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Abstract

Purpose. Predicting the stress-strain state (SSS) of the rock mass in the zone of stope operations influence using the self-
caving mining system and the calculation of the load-bearing capacity of mine workings support at the 10" Anniversary of
Kazakhstan’s Independence mine.

Methods. An engineering-geological data complex of the host rocks properties has been analyzed. Numerical modelling of
the rock mass stress-strain state and the calculation of the load-bearing capacity of the support types used at the mine have
been performed with the help of the RS2 software. This program, based on the Finite Element Method in a two-dimensional
formulation, makes it possible to take into account a significant number of factors influencing the mass state. The Hoek-
Brown model with its distinctive advantage of nonlinearity is used as a model for the mass behaviour.

Findings. The values of the main stresses and load on the support have been obtained. According to the numerical analysis
results of the rock mass stress-strain state at a depth of 900 m (horizon -480 m), the principal stresses are close to hydrosta-
tic ones o1 = 03 = 0z = 24.8 MPa. Predicting assessment of mine workings stability margin is performed before and after
stope operations. Based on its results, it can be assumed that the stability margin of the mine workings driven in the stope
zone is below the minimum permissible, therefore, caving and an increase in the load on the support are possible. Abutment
pressure on mine workings support at a mining depth of 900 m (-480 m) has been calculated. The parameters of support in
mine workings driven at the horizon -480 m have been calculated.

Originality. The nature and peculiarities of patterns of the stress-strain state formation within the boundaries of various
stope operations influence in blocks 20-28 at the horizon -480 m have been determined. The quantitative assessment of the
values of loads on the support of haulage cross-cuts of the horizon mining is given.

Practical implications. The research results can be used for creating a geomechanical model of the field and to design
stable parameters of mine workings support.
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1. Introduction processing of chromite ores produced at these deposits is
located three kilometers north of the Molodezhnaya mine.

The main part of the field reserves will be mined by an
undercut-caving system. Based on the fact that the ore bodies
of the fields have a continuous slightly inclined or inclined
angle of occurrence and in some places the ore bodies move
abruptly upward within a level, then parts of one block re-
serves are located at different levels in relation to mine work-
ings of the haulage horizon [1]. Such reserves within one
block are prepared to mining by both high and low
undercutting of sub-levels [2].

The 10™ Anniversary of Kazakhstan’s Independence
mine is located in the north of Mugalzhar, on the eastern
slope of the East Kempirsay ore district, in the south-eastern
part of Khromtau city, Aktobe region, Republic of
Kazakhstan. The Rudnichny District infrastructure is well
developed. Next to the 10" Anniversary of Kazakhstan’s
Independence mine, the mines of Donskoy Ore Mining and
Processing Plant, Voskhod mine, the 20" Anniversary of the
Kazakh S.S.R. mine and Poiskovoye open-pit mine are
developing chromite deposits. An enrichment plant for
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To determine the technical and economic indicators,
when mining such ore bodies, a block located at the level
-480...-560 m and between sections 23-25 is taken as an
analogue of mining.

The main reserves of the block selected for mining are
located at the level of the haulage workings roof of the
horizon -560 m. The block bottom structure will be designed
through the ore at a height of 2.5-3.0 m above the level of the
haulage horizon (low undercutting of sub-levels).

An insignificant part of this block reserves is located above
the level of the haulage workings of the horizon (at a height of
15-25 m). The bottom for mining the reserves will be designed
through the rock (high undercutting of sub-levels).

The block reserves undercutting is performed by blasting
the radial wells. The radial wells are drilled every 2-3 m with
an NKR-100 m drilling rig to a height of 10-15 m.

Within the mining allotment area, two types of
groundwater are developed: pore water — in Cretaceous and
Paleogene deposits and fissure water — in the rocky Paleozoic
mass. Groundwaters in Cretaceous and Paleogene deposits
has sporadic distribution. It does not have an independent
significance in the formation of water inflows into
underground mine workings [3], [4].

Fissure water developed in the rocky ore-bearing mass is
the main source of flooding the mine workings and is
subdivided into fissure-ground and fissure-vein. Its
distribution is associated to the zones of open fracturing the
metamorphosed intrusive rocks of basic and ultrabasic
composition, represented by gabbro-amphibolites and
serpentinites through dunites and peridotites.

