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ABSTRACT

Purpose is to obtain regularities of a stress state of such multilayer system as neighbourhood rock mass — frozen soil —
hoisting shaft frame in the process of numerical analysis to control a frame state with the selection of efficient pa-
rameters; thickness depending upon a specific frozen process specifically.

Methods. Numerical analysis on the basis of a finite-element method has been implemented relying upon Pro Com-
plex Structure CAD for Windows (SCAD) which made it possible to obtain stress state of a hoisting shaft frame and
its interaction with ice-soil blocking as well as with neighbourhood rock mass soil.

Findings. Hoisting shaft model has been developed. The model is based upon actual geometry and results of labora-
tory studies. Three blocking types (i.e. reinforced-concrete blocks, gray cast-iron tubbings, and modified gray cast-
iron tubbings) and two soil types (i.e. sand and clayish soil at +8°C temperature) in terms of different freezing tem-
peratures (i.e. (-2, —6 and —10°C) were analyzed numerically with the use of the SCAD. Results of the research have
helped identify dependences concerning formation of a stress state of the multilayer neighbourhood rock mass —
frozen soil — hoisting shaft frame system while varying properties of the listed types of a frame, neighbourhood rock
mass, and ice-soil blocking. Regularities of the stressed state components deepening upon the frozen soil elasticity
modulus, corresponding to its certain temperature, and elasticity modulus of a hoisting shaft frame have been obtained.
The regularities connect changes in the stress of a hoisting shaft blocking in the context of specific freezing process.

Originality. The obtained dependences of the stressed state of a hoisting shaft frame on the soil elasticity modulus
and the material are composite spatial surfaces reflecting representatively the stressed state of such multilayer sys-
tems as neighbourhood rock mass — frozen soil — hoisting shaft frame.

Practical implications. The regularities of the stressed state, determined for such multilayer systems as neighbour-
hood rock mass — frozen soil — hoisting shaft frame, make it possible to control stress components selecting rational
geometry of a frame and its material or temperature cycle to freeze soils while applying the specific method.

Keywords: hoisting shaft, stressed state, neighbourhood rock mass — frozen soil — hoisting shaft frame system, soil
freezing, ice-soil blocking, numerical analysis

1. INTRODUCTION

Ukrainian cities as Kyiv, Kharkiv, and Dnipro in-
volves, first of all, the widest field of operations. For all
the subways, a procedure is as follows: underground
operations to construct station tunnels and deep running
tunnels. Specific character of the underground method is
that surface opening is the only possible with the use of
additional inclined and vertical mine workings (Petrenko,
Petrenko, & Tyut’kin, 2005). Then, after underground
objects are constructed, the mine workings can be ap-
plied as escalators (i.e. inclined) and ventilation openings
(i.e. vertical ones).

Vertical openings, making it possible to start opera-
tions at an underground level, are called hoisting shafts.
Several approaches to support them are available; they
depend upon the character of geotechnical and hydrogeo-
logical situation. To support hoisting shafts for deep-laid
lines, Dnipro subway uses reinforced concrete blockings
consisting of interlocking piles. Such piles are made on
the basis of augered technique making it possible to sup-
port hoisting shafts which depth is 25 —30 m. However,
the technique is not mature one in Ukraine involving its
scientific substantiation. Artificial soil freezing is the most
popular method to block a hoisting shaft structure (Dor-
man, 1981; Harris, 1995; Andersland & Ladanyi, 2003).
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The specific method to support both hardness and
stability of rock mass in the neighborhood of a hoisting
shaft is one of the efficient technique to strengthen soil in
the process of subway construction under complicated
geotechnical conditions (Dorman, 1981; Donohoe,
Maishman, & Schmall, 1998). It is also used to drive
inclined escalator tunnels, station tunnels, and running
subway tunnels, various cavations, entrances, under-
ground cells, retaining walls etc.

Artificial soil freezing helps develop solid circular-
section blocking required to prevent ground water or
water-saturated unstable soil from their entering a mine
working under construction (Hohmann, 1997; Alzoubi,
Sasmito, Madiseh, & Hassani, 2017). Such a blocking
takes up pressure of soil, surrounding the mine working,
as well as hydrostatic pressure of ground water.

Recently, a number of studies have been carried out
to determine correspondence between the strength and
thickness of hoisting shaft, and active load (Dorman,
1981; Chan 1985; Falter, 1990; Falter, 1996; Coulthard,
1999). It has been proved that hoisting shaft thickness
may be reduced without loss of its stability and strength
to be a reason for diminution in total construction value.

