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MATHEMATICAL MODELING OF THE PROBLEM OF COMPRESSION
OF A ROCK SAMPLE WITH FRICTION AT THE END

Analytical solutions of the problem of the stress-strain state of the environment around the work-
ings with non-uniform compression in the elastic-plastic formulation, with account for transbound-
ary deformation are few. Some solutions of the problem under the conditions of Tresk and Coulomb
plasticity are obtained.

In these solutions, there are simplifying assumptions that the area of inelastic deformations cover
the entire contour of the mine, the angle of internal friction is zero, etc. The features of the post-
limit deformation of rock masses near underground mines consist on the formation of destruction
zones around the mine workings, zones of plastic and elastic deformation, covering the part of con-
tour or the entire contour depending on the boundary conditions and contour profiles, and a given
law of the state of the environment. The mathematical description of the process of formation of
inelastic deformations areas near the workings and obtaining a solution by the analytical method
is rather difficult. Due to the lack of knowledge of this problem to date, it is advisable to use
numerical methods of mathematics and mechanics using modern information technology and tech-
nology. The article presents mathematical models and results of solving a geomechanical problem
based on information technology and the finite element method. The developed procedures and
programs allow solving with the help of modern computers a wide class of mining tasks in which
it is required to determine the stress-strain state of the rock mass weakened by mine workings in
different mining and geological conditions.

Key words: geomechanical tasks, field structures, mathematical models, array heterogeneity, rock
properties, rock samples.
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2

IMlekapagan TbhiC gedopManAAIapAbl  €CKepeTiH OipKAIBIIThLI eMeC CBhIFBLTY Ke3iHjeri ke
Ka30aJJapbIHbIH,  aiffHAJIACBIHIAFBI  CEPIIMTI-TIIACTUKAJBIK, KOWBLIBIMIATEI OPTAHBIH, KEepHEYJIi-
nedopMalsiIaHFal Kyl TypaJibl ecenrTep/liH aHaJUTUKAJIBIK IIemniMaepi ore a3. Tpecka MeH
KyouHbIH mIacTUKAIBIK KaF IalbIHIAFbI €CENTiH, Keitdip mentimaepi agabagabpl. Byur memtivaepae,
cepruimai emec jedopManys afiMarbl OHIMHIH OapJIbIK, 2KUETiH KAMTHUIbI, MKl yiiKesic OypbIITb
HeJire TeH »KoHe T. 0. cekimai KapamaiibiM Ookammaap 6ap. Tay-KeH MacCUBTEpiHIH 2Kep acThbl
KasbaJiapblHa YKAKbIH IIeKapaJaH ThIC AedOopMalusIanybIHbIH ePeKIeTiKTepl MbIHA/IaM: Tay-KeH
Ka30aJlapbIHbIH, alfHAJIACKIHIA KUpay aliMaKTapbl, »KUEKTIH MEeKaAPAJIBbIK IIapThl MeH TpoduiHe,
COHJAM-aK OpTa KarmailbIHBIH OepireH 3aHbIHA OANIAHBICTHI YKUEKTIH OOIriH TOJBIK YKUEKTI
KAMTUTBIH IJIACTUKAJBIK KOHE cepriMil jgedopMarus aiiMakTapbl maiiga 00Jaapl. eHiMIepre
JKaKbIH CepIiMci3 edopMarms OPTACBIHBIH, KYPBLIY ITPOIECCIHIH MaTeMATUKAJIBIK, CHMIATH MEH
AHAJIMTUKAJIBIK OJIICIIEH TIeITiMin Taby eTe Kyp/iesi OO TaObLIa IbI.
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Kasipri Tanma ocbl mpobyieMaHbIH, a3 3epTTeslyiHe OailIaHbICThI KA3ipri 3aMaHayd aKIapaTThIK
TEXHUKA MEH TEXHOJIOTUSAHBI IaiijlaJlaHa OTBIPBIII, MaTeMaTUKa MEH MeXaHUKAHBIH, CAHJIbIK
oMicTepin maimamanran KeH. Makaiamza akKmapaTThIK TEeXHOJOTHsS YKOHE COHFBI JIEMEHTTED 9Iici
HET13iHJ/Ile TeOMEeXaHUKAJbIK €CENTeP/l IIeNIy/iiH MaTeMATUKAJbIK MOJEJbIepl MeH HOTHXKeJepi
KeJITIplireH. O3ipJIeHreH IIPOIeypa MeH IporpaMMajap Kasipri 3aMaHayd KOMIIbIOTEPJIEP/IiH
KOMeriMeH opPTYPJIi Tay-KeH TeXHUKAJIBIK KOHE Tay-KeH I'e0JIOTHUSLIBIK, XKaFpailiap/ia KasbaiapMeH
9JICIpETeH Tay-KeH MACCHBiHIH KepHeyIi-nedopMaIisIaHFaH KYHiH aHBIKTAyIbl TAJIAIl €TETIH Tay-
KE€H OHJIpici ecenTepiHiH KeH KJIACHIH IMIENIyre MYMKIHIIK Oepesi.

