, the
rock mass is broken by cracks and divided into blocks. Methods designed for modelling solid environments are not suffi-
cient for the study of a block-structured rocks. In this regard, the purpose of this work was to develop a method of study-
ing the state of block-structured rock mass around the mine working with rock bolting and to ground the possibility of
preventing the rock blocks from sliding with the help of rock bolting structure.

As a result of the work, a numerical model of a block-structured rock mass with a mine working supported with rock
bolts, which were modeled using two-node rod finite elements, was developed. Cracks were simulated using a four-node
contact finite element, which has zero thickness, and the initial coordinates of the nodes of its opposite sides coincide.
The generation and growth of a crack can occur in the form of its opening or displacement along its surface. A method
was developed, which, due to the introduction of special contact elements into the finite-element scheme, allows simulat-
ing the stressedly-deformed state of rocks with cracks. The use of the proposed method of studying the block-structured
rock mass makes it possible to check the efficiency of the rock bolting elements during the development of the support-
ing scheme.

Using the developed method, the relative displacement of the block formed in the mine roof was investigated in four
cases: when the mine working is not supported, the mine working is supported with the use of simple, reinforced and
powerful rock bolting structures. It was shown that in the cracked rocks divided into blocks, the displacement of the rock
block reaches a maximum in the unsupported mine roof. The simple rock bolting structure almost does not prevent the
rock block from shifting into the mine working space, together with a row of rock bolts installed vertically. The inclination
of the rock bolts by 70° to the mine face in the reinforced rock bolting structure significantly improves the condition of the
mine roof; its displacement is reduced by 87%. And the use of the powerful rock bolting structure blocks the movement
of the rock-bolts block almost completely, by 93%. Therefore, the reinforced and powerful rock bolting structures allows
you to keep the cracked rock mass divided into blocks in a stable condition.
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1. Introduction

In order to ground such parameters of rock bolting as the length and diameter of
rock bolts, the density of their location [1-6], angles of inclination [7-9] and others
[10-15], it is necessary to study the stressedly-deformed state of the rock mass and
elements of rock bolting. An in-depth study of the impact of steel rock bolts, which
are fixed along their entire length with a polymer, on the host rocks allows to choose
optimal supporting schemes, which helps to increasing the stability of mine workings
and the safety of miners [16, 17].

In some studies, the presence of rock bolts is taken into account by strengthening
the properties of the near-contour rock layer, for example, using the equivalent simu-
lation method for the bolted rock mass [18-20]. This simulation method very roughly
models the influence of rock bolting on the structure stability and does not provide an
opportunity to ground the choice of the rock bolts location scheme for specific geo-
logical conditions. The spring-slider model for the passive bolts presented in [21] is
often used, in which the action of a rock bolt is modelled by the axial force assign-
ment, which is determined according to displacement curve obtained from pullout
tests. The mechanical behaviour of reinforcement elements can be modelled in a 3D
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discrete element method, using structural elements [22]. They can simulate the re-
sistance to pullout force that results from the combined effect of shear forces devel-
oped at the interface between the steel bolt and the rock or the grout and the axial
stiffness of the steel itself.

There are models, which are closer to the real mechanism of a rock bolt action in
the rock mass. This is a model of a linearly elastic rock bolt with an elastic-plastic
grout, where rock bolts are discretized by 1D structural elements which are coupled
to the solid finite-element mesh by dedicated spring-slider connectors [10]; as well as
a model of an elastic-plastic rock bolt simulated with the help of rod finite elements
with appropriate physical and mechanical properties, which is fixed in the hole with a
polymer grout simulated with the help of contact finite elements, which are rigidly
connected on one side with the finite elements of the rock mass, on the other side
with rod finite elements of rock bolts [23, 24].

Under certain mining and geological conditions, the rock mass is broken by
cracks or a cracks system, which divide it into blocks. Mine observations show that
cracks also occur between rows of rock bolts, the distance between which exceeds the
distance of their effective interaction. In weak rocks, rock blocks formed by natural or
induced means can be moved into the mine working space. There are many modern
scientific works, in which numerical simulation of simple rock bolting structures in
fractured rocks [10, 25] with a stochastically generated discrete fracture network is
performed. Reinforcement of natural joints in rock masses was studied on the basis of
the discontinuous deformation method or block-cutting analysis, which can provide
solutions for large displacements and failures of blocky structures [26, 27].

