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Abstract

Purpose is to study the influence of mining and geological conditions on the time-dependent stability of the collective
refuge chamber for mine workers with the adjacent mine workings and develop support schemes for different conditions of
construction of such mine workings.

Methods. Numerical modelling methods of the connected processes of elastoplastic deformation of gas-bearing rocks and
gas filtration within the area disturbed during mining operations were used to study stability of mine workings with a com-
pound cross-section, i.e. the collective refuge chambers and its adjacent extraction gallery. The model was based on fundamen-
tal principles of solid mechanics and filtration theory. The problem was solved using a finite element method.

Findings. A classification of the conditions for locating collective refuge chambers for mine workers according to the rela-
tive strength of the enclosing rocks was developed. Support schemes for the chamber and its adjacent mine working were elabo-
rated. The schemes include basic support and provide for its strengthening with rock bolts located in the roof of the mine work-
ing and chamber, or in their walls. The compliance of these support schemes with the developed classification of location con-
ditions was determined. A numerical study of the time-dependent stability of the chamber and its adjacent mine working, while
applying the recommended support scheme, was performed. It is shown that the strengthening of rock bolting schemes reduces
the multicomponent stress field and the area of the zone of inelastic deformations, forms a rock-bolt overlap in the roof of the
mine workings and chambers, which helps increase their stability under the complicated mining and geological conditions.

Originality. Dependence of the changes within the area of a zone of inelastic deformations around the chamber with its ad-
jacent mine working on the relative strength of the enclosing rocks was identified; time-dependent changes within the area of
the zone of inelastic deformations, when using different support types, were specified.

Practical implications. Support schemes for collective rescue chambers for mine workers in terms of different construc-
tion conditions were developed along with the procedure of their selection for specific mining and geological conditions. The
results of the study provide theoretical substantiation and scientific guidelines for the selection of supports for collective refuge
chambers adjacent to the mine working.

Keywords: rock bolt and frame support, relative rock strength, refuge chamber, time-dependent stability of mine workings,
support schemes, numerical modelling

1. Introduction bination of longwall and an extraction gallery [12]-[17], and
The most important task in underground mining is to  fransport nodes in an underground mine [18].
support mine workings and maintain them in a safe operating Collective refuge chambers for mine workers can be lo-

condition throughout the entire period of use. Selecting sup- ~ cated in a stable hole next to a mine working [19]; in this
ports for the mine workings with a compound cross-section  Case, this underground object as a whole will also have com-
is associated with specific difficulties, such as a large open ~ Pound cross-section. They are built on the exit routes of
roof span, significant redistribution of stress and deformation ~ Miners and protect them during accidents [20], [21] associated
fields, additional load on the support, and roof caving [1]-[5].  With the gas hazard in mine workings, fires, and explosions
Most often, the complexity of the mine working geometry is ~ Of methane-air mixture [22], [23]. _ N

stipulated by the crossing or close location of two mine _ The concept of safe refuge chambers, which were built in
workings. For instance, it can be crossing of the main and ~ Mine workings with the help of barricades, was first put
branch tunnels [6], long-span branch bifurcated tunnels with ~ forward more than a hundred years ago [24]. In the early
complex 3D geometry [7], crossing of mine workings with 1970s, at the Gold Fields mine in South Africa, compressed

