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Abstract

During the geomechanical verification the stability of mining facilities, it is necessary to correctly se-
lect the calculated values of the rock material properties from an engineering point of view. In order to
complete the previous steps, the starting point is data collection from the open pit. This characterizes the
demanding work that is put before the engineers, all with the aim of forming a quality database within
which the various characteristics of rock mass, covered by the open pit, are collected and analyzed.
Based on this, it is possible to adopt the calculation values of the rock material properties, all with the
aim of obtaining the relevant data for the slope stability analysis using different groups of methods. This
paper presents a comprehensive analysis of determination the safety factors in a part of the Hall for
preventive mechanical and electrical maintenance at the Potrlica open pit. Considering the state of
working slope in the position of the Hall for preventive mechanical and electrical maintenance, the
system of cracks, as well as the presumed faults that occur in the mentioned zone, it is necessary to in-
clude in the analysis different groups of methods for verification the safety factor of analyzed working
slope. The application of different analysis methods creates an opportunity for a comparative analysis of
the obtained safety factors, which is a direct indicator of the state of analyzed working slope.

Keywords: geomechanical stability check, Pljevlja coal mine, finite element method, limit equi-
librium methods

1 INTRODUCTION

Bringing the slope to a stability state
with an appropriate safety factor is a com-
plex technical-technological and geome-
chanical undertaking that is put before the
engineers. An important aspect in under-
standing the complexity of mechanical
behavior of rocks is knowledge of the in-
fluencing factors and processes that lead
to the slope instability. For the purposes of

defining the value of geomechanical pro-
perties, it is necessary to include a number
of parameters that directly and indirectly
affect the slope condition [1]. On the basis
of the performed laboratory and field re-
search, the set of processed and obtained
data provides the necessary conditions
providing the input parameters for for-
mation the geomechanical model [1].
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Based on the research results, the calcula-
tion values of the rock material properties
will be selected for geomechanical verifi-
cation the slope stability [1].

On an example of the open pit Potrlica
of the coal mine Pljevlja (Figure 1), spe-
cifically for the area in the western part,
in the area of the Hall for preventive
mechanical and electrical maintenance
(Figure 2), both the influence of estab-
lished geomechanical parameters and
tectonics present on that area can be
analyzed on the stability of formed

slopes. The slope state in the part of the
Hall for preventive maintenance is cha-
racterized by the crack systems and fault
zones, a complex structure of engineer-
ing-geological units, and the entire area
can be characterized as a complex from
a geomechanical point of view. Due to
the occurrence of cracks, which indicate
the existence of processes that lead to
the slope instability, it is necessary to
perform a geomechanical stability veri-
fication on the basis of which the state
of analyzed slope will be monitored.

Figure 2 Slope of the system of open pit working levels in the area of
the Hall for preventive maintenance
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2 GEOMECHANICAL CONDITIONS
IN THE HALL ZONE

Defining the geomechanical conditions
of the slope in the zone of the Hall for pre-
ventive maintenance is a key factor in pre-
paring the stability analysis calculation. De-
fining the influencing factors on the ana-
lyzed slope, all the necessary conditions for
defining data are acquired related to:

Geology of the narrower area, char-
acterized by a contact of marl and
clay, clay and coal, marl and coal,
marl and limestone and coal and
limestone. In addition, there are also
different types of marl, limestone
and clay where the deposit condi-
tions have changed and where the
structure has been disturbed in rela-
tion to the condition that existed dur-
ing the formation of deposit itself.
Although the area in question was
explored with a fairly dense network
of drillholes that were made in order
to define the structural structure of
the deposit layers and geomechanical
characteristics, due to its complexity,
it cannot be studied at a sufficient
level because it implies an irrational-
ly dense network of exploratory
drillholes and a large volume of field
and laboratory testing and research.
The initial assumption is that the
weakened contact zones between dif-
ferent engineering-geological struc-
tures can be represented by the pres-
ence of those materials that show the
lowest values of strength parameters.

