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NUMERICAL MODELING OF THE STRESS-STRAIN STATE OF THE KURZHUNKUL
OPEN-PIT MINE

Abstract. The stress-strain state of rocks is one of the main factors that determine the magnitude and
nature of rock pressure, on which the safety of deep open pit development depends. When conducting mining
operations, it is necessary to understand where zones of increased principal components of normal and
maximum shear stresses form.

The article presents the results of numerical modeling of the stress-strain state of the Kurzhunkul pit in
a two-dimensional formulation by the finite element method in the MIDAS GTS NX software package. In
mathematical modeling, the stresses actually acting in the array, determined by field measurements, were taken
into account. A model based on the results of modeling is presented, which can be used to predict changes in
the maximum gradient of horizontal stress with an increase in the depth of mining of the Kurzhunkul open-
pit mine. Based on the results of the modeling of the sides in the southeastern north-western directions, areas
were identified where there is an unfavorable effect of the maximum shear stresses on the side rock mass and
the maximum shear stresses (Tjnqy) may exceed the shear strength.

Also, an assessment of the influence of the main components of normal and maximum shear stresses on
the stability of the near-rock pit rock mass is given. It has been determined that the geomechanical state of
the sides of the Kurzhunkul open-pit mine is characterized by the action of low compressive stresses. The
values of the maximum compressive stresses vary from 5.52 MPa to 14.25 MPa, increasing from the day
surface to the bottom of the open pit. The minimum component of the principal stresses varies from 0.70 to
9.4 MPa. The values of tensile minimum stresses Omin are significantly less than the calculated values of
tensile stresses 0y in the sample and do not affect the stability of the pit edges.

Key words: stress-strain state, pit, distribution of principal stresses, rock mass stability, a two-dimensional
numerical model.

Introduction. The problem of predicting the tectonic effect on the stress state of the rock mass is important
in geomechanics today. If the natural stresses in the sides of the pit slope are high and exceed the strength of
the rock mass, then its deformation occurs and large zones of weakened rocks are created, which can then
collapse under the influence of their own weight [1, 2].

Based on the results of field studies, it was determined that the stress-strain state of the rock masses
of the Kurzhunkul pit was attributed to the gravitational-tectonic type [3]. The stability of quarry walls in
rocky tectonically stressed rocks is determined, first, by the parameters of the stress-strain state, structural
disturbance, and strength characteristics of the rock mass.

Materials and methods. To substantiate the rational design parameters of the Kurzhunkul opencast mine,
calculations were performed to estimate the stress-strain state of the rock mass in a two-dimensional (2D)
formulation by the finite element method using the MIDAS GTS NX software package.

Finite element method (FEM) calculation in MIDAS GTS NX can be conditionally divided into the
following stages:

- setting the computational domain with the selection of characteristic areas and mechanical properties for
the selected areas;
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- setting limiting conditions at the boundaries of the computational domain and selected areas;

- splitting the computational domain into finite elements (selection of the type and size of finite elements
in the selected areas);

- selection of the nature of material deformation (elastic, plastic, etc.) and the criterion of destruction
(Coulomb-Mohr, Drucker-Prager, Hook-Brown, etc.);

- calculation of stresses (deformations, displacements), graphic presentation, and interpretation of the
calculation results.

When calculating the stress-strain state in the MIDAS GTS NX software package, in all cases, it is
assumed that the output compressive stresses and forces are negative, and the tensile stresses and forces are
positive [4].

Numerical modeling of the stress-strain state of the Kurzhunkul pit was carried out within the framework
of solving the plane problem (2D). The design schemes for the construction of the finite element mesh were
used for the sections of the final contour of the Kurzhunkul pit (with a deepening up to minus 290 m) in
the direction of the southeast (SE) and northwest (NW) sides [5, 6]. The finite element mesh of design
models contains 96866 + 119935 elements. The minimum linear dimension of the finite element based on the
thickness of the minimum geological layer is 1 -2 m, the maximum is 10-20 m.