various types of coal mine supports [3], [4], [8]-[11], a com-  @ir was pumped into the end of a working entry to provide a
pressurized and fresh air shelter for a group of miners in the
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event of an underground fire. Since then, the use of chambers
has become commonplace in metal mines in Canada and in
coal mines in England [25]. In the United States of America,
a special study was carried out, which recognized that the
available refuge chambers could have a positive effect on the
consequences of 12 of the 38 accidents studied; moreover, 83
of the 429 miners who were underground and injured in
those 38 accidents could have been saved owing to the avai-
lable refuge shelters [26]. In 2007, a law was adopted provi-
ding for the use of refuge shelters [25]. In practice, coal
mines in the United States use rigid and inflatable shelter-
chambers or stopping-type systems. In China, refuge cham-
bers are also used to ensure safety of the personnel of under-
ground mining enterprises. The proposed system of refuge
chambers includes the following: a permanent chamber lo-
cated near the main miners’ exit from the level, temporary
shelter chambers at the extraction sites, and rescue capsules
that are installed directly near the workplace and can be
moved along with the stoping front [21]. In the Dayangquan
coal mine, China, a refuge chamber was built in an unused
mine working [27], and in the Guilaizhuang gold mine in
Shandong province, it was also located in a separate mine
working [28]. All the chambers are lined with concrete and
reinforced concrete with a layer of sealing material [28] with
the addition of steel-polymer and rope bolt [21], [27]. They
are built in single mine workings with a regular arched cross-
section, and therefore their support is selected accor-ding to
standard methods.

Numerous scientific studies in different countries of the
world are devoted to the issue of underground object sup-
ports. Experienced specialists are improving the support of
tunnels [29]-[31], mine workings [32]-[38], double mine
workings [39] and refuge chambers [21], [27]. The studies
propose the technologies of bearing-bolt supporting [32], full-
stress anchoring [36], and a method of layer-by-layer grouting
strengthening of mine working [33]. The mechanical behav-
iour of fully rock bolts in hydraulic tunnels was studied [29].
The effectiveness of various rock bolting schemes was ana-
lyzed, and a theoretical basis was developed to design safe
and effective supports of mine workings [32], [34], [37], [38].
It is also identified that rock bolting is the most common for
stabilizing underground structures in mines due to its substan-
tiated reliability for rock strengthening [40]-[43].

Rock bolting as a part of continuous protective structures
is also used to support underground collective refuge cham-
bers for coal mine workers. Such a design is necessary for
resistance to external force and temperature loads. In addi-
tion, it should have good gas tightness and the function of
maintaining excess pressure in order to create a safe gas- and
waterproof environment [19], [28]. Time and environment
are also the factors influencing the stability and airtightness
of support structures. During the service life, the load on the
structural elements changes; the inherent defects of concrete
structures continuously develop and expand until they finally
damage the refuge chamber airtightness and become a chan-
nel for harmful gases, such as those found in the surrounding
rock and atmosphere of mine workings [19], [28]. In addi-
tion, water and corrosive substances can penetrate into the
concrete structure through cracks, which will accelerate the
processes of chemical corrosion, carbonization, and corro-
sion of steel bars. In the long term, this will also affect the
structure stability. Therefore, when selecting the support for
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underground refuge chambers and when performing numeri-
cal modelling of the operation of support structures under
specific mining and geological conditions, it is very im-
portant to monitor the influence of time on changes in the
stability of both the chamber and its support.

The analysis of regulatory documents of Ukraine regarding
rock bolt [44] and frame-bolt [45] support of mine workings
shows that its use is stipulated and regulated in permanent,
development, assembling, and disassembling mine workings
as well as at the connections of mine workings. The general
technical requirements for stationary chambers-shelters [20]
only note that the refuge chamber support must be non-
combustible, selected basing on calculation of resistance to
rock pressure, and ensure the required level of airtightness and
repair-free maintenance of the chamber during operation.

Therefore, the analyzed data show that in underground
mining, following refuge chambers are used: permanent
(built in the rock mass) and temporary (mobile, requiring no
solution of support problems). If the chamber is placed in a
single mine working, separated from the others by an explo-
sion-, gas- and fire-resistant stopping with a sealed door, its
support is selected according to standard methods, taking
into account the requirements to ensure airtightness. Howev-
er, both the analyzed sources and available regulatory docu-
ments pay no attention to the selection of support for collec-
tive refuge chambers for the mine workers, located next to a
mine working. Nevertheless, the design of such chambers
has a number of features requiring additional attention:

— location next to an operating mine working, which in-
creases the geometric dimensions of the underground object
and complicates its cross-section geometry;

— limited internal space of the chamber, which compli-
cates the support installation;

— necessity to ensure the chamber airtightness, which de-
pends on the stability of the chamber and its adjacent mine
working, as well as their support elements.