Fissure-groundwater is regionally distributed in open
fractures of exogenous genesis in the upper part of the rock
mass geological section, belonging to Triassic-Jurassic
weathering crust. The depth of fissure-ground water
distribution from the mass roof reaches 60-75 m, and in the
zones of tectonic disturbances it increases to 150 m. The
depth of the groundwater table occurrence in natural
conditions varies from 0 to 30 m.

The heterogeneity of the mining-and-geological
conditions of the rocks occurrence and an increase in the
mining depth require constant monitoring and predicting the
stress-strain state (SSS) of rock masses enclosing mine
workings for various purposes and with different contours.

Many applied problems of mining geomechanics are
related to determining the stress-strain state  of
technologically disturbed rock mass [5], [6]. Such problems
are solved by many researchers using various methods of
mathematical and physical modelling. Mathematical mode-
Iling has certain advantages over physical modelling, since it
has the greatest generality when describing the essence of
geomechanical processes, as well as it makes possible to
study and predict the latter in the widest range of their consti-
tutive parameters [7]-[10].

As a result of the development of computer technology
and methods of mathematical modelling, along with
traditional analytical methods, numerical methods are
increasingly used [11]-[13]. There are:

— finite difference method (FDM);

— finite element method (FEM);

— boundary element method (BEM).

The effective use of these methods for solving important
applied problems of mining geomechanics is substantiated
not only by the capabilities of the software package, but also
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by the availability of an appropriate methodological base for
solving such problems [1], [7].

The purpose of the research is to predict the stress-strain
state (SSS) in the rock mass within the boundaries of the
stope operations influence at the horizon -480 m according to
the system of mining, as well as to calculate the load-bearing
capacity of the support types used at the 10" Anniversary of
Kazakhstan’s Independence mine. To achieve this purpose,
the following objectives are set:

—analyze the mining-and-geological, as well as mining-
engineering conditions of mining at the 10" Anniversary of
Kazakhstan’s Independence mine;

— perform a numerical analysis of the rock mass stress-
strain state at the horizon -480 m of the 10" Anniversary of
Kazakhstan’s Independence mine;

—to calculate the values of the loads on the mine
workings support in the host rocks and in the ore mass at the
-480 m horizon;

—to calculate the load-bearing capacity of the support
types used at the 10" Anniversary of Kazakhstan’s
Independence mine using the numerical analysis.

2. Methods

Serpentinites through dunites are widespread in the de-
posits of the 10th Anniversary of Kazakhstan’s Independence
mine. Serpentinite is less widespread through pyroxene
dunites. The mentioned rock types occur to a depth of 35-110 m
from the Earth’s surface. The maximum value of the desicca-
tion degree is observed at a depth of 10-20 m. The rocks are
formed here by fine-grained rocks and change to a clay mass.

According to the laboratory surveys, four main engineering-
geological rock complexes are identified [6], [10], [14]:

—complex of ground carbonate, fine-grained
serpentinites, with low rock strength (R.=15.2 MPa,
Ri=1.3 MPa, strength coefficient on the Protodyakonov
scale is f = 2-3, 11l drilling category), which is typical for the
upper part of the field [5], [15];

—serpentinized dunite complex: less crack-resistant dunite
is durable (R.=55.3 MPa, R;=4.3 MPa, strength coefficient
on the Protodyakonov scale is f=9, VII drilling category);
root-mean-square dunite is represented by rocks of medium
strength (R. = 27.1 MPa, R; = 3.1 MPa, strength coefficient on
the Protodyakonov scale is f = 8, VII drilling category). Dunite
category refers to durable rocks (R, = 64.5 MPa, R; = 4.5 MPa,
strength coefficient on the Protodyakonov scale is f=19, VII
drilling category); mid-season dunite is medium strength rock
(R.=35.1 MPa, R;=2.7 MPa, strength coefficient on the
Protodyakonov scale is f=8, VIl drilling category); extra
strong — low strength rocks (R.=17.1 MPa, R;=1.6 MPa,
strength coefficient on the Protodyakonov scale is f=6, VI
drilling category);

—complex of serpentinized peridotites: rocks with low
tensile strength (R.=58.1 MPa, R;=4.7 Mpa, according to
the Protodyakonov scale f=28, VII drilling category); rocks
of medium strength (R, = 29.1 MPa, R; = 2.7 Mpa, according
to the Protodyakonov scale f=28, VII drilling category);
rocks of extra tensile strength (R.=8.0 MPa, R;= 0.8 MPa,
according to the Protodyakonov scale f=2, Illdrilling
category) [16].

