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ABSTRACT

Purpose. The aim of the paper is to select and substantiate stable shapes of crown pillars through determining regulari-
ties of rock pressure impacts on their stability depending on the crown shapes, mining depths and iron ore hardness.

Methods. Stress and strain calculations are performed by the ANSYS 16.0 finite element analysis. Triangulation of
the 3D model with a 2 m side is conducted to build stress and strain diagrams. In accordance with the conditions of
the experiment, the models were created for horizontal, tent, arched and inclined stope crowns with the dip varying
within a wide range. The assumed values of rock pressure on the ore massif conform to mining conditions of the
Kryvyi Rih basin deposits at the depths of 1200 to 1700 m.

Findings. The obtained values of maximum stresses in stope crowns were calculated in respect to mining depth, rock
pressure, crown dip, iron ore hardness and relative curvature radius of the arched crowns. It was determined that
vertical and inclined compensating rooms should be used in mining rich iron ores at great depths by sublevel caving
systems. In case of the room-and-pillar systems used in mining rich iron ores at great depths, a key requirement is to
apply tent and arched crowns which provide maximum stability under high rock pressure.

Originality. The research proves that the integrated index of maximum stresses in crown pillars varies from —10 to
+32 MPa at depths of over 1200 m and is in polynomial and logarithmic dependence on physical and mechanical
properties of the ore mass. It also depends on the crown geometry and, in case of the arched crown, acquires minimal
values allowing for stable crown pillar exposures at depths reaching 2000 m.

Practical implications. The research results allowed to compile the methodological manual “Choice and substantia-
tion of stable crown shapes in deep-level iron ore mining” for the underground mines of the PJSC “Sukha Balka” and
“Rodina” mine of the PJSC “Kryvbaszalizrudkom”.
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1. INTRODUCTION

The Kryvbas underground mines produce rich iron
ores. Stoping is carried out at the depths of 1200 — 1450 m,
preliminary development reaches 1600 m. Deepening
causes considerable increase in rock pressure (Talobre,
1967; Malakhov, 1990; Kalinichenko, 2015), which re-
sults in decreased general stability of underground mine
workings (Stupnik & Kalinichenko, 2012; Radouane,
Boukelloul, & Fredj, 2015; Cata et al., 2016), stability of
stopes and compensating rooms being a particular cause
of concern (Das et al., 2017). Investigations in this field
mostly deal with analysis of general stability of under-
ground workings with complex geometry (Stupnik, Kali-
nichenko, Kalinichenko, Muzyka, & Fedko, 2015; Das et
al., 2017). Indirect methods of determining compressive

strength and the elastic modulus of rock samples as well
as research into risks of roof collapse are often used to
determine stability of mine workings (ASTM, 2009).

At the same time, studies of stability of underground
working exposures are the most important (Iannacchione,
Batchler, & Marshall, 2004; Esterhuizen, Dolinar; Ellen-
berger, Prosser, & Ilannacchione, 2007; Bondarenko,
Kovalevskaya, Simanovich, & Snigur, 2013). Available
methodological manuals (Tsarikovskiy, Sakovich, Kish-
kin, Artemenko, & Migul, 1994; Vybor i obosnovanie...,
2017) cannot be used for determining parameters of deep
exposures. In this regard, special demand is placed on
stability of exposed crowns that are the most vulnerable
elements of underground workings (Kriev & Kriev,
2005; ASTM, 2009; Stupnik, Kalinichenko, Pysmennyi,
& Kalinichenko, 2016).
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Thus, when designing stopes at great depths, special
attention must be paid to stability of the exposed stope
and compensating room crowns. Therefore, the present
paper is aimed at choosing and substantiating crown
shapes through determining regularities of rock pressure
impacts on the crown stability depending on its shapes,
mining depths and iron ore hardness.

2. METHODS

In this paper, stress and strain calculations are per-
formed by the ANSYS 16.0 based finite element tech-
nique. Triangulation (division of a 3D model into trian-
gles) with a 2 m side is conducted to build stress and
strain diagrams. Due to the possibility of parallel calcula-
tions, the computation process is conducted concurrently,
including creation of a stiffness matrix, solution of linear
equations, calculation of results via processing with
memory sharing and distributing. Additional deep tech-
niques, e.g. the component synthesis mode, the analysis
of the cyclic symmetry, submodeling techniques, facili-

tate work with large models and systems that represent
the stress-strain state of rocks.

