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PREDICTING UNDERGROUND MINING IMPACT ON THE EARTH’S SURFACE

Purpose. Development of a digital model of the stress-strain state of a rock mass during the extraction of coal by an under-
ground method to predict the displacement of the earth’s surface.

Methodology. The proposed technique is based on modeling the stress-strain state of a rock mass using the finite element
method. Computer simulation of the stress-strain state of the rock massif was carried out in the area of lavas worked out in previous
years in layers with the index K of the Karaganda suite of the mine named after Kostenko of the Karaganda coal basin, where in-
strumental surveying measurements were previously made to monitor the vectors and numerical values of the displacements of the
earth’s surface undermined by mining.

Findings. The reliability of the obtained finite element model of a rock mass for predicting the process of displacement of rocks
and the earth’s surface is confirmed by the results of full-scale instrumental mine surveying measurements on the earth’s surface.

Originality. For the first time, a method has been proposed for predicting the shifts of points on the earth’s surface, taking into
account the physical and mechanical properties of rocks, based on a finite element model of a rock mass. A new approach was ap-
plied to assess the reliability of the model of the stress-strain state of a rock mass based on a comparison of the results obtained with
the data of instrumental mine surveying.

Practical value. A technique for computer simulation of the stress-strain state of a rock mass during the extraction of hard coal
at the mine named after Kostenko, owned by one of the world’s leading steel producers, JSC ArcelorMittal. For modeling, a site
was chosen in the area of lava mining along the coal seams of the Karaganda Formation of seams, starting from the K18 seam to
the K10 seam, that is, a rock mass with a depth of more than 700 m. Previously, within this area a series of instrumental surveying
observations was carried out of the displacement of the earth’s surface during the working out of these lavas using the method of
roof management — complete collapse. The obtained values of vertical displacements of a point on the earth’s surface according to
the results of computer simulation of the stress-strain state of a rock mass correspond to the data of field mine surveying observa-

tions of displacements of the same point, which confirms the reliability of the constructed model.
Keywords: modeling, stress-strain state of the massif, rocks, coal, displacement, earth’s surface

Introduction. At present, the technological aspects of coal
mining in urban areas do not sufficiently ensure the safety of
objects on the earth’s surface, and do not always make it possi-
ble to carry out mining operations in the most rational way in
terms of the least loss of reserves left in the subsoil. In connec-
tion with the rapid development of the capabilities of computer
programs that successfully apply the methods of mathematical
modeling of various processes and the processing of a large
amount of digital and graphic information, mining engineers
have learned the ability to design and to adjust the elements of
technological flow charts used in the development of minerals,
including those in forecasting processes arising from the mining
of coal in the thickness of rocks [1] and on the daylight surface.

Modeling in geomechanics aims at evaluating the qualita-
tive and quantitative characteristics of the process under study.
Geomechanical modeling using the capabilities of informa-
tion systems allows displaying and analyzing planar and spatial
data and the distribution of physical and mechanical proper-
ties of rocks [2, 3].
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The complex of physical and mechanical properties of
rocks is one of the determining factors of any technological
process of a mining enterprise. Knowing the physical and me-
chanical properties of rocks and modeling physical processes
that occur in them [4] are necessary to select the optimal vari-
ant of technological flow charts for mining and related equip-
ment, its efficient operation, improving labor productivity, re-
ducing costs and financial costs [5].

In different years studying the issues related to the geome-
chanical processes based on modeling the stress-strain state of
the rock massif was carried out by such scientists as I. D. Nas-
sonov, S.F. Alekseyenko, Yu.A.Petrenko, Yu.A.Borovkov,
A.V.Dementiev, A.A.Kasparyan, R.O. Davis, A.P.S. Selva-
durai, John C.Small, C.J.Turner. D.Healy, R.R.Hillis,
M. J. Welch, and others.

At the same time, over the years, such scientists as
S. G. Avershin, K. N. Paffengolts, E. G. Root, Z. M. Smagulov,
K.K. Elimanov, P.E.Kleshchev, G.G.Poklad, S.D.Seme-
nyuk, V. F. Demin, Sh. A. Altay, M. P. Vasilyev and others were
working in the field of studying safety and security of objects
on the earth’s surface that were undermined by operations for
mining coal.
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It should be noted that today, in the Republic of Kazakh-
stan there are sectoral regulatory documents regulating the is-
sues, the interactions between mining enterprises and owners
of undermined facilities on the earth’s surface, including busi-
ness facilities, private land users, social security facilities (wa-
ter pipelines, roads and railways, power lines, etc.). The
KazNIMI developed rules for the protection of surface struc-
tures and objects of the Karaganda coal basin.