TyitiH ce3mep: TreoMexaHWKAJBIK eCcenTep, KEHOPHBIHBIH KYPBIIBIMBI, MaTEMATUKAJIBIK,
MOJIEIbJIEP, MACCUBTIH, OipKeJIKieMecTiri, Tay »KBIHBICTAPBIHBIH KACUETTEPi, Tay *KBIHBICTAPBIHBIH,

13 K. A6apinaes, 2M.O. Horaiibaesa
L1-p rexn. HayK, mpod., E-mail: abderkinbek@mail.ru
crapinuii npemnojasaresib, E-mail: mnogaibayeva@gmail.com
Kazaxckuit Harmona/bHbIN yHUBepcuTeT uM. ajab-Papadu, 1. Asmarer, Kasaxcran
MaremaTundyeckoe MOAeJIMPOBaHUE 33a9U CXKATHUsI 00pa3iia ropHbIX MOPO/I,
C TPEHHEeM Ha TOPIAax

2

AnajiuTudecKue perieHus 3a7a9i O HAIPSKEHHO-Ie(POPMUPOBAHHOM COCTOSIHUU CPEJIbl BOKPYT
BBIPAOOTOK IMPH HEPABHOMEPHOM CXKATHU B YOPYTO-IUIACTUYIECKON ITOCTAHOBKE C yIETOM
3ampeiesIbHOrO  1ePOPMUPOBAHAS MAJIOYNCIEHHBI. [lo/IydeHbl HEKOTOpBbIE pEeIleHns 3a1aqu
B ycaoBuax 1mmactuanoctn Tpecka m Kymoma. B aTmx pemeHmsx WMEIOTCS YIIPOITAIONIEE
[IPEJIIIOJIOZKEHNUS], 9TO 00JIaCTh HEYIPYyrux JjedopMaruii 0XBaTHIBAIOT BeCh KOHTYP BBIPAOOTKH,
yroJl BHYTPEHHEro TpeHus paBeH Hy/ao u jap. OcobeHHOCTH 3alpeiesbHOro e OpMUPOBAHUS
MMOPOJHBIX MACCHBOB BOJIM3W ITOI3EMHBIX BHIPAOOTOK 3aKJIIOYAETCS B TOM, UTO BOKPYT TOPHBIX
BBIPAOOTOK 0OOpPa3yIOTCA 30HBI PA3PYIINEHWUs, 30HBI IUIACTUIECKUX W YOPYTuX medOpMarimii,
OXBATBIBAIONINX YaCTh KOHTYpAa WJIM BECh KOHTYDP B 3aBUCHMOCTH OT TDAHUYHBIX YCJIOBUI
u upodwmieil KOHTYpa, a TaKyKe 3aJ[aHHOrN0 3aKOHA COCTOsHUSI Ccpejibl. MaremaTndaeckoe
omnmcanue mporecca (opMmuposanue obJacreit Heynpyrux Jedopmanmii BOIU3M  BHIPAOOTOK
W TOJyYeHWs PEIIeHUs AHAJUTUIECKUM METOJOM IPEJCTABJISETCS JIOCTATOYHO CJIOXKHBIM.
B cBa3m ¢ masio m3ydeHHOCTH JAHHON WPOOJEMBbI HA CETOMHSIIHUNA JIeHb, IeJIeCO00pa3HO
WCIOJIb30BATh YUCJEHHBIE METObl MATEMATHKH W MEXAHUKH C HCIOJIb30BAHMEM COBPEMEHHON
nHGOPMAIMOHHON TEXHUKM W TEXHOJOIMHU. B cTaThbe MPUBEIEHBI MaTeMATHIECKHe MOJIETH U
pe3y/IbTaThl PEIIeHUs] NeOMEXaHUYECKON 3aJlaud Ha OCHOBe HMH(MOPMAIMOHHON TEXHOJIOTHH WU
MeTOa KOHEYHBIX 3/IeMeHTOB. PaspaboTaHHBIE IIPOIEIYyPhl W IIPOrPAMMBI ITO3BOJISIIOT PEIIaTh
C TIOMOINBIO COBPEMEHHBIX KOMIIBIOTEPOB IIMMPOKUN KJIACC 3aJad TOPHOIO IIPOM3BOJCTBA, B
KOTOPBIX TPEOYETCs OIPEIEIIsiTh HAIPSIKEHHO-/1e(DOPMUAPOBAHHOE COCTOSIHUE TIOPOIHOTO MACCHUBA,
0CJIabJIEHHOTO BBHIPADOTKAMHU B PA3HBIX TOPHOTEXHUYIECKUX W TOPHOT€OJIOTMIECKUX YCIOBUSIX.

