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Controlling rock massif conditions and forecasting stability of slopes and pit walls are among the most important
engineering challenges for safety and efficiency of operations while surface mining. At present there are about 300
methods developed for studying geomechanical processes occurring in open pit slopes that allow predict their stability
considering the impact of natural and anthropogenic factors.

Purpose. Elaboration of new methodological approach regarding integrated slope stability assessment of pit walls
and overburden dumps.

Technique. The paper is based on the analysis of existing methods for estimation of slope stability well proven in prac-
tical applications. The general analytical solutions concerning slope stability based on hypotheses of flat and circular cylin-
drical sliding surface are considered. The application of slope stability nomograms based on an integrated approach to as-
sessment of slopes with consideration of geological conditions and geometrical parameters are in detail discussed.

Findings. The slope stability nomograms with dimensionless quantities obtained via numerical simulation allow us
to determine geometric parameters of the rock massif nearby the slope face considering geological, hydrogeological and
technological factors.

Originality. As a result of multiple stages of numerical modeling of geomechanical processes in the landslide prone
slopes, the values of the safety factor for the pit walls and dumps of the opencast colliery Maikubenskiy (Republic of
Kazakhstan) have been calculated, which allowed us to develop the slope stability nomogram for changeable geological
and mining conditions of the deposit.

Practical value. Development and application of the slope stability nomograms is a useful engineering tool for
quick calculating geometric parameters of rational open pit edges with regard to specific geological conditions of the
deposit and controlling the state of rock massif at the quarry.

Keywords:. stability of pit edges and overburden dumps, surface mining, slope, landdlide, safety factor, Mohr-

Coulomb failure criterion, slope stability nomogram

Introduction. Failures of rock slopes, both man-
made and natural, include rock falls, overall slope insta-
bility and landslides, as well as slope failures in open pit
mines. The consequence of such failures can range from
direct costs of removing the failed rock and stabilizing
the slope to a wider variety of indirect costs.

Design methods for rock slopes fall into two groups —
limit equilibrium analysis and numerical analysis of stresses
and strains. Limit equilibrium analysis calculates the factor
of safety of the slope and ensues different procedures used
for plane, wedge, circular and toppling failures; the type of
failure being defined by the geology of the slope. Numerical
analysis involves analysis of stresses and strains occurring
inside the slope, and stability is assessed by comparing the
stresses in the slope with the rock strength.
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In order to provide a guideline on stable angles of pit
slopes, a number of studies have been carried out showing
the relationship between slope angle, height and geology;
the records also distinguished whether the slopes were sta-
ble or unstable.

Variable properties of overburden rocks and soils sig-
nificantly affect results of slope stability assessment. Ap-
plication of the random process models allows with a cer-
tain degree of probability to determine the geomechanical
characteristics of soils as well as the slope stability param-
eters under the influence of external factors. Heterogeneity
and variability of physical and mechanical properties of
soils prone to subsidence, at different levels of the massif
study are caused by synergetic changes of paleo-
geomorphic conditions occurring during its formation and
also by modern conditions. Stochastic modeling of the
variability of soils geotechnical properties enables to im-
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prove the accuracy and validity of geotechnical predictions
(Mokritskaya, 2013). An alternative approach to probabil-
istic models are the complex nomograms for evaluation of
natural and man-made slopes stability that allow to control
slope geometric parameters under changing physical and
mechanical properties of overburden rocks or soils. By an-
alyzing results of numerical simulation integrated into
nomograms of slope stability it is possible to carry out ge-
omechanical forecast for landslide emergence and control
the state of the rock mass.