It should be noted that getting an idea of structural
behaviuor of supports of vertical mine workings is con-
troversial. That can be explained by the fact that rock
pressure in the neighbourhood of mine workings is
formed depending upon stress redistribution in the pro-
cess of their construction, geotechnical situation with
neighbourhood rock mass and mining conditions. Ex-
ceptional variety of both natural and industrial parame-
ters stipulates extra complexity as for the prognosis of
stress-strain state of vertical mine workings and in-
clined ones. Due to it, no unified ideology concerning
nature and interaction mechanism between supports of
such mine workings and rock mass has been developed;
moreover, basic parameters of such an interaction are
not available.

Studies concerning interaction between rock mass and
supports of both vertical and inclined mine workings are
carried out as follows: full-scale measurements as an initial
step, then laboratory experiments (modeling), and analyti-
cal calculations as a final stage. Each of the stage has its
own pluses and minuses; it goes without saying, integrated
approach is the most respectable one since it involves the
use of all of the tendencies. However, in view of some or
other reasons, it is not always possible. If so, during certain
stage, studies implement one of the tendencies.

Changes in characteristics of water-saturated and sub-
sequently frozen soft soil or stratified soil of neighbour-
hood rock mass are complicated problems in the process
of a stress state formation for vertical mine workings
while applying specific freezing method. The problems
can be solved when a set of calculations is performed as
a part of numerical analysis of a multilayer neighbour-
hood rock mass — frozen soil — hoisting shaft frame sys-
tem (Dorman, 1981; Yang, Yang, Han, Zhang, & Bo,
2012; Yang, Yang, & Bo, 2013) inclusive of temperature
running value (Pimentel, Sres, & Anagnostou, 2007).

Analysis of such calculation techniques as finite-
element method, boundary-element method and others
shows that a finite-element method is the most advanta-
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geous to perform numerous calculations with running
system parameters. The method has been used effectively
by a number of specialized calculation systems making it
possible to simulate geometry of a multilayer neighbour-
hood rock mass — frozen soil — hoisting shaft frame sys-
tem while giving it characteristics of real soil.

Idea of the research is to control stress state of a
hoisting shaft in the context of specific freezing method.
Such a control is implemented by means of studies of
results of numerical analysis of different states in the
process of soil freezing and obtaining regularities of the
stress state in the context of changes in their characteris-
tics. While varying stress state of the frozen rock mass,
that makes it possible to control stress state of a frame,
thus selecting its rational geometry, its thickness specifi-
cally. Objective of the research is to obtain regularities of
stress state of a multilayer neighbourhood rock mass —
frozen soil — hoisting shaft frame system.

2. METHODOLOGY

A number of series of numerical analysis concerning
a multilayer neighbourhood rock mass — frozen soil —
hoisting shaft frame system were performed on the basis
of finite-element method. Hoisting shaft was calculated
to determine ice-soil blocking effect and to identify its
importance in the process of formation of stress state of
the shaft as well as rock mass while freezing soil neigh-
bouring the soil around the hoisting shaft frame. To do
that, shaft model was developed involving the frame —
neighbourhoodd rock mass interaction.

The model of a hoisting shaft relies upon real geome-
try, results of laboratory studies, and the use of Pro
Complex Structure CAD for Windows, version 11.5
(SCAD) (Karpilovskiy, Kriksunov, & Perel’muter, 2000).

Stage one involves the development of a flat prototype
(Fig. 1) (Borshchevskiy, Petrenko, Tyut’kin, Antonov, &
Pleshko, 2006). A form of the plate finite elements should
resemble square since the form favours the most adequate
calculations of the scheme by means of SCAD.

Figure 1. Flat prototype of CE-model of a shaft
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Then, vertical axis coping was applied to develop a
spatial model (Fig.2). CE-model is based upon solid
finite elements (133812 nodes, and 125120 finite ele-
ments); it simulates maximally the hoist structure —
neighbourhood rock mass interaction (Levit, Tyut’kin, &
Borshchevskiy, 2007). The model simulates hoisting shaft
with 40 m depth, and 5.1 m internal diameter; frame
thickness is 0.5 m, ice-soil blocking width is 2.32 m, and
average width of neighbourhood soil mass is 10.6 m.

Figure 2. Spatial CE- model of a hoisting shaft

After spatial model was developed, it obtained proper
strain characteristics (i.e. elasticity modulus, and Poisson
ratio); moreover, they were scheduled separately for the
soil, ice-soil blocking, and frame material. In the context
of numerical analysis, several series of calculations,
concerning the model of a hoisting shaft, were per-
formed. Three frame types (i.e. reinforced-concrete
blocks, grey cast iron tubings, and modified cast iron
ones); two soil types (i.e. sand and clayish soil at +8°C)
were studied in terms of various freezing temperatures
(i.e. =2, —6 and —10°C). Below you can find strain char-
acteristics, simulated within the CE-models.

