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MATHEMATICAL MODEL OF THE GEOMECHANICAL
STATE OF THE UPPER PART OF THE EARTH'S CRUST
BASED ON SALOME-MECA

Abstract. This article provides a brief description of the Saloma-meca software platform. An approach to the
analysis of the geodynamic state of the upper crust of urban areas based on Saloma-meca is described. A generalized
block diagram of the work of software and mathematics is built. Geometric models of the earth's crust have been
developed for the city of Almaty. Test calculations of the distribution of SSS for the untouched mountain range were
carried out according to the averaged data of soil densities based on Saloma-meca for the initial approximation in
calculating the stress-strain state of the earth's crust in Almaty.
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Introduction. The stress-strain state (SSS) of the earth's crust is studied mainly in connection with
the solution of the problem of assessing the stability of the earth's crust during an earthquake. The
parameters of the Earth's crust SSS are one of the main indicators in the construction of a seismic hazard
forecast map. To construct maps of the parameters of the SSS, a digital representation of such data as the
relief of the day surface and the relief of the sole of the earth's crust, tectonic faults, the field of gravity
anomalies, velocities of individual lithosphere blocks, etc. is necessary. The possibility of obtaining this
information is related to the achievements of modern space technologies, primarily ground-space
monitoring, radar imaging, the development of primary and thematic processing of remote sensing data
(RS) and the accumulated experience of theoretical and practical work. Based on these digital data, it is
possible to build a reliable geomechanical model of the earth's crust of individual sections.

Software package. The object of research is the geomechanical condition of soils near urban
structures, as well as the territories of Almaty. Figure 1 shows a generalized block diagram of the
operation of software and mathematics. The physical process is the ongoing movement of soil near urban
structures. Research, in general terms, is carried out in two interrelated areas - modeling and observation.

By modeling we mean the consideration of the physical model of the process and the construction of
its mathematical representation using the equations of mathematical physics. The mathematical model is
based on the well-known equations of mechanics of deformable solids to describe the geodynamic state of
the earth's crust. The physical and mathematical models used in the software are models of elastic and
elastic-plastic environment.

Under the supervision, it is assumed the collection, processing and analysis of GPS data from global
and local networks, processing of radar satellite images, data on soil structures, data on building
structures, geomechanical parameters, strength and density data.

GAMIT and GLOBK are the software packages for the primary processing of high-precision GPS
observations for monitoring the geodynamic state of the lithosphere.

At the initial stage, these experimental data are used to adjust the mathematical model of the physical
process and formulate the problem - to determine the initial approximation and boundary conditions.

— 151 ——



News of the National Academy of sciences of the Republic of Kazakhstan

Physical process

modeling observation

Experimental data
Mathematical model (result of radar interferometry and GPS
technology)
Numerical methods and Numerical Tes No
algorithms T est
Yes
calculation
Computational model Analysis

Figure 1 - A generalized block diagram of the operation of software and mathematics

After constructing and adjusting the mathematical model for the basic equations of mathematical
physics, a numerical model is built, the initial-boundary-value problem is solved, where the calculation
area is the corresponding grid representation of the earth's crust of the studied regions.

At this stage, additional grid modeling programs are used - SALOME - MECA, OpenFOAM,
OpenCFD, FLAC3D.

After obtaining the numerical results - the two-dimensional and three-dimensional distribution of the
main parameters of the stress-strain state of the upper part of the earth's crust, the data are checked with
the original experimental data and analyzed.

SALOME-MECA software platform. SALOME is a general structure for pre and post processing.
Code_aster - for solving (solver) of thermomechanical problems [1]. Salome-Meca is the integration of the
code aster solver in the Salome platform, including the AsterStudy module for computer-aided design.

Salome-Meca is an open platform that can integrate scientific solutions for modeling various physical
fields and implement a wide range of computer simulations. The tasks are to analyze the behavior of the
model with sufficient accuracy and performance to help in making decisions on the issues raised. Salome-
Meca initially comes with CAD modeling, mesh algorithms, 3D visualization and advanced features for
processing simulation data.