Tectonics, characterized by the pres-
ence of crack systems. Tectonic pro-
cesses in the deposit after its creation
led to the destruction of original
structure. During exploitation, by

unloading and creating the free sur-
faces in places that are predisposed
to the tectonic processes, the open
cracks appeared and phenomena that
indicate processes that lead to the in-
stability of formed individual work-
ing slopes and systems of working
slopes.  Prospecting, exploration
works and geological mapping deter-
mined the primary directions and in-
clinations of cracks and fault zones.
Engineering geological environments
are characterized by the presence of a
large number of geological and engi-
neering - geological structures (units).
The geomechanical characteristics of
these units were determined in differ-
ent periods of exploration and exploita-
tion of the deposit, and the determined
values of the geomechanical parame-
ters are mostly the result of laboratory
tests and are in a wide range. The en-
gineering-geological characteristics of
the environment of the rock masses of
the Potrlica deposit are of the primary
importance within the framework of
the analysis that will be carried out. [2]
As such, the following engineering-
geological units were exposed in the
open pit area: quaternary, marl, inter-
layered clays, coal, podine clays and
limestone.

Geomechanical parameters of the
working environment are character-
ized by the values that move within
wide limits, irregularly spatially dis-
tributed sampling points on the sur-
face and depth of the deposit, and in-
sufficient reliability for this phase of
the open pit mining.
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= Adopted values for the calculation.
On the basis of an insight into the
available documentation of the Coal
Mine Pljevlja and presented data, ob-
tained by the exploration works and
certain laboratory test, the values on
the basis of which the statistical pro-
cessing of data was performed were
taken. The statistical processing of
data on the available set of values de-
termined the relevant parameter va-
lues, which were adopted for the ge-
omechanical stability check on the
basis of reliability.
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3 GEOMECHANICAL
VERIFICATION OF THE SLOPE
STABILITY IN THE ZONE OF
THE HALL FOR PREVENTIVE
MAINTENANCE

The analysis of safety factor calcula-
tions was performed on 8 characteristic
profiles (Figure 3). The emphasis of the F
value verification was only in the area of
the Hall for preventive maintenance. The
reason for the geomechanical stability
verification in the mentioned zone is the
appearance of cracks on the ground sur-
face, foundations of the Hall and on the
open level profiles. The presence of cracks
indicates processes that can lead to the
instability of the mentioned part of slope.

_ ‘3‘\*&&%
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Figure 3 Position of the cross section for verification the slope safety factor in the Hall area

Positioning of the cross-sections was
done so that, to the greatest extent possi-
ble, they were perpendicular to the direc-
tion of the system of working levelz, to
include the completed works on the coal
exploitation in the foothill and position of
the regulated bed of the Cehotina river.

The initial analyzes of the working
slope stability in a part of the Hall were
carried out using the limit equilibrium
methods, based on the use of lamellas, for
circular failure and predisposed (plane)
failure of the slope. For the needs of more
precise results in the disturbed zone of the
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rock mass such as in the Pljevlja basin, the
application of the finite element method
(FEM) will present an approach to the
analysis of the working slope stability that
is more appropriate to the nature of the
prevailing rock mass, marl.

The finite element method represents a
group of methods from the set of numeri-
cal modeling. The advantages of the FEM
application are primarily in accuracy, ver-
satility and requiring much smaller prior
assumptions, especially regarding the frac-
ture mechanism that can occur. The chal-
lenge for engineers is the system complex-
ity in a part of the working slope near
Hall, and based on the complexity of the
state, the rock massif represents a type of
problem that should ideally be studied
using the finite element method.

On the basis of such study, the condi-
tions were created to break the current
balance applying the FEM to the moment
for monitoring the development of frac-
ture, including the fracture itself caused by
shearing. The factor of safety in the FEM
slope stability analysis is determined from
the ratio of shear strength of material and
shear strength required to achieve the
equilibrium. The presented F; is character-
ized in exactly the same way as with the
traditional methods of limit equilibrium,
and the obtained safety factor can still be
defined as the ratio of maximum and real-
ized moments. The basic methodology for
determining the FEM safety factor implies
the application of the shear strength reduc-
tion technique. The failure criterion is the
Mohr-Coulomb.

The application of the Shear Strength
Reduction (SSR) technique in the slope
stability analysis using the finite element
method is a simple way to systematically
study and determine the Strength Reduc-
tion Factor (SRF) or the value of safety
factor (Fs) by which the slope leads to the
limit state of failure [3].

The physical problem of the slope
model is numerically modeled in such a
way that the entire analyzed area is divid-
ed into elements. The suitability of appli-
cation the finite element method is reflect-
ed in its adaptability to solve the problem
of geomechanical stability in conditions of
pronounced tectonics and non-linear mate-
rial properties such as occur in the Pljevlja
basin.

Calculation of the safety factor on the
formed geomechanical models of slopes
on the characteristic cross sections and for
the adopted parameters of the working
environment was carried out using the
software packages "Slide" and "Phase2"
from the company Rocscience Inc.