It should be noted that, when studying the stress-
strain state of the rocks, special attention should be paid
to stope shapes, especially to geometry of their crowns.
The stress-strain state of rocks produces considerable
impact on applied technologies’ parameters and the sto-
ping sequence. The obtained information on the character
and values of active stresses in the massif, reasons for their
changes during stoping enables to assess current condi-
tions and obtain the initial data for enhancing the applied
flow sheets and developing the new ones, choosing opti-
mal parameters of stoping and its rational sequence.

In accordance with the conditions of the experiment,
models were created for horizontal, tent, arched and in-
clined crown shapes with the dip varying within a wide
range. The accepted values of caved rock pressure on the
ore massif P;, P, and P; conform to mining conditions of
Kryvbas deposits and correspond to mining at the depths of
1200, 1450 and 1700 m. Physical and mechanical proper-
ties of the studied ore and waste rocks are given in Table 1.

Table 1. Physical and mechanical properties of the ore and waste rocks

Ore Rock
. Waste
Parameters Units 10 20 30 40 1R 2R 3R rocks
f=3-5 f=4-6 [f=5-7 f=6-8 [f=4-6 [f=5-17 f=8-10

Young modulus MPa 22000 25000 28000 32000 22000 33000 40000 5000
Volume weight kg/m? 3700 3650 3600 3500 2800 2900 3000 2400
Compressive MPa 30 40 50 60 45 55 80 5
resistance
Ultimate tension MPa 3.0 4.0 5.0 6.0 45 5.5 8.0 0.3
stress
Poisson’s ratio — 0.30 0.28 0.26 0.25 0.26 0.24 0.24 0.25

Values of rock pressure on the ore massif that corre-
spond to mining conditions of Kryvbas deposits are gi-
ven in Table 2.

Table 2. Parameters of rock pressure on the ore massif

Pi,MPa P>,MPa P3;, MPa

Parameters

Rock pressure on the

massif: vertical/lateral 7.0/2.5

8.5/3.0 10.0/3.5

When studying the stress-strain state of the ore mas-
sif, special attention is paid to shapes of stopes and stope
crowns in particular. To properly compare the obtained
results, stopes’ dimensions are assumed equal.

3. RESULTS AND DISCUSSION

The results of calculating stress fields for various
crown shapes are given below. Stress values on isolines
are given in MPa. In stopes with horizontal crowns,
principal stress values are distributed according to the
classical law of stress distribution in rocks. For in-
stance, the maximum compressive stresses are observed
in the corners of stopes, whereas tension stresses are
detected in the central part of the crowns. Tension
stresses are the most dangerous and the most frequent
reasons for destructive impacts of rock pressure on
mining engineering elements. If the value of tension
stresses in a stope crown does not exceed the ultimate
tension stress of the ore massif, the crown of this kind
remains stable, especially in ores with low fracturing. If
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the value of tension stresses in a stope crown exceeds
the ultimate tension stress of the ore massif, the crown
of this kind is predictably instable and tends to form
local falls or be completely destroyed.

The calculated values of maximum stresses in hori-
zontal crowns of stopes o) depend on the mining depth
H, and the corresponding values of rock pressure for
differentiated iron ore hardness are described by the
polynomial equations:

— for ore hardness /=4 — 6:

0y =2-10"°H, —0.0128H , +3.056 MPa; (1)
— for ore hardness f=5—7:

0y =210 H} —0.0132H , +2.836 MPa; 2)
— for ore hardness /= 6 — 8:

01 =210 H} —0.0124H , +1.076 MPa. 3)

The adaptive index of maximum stresses o) in hori-
zontal crowns of stopes dependence on the mining depth
H,, and differentiated iron ore hardness can be determined
by the expression, MPa:

o1 =(—4.43941n( £, )-1.6208). (2.2727 1077 x
“)
XH , ~ 14545107 H , +0.3472).
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In stopes with tent crowns, principal stress values are
distributed in the following way. Crown shape transfor-
mations result in principal stress inversion. Changes in the
stress-strain state of the tent crown massif are observed in
places where decrease in compressive stress values is
registered. Also, no tension stresses are observed.

