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NUMERICAL SIMULATION OF THE OPEN PIT STABILITY BASED
ON PROBABILISTIC APPROACH

Purpose. To identify development regularities related to a stress-strain state and stability of the open pit walls while mining the
steeply inclined iron-ore body at various stages of mining considering deterministic and stochastic components of the rock mass
structural heterogeneity.

Methodology. Numerical 3D simulation of the rock stress-strain state; application of the “strength reduction” procedure to
determine a safety factor, taking into account the rock mass heterogeneity based on a stochastic model.

Findings. The distribution of maximum shear deformations and displacements within the rock mass, making up the pit wall,
has been obtained. Potential slide surfaces and safety factors have been determined at various stages of the inclined ore body min-
ing. The effect of the rock mass structure on the pit wall stability has been estimated. A comparison of calculations based on the
3D and 2D models has been carried out. The correction coefficient has been obtained, which allows using the 2D model for mul-
tivariate calculations. The relationship of safety factor versus the overall slope angle has been developed.

Originality. It has been proved that pit walls retain their stability (the stability factor (SF) is not less than 1.27) while mining the
steeply inclined ore body with the transverse panels from top to bottom within each newly cut layer, despite the increasing depth of
mining. It is shown that modeling of the real geological structure of a three-dimensional rock mass area factors into the decrease
in (by 7 %) the safety factor in comparison with the results of the homogeneous model. A probabilistic-statistical approach has
been proposed to consider the heterogeneity of the rock mass and avoid unreasonably optimistic forecasts of the pit wall stability.
It is shown that 3D modeling gives SF, which differs by 8 % from the values obtained in the 2D model. This allows substantiating
the correction coefficient to improve the 2D modeling results.

Practical value. The regularity of changes in the pit wall stability has been determined depending on the overall pit slope angle
in terms of mining-geological and mining-technical conditions of the Kachar deposit, taking into account the real rock heteroge-
neity.

Keywords: ore mining, open pit, wall stability, stochastic environment, numerical simulation, rock stress-strain state, safety factor

Introduction. Ukraine and Kazakhstan are leaders in iron-
ore deposits being developed intensively by open-pit mining.
Modern iron-ore open pits have numerous problems concern-
ing the peculiarities of mining steeply inclined seams, increas-
ing mining depth as well as growing risks of pit wall instability
and consequent landslide processes [1]. Slope control in open
pits is a complex problem, whose solution includes first of all
mining and technological issues on rational procedure and in-
tensity of mining operations owing to the use of certain equip-
ment types.

The main principles of the control of open pit walls are as
follows:

- pit walls should ensure safe (for people and equipment)
mining operations;

- pit slopes should provide expediency of the deposit de-
velopment.

In terms of open-pit mining the steeply-dipping deposits
by the round-shape open-pit fields, development of the rock
overburden slopes and ore by transverse panels from top to
bottom within each newly cut steeply-dipping layer is one of
the most efficient solutions [2]. In this context, high-produc-
tive use of the earthmoving and motor complexes as well as the
required intensity of mining operations can be reached by
elimination of dead-end dump turn on wide sites, more quali-
tative rock crushing in terms of multi-row delay-action blast-
ing, and reduced rock movement after blasting into the mined-
out space. High technical and technological indices are ob-
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tained by reducing premature widening of the walls of deep
and ultradeep open pits. However, before the approach of
mining operations to the limiting surface contour of deep open
pits, the height of steeply inclined layers increases; that will
intensify the risk of rock mass instability in terms of the greater
thickness of the overburden loose rocks (up to 160 m).

Due to that fact, a problem arises concerning both the
prognosis of a stress-strain state of the rock mass at different
mining stages and estimation of the pit walls stability taking
into consideration mining and geological features of the de-
posit as well as mining and technical conditions of the ore de-
posit development.

