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Abstract

Purpose. To develop and validate an integrated methodology for open-pit slope stability assessment that provides a tracea-
ble transition from structural data of a fractured rock mass to Q'-GSI classification, kinematic analysis, strength parameter
calibration, deterministic and probabilistic stability assessment, and quantitative evaluation of the influence of slope geometry.

Methods. Structural data from a deposit in the East Kazakhstan Region were processed in Dips using Terzaghi correction for
orientation bias and Fisher contour analysis. Q' and GSI were determined from RQD, J,, J,, and J,. Strength parameters were
calibrated in RSData using the Hoek-Brown and Mohr-Coulomb criteria. The simplified Bishop method, the Spencer method,
and the General Limit Equilibrium (GLE) method with the Morgenstern-Price interslice force function were applied in Slide2.

Findings. Four dominant discontinuity sets were identified from 436 orientations, and values of Q" =3.67 and GSI = 55.7
were obtained. The proportion of kinematically feasible elements was 14.83-29.73% for planar sliding and 54.80% for flexural
toppling. Four of the six intersection lines between the mean discontinuity sets satisfied the conditions for wedge sliding. For
the 51.8 m high profile with an overall slope angle of 44°, the mean FS ranged from 0.9896 to 0.9947, while the probability of
failure Pr ranged from 53.6 to 57.8%. The strongest relationship with F'S was established for the internal friction angle
(r=10.9863). At a slope angle of 40°, increasing the height from 40 to 60 m increased Pr from 23.5 to 47.9%, whereas at
H =20 m, increasing the slope angle from 45 to 50° increased Prfrom 23.9 to 90.0%.

Originality. A unified assessment sequence is proposed that integrates structural-statistical data processing, Q'-GSI classi-
fication, kinematic analysis, local calibration using the Hoek-Brown and Mohr-Coulomb criteria, probabilistic limit equilib-
rium analysis, and assessment of the influence of slope geometry. It is shown that kinematic susceptibility to structurally con-
trolled failure mechanisms and Py characterize different levels of risk and therefore require joint interpretation.

Practical implications. The proposed methodology enables the identification of unfavourable spatial orientations and
geometric scenarios, determination of the parameters requiring priority refinement, and simultaneous assessment of stability
changes in terms of the factor of safety F'S and probability of failure Py.

Keywords: open-pit slope; fractured rock mass,; slope stability; Geological Strength Index; kinematic analysis; limit
equilibrium method

1. Introduction lar mean strength values may result in different failure me-

Open-pit slope stability is one of the key challenges in
engineering geomechanics, as deformation of the rock mass
forming the pit walls directly affects personnel safety, the
integrity of haulage infrastructure, mineral recovery, and the
continuity of mining operations. As open pits become deeper,
slope heights and extents increase, the stress state changes,
and lithologically and structurally heterogeneous zones be-
come involved in the potential deformation region. Unlike a
homogeneous soil slope, the behaviour of a rock slope is
controlled by both the strength of the intact rock material and
the presence of discrete discontinuities. Consequently, simi-
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chanisms depending on the orientation, connectivity, aper-
ture, infilling, and roughness of discontinuities [1], [2].
Current approaches to rock slope stability assessment can
be broadly divided into four complementary groups: empirical
classification systems, kinematic analysis, limit equilibrium
methods, and numerical modelling of the stress-strain state [1].
Classification systems provide a rapid integral characterization
of rock mass quality; kinematic analysis establishes the geo-
metric feasibility of planar and wedge sliding or toppling; limit
equilibrium methods determine the relationship between avai-
lable shear resistance and mobilized driving forces; and nu-
merical methods allow deformation patterns and the develop-
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ment of plastic zones to be investigated. The most robust de-
sign decisions are therefore obtained not by selecting a single
“best” method, but by consistently comparing the results
obtained at several levels of analysis [3], [4].

A structural model provides the initial basis for such inte-
gration. Conventional discontinuity-orientation measurements
remain important, although their results depend on the orien-
tation of the survey line and the accessibility of exposed sur-
faces. Terzaghi correction reduces the systematic underrepre-
sentation of discontinuities oriented at small angles to the
survey line [5]. In recent years, field mapping has increasing-
ly been supplemented by terrestrial photogrammetry, laser
scanning, digital outcrop models, and automated extraction of
discontinuity orientations [6]-[8]. These technologies improve
spatial coverage but do not eliminate the need for engineering
verification of the identified discontinuity sets, because a
statistically distinct cluster does not necessarily represent a
mechanically continuous plane of weakness.

Kinematic analysis remains one of the most effective ap-
proaches for the preliminary identification of structurally
controlled failure mechanisms. Modern software and GIS-
based tools automate Markland tests and enable the orienta-
tion of slope surfaces to be compared locally with large
numbers of measured discontinuities [9], [10]. However, the
percentage of poles or intersection lines falling within a criti-
cal region represents kinematic susceptibility rather than the
probability of actual failure. For a failure mechanism to de-
velop, the discontinuities must have sufficient persistence
and connectivity, daylight on the free surface, overcome
shear resistance, and be subjected to an appropriate stress
state. Confusing these concepts may lead to inappropriate
comparison of kinematic percentages with the probability of
failure Py, obtained from slope stability analysis [1], [3].

For an integral characterization of rock mass structural
quality RQD, Q, Q', GSI, and the slope-specific Q-slope
system are commonly used. Q-slope retains the basic RQD/J,
and J,/J,, ratios while supplementing them with orientation-
related and external factors [11]-[13]. Recent studies have
confirmed its usefulness at the preliminary assessment stage,
while also demonstrating that the resulting classification is
sensitive to the quality of field documentation and cannot
replace analysis of a specific potential failure surface [11]. In
the present study, Q' was used because the parameters
describing groundwater conditions and the stress-related
factor were not available with comparable reliability. This
approach reduces the number of additional assumptions at
the classification stage, while dry conditions are subsequent-
ly considered separately in the stability analysis.

The next methodological issue concerns the transition
from intact rock properties to rock mass properties. The
generalized Hoek-Brown criterion relates rock mass strength
to intact rock strength, the m; parameter, GSI, and the dis-
turbance factor D [14]. Its nonlinearity is particularly im-
portant over a wide range of confining stresses. For LEM
applications, the nonlinear envelope is often approximated by
a linear Mohr-Coulomb relationship; however, the resulting
values of ¢ and ¢ depend on the stress range selected for
linearization. Therefore, parameters derived at a low o3max
cannot be transferred directly to failure surfaces characte-
rized by substantially higher confinement. Similarly, the rock
mass deformation modulus should account for structural

109

condition and scale rather than being equated to the modulus
of an intact rock specimen [15].

Practical studies of complex-structured ore rock masses
also confirm the need to consider rock mass structural condi-
tions together with excavation geometry. In stability assess-
ments of stopes and inter-stope pillars, RQD, Q, and GSI are
used in combination with laboratory data and numerical
modelling, with both geometric parameters and the condition
of the fractured rock mass exerting a substantial influence.
Similarly, when assessing blasting effects, the structural
properties of the rock mass govern the development of
damage zones, whereas in stoping systems the stability of
exposed rock surfaces depends on excavation geometry and
extraction sequence [16]-[18].