The length of the rock mass is modeled within certain boundaries. The boundaries of the model are chosen
in accordance with Saint-Venant’s principle, according to which the zone of influence of a feature extends to
a distance of no more than three of its characteristic dimensions. For the calculation, the calculated physical
and mechanical characteristics of the rocks were used, determined from the survey data, and given in tables
1 and 2.

Table 1. Average physical and mechanical properties of soils of the Kurzhunkul deposit

EGE name Module of Water saturation Porosit Density, | Internal friction | Coupling,
deformation, MPa | coefficient Y t/m’ angle, degrees | \MPa
Loam (edQ,,) 3,36 0,85 0,74 1,99 12,33 0,09
Clay (N2ks) 4,7 0,75 0,625 1,96 11,00 0,10
Loam (P%)) 3,8 0,88 0,81 2,04 7,50 0,05
Sandy loa m (P2)) 4,13 0,74 0,69 2,19 10,54 0,04
Clay (chg) 4,11 0,92 1,04 1,80 11,22 0,08
Clay with sandstone 4,86 0,92 123 | 172 11,22 0,12
interlayers (P, )
Heavily crushed 5,49 0,92 0.80 | 198 13,42 0,09
clay eMz

Table 2. Physical and mechanical characteristics of rocks of the SE and NW sides used in modeling the
stress-strain state

Desig- | Units of SE NW
Parameter . - - : - - -
nation | measure | limestone | porphyrite | metasomatite | andesite | porphyrite | metasomatite
Density Y t/m? 2,74 2,72 2,73 2,79 2,68 2,65
Module of x 104,
deformation E MPa 5,47 5,53 5,27 5,23 5,42 4,34
Poisson's m 0,29 0,28 0,30 0,27 0,27 0,29
ratio
Internal ¢ |degrees| 28 27,44 27,6 254 28,8 27,0
friction angle
Coupling C t/m? 42,41 47,24 46,23 40,10 60,2 0

The correspondence of the calculated stress field to the real geomechanical state of the mass largely
depends on the reasonable choice of model dimensions and boundary conditions.

Determination of horizontal stresses of the Kurzhunkul pit was carried out by the method of borehole
unloading in two experimental areas. The unloading method is sufficiently accurate and methodologically
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justified, which makes it possible to use it to determine the complete stress tensor of the studied pore array
(3,7, 8].

The stress-strain state of the rocks of the near-edge mass of the Kurzhunkul quarry in its present state,
as shown by measurements by the borehole unloading method, is characterized by a relatively low level of
stress.

When creating a numerical model of the stress-strain state of a rock mass, the boundary conditions were
set as following:

- calculated two-dimensional model with linear dimensions in the horizontal direction - 2984 m, and in
the vertical direction - 1036 m;

- the values of the component of tectonic stresses 7 and T, obtained based on the results of measurements
by the borehole unloading method, are taken to be the same throughout the depth and equal to the calculated
values of T = - 3.99 MPa and ]; =-4.39 MPa;

- the values of gravitational stresses in the areas of the rock mass, varying along the depth of the quarry
and corresponding to the weight of the overlying rocks;

- the starting initial stress state of the mass is modeled using the values of the coefficient of lateral soil
pressure A = 2 in two mutually perpendicular directions of the principal stresses. Comparison of the measured
stress values with the calculated stress values based only on the own weight of the rocks shows that the
effective values of the maximum components of the principal stresses exceed the maximum calculated
stresses from the own weight of the overlying rocks by almost 2 times.

Results. The finite element model was built in SE-NW orientation in accordance with the general direction
of maximum horizontal stress. Figures 1-3 show the isolines of the distribution of the main maximum
component of stresses Txy, the main minimum component of stresses Opqy, shear stresses Omin according to
the results of numerical modeling in a two-dimensional setting in the SE and NW direction of the walls of the
Kurzhunkul open-pit mine.