The body. Countries that have reserves and have been min-
ing coal for many years since the beginning of the last century
have similar problems in extracting reserves with the appropri-
ate qualitative and quantitative characteristics needed for min-
ing, as well as convenient for extraction in the context of devel-
oping updated technological equipment and mining transport
equipment. These problems are associated with the location of
these reserves in such boundaries where there are residential
and industrial buildings on the earth’s surface.

The Karaganda coal basin, one of the largest in the Eur-
asian continent, has faced and is facing similar problems to-
day, especially when it comes to mining the Karaganda for-
mation of seams, which has fairly large balance reserves of
coking coal needed for metallurgical production, in the cities
of Karaganda and Saran, as well as in Aktas and Dubovka
settlements, where many civil facilities and industrial zones
are located.

As of 2022, the Coal Department of the ArcelorMittal
Temirtau JSC, the largest coal mining enterprise in the Kara-
ganda coal basin that mines hard coal by underground min-
ing, includes eight mines, four of them are located in the
Tentek coal-bearing region (Tentekskaya, Kazakhstanskaya,
Shakhtinskaya, and Lenin mines), one in the territory of the
Cherubai-Nura coal-bearing region (Abayskaya mine), and
three mines in the territory of the Saransk and Karaganda
sites (Saranskaya, Karagandinskaya and Tusup Kuzembayev
mines).

Describing the technological aspects of the mines of the
ArcelorMittal Temirtau Coal Department, it should be noted
that the length of the mine workings varies depending on the
specific mine.

The greatest length of mine workings is noted at Kostenko
mine, one of the oldest mines in the basin, and the smallest
ones are at the mines that were built later, namely at the Abay-
skaya and Shakhtinskaya mines.

Speaking of the current state of the mining operations de-
velopment in the Karaganda coal basin, it should be noted that
the land and mining allotments of the mines of the Arcelor-
Mittal Temirtau JSC Coal Department approved by the Sub-

soil Use Contract, are located on the lands of the cities of
Karaganda, Saran, Abay, Shakhtinsk, Bukharzhyrau and Abay
districts of the Karaganda region and occupy the total area of
more than 11,000 hectares.

The largest mine in the Karaganda coal basin is Kostenko
mine located directly in the city of Karaganda, on the Indus-
trial site. Kostenko mine was formed as a result of the merger
and reconstruction of Kostenko, Stakhanovskaya and Kara-
gandinskaya mines.

Based on analyzing and studying the surface plan of
Kostenko mine (Fig. 1, the green outline shows the boundary
of the land allotment), as well as the data from the Automated
System of the State Land Cadastre of the Republic of Kazakh-
stan, the information was obtained on the presence of more
than 200 outside land users within the mining and land allot-
ments of the mine (Table 1).

According to the information from the cadastral map of
the Automated Information System of the State Land Cadas-
tre of the Republic of Kazakhstan for the city of Karaganda, it
can be seen that one of the land allotments of Kostenko mine
with cadastral number 09-142-111-094 and the area of
1,111,191 sq. m (Fig. 2), contains within its boundaries a num-
ber of objects that do not belong to the mine, that is, they be-
long to outside land users.

Fig. 1. Chart extract from the surface plan of Kostenko mine
with presenting the land allotment boundaries

Table 1
Information on the outside land users on the land allotment of Kostenko mine
Power Water Infrastructure Automobile . Communication
. . Forestry Railway .
line supply sites road line

Name of | HVL-6kV F-14, p/st Batyr LLP, |LLP “Triada Limited” | CA “Karaganda | Roadway, To Kostenko | cable duct
the object | Sortirovka, Transformer | car camping, | (cemetery), boiler room, | farm for the unnamed road, | mine, tothe | MMC 56-24,

substation, HVL-6 kV water supply | warehouse, gas station, | protection of st. machine- wells,