Key features. Numerical analysis [2] of complex industrial systems requires scientists and engineers
to integrate most fields of physics, such as materials science, solid mechanics and structural dynamics,
fluid physics and thermohydraulics, nuclear physics and radiation, and electromagnetism. These domains
can be combined into a single modeling environment, the Salome-Meca platform. The main features of the
Salome-Meca platform are:

- Designing the geometric representation of physical systems (CAD modeling) and the associated
discrete model (mesh functions for solvers of finite elements or finite volumes);

- Ability to integrate domain-specific solvers into normalized software components with standard
interfaces to facilitate the integration of various physical domains;

- Monitoring of computational workflows defined as graphs of distributed software components,
including CAD modeling, solutions for specific areas and data processing components;

- Analysis of modeling data, in particular using visualization of physical fields resulting from
computational work processes.

In this context, the key point of the platform is the use of standard data models to describe physical
concepts for numerical analysis and to ensure interaction between software components. For example, the
MED data model defines a normalized representation for describing geometry cells and fields of physical
modeling values. This data model is a key feature of the platform. It comes with a software
implementation (MED file library) for saving files and exchanging simulation data between components.
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SALOME Mesh and visualization components offer MED format interfaces for importing or exporting
data. Domain-specific solvers that interact with SALOME, it is recommended that you use the MED
format for input and output files. This configuration leads to a high level of associativity between software
components for building modeling workflows.

In addition to processing and visualizing grid and field data, the SALOME platform contains
additional modules designed for advanced data analysis:

Data assimilation and optimization environment, for example, for recalibrating model parameters by
comparing simulation data with experimental measurements (ADAO module).

Distribution of uncertainties [3] in the modeling workflow, for example, to estimate the uncertainty of
the resulting simulation data, taking into account the given uncertainty of the input parameters
(OPENTURNS module).

Development of numerical experimental plans, for example, parametric modeling, by examining the
indicated area of the space of modeling parameters (PARAMETRIC module).

The theoretical basis. A continuous and homogeneous medium is capable of experiencing
deformations of only two types - a change in volume and a change in shape. Volumetric deformations are
caused by normal stresses and ultimately lead to separation. Changes in shape caused by shear stresses
lead to shear.

The relationship between stresses and strains is most often assumed to be linear, i.e. corresponding to
Hooke’s law. A power relationship between stress and strain is used in the nonlinear theory of elasticity.
These are the main essence and quality of the model of a continuous medium, on the basis of which the
mathematical theory of the mechanics of a deformable body is built without taking into account time and
temperature factors.

Here are some relationships and dependencies that will be used later to describe the stress-strain state
of the rock mass using the continuum mechanics. These relations are studied in detail in courses in the
theory of elasticity and plasticity, and are used in rock mechanics, which allows us to confine ourselves to
a brief presentation of the basic formulas of the theory of stresses and strains.

A necessary condition for the applicability of these relations in their practical use is the fulfillment of
the hypothesis of continuity of the medium, which consists in the continuity of stresses and displacements,
as functions of the coordinates of a point [4, 5].

At each point of a continuous medium, a stress-strain state is characterized by a symmetric stress
tensor (1.1), a symmetric strain tensor (1.2), and a displacement vector (1.3):
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For relatively small strains, the strain tensor is expressed in terms of the displacement vector as
follows:

1(%+%); i=xy,z; (1.4)
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called the Cauchy equations.

The movement of an element of a rock mass is determined by the forces applied to it, calculating it
we obtain differential equations of motion:
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where p is the density of the medium; F - volume forces, t - time.

The above equations are general relations of the continuum mechanics, regardless of its physical and
mechanical properties. These equations are not enough to describe the process of deformation of the
medium. Additional relationships are required between stresses, strains, their velocities and a number of
other factors, which are called equations of state of the medium. The mechanical equations of state of
bodies, including all of the above parameters, are quite complex. Therefore, they are usually limited to the
simplest models of the medium, which describe the basic properties and main features of the mechanical
processes. Based on them, a further refinement of the deformation process is made.