Therefore, the purpose of this work is to study the
influence of mining and geological conditions, i.e. rock com-
position and location depth, on the time-dependent stability
of the collective refuge chamber for mine workers with the
adjacent mine workings and the development of support
schemes for different conditions for constructing such mine
workings. To achieve the goal, it is necessary to solve fol-
lowing problems:

1) to use numerical modelling methods to investigate influ-
ence of the depth of mining operations and strength of rocks, en-
closing the mine working and refuge chamber, on their stability;

2) to develop a classification of the chamber location con-
ditions according to the relative strength of enclosing rocks;

3) to elaborate the chamber support schemes for different
conditions of chamber location;

4) to carry out a numerical study of the stress state of the
enclosing rocks and time-dependent stability of the chamber
and its adjacent mine working, if the recommended support
scheme is applied.

2. Methodology

To solve the specified problem, numerical modelling of
the connected processes of deformation of the rock mass and
support elements, and gas filtration was performed. The
availability of gas in the fracture-pore space of coal was
taken into account, since coal seams in terms of Ukrainian
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coal mines usually have a high gas capacity, and neglecting
the effect of gas on the stress field formation can lead to
significant errors [46].

The stress state of the rock mass near the mine working
and gas filtration within the disturbed area is described by the
system of equations [47]-[49]:

ou;
ngl=(7ij'j+xi(t)+|3|(t); (1)
P _ Kew (0°p*  0°p°
azzkj,_“m[axz +57 A )
where:

cq — damping coefficient, kg/(s-m°);

u; — displacement, m;

t—time,s;

aijj — derivatives from the components of main stress ten-
sors along horizontal axis x and vertical axis y, Pa/m;

Xi (t) — projection of the external forces affecting the rock
volume unit, n/m?;

P; (t) — projection of the forces stipulated by the gas pres-
sure within the fracture-pore space, N/m?;

p — gas pressure, Pa;

Kiech — filtration permeability caused by driving a mine
working, m?;

4 — gas viscosity, Pa-s;

m — rock porosity, %;

g — function of gas emission, which models methane de-
sorption from the coal.

The kecn permeability of rocks and concrete, depending
on their stress state, is determined by the ratios obtained by
the authors earlier [38], [47].

The initial and boundary conditions for this problem are
as follows:

oyl =rH ol = ArH: ®)
Ul _, =0 uyL:O =0; (4)
Pl = Po. )
Ul =0 Uy, =0 (6)
Pl = Pai Plog =P Pl =Po, ™)
where:

y — average weight of the above-lying rocks, N/m?;

H — depth of mining operations, m;

A — coefficient of lateral thrust;

Ux, Uy — components of the displacement vectors, m;

01 — vertical boundaries of the external contour;

0, — horizontal boundaries of the external contour;

po — formation gas pressure, Pa;

Qs — non-tight mine working contour;

pat — atmospheric pressure, Pa;

Q4 —non-tight refuge chamber contour;

psh — pressure in the refuge chamber, Pa;

Qs — time-varying boundaries of the filtration area.

The Coulomb-Mohr criterion [50], [51]is used for ma-
thematical description of the process of rock transition into
a disturbed state. Equations (1)-(2) with the initial and
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boundary Conditions (3)-(7) are solved with the help of a
finite element method [52]-[54] involving the author’s
software developed to model connected processes of
geomechanics and fluid filtration. Rock bolts are modelled
by the rod finite elements; metal and concrete support ele-
ments are modelled by giving triangular finite elements the
appropriate properties.