Deterministic analysis based on a single set of ¢, ¢, and y
values remains an essential engineering basis, but it does not
represent the natural variability and uncertainty of the input
data. Abdulai and Sharifzadeh [2]showed that probabilistic
methods are increasingly being applied in open-pit slope
design because they enable a transition from a single 'S value
to a distribution of outcomes and a probability of failure.
Budetta [3] emphasized the need to consider deterministic and
probabilistic approaches jointly: the former is convenient for
conventional factor-of-safety assessment, whereas the latter
reveals the sensitivity of the results to variability in the input
parameters. At the bench scale, studies have shown that ac-
counting for variability in structural and strength characteris-
tics can substantially alter risk estimates, while deterministic
assessment based on mean parameter values does not always
reflect the probability of unstable block formation [19], [20].

Spatial variability of rock mass properties represents
another important issue. Jiang et al. [21][20] reviewed the
deve-lopment of random-field methods and showed that the
use of mean values alone may either overestimate or under-
estimate reliability depending on the scale of fluctuations and
the correlation length. Weak layers and their spatial continui-
ty are particularly important for rock slopes. Zhang et al. [22]
found that variability in a weak layer may have a greater
influence on stability than variability in the properties of the
surrounding rock mass, while seismic randomness can fur-
ther modify Pr. Recent studies of open-pit mining conditions
have also demonstrated the influence of weathering, ground-
water conditions, and spatial heterogeneity on the location of
the critical failure surface [23], [24].

To propagate uncertainty, direct Monte Carlo simula-
tion, Latin Hypercube Sampling (LHS), response surface
methods, FORM/SORM, and various surrogate models are
commonly used. McKay et al. [25] showed that LHS pro-
vides a stratified representation of the range of each varia-
ble and more uniform coverage of the parameter space.
Helton and Davis [26] further developed this approach for
the analysis of complex engineering systems and correlated
variables. In slope stability problems, sample adequacy
should be confirmed through convergence analysis of the
relevant statistical characteristics, because a fixed number
of realizations alone does not guarantee the stability of a
probabilistic estimate [27], [28].

Slope geometry is one of the principal controllable fac-
tors linking safety with the economic efficiency of open-pit
mining. Increasing the slope angle reduces the volume of
overburden removal, but at the same time increases the
downslope component of the rock mass weight and reduces
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the stability margin where unfavourably oriented discontinui-
ties are present. Abdellah et al. [29] proposed determining
the overall slope angle by considering the probability of
instability together with productivity and cost. Comparative
studies indicate that combining LEM, probabilistic analysis,
and numerical verification provides a more robust basis for
design than relying on a single method [30]. Therefore, prac-
tical slope design should assess not only an individual critical
profile, but also the trends in FS and Prassociated with varia-
tions in slope height and angle.

In Kazakhstan, integrated geotechnical monitoring
schemes have been developed that combine engineering-
geological mapping, instrumental mine surveying observa-
tions, terrestrial laser scanning, unmanned aerial vehicles,
satellite geodesy, and GIS-based stability mapping. Such
approaches are used to identify disturbed zones within the
rock mass, monitor deformation of open-pit slopes, and fore-
cast changes in the geomechanical and geodynamic state
during mineral extraction [31]-[35].

Despite the substantial body of research, a methodologi-
cal gap remains in practical applications between structural
mapping, rock mass classification, calibration of strength
parameters, and probabilistic stability assessment. Parame-
ters may be transferred between software packages without
explicit consideration of scale effects and the relevant work-
ing stress range; indicators of kinematic susceptibility are
sometimes interpreted on the same basis as Prand the influ-
ence of geometry is often examined for only a single design
profile. This highlights the need for an integrated methodol-
ogy providing a traceable sequence of “measurement — inter-
pretation — parameterization — calculation — sensitivity and
result-stability analysis”.

The aim of this study is to develop and apply an integrated
methodology for assessing open-pit slope stability using data
from a deposit located in the East Kazakhstan Region. To
achieve this aim, 436 discontinuity orientations were statisti-
cally processed and the rock mass was classified using Q'-
GSI; kinematic analyses of planar sliding, wedge failure, and
toppling were performed; strength parameters were calibrated
using the Hoek-Brown and Mohr-Coulomb criteria; determin-
istic and probabilistic stability assessments were carried out
using the Bishop, Spencer, and GLE/Morgenstern-Price
methods; LHS analysis was performed with 1000 realizations;
sensitivity and convergence were evaluated; and the influence
of slope height and angle was analysed.

2. Methods

2.1. Input data and overall research framework

The study was based on actual geological-structural and
geomechanical data from a deposit located in the East
Kazakhstan Region of the Republic of Kazakhstan. The input
information included discontinuity orientations, RQD values,
fracture frequency, roughness parameter J, and altera-
tion/infill parameter J,, rock mass strength and deformability
characteristics, as well as calculation projects prepared in the
Dips, RSData, and Slide2 software packages. The name of
the deposit is not disclosed due to confidentiality require-
ments. The main calculation model was represented by a
two-dimensional slope profile 51.8 m high with an overall
slope angle of 44°.
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The overall research framework was structured as a se-
quential transition from the initial geological-structural data
to stability assessment and engineering interpretation of the
results. It included statistical processing of structural data
and identification of dominant discontinuity sets; determina-
tion of Q' and GSI; kinematic analysis of possible failure
mechanisms; calibration of strength parameters using the
Hoek-Brown and Mohr-Coulomb criteria; deterministic and
probabilistic stability analyses; assessment of sensitivity and
convergence of the probabilistic calculations; and analysis of
the influence of slope geometry. The key principle was
parameter traceability: each numerical value used in the
analysis had to be linked either to the original observations
or to an explicitly defined modelling assumption.

For clarity, the individual procedures were grouped into
five major stages: collection and systematization of input
data; rock mass processing and parameterization; kinematic
and geomechanical analysis; stability modelling and uncer-
tainty analysis; and interpretation of the results and deve-
lopment of engineering recommendations (Fig. 1).