KuaroueBble cjioBa: reOMeXaHMYECKUE 339, CTPYKTYPbI MECTOPOXKJIEHUS, MATEMATUIECKHE
MOJIeJIH, HEOTHOPOIHOCTh MACCUBA, CBOMCTBA MOPOI, 0OPA3Ihl TOPHBIX IIOPO/.

1 Introduction

In the national economy of the Republic of Kazakhstan, the mining industries occupy one of
the most important places in their role in social production, economic importance and social
factors. In this regard, in order to create effective and reliable designs of mines and quarries,
the development of an environmental monitoring system for the environment in the field
of mining must be comprehensive, combining basic and applied sciences. In the Republic,
one of the priorities is to increase the rate of extraction and supply of natural resources to
the markets in order to use the current high global demand in the interests of the country.
The competitiveness of mining enterprises is mainly ensured with large volumes of mineral
extraction. Their high-performance work is achieved on the basis of introducing into practice
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the results of scientific research to create new and improve existing technological schemes
with the inclusion of cyclical and continuous technology, rational equipment, full expansion
of the field of application of advanced technological solutions, as well as the use of advanced
forms of organization and management of mass mining works.

The rapid development of information technology is currently placing new demands on
traditional, well-established areas of knowledge, one of which is geomechanics and the devel-
opment of subsoil. In connection with the depletion of mineral resources located at accessible
depths, the main direction of development of the mining industry will be the further develop-
ment and improvement of methods and methods of mining with involvement in exploitation
of fields with complex mining and geological conditions, great depth of development and
long service life of pit walls and underground workings. The modern level of development of
the mathematical apparatus for solving problems of geomechanics and computing technology
allows us to automate the design of workings, take into account all the details of the array
structure, achieve greater reliability of design solutions that ensure minimal amounts of over-
burden work, safe working conditions, and rational use of the subsurface and land resources
which becomes relevant in a market economy.

2 Review of literature

At the present stage of development of information technology, the most popular computa-
tional methods for assessing the stress-strain state of a rock massif and various structures
are the methods of finite elements [1-11] and boundary elements [12-14]. As is well known,
the boundary element method (MGE) is well suited to stress concentration problems or
to infinite regions, and the finite element method (FEM) provides a cost saving procedure
in many three-dimensional problems for finite regions. The simplicity of the mathematical
theory, the ease of generalization in solving the problem and the applicability to physically
and geometrically non-linear problems make the FEM more attractive, while for the MGE
this is still the subject of research. The finite element method (FEM) is a synthesis of the
latest achievements of continuum mechanics and numerical methods of mathematics. It has
received extremely wide application in various fields of physics and technology, mainly in the
analysis of the stress-strain state. Fundamentally new FEM opens in the mechanics of rocks
and soils. Before its appearance, the solution of geotechnical problems was possible only in
an elastic formulation, or by means of limiting equilibrium - and then under fairly simple
boundary conditions. Most of the elastic-plastic problems are not amenable to an analytical
solution, as a result of which, in many cases, the loads on the soil are artificially limited to the
elastic phase of deformation [15-25|. The current literature on FEM is extremely extensive

and literally every entry into the scientific and technical libraries brings new information in
this field.

