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Abstract

Purpose. Development of a new approach to improving the accuracy of predicting situations in which the earth’s surface
failures occur as a result of undermining a rock mass during the development of mineral deposits.

Methods. The critical situations, including the earth’s surface failures, are predicted on the basis of assessing the value of
geoenergy and studying its change as large volumes of rock mass are involved in mining. Analytical solutions based on the
fundamental laws of physics and mechanics of continuous media are used. The research is performed using methods of
cause-and-effect analysis.

Findings. Based on the cause-effect relationship, determined between the change in the value of the mass geoenergy and
deformation processes on the daylight surface of the field, an effective method has been developed for ranking it according
to the degree of hazard of failure formation with the simultaneous use of two criteria. One of the criteria is determined by
the relative change in geoenergy during the system transition from the initial (stable) state to the current one, which becomes
unstable under certain conditions. The second criterion is formed on the basis of the change in geoenergy during the transi-
tion from the current (possibly unstable) state to the final (stable) state.

Originality. For the first time, when zoning the daylight surface of a field according to the degree of hazard of failure for-
mation, two ranking criteria are used simultaneously, based on the assessment of geoenergy accumulated in a heterogeneous
mass, when it is undermined in the conditions of triaxial compression.

Practical implications. The territory ranking method, developed on the basis of the used criteria for hazard of failure for-
mation, allows improving the quality of situational control, predicting risk situations and their development, as well as opti-
mizing the short-term and long-term plans for the development of mining operations.

Keywords: failure formation hazard, zone regionalization, prediction, criterion, geoenergy, elastic deformation, ranking

1. Introduction

Mining of mineral reserves from the subsoil by the un-
derground method is accompanied by progressive disconti-
nuities, structural changes in the rock mass properties, and
various natural and technogenic processes. Against the back-
ground of a reactionary change in the stress-strain state (SSS)
of the rock mass, existing geomechanical processes are acti-
vated and new ones are initiated. In addition, the propagation
of tectonic faults is provoked, as well as the failure of rocks
in mine workings, which causes a rock mass displacement
with a possible outcrop to the earth’s surface. Taken togeth-
er, these processes can lead to negative consequences up to
emergency situations [1], [2]. This poses a threat to produc-
tion, violation of ecological stability and loss of minerals. To
ensure the safety of mining operations in these difficult con-
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ditions, it is necessary to predict risk situations, the reliability
and durability of which depend on the effectiveness of moni-
toring the state and development of deformation processes in
the rock mass.

1.1. Setting of a problem

Traditional instrumental monitoring of the earth’s surface
state of the field provides short-term or medium-term predic-
tions exclusively at the stage of stable dynamics of displace-
ment processes due to its limited capabilities. As a rule, it is
not possible to identify failure-hazardous areas that are at the
stage of being involved in the displacement process, and to
determine the moment of their entry into this process. If the
duration of such a state of the areas is not determined, due to
the complexity of the course of geomechanical processes and
the ambiguity of assessing the velocity vector of propagating
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deformation disturbances coming from the depth of the rock
mass, this can lead to unforeseen consequences. This may
result in an unpredictable emergence of a crisis situation at
an unexpected time in an indefinite place on the earth’s sur-
face of the field in the form of its subsidence or failure [3].

A typical example of such process development is the
situation at the Zhezkazgan copper ore deposit, in particular
at the Annensky mine, which is part of it. This is one of the
largest copper deposits on the territory of the Republic of
Kazakhstan, where a room-and-pillar (panel-and-pillar) min-
ing system is used. Active mining operations have led to the
fact that today the volume of accumulated cavities is about
222 million m® (at least half of them are classified as unsta-
ble). On the territory of the mine itself, significant areas fell
into the trough formation area, formed as a result of the de-
struction of room fenders and failures of the partings. The
peculiarity of the Annensky mine is the incoherence of the
mined-out spaces in plan and along the vertical, the fragmen-
tation of the undermined overlying stratum, the presence of
areas of mass and pillars, which were not undermined. At the
same time, there are significant balance reserves of ore, con-
taining more than 256 thousand tons of copper, in the shift
trough. This trend is of a global nature, characterized by an
increase in the intensity of negative manifestations on the
earth’s surface of mined fields [4], [5]. To predict such situa-
tions, a comprehensive analysis of the stress-strain state of
the rock mass is required during the formation of a signifi-
cant volume of mined-out space.

So, at present, at the mining enterprises of China, South
Africa, Chile, Ukraine, Russia and Kazakhstan (Shakhtarska-
Gliboka mine LLC, Mponeng, Western Deep Levels Mine,
Witwatersrand, Krasnoyarskaya Mine 0OJSC, SUEK-
Kuzbass, Kazzinc LLP, etc.), there are failures of the earth’s
surface that are not predicted according to the regulatory
methods [6], [7]. The problem of predicting the hazard of
failure formation is very relevant for the Ridder-Sokolny
polymetallic deposit, which is located on the outskirts of the
city of Ridder (East Kazakhstan region). Almost 70% of ore
is mined by sublevel (and partly horizon) mining systems
with caving of the host rocks, 30% — by the stope system of
mining with the backfilling of the mined-out space. The
explored ore reserves are sufficient to maintain the current
production level for the next 20 years. However, the duration
of operation, the scale of work, an increase in the depth of
mining the field in the presence of structural disturbances and
rock mass-bump hazard, the accumulation of the number of
abandoned cavities is a factor leading to hard-to-predict crisis
situations. In particular, possible earth’s surface failures pose
a real threat. In 2014, there was a failure on the territory of a
residential area in the city of Ridder, as a result of which a
residential building has been damaged. This event has
demonstrated a high degree of hazard of the current geome-
chanical situation. Of particular concern is the possibility of a
failure formation under the bed of the Bystrukha River, which
flows on the outskirts of the city. If such an event occurs, it
can lead to an ecological disaster and flooding of the field.

