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ABSTRACT

Purpose. The analysis of the current underground mine workings, both those that are in operation and works located
within the mining perimeters where activity was stopped, is leading directly to the problem of stability, i.e. safety.
The aim of the paper is the stability analysis of underground workings located in strongly metamorphosed andesite
and determination of mine pressure in the context of rock — support system interaction was made based on numerical
methods, taking into account the effects of inhomogeneous stresses, anisotropy of rocks, and time.

Methods. Numerical — based finite element method was applied to obtain the stress variation radial displacement
and mine pressure epures for the analyzed mine workings. To assess the stability of underground mine workings, a
mathematical model was developed based on the principle of proper conformity and safety level, according to the
main factors that influence the stability of underground workings.

Findings. The results obtained showed that underground workings analyzed are characterized by a low stability
level, which is consistent with the results obtained by the observations and numerical method. Depending on the
computed level of safety has been established correspondence to class stability of underground mine workings. The
results are confirmed by in situ observations and solutions obtained by experiments.

Originality. The patterns of the stress-strain state change in the context of rock — support system interaction for hori-
zontal galleries located in strongly metamorphosed andesite.

Practical implications. The research results will facilitate to improve stability of mine workings and to significantly
increase the safety level throughout their entire life — cycle.

Keywords: stability, mine pressure, support system, finite element method, conformity level, safety

1. INTRODUCTION

Referring to the underground horizontal workings and
making an analysis of their location, it comes obvious
that they have achieved considerable depths which often
exceed 800 — 1000 m; as mine workings involving im-
portant investment, most of them are representing long-
term structures with a significant life cycle. Since their
design stage, it has become imperative to achieve re-
sistant underground constructions which are reliable,
durable and economical. To achieve this goal, and to
obtain technically optimal outcomes, there should be
well understood the theoretical phenomena and hypothet-
ical assumptions that may underpin the design and exe-
cution of the underground workings, simultaneously with
a proper understanding and familiarity with the probabil-
istic concept of construction assurance, thus replacing the
anachronistic concept of deterministic calculation, i.e. a

design without calculation, based on experience, empiri-
cal rules and intuitive application of the laws of mechan-
ics, as actually were and still are encountered in quite a
frequently situations met in mine practice.

Starting precisely from these statements, it appears as
imperative the requirement of observation in time, based
on which it can be made an analysis of underground
workings, depending on factors contributing to the stabil-
ity of the horizontal mine workings. To be able to
achieve a situation analysis in which the underground
workings in terms of knowledge of intensity and pressure
particularity, character of deformation and movement of
rocks on the contour, inter-dependence between the
moisture degree of rocks and the deformation magnitude,
but also to consider the influence these parameters on
support systems, direct observations and measurements
should be performed on the whole network of under-
ground workings.
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Over time, the authors have made various studies and
research (Toderas, 2014; Toderas, Moraru, & Popescu-
Stelea, 2015; Toderas & Danciu, 2017) on the horizontal
underground mining stability developed in various geo-
mining conditions. From these studies, there are ap-
proached a category of workings that have particular
interest since they developed in rocks with very special
characteristics compared to rocks where were placed
other main horizontal workings in different mining pe-
rimeters studied previously.

On the occasion of achieving observations it was
found that the analyzed horizontal mine workings were
driven in the following profiles: simple gallery built,
cross section 4.6 m> (GSZ — 4.6 m?) with closed floor;
double walled gallery, cross section 9.7 m?> (GDZ —
9.7 m?) with closed floor; simple concrete supported
gallery with open unsupported floor; simple metal ele-
ments supported gallery with open floor (GSM — 4.2 m?);
shotcrete double gallery, supported on very small length
in shotcrete.

With respect to the geological conditions in which
they were executed the underground works, important
factor on which the stability of any underground con-
struction relies, it was found that these works are placed
in the rocks characterized by complex geological condi-
tions, with altered rock, low resistance, water, inflow,
advanced cracks and tectonics (micro-tectonics) (Toderas
& Danciu, 2017). Most of these rocks are of andesitic
type with different deterioration degrees and consequent-
ly, with different content of clay minerals.

More the degree of alteration is advanced more the
rock is less resistant and thus pose a major problem in
terms of underground workings stability (Brady &
Brown, 1985; Lemaitre & Chaboche, 1988; Baud, Zhu,
& Wong, 2000; Masuda, 2001; Todera & Danciu, 2017).

It is a fact that the stability of the working should be
examined and assessed based on the working’s profile,
depending on the concentration of stresses occurring on
the contour profile. From this point of view regarding
horizontal underground works studied it was found that
they were used arched profiles with straight sides, vault-
ed profiles with curved walls, and trapezoidal and rec-
tangular profiles for transversal workings.

Analyzing the situation of the studied underground
horizontal workings, it was found that one of the factors
that contributed to the unsatisfactory state of their stabi-
lity was a weak correlation of the working profile with
the geo-mechanical conditions in which these construc-
tions are located.