Collection and systematization of input data
— geological and structural observations
— geotechnical parameters (RQD, Jn, Jr, Ja)
— slope geometry and unit weight

'

Rock mass processing and parameterization

— statistical analysis of discontinuities
— calculation of Q" and GSI I
— Hoek—Brown and Mohr—Coulomb calibration

'

Kinematic and geomechanical analysis

— planar and wedge sliding
— toppling analysis
— development of the calculation model

{

Stability modelling and uncertainty analysis

— deterministic and probabilistic analysis
— Bishop, Spencer, and GLE/Morgenstern—Price methods
— IS, Py, sensitivity, and convergence

{

Interpretation of results and engineering recommendations

— identification of critical failure mechanisms
— justification of stable slope parameters
— conclusions and practical recommendations

\ J

Figure 1. Sequence of the integrated open-pit slope stability
assessment

2.2. Processing of structural data and rock classification

The spatial orientations of discontinuities were processed
in Dips using a lower-hemisphere equal-area projection. To
reduce orientation bias arising during scanline surveys be-
cause discontinuities of different orientations have unequal
probabilities of being recorded, Terzaghi weighting was ap-
plied [5]. After quality control and correction, 436 discontinu-
ity orientations were included in the analysis. Pole density
was evaluated using Fisher contouring. The dominant discon-
tinuity sets were identified from statistically distinct clusters,
followed by an engineering assessment of their consistency.
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Discontinuity spacing was analysed for the identified
sets. Sample statistics and distribution characteristics were
determined to account for differences in the degree of rock
mass fragmentation and the potential size of the blocks
formed. RQD, fracture frequency, the joint roughness num-
ber J,, and the joint alteration number J, were also analysed.
These parameters were used as input variables for classifica-
tion-based assessment of the rock mass condition.

For the integral classification, the modified Q' index was
used, incorporating the structural characteristics obtained
from mapping data:

, [RQD | ( J,

Q=| XL\ L) )
Jn ']a

where:

RQD — rock quality designation, %;
J, — joint set number;

(b)
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Figure 2. Main kinematic analysis configurations: (a) planar sliding; (b) planar sliding without lateral

(d) flexural toppling; (e) direct and oblique toppling
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J-— joint roughness number;

J, — joint alteration number.

For conditions corresponding to four or more discontinui-
ty sets, J, was taken as 15.

Based on Q', the Geological Strength Index (GSI) was
determined using the empirical relationship:

GSI=91In(Q')+44. @)

Q' and GSI were used as integral indicators of the ave-
rage structural condition of the rock mass. However, they
were not regarded as substitutes for analysis of the spatial
variability of RQD, J,, and discontinuity characteristics.

2.3. Kinematic analysis

Kinematic analysis was performed in Dips to identify
geometrically feasible structurally controlled failure
mechanisms (Fig. 2).
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Planar and wedge sliding, as well as flexural, direct, and
oblique toppling, were considered. For the directional analy-
sis, the slope angle was taken as 50°, the friction angle along
discontinuity surfaces as 20°, and the lateral limits as £20°.
The dip direction of the slope was varied over the full range,
which made it possible to identify the most unfavorable ori-
entations relative to the recognized discontinuity sets.

Planar sliding was considered kinematically feasible if
the plane dipped toward the slope, its dip angle exceeded the
friction angle but remained lower than the slope angle, and
its dip direction fell within the specified lateral limits. In
addition, a No Limits option was considered, in which the
lateral constraint was removed to obtain a more conservative
assessment of geometric susceptibility to planar sliding.

For the wedge mechanism, the lines of intersection of
pairs of mean discontinuity sets were analyzed. Wedge slid-
ing was considered geometrically feasible if the line of inter-
section daylighted toward the slope and its plunge lay be-
tween the friction angle and the slope face angle.

Flexural toppling was evaluated based on the poles of
steeply dipping planes oriented opposite to the slope dip
direction. Direct and oblique toppling were analyzed with
consideration of block geometry and the position of the basal
plane. The results of the kinematic assessment were ex-
pressed as the proportion of weighted poles or intersection
lines falling within the corresponding critical region. Because
the number of input elements differed among the various
mechanisms, the resulting percentages were neither summed
nor interpreted as a single probabilistic scale.

2.4. Calibration of strength parameters

The rock mass strength parameters were calibrated using
RSData. The nonlinear relationship between the effective
principal stresses at failure was described by the generalized
Hoek-Brown criterion [14]:

J

o, oy — effective principal stresses at failure;

’

o

3

r_
01 =03+0 [mb

o, +S

ci

where:

0. — uniaxial compressive strength of the intact rock;

mp, s and a — Hoek-Brown parameters for the rock mass.

For the initial model, o, =9.323 MPa, m;=3.433,
s =0.00109371, and a = 0.504 were used. Young’s modulus
was taken as 2508.925 MPa and Poisson’s ratio as 0.30.
These parameters served as the initial basis for subsequent
comparison with the calibrated model.

To compare the nonlinear Hoek-Brown envelope with the
parameters used in limit equilibrium calculations, equivalent
linearization was performed using the Mohr-Coulomb crite-
rion to determine cohesion ¢ and the internal friction angle ¢.
In interpreting the equivalent parameters, the principal stress
range used for linearization was taken into account, because
the values of ¢ and ¢ depend on the adopted 3max-

In the main Slide2 stability model, effective rock mass
strength parameters at the relevant scale were taken from the
original calculation project. The RSData results were used to
analyse the shape of the strength envelope, compare the
initial and calibrated models, and assess the admissible range
for transferring equivalent Mohr-Coulomb parameters into
the stability calculations.
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2.5. Deterministic and probabilistic stability analysis

Stability analysis was performed in Slide2 for the main
two-dimensional slope model with a height of 51.8 m and an
overall slope angle of 44°. The unit weight of the rock mass
was taken as 19 kN/m?, the effective cohesion as 12 kPa, and
the internal friction angle as 35°. A dry static scenario was
considered: no groundwater table was specified, the coeffi-
cient r, was taken as 0, and no seismic coefficients were
applied. The search for the potential failure surface was per-
formed using the Global Minimum option. Failure was de-
fined by the condition 'S < 1.0.

For cross-checking the results, the simplified Bishop
method [36], the Spencer method [37], and the GLE method
with the Morgenstern-Price interslice force function [38] were
used. The Bishop method satisfies moment equilibrium and
was applied to circular slip surfaces, whereas the Spencer and
GLE/Morgenstern-Price methods satisfy both force and mo-
ment equilibrium. Comparison of the results obtained by the
three methods was used to assess the sensitivity of the stabi-
lity conclusion to the adopted interslice force formulation.

The probabilistic analysis included three random varia-
bles: cohesion c, internal friction angle ¢, and unit weight .
Cohesion was assigned a normal distribution with a mean of
12 kPa, a standard deviation of 1 kPa, and limits of 9-15 kPa.
The internal friction angle was described by a normal distri-
bution with a mean of 35°, a standard deviation of 3°, and
limits of 26-44°. Unit weight was assigned a normal distribu-
tion with a mean of 19 kN/m? a standard deviation of
0.5 kN/m?, and limits of 17.5-20.5 kN/m>. A negative corre-
lation of p = -0.5. was specified between ¢ and ¢.

Combinations of random parameters were generated
using Latin Hypercube Sampling [24], [26] with realizations.
For each realization, the factor of safety FS was determined
and the occurrence or non-occurrence of the failure condition
was recorded. The resulting probabilistic indicators included
the mean FS, standard deviation, minimum and maximum
values, probability of failure Py, and reliability index.