F-628, p/st Kostenko without a car service, storage forests and Volgodonskaya, | building Kazakhtelecom

mine, HVL-35kV Novy | name, etc. | depot, residential wildlife” st. Obyezdnzya | plant, tothe |JSC (FOCL)

gorod-Kostenko 1.2; building, pig farm, Pond trade and

HVL-110 kV Novy farm, Parkhomenko warehouse

gorod- Karaganda base

Santekhnicheskay, Machine-Building Plant

HVL-110 kV LLP, Cottages of the

Karaganda-Novy gorod PCS “Ryabinushka” and

1.2, etc. others
Area, ha 2.044 1.1456 291.2721 136.0564 38.207 0.3296 0.2655
Number 77 8 92 4 9 1 12
of outside
land users
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Fig. 2. Information on the land allotment with the cadaster number 09-142-111-094 located at Kostenko mine
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Fig. 3. Information on Kostenko mine reserves
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Fig. 4. Reserves left in the pillars at Kostenko mine

The amount of calculated and recorded balance reserves of
Kostenko mine according to the Coal Seam Mining Project
makes more than 230 million tons (Fig. 3).

The information on the reserves left in the pillars can be
divided into the following categories (Fig. 4).

For the development of a model of the stress-strain state of
the rock massif, a mining site was selected in the territory of
Kostenko mine of CD ArcelorMittal Temirtau JSC in the area
of longwall face 48 K12-1-v. At this, the average development
depth was 310 m, the extracted reservoir thickness was 5.4 m.

Since 1997, in the Karaganda coal basin, the Rules for pro-
tection of structures and natural objects against harmful ef-
fects of underground mining have been approved and are cur-
rently in force. Traditionally, to calculate the expected values
of the earth surface displacements for the conditions of each of
the operating mines, a computer program “Deformations” has
been developed. The choice of the method of protection of
surface objects, the calculation of allowable and limiting de-
formations for each of the objects under consideration is made
manually based on the formulas given in the Rules [6].

However, this method for calculating the expected values
of displacements and deformations of the earth’s surface does
not allow taking into account and using various mining

methods for protecting surface structures and the earth’s sur-
face [7].

Therefore, there is proposed a method for predicting dis-
placements and deformations of the earth’s surface based on
modeling the stress-strain state of the rock massif and the
earth’s surface.

It should be noted that in the current conditions, numeri-
cal methods undoubtedly and with high accuracy make it pos-
sible, under various boundary conditions, to make calcula-
tions, including those in mining, that is, using a wide range of
physical and mechanical properties of soils.

The finite element method makes it possible to take into
account various and complex properties of soils, thereby stim-
ulating the development of methods for testing soils and rocks
and new theories of their strength and deformability [8].

In order to obtain a reliable model of the stress-strain state
of the rock massif required for the study, a computer program
was used that works in a plane and allows solving a number of
problems, including:

- flat deformed state or axial symmetry;

- elastic or plastic materials;

- phased work (up to 50 stages);

- a lot of materials;

- support (bolts/sprayed concrete);

- constant or gravitational stress;

- rock fracturing;

- groundwater (including pore pressure for the analysis).

At the first stage, for geomechanical modeling of the rock
massif, the plans for mine workings were studied in the K18,
K14, K13, K12, K10 seams in the area of the 48-K12-1-v long-
wall face.

As a result, according to the geological section of geologi-
cal exploration well No. 2188 located next to the considered
longwall, as well as according to the existing marks of the con-
veyor and ventilation drift, a section was built along the long-
wall across and along the strike of the reservoir.

At the next stage, by importing the file of the exchange for-
mat, the sections were entered into the program for modeling
the stress-strain state of the rock massif [9] (Fig. 5).

;JL

= =

Fig. 5. Graphic presentation of the boundary conditions of the
rock thickness under study

34 ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2023, N2 1



Physical and mechanical properties of the rocks at Kostenko mine

Table 2

Indicator Unit Sand Siltstone Mudstone Coal
Modulus of elasticity (Young modulus) MPa 30500 27000 12000 3500
Poisson’s ratio 0.22 0.2 0.21 0.26
Compression resistance MPa 51-78 35-45 2028 10—-20
Tensile strength MPa 5.1-7.4 3.7-4.7 2-2.9 1.5-2
Volume weight MN/m? 2.61 2.5 2.48 1.64
Cohesion MPa 14.2 10.2 8.7 1.2-3.6
Angle of internal friction degree 35 35 35 35

Then, for each coal seam and rock [10] in the sections, as
well as for sediments, there were set physical and mechanical
properties that are characteristic of the mining and geological
conditions of Kostenko mine (Table 2).