Main methodological approaches to assessment of
slope stability. Analysis of modern engineering meth-
ods, based on different approaches to the evaluation of
the slopes stability, is of practical interest for the analysis
of physical and mechanical processes occurring in rocks
or soils. The design methods and the design data are
common to both mining and civil engineering. A basic
feature of all slope design methods is that shear takes
place along either a discrete sliding surface, or within a
zone, behind the face. If the shear force (or displacing
force) is greater in value than the shear strength of the
rock (retaining force) along the surface, then the slope
will be unstable. Instability could take the form of dis-
placement that may or may not be tolerable, or the slope
may collapse either suddenly or progressively. The defi-
nition of instability will depend on the application. For
example, an open pit slope may undergo several meters
of displacement without effecting operations, while a
slope supporting a bridge abutment would have little tol-
erance for movement. Also, a single rock fall from a
slope above a highway may be of little consequence if
there is an adequate ditch to absorb the fall, but failure of
a significant portion of the slope that reaches the traveled
surface could have serious consequences.

Actually, stability of slopes can be expressed in one or
more of the following terms (Duncan C. Wyllie, 2005):

1. Factor of safety, F'S — Stability quantified by limit
equilibrium of the slope, which is stable if FS > 1.

2. Strain — Failure defined by onset strains great enough
to prevent safe operation of the slope, or that the rate of
movement exceeds the rate of mining in an open pit.

3. Probability of failure — Stability quantified by proba-
bility distribution of difference between resisting and dis-
placing forces, each expressed as probability distributions.

4. LRFD (load and resistance factor design) — Stabil-
ity defined by the factored resistance being greater than
or equal to the sum of the factored loads.

In engineering practice the main criterion for assess-
ment of both natural and man-made slopes remains the
factor of safety (FS). Usually, for assessment of open pit
slopes stability, FS value can be represented as the ratio of
retaining forces F,., and shear forces Fy, along the hypo-
thetic line (or slip surface) as FS = F,., / F,. There are
three possible states of the rock massif adjacent to the
slope area: F'S > 1, when the slope is stable; FS = 1 that
corresponds to the maximum steady state at the time of the
landslide initiation; and F'S < Iwhich occurs at the state of
slope failure. It is assumed that the area of the rock massif,
wherein F'S = 1 identifies a potential sliding surface along
which a slope failure occurs. Therefore, the main problem
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of the slopes engineering design is to identify factors af-
fecting the stability of rock or soil massif near the slope,
and calculating FS taking into account geometrical param-
eters and physical properties (Shashenko, 2004).

Up to date, the factor of safety is the most common
method of the slope design, and there is wide experience
in its application to all types of geological conditions,
both rock and soil. Furthermore, there is a generally ac-
cepted factor of safety values for slopes excavated for
different purposes, which promotes the preparation of
reasonably consistent designs. For open pit mines the
factor of safety generally used is in the range of 1.2—-1.4,
using either limit equilibrium analysis to calculate direct-
ly the factor of safety, or numerical analysis to calculate
the onset of excessive strains in the slope.

Setting objectives and tasks. The objective of this
paper is to analyze modern methods for evaluation of
stability of natural and man-made slopes. Within the
framework of the paper, the following topics are consid-
ered: 1. Analysis of existing methods for slope stability
evaluation based on the hypotheses of flat and circular
cylindrical sliding surface. 2. Development of the slope
stability nomograms based on the results of numerical
simulations for the conditions of opencast colliery Mai-
kubenskiy (Republic of Kazakhstan).

Methods of slope stability evaluation based on the
hypothesis of plane sliding surface. The simplest as-
sumption regarding the form of the potential slip surface
is a flat surface. fig. 1 presents a typical layout of the
slope failure with plane sliding surface.

P.M. Tsimbarevich justified one of the first solutions of
the problem for the limit slope height (Shashenko, 2004).
The calculation scheme is shown in fig. 1. It is assumed that
homogeneous rock massif has a zero resistance to rupture
strength. Sliding of ABC block with width equal to one oc-
curs upon the certain plane, and AC being the trace of this
plane. Shear force is the projection of the weight T of the
prism ABC on the line AC, and confining forces are cohe-
sion C and friction force Ntgp along the line AC.