We give some of the equations of the mechanical states of inelastic media that are most common in
the theory of plasticity and rock mechanics. The simplest are the equations of the deformation theory of
plasticity, connecting the components of stress and strain,

Ex — §@e =YP(0,x — 0); Eyz = II}a'yz;
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where ®e = 3 (1-2v) 6 / E; v, E — Poisson's ratio and elastic modulus of the medium, respectively; v is a
certain function of the invariants of tensors and deviators of stresses and strains, ¢ is the average (or
hydrostatic) pressure at a point.

Note that the volumetric strain in this theory is elastic and is related to the mean pressure ¢ by
Hooke's law.

Due to its simplicity, these equations are widely used to solve engineering problems in the study of
rock deformation. For y = (1- v) / E they turn into Hooke's law and are essentially its generalization to
nonlinear media.

Let us present in general form the basic equations of the theory of elasticity in an invariant form [6],
which are used to determine the stress-strain state of rocks.

The equation of motion in invariant form:

9% . =
Pz = div(o) + pF; (1.7)
Cauchy equations:

£ = sym(Vai) = 2 (Vai + (Va))T); (1.8)

The equation of state of elastic media (Hooke's Law), expressed in terms of the Lame coefficients:

o = Atrace(e)l + 2pus; (1.9)
Where
Ev E E
A= (1+V)(1—2v)’” T 2(+v)’ T 3(1-2v) (1.10)
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E is the elastic modulus (Young); v is the Poisson's ratio; K is the volume expansion module.

The system of equations (1.1) - (1.3) includes 15 equations and 15 unknowns (6 components of the
stress tensor, 6 components of the strain tensor, 3 components of the displacement vector), and is a closed
system.

The general statement of the problem of determining the stress-strain state of rocks is as follows [7].
Given the boundary conditions (the displacement field or the velocity vector field) and the given initial
approximation (SSS from the untouched mountain massif), determine the components of the stress and
strain tensors at each point of the study area.

The initial approximation is the SSS of the untouched mountain range, calculated according to the
following formulas.

0,, =YH, 0, = 0y, = kyH; (1.11)

where y is the weight per unit volume of the rock mass, k is the lateral pressure coefficient. Under the
assumption of a hydrostatic stress distribution, k = 1; with non-hydrostatic distribution - 0 <k <1; under
the assumption of A.N. Dinnik -k =v /(1 - v).

Methodology for calculating the SSS of the upper horizons of the earth's crust. The general
methodology for determining the SSS of the upper horizons of the earth's crust is as follows.

The calculation area is determined (in this case, Almaty with an area of 36x36 km?, to a depth of
5 km.). A geometric model of the studied region is constructed, as shown in figure 2.

As the boundary conditions, GPS data is used, the initial approximation is the SSS of the untouched
mountain range.

Further, the system of equations (1.1) - (1.3) is solved by the iterative method. At each iteration step,
equation (1.1) is first solved - from this distribution of the components of the strain tensor, the
displacements at each point in the volume are calculated. Next, from the Cauchy equations (1.2), we find
the values of the strain tensor [8, 9]. From the equation of state (1.3), the new distribution of the stress
tensor values is found back. This iteration process is repeated until the difference between the results of
the iteration is not small enough.
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Figure 2 - Curved grid of the calculation area.
Territory of Almaty 36x36 km?
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Results and its discussion. Geometric models of the earth's crust have been developed for the city of
Almaty.

The basic methods for studying the deformation and strength of rocks are analyzed. Expressions are
determined for the components of the deformation tensor of the upper horizons of the earth's crust using
an inhomogeneous field of displacements of the earth's surface according to GPS observations.

Test calculations of the SSS distribution for the untouched mountain massif, that is, of its own weight
(Figure 3), were carried out according to the averaged data of soil densities for the initial approximation
when calculating the stress-strain state of the earth's crust in Almaty.

It was also calculated the distribution of stress from its own weight in a slice of land at around
0 meters above sea level (figure 4).