In such situations, industrial safety, which has been and
remains an urgent problem for all mining enterprises, can be
solved only in the conditions of ensuring a reliable and long-
term prediction of hazardous situations caused by the mani-
festations of failures. Thus, the development of a scientific
and methodological base for identifying such areas is of great
scientific and significant practical interest. A qualitative
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prediction can only be based on the results of the stress-strain
state analysis and the development of deformation processes
throughout the field.

1.2. Critical analysis

Existing prediction methods, which provide detailed in-
formation about the forms of genesis and patterns of distribu-
tion of disturbances, about changes in the properties and state
of the rock mass, make it possible to perform quantitative and
qualitative assessments of the conditions for the formation
and occurrence of disturbances, the degree of the disturbed
state, as well as make an assumption about the directions and
intensity of such processes within local areas [8]-[10]. The
main disadvantages of these methods are their locality, insuf-
ficient reliability and lack of consideration of the time factor.

In Kazakhstan, on the basis of the set cause-effect rela-
tionship between the processes in the mass and on the sur-
face, the scientific and methodological base of methods for
identifying weakened zones on the earth’s surface of ore
deposits has been developed [11]-[14].

One of the promising directions for solving this problem
is the development of methods for zone regionalization of the
field earth’s surface according to the degree of problematici-
ty. The methods make it possible to simultaneously identify
areas that are at the stage of involvement in the displacement
process over the entire field surface. The improvement of
such methods is of considerable practical interest. Zone re-
gionalization is made according to the criterion, the basis of
which consists of values (parameters) characterizing the state
of the mass. The parameters are selected based on the scope
of the solved problem and the requirements for accuracy.

Zone regionalization, regardless of the chosen method, is
performed according to the following algorithm:

— determining the parameters of the rock mass state
which form the basis of the zoning criterion;

— determining the dependence of the criterion on the state
parameters;

— determining the numerical values of the state parame-
ters and the zoning criterion for each point of the field earth’s
surface according to geological, mining, geodetic data and
geomechanical documentation;

— plotting the obtained values of the criterion on the field
plan and contouring the isolines;

— determining the criterion boundary value which divides
the zones according to the hazard degree;

— identification of hazardous zones on the field plan ac-
cording to the degree of failure formation hazard by the nu-
merical value of the criterion.

The numerical boundary value of the criterion is deter-
mined for each field based on a retrospective cause-and-
effect analysis of geodynamic events occurring in the rock
mass and its structural peculiarities (geological structure,
tectonic faults, fracturing, the applied mining system, physi-
cal-mechanical properties and the initial stress-strain state of
the rock mass). The criterion value is taken to be the same
for the entire field territory. Additionally, according to the
results of the analysis, the correlation dependence of the
maximum permissible subsidence value on the parameters
that make up the criterion basis is determined. On the situa-
tional map of the field surface, weakened areas, where in-
strumental monitoring has revealed the presence of a dis-
placement process, are supplemented by problem areas iden-
tified by zone regionalization [12].
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Despite the great potential of the research into defor-
mation processes, the existing methods are limited in accura-
cy, since they do not reflect the nature of various geomechan-
ical processes occurring in the rock mass. The basis of the
criterion for these methods is developed using “dimensional”
parameters that determine the rock mass state by such values
as the depth and output of the mine working with their sum-
mation over the entire field, but does not reflect its properties
and stress-strain state. It is also impossible to significantly
increase the efficiency of zone regionalization, taking into
account the heterogeneity of the rock mass in the direction of
improving the criterion [15]-[18]. The most promising meth-
ods of zone regionalization are methods using energy parame-
ters that determine the value of geoenergy and its change [19].

Geoenergy, determined by the sum of potential gravita-
tional energy and elastic deformation energy, in terms of its
physical orientation, along with the determining the SSS, is the
most important tool for increasing the reliability of predicting
various geomechanical processes in a rock mass, as well as the
general basis for their occurrence and development [20], [21].

Changes in geoenergy are directly caused by cavities of
various shapes and sizes created in the rock mass. Therefore,
in order to study pre-crisis anomalies in the development of
geomechanical processes preceding geodynamic phenomena,
much attention has recently been paid to the energy parame-
ters characterizing the rock mass state as an open, dissipative
natural and technical system [22]-[24].

In the works [25]-[27] it is shown that in the process of
change this system in some rock mass areas reaches a certain
critical state, at which it becomes unstable. This happens due
to internal and external energy sources, provided that the rate
of energy accumulation exceeds its dissipation. Various
options for energy schemes and predictions are based on the
dependence of the potential energy value on the depth of the
rock mass element location and on its redistribution during
the development of mining operations under the influence of
various geomechanical processes.

This fact was used in the work [18], which demonstrates
that the research on geomechanical processes can be greatly
simplified by considering the rock mass, in which artificial
cavities for various purposes are created, as a single system
with a certain supply of potential energy. The latter consists
of a gravitational component and elastic deformation energy,
which change under the influence of mining operations. In
the work [13] it is shown that the definition of geoenergy in
the form of the sum of the potential gravitational energy and
elastic deformation energy makes it possible to reasonably
represent the occurrence and development of various geome-
chanical processes as a consequence of its change.