Figure 1. Distribution of maximum stresses Gp,qy in the SE and NW directions of the sides of the
Kurzhunkul mine in the intact near-edge rock mass and borrow excavation
e, e,
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Figure 2. Distribution of minimum stresses il Gy, in the SE and NW direction of the sides of the
Kurzhunkul mine in the intact near-edge rock masses and borrow excavation
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Figure 3. Distribution of maximum shear stresses Ty,, in the SE and NW direction of the sides of the
Kurzhunkul open-pit mine in the intact near-edge rock masses and borrow excavation

Figure 4 illustrates the model used to predict the maximum horizontal stress gradient with depth. For the
NW side, the values of the maximum stress component Omax of stresses first decrease to the mark (-100) -
(-130) m in an absolute value from 9.07 to 7.04 MPa due to the loading by an external blade. Then increase
uniformly to 9.42 + 9.51 MPa and at the mark (-400) m the maximum component of horizontal stresses
is compared with the gravitational stress, Gmax = Tzepel YY) (Figure 4). The value of the lateral pressure
coefficient (1) of the near-rock mass of the Kurzhunkul quarry, defined as the ratio of the maximum horizontal
stresses to YH up to a depth of 600 mis A = 1.1 + 3.42, below - A = 1.01 (Figure 5).

NW edge
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Figure 4. Diagrams of distribution of Oy, Omin, Txy (XY) NW edge

200

100

00
-1@pHOBHOM OcHoBHO

s -200
T -300
-400
-500
-600
-700
-800

OcHoBHOM OcHoBHOMN OCHogFOl‘/'l

Figure 5. Graph of the change in the lateral pressure coefficient 1 versus depth for the NW side

Tensile minimum stresses Omin (Figure 1) in the pit walls are observed at the points of contacts of
geological layers with different deformation properties (at the base of the external dump No. 4) and at the
surface of the slope benches. The values of the tensile minimum stresses 0y, are 0.37 MPa, which is much
less than the calculated values of tensile stresses @ in the sample and, in general, they do not affect the
stability of the walls.
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The ledges of the SE side up to the projected depth of 500 m are under the action of low compressive
stresses in the absolute value Omax = 6.5 + 10.64 MPa. In the SE board at marks (-400) - (-450) m, the
maximum component of horizontal stresses is compared with the gravitational stress, Tmax = dvert(YY)  There
are no tensile minimum stresses 0, . The value of the lateral pressure coefficient (A) of the near-edge rock
mass of the Kurzhunkul pit, defined as the ratio of the maximum horizontal stresses to yH up to a depth of
600-650 mis A= 1.1 + 3.39, below - A =1.01

Based on the results of modeling the SE-NW sides were identified areas, where there is an unfavorable
effect of the maximum shear stresses on the side rock mass and the maximum shear stresses 7,,,, may exceed
the shear strength (Table 3). For these areas, the condition of non-destruction according to Mohr-Coulomb (1)
and the calculation of the safety factor (SF) for 7,,,, according to (2) were calculated. [9-12]

<
Tmax <Ontg @ +C (1)
where #y - effective maximum shear stresses;
C, ¢ - adhesion and angle of internal friction of the destroyed material;
&,,- normal stress component acting on the slip area.
In equation (1), the left side Tmax is a shear force, and the right side (6, tg @ + C) — is a holding force,
their ratio determines the safety factor n:

{(Omox+Omin)tge+2C
2Tmasx 2)

n =

Discussion. In the NW side at marks (-20) + (-230) m and in the SE side at marks (-20) + (-250) m, the
effective maximum shear stresses 7, exceed the shear strength. On these horizons, a shift of rock blocks
along natural and mining-induced queres is possible. The failure mode of open pit slopes will largely depend
on the orientation of the fractures in the rock mass in relation to the orientation of the slope and the angle of
the slope. The direction and nature of the main surfaces of weakening in this part of the open pit have not been
sufficiently studied to date for their use in the kinematic analysis of the NW side of the open pit [6].