The main slope model and the field of trial slip surfaces
are shown in Figure 3. The distribution parameters of the
random variables and the conditions adopted for the proba-
bilistic analysis are summarized in Table 1.

Deterministic Global Minimum
FS (deterministic) = 0.992

FS (mean) = 0.995

PF = 53.600%

RI (normal) = -0.063

RI (lognormal) = -0.105

Safety Factor
0.000

0.500
1.000
1.500
2.000
2.500
3.000
3.500
4.000

4.500

5.000

5.500

6.000+

Unit

Phi
)

Water
Surface

Ru
Value

Cohesion
(kPa)

Material
Name

Strength

Col
olor Type

Figure 3. Main calculation model with a height of 51.8 m and an
overall slope angle of 44°

Weight
(kN/m3)

Mohr-

Soil 1 Coulomb

19 12 35 None 0
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Table 1. Parameters of the probabilistic analysis for the main model

Table 2. Mean orientations of the dominant discontinuity sets

Random variable Cohe;;)(;n @), argllea(l;; o Ig;l’tlg\?/lrigt Set Dip, ° dire]c)tlilg n,° Characterization
Distribution Normal Set 1 85 61 Almost vertical
Mean 12 35 19 Set 2 53 206 Steeply dipping
Standard deviation 1 3 0.5 Set 3 39 265 Moderately dipping
Limits 9-15 26-44 17.5-20.5 Set 4 26 174 Shallow dipping

2.6. Sensitivity, convergence, and slope geometry analysis

The sensitivity of the factor of safety F'S to variations in
the random input parameters was evaluated using plots of FS
versus the corresponding variables. For the strongest rela-
tionship, the correlation coefficient and linear regression
parameters generated within the Slide2 probabilistic analysis
were additionally considered. This approach was used to
identify the parameters exerting the greatest influence on the
variability of the factor of safety. The actual values of the
correlation coefficient and regression parameters are present-
ed later in the Results section.

The statistical stability of the probabilistic analysis was
evaluated from the convergence of the probability of failure
Prand the standard deviation of FS as the number of realiza-
tions increased. For this purpose, the corresponding conver-
gence trends were analysed as a function of the current Latin
Hypercube Sampling sample size. The final number of reali-
zations was N = 1000.

To assess the influence of controllable geometric parame-
ters, an additional series of saved Slide2 projects with slope
angles of 35, 40, 45, and 50° and heights of 20-60 m was
analysed. Only scenarios for which interpretation results
were available in the project files were included in the com-
parative dataset. A common baseline parameterization was
used for all scenarios: ¢ =7 kPa, ¢ = 35°, and y = 19 kN/m’°.
Normal distributions were assigned to the random parame-
ters, with standard deviations of 1 kPa, 3°, and 0.5 kN/m’,
respectively; the limits were set at +3 standard deviations.
The correlation between ¢ and ¢ was p =-0.5, and the num-
ber of realizations was N = 1000.

This additional series was considered separately from the
main 51.8 m/44° model because a different cohesion value
was used. Its purpose was to assess the relative sensitivity of
FS and Py to changes in geometry while keeping the statisti-
cal parameters unchanged. For each scenario, the determinis-
tic factor of safety, the mean probabilistic F'S, and the proba-
bility of failure P; were compared. The influence of height
was analysed at fixed slope angles of 35 and 40°, whereas
the influence of slope angle was examined for 20 m high
profiles by increasing the angle from 45 to 50°.

3. Results and discussion

3.1. Structural characteristics and rock classification

Processing of 436 discontinuity orientations identified
four dominant sets with mean orientations of 85/61°,
53/206°, 39/265°, and 26/174° in dip/dip-direction format
(Table 2). Set1 is characterized by an almost vertical
orientation, Set 2 by a steep dip, Set 3 by a moderate dip,
and Set 4 by a shallow dip. The maximum pole density
reached 46.95%, indicating pronounced structural anisotro-
py of the rock mass.

The stereographic projection shows the spatial separation
of the identified clusters and confirms the presence of four
persistent discontinuity sets (Fig. 4).
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Their engineering significance differs: the nearly vertical
Set 1 creates conditions favourable for toppling, Sets 2 and 3
may contribute to the formation of wedge blocks, whereas
the shallow-dipping Set 4 may be unfavourable for the day-
lighting of individual planes on the slope face when the slope
is appropriately oriented.
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Figure 4. Stereographic projection of 436 discontinuity orienta-
tions showing the four dominant sets

Analysis of discontinuity spacing also revealed substan-
tial differences among the sets. The mean true spacing was
0.085 m for Set 1, 0.135 m for Set 2, and 0.328 m for Set 3;
for Set 4, the mean apparent spacing was 0.410 m. For the
first two sets, the spacing distributions were approximated by
a lognormal distribution, whereas Sets 3 and 4 exhibited
more pronounced asymmetry and a wider range of values.
These differences indicate varying degrees of rock mass
discontinuity: smaller spacing promotes the formation of a
more finely blocky structure, whereas larger spacing may
control the size of potentially unstable blocks.

RQD values ranged from 11 to 100%, with a mean of
55.04% and a standard deviation of 21.52%. The mean frac-
ture frequency was 8.97 m’!, with a standard deviation of
2.51 m! and a range of 1-12 m’'. This variability indicates
pronounced heterogeneity in the structural condition of the
rock mass and demonstrates the limitations of describing it
using a single mean value. Zones with RQD < 25% may
correspond to intensely fractured or disturbed rock, whereas
RQD > 75% characterizes relatively more intact zones.

The distributions of J,. and J, indicated a predominance of
moderately rough and slightly altered discontinuity surfaces.
At the same time, individual discontinuities were character-
rized by low J. values and elevated J, values, which may
substantially reduce shear resistance under unfavourable
orientation and sufficient spatial connectivity. Therefore, the
mean classification indices were considered together with
locally unfavourable combinations of these parameters.

Based on the mean values of RQD = 55.04%, J,=2,
Ja=2, and the adopted J, =15, a Q' value of 3.67 was ob-
tained. The corresponding Geological Strength Index was
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GSI =55.7. These indices characterize the average structural
condition of the rock mass but do not represent the full range
of its spatial variability. In particular, the wide range of RQD
values and the presence of locally unfavourable J, and J,
values indicate that Q" and GSI should be treated as integral
baseline indicators rather than as evidence of uniformly
stable rock mass conditions.

Overall, the structural classification results confirm the
need to combine rock mass rating indices with spatial kine-
matic analysis. Average rock mass quality alone does not
determine the failure mechanism, because its development
depends strongly on the relative orientation of the disconti-
nuity sets and the slope surface. Accordingly, the structural
characteristics were subsequently considered in the context
of planar sliding, wedge sliding, and toppling mechanisms.

3.2. Results of kinematic analysis

The kinematic analysis showed that the potential failure
mechanism depends strongly on the orientation of the slope
relative to the identified discontinuity sets. For planar sliding
at a slope dip direction of 160°, 65 of the 436 weighted poles
satisfied the kinematic criteria, corresponding to 14.83%. All
critical elements in this case belonged to Set 4, confirming its
dominant role in the development of planar sliding for this
slope orientation.