The calculated values of dependence of maximum
stresses o] in tent stopes crowns on the mining depth H),
and the corresponding value of rock pressure for vari-
ous iron ore hardness are described by the logarithmic
equations:

— for ore hardness =4 — 6:
0y =28.804In(H ,)-172.05, (5)
where:

o1 — the maximum stress value in tent crowns, MPa;

H,, — the mining depth, m;

— for ore hardness f=5—7:

0y =28.804In(H,)-171.05; (6)
— for ore hardness /= 6 — 8:
01 =25.858In(H ,)-1483. (7)

Here, the universally adaptive index of maximum
stresses oy in tent crowns of stopes depending on the
mining depth H, and the corresponding rock pressure
value for differentiated iron ore hardness can be deter-
mined by the expression, MPa:

o) = (—0.1354f2 +3.0691f+19.873)><
(®)
x(0.90011n(Hp)—5.3766).

Fundamental laws and the obtained results allow to
state that tent shapes of crowns are much more stable as
compared to horizontal exposures. Calculated values of
maximum stresses in arched stopes dependence on the
mining depth and the corresponding rock pressure values
for various iron ore hardness enabled to establish the
following regularities. The value of maximum stresses in
crowns varies depending on the value of rock pressure
and the arched crown curvature. Arched crowns with the
curvature radius equal to a half of the stope width are the
most stable.

The results of calculations of maximum stresses ) of
rocks during arched crown formation demonstrate that
crown stress values vary depending on the rock pressure
value and arched crown curvature. In this case the fol-
lowing dependences are obtained:

— for ore hardness /=4 — 6:

0 =2.88041n(H , ) ~10.405 , ©)
where:

o1 — values of maximum stresses in arched crowns of
stopes, MPa;

H,, — the mining depth, m;

— for ore hardness f=5—17:
01 =5.4662In(H ,)-28.635; (10)
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— for ore hardness /= 6 — 8:

0y =5.2211In(H, )-27.72. (11)

Analysis of the numerical simulation results allows to
conclude that the arched shapes of stope crowns facilitate
decrease in maximum stress values. Consequently, as the
arch curvature radius increases, the compressive stress
values on the crown center decrease. Simultaneously, the
maximum stress values are registered in the arch spring.

With the crown curvature radius going to infinite
values, the arch center experiences tension stresses. In
this case the conceptual pattern of stress distribution in
the massif is identical to the strain-stress state of the
horizontal crown massifs.

The average dependence of values of maximum stres-
ses in arched crowns of stopes depending on their relative
curvature radius is determined from the expression:

S s (12)

where

R, —the relative of arch curvature radius of stope
Crowns;

I, — the normal width of the dead stope, m;

R. — the crown curvature radios, m.

The simulation analysis allows to conclude that de-
pendence of maximum stress values in arched crowns of
stopes on the arch curvature radius is described by the
following logarithmic equation:

Oir, =6.636In(R,)+9.4 . (13)

Analysis of the results of multifactor experiments en-
ables to determine the universal adaptive index of maxi-
mum stresses o in arched crowns of stopes depending on
the mining depth H,, relative crown curvature radius R,
and differentiated iron ore hardness f, MPa:

o1 =(0.2880In(H,,)~1.0405)-(6.636In (R, ) +
(14)
+9.4)-(—5.83~10_3f2 +0.1325f+0.4582).

Research into dependences of maximum stresses va-
lues in inclined crowns on the mining depth and the cor-
responding rock pressure values for various iron ore
hardness produced the following results. Maximum stress
values in the crowns under study vary depending on rock
pressure and the crown dip. The calculated values of
maximum stresses o in inclined crowns of stopes de-
pending on the mining depth H, and the corresponding
value of rock pressure for various iron ore hardness f are
described by the logarithmic equations.