Table 3. Impact analysis of shear stresses Tmax on the near-edge rock mass of the Kurzhunkul pit in the
SE and NW direction of the sides based on the results of numerical modelling

Dangerous areas for Fulfillment of the condition of non-

Calculation | the development destruction Estimated Predicted site
scheme of deformations, Effective maximum | Design shear | SF site condition
horizons m shear stresses 7., MPa strength, MPa
130 M=(-20) m

(-230) M+ (-290) m 0,48-2,44 3,31 1,25 |Mass is stable

At these horizons,
when the shear
stresses exceed
NW the shear strength,
(-20) + (-230) m 3,9 3,31 0,76 shear queres appear
and shear blocks of
rocks along natural
and mining-induced
queres are likely
(-250) M + (-290) m 1,94 3,04+3,07 1,41 Mass is stable

(-20) + (-250) m 3,4 3,04+3,07 1,16 Mass is stable

SE

Conclusions. Based on the results of numerical modeling, the assessment of the influence of the principal
components of normal and maximum shear stresses on the stability of the near-edge rock mass showed:

- the predicted stress values are within reasonable limits in accordance with the measured data.

- the geomechanical state of the sides of the Kurzhunkul mine is characterized by the action of low
compressive stresses. The values of the maximum compressive stresses in the absolute value @maz in the
open pit and intact rock mass vary from 5.52 MPa to 14.25 MPa, increasing from the surface to the bottom
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of the open pit. Zones of compressive stress concentrations Omqax are confined to the bottom of the open pit
(11.2-14.25 MPa), which is no more than 0,1-0,35 g,, i.e. stresses acting in the mass do not destroy the rock
and are compressive.

- the minimum component of the principal stresses O varies in absolute value from 0.70 to 9.4 MPa.
Zones of tensile stresses Omin with a value of 0.37 MPa are observed in the NW and SE sides at the points
of contacts of geological layers with different deformation properties (at the base of the external dump No. 4)
and at the surface of the slope benches. The values of tensile minimum stresses 0,y,;;, are much less than the
calculated values of tensile stresses @, in the sample and do not affect the stability of the pit walls.

- zones of concentration of tangential stresses Tmax affecting the stability of the sides are confined to: in
the NW side at elevations (-20) + (-230) m, in the SE side at elevations (-20) + (-250) m. At these horizons, the
operating maximum shear stresses exceed the ultimate shear strength and shear of rock blocks along natural
and mining-induced queres is probable.

The stress state of the near-edge rock mass of the Kurzhunkul pit to a depth of 600-700 m refers to the
gravitational-tectonic form, with horizontal stresses exceeding vertical ones. At a depth of 600-700 m, the
Vectors 0,y are reoriented, which are equalized with the vertical =06 (YY).

From a depth of 600 m - 700 m, the stress state of the near-edge rock mass of the Kurzhunkul pit is
hydrostatic. Due to this feature, a change in the nature of the destruction of the rock mass is likely.

The article was written within the framework of grant funding under the project No. AP08053358 “Rock
mass management to ensure the safe development of a deposit based on an integrated geomechanical model”.
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KYPXKYHKYJ1b KAPBEPIHIH KEPHE YJII-IE®OPMAIIUSIJIAHFAH KYWATH CAHJIBIK
MOJIEJIBAEY

AHHoTanmus. Tay >KbIHBICTAPBIHBIH KEpHEYNi-fAepopMaldsIanFal KyWi TepeH Kapbepiepil Hurepy
Kayinci3airine OailaHbICTHI Tay KbICBIMBIHBIH MOJIIIEP] MEH CHUIAThIH aHBIKTAWTBIH HETi3ri (hakTopiaapabiH
0ipi Oonbin TaObwanel. Tay-KeH KYMBICTApBIH KYPridy Ke3iHAE KaJbINThI JKOHE MaKCHMAJIbl jKaHaMa
KEpHEyJepiHiH KOFapbl KOMIIOHEHTTEPIHIH alMaKTaphl Kail xKepJie KaJIbITacaTbIHbIH TYCIHY KaXKeT.