Fig. 1. Scheme of the slope failure with plane sliding
surface by P.M. Tsimbarevich: ABC is the prism
of the rock; AC — the line of plane sliding sur-
face; H— height of the slope; N — normal forces;
T — shearing forces; o — angle of the slope incli-
nation,; 0 — angle of sliding surface inclination

In general case a condition of balance in the rock
along the sliding surface AC looks like

Qsinf =Qtgpcosf+cl, (1)
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where / — the length of sliding curve AC; 6 — angle of in-
clination of the sliding surface; C — cohesion; p — angle
of internal friction of sliding rocks.

The values presented in the equation (1) are defined as

Q=%)/H2 (ctgb—ciga); ()
1= (3)
sin &

where H — the height of the slope; a — angle of inclina-
tion of the slope surface; y — volume weight.

Substituting the values of Q and / from the equations
(2) and (3) into the equation (1) we obtain

“

1 .
5 yH (ctgd—ciga)(sin@—cosOigp) = 7

Let us fulfill the following transformations
sin(a—6)
sinasin@’

sin(6-p)
cosfcosp’

ctgl —ctga =

sin @ —cos Otgp =cos @

Taking into consideration these relationships, we ob-
tain the balance equation

1 Hsin(a—@)xsin(é?—p) C (5)

2 sin ¢ sin @ cos p sin @

Solving the equation (5) relative to H, we obtain

—Ex sin & cos p

H
y sin’(a-p)

For the vertical slope with a =90°, the following
equation is fulfilled

2C cos p

7 sin? (90 _’oj
2

Similar expression for the height of vertical slope is
proposed by the formula of V.V. Sokolovskiy—
I.A. Simvulidi (Shashenko, 2004) deduced on the as-
sumption of limit equilibrium with linear Mohr-Coulomb

envelope
0 -_—
H%:Eclg(go p].
¥ 2

H

90 =

Methods of slope stability evaluation based on the
hypothesis of circular cylindrical sliding surface. Meth-
ods of circular cylindrical sliding surfaces are widely de-
scribed in the technical literature. They are often applied
both in surface mining and building practice. There are
numerous versions of this method, such as: the Swedish
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method of compartments, W. Fellenius method, the Swe-
dish method of circular cylindrical sliding surfaces, Ter-
zaghi method, Terzaghi—Krey method, Petterson method,
method of vertical elements, method of Ivanov—Taylor,
Sven—Gulten method, method of weight pressure etc.

Methods for slope calculations based on the curved
failure surface can be divided into two groups. The first
group includes the methods in which the shape of the
failure surface displacement is determined in the course
of solving the problem. There are well-known analytical
and graphic-analytical solutions developed by G.L. Fi-
senko, Yu.l. Maslov, V.V. Sokolovsky, I.S. Mukhin,
A.lL Sragovich, N.N. Maslov, W. Fellenius etc. In the
methods of the second group the curved shape of the
failure surface is taken in advance, and the method booils
down to the algorithm of this surface construction.

Yu.M. Solovyov proposed a method based on the hy-
pothetical model of soil massif divided into vertical
blocks. It is assumed that the vertical planes of the massif
have no normal stresses and, consequently, there is no
friction forces between vertical blocks, which condition-
ally split the prism of possible failure. The problem is re-
duced to the calculation of the extreme failure surface
along which the shear strength has the smallest values.
The calculation scheme is presented in fig. 2.

It is considered that the state of equilibrium is in the
hypothetical point m, which is located on the extremal
failure surface

dT —dF =a, ©6)

where a is very small quantity. Let us determine the val-
ues incoming into equation (6) as follows

dT, = yZ,sinOdx;

dF, =yZtgpcosO@dx+C d .
cos

Fig. 2. Calculation scheme for determination of the ex-
treme failure surface location: X, Z — axes in a
plane; Z; and d, are the height and width of the hy-
pothetical block; 1 — failure surface; 0 — angle of
inclination between sliding surface and horizontal
axe X; dT, dN, dQ, dF are the tangent, normal, ver-
tical and friction forces influencing the point m in-
side the elementary block of the massif