With increasing depth, the rock strength increases. The
compression strength of low-tonnage rocks and ores at great
depths changes to a value of 60-120 MPa.
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According to geological data, the main ore deposit is
mainly represented by continuous and densely disseminated
ores, and the rocks in the field are represented by pyroxene-
free dunites, pyroxene dunites and peridotites, serpentinized
to varying degrees.

Tables 1 and 2 present the generalized strength and phys-
ical-mechanical properties of the rock mass.

Table 1. Strength properties of rocks and ore

Physical .
properties Strength properties
Ultimate compression
P,g/cm®  For monolithic- _ . np g
with primary R, MPa
type samples fractures

Rock 2.69 258 99.7-128.0 41.6-61.0  9.02-134
Ore 362 3.46 52.6-68.0 30.2-54.0  5.55-6.12

Table 2. Strength properties of fracture filler (determined by the

samples)

. Cohesion C, MPa Internal friction angle ¢, degree
Filler type - -

min max med min max  med
Siliceous- 2.4 45 31 30 4 37
carbonate
Talcum- 0.45 3.1 19 17 4 33
micaceous

Serpophytic 1.8 9.6 6.0 20 43 35
Serpentine 7.0 15.0 10.8 30 49 41

Numerical modelling of the rock mass stress-strain state
and the calculation of the load-bearing capacity of the sup-
port types used at the 10th Anniversary of Kazakhstan’s
independence Mine have been performed with the help of the
RS2 software. This program, based on the Finite Element
Method in a two-dimensional formulation, makes it possible
to take into account a significant number of factors influenc-
ing the mass state. The calculations take into account not only
the physical and mechanical rock properties and the stresses
acting in the mass, but also the structural characteristics of the
mass, as well as the degree of technogenic impact. The Hoek-
Brown model with its distinctive advantage of nonlinearity is
used as a model for the mass behaviour [14], [17].

The data obtained in the RS2 software is similar to natural
processes occurring in the conditions of mineral deposit de-
velopment, and is widely used in many fields, since it allows
to take into account such factors as the physical and mechani-
cal properties of rocks and fractures, the presence of water,
stress state, parameters of mine workings, types of support,
effects of fixed loads, expected displacements, etc. [18].

3. Results and discussion

3.1. Numerical analysis of the rock mass
stress-strain state at the horizon -480m of the
10th Anniversary of Kazakhstan’s Independence mine

To determine the principal stresses acting in the unmined
mass of the 10th Anniversary of Kazakhstan’s Independence
mine, a predicting assessment of the principal stresses acting
on the mass has been performed, the results of which are
shown in Figure 1. From Figures2a and 2b, which show the
stress-strain state of mine workings at the horizon -480 m, it
can be seen that possible unstable zones of the border mass
with a safety factor (SF) of less than 1.2 can reach up to
1.6 meters along the walls and 0.8 m along the roof.
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Figure 1. Graph of a change in maximum stress (Sigma 1-3)
depending on the depth

Figure 2. Stress-strain state of mine workings at the horizon
-480 m: (a) mine working width is 3.5m; (b) mine
working width is 2.5 m

According to international ISRM standards, a mass with
SF <1.2 is unstable. Figures 2a and 2b also demonstrate the
directions of principal stresses acting on the mine working,
from which it can be seen that mines are exposed to pressure
from all sides, which can lead to a rock pressure dynamic
manifestation in the form of fractures, artefacts, heaving in
the mine working bottom, the SCP frames deformation, etc.

Figure 3 shows a schematic diagram of a mining system
with previously driven mine workings prior to stope
operations. An aquifer rock mass is generally stable, a safety
factor is higher than 1.2, except for the zones adjacent to
mine workings.
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Figure 4 shows a schematic diagram of mining system after Figures 5 and 6 present the results of a numerical analysis
the stope operations. After mining of the crosscut, a redistribu- by the finite element method before the start of stope opera-
tion of stresses occurs and mine workings change to unstable  tions and after breaking of the crosscut.
state, since they are in the zone of stope operations influence.
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Figure 3. Stress-strain state of mine workings before mining of the crosscut
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Figure 5. Stress-strain state of mine workings before the start of stope operations
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Figure 6. Stress-strain state of mine workings after the stope operations