Strain characteristics of a frame are:

— reinforced-concrete blocks of B30 concrete: reduced
elasticity modulus is E = 2.03-10* MPa; Poisson ratio is
1= 0.3; and reduced specific weight is y = 25 kN/m?;

— gray cast iron tubings: reduced elasticity modulus is
E =1.95-10° MPa; Poisson ratio is = 0.3; and specific
weight is y = 7.2 kN/m?;

— modified cast iron tubings: reduced elasticity modu-
lus is £=2.93-10° MPa; Poisson ratio is u=0.3; and
specific weight is y = 7.2 kN/m?.

Strain characteristics of a neighbourhood rock mass are:

—medium coarse sand: soil temperature is ¢ =+8°C;
porosity ratio is e=0.45; elasticity modulus is
E =40 MPa; Poisson ratio is u = 0.3; and specific weight
is y = 20 kN/m’;
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— clayish soil: ground temperature is ¢ =+8°C; plas-
ticity number is 0.25 < [; <0.5; porosity ratio is e =0.5;
elasticity modulus is £ =25 MPa; Poisson ratio is
1= 0.3; and specific weight is y = 20 kN/m?.

Strain characteristics of ice-soil blocking are:

—medium coarse sand: soil temperature is ¢ =-2°C;
porosity ratio is e=0.45; elasticity modulus is
E =53 MPa; Poisson ratio is ¢ = 0.3; and specific weight
is y =20 kKN/m?>;

—medium coarse sand: soil temperature is ¢t =-6°C;
porosity ratio is e=0.45; elasticity modulus is
E =138 MPa; Poisson ratio is p#=0.3; and specific
weight is y = 20 kKN/m’>;

—medium coarse sand: soil temperature is ¢ =—10°C;
porosity ratio is e=0.45; elasticity modulus is
E =225 MPa; Poisson ratio is x=0.3; and specific
weight is y = 20 kN/m?;

— clayish soil: ground temperature is ¢t =-2°C, plas-
ticity number is 0.25 <I; <0.5, porosity ratio is e = 0.5,
elasticity modulus is £ =30 MPa; Poisson ratio is
1= 0.3, and specific weight is y = 20 kN/m?;

— clayish soil: ground temperature is t=-6°C, plas-
ticity number is 0.25 <1, <0.5, porosity ratio is e =0.5,
elasticity modulus is £ =35 MPa; Poisson ratio is
1 =0.3, and specific weight is y = 20 kN/m’;

— clayish soil: ground temperature is ¢ =—-10°C, plas-
ticity number is 0.25 <[; <0.5, porosity ratio is e = 0.5,
elasticity modulus is E =43 MPa; Poisson ratio is
1= 0.3, and specific weight is y = 20 kN/m?.

It has been known that elasticity modulus £ (MPa) is
determined under cyclic loading of frozen soil samples;
the procedure is repeated until the stable elastic defor-
mation has been determined. Analysis considers average
values which number should not be less than five sepa-
rate specifications. Research shows that it is tens or even
hundreds times more than elasticity modulus of unfrozen
soil (i.e. £~ 300 —30000 MPa). Its value depends upon a
number of such factors as frozen soil composition, ice
content, a value of negative temperature, and environ-
mental pressure.

Three types of frozen soils were used for the
research:

—frozen sand (with following fraction particles:
> (.25 mm fraction — 93.0%; 0.25 — 0.05 mm fraction —
5.6%; 0.05 mm fraction — 1.4%; and such average total
moisture as W, =17 — 19%);

— frozen dusty soil (amount of > 0.05 mm fraction —
35.6%; < 0.005 mm — 9.2%; and W, =26 —29%);

— frozen clay (amount of < 0.005 mm fraction is more
than 50% when W, =46 — 56%) as well as the samples of
permanently frozen disperse soil of undisturbed structure.

Frozen sand has the maximum modulus of normal
elasticity (in the context of the research, a value of nor-
mal elasticity modulus was obtained from 82 MPa at
0=-0.2°C up to 225 MPa at 0 =-10.2°C; frozen clay had
the least modulus, i.e. from 68 MPa at 0 =-1.2°C up to
278 MPa at 0 =—8.4°C); values of normal elasticity modu-
lus of dusty clayish soil and sandy soil are average ones.

According to the results of qualitative analysis and quan-
titative analysis of the developed models it is required to:

— determine regularities of changes in stress-strain state
of a hoisting shaft frame during freezing-unfreezing cycle;
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— evaluate the efficiency of the frame in terms of its in-
teraction with neighbourhood rock mass and ice-soil block-
ing depending upon the types of the blocking and soil;

— develop regularities to simplify significantly calcu-
lations of the hoisting shaft bearing capability while
developing real projects;

— identify dependences of stress state components of
a hoisting shaft frame upon soil elasticity modulus and
material which will reflect representatively stress state of
a multilayer neighbourhood rock mass — frozen soil —
hoisting shaft frame system.