Then the general equation of equilibrium goes over

yZ (tgpcos@—sinB)dx+C dx =a. (7
cos@

53




TEOTEXHIYHA I TIPHUYA MEXAHIKA, MAWNHOBYAYBAHHA

The angle of inclination between sliding surface and
horizontal axe is determined in such way that a value
was minimal (a—min). For this purpose the equation (7)
is differentiated with respect to 8 and the resulting ex-
pression equated to zero

sin @

da
— =—yZ.(tgpsin@+cos@)dx+——-—dx =0. (®)
do rZigp ) cos’ @

The expression (8) gives the following equation of
the extreme failure surface

% = (tgp + ctgh) cos® 6.

i

To obtain the sliding surfaces by this method, which
is often called the “method of sections”, it is necessary to
know the initial value of Z; and then determine the posi-
tion of the sliding surface from point to point. The idea
of the slope stability design by Y.I. Solovyov comes to
determination of the safety factor as the ratio between re-
taining and shearing forces in each section.

K. Terzaghi proposed graphic-analytical method
which is based on the assumption that the slope failure
occurs on the circular cylindrical surface. Its calculation

is fulfilled by approximation, which consists in repeating
the calculations for several possible sliding surfaces. The
most dangerous or extreme sliding surface will be the
one with minimal FS value.

The essence of the method is described in fig. 3, a. On
the layout of the slope, which is drawn in certain scale, a set
of possible cylindrical sliding surfaces is plotted. And each
surface provides a certain, as yet unknown, the safety factor
K;. Each of the outlined prisms of sliding is divided into ver-
tical sections of the same width b (fig. 3, ). The weight of
each section Q; is parted into following components

T =0 sina and N, =0, cosa.

To determine the slope stability parameter FS, the ra-
tio of moments of retaining and shearing forces is parted
according to formula

Fs = L
F,

sh

where F,.,, and Fy, are the moments of retaining and
shearing forces influencing the slope stability.

These forces affect the rock parameters in certain section b
relative to the point O as the center of cylindrical arc.

0
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_
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Fig. 3. Schemes of slope stability design by W. Terzaghi: a — hypothetic cylindrical sliding surfaces; b — method of
segments, 1-4 are potential sliding surfaces and k;—k, — safety factor values;, O — center of cylindrical arc,
R — radius of the sliding surface; a — angle between vectors of vertical and normal loads at certain segment b;

Hyy— height of vertical slope failure
The moment of forces retaining the slope equals to
F;'et = CIR +2Mtng’
where C — cohesion; p — angle of internal friction; /— arc

length; R — radius of the sliding surface.
The moment of forces shearing the slope equals to

Taking into account these relations, we obtain the
formula for determining the slope FS value

Cl+ tgpz O, cosq,
FS=— —

P
> O sing,
;
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Terzaghi graphical and analytical method gives satis-
factory results for relatively homogeneous and unsaturat-
ed rock massif.

Up to date, in slope stability analysis are widely used
computational methods and designs developed by
G.L. Fisenko and his scientific school (VNIMI methods).
For example, the method of shear stresses is based on the
theory of limit equilibrium of granular medium and enables
to determine the sliding surface in a homogenious massif.

Despite the considerable variety of methods devel-
oped for slope stability design with the assumption of cir-
cular cylindrical sliding surface, their main disadvantage
lies in their applicability to the cases when the slope area
consists of homogeneous soft rocks. In actual geological
conditions of the open pit mining, the pit edge massif is
exposed to the combined impact of natural and anthropo-
genic factors, which requires development and applica-
tion of advanced approaches and methodologies for as-
sessment of slopes stability.
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Application of circular failure chartsfor dope stabil-
ity evaluation. Integrated assessment of the factors deter-
mining the geomechanical stability of slopes allowed to de-
velop a specific chart to calculate FS and rational geomet-
rical parameters for overburden rock massif made up of
loams in application to the opencast colliery Maikubenskiy
(Republic of Kazakhstan). The nomograms of slope stability
(fig. 4, 5) integrate both geometry parameters and physical
properties of the rock mass that allows to quickly determine
the FS for the target site of open mining without time-
consuming calculations and modeling. At the same time,
rock properties are reduced to dimensionless form by analo-
gy with the proposed circular chart. If the input data values
of the rock strength properties are available via results of la-
boratory tests, the stable conditions for slopes and open-pit
benches can be determined with sufficient precision.