The stress field is analyzed with the help of geomechani-
cal parameter Q" characterizing the multicomponent nature
of a stress field:

0,03

Q =——2,

7H ©

where:

o1, 03 —maximum and minimum components of the main
stress tensor, Pa.

The rock mass consists usually of numerous rock layers,
which can differ significantly from each other in terms of
their properties. Therefore, the average rock strength parame-
ter R¢ is used to compare geological conditions of the refuge
chamber location. The R value is calculated within the area,
which height depends on the calculated width B of the cham-
ber and adjacent mine working, Figure 1:

B = B + By, 9)

where:

Bs and B;-—actual width of the chamber and adjacent
mine working in the driving, m.

The R value within the studied area with a height
of at least 1.5 B to the roof and B to the floor is calculated
by the Formula:

N
Z Rci mci
R = ':1N , (10)
m
i;l cl
where:

R.; — compressive strength of separate rock layers, MPa;

m,; — thickness of separate rock layers, m;

N — number of rock layers within the area under consi-
deration, pcs.

While calculating, a typical design of the refuge cham-
ber, adjacent to the mine working driven along the coal
seam (Fig. 1), was considered [55]-[57]. However, the mine
working and chamber are supported with frames; walls and
roof are lined with reinforced concrete; the refuge chamber
is separated from the mine working by a 200 mm thick
concrete stopping. The chamber floor is located above the
mine working floor.

Roadway

B

5

Figure 1. Typical design of a refuge chamber with a basic support
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The stress state of rocks and support as well as zones of
inelastic deformations were calculated for two variants of
rock composition (Table 1) within the studied area with a
height of at least 1.5 B to the roof and B to the floor with an
average strength of R. = 33.5 MPa and R = 20.6 MPa.

Table 1. Strength of rocks within the area under study

Ultimate Thickness Average
Variant Rock strength m m strength
o, MPa ' Rc, MPa
Sandstone 34.6 20.3
! Coal 17.3 1.4 206
Argillite 20.8 20.3
2 Coal 17.3 1.4 335

The location of mine workings at the depths of
H =400 m, H=800m, and H = 1200 m was considered.

3. Results and discussion

3.1. Study of the stability of the refuge chamber
and its adjacent mine working

To study the stability of both refuge chamber and its
adjacent mine workings depending on the depth of mining
operations and strength of the enclosing rocks, a stress field
and a zone of inelastic deformations were calculated for the
above conditions of the mine working location at different
times. The results of calculating the time moment t = 20 days
are shown in Figure 2. It is clearly visible that an area of in-
creased multicomponent stress field (parameter Q*) is formed
around the mine working and the chamber. This parameter
reaches the highest values in the mine working roof and in the
chamber and mine working walls, where Q* > 1.2. That leads
to an increase in the intensity of the fracturing and breaking
processes in rocks with a lower strength boundary.

0*>16

JJJ

0

12<0*< 16
08<0*<12
04<0*<08
0%<04

Y

Figure 2. Zones of inelastic deformations, distributions of the Q* parameter values within the rocks with average strength
Rc = 33.5 MPa (left) and Rc=20.6 MPa (right) around the refuge chamber with the basic support: (@) H=400 m;

(b) H=2800 m; (c) H=1200 m
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Thus, stronger sandstone (Figs. 2b, c, left) can withstand
loads increasing with depth with significantly less stability
losses than a less strong argillite (Figs. 2b, c, right). The area
of the zone of inelastic deformations within the rock area
with Rc = 20.6 MPa exceeds the area of the same zone in
rocks with R¢ = 33.5 MPa by more than 2 times.

The depth of the underground structure location affects
significantly the stability of mine workings and their support.
If H=400m, the refuge chamber and its support are in a
stable condition, the basic support ensures its safe operation
(Fig. 2a). Along with the depth increase, in stronger rocks,
the coal seam on the chamber and mine working walls is
broken (Fig. 2b, left), which requires additional support with
rock bolts. In case of less strong enclosing rocks, not only the
coal seam in the walls is broken but also argillite in the mine
working roof (Fig. 2b, right). Thus, it is necessary to take
measures for its additional support with steel-polymer rock
bolts. It is obvious that at a depth of H = 1200 m, the cham-
ber and mine working support should be strengthened even
more, taking into account both the strength of enclosing
rocks and the depth of mining operations.