1.3. Identification of an unsolved problem

In a virgin rock mass, gravitational forces predetermine
the formation of a field of initial mechanical stresses under
its own weight in an effort of the system to achieve a state of
stable equilibrium. However, with the beginning of mining
operations, the picture changes dramatically. In the case of
the rock mass discontinuity, the dominant role in achieving
stability by the system passes to the forces of elastic interac-
tion. Therefore, a significant disadvantage of the above
method [11] is the absence in the criterion of an important
component of the mass geoenergy — the elastic deformation
energy. At the same time, it should be noted that the share of
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potential energy of elastic deformation increases significantly
with the depth of mining the field.

One of the above method main disadvantages [13] is the
use of a model of uniaxial elastic compression of the mass
under the influence of the weight of overlying rocks to cal-
culate the elastic deformation energy, which does not corre-
spond to reality. As practice shows, as well as in accordance
with the A. Geim hypothesis [26], the mass is exposed to
triaxial hydrostatic compression. In addition, the use of the
difference in geoenergy as a zoning criterion only in the
initial (stable) and current (unstable) states of the rock mass
reduces the accuracy of the method. This is conditioned by
the uncertainty in the distribution of energy between the
mass and that part of it that previously filled the mined-out
space. This is a direct consequence of the disturbance
of system integrity due to non-observance of mass invari-
ance. The process of transition from the initial state to the
current one is irreversible and, therefore, a return to the
system stability can be achieved only under the influence of
external influences.

Further research should be aimed at eliminating of the
noted disadvantages. In particular, when developing the
criteria, it is necessary to take into account not only the rela-
tive change in geoenergy during the transition of the system
from the initial state to the current one, but also during the
transition from the current state to the final one.

The purpose of this work is to develop improved methods
for ranking the territory according to the degree of hazard of
failure formation, which is based on the simultaneous use of
two complementary criteria that determine the energy state of
the system. One of the criteria should determine the system
transition from the initial (stable) state to the current one,
which may or may not be unstable. The second criterion
should determine the possibility of returning the system from
the current (possibly unstable) state to a stable state. Thus,
the accuracy of identifying the zones in which there is a risk
of dynamic development of irreversible deformations with
the formation of the earth’s surface failures is increased.

It should be noted that one of the most effective methods
for maintaining the rock mass stability is the backfilling of
the formed cavities. In this case, the system regains stability,
in which the “free” energy is transformed into “bound” ener-
gy, reducing the intensity of geomechanical processes to the
natural level. Otherwise, cavities that are not backfilled and
disturb the continuity and stability of the state of the sur-
rounding rock mass continue to cause a reactionary change in
its stress-strain state, activate existing and initiate new geo-
mechanical processes until the system reaches a stable state
and becomes free from “free” energy. The approach pro-
posed below is based on these principles.

2. Research methods

To calculate the criteria, a model is used, according to
which the field is divided into mass elements in the form of a
square section pillar of a unit area, extending along the z-axis
from the lower horizon (z=0) to the daylight surface. To
take into account the anisotropy of physical-mechanical
properties in accordance with geological-prospecting and
geotechnical data, the rock mass is divided into layers, within
which the specific gravity (density), Young’s modulus and
Poisson’s ratio can be considered constant (Fig. 1a).
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Figure 1. Scheme for calculating the geoenergy of a rock mass:
(a) in the initial state; (b) in the current state; (c) in the
final state

Each layer separately and pillar as a whole, which are in
the gravitational field of the Earth, have potential gravita-
tional energy proportional to its mass (weight). The level at
z = 0 is taken as zero energy level.

In accordance with this, the potential gravitational energy
of i-th layer Wriis equal to:

Wr. = Vihizei = 9pihizei s @
where:

Z.i — vertical coordinate of the center of gravity (mass) of
the layer;

g — acceleration of gravity.
For an isotropic layer, the vertical coordinate of the mass
center and the layer geometric center coincide:

()

1
Zei =—(zi +Zi_1)-
Ci 2( i i 1)
Accordingly, the potential gravitational energy of the en-
tire pillar in the initial state is Wro:

n n n
Wro = _leTi =_Zl7’i hyZi =_Zlgpi hizgj - 3
1= 1= 1=

The same result can be obtained using the vertical com-
ponent of the mass center of the entire pillar z, which, when
determined, is equal to:

n
_lei hiZgi
_i=
2o == : (4)
> pily
|
where:

zi and z;.1 — the coordinates of the upper and lower border;

hi = zj — zi.1 — thickness;

Ei — Young’s modulus;

ui — Poisson’s ratio;

pi — density;

yi — specific gravity of the i-th layer;

m; — output of the j-th mine working;

m = Y'm; — total output of mine workings.

Each layer is exposed to pressure from the overlying
layers, determined by their total weight. As a result of triaxial
compression, each layer accumulates the potential energy
of elastic deformation with an energy density i, which is
equal to [28]:
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2
|
where:
pi — pressure on the i-th layer from the side of the over-
lying layers;
Ki — bulk modulus of the layer elasticity:
P = z% hy» ®)
I=i+1
&, Y]
3(:I-_Z,Ui)
where:

Ei — Young’s modulus;

ui— Poisson’s ratio.