The Rocscience Inc. "Slide" is an in-
plane slope stability analysis software. It
can be used for the design or analysis of
natural and artificially formed slopes
(slopes of embankments, levels of open
pits, dumps and landfills, slopes of ditches
and embankments and free or additionally
stabilized walls). The program enables
analyzing the stability by self-generated or
user-defined sliding surfaces. Sliding sur-
faces can be circular, flat or a combination
of these surfaces. The Slide program pac-
kage within its graphic editor enables mo-
deling of the tested objects as well as dif-
ferent ways of displaying the calculation
results and interpretation of individual
calculation elements [4].

The Slide program package also enables
the positioning of an arbitrary or determin-
ing the position of sliding surface with the
minimum value of safety factor. The
Rocscience Inc "Phase2" is a software
adapted to verify the behavior of elasto-
plastic media based on their stress state us-
ing the finite element method. It is used both
for the analysis of voltage conditions of the
working environment in the existence condi-
tions of the underground exploitation facili-
ties as well as open pits. It serves to solve a
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number of engineering problems, such as the
construction of stable slopes at the open pits,
stable underground exploitation rooms, in
construction for foundations and construc-
tion the retaining walls and other ways of
stabilizing the base and slopes, etc. [5]. One
of the advantages of this software is a rela-
tively simple user interface and numerous
ways of visualizing the results, which ena-
bles their easier interpretation.

Geomechanical verification the slope
stability of the system of working levels was
performed for all 8 shown profiles, and in
this work, Figure 4, Figure 5, Figure 6, Fi-
gure 7 and Figure 8 show a characteristic
view of calculations on profile D. All calcu-
lations were done for circular, predisposed
sliding planes and planes under the maxi-
mum shear stress. The adopted coefficient of
seismicity in both horizontal and vertical
directions is 0.015.

Unit Weight (Cohesion . | Water
N3y | STEBTPE | gy Surface

Material Name  Color

g

Kvartar 17.74 Mohr-Coulomb | 184 | 183 | Nome

Laporac 1737 Mohr-Coulomb 138 288 | None

Medjuslojna glina 19.81 Mohr-Coulomb | 1935|1622 | None

Ugalj 1341 Mohr-Coulomb | 34365 |33.33 | None

Podinska glina 2095 Mohr-Coulomb | 2325 | 166 | Nome

OmEmO0Oo

Krecmjak 2383 Mohr-Coulomb | 635797 | 382 | None

» 0015
& 0015

Figure 4 Geomechanical model of the existing slope on the cross section D-D

The geomechanical model of the slope
was defined on the basis of data from explo-
ration works and laboratory tests on a profile
and parameters determined by the valid
study [6], [7], [8]. The load of Hall was tak-
en with a value of 300 kN/m? and many
times exceeds the real load of the Hall. It
follows that the impact of the Hall loading is
taken with a significant safety margin. The

stability analysis of the system of working
slopes in the Hall area was carried out using
the method of A. W. Bishop and Yanbu,
which belong to the group of limit equilibri-
um calculation methods. For these needs, the
program package "Slide" version 6.0 of
Rocscience Inc. was used. The aforemen-
tioned program package is the property of
the Mining and Metallurgy Institute Bor.
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Method: janbu simplified

Factor of Safety: 1.673

Center: 515.748, 1057.849

Radius: 380.390

Left Slip Surface Endpoint: 241.576, 794.170

Right Slip Surface Endpoint: 645.165, 700.151
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Figure 5 Minimum safety factor and critical sliding plane for
the Mohr-Coulomb failure criterion and limit equilibrium methods for
circular sliding plane according to the Yanbu method

The formed slope model is mainly
built by the engineering-geological units
of quaternary, marl, clay, coal, interlay-
ered clay and limestone. In order for the
stability analysis to include the slope as a

whole, it is necessary to position the cen-
ter of sliding circles, which provides all
the prerequisites for interpretation the sli-
ding circles and verification the safety
factor of the analyzed slope.

Method: janbu simplified

Factor of Safety: 1.450

Axis Location: 462.200, 1240.033

Left Slip Surface Endpoint: 122.055, 795.729
Right Slip Surface Endpoint: 613.556, 701.33!
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Figure 6 Minimum safety factor and critical sliding plane for the Mohr-Coulomb
failure criterion and limit equilibrium methods for the predisposed sliding plane
according to the Yanbu method
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In addition to the limit equilibrium
method, the analysis of stability in the
Hall zone was also carried out by the
FEM. For the purposes of calculating F
according to this method, the software

package "Phase2" from Rocscience Inc.
was used. The aforementioned program
package is the property of the Mining and
Metallurgy Institute Bor.