According to the results of the numerical analysis in
Figure 7, after mining the manhole for the box hole, the stability
margin of the room fenders is below the maximum permissible.
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Distance, m

Stability margin

Figure 7. Graph of a change in the stability margin of mine wor-
kings: 1 — before the start of well breaking; 2 — after the
crosscut well breaking

Figures 8 and 9 represent the graphs of the principal
stresses redistribution nearby the mine workings. According
to the graph in Figure 8, the stresses concentration is observed
in the mine working roof, which sharply increases approxi-
mately at a distance of 2-3 m from the mine working contour,
and then the stress flattens and reaches its natural state.
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Figure 8. Graph of the maximum stresses redistribution nearby
the mine working contour

The stresses acting on the mine working walls (Fig. 9), on
the contrary, flatten (they work to rupture) nearby the mine
working at a distance of 3-4 m, after which they reach their

natural state. Figure 9 below demonstrates the changes in the
safety factors of the aquifer rocks before the start of stope oper-
ations and after breaking of the blast-hole rings of the crosscut.

30
R2=0.8024
& 20 ’:
=
o
s+
5
& 10
0 ‘ ‘ ‘
0 5 10 15

Distance from the mine working contour, m

Figure 9. Graph of the minimal stresses redistribution nearby the
mine working contour

3.2. Calculating the load-bearing capacity
of the support types used at the

10th Anniversary of Kazakhstan’s
Independence mine by numerical analysis

At the 10th Anniversary of Kazakhstan’s Independence
mine, horizontal mine workings and shaft insets are fastened
with SCP-22 metal arch support in combination with
concrete, while chamber mine workings are fastened with
SCP-27 metal arch support in combination with concrete.
The haulage workings are first fastened with a 2.0 m long
roof bolt in combination with shotcrete, then reinforced with
cable bolts and SCP-22 frames.

To determine the load-bearing capacity of haulage wor-
kings, a numerical analysis of the rock mass is performed in
the specialized RS2 software.

The RS2 software provides a wide range of options
for modelling the support. Lining elements can be used in
modelling the shotcrete, concrete, steel typesetting systems,
retaining walls, piles, multilayer composite linings, geotex-
tiles, etc. [16].

Figure 10 presents the numerical analysis results of the
load-bearing capacity of the combined support (mine wor-
king on the left) and the border mass state without fastening
(mine working on the right). The mine working on the left is
fastened with a 2.0 m long roof bolt, a 12-15 m long cable-
bolt fastening, SCP-22 and 20 cm thick shotcrete.
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(@) (b)

Figure 10. Stress-strain state of the combined support

The data for modelling are obtained from a typical pass- 8.0
port for fastening the haulage workings. According to the [f\
modelling results, it can be seen that with such a fastening, 6.0

the safety factor of the aquifer mass is in a stable state. Fig-
ures 11 and 12 below show the safety factors around mine 0

working with and without fastening. ' // \
- *0 /’ M
0 2 4 6 8 10 12 14
Perimetr, m
Figure 12. Graph of a change in the safety factor of the border
mass with combined fastening
Based on the modelling results, it should be argued that

v with this option for fastening mine workings, the load-

6 8 10 12 14 bearing capacity of the combined support has a margin.
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Figure 11. Graph of a change in the safety factor of the border
mass without fastening
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Figure 13. Graphs of the load-bearing capacity of SCP and shotcrete: (a) graph of the load bearing capacity of frame fastening;
(b) fastening, induced by axial shocks and bending moment
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Figure 13 presents the graphs of the load-bearing capacity
of shotcrete and SCP, from which it follows that Figure 13a
shows the load-bearing capacity of the frame fastening.
Figure 13b shows the load-bearing capacity of fastening,
induced by axial shocks and bending moment, which indicate
the pressure on the fastening. Based on the modelling results,

(@)

Figure 14a shows the mine working fastened by SCP frames in
combination with 20 cm thick shotcrete without roof-bolt and
cable-bolt fastening. Figure 14b shows the mine working fas-
tened by SCP frames in combination with 20 cm thick shot-
crete, as well as roof-bolt and cable-bolt fastening. As can be
seen from the model, the safety factors in both cases are close.