3.2. Schemes of the refuge chamber support
for different conditions of its location

It is proposed to evaluate operating conditions of the ref-
uge chamber by the value of relative rock strength index Sy,
which considers negative influence of depth on the stability
of underground structures and is calculated by the Formula:

R

S, = ﬂ; : (11)

It is necessary to separate cases with the location of a
weak coal seam in the chamber wall. A development wor-
kings, near which collective refuge chambers are constructed,
are driven along the coal seams that are being worked out;
and under conditions of most coal mines of Ukraine, coal has
very low compressive strength and high gas capacity. There-
fore, coal breaking is accompanied by methane release, and if
the airtightness of the refuge chamber is broken, gas is likely
to enter the chamber, which is dangerous for the people in-
side. To take into account the importance of reliable chamber
wall support, introduce a parameter of the average strength of
the chamber wall rocks Rewan calculated similarly to R but
within the area limited by the refuge chamber height.

After calculating the stress fields and zones of inelastic de-
formations for various mining and geological conditions,
graphs of changes within the area of zones of inelastic rock
deformations in the roof and floor were drawn from the param-
eters R and Rewan, Figure 3, illustrating the dependence of mine
working stability on the relative strength of the enclosing rocks.

—O—in walls
—CO— in roof and floor

Area of the zone
of inelastic deformations, m’

=R

0 0.5 10 1.5 20 25 30 35
Relative rock strength, S-

Figure 3. Area of the zones of inelastic deformation

When the results of mine observations and a series of
numerical calculations with different rock composition and
the depth of mine working location have been analyzed, we
propose a classification of the operating conditions of the
refuge chamber according to the relative strength of the
rocks, with the selection of 3 types of conditions to construct
the chamber, i.e.: non-complicated (S;>1.5), medium
(1.0 < S, <1.5), and complicated (Sr < 1.0).

Within these types of conditions, conditions with weak
(Srwan < 1.5) and strong (Srwan > 1.5) lateral rocks are distin-
guished. Consequently, there are 6 main types of operating
conditions of the refuge chamber. We suggest determining
the support scheme that meets certain conditions according to
Table 2 and Figure 4.

Therefore, the support scheme for the chamber with its
adjacent mine working for specific mining and geological
conditions is selected as follows:

— calculating the studied area dimensions;

— calculating the value of the average rock strength Rc
according to Formula (10);

— calculating the relative rock strength S, within the con-
sidered area and relative rock strength Rcwan in the chamber
and mine working walls according to Formula (11);

— defining the type of operating conditions of the refuge
chamber according to Table 2;

— determining the support scheme that corresponds to these
operating conditions, according to the Table 2 and Figure 4.

3.3. Chamber stability when using
the recommended support scheme

Determine the support schemes for the refuge chamber
under the mining and geological conditions discussed above
while calculating R and Rcwan for each case and using Ta-
ble 2. The calculation results are given in Table 3.

We can see that the basic support is reliable both for the
refuge chamber and the mine working at a relatively shallow
depth, when H = 400 m.