In respect to ore hardness, the determined dependen-
ces are described by the following equations:

— for ore hardness /=4 — 6:
oy :12.144ln(Hp)—73.945, (15)
where:

o1 — values
crowns, MPa,;

H, — the mining depth, m;

of maximum stresses in inclined
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— for ore hardness f=5—17:

0y =12.634In(H,)-77.974; (16)
— for ore hardness /=6 — 8:
oy =11.5381In(H,)—70.707 . (17)

The research results allow to establish the depen-
dence of changes of maximum stress values on the stope
crown dip. Values of maximum stresses in inclined
crowns are related to the dip angle A. of the inclined
crown of the stope and are described by the following
polynomial dependence:

O = —0.0031/13 +0.55174,-9.1692 , (18)
where:

/o — the dip angle of the inclined crown, degrees.

After processing multifactor experiment results, we
got the universal adaptive index of maximum stress va-
lues o1 in inclined crowns of stopes depending on the
mining depth H,, the crown dip and the corresponding
iron ore hardness, MPa:

— 2
o) = (1.04691n(Hp)—6.3746)~(—0.0031/1c + )
+0.55174, —9.1692)-(0.2566In ( f ) +0.5836).

Simulation results analysis leads to the following
conclusions. The increased mining depth results in con-
siderable rock pressure growth. In view of the above,
special requirements are placed on stability of exposed
stopes and compensating rooms as well as on accuracy of
designing construction units when stoping at great
depths. In this regard, when mining rich iron ores by
sublevel caving at Kryvbas underground mines, vertical
and inclined compensating rooms should be wider used.
At the same time, it is vital to introduce the technology
of mining panels with caving ore onto the tent-shaped
compensating room. When rich ores are mined by the
room-and-pillar method, ensuring stope crown stability is
a key requirement. In this case, it is critical to use arched
crowns that provide maximum stability in complicated
geological and mining conditions.

Sufficiently complete presentation of the technology
of forming arched crowns is given in (Tsarikovskii, Sa-
kovich, Kishkin, Artemenko, & Migul, 1994; Vybor i
obosnovanie..., 2017). The conducted research allowed
to suggest methods for choosing and substantiating stable
crown shapes at underground mines of the PJSC “Sukha
Balka”. Deposits of underground mines “Frunze” and
“Yuvileina”, which are parts of the PJSC “Sukha Balka”,
are represented by rich iron ores with iron content of
46%. Between the mines occur low-grade ores represen-
ted by magnetite and oxidized types of ferruginous
quartzite (site No. 6).

The geological composition of the deposits of “Frun-
ze” and “Yuvileina” underground mines comprises rocks
of Kryvyi Rih metamorphic series of the lower Protero-
zoic (PR1) and the Archean rocks (AR). There are seven
ferruginous and seven schist levels altogether.

Main ore bearing bodies of the iron ore deposits are
the Fifth and the Sixth ferruginous levels. Besides rich
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iron ore deposits of the Fifth and the Sixth levels,
“Pivdenna” and “Pivnichna” bodies are also minable
magnetite quartzite deposits which are part of magnetite
quartzite areas between sites No.5 and No. 6. Other
ferruginous levels are of insignificant thickness, high
degree of oxidation and, therefore, not minable.

The deposit of “Frunze” in the Fifth ferruginous level
includes ore bodies of the underground mine “Zakhidna
of underground mine No. 8”, “V — VIII Pivnichna” and
“Saksahanka of underground mine No. 2”. The Sixth
ferruginous level incorporates ore bodies “Diahonalna”,
“I —III Pivdenna” and “Tsentralna”. The ore bodies are
pillar- and sheetlike in shape. The main and largest re-
serves are located in the Fifth ferruginous level. The ore
bodies are mainly represented by martite metals. Gothite-
hematite-martite, dispersed-hematite-martite, gothite-
hematite ores are represented as “margins” of martite
ores. The hardness ratio of martite ores varies from 3 — 4
to 11 — 13 points (Protodiakonov scale of hardness), that
of the enclosing rocks is from 9 — 10 to 14 — 16 points.

