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New approach to zone division of surface of the deposit
by the degree of sinkhole risk
Purpose. Development of a new method of zoning the surface of the field according to the degree of rock weakness, which is
based on the energy criterion, which is determined by the difference in the potential gravitational energy of the rock element be
tween the states of unstable and stable equilibrium.
Methodology. Experimental graphical analytic methods and mathematical modeling are applied.
Findings. A method of zonal regionalisation of the earth’s surface of the deposit according to the degree of sinkhole risk, taking
into account the fracturing of rocks and the distribution of rock pressure in relation to the terrain is proposed. Verification of the
results of the analysis of previously performed methods and theoretical propositions to substantiate the anisotropy of the density
of the rock massif is carried out. The new method for determining the stress-strain state of a mountain massif considers the geoen
ergy of its density.
Originality. A new method has been developed for determining the stress-strain state of a rock mass through the difference in
geo-energy between the state of stable and unstable equilibrium of a mass element.
Practical value. The developed method made it possible to increase the accuracy of the construction of the situational map of
the field zoning according to the energy criterion by 15‒20 %.
Keywords: geomonitoring, space radar interferometry, digital map, zoning criterion, potential energy
Introduction. For many decades, there has actively been
conducted and developed research in the field of displacement
of the earth’s surface and rock mass in the development of de
posits [1]. However, in the process of extracting reserves of
solid minerals from the subsoil by the underground method,
various natural and man-made processes occur – activation of
tectonic disturbances, subsidence (contraction, muld) of the
earth’s surface, the collapse of mine workings, which can be
abnormal or lead to negative consequences up to the occur
rence of emergency situations [2].
Problem statement. Underground mining of mineral de
posits is accompanied by progressive discontinuity distur
bances and structural changes in the properties of the rock
mass, activation of existing and manifestation of new geome
chanical processes against the background of reactionary
changes in its stress-strain state.
The intensity, depth and scale of mining operations, as
well as the duration of development of the field lead to an in
crease in the magnitude of the displacement of rocks. At the
same time, large volumes of the massif are displaced the ge
ometry of voids in the massif changes due to the growth of the
volume of destroyed rocks (pillars, roof, overlying thickness,
and sometimes the earth’s surface).
At the stage of completion of ore deposits, the depletion of
ore reserves, and a stable tendency to reduce the content of the
useful component in crude ore, require in this regard, an in
crease in the extraction of mineral raw materials and necessi
tate the involvement of ore reserves remaining in the under
mined rock mass, including those supporting low-grade thick
pillars.
As the experience of developed countries has shown, an
increase in the intensity of development of mineral deposits,
which is associated with technological progress, is accompa
nied by manifestations of deformation processes that do not fit
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into modern ideas about the shift of a rock mass. So, for ex
ample, at present in China, South Africa, Chile, Ukraine,
Russia and Kazakhstan (Shachterskaya-Glubokaya mine,
Mponeng, Western Deep Levels Mine, Witwatersrand, Kras
noyarskaya SUEK-Kuzbass OJSC, Kazakhmys JSC, etc.)
there occur failures on the earth’s surface, not predicted by
regular methods [3, 4]. In addition, the rate of extraction of
minerals has sharply increased, which also raises questions
about the assessment of the reaction of the earth’s surface to
these effects. This trend is global in nature, accompanied by an
increase in the intensity of negative manifestations on the
earth’s surface in the territories of development of mineral de
posits [5, 6].
Different geological conditions of occurrence of mineral
deposits, the variety of physical processes occurring in the
rock mass, various types of applied loads to the rock mass, nu
merous geometric forms of mine workings, changing physical,
mechanical and strength properties of rocks create specific
conditions for the analysis of stress-strain state (SSS) of the
rock massif. The importance of this analysis is dictated by the
problems associated with the manifestation of rock pressure,
which can be realized in the form of physical processes of loss
of stability of ores, significant deformation of rocks and can
lead to the destruction of inter-chamber pillars and the forma