Literature review. The open pit depth is constantly grow-
ing; thus, stability of the slopes under development is of great
importance to optimize the resulting slope angle by its maxi-
mum increase with observance of the safe mining standards.
The stability of the open pit slopes in terms of large angles is
evaluated by a combined analysis involving the methods of
limit equilibrium and numerical simulation [3], i.e. by using
such systems as MSARMA (“Evaluation and analytical system
for slope stability analysis”) [4], and so on.

Numerous cases of slope collapse recorded in copper, gold,
iron, diamond, lead, zinc, and platinum open pits all over the
world make the researchers develop their hazard assessment
systems where main mining components are analyzed and risks
are determined based on such algorithms as discriminatory
analysis, “certainty ellipses” construction, and others [5].

A complex analysis of the slope stability with the use of
radars (the SAR system) was proposed in [6] to monitor iron-
ore pit walls in the province of Carajds (the Amazon region).
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Paper [7] describes positive practices of applying a combi-
nation of methods including Google Earth and field surveys to
study a process of wall destruction in the iron-ore open pit.

Preliminary evaluation of the pit wall stability may be per-
formed based on physical modeling. A physical model helps to
visualize a process of slope collapse and assess the main geo-
metrical parameters of the landslide process with the following
prognosis of possible geohazard in a real open pit [8, 9].

A large body of research focuses on the high probability of
dramatic deformation processes within the open pit walls,
which is stipulated by the composition of several unfavorable
factors. Paper [10] shows that unpredictably massive deforma-
tions within the pit wall occur due to the effects of physical
weathering that has stipulated reduced soil stability and the
development of fissures along with the weak layer. The authors
of the paper [11] indicate the complicated conditions of lignite
development in Greece due to the fact that within the recent
decades the open pits have become larger and deeper (down to
200 m); as a result, currently, they are more difficult to control.

Modeling the critical states of the pit walls is similar in
many ways to the analysis of a landslide development [12]. The
authors of the paper [13] reveal a problem of landslide model-
ing in soft clays. Reduction of clay stability in terms of plastic
deformation results in the fact that breaking is irreversible so
that the soil shears within a small slope can cause a series of
regressive failures and result in a sudden catastrophic landslide.

Authors of all the aforementioned papers are unanimous in
the idea that mathematical simulation is an important constitu-
ent part of geotechnical studies. Modern numerical methods
make it possible to consider the enumerated factors determin-
ing slope stability. The results of numerical simulation by both a
method of finite and discrete elements and a method of finite
differences are discussed. The authors of the early mentioned
paper [12] point out that successful forecast of landslides in
clays requires reliable numerical simulation, being capable of
reflecting extreme material deformations. The positive experi-
ence of finite element modeling of the deformation processes
(using RS3 program) was demonstrated while reconstructing
the landslide in Saint-Jude, Quebec, Canada [13]. Paper [14]
shows that transportation of overburden and mineral raw mate-
rials in terms of open pits is one of the most complicated and
costly processes. Consequently, the design of traffic arteries also
involves numerical modeling to minimize costs for long-term
construction and maintenance. The FEM analysis of a stress-
strain state of the natural or artificial slope allows not only fore-
casting the potential slip surface but also developing certain
methods to ensure the stability of a geotechnical object [15].

In this context, most researchers state that the adequacy of
the modeling is guaranteed by the initial data reliability, first of
all, relative to mechanical characteristics of lithological differ-
ences.

Thus, the authors of the paper [ 16] note that the assessment
of shear strength is of critical importance for stability analysis.
However, the limited availability of direct measurements in en-
gineering practice makes the evaluation of real soil properties
quite difficult. That very circumstance is highlighted by the au-
thors of the paper [17]. It is stressed that due to the difficulty of
identifying mechanical properties of weak seams within the pit
walls, it is necessary to carry out regressive analysis in combina-
tion with the data on rock displacement monitoring.