On the other hand, workings with straight walls,
vaulted ceilings and open unsupported floors were typi-
cally placed in rocks with high tendency of deterioration
and swelling of floor. Given that it was found that the
rocks do have a pronounced swelling tendency of floors
it should have been adopted horseshoe — type profiles
with supported floor and/or circular profiles.

Regarding the state of employed support systems, it
can be specified a general finding for the assembly of
studied workings, i.e. the support systems deformations
have common features embodied by (Toderas & Danciu,
2017): release into the opening of the side walls; destruc-
tion of links between bricks; formation of longitudinal

40

cracks in the walls; detachment as plate-shaped from the
walls or the vaults; intense swelling of floor, as a conse-
quence of the water — rock interaction, resulting in de-
formation of the floors which in some places led to dis-
levelment reaching a maximum of 1 m above the normal
floor level with destructive effect on the support base,
thus causing and horizontally displacements towards the
inner gallery, unbalancing the support system.

Meanwhile, in addition to these visual observations
there were made measurements of convergence that have
extended over a period of approximately four years and
allowed us to appreciate the state of underground work-
ings also by their convergence. Thus, the overall reduc-
tion in the underground section of these workings com-
prised a part of the movements caused on the vertical and
lateral side walls, due to their movements.

Underground workings contour deformation values
have exceeded 20%, sometimes reaching up to 100% of
the baseline profile, the direction of maximum displace-
ment of the contour manifesting the from walls and floor,
leading to the conclusion that the workings status is un-
satisfactory. Given the character, intensity and direction
of strains manifestation and the types of supporting sys-
tems considered, it comes that between the two parame-
ters rock - support there is not a rational congruence, so
the state of galleries can be generally characterized as
unsatisfactory in terms of stability.

2. GENERAL CONTEXT OF THE RESEARCH

If in a rock massif is bored an underground working,
the labile massif’s balance is disturbed, the stress state
around the working is fundamentally changed, and the
distribution of the tensions to a new equilibrium create
concentrations of stress, a phenomenon that leads to the
formation of fissures, cracks, deformation on the perime-
ter of the work; they develop over time and create partial
separations, landslides or large masses rock slides which
tend to destroy the working.

Digging and supporting any underground working re-
quires from the outset a problem that apparently seems
simple, but it turns out to be very complex, namely: how
big is the safety of an underground supported or support-
ed space and what is the criterion of choice of support
system for these underground workings to prevent their
destruction, cause of rock massif’s imbalance?

It is this imbalance manifested around underground
workings that could not be fully explained, so that today
there are still some differences of opinion on the active
mining pressure, the use of underground works statics
and how to determine this pressure. In the study of min-
ing pressure regime manifestation on horizontal under-
ground mine workings were outlined three basic direc-
tions of research: analytical, laboratory and in situ direc-
tions, which are overlapping and interdependent
(Toderas, 2014). Authors’ opinion is that the current state
of knowledge of the mining pressure regime manifesta-
tion around underground workings is tributary to the
analytic research path, especially in this stage, when the
mathematical computation possibilities in technology and
industry began to be increasingly more and more used in
the determination of the stresses — deformation state,
rock displacement and underground construction stress.
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Analytical research includes a large number of as-
sumptions, widely scattered, relating to the manifestation
and determination of mining pressure and it is this diver-
sity we explain by their inability to embrace and highlight
simultaneously the whole range of factors favoring mine
pressure regime manifestation. This also results from the
fact that each hypothesis has been made taking into ac-
count a single factor or group of factors that were of some
importance in specific individual cases and therefore,
such a hypothesis is valid only for the conditions in which
it was created (Obert & Duvall, 1967; Brady & Brown,
1985; Toderas, 2014; Todera & Danciu, 2017).

Mining pressure science development was not linear
or sequential and nor the alternate of hypotheses so con-
secutive; however, it is unacceptable for developed hy-
potheses to be examined now just as a chain of scientific
research rejected in time. They signed up in our current
representation on rocks with support interaction, like
particular cases of such mutual actions; at that time, each
hypothesis given and represented an overall regularity.

By developing other ideas (Fomychov, Pochepov,
Fomychova, & Lapko, 2017; De Kerckhove & Rollier,
2003; Todera & Danciu, 2017) and taking into account
not only qualitatively but also quantitatively the phenom-
enon of rock — support interaction it was found at the
present stage a tendency to leave the path of assumptions
and crossing the path of creating mathematical models of
more accurately reproduction of the complex solid rock —
support system with its inherent anisotropies, heterotro-
pies and full range of mechanical, elastic and rheological
properties of the massif and support system (Stolle, 1989;
Stan-Kleczek & Idziak, 2008; Toderas, 2014; Toderas,
Moraru, & Popescu-Stelea, 2015; Toderas & Moraru,
2017). For the analysis of rock massif interaction with
the support, as model is used the mechanical model (de-
sign scheme and calculation of interaction) whose math-
ematical analysis determines the quantity and quality of
interaction parameters for each case. We mention that to
get accurate results, which do not involve the idealization
of the massif, the massif’s anisotropy should be consid-
ered as in principle the problem for anisotropic media
differs from setting the problem for isotropic media.