The deposit of “Yuvileina” underground mine is
located in the Fifth ferruginous level and contains ore
bodies “Holovna” and “Shurfov 42 —46”. The Sixth
level contains ore bodies “Hnizdo 1 —2”, “Hnizdo 3” and
“Tsybulko 76”. The ore bodies are stock-, nest- and
seamlike in shape. The ore bodies are of 190 — 1530 m
long along the strike, the horizontal thickness makes
2 — 42 m, the horizontal ore area is 750 — 30360 m?. The
ore bodies occur according to enclosing rocks and have a
northeastern strike and the southwestern dip with the
50 — 60° angle. The footwall rocks are made of weakly
fractured stable hydrohematite quartzite and instable
gothite-hematite and quartz-chlorite schists prone to fall
along sheeting planes. The hanging wall contains gothite-
hematite and martite weakly fractured stable quartzite.
The hardness ratio of the ores varies from 4 -6 to
11 — 13 points (Protodiakonov scale of hardness), that of
the enclosing rocks is from 5 — 6 to 11 — 13 points.

Considering geological and mining conditions of the
ore body occurrence, physical and mechanical properties
of ores and enclosing rocks at “Yuvileina” underground
mine (PJSC “Sukha Balka”), the sublevel room-and-pillar
system with vertical rings of deep holes onto the horizon-
tal compensating room should be applied to mining
blocks in accordance with the standard design “Mining
systems for Kryvbas underground mines” (NIGRI, 1986).

At “Yuvileina” underground mine, with rich iron ores
occurring at the depth of over 1300 m, the use of hori-
zontal crowns in forming undercutting rooms may bring
about problems of maintaining stable horizontal expo-
sures. As mining deepens, the growing rock pressure
affects stability of horizontal compensating rooms. Pos-
sible failures of horizontal crowns result in loss of deep
holes’ integrity and, therefore, increased amount of over-
size pieces of ore. The latter impairs rich ore drawing and
extraction indices as well as increases mining costs.

Considering the above mentioned drawbacks and the
current mining technology used at underground mines,
the authors recommend applying the arched crown. Fi-
gure 1 presents a variant of the room-and-pillar system
with formation of an arched crown of a stope during
stage-mining of blocks recommended for the PJSC “Su-
kha Balka” underground mines.
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of the stress field calculations for various shapes of
arched crowns are given below. The finite element size is
1 m. Stress values on isolines are given in MPa.

Figure 2 provides an example of the calculation
results and isolines of principal stresses o1 in rocks
during the second stage of forming an arched crown in
the room-and-pillar variant recommended for the PJSC
“Sukha Balka” underground mines. The results of calcu-
lating principal stresses o1 of rocks when forming an
arched crown demonstrate that the value of stresses in the
crowns vary depending on the rock pressure value and
the curvature radius of the arched crown. The arched
crowns with the curvature radius equal to a half of the
stope width are the most stable.

%I

'—'_'_"_f:_J._'_"_'_'_'_'__

Pillar Pillar
10 8 6 4

Compensating room

Figure 1. A variant of the room-and-pillar system with for-
mation of an arched crown: a—vertical plane;
b — section on axis 8; I, 11, 111, IV — stages of form-
ing an arched crown of a stope

The recommended arched crown of a stope is charac-
terized by increased stability as compared to horizontal
exposures and decreased probability of casual failures. An
arched crown is formed through charging some of deep
holes that are within the contour of the future stope. The
number and layout of simultaneously charged and blasted
holes corresponds to the stage of forming the arched
crown of a stope. When forming arched crowns of stopes,
principal stress values are distributed according to the
classical law of stress distribution in rocks. ANSYS 16.0
is applied to perform calculation of stresses. The results
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Figure 2. Calculation results and isolines of principal stresses

o1 in the rock massif when forming the second stage
of an arched crown
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Analysis of multifactor experiment results enables to
determine the universal adaptive indices of a maximum
stresses value o1 in arched crowns of stopes depending
on the mining depth H,, a relative crown curvature radius
R, and differentiated iron ore hardness f, MPa:

o1 =(0.2880In(H,, ) ~1.0405)- (6.636In (R, ) +
(20
+9.4)~(—5.83~10‘3f2 +0.1325f+o.4582).