tion of sinkholes on the earth’s surface [7, 8]. In this regard,
the development of methods of zonal regionalization of the
surface of the deposit by the degree of attenuation, as part of
the analysis of the structure of the rock massif, is of consider
able interest. Therefore, the purpose of this article is to develop
a new method of zonal regionalization of the surface of the
deposit according to the degree of attenuation, which is based
on the energy criterion determined by the difference in the po
tential energy of gravity of the rock mass element between the
states of unstable and stable equilibrium.
Critical analysis. The application of existing forecasting
methods is based on an analytical approach. They provide de
tailed information about the forms of genesis and patterns of
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placement of violations, changes in the properties and condi
tion of the rock massif, allow us to make quantitative and qual
itative assessments of the conditions of occurrence of viola
tions, the degree of disturbance, to make assumptions about
the directions and intensity of such processes within local ar
eas [9]. The main disadvantages of these methods are their
limitations and lack of reliability.
Improvement of existing and creation of new methods is
aimed at increasing the reliability and validity of the assess
ment of the location and parameters of the violation, the pos
sibility of their prediction.
Zoning criteria for each deposit are established on the ba
sis of retrospective cause-and-effect analysis of the occurring
geodynamic events, taking into account the structural features
of the rock mass (geological structure, tectonic disturbance,
fracturing, applied development systems), physical and me
chanical properties and stress-strain state of the rock mass.
The criterion is accepted uniform throughout the field.
At the same time, within the field itself, at different sites,
the properties of the massif and its condition can differ signifi
cantly, which in a certain way affects the uniqueness of the cri
terion of the zoning method and naturally reduces its accuracy.
Therefore, when building the criterion of new methods and
improving existing ones, developers strive to bring in accor
dance with these differences the values included in the crite
rion, making it correct throughout the field. In the Zhezka
zgan field, a method was used to determine the collapse fore
cast, based on the well-known fact that the parameters of the
geodynamic event and the time of its development depend
mainly on the height of the mined area and the overlying rocks
from the boundary of the mined space to the surface H and the
output power m. The collapse forecast criterion was taken to
be H/m < 10.
The main disadvantage of the method is that the obtained
criterion is determined only by the geometric parameters H
and m. At the same time, it is known that the parameters of the
geodynamic event mainly depend on the pressure on the
mined area from the overlying rocks, proportional to their
weight, determined by the density distribution in this volume.
Therefore, in areas of the massif, which are located in dif
ferent parts of it, but at the same depth from the surface, due
to the difference in density, the pressure is different and, there
fore, the expected geodynamic events will differ significantly
in all parameters. At the same time, the h/m criterion estab
lished in the method for these sites is the same.
In the method [10] to account for the anisotropy of the
density of the massif, H in the criteria is replaced by Hdr ‒ the
density-reduced depth of the overlying rocks. The criterion for
zoning is the value of Hdr/m. In this form the criterion is den
sity invariant and thus correct throughout the field.
In another method [11, 12], such values as H and m are
replaced by the vertical component (Zc) coordinates of the
center of gravity of the column of the array extending vertically
up to the surface of the Deposit.
The center of gravity characterizes the distribution of mass
in the column, and its displacement in the process of mining –
its redistribution throughout the depth of the massif. In the
process of such changes due to internal and external factors the
instability of the system is observed. Based on these physical
prerequisites, changes in the position of the center of gravity of
the rock massif in the column can serve as a local indicator of
the formation of anomalous regions. The zoning criterion is
the value of the relative displacement of the vertical compo
nent of the coordinate of the center of gravity of the column
array [13].
Methods. Different types of geomechanical processes, the
intensity and direction of their development in the mountain
range depend on a variety of external and internal factors. De
spite the fundamental difference in the influence of these fac
tors on the processes of transition of the array from one state to
another, they are united by a common factor of influence on
32