3. METHOD FOR ANALYZING THE PRESSURE
REGIME AND UNDERGROUND
WORKINGS STABILITY

From the mathematical point of view, the problem of de-
termining optimal values is to minimize or maximize some
functions are that are subjected to restrictions imposed by
the nature of the processes taken into account on the basis of
a particular performance; they are gene-rally nonlinear
problems. From the existing methods of calculation, the
significant development was recorded by the numerical
digital processes, in particular the finite element method.

Among the numerical methods that are most suitable
for stability analysis of underground workings and min-
ing pressure determination in the context of interaction, it
was considered that the finite element method shows me
the major advantage of its particularly simple and clear
meaning of the fundamental functions. The problem of
stability of an underground cavity, respectively the safe
and proper sizing of the support system for underground
mining, or geotechnical constructions (tunnels, adduction

41

galleries etc.) requires a fair assessment of the developed
state of tension, the phenomenon of movement of the
massif- support system, the effect of the heterogeneity of
these stresses, but also the influence generated by the
anisotropy factor, the non-homogeneity and the time.

The fact that the results obtained using the finite ele-
ment method are real and that the process has been well-
chosen, is confirmed both by in-situ observations
(Clough, 1965; Blake, 1966; Stolle, 1989; Stan-Kleczek
& Idziak, 2008; Fomychov, Pochepov, Fomychova, &
Lapko, 2017; Todera & Danciu, 2017) and the solutions
obtained by experimentation (Goodman, Taylor, Clough,
Wilson, Zienkiewicz, Reyes, Deere, Anderson and Dodd
etc.). Numerical simulation was performed in a custom
software, developed by authors in C ++ programming
language, divided into four blocks: a text - type interface
block; an assembly block which comprises the equations
used by the finite element method; the specific condi-
tions of each studied problem; a solving block, in which
the equations corresponding to mechanical models of
interaction have been defined; a postprocessing block for
storing results. Model variables are recovered in Gauss
class points, which is an analysis “pointer” containing the
mechanical object, the latter being a combination of
behavioral patterns or laws. In this part of the program is
performed the implementation of certain laws of behav-
ior and appropriate criteria.

The problem of determining the stress-strain around
different sections of underground mine workings with
different profiles which were included in the study
(Fig. 1) was solved by the finite element method in terms
of two-dimensional and non-linear aspect.

(a)

(b)

Figure 1. The studied continuum — rock massif — for a mine
working with straight walls and vaulted roof (a) and
circular shape (b)
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The studied continuum, represented by the rock mas-
sif comprising strongly metamorphosed andesite was
meshed up in a network of triangular elements corre-
sponding to physical meaning to be modelled.

In our case, given the existing hypotheses to explain
the distribution and expression of tensions around mine
workings, the size of triangular elements increases as we
move away from the working and their number decree-
ses, a solution that is consistent with the validity of the
principle that “as we move away from the mine working
(up to 6 — 8 times the radius of the working) the value of
stresses drops, tending to the tension value met the intact,
undisturbed massif”.

Each element is characterized both by mathematical
quantities, and by geological, physical-mechanical, elas-
tic deformation and rheological characteristics, according
to the properties of the rocks in which the underground
workings are drilled, elements finally defining the entire
structure. Time was considered in default, by movements
that were considered as functions of time.

Knowing the physical and mechanical, elastic and de-
formation properties of strongly metamorphosed hydro-
thermal andesite (Toderas, 2014; Toderas & Moraru,
2017), we assume that the state of deformation — stress
immediately after digging horizontal mine workings can
be characterized to some certain ultra low tension level
only by elastic deformations.

With the execution of underground work, the massif
gradually transforms into a state of secondary stress-strain
characterized by the occurrence of non-elastic defor-
mation elastic-plastic type, and finally the massif to be
destroyed, in which case only show such large plastic
deformations. This non-linearity is explained by the irre-
versible structural changes due to redistribution of the
tensions, the technological process of realization of the
work, the underground environment, hydro-geology con-
ditions. If this development is not prevented in time, then
the effect will be decreased resistance of rocks around
horizontal mine workings under load time and will yield
to massif breakage with destruction of the mine working.

Knowing the tension state in the elastic field and fur-
ther applying the finite element method, we attempted to
introduce also the physical nature of this nonlinearity, the
range of stability being limited at the value at which the
tension-deformation reaches the plastic domain, until
which the rock massif along with the support — system are
acting as an elastic-plastic deformation mechanical model.