Unsolved aspects of the problem. The represented example
demonstrates that stabilization of slopes and open pit walls is
determined to a large extent by the adequate prognosis of geo-
mechanical processes under certain geological conditions. In
this context, mathematical, in particular, numerical simulat-
ing the stress-strain state (SSS) of the rock mass is quite an
efficient tool. Nevertheless, even in case of using powerful and
multi-functional software complexes for creating 3D models,
the reliability of the initial data is the compulsory condition.
The mechanical properties of rocks are such obligatory data
apart from geometrical parameters of the areas and loading

conditions. In this context, there is always some uncertainty in
the determination of those characteristics stipulated by the
considerable rock mass heterogeneity. To date, there is no un-
ambiguous approach to consider the structural heterogeneity
of the rock mass, in particular, the systems of joints, while nu-
merical simulating the rock stress-strain state and assessing
the stability of the pit walls.

The purpose is to identify regularities in changes of pit wall
stability at different stages of technological operations while
mining steeply-inclined layers based on 3D modeling of the
rock state considering the rock mass structural heterogeneity.
The research was carried out in terms of the Kachar magne-
tite-ore deposit (Kazakhstan) where the problem of pit stabil-
ity is quite acute due to the intense deepening of mining.

Description of the research object. The Kachar magnetite-
ore deposit belongs to the major iron-ore belt of Turgay trough.
Engineering and geological conditions of the deposit develop-
ment are complicated due to the considerable thickness of un-
consolidated sediments as well as weak surfaces in hard rock
directed towards the mined-out space. The thickness of the
unconsolidated sediments varies from 130 to 200 m, being
160 m on average. Meso-Cenozoic deposits are represented by
sedimentary rocks of different ages: clay loams, clays, sands,
argillaceous opokas and sandstones, and conglomerates. Be-
low, clays of the bedrock weathering layer occur; their thick-
ness reaches up to 30 m, being 5—10 m on average. Within cer-
tain areas, there is no clay of the weathering layer at all. A com-
plex of hard and medium-hard Paleozoic rocks is represented
by sedimentary, effusive, sedimentary-igneous, and metaso-
matic rocks (porphyrites, aphyrites, tuffs, tuffites, tuff sand-
stones, limestones, and ores of magnetite composition). There
are also joint systems of different orientations.

Mining of rock overburden and steeply inclined ore layer
from the top to bottom means that the mining depth increases
at each stage of operations; thus, the resulting slope angle in-
creases as well. Consequently, safer and more efficient mining
under the specified conditions requires adequate estimation of
the pit wall stability.

Methods. To identify the rock stress-strain state, a well ap-
proved numerical method of finite elements is used imple-
mented in the licensed software RS3 (Rocscience). The com-
putational scheme (Fig. 1, a) includes a wall part made up of
hard rock as this is the area which stability is of special interest
for the development of technical solutions. The main part of
the rocks involved in the deformation process is represented by
ore, limestones, and tuffs. The layers of those rocks are mod-
eled according to the data on their thickness and parameters of
bedding. Digital 3D representation of the ore body at each
mining stage is performed in the software SURPAC, which
files are imported in the RS3 code.

While simulating a three-dimensional area of the rock
mass, boundary conditions are determined by the fixation of
the model displacements: plane XY (bottom of the model) is
fixed along the axes X, Y, and Z; plane YZ is fixed along the
axes Xand Y, and plane XZ is fixed along the axis Y.

A finite-element mesh of the model (Fig. 1, ) is obtained by
the uniform division of the area into 10-apex tetrahedrons. The
number of elements for the model represented below is 267 595.

The pit wall stability is assessed based on the elastoplastic
model of the rock mass and the Coulomb-Mohr failure criterion

T=c+0,tg0, (1)

here 1 is tangential stress (shear stress) and o, is normal stress.
Internal friction angle ¢ and cohesion c are the strength char-
acteristics included in the strength conditions.