Triaxial compression means equality of the initial stresses
in the mass:

(®)

Under one-sided compression, each layer has a potential
energy of elastic deformation with a density woi:

Oxi =0yi =03z =0 = Dj.

o

e ©)

2]

The energy capacity of the layer is proportional to the den-
sity of its energy. From (5) and (9) it follows that the energy
capacity of the rock mass i-th layer under triaxial compression
can exceed the energy capacity of one-sided compression by
more than two times. This ratio is determined by Poisson’s
ratio and does not depend on Young’s modulus:

@i

]

From (5), taking into account (6), (7) and (8), the defor-
mation energy of elastic triaxial compression of i-th layer
Wh;i is determined as:

=3(1-2u). (10)

N 2
3[| _Zlﬂ hy ] (1-244 )by
Wpj = @V = ——+ : 11
Di (M| 2Ei ( )
where:
Vi = hi —a layer volume with a unit cross-sectional area of
the pillar.

Accordingly, the total deformation energy of the entire
pillar in the initial state Wpo is equal to the sum of energies in
its layers:

Woo =S Wy =S 3(2‘/‘“ )Z (1-244)h, |

i=1 i=1 2E|

(12)

where:

n — number of layers.

The geoenergy of the entire distinguished rock mass ele-
ment (pillar) Wy in the initial state is determined by the sum
of the potential gravitational energy Wro (3) and elastic de-
formation energy Wpo (12):
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3[ % 7|h|j (-2 )by
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2E,
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Mining of minerals is accompanied by the formation of
cavities in the rock mass. As a result, instead of some layers
in the pillar, mine workings appear (Fig. 1b). This leads to a
change in its geoenergy.

The value of geoenergy in the current and intermediate
state Wp is determined from (13), taking into account the
resulting cavities, by a simple restriction within the summa-
tion boundaries:

2
[ a-2n
vibize + 2F, ,

n
. 3( z nh
> I1=i+1

i=Li%]

Wp = (14)

where:

j —the ordinal number of the layer replaced by the mined-
out space with a vertical dimension m; (m; = h;).

If the mined-out space covers several layers, then j is rep-
resented by the numbers of the upper and lower layers that
form it. An alternative to calculating the energy Ws is the
direct use of expression (13) when determining the condition
yi=0ati=].

Accordingly, the change in energy AWoee during the rock
mass transition from the initial state to the intermediate state
is determined by the difference of energies Wy (13) and Wo
(14) or the value of energy that the mined-out layers had
before they were extracted:

m
23 7ih
i=j

— (15)
3E; (1-24;)

f
AWOP = _kaj }/jzcj +
j=

where:

m; — thickness of the j-th mined-out layer;

f — final number of mine working.

The presence of unabsorbed cavities determines the un-
stable equilibrium of the system at the current time and mo-
tivates its transition to a final state that is stable (Fig. 1c). In
this case, each layer is lowered by the value of the total out-
put of the mine workings located under it simultaneously
with the vertical coordinate of its center of gravity:
| (16)

1
Z¢j = Zgi — kaj ;

j

where:

k — the number of the first mine working along the verti-
cal, coinciding with the i-th layer;

z¢; —new coordinate of the mass center of the layer.

As a result, the potential energy of the layer in the final
state, taking into account (1) and (16), is equal to:
i-1
j=k

Wri = 7ih; [Zci - n
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From (17) and (1) it follows, that when the layer is low-

ered, its gravitational energy decreases by the value of AWr;:
i-1

M = 7ihy _ka j- (18)
j:

In contrast, with a decrease in the layer position, its elas-
tic deformation energy increases under conditions of hydro-
static pressure distribution. This leads to an increase in the
density of the elastic deformation energy of the layer Aw;,
which is determined from (5) as follows:

(19)

where:
P; — pressure, which is determined by the position of the
mass center of the layer:

(20)

P.
R=hR _FO Zgj -
where:
Po — pressure generated by the weight of the entire pillar
at zero level, H = z, — its height.
From (20), using (16), the pressure change AP; is:

p, i-1
AR =1 5 m; (21)
H j=k

The change in the elastic deformation energy of the i-th
layer AWp; is determined from (11), taking into account
(19), (20), (21):

n
3( z nh
Mip; = Aayhy = =174

-z

H-E

(22)
j=k

Accordingly, the change in the geoenergy of the entire
rock mass pillar AWpk during the transition from the inter-
mediate (current) state to the final state is obtained from (18)
and (22):

n
3( Y rihy j(l_zﬂi )
I=i+1
H-E

5 (23)

i=Li |

Mpy = yili +

The relative change in geoenergy a during the rock mass
transition from the initial state of the system to the current
state, taking into account (13) and (17), is equal to:

m
23 7ihy

f
Zm. 7/.2.+L
ik 117159 1_2/“j

_ Mg _
Wo

. (24)
[ a-2n

2E,

n
. 3( Z nh
_Z |=i+1

n
> 7ihizci +
i=1 i=1

The relative change in geoenergy B during the transition
of the system from the current state to the final state, taking
into account (14) and (23), is:
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n individual sites, for each surface point, the numerical values
m 3( 2 7ihij(1—2ﬂi) i1 of the criteria « and A are calculated by the Formulas (24)
> yri+ 1= - X mj and (25). Current geological sections, mine surveying and
i=Li#] H-§ J=k geotechnical documentation are used as initial data. The
8= MWpk _ .(25)  values of a and g are indicated on the field plan. By connect-
Wp n 2 ing points with the same numerical value, the extrapolation
N 3( N h|j (1—2/4 )hi method is used to contour isolines for each criterion separate-
Y phzg + =t ly. Isolines divide the earth’s surface into zones, the bounda-
i=Li%] 2E; ries of which they are. Thus, a situational map of the site or
the field as a whole is created.