In this respect, we accepted as criterion the Cou-
lomb-Mohr hypothesis generalized by Drucker-Pragher
in accordance with the Reyes assumptions (Reyes &
Deer, 1966; Richter, 1968); this hypothesis or criterion
is that the work of the additional strain is 0. This postu-
late by Drucker is called “the assumption of normality
and stability”. Still using this postulate and considering
the results, we mention that he finds the scope of the
subject in the interactions appropriate that the product
of additional vector and of deformation vector is greater
than zero and therefore we could call him “postulate of
stability and interaction”. But this postulate can be used
as plastic limit only if it binds to the plastic domain
through the plastic potential, finally obtaining the asso-
ciative law of flow.
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To calculate the pressure acting on horizontal mine
workings in order to properly dimensioning of the support
system, we accepted the concept of interaction rock —
supporting system, first proposed by Fritz Mohr in
1952. Attention has focused in particular on modifica-
tions over time of stresses and rocks studied were those
with plastic behaviour.

The reasoning is that in the initial state the assumed
mining excavation work will be loaded by the pressure or
tension as a result of the massif’s natural stress state. For
the mine working to be stable, it is required that the ac-
tion of the rock extracted from the working to be re-
placed from a static point of view by reaction forces
equal in value to the amount of tensions which will act
from inside toward outside the working, in which case
there are no movements of contour.

This means that the support system with required re-
action must be fitted before extracting rock excavated,
assumption that resembles with pushing a metal or solid
concrete tube into the massif. In practice, the support can
not be mounted either before or at the initial time (¢ = 0)
to achieve the excavation. The surrounding rock will be
subjected to a deformation and it will be developed a
new state of tension and thus significant pressure that
depend primarily on the nature of the terrain.

Given the nature of the andesitic rock type in which the
elastic deformation is fast, the support can not be mounted
only in the next phase, i.e. at a time >0, the phase in
which around the mine working is developed a zone of
non-elastic deformation, which until a certain a radius
develops an internal pressure, decreasing the variable pa-
rameter, which depends on the pressure of the stress-strain
condition, that is to say on the massif’s displacements.

In the range of non-elastic deformations there is a
time t; <ty (# is the time to stabilize the elastic non-
deformations) corresponding to the radial displacement
of rocks on the contour corresponding — in turn — to a
state of tension — deformation and thus to an adequate
pressure regime to mount a rational support system,
providing the mining work stability is ensured during the
entire operation.

With the overcoming of such movements, surround-
ing rock loses its strength, reaching a moment (#,/) to lose
completely its cohesion, in which case the pressure will
increase again due to the action deployed by the own
weight of the rocks.

Therefore, it is very important that the support
mounted after the occurrence of such a relaxation to be
of rigid type and not neutral, and the cooperation solid
massif — support will be balanced to a certain pressure
value and an overall bias that includes radial movement
of the rocks on the contour of the work support and
movement to the fitting of support system — rock.

Based on these considerations it was performed the
analytical formulation for the determination of the pres-
sure and hence the support system’s reaction for the
given situation, formulation which was carried out
through a matrix calculation simulating the reality estab-
lished by means of the finite element. The problem has
been solved for a monolithic support (bricks, concrete).

For simplicity, in the considered continuum elements
were numbered from the outside, this logic allowing us
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conventional network division into two parts: massif and
support and also allowed to use for the same structure of
the various forms of supporting — systems for maintain-
ing unchanged the initial information.

The supporting system profile has been divided into a
finite number of elements, starting from the structure’s
final node number (V) and ending at (N + n); the tips of
the support on its outer contour corresponds to the un-
supported mine working and therefore their coordinates
are consistent with those of the massif.

The problem was analyzed taking into account the
rheological behaviour of andesites, settling in this respect
the deformation and relaxation velocities of rocks on the
contour of mine workings.

Knowing the relaxation velocity and the relaxation
time, it was determined the average displacement needed
for the creation of the non-elastic deformation area,
where the pressure regime is favorable for mounting a
supporting system, values which are in the range ob-
tained by the finite element method (Table 1).

Table 1. The relaxation rate and the rock’s displacement value on the mine workings contour

. . . .. Average
Type of workin Location depth, m Ma)flmum radial Relaxation . Minimum displacement
yp & pth, tension, daN/cm?  rate, cm/day displacement, cm P
value, cm
Circular gallery in bricks 200 34.152 0.2500 2.750 4
(R=1550 mm; S = 4.6 m?) 400 62.503 0.25012 2.750
Circular gallery in bricks 200 37.046 0.4200 4.620 4
(R=2000 mm; S = 12.56 m?) 400 48.261 0.4200 4.620
Vaulted gallery with straight 200 29.972 0.2015 2.220 4
walls (S=4.2 m?) 400 36.249 0.2020 2.222

It should be noted that the stiffness matrix is given by
the matrix of matrixes corresponding to the elastic or
elastic-plastic stiffness, in function of the time (f) in
which we will place the support — system mounting.

The normal pressure on the support system or reac-
tion of the support system, by applying the finite element
method, will be:

pi =—(Fcosay, +Fsinagy );

, (D
i=(N,N+1,N+2,..N+n),
where:

o; — the angle which a finite element forms with the x
axis, that is determined based on the coordinates of the
knots;

F;—the vectorial components of the vector {F5¥},
namely the stresses on the support system.