In the period from 1950 to the present, in this area hard
coal was mined in coal seams K18, K14, K13 that were located
closer to the earth’s surface than seam K12 [11].

In the plane of the longwall under consideration, the areas
where mining operations were carried out [12] for excavating
coal along the K18, K14, K13, K12 seams were identified sepa-
rately and were gradually set in the program as a worked-out
space.

At the next stage, the stress-strain state of the rock massif
[13] was calculated across and along the strike of the seam. It
was divided into 6 stages, according to the coal seams and the
years of their mining, starting from the earliest mining period
(Fig. 6), which made it possible to interpret the entered data
and to obtain the information for each stage of the process un-
der study (vertical, horizontal, absolute deformations, com-
pression sigma, and others).

A wide range of natural conditions of minerals occurrence
[14], methods of mechanization and organization of mining
[15] requires that the mining system used in each case meet all
these requirements, which explains the existence of a large
number of very diverse mining systems.

Therefore, before dwelling on the use of a particular devel-
opment system [16], the factors that speak for and against its use
are usually analyzed, since each system has its own specific fea-
tures.

The task is complicated by the fact that the factors influ-
encing selection of the development system can be different
not only for different deposits but also for individual mine
fields [17] and even their parts, for example, changing the

il
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Stage 6 ~ the longwall on the K10 seam
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Fig. 6. Stages of calculating and their graphic presentation

thickness of the reservoir or its dip angle along the strike or to
the dip within the mine field.

Without denying the presence of specific conditions [18] in
the development of certain minerals, it is believed that the
main factors that determine the used system of development
should remain common, regardless of the type of mineral [19],
since the types of the development systems should be deter-
mined by the preparatory work that serves to reproducing the
moving workplace: the stope, and the accepted methods for
conducting the stope operations causing certain phenomena
in the surrounding rocks [20].

The development of coal seams in the Karaganda coal ba-
sin is mostly carried out in the direction from the overlying
seams to the underlying seams with the development system in
the full thickness of the deposit [21].

The data of the project, namely the quantitative character-
istics of the elements [22] of the built model from stage to
stage, are shown in Fig. 7.

Interpretation of the results of modeling the stress-strain
state of the rock massif showed the boundaries of influence
[23] on the rock massif after the longwall mining [24] for each
of the coal seams K18, K14, K13, K12, K10 successively.

The modeling and interpreting data of the obtained model
(Fig. 8) in terms of vertical deformations of the points on the
earth’s surface [25] along the line of the central part of longwall
48-K12-1-v from stage 1 (1955—1956) to stage 5 (2007). showed
that the vertical displacement was approximately 0.07 m.

According to the graph of vertical deformations of the point
depending on time [26], it is possible to determine Hp, ;. for
the point located in the middle of the longwall along the K12
layer: it is 0.075 m

Hbegﬂcmn =0.0125- tbeg,acmt‘ =0.075.

Field Stress

Field stress: gravity

Ground surface elevation: 550 m

Unit weight of overburden: 0.027 MN/m3

Total stress ratio (horizontal/vertical in-plane): 1
Total stress ratio (horizontal~vertical out-of-plane): 1
Locked-in horizontal stress (in-plane): 0

Locked-in horizontal stress (out-of-plane): 0

Mesh

Mesh type: uniform
Element type: 6 noded triangles
Number of elements on Stage 1: 9501
Number of nodes on Stage 1: 19197
Number of elements on Stage 2: 9471
Number of nodes on Stage 2: 19160
Number of elements on Stage 3: 9433
Number of nodes on Stage 3: 19107
Number of elements on Stage 4: 9377
Number of nodes on Stage 4: 19018
Number of elements on Stage 5: 9347
Number of nodes on Stage 5: 18981
Number of elements on Stage 6: 9325
Number of nodes on Stage 6: 18960

Fig. 7. Information on the model built
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Fig. 8. Interpreting the model for the vertical deformation in-
dicator

According to the graph of changes in vertical deformations
of the same point, it is also approximately 0.07 m (Fig. 7),
which confirms reliability of the model of the stress-strain
state of the rock massif.