3. RESULTS AND DISCUSSION

Consider figures of isolines and isofields of SCAD
CE-models while performing qualitative analysis of the
obtained data basing upon the results of numerical cal-
culations (Figure 3 demonstrates representative distri-
bution pattern only; the paper omits other numerical
patterns to save room).
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Figure 3. Characteristic pattern of isolines and isofields of a
stress state within sand at —2°C temperature

Within a frame, points with maximum stress values
(i.e. Ny—normal stresses on a horizontal axis; N.—
normal stresses on a vertical axis; and T,.— shear
stresses within XZ plane) have been selected for the
numerical analysis.

To obtain regularities of a stress state of the multilayer
neighbourhood rock mass — frozen soil — hoisting shaft
frame system, graphs of stress dependence upon elasticity
modulus have been constructed and approximated during
the numerical analysis to control stress state of a frame.
Moreover, the obtained data were approximated.

As for the sand, the approximated regularities for
components of a stress state are 3rd-order compound
polynomials (Figs. 4 — 6).

Hereinafter, the paper will demonstrate results for sand
and sandy clay since the soils occur around the planned
shaft next to Lvivska Brama idle station of Kyiv subway.

The regularity graphs were constructed on the points;
according to the approximation of the graphs, values of
their functions were obtained.

If the frame is made of reinforced concrete blocks, then:

— N, dependence of sand E is y = 1448.9 x121%8;

— N dependence of sand E is y = 1919.2 x~1:0663;

— T dependence of sand E is y = 229.51 x 1091,

If the frame is made of gray sand tubings, then:

—N, dependence of sand E is y=0.0003 x?—
—0.1345 x +31.219;

30 —*- Reinforced concrete
e A —# Gray cast iron
% 25 B~ — Modified gray cast iro n
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Figure 4. Graph of Ny regularities depending upon sand
elasticity modulus for the three frame types
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Figure 5. Graph of Nz regularities depending upon sand
elasticity for the three frame types
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Figure 6. Graph of Tx; regularities depending upon sand
elasticity for the three frame types

— N, dependence of sand E is y=0.0006x>—
—0.3404 x +76.641;

—T.. dependence of sand E is y=0.0001x>—
—0.0643 x +9.1879.

If the frame is made of the modified gray reinforced
concrete, then:

—N, dependence of sand E is y=3E-0.5x>—
—0.0659 x +29.692;

— N:. dependence
—0.2552 x +76.061;

— T. dependence
—0.0409 x + 8.6935.

Standard error of the graphs is R? being close to
1 confirming high-grade approximation; however, it does
not mean that the obtained functions are perfect since they
were constructed on four points. Nevertheless, such accu-
racy is acceptable taking into account the research level.

Analyze the graphs qualitatively.

When sandy soil freezes down to —10°C, maximum
stresses within reinforced concrete frame are as follows:
N, = 1.9 MPa if normal stresses along X axis (horizontal);
N.= 6.1 MPa if normal stresses along Z axis (vertical);
and 7. = 0.9 MPa if shear stresses within XZ plane.

When sandy soil freezes down to —10°C, maximum
stresses within gray cast iron tubing frame are as follows:
N, =13.8 MPa if normal stresses along X axis (horizon-
tal); V. = 32.2 MPa if normal stresses along Z axis (verti-
cal); and 7. = 1.8 MPa if shear stresses within XZ plane.

When sandy soil freezes down to —10°C, maximum
stresses within the modified gray cast iron tubing frame
are as follows: N, =16.3 MPa if normal stresses along
X axis (horizontal); N.=39.6 MPa if normal stresses
along Z axis (vertical); and T7\.=2.7 MPa if shear
stresses within XZ plane.

In the case of sandy clay, the approximated regulari-
ties for a stress state of neighbourhood soil are 3™-order
polynomials as well (Figs. 7 —9).

The graphs of regularities were also constructed on
points; their approximation results were used to obtain
values of their functions.

If the frame is made of reinforced concrete blocks, then:

— N, dependence of sandy clay E is y=0.0337 x*> -
—2.6222 x + 65.695;

— N, dependence of sandy clay E is y=0.0714 x* —
—5.7423 x + 148.93;

of sand E is y=0.0004 x> —

of sand E is y=6FE—-0.5x>—

32
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Figure 7. Graph of N« regularities depending upon sandy soil
elasticity modulus for the three frame types
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Figure 8. Graph of N; regularities depending upon sandy soil
elasticity modulus for the three frame types
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Figure 9. Graph of Tx; regularities depending upon sandy soil
elasticity modulus for the three frame types

—T.. dependence of sand E is y=0.0217 x>
—1.6963 x + 34.828.