This part describes the use of charts that can be used
to determine rapidly the factor of safety of circular fail-
ures. These charts have been developed by running many
thousands of circular analyses from which a number of
dimensionless parameters were derived that relate the
factor of safety to the material unit weight, friction angle
and cohesion, and the slope height and face angle.

It has been proved that these nomograms provide a reli-
able estimation for the factor of safety, provided that the
conditions in the slope meet the assumptions used in devel-
oping the charts. In fact, the accuracy in calculating the fac-
tor of safety from the charts is usually greater than the accu-
racy in determining the shear strength of the rock mass.

Use of the stability charts (Duncan C. Wyllie, 2005)
requires that the conditions in the slope meet the follow-
ing assumptions:

1. The material forming the slope is homogeneous, with
uniform shear strength properties along the slide surface.

2. The shear strength 7 of the material is characterized
by cohesion: € and a friction angle ¢, that are related by
the equation 7 = Cc + ¢ tan ¢ (Mohr-Coulomb failure cri-
terion).

3. Failure occurs on a circular slide surface, which
passes through the toe of the slope.

4. A vertical tension crack occurs in the upper surface
or in the face of the slope.

5. The locations of the tension crack and of the slide
surface are such that the factor of safety of the slope is a
minimum for the slope geometry and ground water con-
ditions considered.

6. Ground water conditions vary from a dry slope to a
fully saturated slope under heavy recharge.

7. Circular failure charts are optimized for a rock
mass density up to 18.9 kN/m’. Densities higher than this
give higher factors of safety, densities lower than this
give lower factors of safety. Detailed circular analysis
may be required for slopes in which the material density
is significantly different from 18.9 kN/m’.

The charts presented in this paper correspond to the
lower bound solution for the factor of safety, obtained by
assuming that the normal load is concentrated on a single
point on the slide surface.
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Fig. 4. Sope stability nomogram with explanations to Example 1
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Fig. 5. Sope stability nomogram with explanations to Example 2

In order to use the charts to determine the factor of a
slope safety, the steps outlined here should be followed.

Step 1: Select rock strength parameters applicable to
the material forming the slope.

Sep 2: Calculate the value of the dimensionless ratio
c/(y*H*tan ¢) and find this value on the outer circular
scale of the chart.

Sep 3: Follow the radial line from the value found in
step 2 to its intersection with the curve which corre-
sponds to the slope angle.

Sep 4: Find the corresponding value of tan ¢/FS or
c/(y*H*FS), depending upon which is more convenient,
and calculate the factor of safety.

Example1l. We consider the slope at overburden soft
rock dump with a face angle a = 55° (fig. 4). The minimum
required factor of safety of the slope is 1.3. It is needed to
find the maximum accepted height of the slope, assuming
the following overburden rock properties: density y =
17.0kN/m’, cohesion ¢ = 35kPa and friction angle ¢ = 24°.

The value of c/(y*H*tan ¢) = 0.21 and the corre-
sponding value of tan ¢/FS = 0.445/1.3 =0.343, for
o = 55° slope. At the point of intersection of the perpen-
dicular and the horizontal axis, the corresponding dimen-
sionless parameter is obtained: C /y*H*FS=0.07. Hence,
maximum accepted slope height is H =35kPa/17.0xN/
m’*1.3%0.07 = 22.6m.