3 Objects and research methods

Mining enterprises, unlike many other industrial facilities and structures (metallurgical,
machine-building, chemical plants, etc.) are natural-technological complexes. The parame-
ters and indicators of the economic efficiency of mining enterprises are determined for this
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level of technology mainly by natural factors (structure and size of deposits, terrain, hy-
drological conditions, etc.) and their permissible environmental impact. It should be noted
that at the present stage of development of mining science it is the differentiation of mining
science, the emergence of its new industries and divisions on the basis of its integration with
related fields of science and technology. Search and scientific substantiation of the methods
of rational and integrated use of the subsoil, ensure their comfortable working conditions and
optimal state of the environment.

The latest stage in the development of mining science should be associated with the de-
ployment of the scientific and technological revolution (STR). Scientific and technological
revolution, as is known, has set new problems for humanity: environmental protection and
depletion of mineral-fuel resources. These problems are particularly relevant for the mining
industry and science, without deciding which, the further production use of mineral resources
can become socially ineffective. It should be noted that in the areas of mining the geograph-
ical environment is sharply deteriorating, a method of open-cast mining causes great harm
to it, an increase in the share of which is planned in the near future. The effectiveness of the
method is already currently minus large inevitable costs of reclamation of disturbed land.
Hence the formulation before science of a fundamental change in the technology of mining.
This is especially true because modern technology does not allow developing deposits in the
deep bowels of the earth, as well as with a low mineral content. Therefore, it is so impor-
tant to develop fundamentally new methods and means of mining, to avoid the movement of
masses of waste rock, to exclude the presence of a person under the ground, to dramatically
increase labor productivity. This is a real task, as there is an internal training and maturity of
mining science to enrich it with the latest achievements of the fundamental sciences, on which
meringue a fundamental shift in the technical base of mining production can be achieved. In
world practice, technical progress is primarily related to the orientation on the widespread use
of self-propelled mining equipment: the development of self-propelled drilling, loading-hauling
and transport equipment, self-propelled bucket loading-hauling machines (PDM) with both
diesel and electric drive. The development of information and communication technologies,
the widespread introduction of automation and remote control of mining machines and ag-
gregates are priority areas for the improvement of underground technology. Differentiation of
mining science on the basis of its integration with related fields of science and technology and
at the same time is a synthesis of mining sciences into a single system of knowledge for finding
methods for the rational and integrated use of the subsurface, providing comfortable working
conditions and an optimal state of the natural environment. The goal of mining science is
not only to describe, explain the conditions of means and methods of exploration for mining
and primary processing of minerals, but mainly in finding ways to improve and change them
to facilitate working conditions and increase production efficiency. Mining science today is
a complex, developing complex of scientific disciplines. All processes and phenomena occur-
ring during the exploration, mining and processing of minerals contain internal and external
contradictions, the discovery, study and resolution of which is the main task of mining science.

The general trend of mathematization of sciences has not bypassed mining sciences, but
today for solving most major mining problems there are not enough mathematical tools,
because the task, for example, of developing fields is to create self-organizing multi-factor
systems, and later on self-programming auto steps. At the present stage, the tasks arising,
for example, in the development of mineral resources, can be quantitatively solved only in
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relation to certain, ideal deposits. Therefore, in order to impart practical significance to such
"quantitative"decisions, the assumptions underlying the analysis should, in accordance with
accepted values, be consistent with natural conditions [1-5].