Practical testing of the developed method for zone re-
The methods for calculating the values of o and S prede-  gionalization is conducted at the Ridder-Sokolny poly-
termines their use as criteria for ranking the earth’s surface  metallic ore deposit. The deposit has been drilled with
areas according to the degree of failure formation hazard in 12 vertical shafts to a depth of 460 meters. Mining is con-

accordance with the concept of zone regionalization adopted  ducted at 12 deposits and 18 mining levels (Fig. 2).
in the method with the simultaneous use of two criteria. Prediction and localization of the hazard of the earth’s
The zoning method in accordance with the developed cri-  surface failure formation in the conditions of the Ridder-

teria is as follows. Over the entire area of the field or its  Sokolny deposit is extremely relevant.
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Figure 2. Field opening scheme

To solve this problem, the above method of zone  on different parts of the surface. The depth of the failures is
regionalization of the earth's surface has been used to deter-  from 16 to 37 m. For each case, a detailed analysis of the caus-
mine the degree of hazard of failure formation with the simul-  es of failure formation has been conducted, the parameters
taneous use of two criteria. Based on the data of exploratory  included in Expressions (24), (25) have been determined. Thus,
wells and the provided technical documentation, the values of  for these conditions, the values of the criteria o and 3 have been
the criteria a and B have been calculated by Formulas (24) and  determined, indicating a certain degree of hazard of failure
(25) for each point of the surface. Then the isolines of these ~ formation. The number of such degrees in each specific case
values have been contoured, which limit the zones with  follows from the purpose and conditions of the set zoning task.
different degrees of hazard of failure formation.

When classifying the obtained zones by the degree of 3. Results and discussion
hazard of failure formation, the most important task is to
substantiate the boundary numerical value of each of the
criteria, which, in accordance with the zoning algorithm, is
set individually for each field. Theoretical calculations can
give only an approximate result due to the lack of reliable
methods, since many factors must be taken into account in
combination with the difficulties in assessing the degree of
their influence on various geomechanical processes. As prac-
tice shows, the required accuracy and reliability of determining
the boundary value of the criterion are achieved by methods
combining theoretical and experimental approaches based on
the results of geodetic monitoring of the surface, mathematical
modeling of the situation development and the cause-and-
effect analysis of the crisis events that have occurred.

Under the conditions of the Ridder-Sokolny deposit, eight
failures are analyzed, which were formed at different time and

For the conditions of the Ridder-Sokolny deposit, five
degrees of hazard of failure formation have been substantiat-
ed in accordance with the boundary values of each criterion:
high degree (both criteria exceed the boundary values), in-
creased according to the a criterion (only the o criterion
exceeds the boundary value), increased according to the g
criterion (only the g criterion exceeds the boundary value),
medium and low degrees (Table 1). The values of the criteria
are calculated by Formulas (24) and (25), but recalculated as
a percentage of the geoenergy value in the corresponding
state (initial or current). In accordance with the developed
classification, the earth’s surface zones, limited by the iso-
lines of the values of « and S, are assigned to one or another
degree of hazard. Thus, on the basis of isolines, a situational
map of the earth's surface of the Ridder-Sokolny deposit has
been compiled (Fig. 3).
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Table 1. Boundary values of the criteria for the specified degrees
of failure formation hazard

Degree of failure

formation hazard @ % B. %
High a>13 £>19
Increased by « criterion a>13 14<p<19
Increased by £ criterion 8<a<13 =19
Medium 8<a<13 14<p<19
Low a<8 p<14

s 4

—_y

Figure 3. Situational map of the earth’s surface area at the Rid-
der-Sokolny deposit: 1 —low degree; 2 —medium degree;
3 —increased degree (criterion a); 4 — increased degree
(criterion p); 5 — high degree of failure formation hazard

The earth’s surface, included in the zone of a high degree
of failure formation hazard (dark red), rests on a rock mass
containing a network of mine workings, which are located on
11 horizons, with a total volume of cavities over 125 thou-
sand mé. At the same time, only the stopes of the 1%, 2" and
11™ horizons of block No. 31, as well as the stopes of the 101"
and 11-14" horizons of block No. 2 with a total volume of
27 thousand m?® are backfilled. Analysis of the current situa-
tion has shown that in order to reduce the risks and bring the
site out of the state of a high degree of failure formation
hazard, it is necessary to intensively backfill the remaining
cavities. At the same time, the priority of backfilling the
stopes, which is also determined by zone regionalization, is
of great importance. So, in particular, according to the results
of zoning, it has been shown that backfilling of only the
stopes of the 2", 5" and 18" horizons of block No. 96 al-
ready makes it possible to reduce the degree of failure for-
mation hazard at the site from high to low. Thus, the devel-
oped method can be an effective tool for drawing up a plan
for backfilling operations.