Vi
| e 1

Figure 7 Geomechanical model of the existing slope on the D-D cross section for
calculation using the finite element method

The boundary conditions of the model
according to the FEM should emphasize that
the medium is incompressible in the bounda-
ry zones of the model. Model boundaries
can be defined by different axis constraints.
By limiting the model with an engineering
approach, the surface is divided into a cer-
tain number of elements. Size of an element,

i.e., the number of nodes, should be adapted
to the smallest dimensions of the engineer-
ing-geological environments represented in
the model. Interpretation of the FEM calcu-
lations can be given in several ways, the
most commonly used being the display of
horizontal displacements and maximum
shear stresses.

Figure 8 Minimum factor of safety and critical sliding plane for the Mohr-Coulomb failure
criterion and finite element methods
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The analyzed condition of the slope
and obtained safety factors using different
groups of methods indicate that the slope
can be characterized as stable. The reason
for geomechanical stability verification
using different groups of methods is re-
flected primarily from the engineering
point of view and initial assumptions by
visual observation the working slope. The
slope stability analysis was performed for
different forms of sliding surfaces, which
took into account all the possibilities of
forming sliding surfaces at the contact of
engineering-geological units.

The geomechanical stability verification
using the circular shape of sliding surface
indicates that the obtained sliding circles do
not pass on the contact parts of the engineer-
ing-geological environments, characterized
as the critical places, and therefore the ob-
tained values of safety factors are slightly
higher. For the slope stability analysis for a
flat fracture of the sliding surface, the ob-
tained safety factors indicate that the engi-
neering assumptions at the contact of differ-
ent engineering-geological environments
were taken with reliable foundations. The
care should be taken here since it cannot be
claimed with certainty, based on the engi-
neering assumptions that the critical surfaces
were correctly defined. Predisposed sliding
planes are constructed so that they include
both the entire slope and partial parts of the
slope, as well as passing through materials
with the lowest strength parameters, where
the obtained safety factors for the sliding
planes show regularity in the spatial ar-
rangement, and the minimum value is not at
the border of that space. For the purposes of
this analysis, the given fracture plane on the
critical surfaces and obtained safety factors
indicate that there is a greater possibility of
occurrence the slope sliding at the contact
between the layers.

With the complex structure of the rock
mass as it was created in the Pljevlja ba-
sin, the author's engineering approach has
emphasized the geomechanical stability
verification according to the FEM due to
the possibility of analyzing the parts that
have been disturbed by force. Based on
such impacts, the rock material has been
disturbed, where the disturbed rock mate-
rial can be characterized as crushed. As a
result, cracks and microcracks appeared at
the contact of such structured material,
and in some areas real faults, lenticular
clay and other structural changes oc-
curred. Such a description of the state of
the rock massif indicates that the original
formations suffered severe tectonic
changes, which led to various defor-
mations under the impact of all-round
pressures. This is how the formations of
artificial contacts between marl and lime-
stone were created, on the basis of which
the state of the slope was best analyzed by
the FEM.

Applying of this method, according to
the general structure of material, the soft-
ware itself can determine the weakest
places within the model (profile), i.e.,
within the massif itself, and based on that
to predict where it can, i.e., where it is
expected to break, based on the stress state
and characteristics, that is the resistance
parameters of the material. After the com-
pleted analysis using the FEM, the initial
assumptions of engineers have turned out
to be good, where the obtained safety fac-
tors for the analyzed part of slope are sig-
nificantly lower than during the analysis
using the methods from the limit equilib-
rium groups. The results of the obtained
safety factors of all 8 characteristic cross
sections for different shapes of sliding
surfaces and analysis by different methods
are given in Table 1.
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Table 1 Results of geomechanical stability check using different groups of methods

Shape of sliding Circular Predisposed plane By maximum shear
surface stresses
Method Bishop Janbu Bishop Janbu FEM

Cross section A-A 1.637 1.592 1.333 1.29 1.33
Cross section B-B 1.835 1.792 1.504 1.464 1.24
Cross section C-C 2.147 2.022 1.841 1.829 1.26
Cross section D-D 1.747 1.673 1.494 1.45 1.34
Cross section E-E 1.799 1.752 1.553 1.507 1.28
Cross section F-F 1.637 1.592 1.396 1.357 1.23
Cross section G-G 1.835 1.792 1.504 1.464 1.39
Cross section H-H 2.046 1.979 1.557 1.513 1.47

Based on the presented results of sta-
bility calculations using the group of limit
equilibrium methods and finite element
method, the obtained safety factors for
analysis the system of working slopes in
the Hall area were calculated for the case
of maximum expected seismic activity.
The stated values of the safety factor indi-
cate that in the event of occurrence the
seismic tremors and tremors from blast-
ing, the stability of working slope is not
threatened on the basis of the analyzed
model.