Modeling of the stress-strain state of the earth's crust can be used to develop a monitoring system in
the region in order to predict the geodynamic state of the earth's crust and major seismic events. The main
difference from traditional approaches is the identification of anomalous zones by the distribution of

geodynamic parameters, as a result of geomechanical modeling using a database of geological and
geophysical data.
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Figure 3 - Setting the first approximation of stress from its own weight
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Figure 4 - Stress distribution at a depth of 0 m
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Conclusion. Mathematical models of the stress-strain state that describe the geodynamic state of the
earth's crust over time and the development of science become more accurate and correct, and the Salome-
Meca software platform has already contributed. The program is not familiar to a large number of
specialists and is only gaining popularity, but even so it is one of the best multifunctional complexes with
free access. In general, the development of the system of geodynamic and geophysical monitoring of the
earth's crust is necessary both for a deeper study and understanding of the processes occurring in it, and
for predicting the further development of these processes in time, and for assessing seismic hazard in the
studied region. Estimates of the stress-strain state of the earth's crust based on mathematical models of the
geomechanical state using modern seismicity data, complex experimental data of representative GPS
monitoring, will advance the problem of practical earthquake prediction.

These works are carried out with financial state support in the framework of the scientific and
technical project “Ground-based space monitoring of technogenic processes in urban areas and assessment
of the status of large technical facilities”.

H.K. Coiasbik, A.7K. Bu6ocsinos, C. M. Hypakbsinos
Honocdepa uncturytol, «¥YF3TO» AK, Anmarer, Kazakcran

SALOME-MECA HETTBIHAEI'T )KEP KbIPTBICbIHBIH KOFAPY'bI BOJIITTHIH
I'EOMEXAHHUKAJIBIK KAT JAUBIHBIH MATEMATHUKAJIBIK MOJAEJII

AnHorauus. JXep KBIPTHICBIHBIH T€OJWHAMHKAIBIK JKai-KYHIH CHIATTaHTBHIH KepHEYIi-IehopMannsIaHFaH
KYWHAIH MaTeMaTHKAaIbIK MOIENbAEP] YaKbIT aFrbIMBIMEH JKOHE FBUIBIMHBIH JIaMybIMEH AQMIpEK JKOHE AYPHIC OOJIBII
kenemi JkoHe Salome-Meca Oarmapiamaiblk IutaTgopmackiga Oyl camara e3 YJeCiH KOocTel. barmapiama kel
MaMaH/IapFa TaHbIC €MeC JKOHE €HJII KapKbIH albIll KeJie jKaca Jia, eH Y3MIK TeriH, KOJDKETIMII Kon(yHKIMOHAI bl
KemleHaepAiHn Oipi Ooibin TaObutazel. Salome-Meca Typii (QH3MKaNbIK cajajapAbl MOJENbBICY YLIIH FbUIBIMA
memriMaepai  OipiKTipin, KOMIBIOTEPIIK CHMYJISILMSHBIH KEH CIEeKTpiH icke acelpa anansl. Salome-Meca
T1aTGOPMAChIHBIH HEri3ri epeKLIeNiKTepi MbHajdap OOJbIN TaObUIAbL (U3UKAJIBIK JKYHENepAiH TeOMETPHSIIBIK
kepiHiciH xobanay (CAD-Mmonenbiey) >kKoHE OHBIMEH OalIaHBICTBI JUCKPETTI MOJENb (COHFBI 3JIEMEHTTEPAiH
HEMece COHFBI KOJEeMIEP/iH TOPJIapbIHbIH (YHKIHMAIAPH); TYPIi (U3UKAIBIK JOMEHIEpAl OipiKTipyaAl JKeHIIIeTy
YUIH CTaHAAPTTHl HHTepdelcTepMeH HOpMalaHFaH OarIapiiaMaliblk KOMIIOHEHTTEpPre JOMEHIe TOH TOpPIapIbl
Oipiktipy Myw™mkiagiri.; CAD-Moxmenbreyni, HakTel OONBICTap VINIH WICHNMICPIi JKOHE IepeKTepli eHaey
KOMIIOHEHTTEPiH KOca aifaHfa, OelliHTeH OarmapiiaMaiblK KOMIIOHCHTTEpIiH TpaduKTepi peTiHAe aHBIKTaIFaH
eCernTeyJiepiH J>KYMbIC TMpOLECTepiH Kajarajay; ecenTey >KYMBIC MPOLECTePIHIH HOTIKECIHAE TYbIHIANTBIH
(hM3HKAJIBIK ©piCTepAl BU3yaTu3aIisuIay apKbUIbI MOJICNBACY ASPEKTEPiH Talay.