The results of zone regionalization have been compared
with the data obtained by ground geodetic measurements and
space radar interferometry, as well as by the results of a
retrospective analysis of past events. Verification of the re-
sults of the method practical application has shown an in-
crease in the accuracy of zoning by 20-30% compared to
traditional methods, in which only the ratio of the total depth
of mine workings H to their total thickness m is used as a
criterion for hazard of failure formation. In addition, the
zoning accuracy is increased by 15-20% in relation to meth-
ods that use only the potential gravitational energy [11].
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Comparative analysis of the results of zoning according
to a and g criteria has revealed good convergence at the
values of thickness m < 0.05 H of mined layers, which corre-
sponds to the zones of medium and low degrees of failure
formation hazard (Table 1). At m >0.05 H, the boundaries of
the zones of the increased degree of failure formation hazard,
determined for each of the criteria separately, may not coin-
cide. This is a consequence of the fact that one of the criteria
is based on the parameters characterizing the process of the
system’s transition to a state of unstable equilibrium, and the
second is the exit from it. The combined use of both criteria
allows taking into account all possible options for the im-
plementation of geomechanical processes and increasing the
reliability of determining the boundaries of zones. In this
case, the boundary of the zone of the high degree of failure
formation hazard summarizes the zones of the increased
degree of hazard, determined separately for each of the crite-
ria. The earth’s surface areas that are simultaneously located
in zones of an increased degree of failure formation hazard
and in accordance with a and g criteria are considered the
zones of a high degree of failure hazard.

For the conditions of the Ridder-Sokolny deposit, instru-
mental measurements of the earth’s surface maximum sub-
sidence 7, have been conducted, set in accordance with the
calculated values a and g of the relative change in geoenergy.
The determined dependences have the similar character and,
with the reliability of R? =0.9-0.92, are described by power
functions of the form:

1)? 1
Ty =0.39£—J —23-4+255; (26)
a o
2
1 1
Ty :0.59(-} _32-4382. @7)
B B

The dependency graphs between the maximum subsidence
value and the change in geoenergy are shown in Figure 4.

The obtained correlation dependences make it possible to
obtain the expected maximum permissible deformations
depending on the change in geoenergy, which is determined
by the state and properties of the rock mass, the depth and
thickness of mining. It is also possible to solve inverse prob-
lems, that is, to choose such dimensions of cavities and
depths at which the earth’s surface deformations do not ex-
ceed the maximum permissible for the undermined objects.
The relative changes in geoenergy a and g in accordance
with the concept of the method are the criteria for zoning
and, therefore, are known for each point of the mass together
with the maximum value of surface subsidence determined
from (26) and (27). This makes it possible to assess the de-
gree of failure formation hazard of the site on the basis of
comparing the current (measured) value of earth’s surface
subsidence with the maximum value and thus increase the
coefficient of mining minerals in problem areas.

Along with the main task of zoning the earth’s surface
according to the degree of hazard of failure formation, the
proposed method makes it possible to optimize and increase
the efficiency of instrumental observations of the earth’s
surface state. The information content and objectivity of
instrumental monitoring depend on the optimal choice of
geodetic observation sites for problem areas, which can be
identified precisely based on the results of zoning.
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Figure 4. The dependency graphs between the maximum subsidence
value and the change in geoenergy: (a) dependence be-
tween nu and a; (b) dependence between »u and g

This approach has been implemented in the conditions of
the Ridder-Sokolny deposit when constructing additional
profile lines for setting the observation stations and conduc-
ting high-precision leveling of the residential area. To moni-
tor the state of the residential area, 6 profile lines were set,
located along the streets of Gorky, Khoreva, Borovaya 1,
Borovaya 2, Khariuzovskaya and in the area of the concrete
pipeline route along the Bystrukha River, which, in accord-
ance with the zoning performed, were in the zone of in-
creased hazard of failure formation. The total length of pro-
file lines with 96 bench marks is 3.3 km (Fig. 5).

Figure 5. Observation stations located in a residential area

Another direction of optimization of instrumental moni-
toring is based on the fact that all observation points located
on the same isoline, according to the conditions of zoning,
are identical from the point of view of the problematic nature
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of the studied surface area. Moreover, the earth’s surface
areas located in different parts of the field, but on the same
isolines, are also identical in terms of the degree of hazard of
failure formation. Therefore, geodetic observations of the
earth’s surface displacement can be limited to monitoring the
state of one arbitrarily selected area. The measurement re-
sults can be applied to the corresponding identical areas. This
makes it possible to significantly reduce the monitoring time
of the entire surface, increase the measurement frequency
due to its localization and significantly reduce costs.

Zone regionalization is conducted using a specially de-
veloped, problem-oriented geoinformation model of geome-
chanical risks (GMGR) with a database management system
(DBMS). The system is loaded with parameters characteriz-
ing the expected spatial-temporal distribution of mine work-
ings, the structure and physical-mechanical properties of the
host rock mass, corresponding to each option of mining op-
erations. The DBMS of a model is client-server and objec-
tive-relational Postgre SQL with the Post GIS extension,
which ensures the storage and processing of large amounts of
data obtained as a result of monitoring. In order to operate,
the model uses ERDAS IMAGINE software. Based on the
results of zoning, for each option of the mining plan, predic-
tive situational maps are created, which make it possible to
observe the spatial-temporal development of possible risk
situations and assess the degree of their hazard. Based on the
cause-and-effect and comparative analysis of situational
maps, the optimal mining plan is determined. Mining opera-
tions in the hazardous areas are prohibited or substantially
limited by safety requirements. Accordingly, when choosing
the optimal mining plan, the model is focused on minimizing
the loss of balance reserves of minerals, which may not coin-
cide with the minimum value of the area of zones. For this,
the DBMS for each site of the field additionally introduces
the surface density value of the balance reserves of minerals,
which is equal to the ratio of the ore mass to the area under
which it occurs.