If the frame is made of gray cast iron tubings, then:

— N, dependence of sandy clay E is y=0.0144 x> —
—1.1828 x +50.738;

— N: dependence
—2.9963 x +129.27;

— T, dependence of sandy clay £ is y = 0.0064 x> —
—0.5281 x + 18.349.

of sandy clay E is y =0.0345 x* -
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If the frame is made of the modified gray cast iron
tubings, then:

— N, dependence of sandy clay E is y=0.0216 x> —
—1.7144 x + 61.453;

— N dependence of sandy clay E is y=0.036 x> —
—3.107 x + 132.3;

— T dependence of sandy clay E is y = 0.0065 x> —
—0.586 x + 20.806.

Standard error of the graphs is R? too being close to
1 confirming their almost functional nature. Considera-
tion of coefficients under x argument and free terms of
the listed graphs helps understands that for the Ny, N,
and T,. graphs of dependence upon soil £ for the tubing
frames, made of gray cast iron and modified ones, they
are similar between corresponding functions when coef-
ficients and free terms for Ny, N., and T,. graphs of de-
pendence upon soil £ for the tubing frames, made of gray
cast iron and reinforced-concrete blocks differ by orders;
the fact is not surprising since stiffness of the frames also
differs by an order.

Qualitative analysis of the graphs means that maxi-
mum stresses within concrete-iron frames, when sandy
soil freezes down to —10°C, are: N, = 15.2 MPa if normal
stresses along X axis (horizontal); N. = 34 MPa if normal
stresses along Z axis (vertical); and Ty. =2 MPa if shear
stresses within XZ plane.

Maximum stresses within a frame, made of gray cast
iron tubings, when sandy soil freezes down to —10°C, are:
N, =26.6 MPa if normal stresses along X axis (horizon-
tal); N. = 64.5 MPa if normal stresses along Z axis (verti-
cal); and T\ = 7.5 MPa if shear stresses within XZ plane.

Maximum stresses within a frame, made of modified
gray cast iron tubings, when sandy soil freezes down to
—10°C, are: N,=27.7MPa if normal stresses along
X axis (horizontal); N.=65.5 MPa if normal stresses
along Z axis (vertical); and 7. = 7.6 MPa if shear stres-
ses within XZ plane.

Unite the obtained regularities into spatial surfaces to
have better representativeness and to obtain general pat-
tern of the dependence of a stress state of the multilayer
neighbourhood rock mass — frozen soil — hoisting shaft
frame system. Construction of such graphs (Figs. 10 — 15)
will make it possible to unify the obtained data widening
their application area for the frames where values of
elasticity modulus £ differ from those studied before.
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Figure 10. Graph of Nx dependence upon sand elasticity
modulus and a hoisting shaft frame
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The obtained dependences of stress state compo-
nents of a hoisting shaft upon elasticity modulus of a
soil and material are composite spatial surfaces demon-
strating representatively stress state of the multilayer
neighbourhood rock mass — frozen soil — hoisting shaft
frame system. In actual fact, stress state of a frame with
the selection of effective parameters can be controlled
in such a way.
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Thermotechnical calculations of ice-soil blocking are
done after the analysis of geotechnical and hydrogeologi-
cal situation concerning location of a hoisting shaft. The
calculations involve determination of its parameters as
well as properties of soil to be frozen. While predeter-
mining elasticity modulus of the frozen soil, it is required
to record its values within the corresponding axis of
dependence graph of a stress state certain component.
The point is used to line up a straight being parallel to the
stress axis. The straight will contact with the surface. A
straight to the line, corresponding to a frame elasticity
module, should be constructed from the cross point of a
straight and the surface; the straight has to be parallel to
the soil elasticity modulus axis. While knowing specific
value of the property, it is possible to select material for
the frame, and determine its thickness. In this context,
changes in thickness should also involve inertia of the
frame section in turn factoring into changes in the frame
elasticity modulus.

In this context, inverse problem should be solved. If
one knows a frame thickness, its cross-section inertia,
and elasticity modulus, it is necessary to use the graph
for following developments. Having the frame elasticity
modulus and specific value of the stress component, it is
necessary to line up straights from the points, corre-
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sponding to the values. The straights should be parallel to
the stress axis and soil elasticity modulus. After the
straights are united by means of perpendiculars, touching
spatial surface, the point has to be projected on a frame
elasticity modulus — soil elasticity modulus plane and
perpendicular has to be constructed to a soil elasticity
modulus axis. If elasticity modulus of frozen soil is
known, it is quite easy to determine negative temperature
for the required strain characteristic.