When the slope dip direction was changed to 230° and
the lateral limits were removed in the No Limits analysis, the
number of critical elements increased to 130, or 29.73%. In
this case, Sets 3 and 4 fell entirely within the critical region.
The most unfavourable sectors for planar sliding correspond-

ded approximately to directions of 165-185° and 220-275°,
which is consistent with the mean dip directions of these sets.

For wedge sliding, analysis of the six possible intersec-
tion lines formed by the mean discontinuity sets showed that
four fell within the critical region. Thus, 66.67% of the mean
intersections were kinematically feasible. However, this
percentage refers only to the limited number of intersection
lines between mean discontinuity sets and is not statistically
comparable with the proportion of critical poles calculated
from the 436 individual orientations. The highest susceptibil-
ity to wedge sliding was observed for directions of approxi-
mately 140-190°. Increasing the slope angle expanded the
region in which wedge daylighting was possible, whereas
increasing the friction angle reduced the critical region.

Flexural toppling was the most widespread mechanism
in terms of the number of individual orientations. A total of
239 of the 436 poles satisfied the kinematic criteria, corre-
sponding to 54.80%. For Set 1, the proportion of critical
poles reached 96.85%, which is associated with its nearly
vertical orientation. The highest susceptibility to flexural
toppling was observed predominantly within the 230-270°
sector, i.e. in directions opposite to the dip of the nearly
vertical discontinuity set.

Direct and oblique toppling were considerably less
pronounced. The proportions of critical combinations were
4.75% and 3.16%, respectively, whereas the corresponding
value for the basal plane was 15.54% (Table 3). These
values indicate that these mechanisms are more localized
compared with the more widely represented flexural
toppling mechanism.

Table 3. Summary results of the kinematic analysis

Mechanism Input dataset Critical result Engineering interpretation
Planar sliding 436 poles 65 (14.83%) Set 4; direction 160°
Planar sliding, No Limits 436 poles 130 (29.73%) Sets 3-4; direction 230°
Wedge sliding 6 mean intersections 4 (66.67%) Unfavourable sector 140-190°
Flexural toppling 436 poles 239 (54.80%) Set 1: 96.85%
Direct toppling Block pairs/basal plane 4.75% Local mechanism
Oblique toppling Block pairs/basal plane 3.16% Local mechanism
Basal plane Block pairs/basal plane 15.54% Potential base for rotation

The combined interpretation of the results shows that
changes in slope orientation can alter the dominant failure
mechanism even when the strength properties of the rock
mass remain unchanged. For directions of approximately
160-190°, conditions favourable for planar and wedge sliding
become more pronounced, whereas within the 230-270°
sector the role of flexural toppling increases. Therefore, slope
design should account not only for the overall slope angle
but also for the spatial orientation of individual slope sectors
relative to the dominant discontinuity sets.

3.3. Results of strength parameter calibration

Calibration in RSData resulted in substantial changes in
the parameters describing the strength and deformability of
the rock mass. For the initial model, o, =9.323 MPa,
mp=3.433, s =0.00109, and a = 0.504, were used, whereas
the calibrated model yielded o.; = 15.601 MPa, m,=5.073,
s=0.12110, and a = 0.501. Young’s modulus increased from
2508.925 to 22678.292 MPa, while Poisson’s ratio changed
from 0.30 to 0.25. Equivalent linearization using the Mohr-
Coulomb criterion also showed a substantial difference be-
tween the two models. For the initial model, cohesion was

3.626 MPa at an internal friction angle of 15.448°, whereas
the calibrated model yielded ¢ = 0.812 MPa and ¢ = 57.973°.
A comparison of the Mohr circles and the corresponding
strength envelopes is presented in Figure 5.

Shear Stress (MPa)

Normal Stress (MPa)

Figure 5. Mohr circles and strength envelopes for the initial and
calibrated models
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A complete comparison of the parameters of the initial
and calibrated models is presented in Table 4.

Table 4. Parameters of the initial and calibrated RSData models

Initial Calibrated
Parameter

model model
oci, MPa 9.323 15.601
mp 3.433 5.073
s 0.00109 0.12110
a 0.504 0.501
¢, MPa 3.626 0.812
0,° 15.448 57.973
Tensile strength, MPa 0.003 0.372
Rock mass UCS, MPa 0.300 5.423
Global strength, MPa 2.284 6.180
E, MPa 2508.925 22678.292
v 0.30 0.25
03max, MPa 40.0 0.035

The resulting differences between the Mohr-Coulomb pa-
rameters cannot be interpreted as an unambiguous increase or
decrease in rock mass strength. In the initial model, the high
cohesion value of ¢ =3.626 MPa was combined with a rela-
tively low internal friction angle of ¢ = 15.448°, whereas the
calibrated model was characterized by lower cohesion,
c=0.812 MPa, and a substantially higher friction angle,
© =57.973°. Because the corresponding linear envelopes
have different slopes and intercepts on the shear-strength
axis, their relative positions depend on the level of normal
stress. At low stresses, the initial model may provide higher
shear resistance because of its greater cohesion, whereas with
increasing normal stress the contribution of the higher fric-
tion angle in the calibrated model becomes more significant.

A fundamentally important difference is the range of
o3max used for equivalent linearization. For the initial model,
o3max = 40.0 MPa, whereas for the calibrated model this pa-
rameter is only 0.035 MPa. Consequently, the values
c=0.812 MPa and ¢ =57.973° characterize the equivalent
linear envelope specifically within a narrow low-stress range.
Their direct application outside this range without repeated
linearization may result in an incorrect strength assessment.

The change in the calculated deformation modulus from
2.51 to 22.68 GPa also indicates a substantial difference
between the initial and calibrated parameterizations. The
modulus £ does not directly affect the factor of safety in the
LEM formulation used in this study; however, it is important
for subsequent deformation assessment and potential FEM
verification. Therefore, the RSData results were used not for
the direct transfer of all derived parameters into Slide2, but
for comparison of the strength envelopes, assessment of the
relevant stress range, and evaluation of the applicability of
the equivalent Mohr-Coulomb parameters.

3.4. Deterministic and probabilistic stability
assessment of the main profile

For the main profile with a height of 51.8 m and an over-
all slope angle of 44°, the deterministic global minimum
obtained using the simplified Bishop method was
FS=0.992. Thus, even under the deterministic formulation,
the analysed profile is close to the limit equilibrium condi-
tion of FS=1.0. The probabilistic analysis confirmed this
conclusion: the mean FS values obtained using the different
methods ranged from 0.9896 to 0.9947 (Table 5).