(b)

Figure 14. Stress-strain state of two options of combined support: («) mine working is fastened by SCP frames; (b) mine working is fas-

tened by SCP frames with roof-bolt and cable-bolt fastening

According to Figure 15 it can be argued that the use of roof-
bolt and cable-bolt fastening to maintain mine workings does
not significantly influence on the load-bearing capacity of mine
workings. The main stability of mine workings is provided by
the frame support SCP-22 (27) in combination with shotcrete.

o SCP + shotcrete + roof bolt
6 + cable bolt

—=— SCP + shotcrete

Strength factor

0 5 ) 10 15
Perimeter, m

Figure 15. Graph of comparing the safety factors of two combined
support types

During the research, there was almost no data on the
structural properties of the mass. For a more detailed analysis
of the rock mass stress-strain state, it is recommended to
collect data on the rock mass structure by geotechnical map-
ping of the mine working walls.

To collect data on the mass structure, the rating classifica-
tion of the mass is used, accepted by the International Society
for Rock Mechanics ISRM. A database is created for geotech-
nical mapping of the mine working walls, from which, in turn,
a structural block model is constructed. Using the block mod-
el, stronger and weaker zones of the field can be identified,
which can help in the design of further mine workings.

To clarify the predicting assessment of the mass stress-
strain state using the finite element method, it is recommen-
ded to perform in-situ measurements of the natural stress
field by the “hydraulic fracturing” method.
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The main task of the research by hydraulic fracturing
method is to determine the value and directions of the princi-
pal stresses and the natural stress field. However, the method
of hydraulic fracturing is a very time consuming and costly.

4. Conclusions

The paper analyses the mining-geological and mining-
technical conditions of mining at the 10th Anniversary of
Kazakhstan’s Independence mine, as well as the methods for
determining the stress-strain state. A numerical analysis of
the stress-strain state of the rock mass at the horizon -480 m
is also performed.

A predicting assessment of the mass stress-strain state has
been conducted, which is based on the use of effective nu-
merical methods and which allows to increase the reliability
of predicting the “mining and geomechanical” situation at the
extraction area.

The load values on the mine working support in the host
rocks and in the ore mass of the -480 m horizon and the load-
bearing capacity of the support types used at the 10th
Anniversary of Kazakhstan’s Independence mine have been
calculated on the basis of numerical analysis.

According to the numerical analysis results of the rock
mass stress-strain state at a depth of 900 m (horizon
-480 m), the principal stresses are close to hydrostatic ones
01 =03 =0;=24.8 MPa.

Predicting assessment of mine workings stability margin
is performed before and after stope operations. Based on its
results, it can be assumed that the stability margin of the
mine workings driven in the stope zone is below the mini-
mum permissible, therefore, caving and an increase in the
load on the support are possible.

The load-bearing capacity of the support types used at the
10th Anniversary of Kazakhstan’s Independence mine has
been calculated on the basis of numerical analysis in the RS2
software. The safety factors of the rock mass near mine
workings have been determined. From the numerical analysis
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results it can be seen that the roof-bolt and cable-bolt fas-
tening does not greatly increase the stability of mine work-
ings, therefore there is no urgent need to increase the stability
of mine workings.
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JocigxeHHs: reoMeXaHIYHOI cHTyanii B MacHBi ripcbKHX NOPiJ y 30Hi BILIUBY
OYMCHHX po6iT B ymoBax maxtu “10 pokiB Hezane:xxnocri Kazaxcrany”

A. Maraes, A. Kaifnazaposa, I. Apucran, €. AGeyos, A. Kaitnazapos, M. Bai3z6aes, B. [Ilromin, M. Cynranos

Merta. IIporno3 HampysxeHo-nedpopmoBanoro crany (HIC) B MacuBi TipcbKuX MOpiJ y 30HI BIUIMBY OYUCHUX POOIT IIPH BUKOPHCTAHHI
CHCTEMH DPO3pOOKHM CaMOOOBAJICHHSI Ta PO3pPaxyHOK HeCy4ol 3[aTHOCTI KpIIUIEHHS TipHAYMX BHPOOOK, IO 3aCTOCOBYIOTHCS Ha INAXTi
“10 poxkis He3anexnocri Kasaxcrany”.