Therefore, to study the stressedly-deformed state of a rock mass separated by
cracks or a block-structured rocks, methods designed for modelling solid environ-
ments are not enough, and it is necessary to have a good understanding of the behav-
iour of rock bolts in deformed jointed rock masses [3] to choose such a rock bolting
structure, which will effectively prevent the rock blocks from sliding. In this regard,
the purpose of this work is to develop a method of studying the state of block-
structured rock mass around the mine working with rock bolting and to ground the
possibility of preventing the rock blocks from sliding with the help of rock bolting
structure.

To achieve this goal, the following tasks were solved:

1) to develop a numerical model of a block-structured rocks with mine working
and rock bolting;

2) to develop a method of studying the state of block-structured rocks around the
mine working with rock bolting;

3) to investigate the effectiveness of rock bolting structures of different levels
when they are used in a block-structured rock mass.

2. Methods
The hypothesis of continuity within each rock block was adopted during the simu-
lation, and it was also assumed that the rock mass is homogeneous within each rock
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layer. The time-dependent stressedly-deformed state of the rock mass around the
mine working is described by a system of equations [28, 29]:

0
cgaui:o'l.j,j+Xi(t), (1)

where u; — displacements, m; ¢, — the damping coefficient, kg/(m*-s); o;; — derivatives
of the stress tensor components along horizontal axis x and vertical axis y, Pa/m; ¢ —
time, s; Xi(¢) — projections of the external forces acting on the volume unit of a solid
body, N/m?>.

The initial and boundary conditions for this task are:

o)
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where oy, 0;, — components of the stress tensor, Pa; y— average weigh of the overly-
ing rock seams, N/m’; H — mining depth, m; A — the side thrust coefficient; u,, u, —
components of the displacement vector, m; €; — the vertical boundaries of the outer
contour; ), — the horizontal boundaries of the outer contour.

The problem was solved in an elastic-plastic setting using the Coulomb-Mohr
strength criterion [30, 31]. To solve equation (1) with initial and boundary conditions
(2) and (3), the finite element method [32, 33], implemented on the authors' software,
was used. The studied area was approximated by triangular finite elements, figure 1a.
Rock bolts were modeled using two-node rod finite elements, figure 1b. To model the
multi-point interaction of the rock bolt with the host rocks, each anchor was divided
into several sequentially located rod finite elements contacting the elements of the
host rocks at nodal points.
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a) triangular finite element; b) rod finite element; c) four-node contact finite element.

Figure 1 — Schemes of finite elements, which were used in modelling the block-structured rock
mass and rock bolts
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As it is known, the process of rock disintegration consists of two stages: the crack
generation and its growth. Each of them is subject to its own laws; accordingly, there
are strength criteria for each stage. The process of crack generation was not consid-
ered in this work. The possibility of preventing the displacement of already formed
blocks in the mine roof using rock bolts was studied to prevent the mine roof from
collapsing. The crack was simulated using four-node finite elements (figure 1c),
based on the Goodman contact element [34, 35]. This element has zero thickness, and
the initial coordinates of the nodes of opposite sides (crack edges) coincide. This el-
ement can be deformed by shifting and rotating one side relative to the other one. The
generation and growth of a crack can occur in the form of opening or shifting along
its surface.

The coefficients of the stiffness matrices for rock bolts and cracks elements are
included in the global stiffness matrix of the entire system by adding their elements
according to the global node numbering system.

The verification of the developed numerical model was performed based on the
results of comparing the calculated values and the actual measurements of the mine
roof displacement. The lowering of the rock-bolts block, formed in the roof of the
351 roadway in the "Ternivska" mine, occurred during the transition from the frame
support to the frame-rock bolt one with the location of the rock-bolts in the cross-
sectional plane of the roadway, figure 2.