115

Table 5. Probabilistic results for the main model at N = 1000

Indicator Si“?p lified Spencer GLE/ .
Bishop Morgenstern-price
Mean FS 0.9947 0.9898 0.9896
Standard deviation  0.08501  0.08522 0.08490
Minimum 0.7693 0.7633 0.7638
Maximum 1.285 1.281 1.281
Pr, % 53.6 56.1 57.8

The differences among the three calculation methods were
small. The maximum difference between the mean FS values
was 0.0051, while the standard deviations were nearly identi-
cal. This indicates that the overall conclusion regarding the
limiting state of the analysed profile is only weakly dependent
on the adopted interslice force formulation. The Bishop meth-
od yielded a slightly higher mean FS, whereas the
GLE/Morgenstern-Price method produced the lowest value.

The probability of failure Prranged from 53.6 to 57.8%.
The Bishop method yielded the lowest P, whereas the
GLE/Morgenstern-Price method produced the highest. The
difference of 4.2 percentage points does not alter the princi-
pal conclusion: for all three methods, more than half of the
probabilistic realizations satisfy the condition FS < 1.0. Un-
like a single deterministic value, the probabilistic analysis
demonstrates the spread of the factor-of-safety distribution:
individual realizations reach approximately 1.28, while a
substantial proportion of the sample lies below unity.

For the F'S distribution obtained using the simplified Bish-
op method, the gamma distribution provided the best fit. A
mean value of 0.9947 and a standard deviation of 0.08501
correspond to a coefficient of variation of about 8.55%. The
negative reliability index is associated with the mean FS lying
slightly below the threshold value of 1.0. Therefore, even
moderate variability in the input parameters leads to P> 50%,
because the centre of the distribution is located very close to the
failure threshold. Figure 6 shows the distribution of the factor
of safety obtained using the simplified Bishop method, with the
realizations satisfying the condition F:S < 1.0 highlighted.

Highlighted Data = Factor of Safety - bishop simplified < 1 (536 points)

Highlighted Other Data Best Fit Distribution

Relative Frequency

0.8 0.9 1.0

Factor of Safety - bishop simplified

1.1

SAMPLED: mean=0.9947 5.d.=0.08501 min=0.7693 max=1.285 (PF=53.600% RI=-0.06252, best fit= Gamm:

FIT: Gamma mean=0.9947 5.d.=0.08501 min=0.7693 max=1.285

Figure 6. Distribution of FS obtained using the simplified Bishop
method (realizations with FS <1.0 are highlighted in
orange)

a distribution)

The actual characteristics of the generated cohesion sam-
ple were consistent with the adopted probabilistic formula-
tion. The sample mean was 12 kPa, the standard deviation
was 0.987 kPa, the minimum value was 9.08 kPa, and the
maximum value was 14.84 kPa. Unstable realizations were
present throughout the entire range of cohesion values con-
sidered, although their proportion increased at lower ¢ values.
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Thus, cohesion affects stability, but by itself does not de-
termine the transition to failure. The cohesion distribution and
the positions of unstable realizations are shown in Figure 7.
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Figure 7. Cohesion distribution and identification of unstable
realizations

The strongest relationship was observed between the fac-
tor of safety and the internal friction angle. For the FiS—¢
relationship, the correlation coefficient was r=0.986294,
while the linear regression coefficient was £ =0.028315.
Within the investigated range, an increase in ¢ by 1° was
associated with an average increase in FS of approximately
0.028-0.03. The FS=1.0 threshold was crossed at ¢ of ap-
proximately 35-36°; therefore, even a small change in the
mean value or variability of the internal friction angle can
substantially alter the proportion of realizations falling below
the stability threshold. The relationship between FS and the
internal friction angle, together with the corresponding re-
gression line, is shown in Figure 8.

The convergence analysis showed that the most pronounced
fluctuations in P occurred during the initial part of the sam-
pling process, approximately within the first 100-150 realiza-
tions. As the number of realizations increased, Pr gradually
stabilized near its final value of 53.6%. The standard deviation
of FS reached a relatively stable plateau after approximately
300-400 realizations, while beyond 600 realizations changes in
both parameters were minor. Thus, the adopted sample size of
N=1000 provided sufficient statistical stability of the results
for the input parameter distributions specified in this study.
However, this convergence characterizes the stability of the
numerical sample and does not eliminate uncertainty associated
with the assumed probability distributions and their parameters.
The convergence curves for the probability of failure and the
standard deviation of FS are presented in Figure 9.

Highlighted Data = Factor of Safety - bishop simplified < 1 (536 points)

Factor of Safety - bishop simplified

25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45
Soil 1 : Phi (deg)

Primary Data Highlighted Data Regression Line

Correlation Coefficient=0.986294, alpha=0.00364727, beta=0.0283151 (All Data)

Figure 8. Relationship between FS and the internal friction angle
with the corresponding linear regression line
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Figure 9. Convergence of the probability of failure and the
standard deviation of FS with increasing number of
LHS realizations

Taken together, the deterministic and probabilistic ana-
lyses indicate that the main 51.8 m/44° profile is close to the
limit state. The probabilistic formulation provides a more
comprehensive assessment of stability because it shows not
only the position of the mean FS relative to the critical value,
but also the proportion of possible realizations corresponding
to failure. The results also demonstrate that, for the adopted
parameterization, uncertainty in the internal friction angle is
particularly important, as variations in ¢ have the strongest
effect on the FS distribution and, consequently, on P

3.5. Influence of slope geometry on FS and Py

The additional series of calculations demonstrated a pro-
nounced influence of slope geometry on both the mean factor
of safety F'S and the probability of failure P.. The response of
P; to changes in geometry was strongly nonlinear and
depended on the position of the FS distribution relative to the
threshold value of 1.0. A summary of the analysed scenarios
is presented in Table 6.

At a slope angle of 35°, increasing the height from 30 to
50 m was accompanied by a decrease in the mean FS from
1.287 to 1.211, i.e. by approximately 5.9%. At the same
time, Py increased from 0.3 to 2.5%. Despite the decrease in
the factor of safety, the mean FS remained above 1.2 in all
three scenarios, and the probability of failure remained low.
This indicates a noticeable stability margin for the gentler
slope geometry even with increasing slope height.

A different pattern was observed at a slope angle of 40°.
Increasing the height from 40 to 60 m reduced the mean FS
from 1.070 to 1.007, again by approximately 5.9%, whereas
Py increased much more strongly, from 23.5 to 47.9%.
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Table 6. Summary results of the additional series of geometric

scenarios

arslgis,e" Height, m Deterglénlstlc Mean FS Pr, %
35 30 1.282 1.287 0.3
35 40 1.233 1.237 1.4
35 50 1.207 1.211 2.5
40 40 1.066 1.070 23.5
40 50 1.026 1.030 38.7
40 60 1.002 1.007 47.9
45 20 1.058 1.061 23.9
50 20 0.912 0.915 90.0

Thus, nearly the same relative reduction in mean FS at
slope angles of 35 and 40° was accompanied by substantially
different responses in the probability of failure. This is relat-
ed to the position of the distribution relative to the FS=1.0
threshold: at 35°, its centre remains sufficiently far from the
failure boundary, whereas at 40° it approaches that boundary,
so that even a small shift in the distribution sharply increases
the area of its left tail below the critical value. Figure 10
shows the change in mean F'S with increasing slope height at
slope angles of 35 and 40°.

