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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 [3, 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 H,, — the
density-reduced depth of the overlying rocks. The criterion for
zoning is the value of H,/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 (Z,) 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

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 P, (Fig. 1, b) and the stable P, (Fig. 1, c) states of the col-
umn. The potential energy P, of the column in the initial (be-
ginning) state is equal to (Fig. 1, a) [19]

Py= MgZ,,

where M is mass of a column; g is gravity acceleration; Z is
the vertical component of the coordinate of the center of mass
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Fig. 1. Elements of the rock massif:

a — in initial state, c — mass center; Z; — coordinates of upper border of an i-layer; p; — the density in the interval of h; column; b — in a state of

unstable equilibrium, m,, mgs — mine capacity; ¢ — in a state of stable equilibrium m =
DG =G L= LS G = =G & =My Mg

and simultaneously the distance of the center of mass from the
zero energy level.
The mass of the i" layer of the column M, is equal to

M;=SpZ;— Z;,_\) = Spih;,

where h,=(Z,— Z,_,) is the capacity of the i 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 =2Mf :SzpiS(Zi_Zi—l):Szpihi'

Since the density in the volume of each layer is constant,
its vertical component of the center of mass Z,; coincides with
the geometric center of the layer

Z, =%(z,. +Z,,)-

By definition, the vertical component coordinates the cen-
ter of mass of the column in the initial state

7 = ZMiZci.

c0 ™ ZM,

Using Z,y, Z,; and M, the expression M, takes the form

1
*Zpi(ziz _Zz'z—l)
Zy :2—'
ZP[(ZI' -Z.)

Or, given that the difference of squares z? —Z2, = (Z +
+7Z, . )WZ;=Z;,_)), using M;and M

Zy= zpihizci/zpihi-
The potential energy of the i’ layer of the column taking
into account P, M, is determined by the expression
Py = SgpihiZ,;.
At the same time, the potential energy of the entire column

P, will be equal to the sum of the potential energies of the lay-
ers Py,

Py= D Py=8SY phiZy:

Zm,- — the total capacity of the mine;

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 P, to the
state of unstable equilibrium, according to the results of min-
ing operations at the current time, with energy P, and the sub-
sequent transition to the virtual state of stable equilibrium with
energy P, (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 P,, is equal to

P,= ngpimizcia

where m;, is the capacity of the i layer (m, = h,); Z,;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 P, and P,,

Pus :P()_Pm :ngpihizci'
i)

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 P, on the example of the intersec-
tion of two mines m2 and mé6 of the column (Fig. 1, ¢)

6 k
P, =SgphZ., +zpihi(zci _m2)+zpihi(Zci —my —mg).
i3 i=7

The energy difference of the two states is found from P,
and P,

6 k
AP=P —-P = Zp,h,-mz + zpihi(m2 + M),
i=3 =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 ¢

6 k
ZpihimZ + Zpihi (my +mg)
e AP S =
B PHZ;

The proposed method is carried out as follows: a coordi-
nate grid is drawn on the field plan (x, y). 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 P, 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 P, and the potential energy in the virtual stable equi-
librium state P,. Then for each point of the plan the difference
AP= P, — P,is found and the results are submitted to the plan.
On the plan by extrapolation, connecting points with the same
values AP we build isolines, dividing the surface of the deposit
into certain zones. The most dangerous areas are those with a
maximum value of AP. The degree of danger of the zone de-
pends on its width and the magnitude of the difference AP with
neighboring zones (from the gradient AP).

For the convenience of zoning, the value of the relative
change in the potential energy ¢ is taken as a criterion.

In the plan, by means of extrapolation connecting points with
the same values &, isolines are constructed dividing the surface of
the deposit into certain zones (by analogy with AP) (Fig. 2).

The most dangerous are the zones with an increased value
of g, 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 ¢ of neighboring zones (on the
gradient g). The zonal surface of the deposit covered by iso-
lines can be characterized by the effective radius R,;— the ra-
dius of the circle whose area is equal to the area of the zone.
Accordingly, the value of the gradient ¢ is determined by the
ratio of the difference of the values € of neighboring zones to
the difference of their effective radii

S_ € — &y
¥ =grade R-R, .

The vector 7 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

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 stress-
strain 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. AP05133929.
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Merta. Po3po6ka HOBOrO METOly 30HAJIBHOTO palilOHYBaH-
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OCHOBI SIKOTO JICKUTh CHEPTeTUYHMI KPUTEpiid, 1110 BU3HAYA-
€ThCS PIZHULICIO MOTEHLIIMHOT €Heprii TSLKIHHS eJIeMeHTa Tip-
CbKOTO MacMBY MiX CTaHaMU HECTIIKOI Ta CTiiiKol piBHOBaru

Metoauka. 3aCcTOCOBaHi eKCIIepUMEHTalIbHI TpadoaHa-
JIITUYHI METOIM, a TAKOX MaTeMaTUIHE MOICTIOBAHHSI.