Example 2. It is needed to evaluate the factor of safe-
ty of the slope as a result of its flattening with changing

angle of inclination from 55° to 45° and with the
permanent slope height A =20m. The physical proper-
ties have the following values: volume weight
y = 18.6kN/m3, angle of internal friction ¢ =24° and co-
hesion ¢ = 44kPa (fig. 5).

56

On the arc axis the corresponding value of dimension-
less parameter is calculated: Cly* H*tan ¢ = 44kPa/18,6kN/
m’*20 m*tan 24 = 0,27. From this point the section towards
the origin of coordinates is lined. At the intersection point
with the curves for o = 55° and a = 45° the values of dimen-
sionless parameters C/y* H*FS are calculated and FSvalues
respectively. So for the case of a=55° the value
Cly* H*FS=0.078, and FS=1.52; for a=45° the value
Chy* H*FS =0.067, and FS=1.78.

So the above nomograms present one of possible and
useful engineering tools for determining limit values of
the cohesion and the angle of internal friction for soft
overburden rocks to achieve desired FSvalues.

Conclusions. Despite the considerable variety of meth-
ods of the slope stability design with assumption of circular
cylindrical sliding surface, their main disadvantage is asso-
ciated with their applicability to homogeneous slopes. In ac-
tual geological conditions of surface mining the slope area is
exposed to the combined impact of natural and anthropo-
genic factors, which requires development of advanced
techniques and approaches to slope stability issues.

Application of the nomograms is a valuable engineer-
ing tool for comprehensive evaluation of the geomechan-
ical assessment of rock massif and slope design, which
allows to accurately determine the optimum angles of the
slope inclination and choose its rational geometrical pa-
rameters considering geological, hydrogeological and
technological factors.
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KepyBaHHSI cTaHOM MacHBY TipCBKHX MOPiJ 1 IPOTHO3Y-
BaHHS CTIHKOCTI YKOCIB i OOpTIB Kap’epiB € OHIEIO 3 Haii-
BOKIMBIMIIX IHKEHEPHUX 3a1ay i3 3a0e3MeueHHsT Oe3MeKn
i eeKTUBHOCTI pOOIT MPH BIAKPHUTIA PO3pOOII POIOBHII
KOPHCHHMX KONaIuH. Y 1iel 9ac po3podieHo Omm3bko 300
METO/IIB, IO JO3BOJISIIOTh BUBYATH T'€OMEXaHI4YHI TPOIIECH B
yKOcax Kap’epiB i IPOTHO3YBaTH iX CTIMKICTh 3 ypaxyBaH-
HSIM BIUTHBY ITPUPOIHHX Ta TEXHOTEHHUX (DAaKTOPIB.

Meta po6oTn. Po3poOka HOBOTO METOAWYHOTO IIijI-
XO/ly 10 KOMIUIEKCHOI OLIHKH CTIMKOCTI MpUOOPTOBHX 1
HACHITHUX MAaCHBIB TTOPi.

Metoanka. Y poOOTi BUKOPHUCTaHWI aHAaIi3 iCHYIO-
YIX METOIUK PO3PaxXyHKY CTIHKOCTiI yKOCiB, moOpe am-
poboBaHuX Ha mpakTumi. HaBeneni OCHOBHI aHANITHYHI
pilIeHHs 3a/1a4 CTIHKOTO YKOCY, 10 0a3yroThcs Ha TiIo-
Te3aX IUIOCKOT M KPYIJIOLMIIHAPUYHOI TOBEPXHI KOB3aH-
Hs. Bijpl neranbHO pO3MIISTHYTE 3aCTOCYBaHHS HOMO-
rpaM CTIHKOCTI YKOCIB, 1110 0a3yIOThCs HAa IHTETPOBAHOMY
MIXO/1 OIIHKM CTaHy CXWJIB 3 ypaxyBaHHSM TipHHYO-
T€0JIOT1YHUX YMOB 1 TEOMETPHYHMX MTapaMeTpiB.