By makanaga Saloma-meca Herisinae Kana KypbLIBICTAPbIHA JKAKbIH JKEPICPIiH, COHAaH-aK AIMAThl Kaaachl
ayMarbIHBIH JK€pP KbIPTHICHIHBIH JKOFapFbl OOJIriHIH re0JMHAMHKAJIBIK Kal-KyHiH Tajnjay ojici cunarrairad. JKanms
aFaHa, Taaay e3apa OaiIaHBICTHI €Ki OaFbITTa JKY3ere achIphLIalbl — MOJICIIB/CY KOHE OaKbLIay.

Tyrac xoHe OiprekTi opra TeK €Ki TypAiH Ae(OopMalMsChIH ChlHAyFa KaOLIeTTI — KOJIEeMHIH e3repyi »oHe
miiHAIH e3repyi. Kememal nedopManusiap KaJlblIThl KepHEYAIH oCEpiHEH TYBIHIAWIbl JKOHE aKbIpbIHAA Y3yre
okesneni. Kanama KepHeyJIep/IeH TYbIHAANUThIH HILIHHIH 03Trepyl KeCiKKe aKelesi.

Kepueynep meH nedopmanmsuiap apachlHIArbl OailnaHbic KeOiHEce CBI3BIKTBHI, sSFHU ['yka 3aHbIHA colikec
KaObUImaHanel. KepHey MeH nedopmamus apachlHIAFBl JIOPEXKENIK TOYENOUIK CepHiMAUIIKTIH  CHI3BIKCHI3
TEOPUSICBIHIA KOJIAAaHBUIaAbl. YakpIT IEeH TeMmIieparypa (akropiapblH eckepMmed JledopManusuiaHaThiH JEHE
MeXaHUKACBIHBIH MaTEMAaTHKAJIBIK TEOPHUSCH KYPBUTATHIH TYTAC OpTa MOICIIHIH HETi3Ti MOHI MEH canachl OCBIHAAN.

Tyrac opranslH opOip HYKTeCiHAeri KepHeyi-aedhopMalysiaHFaH >Kal-KyH KepHEyIiH CHUMMETPHSIIBI
TEH30pbIMEH, Je(GOopMaIMIHbIH CHMMETPHSIIBI TEH30PBIMEH XKOHE OPBIH ayBICTBIPY BEKTOPBIMEH CHITATTalabl.

CanbicThIpMalIbl TYpAE Killli JedopmManmsuiap kesinae nedopmarus teH3opbl Ko TeHaeynepi en aranaTbiH
OpBIH ayBICTBIPY BEKTOPBI apKbUIbl KopiHeai. Tay sKbIHBICTapbl MACCHBIHIH KO3FalIbIChl quddepeHnaiap Ko3Fraibic
TEHJICYJIEPIH eCenTel OTHIPBIN, OFaH Koca OeplireH KyIuTepMeH aHbIKTaiajpl. JKorapblga KeNnTiplireH TeHIeylep
OHBIH (PU3UKa-MEXaHUKAIBIK KacHeTTepiHe KapaMacTaH TYTac OpTa MEXaHHKACHIHBIH JKaJIIbl apaKaThIHACKI OOJIBII
taObtagsl. By Tewmeymep optaHel gedopmanusiiay TpoOLECiH cCHIaTrray YHIH okeTkinikcis. Kepreynep,
nedopmanusiap, oOxapIbH JKbUIIAMIBIKTaphl )KOHE OpTa XKarIaibIHBIH TEHIEYJIepl Aen aTtalaThlH Oacka aa OGipkarap
(axTopnap apachlHIaFbl KOCBIMIIIA KATBIHACTAP KAXKET.