Based on the analysis of the proposed algorithm, it is
found that it does not differs from that of determining the
state of tension only by modifying the data used, the
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increase in the number of finite elements and a number
of restrictions to be imposed depending on the type of
support used and of course, the deformation domain of
the considered the rock.

This algorithm was applied to study two cases:

— the case of constant bearing capacity, p; = constant;

— the case of increasing bearing capacity, p; = A-uA{),
where: A — support system stiffness; u,(¢) — displacement
with time.

4. RESULTS AND DISCUSSION

The results obtained by the numerical calculation, ac-
cording to the proposed algorithm are presented graph-
ically in Figures 2 — 6.

Analyzing the obtained results it is found that with
the execution of the underground working tension state
changes, modification reflected by the occurrence of
stress concentrations that jeopardize more or less the
stability of mining work, through the pressure it creates.
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Figure 2. Stress variation around the mining work: (a) D = 3100 mm; (b) D = 4000 mm
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In our case, the case of andesitic rocks strongly me-
tamorphosed hydrothermally tensions occurs, which
causes mine pressure for which directing the stress can
only be achieved by creating opportunities for relaxation
of the rock — support system, where after relaxation the
tangential stresses are decreasing in value outline the
work contour, their maximum moving at a distance equal
to the radius of non-elastic area, then decreasing towards
the stress value in the undisturbed massif (Fig. 2).

Radial stress values on the contour can not be consi-
dered null; there is highlighted a variation in their value
with the cross-section of the mine working and with the
depth of the location thereof, namely for an increase of
these two parameters, radial tensions are increasing from
the contour to the massif, reaching lower and lower val-
ues compared to the tension state in the massif, which
explains the worsening of workings stability with in-
creasing cross section and depth.

The movements that occur develops a certain free de-
formation of the rocks on the contour, the limit size of
which is depending on the size of the cross section of
mining work, their shape, depth, massif properties, the
time and the type of support used.

Time has an indirect influence on the size of move-
ments, in the sense with time the rock changes its charac-
teristics, losing its strength and being prone to increas-
ingly large displacements. The amount of displacement is
closely related to the reaction of the support due to the
bi-univocal dependence that occurs between these two
dimensions and time. The phenomenon of relaxation
accomplished by radial movement promotes the stability
of horizontal mine workings but only up to a certain
value (u, < u), after which it can worsen the cooperation
rock — support system, thus jeopardizing the stability.

The pressure regime created by executing horizontal
mine workings in andesite rocks highly metamorphosed
occurs irregularly. The shape of the diagram of the ar-
rangement of pressure distribution on the perimeter of the
main horizontal mine workings is a lemniscate and this
shape is not accidental, since it was found and confirmed
by the observations in situ which showed destruction of
the wall either completely or partially on the portions
where it is concluded that there is internal stress created
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by the uneven distribution of mine pressure. The work-
ings carried out in the considered conditions are charac-
terized by very high pressure on the side and from the
floor (Fig. 2).

The pressure regime was determined by placing a re-
striction, namely: limiting the radial movements of the
contour of the mine working by thee classical monolithic
concrete, support mounted immediately after cutting, and
regarded as having a load constant capacity, modulus of
elasticity of this support is much higher than of the rock,
which allowed to admit that the stiffness 4 — oo, corre-
sponding for a displacement on the contour u, = 0.

The pressure regime determined through the ma-
nagement of rock — supporting system interaction with
the use of an increasing load capacity was mathematical-
ly modelled through the restriction u, = 40 mm.

In this case, around the mine working it is formed a
relaxation area and there is noticed a change of pressure
regime and even some uniformity of it. Determined max-
imum and minimum pressures under rock — support sys-
tem interaction at different depths and different mining
shaped and sized mine workings are shown in Table 2.

To assess the stability of underground mine workings,
the methodology developed and applied in this case is
based on the principle of conformity and safety level
assessment, considering the requirements imposed in this
case. The method that we proposed is based on the defi-
nition of conformity in the field of safety and health at
work (Moraru & Babut, 2013; Babut & Moraru, 2014),
so we established a mathematical model for assessing the
stability of underground workings to take into account
factors that influence the stability.

Without going into details here on the description of
the proposed method, we mention only that were consid-
ered the main factors which are indicators of quantitative
assessment. Each of these factors were taken as an indi-
cation de have associated weighting coefficients having
values 1, 2, 3, 4 or 5 depending on the importance and
influence on the stability. Once the assessment of all
factors done, there were determined: the level of con-
formity (NC), the safety level (NS) and the degree of
non-conformity (GC) based on the score obtained (PO)
and the maximum score (PM) (Table 3).
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Table 2. Mine pressure values in the context of rock — support interaction