The safety factor is the most significant result of the nu-
merical simulation indicating the possibility of wall operation
in terms of the present geometrical parameters

_ shear  strength
shear  force
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Fig. 1. The area geometry corresponded to the 11" (at the mo-
ment — final) stage of the ore body mining within the con-
sidered deposit area:

a — computational scheme; b — finite-element model; 1 — main
rock mass (limestones); 2 — tuffs; 3 — ore deposit

To determine the value, a well-adapted “strength reduc-
tion” procedure [17] is used in the RS3 code. Ifa slope is in the
equilibrium state, then the Coulomb-Mohr failure criterion
(1) can be represented as follows

T_c + tango.
F F F

Thus, the slope stability factor is the value F, by which the
initial shear strength parameters must be divided to bring the
slope to collapse. Then, strength characteristics of shear resis-
tance c-and @, at which a slope loses its stability, can be writ-
ten in the form

tano
=arctan| —— |.

Such interpretation makes it possible to determine the sta-
bility factor by sequential reduction of real stability character-
istics of the rocks, making up the slope, by F times up to the
“reduced” (factorized) values ¢, and ¢, at which stability of
the slope with the preset geometry becomes impossible, i.e.
the slope collapse takes place.

The initial values of internal friction angle ¢ and adhesion
¢ play an important role in this procedure as they are usually
determined by a geological service by testing the rock samples
under laboratory conditions according to well-known meth-
odologies. However, there is a known fact that there are cer-
tain dissimilarities between the properties of real rocks and the
ones of the samples under testing [ 18]. That is stipulated by the
considerable heterogeneity of rocks occurring in the real rock
mass, though it is not manifested during the sample testing.
The mentioned dissimilarity may be considered by introduc-
ing the structural coefficient determined on the basis of a
probabilistically statistic approach [19] .

It has been noted before that according to the data by the
geological service of an open pit, there is certain jointness of
different degrees within the rock mass. Paper [20] indicates the
prevailing role of jointness in reducing rock strength and the
difference of the heterogeneous mass strength from one of the
rock samples tested in a laboratory. Since the strength proper-
ties of rocks determine directly the pit wall stability and are the
most important initial data to simulate the rock mass state,
special attention is paid to the consideration of the aforemen-
tioned difference (scale effect) in the mentioned studies.

There are different methods to consider rock mass hetero-
geneity and its effect on mechanical properties. Most of them
are based on the generalization of laboratory tests of samples
and in-situ observations, which were further implemented in
different rating classifications. The rating systems help to iden-
tify the rock mass quality depending on the availability of vari-
ous features of heterogeneity, i. e. the ones of jointness.

We propose a probabilistic approach, based on the statistic
theory of strength to consider structural features of rocks.

Consideration of rock heterogeneity based on a probabilistic
approach to the strength property assessment. The sample with
n values of the studied mechanical characteristic X is the result
of rock testing. The average value X is the statistic estimation of
the theoretical mean x,,. Assume a priori that the real mean xm
of the characteristic X differs from the average sampling X,, due
to heterogeneity of a real rock or soil mass, for which the sam-
ples under testing are structural elements. This dissimilarity is
characterized by the structural coefficient k, being equal to

k==, )

We will also consider that the strength of the heteroge-
neous rock mass is less than the one of the rock samples
(structural elements of the rock mass). Indeed the probability
to identify some defects within the large volume is higher;
thus, the strength characteristic of a larger body is lower, i.e.
one can assume that x,, is the least value of all the values of the
given mechanical characteristic, and inequality X > x,, takes
place. The probability of such inequality P is determined by
the distribution function F'(x) of the sign under analysis X

P(X=x,)=1-Fx,) =P, )

Probability P, characterizes a level of the object signifi-
cance; it is preset a priori. Then, a true value of the mechanical
characteristic x,, will be determined from equation (3), whose
concrete form depends on the hypothesis about the type of
function distribution of structural elements strength F(x). In
[ 18], the authors propose to take normal or logarithmically nor-
mal distribution of probabilities as a stochastic model of strength
of structural elements of the rock mass. In terms of the current
research, based on the studies on different soil types, we pro-
pose to consider the strength characteristic, i.e. cohesion and
internal friction, to be distributed according to the uniform law.
Contrary to the normal one, this law assumes a considerable
(up to 60 %) spread of the characteristic values relative to the
mean, which is peculiar for the jointed soil or rock.