The corresponding change in the probability of failure is
shown in Figure 11.
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Figure 11. Change in Pr with slope height at slope angles of
35 and 40°

The influence of slope angle was even more pronounced.
At a fixed height of H=20m, increasing the slope angle
from 45 to 50° reduced the mean FS from 1.061 to 0.915, i.e.
by 13.8%, while Princreased from 23.9 to 90.0%. Within the
analysed series, the change in slope angle therefore had a
stronger effect on stability than increasing the slope height
by 20 m. However, this conclusion applies specifically to the
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adopted parameterization of c¢=7kPa, ¢=35° and
7= 19 kN/m3 under the dry calculation scenario; for other
strength parameters, the quantitative limits may differ.

Comparison of the deterministic and mean probabilistic
values shows that they are close for all analysed scenarios,
whereas Prchanges much more strongly and nonlinearly. For
example, for the 40°/50 m profile, the deterministic factor of
safety is F.S=1.026, formally exceeding unity, while the
probability of failure reaches 38.7%. Therefore, assessment
of slope geometry based on a single deterministic FS value
may conceal a substantial level of risk, particularly when the
factor of safety is close to unity.

The obtained relationships confirm that geometric parame-
ters should be assessed jointly with probabilistic stability char-
acteristics. Reducing the slope angle can provide a more pro-
nounced increase in stability than a moderate reduction in
slope height; however, the practical selection of slope geome-
try should account not only for FS and Prbut also for techno-
logical constraints and the volume of overburden removal. For
design comparison, it is advisable to consider a set of “angle-
height-berm” alternatives and select the preferred solution
using combined deterministic and probabilistic stability crite-
ria. At the same time, geomechanical solutions should be co-
ordinated with the technological scheme of open-pit mining,
including the parameters of the mine haulage system and
transfer points that directly affect mine productivity [39].

3.6. Integrated interpretation and practical implications

The combined interpretation of the obtained results
makes it possible to distinguish three interrelated levels of
risk assessment. The first level characterizes structural sus-
ceptibility and identifies which failure mechanisms are
kinematically feasible for a given slope orientation. The
second level reflects the strength capacity of the rock mass,
defined by the shape of the strength envelope and the effec-
tive parameters within the relevant stress range. The third
level characterizes the reliability of the overall slope geome-
try and shows how variability in strength parameters and
geometric conditions is transformed into the FS distribution
and the probability of failure P;. These levels are not inter-
changeable and should be considered jointly.

For the investigated rock mass, two structurally con-
trolled scenarios are particularly important. The first is asso-
ciated with toppling along the nearly vertical Set 1, whereas
the second involves planar and wedge sliding controlled
mainly by Sets 3 and 4. Therefore, stability management
should begin with spatial zoning of slope sectors according
to the orientation of the dominant discontinuity sets. Where
changes in slope orientation are not feasible, local flattening
of the slope, increasing berm width, removal of potentially
unstable blocks, rock bolting, or mesh retention may be con-
sidered depending on the scale and nature of the expected
failure mechanism.

The probabilistic assessment shows that the main profile
with a height of 51.8 m and an overall slope angle of 44°
does not have a pronounced stability margin even under the
adopted dry static scenario. The mean F'S values are close to
unity, while Py exceeds 50% for all limit equilibrium me-
thods used. Because groundwater effects and seismic loading
were not included in this formulation, the obtained result
should not be regarded as conservative for the full range of
possible operating conditions. Priority directions for model
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refinement include determination of the actual slope geome-
try and groundwater level, further refinement of the ¢ and ¢
parameters, and monitoring of discontinuity opening and
rock mass displacements [40]. When refining the hydrogeo-
logical formulation, attention should be paid not only to the
groundwater level, but also to lithological heterogeneity and
the water-physical properties of the overburden rocks, which
control infiltration and seepage conditions [41].

The parametric analysis further shows that changes in
slope geometry can substantially affect the probabilistic sta-
bility assessment. Within the analysed range, reducing the
slope angle produced a more pronounced effect than a mode-
rate reduction in slope height. However, such a decision can-
not be evaluated solely from a geomechanical perspective,
because changes in slope angle directly affect the volume of
overburden removal and the technological configuration of
the slope. Design selection should also consider the efficiency
of disturbed-land use and subsequent reclamation [42]. There-
fore, it is advisable to develop an “angle-height-berm” matrix
of alternatives and compare them simultaneously in terms of
deterministic FS, Py, and operational feasibility.

The obtained results have several limitations. The main
Slide2 model is homogeneous and two-dimensional and does
not reproduce spatial variations in RQD or the orientation of
individual discontinuity sets. The strength parameters are
represented as random variables without the use of random
fields; therefore, correlation length and localization of weak
zones are not considered. The analysis was performed only
for a dry static scenario, while the kinematic criteria do not
account for the finite persistence and connectivity of indivi-
dual discontinuities. In addition, the RSData calibration was
performed over a limited o3 range, which requires caution
when transferring the resulting equivalent parameters to
other stress levels.

Further development of the model should include the se-
quential consideration of hydrogeological scenarios with a
specified piezometric surface or ks, pseudostatic loading at
different k; values, and a spatial model in which strength
domains and discontinuity orientations are linked to the actu-
al geological structure. Additional verification may be
achieved by comparing the LEM results with FEM/SSR
analyses and displacement monitoring data [43], [44].

Thus, practical slope stability assessment should jointly
consider the spatial orientation of discontinuities, the relevant
strength envelope, and the FS distribution rather than relying
solely on a single deterministic factor of safety. Further mod-
el development should include groundwater conditions,
seismic loading, actual bench geometry, and spatial variabil-
ity of rock mass properties.

4. Conclusions

An integrated methodology for open-pit slope stability
assessment was developed and applied, providing a traceable
transition from the processing of 436 discontinuity orienta-
tions and Q'-GSI rock mass classification to kinematic analy-
sis, Hoek-Brown/Mohr-Coulomb calibration, deterministic
and probabilistic LEM stability assessment, and analysis of
the influence of slope geometry.

Four dominant discontinuity sets were identified, with
mean orientations of 85/61°, 53/206°, 39/265°, and 26/174°.
Mean values of RQD = 55.04%, Q'=3.67, and GSI=55.7
characterize the overall structural condition of the rock mass,
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whereas the wide RQD range of 11-100% indicates pro-
nounced heterogeneity.

The kinematic analysis identified 14.83-29.73% critical
poles for planar sliding, four of six critical intersection lines of
the mean discontinuity sets for the wedge mechanism, and
54.80% critical poles for flexural toppling. The most unfavou-
rable directions depend on the failure mechanism and are con-
centrated mainly within the 160-190° and 230-270° sectors.