According to the calculation results, arched crowns of
stopes experience tension stresses. The largest values of
stresses are observed in the arch springs; however, they
are far from being destructive. Unlike horizontal crowns,
the central part of the arched crowns experiences almost
no tension stresses that are considered the most dange-
rous for stope exposures. Absence of tensile stresses in
arched crowns of stopes leads to their increased stability,
other factors being equal. Increased stability of arched
crowns in compensating rooms and stopes will result in
decreased number of destroyed holes over the stope zone
caused by possible partial or complete failure of crowns.
Maintenance of deep holes will enhance massif breaking
indices due to increased quality of muck crushing and
corresponding decrease in oversize yield. Increased qua-
lity of rock massif breaking will improve muck ore indi-
ces and rich muck extraction from stopes.
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4. CONCLUSIONS

The increased mining depth results in considerable
rock pressure growth. Thus, special requirements are
placed on stability of exposed stopes as well as stability
of crown exposures of stopes and compensating rooms
when designing stopes at great depths.

In this connection, for the case of mining rich iron ores
by sublevel caving systems the authors recommend that
vertical and inclined compensating rooms be wider applied
to Kryvbas underground ores. When rich iron ores are
mined by the room-and-pillar systems at depths of over
1300 m, it is advisable to use tent and arched crowns that
provide maximum stability under high rock pressure.

Formation of arched crowns in the PJSC “Sukha Bal-
ka” underground mines will enable to reduce losses of
deep holes in crowns from 18 — 21 to 11 — 15%.
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BUBIP TA OGTPYHTYBAHHS CTIMKUX ®OPM CTEJIMH
TP BUJOBYTKY 3AJIIBHUX PY /I HA BEJIMKUX I''IMBUHAX

M. Crymuik, O. Kaninigenko, B. Kaniniuenko, C. [Tucemennuti, O. Moprys

Meta. BuGip ta o0rpyHTYBaHHS CTIHKHX ()OPM CTEIHMH 32 PaxyHOK BCTaHOBJICHHS 3aKOHOMIPHOCTEH BILIMBY TipCh-
KOTO THCKY Ha X CTIMKICTh 3aJI€)HO BiJ popMH CTENNH, TTTMOMHN PO3POOKH Ta MIIHOCTI 3aIi3HUX PY.I.

Metoauka. Y naniit po6oTi po3paxyHOK Halpy»XeHb 1 Jedopmailiii TipcbKOro MacuBy BHKOHAHO METOJIOM KiHIIe-
BHX EJIEMEHTIB 3a JIOIIOMOTO0 IIporpaMHoro komruiekcy Ansys 16.0. [lnsg moOynoBu enrop HanpyskeHb 1 tedopmarii
METO/IOM KIHIIEBUX EJIEMEHTIB HaJ MOJCIUII0 OyJo MpoBeNeHO TpiaHryssinito 3D-Moneni 3 po3MipoM CTOPOHH 2 M.
3riiHO 3 yMOBaMH €KCIIEPUMEHTY, Oynu cOpMOBaHI MOJENI 3 TOPU3OHTAILHOIO, IIATPOBOIO, CKIICMIHHENOAIOHOIO i
TIOXWJIOK0 TIOKPIBJIEI0 KaMep, KyT HaxXWiIy SKMX BapilOBaBCsS B IIMPOKHUX MeXax. [IpMHHATI BENWYMHHU THCKY TipPCBKHX
HOpiJ Ha PyJHUH MacuB BIANOBINAJIM TPHUYOTEXHIYHMM YMOBaM BiIpaloBaHHs pojoBuill KpuBopispkoro OaceiiHy
Ha rmnonHax Bix 1200 o 1700 m.