MeToauka. [IpoananizoBaHO KOMIUIEKC I'€0JI0T0-iHKEHEPHNUX AaHHWX BIACTUBOCTEH BMIIYIOUMX MOpin. BHkOHaHO 4MCeTIbHE MOJENIO-
BaHHS HampyXeHO-1e(OPMOBAHOTO CTaHy MACUBY TipCBHKHX TOPIJ 1 pO3paxyHOK HECY4Oi 3JaTHOCTI BUAIB KPIIJICHHS, IO 3aCTOCOBYIOTHCS
Ha maxTi y nporpami RS2, sika npairoe Ha ocHOBI MeToxy ckiHueHHHX eneMeHTiB (Finite Element Method) y ABoBHMIpHili OCcTaHOBI, IO
JI03BOJIMJIO BPaxXyBaTH 3HAYHY KiTbKICTh (haKTOpiB, 1[0 BIUIMBAIOTh HA CTAH MAaCHBY. B SKOCTi MOJeIi ITOBEAIHKA MAaCHBY BUKOPHCTOBYBala-
cs1 Mozienb Xoeka-bpayHa, BiIMITHOIO ITepeBaroro SKoi € Tl HeliHiHICTb.

PesyabTaTn. OTpuMaHO 3Ha4YeHHs FOJOBHUX HANPYXKEHb 1| HABAHTAXXEHHS Ha KPIIUICHHA. 3a pe3y/IbTaTaMi YHCENBEHOTO aHajli3y Hampy-
JKEHO-J1e()OPMOBAHOTO CTaHy MacHBY TipChbKHX mopix Ha rmouni 900 M (Top. -480 M) roJ0BHI HampyXeHHsS OMM3bKi 0 TiAPOCTATUYHHM
01= 03 = 0; = 24.8 Mna. BukoHaHa NporHO3HA OI[iHKA 3amacy CTIHKOCTiI TipHUYMX BHPOOOK 110 i MICJsl OYMCHUX POOIT, 332 pe3yabTaTaMu
SIKOTO CIIiJI TIPUITYCKATH, IO 3arac CTIMKOCTI MpOHIeHNX BUPOOOK y 30HI OYHCHOTO MPOCTOPY HMKYE MiHIMAaNbHO JOMYCTHMOTO, a OTXKE,
MOJKJIMBI 00BaseHHs i 301IbIIEHHS] HABaHTaKEHHS Ha KpiIuieHHsA. Po3paxoBaHO ONMOPHMH THCK Ha KpiIJIeHHS BUpPOOOK Ha TIHOMHI BiAmpa-
mroBaHHA 900 M (Top. -480 M). BukoHaHO PO3paxyHOK MapaMeTpiB KPilUIeHHs BUPOOOK, 3aKIaJeHUX Ha TOpH30HTI -480 M.

HayxoBa HoBHu3HA. BeranoBieHo XapakTep Ta 0cOONMMBOCTI 3aKOHOMipHOCTEH (hOpMyBaHHS HaIpy>XeHO-IepOPMOBAHOTO CTaHy B Me-
JKax BIUIMBY PI3HHUX BapiaHTiB 04HMCHUX poOiT 6ioky 20-28 Ha ropusonTi -480 M i Ha/laHa KiIbKiCHA OLIHKA BEIMYHH HAaBaHTA)XXKEHb Ha KpiIl-
JICHHSI BIIKOTHHX OPTiB BUPOOOK TOPH30HTY.

IIpakTnyHa 3HAYMMicTh. Pe3ynbTaTi BUKOHAHUX JOCIIKEHh MOXYTh OYTH 3aCTOCOBaHi IIPHM CTBOPEHHI IreoMeXaHiuHOT MoJeli poIo-
BUII[A Ta IPOSKTYBaHHI CTIKUX apaMeTpiB KPIIUICHHs TipPHUYHX BUPOOOK.

Knrwwuogi cnosa: nanpysicerno-oegpopmosanuti Cmat, 201068Hi HANPYHCEHH, pyod, 2ipcoKi nopoou
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HccnenoBanne reoMexaHN4ecKoii CHTYalliM B MacCHBe FOPHBIX MOPO/ B 30HE BJIMSTHUS
OYHMCTHBIX padoT B yciaoBusax maxrtel “10 ser HezaBucumoctn Kazaxcrana”

A. Maraes, A. Kaiinaszaposa, 1. Apsictan, E. Adeyos, A. Kaitnazapos, M. ban36aes, B. Jlemun, M. CynraHos

Heas. [Iporao3 HanpsbkeHHO-nepopmupoBanHoro cocrosaus (HAC) B MaccuBe TOpHBIX MOPOA B 30HE BIUSHUS OYHCTHBIX paboT mpu
HCTIONB30BAHUH CHUCTEMBI Pa3pabOTKH caMOOOPYIICHHEM M pacdueT Hecymiel CIIOCOOHOCTH KpPemu TOPHBIX BBIPAOOTOK, MPUMEHSIEMBIX Ha
maxte “10 ser HezaBucumoctu Ka3axcrana”.