Pesyabratn. OTpuMaHi B pe3ynbTaTi YHCENHEHOTO
MOJICITIOBAHHS HOMOTPaMH CTiHKOCTi YKOCIB 3 0e3po3mi-
PHUMH BEJIMYWHAMH JO3BOJIIFOTH 3 BUCOKHM CTYHECHEM
HAJIHHOCTI BWU3HAYATH CTiHKI TE€OMETPHYHI IapaMeTpH
MpUOOPTOBOIO MACHBY IOpPiA 3 OOJIIKOM T€OJIOTiYHHUX,
TiIPOre0NIOTIYHUX 1 TEXHOJIOTIUHUX (paKkTOpiB.

HaykoBa HoBH3HAa. Y pe3ysibTaTi 0aratopasoBHX
€TalliB 4YUCEIbHOTO MOJICTIOBAHHS TI'€OMEXaHUYECKHX
MIPOLIECIB y 3CYBHOMY CXIJII PO3paxoBaHi 3HaYEHHsI KOe-
(himieHTa 3amacy CTIHKOCTI CTOCOBHO JI0 OOpPTiB Kap’epy
i BijBamiB po3pizy MaiikyOenckuii (Pecmybmika Kazax-
CTaH), IO JIO3BOJIMJIO PO3POOHMTH HOMOTpaMmy CTiHKOCTI
YKOCIB ISl MIHJIMBUX TipHHYO-TEOJIOTIYHUX 1 TipHUYO-
TEXHIYHUX YMOB JaHOTO POJOBHIIA.

[paktnyna 3HauuMicTs. Po3pobka 1 3acTocyBaHHS
HOMOTPaM CTIHKOCTI YKOCIB € KOPHCHUM 1H)XKCHEPHUM iH-
CTPYMEHTOM, IO JIO3BOJISIE ONEPaTHBHO BH3HAYATH PaIlio-
HaJIbHI FEOMETPHYHI NapaMeTpH yCTYIIB CTOCOBHO JIO KOH-
KPETHHX TiIPHAYO-TEOJIOTTYHIX YMOB POJIOBHINA I KepyBaTH
CTaHOM IPHOOPTOBOTO MAaCHBY TipPCHKHX TOPiJI HA Kap epi.

KuarouoBi ciioBa: cmiiikicme 6opmie kap' epie ma 6i-
08anig, 8IOKpuma po3poobKa pooosuly KOPUCHUX KONAIUH,
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yKoc, 3Cy8, Koeiyicum 3anacy cmiiKocmi, Kpumepii
miynocmi Kynouna-Mopa, nomocpama cmitikocmi yKocy

VYrpaBieHne COCTOSIHUEM MAacCHBa TOPHBIX TOPOJ U
MIPOTHO3UPOBAHNE yCTOWYNBOCTH OTKOCOB M OOPTOB Ka-
pPBEPOB SIBIISICTCS OIHOW W3 BaKHEHIINX WHXECHEPHBIX
3a7a4 1o o0ecreueHnto 6e30macHoCTH 1 3PPEKTUBHOCTH
paboT mpu OTKPHITOM crocobe pa3paboTKH MECTOPOXK-
JIEHUH NOJIE3HBIX MCKOMaeMbIX. B HacTosiee BpeMs pas-
paborano okoso 300 METOHOB, MO3BOJITIONINX H3ydYaTh
reOMEXaHHUYECKHE TPOLECCHl B OTKOCAX KapbepoB U IPO-
THO3UPOBaTh MX YCTOWYMBOCTH C YYETOM BIIMSHHUSI €CTe-
CTBEHHBIX ¥ TEXHOTEHHBIX (PaKTOPOB.

Heanb. Pa3zpaboTka HOBOrO METOJMYECKOrO IOJIX0/a
K KOMIUICKCHOW OIIEHKE yCTOWYMBOCTH NPHOOPTOBBIX U
HaCBIITHBIX MacCHUBOB TTOPO/I.