Figure 2 — Photo of the rock-bolts block, which was taken during the re-supporting of
the emergency region of the 351 roadway

For the mining and geological conditions of the 351 roadway, the displacements
of rock-bolts blocks were calculated using the developed model. Figure 3 presents a
graph of changes in the height of the roadway section at the emergency region based
on the results of the calculation and measurements of the mine roof displacement.
The deviation of the obtained calculation results from the actual mine roof displace-
ments does not exceed 25%.
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When performing the calculations, a longitudinal section of a 3-m-high mine
working, located at a depth of 800 m, was considered. It was assumed that the dis-
tance between the rows of rock bolts is 0.8 m, and the length of the bolt is 2.4 m.
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Figure 3 — Changes in the height of the roadway section at the emergency region

The stress field was analysed using the geomechanical parameter Q°, which char-
acterizes the difference of the principal stress tensor components:

*_0-1—0-3
0 H

where o7, 03 — maximum and minimum component values of the principal stress ten-
sor, Pa.

3. Studying the state of block-structured rocks around a mine working with rock
bolting

The study of the state of block-structured rock mass around the mine working
with rock bolting is possible by adding special contact elements that simulate cracks
in the rock to the calculated finite-element scheme. Such a numerical model allows
you to study the performance of rock bolting elements in rocks with cracks (or divid-
ed into blocks) to justify the technological parameters of the support.

The method consists in sequentially performing the following operations:

1) to create of a finite-element model of a rock mass with a mine working of the
required cross-sectional shape;

2) to add rod finite elements, which simulate rock bolts to the model;

3) to add four-node contact finite elements of the required length, with zero thick-
ness and matching initial coordinates of the opposite sides, which must be allocated
in the places of the expected location of the cracks;

4) to optimize the finite-element mesh for the calculation model of the block-
structured rock mass with mine working and rock bolts;
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5) to export the obtained finite-element model to a software environment that im-
plements the finite element method;

6) to set the rigidity of contact interaction of contact finite elements;

7) to set the physical and mechanical properties of rock bolts and each rock layer;

8) to set the initial stresses equal to the rock pressure in the finite elements that
model the rock mass, and the initial zero displacements;

9) to set conditions for the model fixation, which block the vertical movements of
the grid nodes on the horizontal borders of the model and the horizontal movements
of nodes on the vertical borders;

10) to add coefficients of stiffness matrices of rock bolts elements and cracks to
the global stiffness matrix of the entire system according to the global node number-
ing system;

11) to perform a numerical calculation, to determine the values of stresses and de-
formations in each element of the rock mass model and rock bolts;

12) to determine the values of displacement of rock blocks;

13) to go to the next time step;

14) to perform steps 11-13 in a cycle until the desired time step.

The use of contact finite elements for simulation of cracks between rock blocks
allows you to adequately reproduce the relevant mining and geological features of the
rock mass and the impact of technological operations on it, namely:

- sliding of the one crack edge relative to the other one;

- interaction of rock blocks separated by cracks during mining operations;

- the influence of the rock bolts layout in the block-structured rocks on the stabil-
ity of the mine working.

In this way, a numerical model is created for the study of the block-structured
rock mass with the mine working, which is supported with rock bolting. The ad-
vantage of the proposed method is taking into account the influence of the cracks sys-
tem in the rock mass around the mine working on the process of rock deformation, as
well as the opportunity to investigate the movement of rock blocks formed by cracks
and the influence of parameters of the spatial rock bolts layout on stability of the
mine working in the block-structured rocks.

The use of the proposed method of studying the block-structured rock mass makes
it possible to check the efficiency of the rock bolting elements in the block-structured
rock mass during the development of the supporting scheme.

4. Effectiveness of rock bolting structures of different levels when they are used
in a block-structured rock mass

As an example, a block formed by cracks in the mine roof was considered, and the
stress in the rocks around the mine working was calculated using the method de-
scribed above. Figure 4 shows the displacements of the block bounded by horizontal
and vertical cracks at different steps of the deformation process.