MeTtoauka. [IpoaHann3npoBaH KOMIUIEKC T€0JIOr0-HHKEHEPHBIX JTAHHBIX CBOWCTB BMEINAIONIMX MOpPOJ. BHINONHEHO YHCIeHHOEe Mojie-
JIUPOBAHUE HANPSHKEHHO-1e(OPMUPOBAHHOTO COCTOSHUSI MacCHBa FOPHBIX HOPOJ M PacueT Hecylled CIIOCOOHOCTH BUJIOB KPEIH, IpHMe-
HSEMBIX Ha IIaxTe B mporpamme RS2, xoropas paboraer Ha ocHOBe MeToja KoHeyHBIX aeMeHToB (Finite Element Method) B nBymepHoii
MOCTaHOBKE, YTO MO3BOJMIIO YUECTh 3HAYUTEIBHOE KONMNYECTBO ()aKTOPOB, BIMSAIOIINX HAa COCTOSHHE MaccuBa. B kadecTBe Mojenu nosese-
HUsI MacCHBAa UCIIOIb30BaIach MoENb Xoeka-bpayHa, OTIMUUTEILHBIM IPEUMYIIIECTBOM KOTOPOH SIBISIETCS €€ HETMHEHHOCTD.

Pe3yabTatsl. [lomydeHs! 3HaUCHNS TNIaBHBIX HAIPsDKEHHWH M HATPY3KH Ha Kpenb. 1o pe3yiapraTaM YHMCICHHOTO aHANN3a HANPSHKEHHO-
neOpPMHUPOBAHHOTO COCTOSIHUSI MAacCHBa TOPHBIX Mopox Ha TiayouHe 900 m (rop. -480 M) TIaBeHCTBYIOIINE HANPSLKEHHS OJHM3KH K THAPO-
CTaTHYECKUM 01 = 03 = 0z = 24.8 MIla. BrmosHeHa MporHo3Has OIeHKa 3armaca YCTOHYHBOCTH TOPHBIX BBIPAOOTOK IO M IOCIE OYHCTHBIX
paboT, 1Mo pe3ynbTaTaM KOTOPOTo CleXyeT NPEAIoIaraTh, 4To 3arac yCTOHIMBOCTH NMPOWAECHHBIX BHIPAOOTOK B 30HE OYHCTHOTO IPOCTpPaH-
CTBa HI)KE€ MUHHUMAJBHO JOMYCTHMOTO, CJIEIOBaTEIbHO, BO3MOXHBI OOPYIICHUS M yBEIUUCHUE HArpy3KH Ha Kpemb. PaccuntaHo omopHoe
JIaBJIeHHE Ha Kpelb BhIpaboTOK Ha riryouHe oTpadotku 900 M (rop. -480 M). BeimonHeH pacyer napaMeTpoB Kpenu BEIPaOOTOK, 3aJI0KEHHBIX
Ha ropusoHte -480 m.

Hayuynasi HOBU3HA. YCTaHOBJIEH XapaKkTep U OCOOEHHOCTH 3aKOHOMEPHOCTEH (OpPMHPOBAHUS HAIPSKEHHO-IE()OPMHUPOBAHHOIO COC-
TOSIHUS B TPaHMIAX BIWSHHUSA Pa3IMYHBIX BApHAHTOB OYHCTHBIX padoT Omoka 20-28 Ha ropusonte -480 M M 1aHa KOJNMYECTBEHHAs OLCHKA
BEJIMYUH HAarPy30K Ha KPeIb OTKATOYHBIX OPTOB BEIPAOOTOK FOPU30HTA.

IIpakTHyeckasi 3HAYMMOCTh. Pe3ynbTaTel nccienoBaHuit MOTYT OBITH NPHMEHEHBI IPH CO3JAHHH I'€OMEXaHHIECKOH MOJENH MeCTO-
POXICHUS ¥ NPOSKTHPOBAHNH YCTOWYNBBIX ITapaMeTPOB KPEIH FOPHBIX BEIPaOOTOK.
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