Mine working’s location depth

H=200m H=400m
Mine working type and shape Mine pressure, daN/cm?
u=0 u =40 u=0 u=40
Pmax Pmin Pmax Pmin Pmax Pmin Pmax Pmin
Brick-supported gallery, S = 4.2 m? 10.4 4.2 0.328 0.159 14.8 5.5 0.56 0.29
Brick-supported gallery, straight
NN roo% PRt 11756 3.906 0379 0.118 14908 5310 1245 0321
Brick-supported gallery, 11.8500  5.1506 0.68 0.25 20.45 832 13604  0.3400
circular profile, R = 2000 mm
Table 3. Proposed methodology for underground working stability assessment
Stability class
crt. Indicators (main influence factor) A B ; ¢ - D E Weighting
no Points rating factor
5 4 3 2 1
1 Support system stiffness, % X 4
2 Stress state after working’s execution, % X 3
3 Rock massif’s characteristics, % X 2
4 Time, % 3
5 Mine working’s geometry, % 3
6 Mine working’s location depth, % 3
Total points assigned to the indicators rated 5 A 5
Total points assigned to the indicators rated 4 B 4
Total points assigned to the indicators rated 3 C 9
Total points assigned to the indicators rated 2 D 2
Total points assigned to the indicators rated 1 E 0
Number of applicable indicators weighted by 5 f 3
Number of applicable indicators weighted by 4 g 2
Number of applicable indicators weighted by 3 h 1
Number of applicable indicators weighted by 2 i 0
Number of applicable indicators weighted by 1 j 0
Obtained points: PO=A+B+C+D+E PO 20
Maximum points: PM =5 (f+ g+ h+1+)) PM 30
Conformity level, % NC 66.6667
Obtained Points: PO’ =5A+4B +3C+2D+E PO’ 72
Maximum Points: PM’ =5 (5f+4g + 3h + 2i +)) PM’ 130
Safety level, % NS 55.3846
Unconformity degree, % GC 33.3333

The value of the level of safety which is also equiva-
lent to the stability of the considered mine workings
show that they have a low stability (55.3846%), which is
consistent with the results obtained by the numerical
method, and observations carried out. Depending on NS
value, the correspondence to the stability class of under-
ground mine workings is shown in Table 4.

Table 4. Correspondence between the safety criterion NS and
the stability class of mine workings

Mine workings stability class
Very high stability
High stability
Average stability

Safety level, %
91 — 100 (very high)
81 — 90 (high)

61 — 80 (average)

40 — 60 (low) Low stability (instability)
<40 (very low) Very low stability (total instability)
5. CONCLUSIONS

Given the nature, intensity and direction of manifesta-
tion of tensions and displacements of rocks on the contour
of the studied mine workings, considering the construction
of support systems employed on the one hand, and the
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pressure values obtained in this context on the other hand,
it resulted that between these two main factors rock —
support system, there is no a rational congruence, which
makes it impossible to find an economic and technical
solutions to achieve in this situation stability of mine
workings developed in strongly metamorphosed andesites.

The values relating to the pressure regime considered
in the two limit cases shows that the distribution and size
of stresses on the support system in the case of the elas-
tic-plastic model depends mainly on the support’s stiff-
ness, the stresses that occur after execution of the under-
ground working, time, massif’s characteristics, the geo-
metric characteristics of mine working and depth.

The strain state, the rigidity of the support and time
are parameters with great influence as they the behavior
of interaction rock — support must be known in all states,
including the interim ones, especially to the final support
which is non-deformable, stable and that it may with-
stand should not be stressed outside the elastic range.

Therefore, the surrounding rock must relax so that the
inelastic area to reach at a certain time a certain radius.
Consequently, in strongly metamorphosed andesite rock
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type is not recommended a rigid concrete support, but a
support with a gradually increasing load capacity, a com-
pressible support up to a point, then working stiff.

Rational is the steady-state of horizontal mine work-
ings to be assessed using methods of hereditary creep
simultaneously examining the two temporal phenomena
which are overlapping, however, namely: the deformation
of the rock depending on the support stiffness and decrease
process of the rock’s resistance, characterized by long time
strength function (in our case the Abel nucleus).

In the case of analyzed rocks, andesitic type strongly
metamorphosed, there is registered a progressive de-
crease in their resistance, being characterized in terms of
pressure regime through a system of unstable, vulnerable
equilibrium.

The decrease in resistance occurs primarily in the di-
rections of determinative anisotropy, generalizing with
the increased displacements around the contour of the
surrounding rock mass, resulting in a change of elastic
constants in time.

In the cases analyzed and presented, where the pro-
cess of deformation of rocks has a continuous character
over a long period of time, the support systems should
have also a proper bearing capacity, and a release rate
able to manage and standardize how to overtake the
charges. For these reasons, we recommend that in such
circumstances the need for some types of combined sup-
port systems to be considered.
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Meécanique des

PO3PAXYHOK I'lPCBKOI'O TUCKY METO/JOM KIHHEBUX EJIEMEHTIB
3 YPAXYBAHHSM B3A€EMO/IIi Y CACTEMI IIOPOJHUI MACHUB — KPIIUIEHHS

M. Tonepac, P. Mopapy, K. Januy

Merta. AHani3 CTIHKOCTI Mi3EMHUX TipHUYMX BUPOOOK, NMPOHIEHHUX Y CHIIBHO MeTaMopdi3oBaHOMY aHIE3WTi, 3a
JIOTIOMOT'0I0 YHCEIBHUX METOJIB MOJEIIOBaHHS. BU3HaunTH XapakTep BIUIMBY TipCHKOTO THCKY 3 YpaxyBaHHSIM B3ae-
Mozii y cucTeMi “TIOpOIHUI MacUB — KPIIJICHHS ’, BILTMBY HEOAHOPITHUX HAIPY KEeHB, aHI30TPOIIii OPix i gacy.