According to the results for the ana-
lyzed slope condition, under the influence of
seismic coefficient (ks = 0.015), the safety
factor meets the stability criterion, Fs> 1.15.
Based on the previous analysis, it can be
concluded that the system of working levels
in the area of the Hall for preventive me-
chanical and electrical maintenance, accord-
ing to the analyzed models, is stable with a
safety factor that is above the minimum pre-
scribed by the Rulebook. The appearance of
the comparative safety factor curves is
shown in Figure 9.

SAFETY FACTOR CURVES

Fs
2.1
1.9
1.8
1.7
1.6 1
1.5
14 22
12 1.33
1.2 1.29
1.1
1
Presek A-A Presek B-B  Presek C-C Presek D-D| Presek E-E  Presek F-F  Presek G-G Presek H-H
T ruzna Janbu
e Predisponirana ravan Janbu
e Po maksimalno smiéuéim naponima MKE
Figure 9 F; curve using different methods for geomechanical stability verification
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Based on the interpreted safety factor
curves for the analyzed sections, a com-
parison of the obtained F, can be per-
formed using different groups of methods.
From Figure 9, as a final engineering con-
sideration the advantages of applying the
finite element method for the analysis of
geomechanical stability verification, it is
reflected in the fact that during calculation
the finite element method, the software
analyzes the maximum shear stresses at
the critical contact of engineering geologi-
cal environments. The obtained safety
factors can be taken as the values with
greater reliability, which puts the engi-
neering conclusions of the safety side at a
higher level.

4 CONCLUDING CONSIDERATIONS

State of the system of working slopes
in the area of the Hall for preventive me-
chanical and electrical maintenance is a
consequence of the need for a geomecha-
nical check the stability of slopes due to
the appearance of crack systems and as-
sumed fault zones. Complexity of this
analysis is reflected in the changed envi-
ronments in terms of lithology, position of
the Hall, as well as appearance of cracks
in the zone of the Hall foundation.
Through a detailed analysis of application
different groups of methods, the safety
factor values were obtained, which indi-
cate that the analyzed condition of slope is
stable. At the same time, from the group
of numerical modeling methods, applica-
tion of the finite element method (FEM) is
an advantage compared to the traditional
limit equilibrium methods because during
the analysis it is not necessary to make
any assumptions in advance regarding the
shape and position of the sliding surface,
lamellar lateral forces and their directions.

Applying the FEM, the state of stress,
deformation and corresponding shear
strength in the rock material can be calcu-
lated very precisely. Development of the
fracture mechanism itself can be very
general and does not have to be a simple
circular or logarithmic curve. The finite
element method can also be applied to the
fractures that occur as a result of spalling,
rock material that behaves as brittle mate-
rials, rock material with variable parame-
ters, which is also the case for analysis the
system of working slopes at the open pit
"Potrlica"” - Pljevlja.

In the further development of works at
the open pit "Potrlica" in the analyzed
area, it is necessary to relieve the slope
and thereby increase safety in the Hall
area. The relief of slope can be done in-
creasing the number of levels and redu-
cing the height in the analyzed zone, and
in this way all relevant parameters will be
satisfied on the basis of which the condi-
tion of slope stability will be fulfilled. The
reason for this is the multitude of crack
systems that are a direct consequence of
post-struggle tectonics. In order for the
slope to be considered stable, it is neces-
sary to verify the stability by at least 2
methods, where after the analysis, it is
necessary that the obtained safety factors
meet the minimum values prescribed by
the regulations.

Through the control check, it can be
concluded that a better knowledge of the
working environment is needed, on the basis
of which the calculated safety factors will be
obtained with a greater reliability. Due to
this reason, it is necessary to carry out the
regular checks with visual observations of
the slope and periodic calculation of safety
factors, which will have as an indicator that
the condition of analyzed working slope is
stable and meets the values of minimum
safety factors prescribed by the Rulebook.
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