PesyabraTu. OTprMaHo po3paxyHKOBI 3HAYECHHS BEJIMUMH MaKCUMAaJIbHUX HANpPYKEeHb B CTEIMHAX OYMCHHUX Kamep
3aJIeKHO BiJ TTIHOWHHE PO3POOKH, BEIMYUHH TIPCHKOTO THCKY, KyTa HAXWITy CTEIHHH, MIIHOCTI 3alli3HUX Py.I i BiTHOC-
HOTO pajiiyca KpUBU3HH CKJIENIIHHENoA10HOT cTenrHu. BeTaHoBIeHO, 1110 NPpH BiANpallOBaHHI 0araTux 3ali3HUX Py Ha
BEJIMKHX TNTHOWHAX CHCTEMaMH MiAMOBEPXOBOTO 0OBaJICHHS HEOOXiTHO 3aCTOCOBYBATH BEPTHUKAIBHI i IMMOXUIII KOMIICH-
caniiiHi kamepu. BusiBieHo, 110 npy BiANpalfoBaHHi 0araTux 3aji3HUX pyJ KaMEpHUMH CHCTEMaMH PO3pOOKH Ha 3Had-
HUX TTHOWHAX KIFOYOBOIO BUMOTOIO, IO 3a0e3medye MaKCHMallbHY CTIHKICTH B YMOBAaX BHCOKOTO TipCHKOTO THCKY, €
Hepexiji Ha MIaTPOBi Ta CKJICHIHYACT] CTEJIMHU.
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HayxoBa HoBu3Ha. [loBe/IeHO, 1110 IHTETPaIbHUN MTOKa3HUK BEJIMYMHA MaKCHMAJIbHUX HANpy)XeHb Y MIXKIIOBEPXO-
BUX LIJIMKaX 3MIHIOETHECS B Mexax Bix —10 go +32 MIla na rmu6unax nodazn 1200 M Ta 3HaXOAUTHCS B MOJIIHOMIAIBLHO-
sorapuMivHii 3aneKHOCTI BiJ (DI3UKO-MEXaHIYHUX BIACTHBOCTEH PYAHOTO MAaCHBY, 3aJ€KHTh BijJi T€OMETPUYHUX
rapameTpiB CKIICHIHHS 1 IpH HOTro cKiIeniHHenoAiOHil ¢popMi HaOyBae MiHIMAJIBHUX 3HAU€Hb, JO3BOJISIIOUHN (popMyBaTH
CTI¥Ki BiICJIOHCHHS MIKITOBEPXOBUX IIUIMKIB Ha rnOuHaxX 70 2000 M.

MpaxkTuuna 3HaYnMicTh. Po3pobieHo MeToanuHi pekomenaanii «Bubip Ta oOrpyHTYBaHHS CTIHKHX QOpM CTEIHH
IpH BUAOOYTKY 3aJII3HAX Py Ha BENWKHUX TMuOnHax» st ymMoB maxT [IpAT «Espa3 Cyxa bankay i maxtu «Ponina
[NAT «Kpupbac3amizpyIKom».

Kntrouosi cnosa: pyoa, niosemna po3pooxa, cmenuna, 6i0CI0HeHHs, HANPYI*CEHHs, CMIUKICMb

BbIBOP U OGOCHOBAHUE YCTOMUYUBBIX ®OPM IMMOTOJIOUYNH
TP JOBBIYE KEJIE3HbIX PY]l HA BOJIBIIUX I'NTYBUHAX

H. Crynuuk, E. Kanuanaenko, B. Kanuanaenko, C. [Tucsmennsrii, A. MopryH

Heas. Beibop u 000cHOBaHKE YCTOWMYUBBIX ()OPM HOTOJIOYHH 32 CUET yCTAHOBJICHHS 3aKOHOMEPHOCTEH BIUSHHA
TOPHOTO [IaBJICHUS HAa WX YCTOHYMBOCTH B 3aBHCHUMOCTH OT (POPMBI ITOTOJIOUMH, TITyOMHBI pa3pabOTKH W KPEmoCTH
JKEJIe3HBIX PY/I.

Metoauka. B nanHoii paboTe pacyer HanpspKeHUH 1 aeopMaliii TOpHOTO MAacCHBa BBITIOJIHSICS METOJIOM KOHEY-
HBIX 3JICMEHTOB MMOCPEICTBOM MPOrpaMMHOro Komruiekca Ansys 16.0. [l IOCTpOCHUS 3M0p HapspKeHud u aedop-
Maluii MeTOZI0M KOHEYHBIX 3JIEMEHTOB HaJl MOJIEIIbIO OBbLIO IIPOBEAECHO TpUaHTyIsiuio 3D-Mozaenu ¢ pa3mepom cTopo-
Hbl 2 M. COMIacHO YCIOBHSAM 3KCIIEPUMEHTA, OBUTH C(OPMHUPOBAHBI MOJICIIN ¢ TOPH30HTAIBHOMN, MATPOBOH, CBOI000-
pa3HOI ¥ HAKJIOHHOW KPOBJICH Kamep, yrodl HakJOHA KOTOPBIX BapbHPOBAJICS B IMUPOKUX Tpeaenax. [IpuHsATIe Bemu-
YMHBI IaBJICHUS TOPHBIX MOPOJ] HAa PYIHBII MacCHB COOTBETCTBOBAIH TOPHOTEXHUYECKUM YCIOBHUSIM OTPAOOTKU MECTO-
poxnenuit KpuBopoxkckoro 6acceitna Ha riryonHax ot 1200 1o 1700 m.