4 Mathematical media models

In the process of formation in the massif of open or underground mine workings, the natural
stress-strain state is disturbed. Zones of non-elastic deformations appear around the workings
for various purposes. Of particular importance are the patterns of deformation of rocks beyond
the limits of strength associated with loosening (irreversible increase in volume), weakening
(decrease in resilience) and hardening. These patterns largely determine the nature of the
stress-strain state of the rock mass near the workings, especially with the combined mining of
mineral deposits by open and underground methods in mutual influence on each other [6-13].
We write Hooke’s law for the conditions of plane strain ({2 = 0) in the following form:

01 :EH(€1+VH€3)/(1—V%), (1)
03 = EH(€3 + Vngl)/(l — Vlgl)
where (II), vi; — are the "flat" analogs of the Young’s modulus E and the Pausson coefficient
v, related to them by the relations: 1 = /(1 — v?), vp = v/(1 — v).
Considering that the ultimate strength of the medium under consideration in the field of
compression is described by the Coulomb criterion:

01:S+03Ctg5 (2)

where S = 2cctg(m/4 — ¢/2) — is the uniaxial compression strength; ctgd = (1 +sinp)/(1 —
sin p); ¢, ¢ — grip and angle of internal friction.

In the field of tension, we supplement the criterion o3 = T', T' is the tensile strength. After
simple transformations, we obtain descriptions of the limits of strength through the main
deformations - compression are considered positive:

[(Ener — S)(1 —vpctgd)/(ctgd —v) —vnS|/En—e3 =0 (3)

T(1—vf)/En —vpe, —e3 =0 (4)

In the coordinates €, and 3 equations (3) and (4) have the form, respectively, of straight
lines A’B” and D’A’ (Fig. 1, a). Thus, in region 1 within the limits of circuit D’A’B’, according
to the known deformations €1 u 3 of stresses o1 and o3, can be found by formulas (1). Outside
the contour of A’B’C’, other equations of the connection of deformations and stresses act.

Let in the process of loading the deformed state of the element of the medium reached
a certain point E on the border of the elastic zone (Fig. 1a). Consider the laws of further
plastic deformation occurring at a constant minimum principal stress. An increase in the
strain e; (i.e., shortening of the element of the medium in the direction &;) is accompanied
by a decrease in the strain e3 (expansion in the perpendicular direction). The full vector
of plastic deformations ¢, (E'F’ in Fig. 1a) consists of two components: 1, u €3, and the
interrelation of these components is determined by the adopted law of flow.
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Figure 1: The law of the state of environment

If we accept €3, = —¢1, the shortening in the direction £; will be equal to the elongation
in the direction 3, and the volume of the element of the medium during plastic deformation
will remain unchanged. Such plastic flow can be called equilibrium. In a more general case,
the relationship between the components of plastic deformations can be characterized by the
ratio of the form

€3p = — ctg Beqy. (5)

The angle S in Fig. 1a determines the degree of loosening during plastic flow; the value ctg £
can be called the dilation coefficient. When § = 4, formula (5) corresponds to the principle
of normality (the associated law of flow).

Moreover, if the deformations of the medium element €; and €3 characterize the point F’
in Fig. 1a, then they can be represented as a sum of elastic and plastic components:

€1 =E¢€1, T €1,; €3 =E3, +E3,; (6)

The elastic components 1, and €3, are the coordinates of the point E’ and are determined
from the elastic formulas (1) when the value oy is substituted in them on the elastic boundary
by the Coulomb formula (2). Substituting the values €;, and €3, and value €3, thus obtained
from formula (5) into equations (6), we obtain a system of two equations, which having solved
relatively o3 and €,,, we find the voltage value o3 corresponding to this deformed state:

03 = [EH<€1 + 53) + S(I/H — 1)]/(1 — U Ctg5 + ctg6 — I/H). (7)

To determine the value of oy, a family of connection graphs o; and £, should be specified
for plastic deformation under the conditions o3 = const of Fig. 1b. If in the process of
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deformation resistance remains constant (perfect plasticity), then the graphs oy, —e; have
the form of horizontal lines (solid lines in Fig. 1b), and the value ¢, itself can be calculated
from the previously determined value €3 using formula (2).

For rocks that are weakened in the process of transboundary deformation, for example, a
family of graphs shown in Fig. 1b, by dashed lines, may be prompted. These graphs charac-
terize the environment, the resistance of which in the process of plastic deformation decreases
from the initial value, determined by formula (2), to the residual value

o1 = min|[(S + o3 ctgd), (5" + o ctg d')], (8)

where S” and ¢’ — residual strength characteristics (S’ < .S, ¢’ < §). The developed models are
implemented in the form of numerical procedures for cases of plane strain in the deformation
variant of the theory of plasticity based on the finite element method.