Manifestation of the processes that occur in rocks when
their balance is disturbed can quite naturally proceed differ-
ently depending on the form and conditions of the mineral oc-
currence, its strength, enclosing rocks strength and the meth-
ods of extraction used, that is, the whole complex of works in
the stoping space [27].

The rock massif is characterized by relatively low tensile
strength, and sometimes its complete absence. The occurrence
of discontinuous microfracture means that in the future this
volume of the massif will not be able to perceive tensile stress-
es, although resistance to compression and shear is preserved
to one degree or another [28]. In the tensile region, the defor-
mation process can be considered linear until the moment of
macrofracture.

The finite element method in terms of application in min-
ing within the framework of the study was applied on the basis
of solving a number of problems using a computer program for
modeling:

- determining the nature of the stress distribution, taking
into account the difference in the modules of rocks for com-
pression and tension;

- establishing the boundaries of zones, in which the stress-
es reach the elastic limit, that is, zones in which the depen-
dence of transverse strains on stresses becomes non-linear;

- determining the moment of beginning the development
of macrocracks and determining the stress-strain state of the
massif, taking into account the nonlinear nature of the depen-
dence of longitudinal and transverse deformations on stresses.

The proposed method for predicting the values of defor-
mations of the earth’s surface using modern methods for mod-
eling the stress-strain state of the rock massif should be applied
in determining the further trend of developing underground
coal mining in the Karaganda coal basin in urban areas.

Conclusions. As a result of the research work carried out,
the following conclusions can be drawn:

1. The built discrete finite element mathematical model of
the process of rock displacement during the sequential devel-
opment of the coal seams formation in the conditions of
Kostenko mine of the CD ArcelorMittal Temirtau JSC allows
determining the magnitude and direction of displacement of
the earth’s surface.

2. The computer finite element modeling of the stress-strain
state of the rock massif in the untouched state following the re-

peated undermining of the earth’s surface after the completion
of the stoping operations for each of the removed coal seams
K18, K14, K13, K12, K10 with the complete collapse of the roof
based on the actual physical and mechanical properties of rocks
[29] made it possible to calculate the expected values of vertical,
horizontal and total deformations of the earth’s surface.

3. The values of displacements of the earth’s surface ob-
tained as a result of finite element modeling are confirmed by
the data of full-scale surveying and geodetic measurements of
the area under consideration.

4. The proposed method for predicting the expected values
of deformations and displacements of points on the earth’s
surface is innovative and can be used to predict the extent of
the underground mining impact [30] on the extraction of coal
onto the earth’s surface at various coal mining enterprises.
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Merta. Po3pobka nmdpoBoi Momesi HanpyXeHo-aehop-
MOBaHOTO CTaHy MAacHUBY TipCbKUX MOPIJ MiJ Yac BUIOOYTKY
KaM’STHOTO BYTI/UIS ITiA36MHUM CITOCOOOM ISl IIPOTHO3Y 3pYy-
LLIeHb 36MHOI ITOBEPXHi.

Metoauka. 3amporoHOBaHAa METOJAMKA 3aCHOBaHAa Ha
MOJIeJIIOBAaHHI HaIpyXeHO-1e(hOPMOBAHOTO CTAHY MAacCUBY
TipChbKUX MOPiA 3 BUKOPHUCTAHHSIM METOMY KiHLIEBUX eje-
MeHTiB. KomIT’rorepHe MojestoBaHHS HarlpyXeHo-1edop-
MOBAHOTO CTaHYy MAacHMBY TipCbKMX TOPiJ MPOBOAMIOCS Ha
MIJSIHII BiAMpalbOBaHUX Y MUHYJII POKU JIaB IO IJ1acTax 3
iHgekcoM K KaparaHIMHCBLKOI cBiTM 1maxtu iM. KocTteHko
KaparanamHCbKOro ByriJIbHOro 6aceiiHy, e paHillie MpoBO-
JNIVJIUCS IHCTPYMEHTAJIbHI MapKIlei1epcbKi BUMIpU 11 MO-
HITOPMHTY BEKTOPiB i YMCEIbHUX 3HAUY€Hb 3pYIIEHb MiIpo-
0J1eHOI TipHUYMMU POOOTaMU 3€MHOI TTOBEPXHi.