MeToauka. UncenpHul METO]| KIHLIEBHX €JIEMEHTIB BUKOPHCTOBYBABCS JUIsl PO3PaXyHKY paJiajibHOTO 3MilIEHHS Pi-
3HHX HaNpyXeHb i MOOYJOBH EMIOpH HAIpPY)KEHBb ISl aHANI30BAaHOI IAXTH. Y SIKOCTI KpUTEpis MIMHOCTI NMpUHHSATa
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rinore3a Kynona-Mopa, y3aransuena Jpykepom-IIparepoM BinnosigHo no npunymieHs Pelieca. CTifKicTh mig3eMHUX
BUPOOOK OIIHIOBANACS 32 JOMOMOIrOK MaTeMaTHYHOI Mojei, sika OyJjia CTBOpEHa Ha OCHOBI HPHHIUITYY HEOOXIIHOTO
piBHS KOH(QOPMHOCTI Ta Oe3MeKH, BIAMIOBITHO IO OCHOBHHX (DaKTOPiB, L0 BIUTMBAIOTH HA CTIMKICTH IMiI3EMHUX BUPOOOK.

PesyabraTu. Pe3ynbratu, OTpiMaHi y X0/Ii CIIOCTEPEKEHb 1 YUCETBbHUMH METO/IaMH, CBII4aTh PO HU3bKHUW PiBEHb
CTIHKOCTI aHaJi30BaHMX ITiI3EMHUX BUPOOOK. BcraHoBieHo, 110 31 30UIBLIICHHSIM HONEPEYHOTO MNepepily BHPOOKH i
rIUOMHH i 3aisraHHs paJianbHi Hapys>KeHHs 3pOCTal0Th BiJf KOHTYPY 10 MAaCHBY, AOCSATAIOYM O1IbII HU3bKUX 3HAYEHb
y MOPIBHSHHI 3 HANIPY)KCHUM CTAHOM B MACHBI, YMM 1 MOSICHIOETHCSI TIOTIPIICHHS CTIHKOCTI BUPOOOK. Bu3Haueno dak-
TOpH, 32 SIKUMH OIliHeHa CTiiiKicTh BUpoOku: piBeHpb BianosigHocti (NC), piBens O6e3nexu (NS) i cTyniHb HEBIINOBIA-
Hocti (GC) Ha ocHOBi oTprManoi ouinku (PO) ta mMakcumanbHoi ouninku (PM). PekomeHn0BaHO BUKOPHCTOBYBATH Y
CHJIbHO MeTaMOp(hi30BaHOMY aHJE3UTOBOMY THIII HOPiJ] HE KOPCTKEe OETOHHE KPIIUICHHS, a KPIIUICHHS 3 BAHTA)KOHECY-
YOIO 3/1aTHICTIO, 1110 MOCTYIIOBO 301JIbIIYETHCS.

HayxoBa HoBU3HA. P0o3KkpuTO MexaHi3M Je)OpMyBaHHS CUCTEMH “‘MacHB — KPIIUIEHHs” y CHIIbHO MeTamop(dizoBa-
HUX aHJIE3UTOBHX Mopozaax. Ha oCHOBI HOBOro MaTeMaTHYHOIO MiJXOAY /10 OLIHKM CTIHKOCTI BUPOOOK BCT@HOBJIEHO
BIJIMOBITHICTE MK KpuTepiem O6e3meku NS 1 KIlacoM CTiHKOCTi TipHUYHUX BUPOOOK.

IpakTHyna 3HAaYMMicTh. Pe3ynbTaTi NOCHIIPKEHHS! CIPUATUMYTDH MOJIMIIEHHIO CTIMKOCTI TpHUYMX BHPOOOK i
3HAYHO TiIBUIIATH PiBeHb BUPOOHNUIOI OE3MEKH MPOTATOM BCHOTO MEPioAy iX eKCIUTyaTarii.

Knrouosi cnosa: cmitikicms, 2ipcoKuil MUck, KpinjieHHs, Memoo KiHYegux eJleMeHmis, pieeHb KoHopmHocmi, be3nexa

PACYET IT'OPHOI'O JABJIEHUA METOIOM KOHEYHBIX 3JIEMEHTOB
C YYETOM B3AUMOJEUCTBHUA B CUCTEME ITIOPOJHBIU MACCHB — KPEITb

M. Tonepac, P. Mopapy, K. Januy

Henb. AHan3 yCTOWYMBOCTH MOI3EMHBIX TOPHBIX BBIPAOOTOK, MPOHICHHBIX B CHIIbHO METaMOP(U30BAHHOM aHJIE3HTE, C
TTOMOIIIBIO YUCTICHHBIX METO/IOB MoJiempoBaHus. ONpeNeNiTh XapaKTep BIUSHUS TOPHOTO JaBICHHS C YIETOM B3aUMOICH-
CTBHS B CHCTEME “TIOPOJIHBII MAaCCHB — KPEelb”’, BIUSHHSI HEOHOPOAHBIX HAMPSHKEHUH, aHU30TPOIIMU OPOA M BPEMEHH.