PesyabTathl. [lomydeHsl pacdeTHBIC 3HAYCHHS BEIMYMH MAaKCHMAIIBHBIX HANPSHKEHHH B IMOTONOYHMHAX OYHCTHBIX
KaMep B 3aBUCHMOCTH OT TIyOWHBI pa3pabOTKH, BEIMYWHBI TOPHOTO JaBJICHUS, yIiIa HAKIOHA TOTOJOYMHEI, KPETIOCTH
JKEJIe3HBIX Py ¥ OTHOCHTEIIBHOTO paglyca KPUBH3HBI CBOJI000OPA3HBIX MOTOJIOYHH. Y CTAHOBIIEHO, YTO MPH OTPabOTKE
0oraTeIx JKeJe3HBIX pyJ Ha OONBIMX TIyOMHAX CHCTEMaMH IOJITaKHOTO OOpYIIEHHS HEOOXOOUMO HCIIONIB30BaTh
BEPTHKAJBHBIE M HAKJIOHHBIE KOMIIEHCAIMOHHBIE KaMepbl. BEBISBIEHO, YTO MpH OTpabOTKE OOTATHIX KEIE3HBIX Py
KaMEpHBIMU CHCTEMaMH pa3pabOTKU Ha 3HAYMTENLHBIX TIIyOMHAX KIIOYEBBIM TpeOoBaHHEM, 00ECTIEUNBAIOIMM MaKCH-
MaJIbHYIO yCTOﬁ‘{HBOCTb B YCJOBUAX BBICOKOI'O T'OPHOI'O JaBJICHUSA, ABJACTCA MNEPCXOJ Ha MIATPOBLIC M CBOAYATHIC
MTOTOJIOYHHBL.

Hayunasi HoBU3HA. [[0Ka3aHO, YTO MHTETPAIBHBIN IMOKA3aTENb BEUYUHBI MAKCHMAIBHBIX HAMPSIKEHUH B MEKIY-
STaXHBIX IIETMKaX MeHseTcs B mpenenax oT —10 no +32 MIla Ha rimy6unax 6onee 1200 M, HAaXOIUTCS B TIOJTMHOMHUATb-
HO-JIOTapU(PMHUIECKON 3aBHUCHMOCTH OT (PU3UKO-MEXaHHUECKUX CBOWCTB PYIOHOTO MAacCCHBa, 3aBHCHUT OT T'€OMETpHUe-
CKUX IapaMeTpPOB IOTOJIOYMHBI U TPU €€ CBOI00Opa3sHOW (opMme MpHOOpeTaeT MHHAMAIIbHBIC 3HAYCHUS, MTO3BOJISA
(hopMHUpPOBATH yCTOWYHMBBIE OOHAKECHUS MEKIYITAKHBIX IIETUKOB Ha riryonHax 10 2000 M.

IIpakTHyeckas 3HaYNMOCTh. Pazpabotansl MeToanyeckue pexoMeHaanun «Beibop n 000CHOBaHKE yCTOWYMBBIX
(hopM MOTOJIOYUH NPH 10OBIYE JKEJIE3HBIX Pyl Ha 00NbIINX NIyOrHax» st yenoBuit maxt YAO «Espas Cyxa bankay» u
maxTsl «Poanaay ITAO «KpusbaccxeneapyaKom.

Knrouesvle cnosa: pyoa, noozemuas pazpabomxa, nNOMoL04URA, 0OHANCEHUSL, HANPSICEHUS, YCMOUYUBOCb
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