The equivalent Mohr-Coulomb parameters obtained for the
calibrated RSData model were ¢ = 0,812 MPa and ¢ = 57,973°
at o3max = 0.035 MPa. These values characterize a local lineari-
zation within a low-stress range and should not be transferred
to other stress levels without repeated linearization.

For the main profile with a height of 51.8 m and an over-
all slope angle of 44°, the mean FS ranged from 0.9896 to
0.9947, while the probability of failure Prranged from 53.6
to 57.8%. The close agreement between the Bishop, Spencer,
and GLE/Morgenstern-Price results indicates that the overall
conclusion regarding the profile condition is only weakly
dependent on the adopted interslice force formulation.

The strongest statistical relationship with FS was estab-
lished for the internal friction angle, with »=0.9863 and a
linear regression coefficient of f~ 0.0283 FS/°. The conver-
gence analysis showed stabilization of the main probabilistic
characteristics as the sample size increased; after approxi-
mately 400-600 realizations, further changes became minor.
Therefore, N=1000 provided sufficient statistical stability
for the adopted input parameter distributions.

The additional series of calculations revealed a nonlinear
response of Prto changes in slope geometry. At a slope angle
of 40°, increasing the height from 40 to 60 m increased Py
from 23.5 to 47.9%, whereas at H =20 m increasing the
slope angle from 45 to 50° increased Py from 23.9 to 90.0%.
Within the analysed scenarios, changes in slope angle had a
stronger influence on stability than changes in slope height.
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InTerpoBana oninka criiikocTti 60pTY Kap’epy 3 ypaxyBaHHSIM CTPYKTYPHOI aHi3oTpomii,
HEeBM3HAYEHOCTi MillHiCHMX mapameTpiB i reomeTpii ykocy

A. Mycin, A. Imames, H. Cynetimenos, I'. Hypmaiiukosa, 3. Tyarymbaesa, T. Manraxgapos

Merta. Po3po6utn Ta anpoOyBaTy iHTErpOBaHy METOUKY OLIHKH CTIHKOCTI 60pTy Kap’epy, 0 3a0e31edye MPOCTeKYBaHUH Mepexis Bil
CTPYKTYPHHX JaHUX TPIIIMHYyBaTOro MacuBy no kinacudikarii Q'-GSI, kineMaTndHOTO aHami3y, KaniOpyBaHHS MII[HICHAX [TapaMeTpiB, JeTe-
PMIHICTHYHOT Ta IMOBIPHICHOT OIIHKH CTIHKOCTI, @ TAKOXK KITBKICHOTO OIIIHIOBAaHHS BILUTUBY T€OMETPIl YKOCY.

Metoauka. CtpykTypHi maHi poxoBuma CxinHo-Kazaxcrancbkoi obmacti 00poOiieHO y IporpaMHOMY KoMIDIeKCi Dips i3 kopekiieio
opieHTamiiHOTO 3MimeHHs 3a Teprari Ta KOHTYpHUM aHanizoMm ®imepa. Ha ocHoi RQD, Ju, Jr 1 J. BuzHaueHo Q' ta GSI. KaniOpysanus
MiIHICHUX TapaMeTpiB BuKoHaHO B RSData 3a kpurepismu Xoeka-bpayHa ta Mopa-Kynona. ¥ Slide2 3acTocoBaHO CpOIIeHHH METO.
Bimomna, meron CnieHcepa Ta y3aransHeHHi MeTo] rpaHndHoi piBHOBard (GLE) 3 ¢pyHKuIiero MixOmokoBux cuin Moprenmrepra-IIpaiica.

PesyabTaTtn. 3a 436 opieHTalisIMH BHIUIEHO YOTHUPU [OMIHYIOWI CHCTEMH TPIIIMH 1 OTpPUMaHO 3HaudeHHsA BenmunmH Q' =3.67 i
GSI = 55.7. [Inst mIOnMHHOTO KOB3aHHS YacTKa KiIHEMaTHYHO JOMYCTHMHUX eJeMeHTIiB ctaHoBmia 14.83-29.73%, nist THyYKOTo TepeKHIaH-
Hi — 54.80%. YoTupu 3 mIecTy JiHIH NMEpeTHHY CEepeAHIX CHCTEM 3aIO0BOJIBHSIM YMOBaM KIMHOBOTO KOB3aHH:. [ls1 MpOQio BHCOTOIO
51.8 M 1 3araneHuM KyToM 44° cepenne 3HaueHHs FS craHoBmio 0.9896-0.9947, a iiMoBipHICTH BTpaTH cTilikocTi Pr— 53.6-57.8%. Haii-
OLIBII BUPAXKEHY 3aJISKHICT FS BCTAaHOBICHO IS KyTa BHYTpimrHBOTO TepTs (= 0.9863). IIpu kyTi ykocy 40° 36inbmenns Bucotu 3 40 1o
60 M migBumuino Pr3 23.5 1o 47.9%, a mpu H = 20 M 36inpmeHHs KyTa 3 45 10 50° —3 23.9 10 90.0%.

HaykxoBa HOBH3HA. 3aIIPOIIOHOBAHO €IMHY IOCTIJOBHICT OLIHIOBAHHS, IO MO€AHYE CTPYKTYPHO-CTATUCTHYHE ONPANIOBAHHS JaHUX,
knacugikaniro Q'-GSI, xiHemMaTn4yHUi aHami3, JOKaIbHE KalmiOpyBaHHA 3a KpuTepisMu Xoeka-bpayna ta Mopa-Kynona, #MoBipHicHHI
aHaJi3 METOJIOM T'PaHWYHOI PIBHOBAru Ta OLIHIOBAaHHS BIUIMBY reoMeTpii ykocy. [lokazaHo, mio KiHeMaTHYHa CXWIBHICT JO CTPYKTYpPHO
3YMOBJIICHUX MEXaHi3MIB pyiHyBaHHs Ta Py XapakTepu3yIoTh pi3Hi piBHI PU3UKY H MOTpeOyIOTh CIIJIBHOI iHTepIpeTanil.

IIpakTHyHa 3HAYNMIicTB. 3aIPOIOHOBAaHA METOANKA J]a€ 3MOTY BUSIBIATH HECHPUSTINBI IPOCTOPOBI Opi€eHTAlii Ta TeOMETPUYHI CIieHa-
pii, BU3HAUaTH MapameTpH, 10 IOTPEeOYIOTh MEPIIOYEeProBOr0 yTOYHEHHS, 1 OI[IHIOBATH 3MiHY CTIHKOCTI OTHOYACcHO 3a KoedillieHTOM 3amacy
FS Ta fimoBipHicTIO BTpatu criiikocTi Pr.

Knrowuoei cnosa: bopm xap ‘epy; mpiwunysamuii Macug, cmitlkicms YKOCy, 2e0102i4HUll IHOeKC MIYHOCMI; KIHeMamUuyHUl aHatis, Memoo
2paHuyHoOI pigHosacu
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