Metoaunka. UnuciieHHBIH METOJ] KOHCYHBIX 3JIEMEHTOB HCIIOJB30BAJCS JIUIS pacyeTa paJdalbHOTO CMEIICHUS pas-
JIMYHBIX HAMPSDKEHUI M MOCTPOCHUS S0Pl HANPSDKEHUH ISl aHANIM3UPYEMOU IaXThl. B KauecTBe KpUTEpHUs POYHO-
cTu npuHsTa runore3a Kyinona-Mopa, 0600menHas [pykepoM-IIparepoM B COOTBETCTBHU C MPEIIIONI0KEHUIME Peiie-
ca. YCTOWYHMBOCTh TO/I3eMHBIX BBIPAOOTOK OLIEHHBANIACH IPH IMOMOIIM MAaTEMAaTH4YeCKONH MOJEIH, KoTopast Obuia co3/a-
HA Ha OCHOBE IMPHHIUIIA HEOOXOMMOTO YPOBHS KOH(POPMHOCTH U O€30MacCHOCTH, B COOTBETCTBUU C OCHOBHBIMU (Dak-
TOpaMH, BIMSIOIIMMH Ha YCTOHYUBOCTD MOA3EMHbBIX BBIPAOOTOK.

Pe3yabTaThl. Pe3ynbraTel, HOTyYeHHBIC B X01€ HAONIOCHUIA W YHCICHHBIMA METOJJAMH, CBHICTEIBCTBYIOT O HH3-
KOM YPOBHE YCTOWYHMBOCTH aHAIN3UPYEMBIX IO/I3€MHBIX BHIPA0OTOK. Y CTAHOBJIEHO, YTO C YBEJIHUYSHHUEM IOIEPEYHOTO
CCUCHUuA Bblpa6OTKI/I nu FHyGI/IHbI €€ 3aJI0KCHUA paaJIbHbIC HAIIPSAKCHUA BO3PACTAIOT OT KOHTYpa K MaCCUBY, 1OCTUTasA
0oJiee HU3KUX 3HAYCHHI 10 CPABHCHHUIO C HAMPSIKEHHBIM COCTOSHHEM B MAacCHBE, YeM U OOBICHSICTCS YXY/IICHUE
YCTOHUHUBOCTH BBIpaOOTOK. OmpesenieHbl (HakTOPhl, MO KOTOPHIM OIICHEHA YCTOWYMBOCTH BBIPAOOTKH: YPOBEHbH COOT-
BerctBus (NC), ypoBeHs O6e3omacHocTH (NS) u crenieHs HecootBeTcTBHS (GC) Ha ocHOBe monydenHo orneHkn (PO) n
MaKCUMabHOH oreHku (PM). PekoMeHI0BaHO MCIOJIB30BaTh B CHIIBHO METaMOP()U30BAaHHOM aHJC3UTOBOM THIIC TIO-
PO/ HE KECTKYIO0 OETOHHYIO KPETib, & KPElb C MOCTENIEHHO YBEIMYHBAIOICHCS TPY30HECYIIEH CIOCOOHOCTHIO.

Hayunasi HoBHU3HA. PackpbIT MeXaHU3M JIe()OPMHUPOBAHUS CUCTEMBI “‘MaCCHB — KPEIlb” B CHJIIBHO MeTaMOp(U3UPO-
BaHHBIX aHJE3UTOBBIX MOpojax. Ha OCHOBE HOBOrO MaTEMaTHYECKOTO MOIXO0/a K OLEHKE YCTOWYMBOCTH BBIPAOOTOK
YCTaHOBJICHO COOTBETCTBHE MEXY KpUTEepHeM 0e30macHOCTH NS 1 K1acCOM YCTOMYHMBOCTH FOPHBIX BBIPAOOTOK.

IpakTUyeckasi 3HAYUMOCTb. Pe3ynbTaThl Hccae0BaHus OYIyT CIIOCOOCTBOBATH YIYUIICHUIO YCTOHYUBOCTU TOp-
HBIX BBIPA0OTOK W 3HAYMTEIBHO IMOBBICAT YPOBEHb MPOM3BOJCTBEHHON OE30MAaCHOCTH B TCUCHUE BCETO MEPHOJa HMX
IKCILTYaTAIUH.

Knrwouesvle cnosa: ycmouuugocms, 2oproe dasienue, Kpenb, Memoo KOHEUHbIX dNEeMEHMO8, YPOSeHb KOHBOPMHO-
cmu, 6e30nacHocmo
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