Pesyabratn. J1OCTOBipHIiCTH OTpPUMAHOI KiHIIEBO-€JIe-
MEHTHOI MOJIEJIi MaCUBY TipCbKUX MOPIi/1 AJ1s1 TPOTHO3YBAHHS
MPOLIECY 3CYBY TipCbKUX IMOPIJ i 36eMHOI TTOBEpPXHi IMiaATBEep-
IDKYETBCSI  pe3yJibTaTaMWd  HATypHUX iHCTPYMEHTAJIbHUX
MapKIuIeiiepCbKrX BUMipPiB Ha 3€MHili TOBEPXHi.

Haykosa HoBu3Ha. Yriepiie Oyia 3anporioHOBaHAa METO-
JIMKa MPOTHO3YBaHHS 3pYIIEHb TOYOK Ha 3€MHiil MOBEPXHi 3
ypaxyBaHHSIM (Di3UKO-MEXaHIYHUX BJIACTMBOCTEM TipChKUX
MOpil Ha OCHOBI KiHIIEBO-E€JIEMEHTHOI MOJIEi MacUBY Tip-
CbKUX TI0pia. Byso 3acrocoBaHO HOBUMI TiAXiA A0 OLIIHKY 10-
CTOBIpHOCTI MOJIeJIi HATIpy>KeHO-1e(POPMOBAHOIO CTaHy Ma-
CHUBY TiPCHKHUX TOPi HA OCHOBI MOPIBHSIHHS OTPUMAHUX pe-
3yJIbTATIB i3 JAHUMU iHCTPYMEHTAJIbHOI MapKIleiaepchKoi
3OMKH.

IIpakTnyna 3HaummicTb. HaBeneHa meTonnka KOMIT'1O-
TEPHOTO MOJEJIOBAaHHS HAMPYXEHO-1e(OPMOBAHOTO CTaHy
MacHBY TipCbKUX MOPiJ MPU BUAOOYBaHHI KaM’STHOTO BYTLLIS
Ha maxTi iMm. KocTeHKo, 1110 HaJeXXUTh OMHOMY 3i CBITOBUX
JlifepiB i3 BUpoOHUILITBA cTaili, kKomnaHii AT «ArcelorMittal».
s MozenoBaHHs Oysia oOpaHa HiJisHKa B pailoHi Bimmpa-
LIIOBAHHS JIaB MO BYTIJIbHUX IJIaCTaX KaparaHIWHCbhKOI CBIiTH
riacTiB, mounHatouu Bif miacra K18 no muacra K10, To6to
TOBIIIA TipChbKUX TOpia rnouHoto Oinbiie 700 M. Paninie B
MexKax TaHoi DiITHKY OyJia BUKOHAaHA Cepist iHCTpyMEHTa b-
HUX MapKIIei1IepCbKUX CIIOCTEPEXKEHD 32 3CYyBOM 3€MHOI 10~
BEPXHi MPU BilMpalloBaHHS LIMX JIaB 32 METOIOM yITIpaBJiHHS
MOKpiBJIel0 — MOBHe oOBajieHHs1. OTpuMaHi 3HaYEHHS Bep-
TUKAJIbHUX TepeMillleHb TOYKM Ha 3€MHiil MOBEPXHi 3a pe-
3yJIbTaTaMU KOMIT' IOTEPHOTO MOJIEJIIOBAHHS HaMpyXEHO-/Ie-
(opMOBaHOTO CTaHy MacWBY TipChKUX MOpIA BiAMOBiIalOTh
JNIAaHUM HATYpPHUX MapKIIEeHIepChbKUX CMOCTEPEXEHb 3CYBiB
L€l TOYKM, LIO MiATBEPIXKYE INOCTOBIPHICTH MOOYIOBAHOI
Mojiedi.

KimouoBi cioBa: modearosanus, Hanpysiceno-degopmosa-
HULI CMaH Macugy, 2ipcvki nopoou, Kam’saHe 8yeinis, 3¢y, 3eMHA
NnoeepxHs
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