Metomuka. B paboTre HCIOMB30BaH aHAIM3 CyIIe-
CTBYIOIINX METOJMK pacyeTa YCTOWYNBOCTH OTKOCOB, XO-
poIIo anpoOMpOBaHHBIX Ha mpakTuke. [IpuBeneHs! oc-
HOBHbIC AHAINTHUYECKUE PEHICHHS 3aJaudl yCTOHIMBOTO
OTKOCa, OCHOBAaHHBIE Ha THUIMOTE3aX IUIOCKONH M KPYyTJIOIH-
JIMH/IPUYECKOM MOBEPXHOCTH CKOJIbXKeHHs1. JleTanbHo pac-
CMOTPCHO MPUMEHCHHUE HOMOI'paMM yCTOﬁ‘IHBOCTH OTKO-
COB, 0a3UpYIOIIMXCS HAa WHTETPHPOBAHHOM IOJAXONE K
OLIEHKE COCTOSIHUSI CKJIOHOB C  YY€TOM TOpHO-
re0JIOTMYECKUX YCIOBHI U TEOMETPUIECKHX TaPaMETPOB.

PesyabTatsl. [lonyueHnsie B pe3yibraTe YUCICHHO-
IO MOJEIMPOBAHHUS HOMOTPAMMBI yCTOWYHMBOCTH OTKO-
cOB ¢ Oe3pa3MEpHBIMU BETMYMHAMH TTO3BOJISIIOT C BBICO-
KOM CTeNeHbI0 HAJEKHOCTH OINPENEISITh yCTOWYNBBIC
TEOMETPUYECKHE IapaMeTpbl MPUOOPTOBOIO MaccHBa
MOPOJ C yYETOM I'€OJIOTMYECKUX, THAPOr€0JIOTNIECKUX U
TEXHOJIOTUYECKUX (DaKTOPOB.

Hayynasi HoBM3Ha. B pe3ynbrare MHOIOKpPaTHBIX
9TANoOB YHCJIEHHOTO MOJICIUPOBAHHSI T€OMEXaHHMYECKHX
TIPOIIECCOB B OIOJI3HEBOM CKJIOHE ONPEAECNICHBI 3HAYCHUS
Kod(dunmenTa 3amaca yCTOMYMBOCTH HPUMEHHUTEIBHO K
Oopram Kapbepa W OTBajlaM paspe3a MaiKkyOeHCKui
(Pecrry6mika  KazaxcraH), 9TO IO3BOMIIIO  pa3padOTaTh
HOMOTpaMMy YCTOHYHMBOCTH OTKOCOB I HM3MEHUYMBBIX
TOPHO-TEOJIOTHYECKNX ¥ TOPHOTEXHMYECKHX YCIIOBHH
JITAHHOTO MECTOPOXKICHHSI.

IlpakTHyeckas  3HauMMoOcTh.  PaspabGotka u
MPUMEHEHHE HOMOIPaMM YCTOHYMBOCTH OTKOCOB SIBIISIETCS
TIOJIE3HBIM HMH)KEHEPHBIM HMHCTPYMEHTOM, TTO3BOJISIOIINM
OIIEPaTHBHO OIpENENsTh PalOHAIBHbIE T€OMETPUYECKHIE
napamMeTpbl YCTYNOB NPHUMEHHUTENBHO K KOHKPETHBIM
TOPHO-TEOJIOTHYECKUM ~ YCJIOBHSIM ~ MECTOPOXIEHHS U
VIIPABISITH COCTOSTHUEM HPHOOPTOBOIO MacCHBa TOPHBIX
TIOPOJI Ha Kapbepe.

KnroueBble cioBa: ycmotiuusocms 60opmog kapbepos u
omeanos, OMKpuLIMas — paspabomKa  MecmopOHCOeHUll
NONE3HBIX UCKONAEMBIX, OMKOC, ONOI3eHb, KOIpduyuenm
3anaca ycmouuueocmu, Kpumepuil npourHocmu Kynowa-
Mopa, nomocpamma ycmorinueocmu omkoca

Pexomendosano 0o nybnikayii 0okm. mexu. HAyK
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