Before starting mining operations, the field of initial stresses is formed in the rock
mass. Mining takes rocks out of equilibrium. When the mine face is moved, the host
rocks are displaced inside the formed cavity, the stresses are redistributed. At the
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boundary of the weakening surface, for example at the contact of two rock layers, the
condition of strength is violated and a horizontal crack appears, figure 4a. Further,
vertical cracks form, figure 4b. Starting from the roof surface, the frictional resistance
along the formed cracks decreases, and the rock block, already having reduced adhe-
sion to the rock mass, under the influence of its weight, begins to move downwards,
into the mine working, figure 4c, 4d.

o it e = e

a) formation of the horizontal crack; b) development of the vertical cracks; c¢) and d) displacement
into the mine working.

Figure 4 — Steps of displacement of the rock block in the mine roof

The behaviour of near-contour rocks is determined both by its physical and me-
chanical properties, and by the presence of cracks and weakening surfaces, which
leads to their division into blocks. Displacement of such blocks along structural
weakening surfaces is the least energy-intensive process, which is the most probable
variant for deformation of the host rock.

Using the developed numerical model of the block-structured rocks, the relative
displacements of the block formed in the mine roof were investigated when rock bolt-
ing was applied. The angle of inclination of the rock bolts determines the level of the
rock bolting structures [9]. Rock bolts are installed:

- in the cross-sectional plane of the mine working for simple rock bolting struc-
tures (RBSs);

- with a slope of 70-75° to the mine face for reinforced rock bolting structures
(RBSr);

- with a 70-75° inclination of part of the rock bolts to the mine face and with a 70-
75° inclination of the other part of the rock bolts to the mouth of the mine working for
powerful rock bolting structures (RBSp).

Four cases were considered: the mine working is not supported, the mine working
is supported with a simple, reinforced or powerful rock bolting structure. To simplify
calculations, it was assumed that the block is formed around one rock-rock bolt sup-
port. The block dimensions correspond to the dimensions of this support. The calcu-
lation results are shown in figure 5.
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Under the action of gravity, the rock block moves inside the mine working, the
adhesion of the crack edges at this stage of deformation does not allow the block to
fall out completely, figure 5a. Almost the same displacements are observed in fig-
ure 5b, in the case when the mine working is supported with RBSs. The simple rock
bolting structure does not prevent the displacement of the block if the horizontal sep-
aration crack runs at a height greater than the length of the rock bolt. It is clearly visi-
ble in figure 5b that the vertical cracks, which limit the rock block with one rock bolt,
tear the bolts-reinforced area of the mine roof, where Q < 0.8, into the parts. Integrity
of the roof rocks is broken.
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Figure 5 — Distribution of O parameter values and displacement of the rock block in the mine roof

When using RBSr (figure 5¢) the bolts-reinforced area of the mine roof, where
0 < 0.8, 1s only partially intersected by zones with increased Q parameter values, in
which 0.8 < QO < 1.6. It can be seen that the displacement of the rock block is much
smaller compared to the previous cases. Inclined rock bolts increase adhesion of ver-
tical cracks. Cohesion forces play the main role in ensuring the stability of block-
structured rocks. Therefore, in order to prevent the block from sliding along the verti-
cal cracks, it is necessary that the frictional forces should exceed the shear forces
caused by the weight of the rocks in the block and directed along the cracks.

In the mine roof, which is supported with RBSp, figure 5d, there are practically no
displacements of the rock block. The mine roof reinforced by rock bolts along the en-
tire length remains in a serviceable condition when Q < 0.8. The integrity of the near-
contour rocks, which is necessary to ensure effective maintenance-free operation of
the mine working, is preserved with the help of the powerful rock bolting structure.
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Figure 6 shows the graph of changes in displacements of the mine roof depending
on the type of support.
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Figure 6 — Relative displacement of the mine roof with different supporting methods

In a cracked rocks divided into blocks, the displacement of the rock block reaches
a maximum in the unsupported mine roof, figure 6. The RBSs structure only slightly,
by 5%, prevents the rock block from shifting; together with a row of rock bolts in-
stalled vertically, it descends into the mine working space. The inclination of the rock
bolts by 70° to the mine face in the RBSr structure significantly improves the condi-
tion of the mine roof, its displacement is reduced by 87%. And the use of the power-
ful rock bolting structure blocks the movement of the rock-bolts block almost com-
pletely, by 93%, figure 6.