4. Conclusions

Identification of the earth’s surface zones that are hazard-
ous from the point of view of the formed failures is possible
on the basis of an assessment of the undermined rock mass
geoenergy, since the accumulated potential energy is directly
related to the volume of cavities formed as a result of mining
operations, as well as to the elastic properties of rocks. This
makes it possible to develop a criterion for the rock mass
transition to an unstable state, and the parameters of the crite-
rion are easily determined for the mined area.

The concept of assessing the geoenergy of the mass as an
indicator of critical states has been developed in this work
with the simultaneous use of two criteria of failure formation.
One of them is determined by the relative change in geoener-
gy during the transition from the initial (stable) state of the
energy system to the current state, which, with an unfavora-
ble combination of factors, can be unstable and, therefore,
hazardous from the point of view of failure formation. The
second criterion determines the possibility of returning the
system from the current (possibly unstable) state to a stable
one. The simultaneous use of two criteria for hazard of fail-
ure formation makes it possible to increase the reliability of
identifying hazardous zones over the field area, which is
confirmed by geodetic observations.
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In terms of its capabilities, the proposed method is an ef-
fective tool for increasing the reliability of predicting the
failure-hazardous situations, as well as correcting the mining
development plans in order to minimize risks. This allows
avoiding uncertainty and unpredictability in the manifesta-
tion of failure-hazardous situations by constantly monitoring
their development and making decisions to eliminate them.
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IlinBUIIEHHS TOYHOCTI MPOrHO3Yy MPOBaTOHe0e3MEeKH 3¢MHOI MOBEPXHi

npH mig3eMHid po3podui KOPUCHUX KONMAJINH

b. Imancakinosa, 111. Afitka3iHoBa, A. Cakabekos, I'. IllakieBa, M. Imancakinosa, O. TaykebaeB

Meta. Po3poOka HOBOTO migX0my A0 MiIBHUINEHHS TOYHOCTI NPOTHO3Y CHUTYyAalil, 3a SKUX BHACTIJOK IMiAPOOKU MOPOJHOTO MAaCHBY IIPH

BHMMaHHI KOPUCHUX KOITaJIMH BUHHUKAIOTh IIPOBaJIn 3E€MHO1 HOBerHi.

Metoauka. [IporHo3 KpUTHYHUX CUTYaliil, y TOMY YHCIi NPOBAiB 3€MHOI IOBEPXHi, BUKOHYETHCS Ha OCHOBI OLIHKU BENHYMHH T'€O-
eHeprii Ta ZociimKeHHs 11 3MiHH Y Mipy 3aydeHHs y BiANpalioBaHHs BEJIUKUX 00CATIiB ripHudoi Macu. Bukopucrani aHadiTHYHI pillICHHS,
110 0a3yroThes Ha GyHIAMEHTAIbHUX 3aKOHAX (Di3UKHM Ta MEXaHIKU CYLIIbHUX cepeloBuill. JIOCIiHKEHHS! BAKOHYBAINCH 13 BUKOPHCTAHHIM

METOAIB MPUYNHHO-HACIIIKOBOTO aHaMi3Yy.
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Pe3yabTaTn. Ha 0CHOBI BCTaHOBIICHHSI IPUYMHHO-HACIIAKOBOTO 3B 53Ky MiXK 3MiHOIO BEJIMYMHU T€OCHEPrii MacuBy Ta aedopmariiHu-
MH IMpOLIECaMH Ha [CHHIH MOBEPXHi POAOBHUILA PO3po0IeHO eheKTUBHUI METOJ 1l paH)KyBaHH 33 CTyIIEHEM MPOBaJOHEOE3NeKN OAHOYACHO
3a aBoma Kputepismu. OOUH i3 KpUTEpiiB BU3HAYAETHCS BIIHOCHOIO 3MIHOIO T€OSHEPTii MpH Mepexofi 3 MOYaTKOBOTO (CTIHKOTO) CTaHy
CHUCTEMH B ITIOTOYHHH, SKUI y TIEBHIX YyMOBaX CTa€ HeCTiHkuM. Jpyruii Kpurtepiii GpopMyeThCs Ha OCHOBI 3MiHU T'€OCHEPTil IPU MEPexoi 3
MIOTOYHOTO (MO>JIMBO HECTIHKOr0) CTaHy B KiHIEBUH (CTIHKHUIA).

HayxoBa HoBHM3HA. Briepuie rpu paifoHyBaHHI JeHHOI ITOBEPXHI POJOBUINA 3a PIBHEM IPOBAJIOHEOE3NEKH BUKOPUCTOBYIOTECS OHOYA-
CHO JIBa KpUTepil paH)KUPYBaHHs, 3aCHOBaHI Ha OLIHII T'€O0eHEepril, [0 HAKOMHYYEThCS B HEOJHOPIAHOMY MAacHBi B Mipy HOro miapoOKku B
YMOBaX BCEOIYHOTO CTHCKY.