Maxkanaga MIDAS GTS NX 6arnapiaManiblk xKacakTaMachlH/[a KT dIEMEHTTEP 9/1iCiMEeH €Ki eJmeM i
KoHbLTBIMIa Ky piKyHKYITb KaphepiHiH KepHEYIIi-1eopMalisuiaHFaH KYHiH CaH IbIK MOJICIIbACY/IH HOTHXKEIIEPi
KepceTiireH. MareMaTuKaibIK MOJICNb/ICY Ke3iH Ie AaJlallblK eJIIeyTepMEH aHbIKTalFaH MacCUBTE i€ XKY3iHIe
ocep eTeTiH KepHeynep eckepinii. KypKyHKylb KapbepiH eHJEY TEpeHIrH apTThipa OTBIPHIIN, KOJJCHEH
KEpHEY/IiH MaKCUMaJIIbl TPaMeHTIHIH 03TrepyiH OoJrKay YIIiH KoJAaHyFa 00JaThlH MOJICIb/ICY HOTHIKEIEpiHe
HeTi37ieNTeH MOACTh KeNTipiareH. OHTYCTIK-IIBIFBIC CONTYCTIK-0aThIC OaFbITTaparbl OOPTTaPBIH MOAECTBICY
KOPBITBIH/IBUTAPE] OOWBIHIIA €H JKOFaphl jkaHama KepHeyJepiHiH OOpT MaHbl MAacCHBiHE KOJAWChI3 acepi
GaliKaaThIH JKOHE BIFBICY OCpIKTIriHiH eH orapbl skaHama kepHeynepineH (Tmax) achim KeTyi MyMKiH
ydacKenepi aHbIKTaJJIbI.

CoHbIMEH Karap, KaJibINThl XKOHE MaKCHMalJbl jKaHama KepHEYJEepiHIH Heri3ri KOMITOHEHTTEpPiHiH
Kapbep/iH OOpPTTHIK MAacCHBIHIH TYpPaKThUIBIFBIHA dcepiH Oaranay KenTipiireH. KypKyHKynb KapbepiHiH
OOpTTapBIHBIH FeOMEXaHUKAIBIK KYHi TOMECH KbICAThIH KEPHEYJIEP/IiH 9CEPIMEH CHITATTATaThIHBI aHBIKTAJIJIBI.
EH xorapbl KbiCy KepHeyiepiHiH MoHaepi 5,52 Mlla -ngan 14,25 Mlla-ra aeitin e3repeai, Oy KapbepaiH
OetineH TyOiHe neitin apranasl. Herisri kepHeynepain MuauManisl komrnoHenTi 0,70-ten 9,4 MIla-ra aeiiin
e3repeni. Co3bpuTy MUHMMANIBI KEpHEYJIEPIHIH MOHIEP! Omin YATLAETI CO3BUTY KEPHEYJIEPiHiH €CcenTeNreH
MoHiepineH TponyieKaiiia a3 xoHe Kapbep OOPTTAPhIHBIH TYPAKThUIBIFBIHA dCEpP STHEM .

Tyiiinai ce3aep: xepHeyi-aeGopManmsIaHFal Kyi, Kapbep, HETi3T1 KepHEYIIEp/IiH Tapatybl, MACCHBTBIH
TYPAKTBUIBIFbI, €Ki OJIIIEM/Ii CAH]IBIK MOJICIb.
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YUCJIEHHOE MOAEJIUPOBAHUE HAITPS)KEHHO-AE®@OPMUPOBAHHOI'O COCTOAHUSA
KYPKYHKYJIBCKOI'O KAPBEPA

AnHoTanusi. HanpspkeHHO-1epOpMUPOBAHHOE COCTOSIHME TOPHBIX IMOPOJ SABJSICTCS ONHUM U3 TJIaBHBIX
(aKTOpOB, ONPEICIAIOMNX BEJIMUNHY M XapaKTep TOPHOTO JaBJICHHS, OT KOTOPOTO 3aBUCHT O€30IacHOCTh
pa3paboTku IIyOOKMX KapbepoB. [lpu BemeHMM TOpHBIX PabOT HEOOXOAMMO NOHHUMaHHWeE, Tae OymyT
(hopMHPOBAaTHCS 30HBI MOBBIIICHHBIX ITABHBIX KOMIIOHEHT HOPMAaJbHBIX U MaKCHMaJIbHBIX KacaTeJIbHbIX
HaIpsHKCHUH.