the processes determined by the energy parameters of the sys
tem [14, 15]. First of all, this is the redistribution of the total
energy within the volume of the array and by type of energy.
Energy is a universal quantitative measure of the move
ment and interaction of bodies [16]. Despite the fundamental
difference in the influence of these factors on the processes of
transition of the array from one state to another, they are unit
ed by a common factor of influence on the processes deter
mined by the energy parameters of the system. The develop
ment of deposits is accompanied by the activation of these
processes in the rock massif due to the violation of its continu
ity and the desire of the system to return to a new state of stable
equilibrium. Therefore, the energy indicators of the state of
the rock mass can serve as parameters characterizing the gen
eral physical laws of the course of mine mechanical processes,
the basis of which is mechanical motion. The energy source,
along with the potential energy of elastic deformation, accu
mulated by the array in a stress-strain state in large quantities,
is an excess of the potential energy of gravity of the sections of
the array located above the workings. With the increase in the
amount of space mined, the intensity of such processes in
creases and the more energy is required to maintain them. Be
ing in a state of unstable equilibrium, the sections are moti
vated to fill the worked out space and go into a state of stable
equilibrium corresponding to a minimum of energy. The
greater the energy difference of the states is, the greater the
probability of such a transition is, proportional to the volume
of workings and the depth of their occurrence. Thus, the dif
ference of potential energy between unstable and stable states
can serve as one of the local indicators of the degree of poten
tial danger of the state of the array section. On this principle, a
method for zoning the surface of the deposit according to the
degree of attenuation is constructed, in which the potential
energy difference between the states of unstable and stable
equilibrium of the array element is chosen as an energy crite
rion [17]. The availability of the necessary data in the geologi
cal and mining technical documentation of the field, the sim
plicity of calculations and the effectiveness of zoning objec
tively indicate the prospects of using the method, and its wide
possibilities for analyzing the stress-strain state of the moun
tain range and predicting crisis situations. At the same time,
verification of the results of zonal regionalization with the data
obtained by the methods of space radar interferometry showed
a significant discrepancy for the areas of the field with a pro
nounced heterogeneity of layers in density. This is explained
by the fact that the potential gravitational energy underlying
the zoning energy criterion [18] is largely determined by the
distribution and redistribution of the density of the massif
within the volume of the deposit. Therefore, in the calculation
of the energy criterion it is necessary to take into account the
density anisotropy.
To take into account the heterogeneity of the rock massif
in density when calculating the energy criterion of zonal re
gionalization, a model of the deposit with a layer-by-layer dis
tribution of the rock massif in density is proposed.
For this purpose, according to geological data and mining
documentation, the layer-by-layer distribution of the rock
massif by density is determined. Within each layer the density
is considered constant. When calculating the criterion, a mass
element in the form of a column of rock mass extending verti
cally down from the surface of the day to the base of the De
posit is considered (Fig. 1). The base of the Deposit is taken as
the zero counting of the potential energy (z = 0). The zoning
criterion is the potential energy difference between the unsta
ble Pus (Fig. 1, b) and the stable Ps (Fig. 1, c) states of the col
umn. The potential energy P0 of the column in the initial (be
ginning) state is equal to (Fig. 1, a) [19]
P0 = МgZc0,
where М is mass of a column; g is gravity acceleration; Zс0 is
the vertical component of the coordinate of the center of mass
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Fig. 1. Elements of the rock massif:
а ‒ in initial state, с – mass center; Zi – coordinates of upper border of an i-layer; ρi ‒ the density in the interval of hi column; b ‒ in a state of
unstable equilibrium, m2, m6 – mine capacity; с ‒ in a state of stable equilibrium m = ∑mi – the total capacity of the mine;
z2 - z2′ = z3 - z3′ = z4 - z4′ = m2 ; z7 - z7′ =
z8 - z8′ =
…zi - zi′ =
m2 + m6