Table 2. Support of the refuge chamber according to its construction conditions

Value -
of parameter S, Types of conditions Support scheme
S >15 Non-complicated Scheme 1, basic (Scheme 1)
10<S <15 Medium Sgheme 2, _ba3|c + rock bolting of the adjacent

mine working (Scheme 2)

S <1.0 Complicated theme 3, _basnc + rock bolting of the chamber and its adjacent
mine working (Scheme 3)

Sruan < 1.5 With weak wall rocks Scheme 4, 5 or 6, with the addition of lateral rock bolts to schemes

1, 2 or 3 (Schemes 4-6)
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Scheme 1

V

Scheme 2

Scheme 3

I

Scheme 4

—

N\

V

Scheme 5

Scheme 6

N\
=l

Figure 4. Schemes of the refuge chamber support

Table 3. Results of the calculations of relative strength of enclosing rocks

Average rock strength Relative rock

Depth A, m Re and Rewat, MPa strength S and Srai Category of conditions Support scheme
400 33.5/21.14 3.35/21 Non-complicated Scheme 1
400 20.6/18.08 2.06/1.8 Non-complicated Scheme 1
800 335/21.14 168/1.1 Non-complicated with weak wall rocks Scheme 4
800 20.6/18.08 1.03 /0.9 Medium with weak wall rocks Scheme 5
1200 33.5/21.14 1.12/11 Medium with weak wall rocks Scheme 5
1200 20.6/18.08 0.69/0.6 Complicated with weak wall rocks Scheme 6

With the increasing depth, additional rock bolting is re-
quired, i.e. schemes No. 4-6 for various mining and geologi-
cal conditions (Table 3). To verify the obtained results, the
stress fields and zones of inelastic deformations were calcu-
lated for those cases where support of the chamber and its
adjacent mine working needs strengthening (Fig. 5).

When rock bolts are installed, the distribution of the pa-
rameter Q" value in the roof of the mine working and cham-
ber changed. The multicomponent nature of the stress field
decreased significantly; the area of rocks with well-
developed fracturing, where Q"> 0.8, decreased (Fig.5).
Within the rock bolted area, rock is under conditions close to
triaxial compression with the increased values of the mini-
mum component of the main stresses. A rock-bolt overlap is
formed above the mine working and the chamber, where rock
is preserved undisturbed, and the bolting prevents the con-
tour mass displacement inside the mine working and cham-
ber, increasing their stability.

It is also clearly seen that additional rock bolting results
in the fact that the zone of inelastic deformations in all four
cases has decreased significantly compared to Figure 2b and
2c. Moreover, in stronger rocks, its area decreased by 45% at
H =800 m (Fig. 5a) and by 28% at H = 1200 m (Fig. 5c); in
less strong rocks — by 34% at H =800 m (Fig. 5b) and by
28% at H=1200 m (Fig. 5d). The zone of inelastic defor-
mations within the chamber and mine working walls de-
creased by 3.7 times in case (a), in case (b) — by 3.2 times, in
case (c) — by 2.1times, and in case (d) — by 2.2 times
(Fig. 5). It means that deformation of a very large volume of
the contour rock, strengthened by rock bolting, occurs now in
an elastic mode; and the underground compound-shape struc-
ture acquires a stable state.
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Thus, to test the proposed approach, the relative
strength of enclosing rocks was calculated in six different
cases; the category of conditions for the chamber location
was determined; a scheme of its support was selected; and a
numerical study of the stress state of the enclosing rocks
and stability of the chamber with its adjacent mine working,
while applying the recommended support scheme, was
performed. It is shown that support strengthening by
rock bolting reduces the multicomponent nature of the
stress field along with the area of the zone of inelastic de-
formations around the mine workings. The rock bolted-area
rock is under conditions close to triaxial compression with
the increased values of a minimum component of main
stresses. A rock-bolt overlap is formed above the mine
working and chamber, which increases stability of the
chamber and its adjacent mine working under complicated
mining and geological conditions.

The environment and mining operations affect signifi-
cantly the underground structures. Therefore, in future,
it is planned, firstly, to complement the research with a study
of the stability of refuge chambers located next to the
excavation gallery, which is stored for further reuse
while stoping.