IIpakTnyHa 3HaYyuMicTh. MeTox paHKyBaHHS TEPUTOPiH, po3poOieHHi Ha OCHOBI BUKOPHCTAaHHS KPHTEPIiiB MpoBaloHEOE3NEeKH, 10-
3BOJIA€ MiABHIIUTHU SIKICTh CUTYAI[IHHOTO KOHTPOJIIO, MPOTHO3Y PU3MKOBUX CHTYaLill Ta IX pO3BHUTKY, ONTHMi3yBaTl KOPOTKOCTPOKOBHUH Ta
JOBTOCTPOKOBHIH IUTAHH PO3BUTKY TipHUYUX POOIT.

Knrouosi cnosa: nposanonebesnexa, 30HHe paloHy8aHHs, NPOSHO3, KPUMEPIl, 2e0eHEP2Isl, NPYHCHA 0eOopMayis, PAHHCYEAHHS

IoBbIlIeHHE TOYHOCTH MPOTHO32 MPOBAJIOONACHOCTH 3eMHOM MOBEPXHOCTH
IPH N0A3eMHOI pa3padoTKe MOJIe3HbIX HCKONaeMbIX

B. Nmancakumosa, 111. AfitkazuHoBa, A. Cakabekos, ['. [llakueBa, M. Imancakumosa, O. TaykeOaeB

Iean. Pa3zpaboTka HOBOTO MOAXO/Aa K MOBBIIICHHIO TOYHOCTH MPOTHO3a CUTYAIM, MPH KOTOPBIX BCICACTBHE MOAPAOOTKH MOPOJHOTO
MaCCHBa TPH BBIEMKE MOJIC3HOTO HCKOMAEMOT0 BO3HUKAIOT MPOBANIBI 36MHOM MOBEPXHOCTH.

MeTtoauka. [Iporuo3 KpUTHYECKUX CUTYALid, B TOM YHCIIE TPOBAJIOB 3€MHOU MOBEPXHOCTH, BBHIMIOIHSIETCS HA OCHOBE OLICHKH BEIHYH-
HBI TEOHEPTHU U UCCICAOBAHHS €€ U3MEHEHUs 110 Mepe BOBICUYCHHS B OTPabOTKY OONBIINX 00HEMOB rOpHOiT Macchl. Vcmoabp30BaHbl aHa-
JUTHYECKUE penieHus, 6asupyrouecs Ha GyHIaMEHTAIBHBIX 3aKOHAX (DU3MKKM M MEXaHHWKHU CIUIONIHBIX cpel. VicciemoBaHusl BBIMTOTHSITUCE
C MCIIOJIb30BAaHUEM METO/IOB IPHIMHHO-CIICCTBEHHOTO aHAH3a.

Pe3yabraThl. Ha 0CHOBE ycTaHOBJICHHS IPHYMHHO-CIIECACTBEHHON CBSI3M MEXy H3MEHEHHEM BEINYHHBI T€0IHEPrHH MaccuBa u aeop-
MAIIMOHHBIMHU TMPOIIECCAMH Ha JIHEBHOW MOBEPXHOCTH MECTOPOXJICHHS pa3paboTaH 3(P(EeKTUBHBIH METON €¢ PaHKUPOBAHHS IO CTCIICHH
MPOBAIOOITIACHOCTH OJHOBPEMEHHO 110 JABYM KpuTepusiM. OIMH U3 KPUTCPUEB OMPEICISICTCSI OTHOCUTEILHBIM H3MEHCHUEM TCOIHEPTUH TIPH
MEPEeXo/i¢ U3 HAYAILHOTO (YCTOHYMBOIO) COCTOSIHUSI CHCTEMBI B TEKYIIIEE, KOTOPOE B ONMPECICHHBIX YCIOBHUIX CTAHOBUTCS HEYCTOWYHBBIM.
Bropoii kputepuii GopMUpYyeTCst Ha OCHOBE M3MEHEHHS TEOIHEPTHHU MPH TEPEX0Ie U3 TEKyIIero (BO3MOKHO HEYCTOMYHUBOIO) COCTOSHHUS B
KOHeyHoe (YyCTOHYMBOE).

Hayunasi HoBu3HA. BriepBbie npu paiiOHUPOBAaHUU JTHEBHON MOBEPXHOCTH MECTOPOIKICHHS MO CTEIEHH MPOBATIOONACHOCTH HUCIIOb3Y-
FOTCSI OMHOBPEMEHHO [Ba KPHUTEPHs PAHKUPOBAHWS, OCHOBAHHBIC Ha OLCHKE T'€0IHEPIHH, HAKAIUIMBAEMOH B HEOIHOPOTHOM MACCHBE IO
Mepe ero MoApaboTKH B YCIIOBUSIX BCECTOPOHHETO CKATHSI.

IIpakTHyeckas 3HAYUMOCTb. METOl paH)KHPOBAHHS TEPPUTOPUH, pa3pabOTaHHBIA Ha OCHOBE HCIIOJNBH30BaHHS KPUTEPUEB MPOBAIIO-
OMACHOCTH, MO3BOJISICT MOBBICHTh KAYECTBO CHTYAI[HOHHOTO KOHTPOJIS, MPOTHO3a PUCKOBBIX CHUTYalldil U WX Pa3BUTHS, ONTHUMH3HPOBATH
KPaTKOCPOYHBIH M JONTOCPOUHBIH IIaHbI Pa3BUTHUS TOPHBIX PadoT.

Knroueswie cnosa: nposanoonacnocme, 30HHOE patioHuposanue, NPOSHO3, KPUMEPUL, 2e0dHeP2Usl, YNPY2asi 0eqhopmMayusi, PAHICUPOBAHUE
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