Kepney Tenneymnepi, nedopmanus skoHe OPHBIH ayBICTBIPY JKyHenepi 15 tenaeyni xone 15 6enricizai (6 kepHEy
TEH30pBI KOMIIOHEHTI, 6 1edopManus TeH30pHl KOMIIOHEHTI, 3 OPBIH ayBICTHIPY BEKTOPBHIHBIH KOMIIOHEHT]) KAaMTHIBI
KOHE TYHBIK Jkyde Oosiein Tabbutazbl. Tay IKBIHBICTAPBIHBIH KepHEYJi-IeGopMalMsIaHFaH KYHIH aHBIKTay

— 157 ——




News of the National Academy of sciences of the Republic of Kazakhstan

MaKCaTBhIHBIH JKaJIbl KOWBLIBIMBI Obulaiiia kepiHemi. bepiireH miekapaiblk jxaraaiap kesinge (KbUDKY epici
HeMece JKbUIIaM/IBIK BEKTOPBIHBIH ©piCl) JKOHE OChl 0ACTaIKbl KAKbIHIAY Ke3iHJe 3epTTEeNIETiH ayMaKThIH opOip
HYKTECIHZIeT1 KepHey MeH Jedopmaius TeH30pJIapblHbIH KOMIIOHEHTTEpiH aHbIKTay. bacTamkel KakbIHIaraHza,
HOJIIK eMec Tay-keH MaccuBiHiy KJIK anbiaasr.

XKep KbIpTBICBIHBIH XKOFaprbl Kekxkuekrepi ydackenepinin KK aHbIKTayIblH Kalllbl 91icTeMeci Kelecileu:
ecenTtey aliMarbl aHbIKTaNaubl (OyJ JKaFmaiiga AJMaTel Kanackl ayjanbl 36x36 kM2, 5 KM TepeHIiKKe JeHiH).
3eprreneTiH aiiMakThlH TE€OMETPHSIBIK Mojeni Kypbutaabl. Illexapansik maptrap pertinne GPS  nmepekrepi
naiananblIapl, OacTankbl KaKbIHAAY apKbUIbl KO3FaIMalThIH Tay MaccuBiHiH KJIK anbiHams!.

Bynan opi uTepamisUIBIK OIiCTIeH KepHey, AedopmMaius >KOHE OPHBIH aybICTBIPY TEHACYJEpiHiH Kyieci
memnriteni. UtepanusapH opOip KagaMbeiHAa OipiHIm OONBINT KepHEY TeHAEYl memineni-oy OemxyaeH aedopmariist
TEH30pPBIHBIH KOMIIOHEHTI KOJIeMHIiH opOip HYKTECiHIE OpBIH aybICTHIpyNap ecenrenemi. byman opi — Komm
TEHJIeYJIepiHeH nedopMalirs TeH30PbIHBIH MoHI Oonajpl. Kyil TeHaeyiHeH - Kepl KepHey TeH30pbl MOHJIEpiHIH JKaHa
OeuniHyi aHbIKTanagbl. Byl urepanusi mpoieci urepaius HOTHXKENEpl apachlHAarbl albIpMAllbUIBIK a3 OoJIFaHIIa
KalTanaHabl.

AnMaTbl K.oKep KaOaThIHBIH KepHeylli-ledopMalusulaHFaH KarlaiblH ecenTey Ke3iHJe OacTarkbl yKakblHIay
yiuiH Saloma-meca Heri3iHie TONBIPaK THIFBI3BIFBIHBIH OpTalllaIlaHFaH AepeKTepi OOMbIHIIA KYII TYCIpiIMEreH Tay-
KeH aJKaObl YIIiH KepHeyli-negopMalysuiaHFaH xKaraaiisl 0enyaiH TecTilik ecentepi xyprizingi. Connaii-ak, TeHi3
nenreiiinen 0 merp Oenrizeri xep KeciHiciHAe 63 caJMarblHaH KepHEY /i Oty ecenTenii.