In case of the uniform law the distribution function looks like

xX—a
F(x) P
x, —a
Taking into consideration (3), we obtain £ =1--"—,
then b-a
Xp=(b-a)(1-Py)+a. “4)

It is known that in case of uniform distribution, theoretical
moments of distribution — the mean M(x), standard deviation
o(x), and relative variation  are equal to

b+a. b-a.

o(X)=—=; M=—= boa
) ) 2\/5’

M(x)= __b-a
) V3(b+a)

c
X
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Having divided both parts of equation (4) by M(x)and con-
sidering (2), we get

k. =3n(1-2P)+1. )

It is clear that the structural coefficient k. depends first on
relative variation n and characterizes a level of environment
heterogeneity; secondly, it depends on probability P, which
characterizes a level of object significance.

Thus, while using strength characteristic X' (cohesion C
and angle of internal friction ¢) in geomechanical calcula-
tions, their natural range should be considered by introducing
structural k, into the corresponding formula

x,, =kX. (6)

At this stage, since there are no data on the parameters of
joint systems, relative variation is taken as the one equal to
value n = 0.15; probability of determination of the structural
coefficient was taken as the one equal to P, = 0.9. Then, ac-
cording to (5), the structural coefficient is k., = 0.8. The initial
strength characteristics (cohesion and internal friction angle)
are reduced according to (6) and represented in Table.

Results. Finite element analysis of the rock stress-strain state
with the use of the elastoplastic constitutive model and the Cou-
lomb-Mohr failure criterion allows singling out zones of the
greatest rock displacements (Fig. 2). Practically, a zone of maxi-
mum displacements covers an ore layer, which has the least
strength characteristics. The calculations are performed for 11
planned stages of ore body mining within the considered open
pit field (western slope). Each stage involves changes in the area
geometry (changes in the resulting slope angle) and rock mass
structure (changes in the thickness of ore and rock layers). How-
ever, the features of displacements remain the same.

The safety factor of the open pit slope is the most signifi-
cant result indicating the possibility of safe mining in terms of
the specified geometrical parameters of walls. As it has been
mentioned before, a “strength reduction” method is used to
identify that value. A procedure of step-by-step stability reduc-
tion while using numerical methods, in particular FEM, is of
special efficiency. Its essence is in the following: the solution is
taken in a stage-by-stage way; at each solution stage the strength
characteristics are reduced with a certain pitch and the rock
strain-stress state is determined. The process continues up to
the moment when a finite-element model experiences its col-
lapse. Mathematically, it means the divergence of the iteration
process in a numerical solution. When the algorithm cannot
converge within the maximum number of operations preset by
a user, one cannot obtain the distribution of stresses, which sat-
isfy both the Coulomb-Mohr failure criterion (1) and global
equilibrium conditions. If the algorithm cannot meet these
conditions, it is considered that the model “failure” takes
place. Thus, the divergence of the iteration process in the nu-
merical solution means physically the slope collapse. A value of
a strength reduction factor, in terms of which collapse in the
solution occurs, is taken as the slope safety factor F.

The final result of a “strength reduction” procedure for the
area represented in Fig. 1 (1% stage of mining) and the rocks with
properties given in Table 1 is the factor of slope stability F (strength
reduction factor) equal to 1.27. A region of maximum shear strains

is shown for the same stage (Fig. 3). This region determines a
potential slip surface, which can take place hypothetically in
terms of the strength characteristics reduction by Ftimes.