B craree mpuBeneHbl pe3ynbTaThl UUCICHHOTO MOICIMPOBAHUS HANPSHKEHHO-1e(OPMHUPOBAHHOTO
coctosiHusl  Kyp:KyHKYJIBCKOTO Kapbepa B JABYXMEPHOH IOCTaHOBKE METOIOM KOHEYHBIX JJIEMEHTOB B
nporpaMmMmHoM koMmiutekce MIDAS GTS NX. I1pu MmaTremMaTnaeckoM MOJEINPOBAHNUH OBUIH YUTEHBI pEaIbHO
NEHWCTBYIOIINE B MAacCHUBE HANPSDKCHUS, ONpE/eICHHbIC HATYpHBIMU H3MepeHusMu. [lpuBeaena mopensb,
OCHOBaHHasl Ha pe3ysbTaTax MOJICIHPOBAHUS, KOTOPYIO BO3MOXKHO NPHUMEHSTH ISl MPOTHO3UPOBAHUS
M3MEHEHUS] MAKCUMAJIBHOTO TPaJHEeHTa FOPU30HTAIBHOIO HAIIPSHKEHUS C YBEIMUCHHUEM ITyOHMHBI OTpaboTKH
Kypxynkynbckoro kapbepa. [lo mroram mopenupoBanus OOpPTOB B IOT0O-BOCTOYHOM CEBEPO-3aIllaHOM
HalnpasJIeHHIX ObUIN ONPE/ICIICHbl YYaCTKH, T HaOM0aeTCsl HeOIaronpusTHOE BO31€HCTBHE MAaKCUMaJIbHBIX
KacaTelbHBIX HaNpsDKEHUH Ha NPUOOPTOBOW MAacCHMB M BO3MOXHO IPEBBIIICHHE MAaKCUMaJIbHBIMU
KacaTeJIbHbIMU HANIPSHKEHUAMU (T4, ) TPEIENA IPOYHOCTH HA CIBHIL.

Taxske mpuBeACHA OLEHKA BIMSHUS IVIABHBIX KOMIIOHEHT HOPMAaJbHBIX U MaKCUMAaJbHBIX KacaTelbHBIX
HaNpsDKEHUH Ha yCTOWYMBOCTH NMPHOOPTOBOTO MaccuBa Kapbepa. OmpeneneHo, 4TO TeoMEeXaHH4ecKoe
coctosinre OopToB KypKyHKYIbCKOTO Kapbepa XapaKTepu3yeTcs IEHCTBHEM HEBBICOKHX CHKUMAIOLIMX
HapsKeHUH. BeanunHbl MaKCUMaIIBHBIX CKUMAIOIINX HaNpsKEHUH U3MEHSIOTCS B npenenax ot 5,52 Mlla
1o 14.25 Mlla, yBenuuuBasich OT IHEBHOU MOBEPXHOCTH K IHY Kapbepa. MUHUMAaIbHAsl KOMIIOHEHTA [IaBHBIX
HanpsbkeHnid Mensercs ot 0,70 mo 9,4 MIla. 3HaueHus pacTATMBAIONIMX MUHUMAJIBHBIX HAPSOKEHUHN #7
3HAYUTEJILHO MEHBIIE PACYETHBIX 3HAYECHMH HANpPHKEHUH Ha pacTsiKeHUe Oy B 00paslie M He OKa3bIBAIOT
BJIMSIHUS HA YCTOHUMBOCTH OOPTOB Kapbepa.

KitroueBble ciioBa: HampspkEHHO-e(OPMHUPOBAHHOE COCTOSIHUE, Kapbep, paclpeieiieHue INIaBHBIX
HaNpsDKEHUH, YCTOMYMBOCTh MACCHBA, IByXMEpHasi YNCIICHHAs] MOJICIb.
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