and simultaneously the distance of the center of mass from the
zero energy level.
The mass of the ith layer of the column Mi is equal to
Mi = Sri(Zi - Zi - 1) = Srihi,
where hi = (Zi - Zi - 1) is the capacity of the ith layer; S is the base
area of the column.
Accordingly, the mass of the entire column M in the initial
state is equal to
M =∑ M i =S ∑ ρi S (Zi - Zi -1 ) =S ∑ ρi hi .
Since the density in the volume of each layer is constant,
its vertical component of the center of mass Zci coincides with
the geometric center of the layer
=
Z ci

1
( Z i + Z i -1 ).
2

By definition, the vertical component coordinates the cen
ter of mass of the column in the initial state
Z c0 =

∑ M i Z ci .
∑ Mi

Using Zc0, Zci and M, the expression Mi takes the form
1
∑ ρi ( Z i2 - Z i2-1 )
.
Z c0 = 2
∑ ρi ( Z i - Z i -1 )
Or, given that the difference of squares zi2 - Z i2-1 =
(Zi +
+ Zi - 1)(Zi - Zi - 1), using Mi and M
Z c0 =
∑ ρi hi Z ci

∑ ρi hi .

The potential energy of the ith layer of the column taking
into account P0, Mi is determined by the expression
P0i = SgrihiZci.
At the same time, the potential energy of the entire column
P0 will be equal to the sum of the potential energies of the lay
ers P0i
P0 =

SP

0i

Sr h Z .

= gS

i i ci

To calculate the energy difference chosen as the zoning en
ergy criterion, consider the sequential transition of the column
from the initial state of stable equilibrium with energy P0 to the
state of unstable equilibrium, according to the results of min
ing operations at the current time, with energy Pus and the sub
sequent transition to the virtual state of stable equilibrium with
energy Ps (Fig. 1).
In the process of mining the mass of the column and its
energy are reduced in proportion to the volume of the devel
oped space and lowering the position of the center of mass.
The energy lost Pm is equal to

Sr m Z ,

Pm = Sg

i

i ci

where mi is the capacity of the i layer (mi = hi); Zci is the center
of mass of mine before the beginning of development.
The energy of the column in a state of unstable equilibrium
is determined by the energy difference between P0 and Pm
th

Pus = P0 - Pm =Sg ∑ ρi hi Z ci .
i
i≠ j

In the process of transition to a state of stable equilibrium,
the overlying layers of the rock tend to fill the voids, which
leads to a downward shift of the vertical component of the co
ordinate from the center of mass of the entire column. In this
case, the center of mass of each layer falls down by the value of
the total capacity of the mines lying below (Fig. 1, b).
Taking into account the constancy of the density and ca
pacity of the layers from, considering the displacement of their
center of mass, we obtain the formula for determining the
value of the potential gravitational energy of the column in a
stable equilibrium state of Ps on the example of the intersec
tion of two mines m2 and m6 of the column (Fig. 1, c)
6

k

Ps = Sgρ1h1Z c1 + ∑ ρi hi ( Z ci - m2 ) + ∑ ρi hi ( Z ci - m2 - m6 ).
i -3

i=
7

The energy difference of the two states is found from P0
and Pm
DP = Pus - Ps =

6

k

∑ ρi hi m2 + ∑ ρi hi (m2 + m6 ),

=i 3 =i 7

where k is the number of layers per column.
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The criterion of the zoning method is the value of the rela
tive change in energy ε
6

k

∑ ρi hi m2 + ∑ ρi hi (m2 + m6 )
DP i 3 =
=
i 7
=
ε
=
.
P0
∑ ρi hi Z ci
The proposed method is carried out as follows: a coordi
nate grid is drawn on the field plan (х, у). The bottom horizon
of the field is taken as the beginning of the count on the Z axis
(the Z axis is directed vertically upwards). Using, geological
and mining data for the entire area of the field or for its indi
vidual sections determine at each point of the surface of the
potential energy of the array element in the form of a column.
From the beginning, the potential energy of the P0 column
in the initially untouched rock massif is determined if possible,
otherwise the untouched massif is achieved by calculating the
known mass of the extracted ore and the geometric dimen
sions of the mine. The next step is the potential energy of the
column Pus and the potential energy in the virtual stable equi
librium state Ps. Then for each point of the plan the difference
DP = Pus - Ps is found and the results are submitted to the plan.
On the plan by extrapolation, connecting points with the same
values DP we build isolines, dividing the surface of the deposit
into certain zones. The most dangerous areas are those with a
maximum value of DP. The degree of danger of the zone de
pends on its width and the magnitude of the difference DP with
neighboring zones (from the gradient DP).
For the convenience of zoning, the value of the relative
change in the potential energy ε is taken as a criterion.
In the plan, by means of extrapolation connecting points with
the same values ε, isolines are constructed dividing the surface of
the deposit into certain zones (by analogy with DP) (Fig. 2).
The most dangerous are the zones with an increased value
of ε, corresponding to the largest volumes of workings and
depth of occurrence. The degree of danger of the zone depends
on its area and the difference ε of neighboring zones (on the
gradient ε). The zonal surface of the deposit covered by iso
lines can be characterized by the effective radius Reff – the ra
dius of the circle whose area is equal to the area of the zone.
Accordingly, the value of the gradient ε is determined by the
ratio of the difference of the values ε of neighboring zones to
the difference of their effective radii
ε - εi -1

=
g gradε i
.
Ri - Ri -1

The vector g indicates the direction of the maximum
change in potential energy and possible displacement of the
earth’s surface [13].
Comparative analysis of the zoning results showed a sig
nificant increase in the accuracy of the proposed method with
analogs based on their verification with the data of space dif
ferential radar interferometry [14, 15].