Hence, both direct and inverse problem can
be solved, i.e. a problem concerning selection of a
frame geometry in terms of the available values of a
frozen soil elasticity modulus, and tests of the rated
frame with operational recommendations as for the
specific freezing method.

4. CONCLUSIONS

Hence, the obtained regularities of the stress state of a
multilayer neighbourhood rock mass — frozen soil —
hoisting shaft frame system help control it, selecting
rational geometry and a frame material as well as tem-
perature for a cycle of soil freezing while applying the
specific technique.

Plotting of such graphics of a stress state dependence
upon a soil elasticity modulus and a hoisting shaft frame
in the context of a specific case of underground structure
construction will make it possible to develop a soil free-
zing pattern. Such a rock mechanics pattern will help
control a stress state of a hoisting shaft frame while va-
rying temperature mode in the process of construction
and monitoring of both erection and additional proce-
dures. That will make it possible to save expenditures
while projecting as well as while constructing; besides, a
stress state of a multilayer neighbourhood rock mass —
frozen soil — hoisting shaft frame system will be con-
trolled more consciously.

However, despite the fact that the results are consi-
dered as original and practical, it should be noted that
the research needs its continuation. That concerns the
following: formation of the system stress state is more
complicated during unfreezing cycle. In this case, stress
state control is topical problem as well since character-
istics of rock mass under unfreezing are more negative
for a frame to compare with those during freezing cy-
cle. The problem is being solved for a specific freezing
method to be applied for the construction of a hoisting
shaft in Kyiv subway.
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YIHPABJIIHHA HATIPY>KEHUM CTAHOM OIIPABU INAXTHOI'O
CTOBBYPY IIPU CIHEHIAJIBHOMY CIIOCOBI 3AMOPOKYBAHHS

O. Trotekin, B. [Terpenko, H. ITerpocsa, B. Mipomauk, A. Anxmyp

Merta. OTprMaHHS B XOJi YHCEJILHOTO aHajli3y 3aKOHOMIpPHOCTEW 3MIHM Halpy>KEHOro CTaHy OararomapoBoi cCHc-
TEMH “TPYHT OTOUYIOUOT0 MacuBY — 3aMOPOKCHHH IPYHT — OIIpaBa MaxTHOTO CTOBOYPY” JUIsl YIPaBIiHHS HANPY>KEHUM
CTaHOM OIIpaBH i3 Mig00opoM epeKTUBHUX IMapaMeTpiB (HaIpUKJIal, TOBIIMHH) B 3aJIE)KHOCTI BiJl ITapaMeTpiB CIIeIiaib-
HOTO c1oco0y 3aMOpPOKyBaHHSI.

Metoauka. 3aCTOCOBaHO YHCEIbHUN aHANi3 HAa OCHOBI METOAY CKIHUCHHUX CIIEMEHTIB, pealli3oBaHui Ha 0a3i mpo-
¢eciiinoro kommiekcy Structure CAD for Windows (SCAD), 1110 J03BOJIMB OTPUMATH HAIPYKEHHUH CTaH OMpPaBH Ilax-
THOT'O CTOBOYPY 13 HOTO B3a€EMOZIEIO i3 IbOJOIPYHTOBUM OTOPOKEHHSIM Ta IPYHTOM OTOYYIOYOTO MACHBY.

PesyabraTu. CTBOpEHO MOJIEIb IIAXTHOTO CTOBOYpa, 1110 NOOYI0BaHA HA OCHOBI pealbHUX T€OMETPUIHUX PO3MIpIB
1 pe3ysIbTaTIiB JTabOPaTOPHUX JOCIIKECHb. B X011 uncensHOro aHaiisy i3 3acrocyBanusaM SCAD J0CTiKEHO TP TUITH
orpasu (3ayi300eTOHHI OJIOKH, TFOOIHTH 3 Ciporo yaByHY Ta TEOOIHTH 3 MOIM(]IKOBAHOrO Ciporo 4aByHY), JBa THIIH
I'PYHTIB (IICOK Ta CYrJIMHOK mpu Temmeparypi +8°C) npu pi3HHUX TemIeparypax 3amopoxxyBaHHs (—2, —6 i —10°C).
PesynbpraT gOCIiKEHb TO3BOJIMIIN BiJIIYKATH 3aJI€)KHOCTI (DOPMYBaHHS HAIPY>XEHOTO CTaHy OaraTromapoBoi cucTe-
MH “IPYHT OTOYYIOHOrO0 MacHBY — 3aMOPOKEHHH IPYHT — OIpaBa IIAaXTHOTO CTOBOypy” mpu Bapialii BiacTuBocTel
BKa3aHUX THUIIB OINPABH, IPYHTY OTOYYIOYOTO MAacHBY Ta JILOJOIPYHTOBOTO OropoyKeHHs. OTpUMaHO 3aKOHOMIPHOCTI
KOMIIOHEHT HAaIPY>KEHOTO CTaHY BiJl MOIYJIS MPY>KHOCTI 3aMOPOKEHOT0 IPYHTY, IO BiATIOBiAa€ MEBHIN HOTro Temrepa-
Typi, Ta MOJAYJIS MIPY’KHOCTI OIPABH MIAXTHOTO CTOBOYpY. [laHi 3aKOHOMIPHOCTI TIOB’SI3yIOTh 3MiHY HAIPY>KEHb OMPaBU
IIaXTHOTO CTOBOYPY MPH CHENiaIbHOMY CIIOCO01 3aMOPOKYBaHHS.