It should be noted that the model-based representation of
real contours of the ore body and rock layers, experiencing
their changes at each mining stage, is quite a labor-intense pro-
cess. That is why initially a homogeneous rock mass was simu-
lated; moreover, the ore properties, having the least strength
properties, were assigned to the material under modeling. The
safety factor for such a homogeneous model at the 71" stage of
mining is 1.35. It means that even though there are more stable
layers (limestone, tuff) in the layered model (Fig. 1), the safety
factor obtained on its basis and being equal to 1.27 is by 7 %
less. The pattern of maximum shear strains (Fig. 3) shows that
the potential slip surface goes exactly along the boundary of ore
and rock layers. Thus, consideration of the real rock mass
structure represents less optimistic and more reliable stability
evaluation, confirming additionally the efficiency of a finite el-
ement analysis, whose advantage is in the possibility to model
all the features of rock mass structure and texture.

Above, it has been highlighted that the resulting slope an-
gle, changing with the advance of operations, is the main geo-
metrical parameter of the open pit wall. Along with the deep-
ening of mining, the resulting angle increases, and corre-
spondingly, the safety factor (SF) of a slope experiences its
reduction as well (Fig. 4).

: L

Fig. 2. Zone of maximum total displacements (in red) at the 11"
stage of mining

8 =

Fig. 3. Area of maximum shear strains (potential slip surface at
the 11" stage of mining)

Table
Rock properties
Cohesion, KPa Internal friction angle, degree
Rock Average gravity, t/m?
average taking into consideration k. average taking into consideration k,
Limestone 568 450 25.0 34 27
Tuff 416 330 26.8 41 33
Ore deposit 366 290 33.0 39 31
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Fig. 4. Changes in the resulting slope angle at the stages of min-
ing and corresponding values of the safety factor

The general tendency of decreasing the pit wall stability in
terms of increasing slope angle is known quite well as it is based
on the idea of limit equilibrium of particles on the inclined sur-
face. However, the quantitative interpretation obtained in this
research is the practical result that provides assessing certain
changes in the stable state of the pit wall at different stages of
mining under real geological and technical conditions. Each
mining stage involves the measurement of the mined-out space
geometry that can change the resulting slope angle. Since the
monotonous increase in a slope angle at each stage of the pit
deepening was not observed (Fig. 4), the calculations did not
record any monotonous decrease in SF as well.

The loop-like nature of the graph in Fig. 4 stresses the ex-
pediency of finite element simulation in each specific case as
the numerical method helps to consider all the geometry fea-
tures of the area under analysis and structures of the environ-
ment being modeled. The indicated factors determine directly
the slope stability, which is demonstrated by the relationship.

The SF (equal to 1.27) obtained at the final (117) stage is
the admissible one in terms of open-pit mining; however, it
shows that along with the deepening of operations, the slope
state approaches the limit one. If there is more intense joint-
ness, the bearing capacity of rocks will experience certain
changes. The proposed approach allows considering this cir-
cumstance by recalculating the structural coefficient at the
expense of increasing relative variation of strength characteris-
tics. The latter is determined depending on the distance be-
tween joints according to the methods proposed in [18].

Thus, the proposed totality of the methods is an important
component of designing safe technological systems for ore min-
ing, which is of special significance under complicated geologi-
cal conditions, i.e. while developing steeply inclined seams.

It should be noted that 3D-based calculations are rather
costly from the viewpoint of calculation time and necessary
parameters of the computer operating system. The alternative
here is to use a two-dimensional computational system to im-
plement FEM for the analysis of one of the slope plane sec-
tions. In this context, one should remember that in this case, a
plane deformation hypothesis is not true. Nevertheless, reduc-
tion of the problem dimension has its advantages while per-
forming considerable calculation series.