Secondly, to develop and improve the elaborated model,
it is necessary to consider the effect of corrosion destruction
of concrete and metal structural elements on the long-term
stability and gas tightness of the refuge chamber. Such
research will make it possible to improve support of mine
workings of irregular cross-section under complicated
mining and geological conditions.
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Figure 5. Zones of inelastic deformations, distributions of the values of Q" parameter and graphs of changes within the area of the zone
of inelastic deformations: (a) H =800 m, Rc = 33.5 MPa, Rewan = 21.14 MPa; (b) H =800 m, Rc = 20.6 MPa, Rcwan = 18.08 MPa;
(c) H=1200 m, Rc = 33.5 MPa, Rcwai = 21.14 MPa; (d) H = 1200 m, Rc = 20.6 MPa, Rcwai = 18.08 MPa

4, Conclusions

This paper represents a numerical study of the stability of
underground mine workings with a compound cross-section,
i.e. the collective refuge chamber and its adjacent extraction
gallery, under various mining and geological conditions,
using different support schemes.
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The influence of the depth of mining operations and the
enclosing rock strength on the stability of rescue chambers
with basic support (including frames, reinforced concrete
lining of the sides and roof, and a concrete stopping between
the chamber and its adjacent mine working) was analyzed. It
is shown that at a relatively shallow depth, the basic support
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ensures chamber stability along with its safe operation. When
depth is increasing and enclosing rocks become less strong,
additional support with rock bolts is required.

A classification of chamber location conditions based on
the relative strength of the enclosing rocks was developed.
Based on the results of mine observations and a series of
numerical calculations with varying rock composition and
depth of mining operations, schemes for constructing refuge
chambers and its adjacent mine workings for various location
conditions were designed. The schemes include basic support
and its strengthening with rock bolts located in the roof of
mine working and the chamber or in their walls. The compli-
ance of these support schemes with the developed classifica-
tion of location conditions was determined.

To test the proposed approach, relative strength of the en-
closing rocks was calculated in six different cases; the cate-
gory of conditions to locate refuge chambers was deter-
mined; and its support scheme was selected. A numerical
study of the stress state of the enclosing rocks and stability of
the chamber and its adjacent mine working, when using the
recommended support scheme, was performed. It is shown
that the schemes, strengthened by rock bolting, reduce the
multicomponent nature of the stress field and the area of the
zone of inelastic deformations around the mine workings.
The rock bolted-area rocks are under conditions close to
triaxial compression with the increased values of the mini-
mum component of main stresses. A rock-bolt overlap is
formed above the mine working and refuge chamber, which
increases the stability of the chamber and its adjacent mine
working under complicated mining and geological conditions.
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AHKepHO-paMHe KpilJIeHHs1 BUPOOOK CKJIaJHOI0 MONEepeYHoro nepepisy:

KaMepH KOJIeKTHBHOTO MOPATYHKY NPALiBHUKIB IIAXTH

O. KpyxkoBcrkuii, B. Kpykosceka, FO. Byniy, C. lemuenko, . KoncrantnHoBa

MeTa. JlocniauTH BIUIMB TipHUYO-TEOJIOTIYHUX YMOB Ha 3aJIe)KHY BiJ 4acy CTilKiCTh KaMepu KOJICKTHBHOTO MOPSTYHKY NpalliBHUKIB
MIaXTH 3 TPUIETIIO TiPHUYOI0 BUPOOKOIO 1 pO3pOOUTH CXEMH KPITUICHHS AJIS Pi3HUX YMOB CIIOPY/KEHHS TAKHX BUPOOOK.

MeToauxka. /1151 T0oCTiKEHHs CTIKOCTI TipHUYUX BUPOOOK CKITaHOT (POPMHU TIONIEPEYHOTO Tepepidy, a came KaMepH KOJIEKTUBHOTO T10-
PATYHKY i OPHJIETJIOr0 BUIMKOBOTO IITPEKY, BUKOPUCTAHO METOJM YHCEIBHOTO MOJEIIOBAHHS 3B’S3aHUX MPOLECIB MPYKHO-IITACTHYHOTO
nedopMyBaHHS Ta30HOCHUX HOPiA 1 pinbTpanii ra3y B mopyIIeHil Ipy BeJeHHi ripananx poOit oomacti. OcHOBY Mozeli CKIanaoTs (yHaa-
MEHTAJIbHI [TOJIOKEHHSI MEXaHiK| TBEPOro Tijia Ta Teopii ¢pinprparii. 3amaya po3B’si3aHa i3 3aCTOCYBaHHSIM METO/y CKIHUCHHHX €JICMEHTIB.