PesyabraT. 3anmponoHOBaHO METOJ 30HAJIBHOTO paiio-
HYBaHHS 36MHOI ITOBEPXHi POIOBUIIIA 32 CTyIICHEM TTPOBAJIO-
HeOe3MeKu, 3 ypaXyBaHHSIM TPilLIMHYBATOCTi MPChbKUX MOPiN i
PO3MOIiIy TipCHKOTO TUCKY Y B3aEMO3B’A3KY 3 pebedoM
MmicueBocTi. BukoHaHa Bepudikallist pe3yabTaTiB aHaJli3y pa-
Hillle BMKOPUCTAHMX METONIB i TEOPETUYHMX IIOJOXKEHb
1LI0JI0 OOTPYHTYBAHHSI aHi30TPOITil LIIJILHOCTI TipChKOTo Ma-

cuBy. HoBuii MeTon BU3HAUeHHsS HampyxkeHo-nedopmoBa-
HOTO CTaHy MAacHBY BPaXOBY€ aHi30TPOIIil0 HOro IiIbHOCTI

Hayxosa HoBM3Ha. Po3po0ieHO HOBUMIT METO BU3HAYEH-
HSI HalpyXeHO-IehOpPMOBAHOTO CTaHy TiPCHKOTO MAacHUBY
yepe3 Pi3HUILI0 TeoeHeprii MiXK CTAHOM CTilKOI Ta HECTiKOL
piBHOBaru eieMeHTa MacuBY.

IIpakTiyna 3Hayumicts. Po3poOiieHuit MeTon 103BOTUB
MiIBULLIMTY TOYHICTb IMTOOYI0BU CUTYaLIIiTHOI KAPTU paiioHy-
BaHHS PONIOBUIIIA 32 eHEPTeTUIHUM KpuTepieM Ha 15—20 %.

KuouoBi ciioBa: eeomonimopune, kocmiuna padiorokauiiina
inmepgepomempis, yugposa kapma, Kpumepiii 30Hy8aHHs, NO-
menuyitina enepeis

HoBblii moaxoa K 30HAJbHOMY PaiilOHHPOBAHUIO
MOBEPXHOCTH MECTOPOXKIAEHHUS MO CTeNeH!
MPOBAJIOONACHOCTH

b. B. Caovixoe', K. /. baiieypun', A. A. Anmaesa?,
K. T. Kooxrcaes®, B. Cmenaue*

1 — CarnaeB YHuBepcurteT, r. AnMatsbl, Pecriyonuka Kazax-
ctaH, e-mail: batyrkhan_sadykov@mail.ru

2 — UuctutyT ropHoro nena umenu J. A. KyHaesa, r. Anma-
T, Pecnyonuka KazaxcraH, e-mail: a.aselya 92@mail.ru

3 — Kaszaxckuii HallMOHAJbHBIII YHUBEPCUTET UMEHU allb-
dapabu, r. Aamatsel, Pecriyonmka Kazaxcran

4 — Texanueckuii yauBepcuteT ['eopra Arpukossl, T. boxym,
I'epmanus

Ilean. PazpaboTka HOBOTO MeTOJA 30HAJILHOTO pailOHU-
pPOBaHUSI MMOBEPXHOCTU MECTOPOXIECHUS IO CTENEeHU Ocja-
OJIECHHOCTH TOPOJ, B OCHOBE KOTOPOTO JIEKUT SHEpreThde-
CKUI KPUTEPUI, OMNPENEsIeMbIl Pa3HOCTbIO MOTEHLIMAIb-
HOW DHEPTUHU TSATOTEHUS dJIEMEHTa TOPHOTO MAaCcCHBa MEXIY
COCTOSIHUSIMU HEYCTOMUYMBOTO U YCTOMUUBOTO PABHOBECHUSI.

Meronuka. [TpuMeHeHbI 3KCIepUMeEHTalIbHbIE Tpadoa-
HaJIUTUYECKNE METOIBI, a TAKXKe MaTeMaTUIeCKoe MOIENN-
poBaHue.

Pesyabratel. [IpenioxeH MeTon 30HAIBHOTO PailOHUPO-
BaHMSI 36MHOI MOBEPXHOCTU MECTOPOXIEHHUS MO CTENEeHU
MIPOBAJIOOTIACHOCTH, C YUETOM TPEIIIMHOBATOCTH TOPHBIX TI0-
PO M pacrpenesieHnsl TOPHOTO NaBJIeHUsT BO B3aUMOCBSI3U C
penbedoM MecTHOCTU. BriTtonnHeHa BepuduKauys pe3yibTa-
TOB aHaJlM3a paHee UCMOIb30BAHHBIX METOIOB U TEOpPETUYE-
CKUX TIOJIOXEeHU! TI0 000CHOBAHUIO aHU30TPOTTUU TUIOTHO-
CTU ropHoro Maccupa. HoBblil MeTo[ onpeneneHus Hanpsi-
JKE€HHO-Ie(hOPMUPOBAHHOTO COCTOSTHUST MACCHBA YIUTHIBAET
AQHU30TPOITHIO ET0 MJIOTHOCTH.

Hayynas HoBu3Ha. Pa3paboTaH HOBbII METONI ONIPEAEICHUS
HaIpPsLKEHHO-Ie(OPMUPOBAHHOIO COCTOSIHUSI TOPHOTO Mac-
CHBa Yepe3 pa3HOCTh TEOPHEPTUH MEXKIY COCTOSTHUEM YCTOM-
YUBOI'O Y HEYCTOMYMBOTrO PABHOBECHSI JIEMEHTA MAaCCUBA.

IIpakTiyeckas 3HaunMocTb. Pa3paboTaHHbIN MeTOx MO-
3BOJIWJI TOBBICUTh TOYHOCTb TOCTPOEHUSI CUTYallMOHHOM
KapThl pAlOHUPOBAHUST MECTOPOXKIECHUSI TI0 SHEPTeTUIECKO-
My KpuTepuio Ha 15—20 %.

KimoueBsie ciioBa: ceomonumopume, Kocmuueckas paouono-
KayuonHas uxnmepgepomempus, yugposeas kapma, Kpumepuil
30HUPOBAHUS, NOMEHYUANbHAS dHePeUsl
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