For comparison, the calculations are performed for the
plane section of the area in terms of specification of the same
rock mass structure and the same properties of the rock layers.
In general, a pattern of stress distribution, strains, and dis-
placements (Fig. 5) coincide with the one obtained in the
complete three-dimension model. The calculations are carried
out for all 11 stages of ore body mining. In particular, in case of
the 77" (final) mining stage, the SF based on the plane model
is 1.17 (as opposite to 1.27 in a three-dimensional model). The
difference is caused by the previously mentioned model of
plane deformation, i.e. with the neglect of one of the compo-
nents of complete stress and strains tensors in the 2D model.

Fig. 5. Potential slip curve obtained in the 2D model (11" stage
of mining)

The obtained difference can be used as a correction coef-
ficient in case if the studies mean multifactor data analysis and
large-scale computational experiment. In such situations,
two-dimensional models can be used; however, the results
should be corrected taking into consideration the coefficient,
which we have substantiated by averaging on the basis of
24 performed variants of comparative calculations

SEp
Shp

Thus, the SF obtained on the basis of the stability reduc-
tion procedure in codes RS3 or PHASE2 (Rockscience)
should be multiplied by the proposed correction coefficient.

Conclusions.

1. The paper represents a practical implementation of the
approach combining numerical 3D simulation of the rock
stress-strain state and stochastic representation of the rock
properties to evaluate the pit wall stability in terms of the
Kachar deposit (Kazakhstan). The safety factor of the pit wall
was determined as 1.27 when the design contour was reached.

2. A finite element analysis and a procedure of step-by-step
strength reduction provides the unambiguous evaluation of the
rock slope stability in terms of changing the geometry of slopes
at different mining stages. An area of the greatest shear strains
obtained at each stage is the prototype of the potential slip sur-
face. In case of deteriorating mining-geological conditions
(namely, while operating within the zones of a geological fault
and branch jointness), the zones of the greatest displacements
obtained from the calculations will help forecast the rock mass
volume, experiencing its transfer into the unstable state.

3. The relationship between the safety factor of pit wall sta-
bility and the resulting slope angle, determined for the given
conditions, is the important component of the forecast while
substantiating technical solutions. Consideration of structural
heterogeneity of rocks will help avoid unreasonably optimistic
values of the slope safety factors that are of special importance
while the development of steeply inclined ore deposits.

4. The performed computational experiment has substan-
tiated the transfer coefficient that can correct the SF calcula-
tions in 2D models; that allows carrying out further multifac-
tor calculations in the simplified 2D arrangement.
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Meta. BcTaHOBUTH 3aKOHOMIPHOCTI 3MiHU HaIpy>KeHO-
nechOpMOBAHOTO CTaHY Ta CTIKOCTiI OOpTYy Kap’epy Mpu BU-
iMLIi 3a1i3HOT pyay Ha Pi3HUX eTarax PO3BUTKY TipHUYUX PO-
OiT MpY BiAMpaloOBaHHI KpyTocHaaaloyrx IUIacTiB 3 ypaxy-
BaHHSIM 3aKOHOMIipHMX i CTOXaCTUYHUX CKJIQIOBUX CTPYK-
TYpPHOI HEOHOPIIHOCTI MOPOJHOTO MAaCUBY.

Meroauka. YucenbHe 3D MonentoBaHHS HANPy>KeHO- /e -
(opmMoBaHOTO CTaHy MOPOTHOTO MACHBY, 3aCTOCYBaHHS
MPOLEAYPU «3HUXKEHHS MiLIHOCTi» U1 BU3HAYEHHS Koedilli-
€HTAa 3aracy CTiHKOCTi, 00JiK HEOMHOPIAHOCTI cepeaoBUIIa
Ha OCHOBi CTOXaCTUYHOI MOJIEN.