The main procedure of the finite element method considers the medium as elastic and
reduces to solving a system of linear algebraic equations for unknown displacements

{u} : {F} = [K|{u}, (9)

where [K] — the stiffness matrix of the system; { F'} — vector of nodal forces.

Since the study of the stress-strain state of the rock mass, taking into account transcen-
dental deformability, is a non-linear problem, we have obtained new developments in the
combined procedure for the general case, when the law of the state of the medium is given
on the basis of the proposed model [14-16].

5 Research results

For the quantitative and qualitative assessment of the FEM solution using the above algo-
rithm and the program developed on a PC, the test problem of uniaxial compression of the
sample with friction on the ends was solved. Due to the presence of two axes of symmetry,
only a quarter of the area is considered (Fig. 2a). The axes of symmetry in the deformation
process do not bend, and shear stresses are absent along the axes of symmetry. Three top
nodes are set to move down equal to 0.018. Properties of the elements: = 100Pa, v = 0.3,
v=20,c=0.1Pa, p = 30°.

The problem is solved according to the developed program in two versions: in the first
version, the state law obeys the associated flow law; in the second, a softening medium with a
dilatation coefficient A = 3 is considered. In Fig. 2b and 2c¢ show the shapes of the deformed
sample obtained as a result of calculation on a PC. To ensure equilibrium, these forces must
be equal in magnitude and opposite in direction to given external forces, and in those nodes
where external forces are not specified, they are equal to zero. In general, the sum of the nodal
forces applied to the region in the x and y directions to ensure equilibrium must be zero.
When solving each specific problem by checking, the fulfillment of the equilibrium condition
was established.

To verify the fulfillment of the state law, we provided for printing not only the actual
stresses found in the elements, but also the "theoretical" stresses calculated using the formulas
for the adopted state law and the found strains. The quality of the solution can be estimated
from the proximity of the values of the actual and theoretical voltages in Fig. 3a and 3b
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Figure 2: Test task: a — design scheme; b — form of the sample after loading with the associated
law of flow; ¢ — form sample in a softening medium

where the medium-strength datasheets and the actual stresses in the elements (points) are
shown. In elements 2 and 4, the calculated deformations 1 and 3 are smaller than the limiting
elastic deformation for a given stress 3, therefore, they are in the elastic state. The remaining
elements are in inelastic state. From Fig. 3a, b and from the calculation results it follows
that the state law is satisfied for a given accuracy, the coaxiality of the main stresses and
strains is maintained. Next, we check the fulfillment of the given law of flow, for example,
on element No 10. The stresses in the element are equal:oy = 4.9, 03 = 0.39, and the
deformations: o1 = 0.0070, 03 = —0.0097. Under plane deformation, according to Hooke’s
law, the elastic components of the deformations under such stresses are: €/ = 0.0043, e} =
—0.0016. Accordingly, the plastic components are equal to:

el =e1 — e =0.0027;, &f =¢e3—¢ej =—-0.0081 (10)
As you can see, the ratio of plastic component strain
A = g8 /e)] = (0.0081/0.0021) = 3 (11)

isexactly equal to the given (associated) law of flow, characterized by A = 3. In the considered
problems the found solution is unique. In principle, the solution of a plastic problem may not
be the only one: for example, stretching an ideally plastic rod with a load equal to the yield
strength of a material will not have a single solution. At the same time, stretching this rod
to a given strain will have a single solution.

6 Conclusion

The developed mathematical models, procedures and programs allow us to solve with the help
of modern computers a wide class of mining tasks in which it is required to determine the
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Figure 3: The stress state in the elements: a - with the associated flow law; b - in a softening
environment

stress-strain state of the rock mass. The components of the natural stress field are represented
as dependent on the geomechanical structures of the field, and are taken into account in the
program using boundary conditions. In this case, the boundary conditions can be specified
in the form of zero or nonzero nodal forces or displacements (or mixed conditions). Array
heterogeneity is taken into account by model by introducing various strength and deformation
characteristics F, v, 7, ¢, ¢ (modulus of elasticity, Poisson’s ratio, density, adhesion, and angle
of internal friction). Surfaces of weakening and breaking in an array are imitated by layers
of elements with corresponding lowered strength properties.
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