Pe3yabTaTn. Po3po6iieno kinacudikaliito yMOB po3TallyBaHHs KaMepH KOJIEKTUBHOTO HOPSTYHKY MPAliBHHUKIB MIAXT 32 BIAHOCHOIO Mill-
HiCTIO BMilyt0unx nopia. Po3pobieno cxemu kpimieHHs: kamepu i mpuiternoi BupoOku. Li cxemu BKII09ar0Th 6a30Be KpiIUieHHs i nepenba-
Yal0Th WOTO TOCUIICHHs aHKePaMH, PO3TAIIOBAaHUMHM B IOKPIiBIIi BUPOOKH 1 kamepu, abo B iXx Ookax. Bu3HaueHO BiAMOBIAHICTH LIUX CXEM
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KpIIUIEHHs po3pobJieHiii kiacudikaiii yMOB po3TaliyBaHHs. BUKOHAHO YHCelIbHE JOCITIIKSHHS 3aJI€)KHOI Bijl 4acy CTIHKOCTI KaMepH i npu-
Jiersoi BUPOOKH y pasi 3aCTOCYBaHHA PEKOMEHIOBAHOI cxeMH KpiruieHHs. Iloka3aHo, o MOCHIEHHSA CXeM KpIIIeHHS aHKepaMU 3MEHIIye
PI3HOKOMIIOHEHTHICTH MOJIA HAIlPy>KEHb 1 MJIOILY 30HW HENpYy>KHHUX Aedopmaniil, popMmye y HOKpPiBIi BUPOOKU 1 KaMepH MOPOAHO-aHKEpHE
TIEPEKPHTTSL, SIKE IIJBUILY€ TX CTIHKICTH B OIIBII CKJIAJHHAX TiPHUYO-TEOIOTIYHAX YMOBAX.

HaykoBa HoBH3HA. BcTaHOBIIEHO 3aJI€)KHOCTI 3MIHH IUTONII 30HU HENPYKHHUX AedOopMaliiif HaBKOJIO KaMepH 3 IPHIIETIO BUPOOKOIO
BiJl BIIHOCHOI MIITHOCTI BMIIIYIOUMX IOPif, a TaKoX 3MIHM IUIONII 30HH HENPYXHUX AedopMaliii y daci IpH 3aCTOCYBaHHI Pi3HHX
BHIIB KPIIUICHHSI.

IpakTuyHa 3HaYUMicTB. Po3pobieHo cxeMu KpiljIeHHs KaMepH KOJIEKTHBHOTO MOPATYHKY MPaLiBHUKIB MAXTH I PI3HUX YMOB CIIO-
PYIUKEHHS 1 HOPAJOK iX BHOOPY A KOHKPETHHX TIPHUYO-TEOJIOTIYHUX YMOB. Pe3ynbpraTu qocimimkeHHs 3a0€3MeuyoTh TeOpeTHIHE 00TpYyH-
TyBaHHs Ta HAYKOBI BKa3iBKHU U100 BHOOPY KPIIUICHHS AJIsl KaMep KOJIEKTUBHOTO MOPATYHKY, IPHIETIINX 0 TipHUYO01 BUPOOKH.

Knrwouoegi cnosa: ankepro-pamme KpinienHs, i0HOCHA MiyHiCb NOPIO, Kamepa NOPAMYHKY, CIILKICMb SIDHUYUX 8UPODOK, cXxemu Kpin-
JIEHHS, YUCeNbHe MOOEeNIOBAHHS
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