Pesympratn. OTpuMaHO pO3MOMT MaKCUMAaJTbHUX [ie-
¢opmalliit 3cyBy i1 iepeMillieHb y MacUBi TOPiJ, 110 CKJIaaa-
I0Th OOPT Kap’epy, BU3HAUEHI MTOTEHIIiiTHI TTOBEPXHi KOB3aH-
HS 1 KoedillieHTH 3armacy CTiMKOCTI Ha pi3HUX eTamnax Bifl-
TMPAIIOBaHHS KPYTOCIIAAai0uoro PYIHOTO TUIacTa, BUKOHAHA
OlLliHKa BIUIMBY CTPYKTYpU MacUBY Ha CTiliKicTb OOpPTY, a Ta-
KOX TIOPiBHSTHHSI po3paxyHKiB Ha ocHOBi 3D i 2D Momeneii.
OTprMaHO KOPUTYBaJIbHUM KOS(DILIiEHT, 110 JO3BOJISIE BUKO-
puctoByBati 2D Momenb Uil pi3HOMaHITHUX PO3PaxXyHKIiB,
Mo0y/oBaHa 3aJieXkHiCcTh KoedillieHTa CTiHKOCTI 60pTy Bin
PE3yIbTYIOUOTO KyTa YKOCY.

HaykoBa HoBu3Ha. BcTtaHOBNIEHO, 1110 TIPU pO3pOOLI Kpy-
TOCTIAAIOYMX 3aTi30pyIHUX TUIACTIB MMOTIEPEYHUMHU TTaHEIISIMU
3BepXy BHU3 OOPT Kap’epy 30epirae eKcrulyaraliiiHy CTiiiKicTb
(xoedinieHT 3amacy criiikocti (K3C) craHOBUTH He MeHIle
1,27) He3Baxarouu Ha 30UIbLIEHHS MIMOUMHU BENEHHS TipHU-
yux po06it. [TokazaHo, 1110 MOJETIOBaHHS peaibHOI Fe0JI0TiUHOL
OyI0BM TPUBUMIpHOI 00J1aCTi TOPOTHOTO MaCUBY MPU3BOAUTH
10 3MeHILeHHsI (Ha 7 %) 3HayeHHs1 KoedillieHTa 3aracy CTiii-
KOCTi B TMOPIiBHSIHHI 3 pe3y/ibTaTaMU OJHOPiAHOI Mozeni. 3a-
MPOIMOHOBAHO WMOBIPHICHO-CTAaTUCTUYHUM MigXim 10 Bpaxy-
BaHHS1 HEOTHOPiHOCTI MOPOIHOIO CepeoBuIIIa, 0 T03BOJISIE
YHUKHYTU HEBUTIPABIAHO ONITUMICTUUHUX ITPOTHO3IB CTIHKOC-
Ti 60pTiB Kap’epy. [TokazaHo, o 3D moxnenoBaHHs gae K3C,
110 Ha 8 % BillPi3HSIETHCS Bi/l 3HAUCHb, OTPUMAHUX Y TBOBUMIp-
Hiit moneni. Lle mo3BoJisie 0OTPyHTYBATH MOMPABOYHUIM Koedi-
LIIEHT TSI KOPUTYBaHHS pe3y/ibTaTiB 2D MomemoBaHHS.

IIpakTiyna 3HaYMMicTh. JLJ1 TipHUYO-TeOOTIYHUX i Tip-
HUYO-TexXHiYHNX yMoB KauapchKoro pomoBuiiia BCTAHOBJIE-
Ha 3aKOHOMIPHICTb 3MiHM CTiiKOCTi OOpTYy Kap’epy B 3aJIeK-
HOCTIi BiIl pe3yJbTYIOUOro KyTa yKOCY 3 ypaxyBaHHSIM TIpU-
POIHOI HEOAHOPIAHOCTI MPChKUX MOPiL.

KimouoBi ciioBa: éudobymok pyou, eaubokuii kap’ep, cmiii-
Kicmb bopmy, cmoxacmuune cepedosuuie, 4uceabHe Mo0eno-
BaHHsl, HANDPYIICEHO-0epopMOBAHULl cMAaH NOPOOH020 MACU8y,
Koegiyienm 3anacy cmiiikocmi
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