Fig. 2. Areas of greatest risk to the surface of the field
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Conclusions. Thus, the anisotropy of the density of rock
massif in the calculation of the energy criterion improves the
accuracy of the zoning of the earth’s surface and allows ex
panding the capabilities of the method to analyze the stressstrain state of rock mass and prediction of crisis situations.
A new method for determining the stress-strain state of a
mountain massif through the geoenergy difference between
the state of stable and unstable equilibrium of an element of
the massif has been developed.
Notice. This article is based on the results of scientific re
search work on the topic “Development of a forecast system
and Geomonitoring methods for displacements of the moun
tain massif in hazardous areas of the earth’s surface in the de
velopment of subsoil on the basis of innovative methods of
GIS technology” No. АР05133929.
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Новий підхід до зонального районування
поверхні родовища за ступенем
провалонебезпеки
Б. Б. Садиков1, Ж. Д. Байгурін1, А. А. Алтаєва2,
Ж. Т. Кожаєв3, В. Стеллінг4
1 ‒ Сатпаєв Університет, м. Алмати, Республіка Казах
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Німеччина
Мета. Розробка нового методу зонального районуван
ня поверхні родовища за ступенем ослаблення порід, в
основі якого лежить енергетичний критерій, що визнача
ється різницею потенційної енергії тяжіння елемента гір
ського масиву між станами нестійкої та стійкої рівноваги
Методика. Застосовані експериментальні графоана
літичні методи, а також математичне моделювання.
Результати. Запропоновано метод зонального райо
нування земної поверхні родовища за ступенем провало
небезпеки, з урахуванням тріщинуватості гірських порід і
розподілу гірського тиску у взаємозв’язку з рельєфом
місцевості. Виконана верифікація результатів аналізу ра
ніше використаних методів і теоретичних положень
щодо обґрунтування анізотропії щільності гірського ма

сиву. Новий метод визначення напружено-деформова
ного стану масиву враховує анізотропію його щільності
Наукова новизна. Розроблено новий метод визначен
ня напружено-деформованого стану гірського масиву
через різницю геоенергії між станом стійкої та нестійкої
рівноваги елемента масиву.
Практична значимість. Розроблений метод дозволив
підвищити точність побудови ситуаційної карти району
вання родовища за енергетичним критерієм на 15‒20 %.
Ключові слова: геомоніторинг, космічна радіолокаційна
інтерферометрія, цифрова карта, критерій зонування, потенційна енергія

Новый подход к зональному районированию
поверхности месторождения по степени
провалоопасности
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Цель. Разработка нового метода зонального райони
рования поверхности месторождения по степени осла
бленности пород, в основе которого лежит энергетиче
ский критерий, определяемый разностью потенциаль
ной энергии тяготения элемента горного массива между
состояниями неустойчивого и устойчивого равновесия.
Методика. Применены экспериментальные графоа
налитические методы, а также математическое модели
рование.
Результаты. Предложен метод зонального райониро
вания земной поверхности месторождения по степени
провалоопасности, с учетом трещиноватости горных по
род и распределения горного давления во взаимосвязи с
рельефом местности. Выполнена верификация результа
тов анализа ранее использованных методов и теоретиче
ских положений по обоснованию анизотропии плотно
сти горного массива. Новый метод определения напря
женно-деформированного состояния массива учитывает
анизотропию его плотности.
Научная новизна. Разработан новый метод определения
напряженно-деформированного состояния горного мас
сива через разность геоэнергии между состоянием устой
чивого и неустойчивого равновесия элемента массива.
Практическая значимость. Разработанный метод по
зволил повысить точность построения ситуационной
карты районирования месторождения по энергетическо
му критерию на 15–20 %.
Ключевые слова: геомониторинг, космическая радиолокационная интерферометрия, цифровая карта, критерий
зонирования, потенциальная энергия
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