JKep KbIpTHICHIHBIH KepHEYIli-IeGopManrsuIaHFaH Xali-KyHiH MOJIENIbACY JKep KbIPTHICHIHBIH T'€0IMHAMHKAIIBIK
JKai-KYHiH KoHE ipi ceHCMHKAIBIK OKHFalapasl 00IhKay MaKcaThIHAA OHipJeTi MOHUTOPHHT JKYHECiH JaMBITy YIIiH
maiinanaHeUTybl MYMKiH. J[oCTYpIIi TOCUTAEPACH HETI3Ti epeKIIeliri TeoIOTHUITBIK-Te0(DU3UKAIBIK JepeKTep 0a3achiH
maiianaHa OTHIPHIT T€OMEXaHUKAIBIK YIATUICY HOTHKECI peTiHIe Te0JMHaMUKANIBIK ImapaMeTpiepai 0exy OoibIHIIA
AQHOMAJIB/Ibl aHMAKTap.Ibl AHBIKTAY OOJIBIN TaObLIadbL.

Tyiiin ce3nep: ['eonunamuka, reomexannka, KK, Saloma-meca, MaTeMaTHKaJIBIK MOIEIb, Ae(OpMAIIHS.

H.K. Coiabik, A.JK. Bu6ocsinos, C. M. Hypakbinos
WuctutyT nonocdpepst AO « HIKUT», Anmarsl, Kazaxcran

MATEMATHUYECKASA MOJEJIb TEOMEXAHUYECKOTI'O COCTOAHUA
BEPXHEI YACTH 3EMHOM KOPbl HA OCHOBE SALOME-MECA

AHHOTanmsi. MareMaTHyeckue MOJENN  HalpsHKEHHO-Ie(OPMUPOBAHHOTO  COCTOSIHUSI, —OIMCHIBAIOLINE
TeOIMHAMUYECKOE COCTOSIHAE 3€MHOM KOPBI, C TEYEHHEM BPEMEHHU U PA3BHTHEM HayKH CTaHOBATCS OoJiee TOYHBIMU
W KOPpEKTHBIMH M TporpammHas ruiardopma Salome-Meca yxe BHecna cBOM Bkian. Ilporpamma He 3HaKoMa
6OJIBIIOMY KOJIMYECTBY CIEIHAIMCTOB U TOJIBKO HAaOMPAaeT MOIYJIIPHOCTh, HO AaXKe IPH 3TOM SBISIETCSI OJHUM U3
Jy4IINX MHOTO(YHKIIMOHAJIBHBIX KOMIUIEKCOB C OECIUIaTHBIM AOCTymoM. Salome-Meca MOXXET HHTErPHPOBAThH
Hay4yHble PEIleHUs I MOJCIHMPOBAHMS PA3IMYHBIX (U3HMUECKUX O0NacTedl M peaM30BBIBATH LIMPOKHH CIIEKTp
KOMIBIOTEPHBIX CUMYJIAMH. OCHOBHBIMH OCOOEHHOCTAMHM IuIaThopMbl Salome-Meca SIBISIOTCS: NPOSKTUPOBAHUE
reoMeTpuuecKoro npejacrasieHus ¢usndeckux cucreM (CAD-mozienupoBaHue) M CBA3aHHOW C HUM JTUCKPETHOU
Mojenu ((YHKIMM CETKM s pellareliell KOHEYHBIX 3JEMEHTOB WJIM KOHEYHBIX O00BEMOB); BO3MOXHOCTH
MHTErPUpOBaTh cleU(UYHBIE ISl JOMEHA pellaTeli B HOPMAJIM30BaHHBIE HNPOTPAaMMHBIE KOMIIOHEHTHI CO
CTaHAAapTHBIMH HHTepdeiicaMmu, 4ToOBI 00IerYuTh 00bEANHEHNE PA3INYHBIX (U3NIECKUX JOMEHOB; HAaOII0IeHNE 32
paboYrMu IporeccaMy BHIYUCICHUH, ONpe/IeIeHHBIMU Kak rpaMKy pacrpeesIeHHbIX NPOrPaMMHBIX KOMIIOHEHTOB,
Bkitodast CAD-MonenupoBadne, pereHus s KOHKPETHBIX 00JIacTei W KOMIIOHEHTHI 00paOOTKH JaHHBIX; aHAJH3
JTAHHBIX MOJICJIIMPOBAHUS, B YAaCTHOCTH C HCIIOJIb30BAHMEM BH3yalM3alUH (PU3NYECKUX IOJIeH, BOSHUKAIOIINX B
pe3ynbTaTe BHIYMCIUTENBHBIX PA00UUX IPOIIECCOB.