Therefore, the reinforced and powerful rock bolting structures allows you to keep
the cracked rock mass divided into blocks in a stable condition.

5. Conclusions

In order to ground such parameters of rock bolting for mine workings as the
length of bolts, the density of their location in the rock, and the angles of their incli-
nation, it is necessary to study the stressedly-deformed state of the host rock and the
elements of rock bolting. Under certain mining and geological conditions, the rock
mass is broken by cracks, which divide it into blocks. Methods designed for model-
ling solid environments are not sufficient for the study of a block-structured rocks. In
this regard, the purpose of this work was to develop a method of studying the state of
block-structured rock mass around the mine working with rock bolting and to ground
the possibility of preventing the rock blocks from sliding with the help of rock bolt-
ing structure.

As a result of the work, a numerical model of a block-structured rock mass with a
mine working supported with rock bolts was developed. Rock bolts were modeled
using two-node rod finite elements, cracks were simulated using a four-node contact
finite element, which has zero thickness, and the initial coordinates of the nodes of its
opposite sides coincide. The generation and growth of a crack can occur in the form
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of its opening or displacement along its surface. Verification of the developed model
was carried out based on the results of a comparison of the calculated and actual val-
ues of the roof displacement in the 351 roadway in the "Ternivska" mine, where the
block formed by the rock bolts in the mine roof was lowered.

A method was developed that, due to the introduction of special contact elements
into the finite-element scheme, allows simulating the stressedly-deformed state of
rocks with cracks. The use of the proposed method of studying the block-structured
rock mass makes it possible to check the efficiency of the rock bolting elements in
the block-structured rock mass during the development of the supporting scheme.

Using the developed method, the relative displacement of the block formed in the
mine roof was investigated in four cases: when the mine working is not supported,
the mine working 1s supported with the use of simple, reinforced and powerful rock
bolting structures. It was shown that in the cracked rocks divided into blocks, the dis-
placement of the rock block reaches a maximum in the unsupported mine roof. The
simple rock bolting structure almost does not prevent the rock block from shifting
into the mine working space, together with a row of rock bolts installed vertically.
The inclination of the rock bolts by 70° to the mine face in the reinforced rock bolting
structure significantly improves the condition of the mine roof; its displacement is
reduced by 87%. And the use of the powerful rock bolting structure blocks the
movement of the rock-bolts block almost completely, by 93%. Therefore, the rein-
forced and powerful rock bolting structures allows you to keep the cracked rock mass
divided into blocks in a stable condition.
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YUCENBHE AOCNIMXEHHA B3AEMOLIT AHKEPHOIO KPINNEHHSA 3 BNIOYHO-CTPYKTYPOBAHUM
NOPOAHMM MACUBOM
Kpykoecbkul O., Kpykoeckka B., emiH B., byniy KO., XeopocmsiH B.

AHoTauisi. [Ins obrpyHTyBaHHS NapameTpiB aHKEPHOrO KPINMeHHs ripHninx BUpobok HeobXigHO AOCTIMKEHHS Ha-
NpYXeHo-4eOpMOBaHOrO CTaHy BMILLYIOUMX NOPIA i eNeMeHTIB aHKepHOro KpinneHHs. B NeBHWX FipHUYO0-reomnoriyHmux
YMOBaX NOPOAHWA MacuB Po3oMTO TpilmHaMK i nogineHo Ha 6roku. [ns gocnigkeHHs 6noYHO-CTPYKTYPOBaHMX Mopig
He JOCTaTHbO METOAIB, NPU3HAYEHUX 471 MOAENIOBAHHSA CyLINbHUX CepeaoBuLY. Y 3B'a3ky 3 LM METOK) Liei poboTu €
po3spobka cnocoby JOCTiGKEHHS CTaHy BI0YHO-CTPYKTYPOBAHOMO NOPOAHOTO MACcWBY HABKOMO FPHWUYOT BUPODKM 3 aHKe-
PHUM KpINNEHHAM Ta 0BrpyHTYBaHHS MOXMBOCTI 3anobiraHHs 3cyBam NopoaHUX BIIoKiB 3a 4ONOMOrOK aHKEPHOrO Kpin-
NeHHs.