HaykoBa HoBu3Ha. OTpuMaHi 3aJ€)XKHOCTI KOMIIOHEHT HAIpPy)KCHOTO CTaHy ONPAaBH IIAXTHOTO CTOBOYpY Bilx Mo-
IyJI0 MPYKHOCTI IPYHTY Ta MaTepialy € CKIaJHHMH MPOCTOPOBHUMH MOBEPXHIMH, IO PETPE3EHTATHBHO BigoOpa-
JKAIOTh HAINPY)XEHUIl cTaH 0araTromapoBOi CUCTEMHU “TPYHT OTOUYYIOUOTO MAacCHUBY — 3aMOPOXKEHHUI IPYHT — oIpaBa
HIAXTHOTO CTOBOYpPY”.

IMpakTHyHa 3HaYMMIicTh. 3aKOHOMIPHOCTI HAINpy>KEHOTO CTaHy, BU3HA4YCHI Uil OararomapoBoi CHCTEMH “TPYHT
OTOYYIOUYOT0 MacHuBY — 3aMOPOXKEHHMH IPYHT — OIIpaBa IIAXTHOTO CTOBOYpY”, IO3BOJIIIOTH YNPABISITH KOMIIOHEHTaMHU
HaIpy»XeHb, MiA0Npaoun paioHaabHI TeOMETPUYHUX MTapaMeTpH Ta MaTepiai onpasH, a00 TEMIEPaTypy HUKIY 3aMO-
POXYyBaHHS IPYHTIB IIPH 3aCTOCYBaHHI IbOTO CIIELiaJIbHOTO CIIOCO0Y.

Kntrouosi cnosa: waxmmuuil cmogbyp, Hanpys’ceHull cCmaH, cucmema “TpYHmM omoyyru020 MACUBY — 3AMOPOICEHUL
IPYHM — ONPABA WAXMHO20 CIMOBOYPY ", 3AMOPOICYBAHHS IPYHIMIB, TbOOOIPYHINOGE 020POOICEHHS, YUCCTbHUU AHAI3
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YIHPABJIEHUE HAITPSI’)KEHHBIM COCTOSHUEM OIIPABBI ITAXTHOI'O
CTBOJIA ITPU CIIEIIMAJIBHOM CITOCOBE 3AMOPAKUBAHUA

A. Trotekus, B. Ilerpenko, H. Ilerpocsn, B. Mupomnuk, A. Anxayp

Heas. [loxydenue B X0Je YMCIEHHOTO aHATN3a 3aKOHOMEPHOCTEH M3MEHEHHS HAIPSHKEHHOTO COCTOSHHS MHOTO-
CJIOIHOI cHCTeMBI “TPYHT OKpY’KaIOIIEero MacCUBa — 3aMOPOXEHHBIH IPYHT — OIIpaBa MIaXTHOTO CTBOJA™ IS yIpaBiie-
HUS HaNpsDKEHHBIM COCTOSIHUEM ONPaBbl ¢ M0J00poM 3 (PEKTUBHBIX MapaMeTpoB (Hanmpumep, TOJILUHbI) B 3aBHCUMO-
CTH OT ITapaMEeTPOB CHELUATBHOTO CII0CO0a 3aMOpaKUBAHUSL.

Metoauka. [[puMeHeH YHCICHHBIH aHalIW3 Ha OCHOBE METOJIa KOHEUHBIX 3JIEMEHTOB, peaM30BaHHBIN Ha Oasze
npo-npodeccronansHoro komiuiekca Structure CAD for Windows (SCAD), no3BonuBIIMK MOJTyYUTh HaNpspKEHHOE
COCTOSTHHE OIPaBBl MIAXTHOTO CTBOJIA C €r0 B3aHMMOACHCTBHEM C JIBOJIOTPYHTOBBIM OTPaKIEHHUEM H TPYHTOM OKpPY-
JKAIOIIETO MAacCHBA.

PesyabTaThl. Co3qana MoJeNb MAaXTHOTO CTBOJIA, TOCTPOCHHAS HA OCHOBE PEaJIbHBIX TEOMETPHUECKUX Pa3MEPOB H
pe3yIpTaToB JIAOOPATOPHBIX HCCiIeqoBaHUI. B xoxe uucnenHoro anammsa ¢ npuMeHeHneM SCAD uccriemoBaHbl TpU
THIIa OIIPaBbl (3KeJIe300eTOHHbBIE OJIOKH, TIOOMHTH U3 CEPOr0 YyTyHA M TIOOWHTH M3 MOJU(PHUIMPOBAHHOTO CEPOrO YyTy-
Ha), IBa THIA TPYHTOB (TIECOK M CYTIMHOK Ipu Temreparype +8°C) mpH pa3iaudHBIX TEMIepaTypax 3aMOPaKHBAHUS
(-2, =6 1 —10°C). Pe3ynbTaThl UCCICIOBAHUIN TO3BOJIMIM OTHICKATh 3aBUCUMOCTH (DOPMHUPOBAHMS HAIPSKEHHOTO CO-
CTOSIHUSL MHOTOCJIONHOM CHCTEMBI “TPYHT OKPYXalOILI[eTO0 MacCHBa — 3aMOPOKEHHBIN I'PYHT — OIpaBa IIaXTHOTO CTBOJA”
IpY BapHallK CBOWCTB YKa3aHHBIX THIIOB ONPAaBbl, IPYHTa OKpPY’KarOLIEW MaccuBa M JIbOJOIPYHTOBOTO OTPaXIICHHUS.
[NoyueHbl 3aKOHOMEPHOCTH KOMITOHEHT HAIPSDKEHHOTO COCTOSIHHSL OT MOJYJISL YIIPYTOCTH 3aMOPOXKEHHOTO IPYHTa, Y4TO
COOTBETCTBYET OIPEAEIEHHON €ro TeMIeparype, 1 MOAyJIsl YIIPYyTrOCTH OINpaBbl IIaXTHOTO CTBOJA. JlaHHbBIE 3aKOHOMEp-
HOCTH CBSI3BIBAIOT U3MEHEHUE HAINPSHKEHUH OIPaBbl HIAXTHOTO CTBOJIA PH CHELHAIBHOM CHOCO0E 3aMOPaKMBAHHSI.

Hayunasi HoBU3HA. [loydeHHBIE 3aBUCIMOCTH KOMIIOHEHT HANPSHKCHHOTO COCTOSIHHS OTIPaBBI IIAXTHOTO CTBOJIA
OT MOy YIPYTOCTH TPYHTa U MaTepHalia SBISIOTCS CIOKHBIMU MPOCTPAHCTBEHHBIMU ITOBEPXHOCTIAMH, PETIPEe3eHTa-
TUBHO OTPAKAIOLIUE HANPSHKEHHOE COCTOSIHUE MHOTOCIOWHOM CUCTEMBI “TPYHT OKpY:KalOLIEeH MaccuBa — 3aMOPOKEH-
HBIA TPYHT — OIPaBa MIaXTHOTO CTBOJA” .

IIpakTHyeckasi 3HAYMMOCTh. 3AKOHOMEPHOCTH HANPSHKEHHOTO COCTOSIHHSA, OMNpEICNCHHBIC Ui MHOTOCIOMHOM
CHCTEMBI “TPYHT OKPYXaromeil MaccuBa — 3aMOPOKEHHBIN TPYHT — OIIPaBa MIAXTHOTO CTBOJA”, MTO3BOJISIOT yIPABIAThH
KOMIIOHECHTaMH Hal'[pﬂ)KeHHﬁ, noz[61/1paﬂ paluOHAJIbHBIE TCOMETPHUUCCKUE MApaMETPhl U MaTE€pHaJl OIIpaBbl, UJIU TEMIIC-
parypy LMKJIa 3aMOpaXMBaHHsI TPYHTOB MPU MPUMEHEHHH 3TOTO CIIEIMAIBHOTO CIOCo0a.

Knrouegvie cnoea: wiaxmmviii cmeos, HANPAICEHHOE COCHOSIHUE, CUCMeMd ‘“2DYHM OKPYiICaroujeco Maccuéa —
3AMOPOIICEHHBIIL 2PYHIN — ONPABA WAXMHO20 CMBONA ", 3aMOPAICUBAHUE ZPYHIMOS, TbOO0SPYHMOBOE 02padcoeHue,
YUCTEHHbIY AHANU3
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