B pesynbTati BUKOHaHHS poboTi po3pobieHo yncenbHy Mogenb 6ro4HO-CTPYKTYPOBAHOrO ripCbkoro MacuBy 3 rip-
HWUYOI0 BUPOBKOHD, 3aKPinneHo aHKkepamu, siki MOAEMNIOBanMCb 4BO-BY3N0BUMU CTPMXKHEBUMM CKIHYUEHUMN ENEMEHTaMMU.
TpilyHN MOLENtoBaNUCh YOTUPU-BY3MNOBUMM KOHTAKTHAMM CKIHYEHUMU efleMeHTaMu, ki MalTb HyNbOBY TOBLUMHY, a@
MOYaTKOBI KOOPAWHATY BY3MiB iX MPOTUNEXHMX CTOPIH 36iraloTbCs. YTBOPEHHS Ta 3pOCTaHHS TPILLMHN MOXe BinbyBaTucs
y Burnagi ii po3kputTa abo 3cyBy B3AOBX 1i NoBepxHi. Po3pobneHo cnocib, sikuii 3a paxyHOK BBEAEHHS 40 CKIHYEHO-
€IIEMEHTHOI CXeMW KOHTaKTHWUX €NEMEHTIB 403BOISE MOAENOBATU HanpyXeHo-4ehopMoBaHUiA CTaH nopig 3 TPilumHa-
MW. BukopucTaHHs 3anponoHOBaHOro crnocoby AOCTIZXEHHS CTaHy BIOYHO-CTPYKTYpPOBaHOMO NOPOAHOMO MacuBy Hagae
3MOry nepesipuTh NpaLesaaTHICTb enemMeHTIB aHKEPHOTO KPIMMeHHs Npu po3pobLi CXeMu KpInfeHHs ripHUYOi BUPOBKH.

3 BUKOpUCTaHHSIM po3pobnieHoro cnocoly 6yno OocnimKeHO BiZHOCHI 3MiLLeHHst BroKy, YTBOPEHOro B NOKPIBMi BU-
pobky, B YOTUPLOX BUNaaKax, konn Bupobka HesakpinneHa, Bupobka 3akpinneHa i3 3acToCyBaHHAM NPOCTON, MOCUNEHOI i
NOTYKHOT KOHCTPYKLA aHKEPHOrO KpinneHHs!. MokasaHo, Wo B TPILMHYBATOMY, PO34iNeHOMY Ha BI0KM MacuBi, 3MiLLeH-
HS1 OKPEMOro GMOKy csirae MakcuMymy y BUpoOLi 3 HE3aKPINmeHo nokpieneto. MNpocTa KOHCTPYKLiS aHKEPHOTO KpiMmeH-
HSI Malke He NepeLuKoKae 3CyBY NOPOAHOro Brioky pasoM 3 psaoOM aHKepis, BCTAHOBMEHWX BEPTUKANbHO, B NPOCTIP
BUpoOKK. Haxun aHkepie Ha 70° Ha BMGIN y NOCWMEHIN KOHCTPYKLUii 3HA4YHO MOKPALLYe CTaH MOKPIBI, il 3MILLEHHS 3HUXY-
€TbCA Ha 87%. A 3aCTOCyBaHHS NOTYXXHOI KOHCTPYKLii BNIOKYe nepemilLeHHst NOpOAHO-aHKEPHOro BrIoKy NPaKTUYHO MOB-
HicTio, Ha 93%. OTxe, nocureHa i NOTyXHA KOHCTPYKLiT aHKepHOro KpinmneHHs A03BONsioTh 3bepiratv TpiLMHyBaTHi,
PO3AiNeHNI Ha 6r1okM MacmB, y CTINKOMY CTaHi.

KntouoBi cnoBa: 61o4HO-CTPYKTYpOBaHi nopoawu, ripHya Bupobka, aedopmMyBaHHS NOpid, KOHCTPYKLii aHKEPHOMO
KpINneHHsl, YncernbHe MOLerioBaHHs.
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