B nanHoli craThe OmMCaH MOAXOJA K aHaIM3y I'€OAMHAMHYECKOIO COCTOSIHUS BEPXHEM 4acTU 3€MHOH KOpBI
BOJIM3M TOPOJCKHX COOPYXKEHHI, a Takke TeppuTOopuid I.AnMaTel Ha OcHOBe Saloma-meca. AHaiu3, B OOIIUX
yepTax, OCYIIECTBISIETCS B AIBYX B3aMMOCBSI3aHHBIX HAIPABICHUSIX — MOJEINPOBAHUE U HAOIIOICHHE.

CIuloniHas ¥ OJHOPOIHAS Cpelia CIIOCOOHA UCTIBITHIBATH JIe(OPMAIIUHU TOJILKO JIBYX BUOB — U3MEHEHHE 00beMa
u n3MeHenue Gpopmbel. OObeMHBIE 1e(OpPMAIMK BBI3BIBAIOTCS ICHCTBUEM HOPMAaJIbHBIX HANPSDKSHUH W NPUBOISAT, B
KOHCYHOM CUYCTEC, K OTPLIBY. N3menenus (l)OpMI)I, BbI3BIBACMBIC KACATCIbHBIMU HAIIPAKCHUAMU, IIPUBOJAT K CPE3Y.

CBsI3b MEX/y HANPSDKEHUSMH M 1e(OpMalMsIMH Yallle BCETo NPUHUMAETCS JIMHEHHOM, T.€. COOTBETCTBYOLIEH
3akoHy ['yka. CreneHHas 3aBHCHMOCTb MEXJIY HANpsDKEHUSIMH W JedopMalnyedl HCHOoNb3yeTcsl B HEIMHEHHON
TEOpHUU YNpyrocTH. TakoBbl OCHOBHAs CyThb M KayeCTBO MOJENM CIUIOIIHOW cpenbl, Ha 0a3e KOTOpOW CTpouTCs
MaTeMaTH4ecKast TEOpHsi MEXaHUKHU eopMupyeMoro Tena 0e3 yuera (akTopoB BPEMEHH M TEMIIEPaTypHl.

HanpsokeHHO-IeOpMHUPOBaHHOE  COCTOSHHE B KaXKIOW TOYKE CIUIOMIHOW Cpedbl  XapaKTepHu3yeTcs
CUMMETPHYHBIM TEH30POM HANPSHKEHUH, CHMMETPHYHBIM TEH30pOM Ae(OpMaIi 1 BEKTOPOM IIEpEMEIIECHHH.
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Ilpy oTHOCHTENBHO ManblX AedopManusx TeH30p IedopMaluy BEIpaXKAeTCs 4Yepe3 BEKTOp IepeMelieHHi
Has3bIBacMble ypaBHeHMsIMH Komn. J[BrkeHHe 37eMEeHTa MacCHBa TOPHBIX IOPOJ] OMPENEIseTCs PUI0KEHHBIMU K
HEMy CHJIaMH, TOACYHMTAB KOTOpblE MONXYyYUM auddepeHiraIbHble ypaBHEHUs ABMKeHHs. [IpuBeieHHbIE BbIlIE
YpaBHCHHUA ABJIAIOTCA OG[IJ,I/IMI/I COOTHOLICHHSIMH MEXaHUKHM CILIOIIHOM Cp€abl HE3aBUCHUMO OT €€ (1)I/I3I/IKO-
MEXaHHUYECKUX CBOMCTB. DJTHUX ypaBHCHHMH HEIOCTATOYHO JJIsi OIMHUCAHUSA mpoiiecca JaeHOPMUPOBAHUS CPEIbI.
Heo0xoauMbl TONOJIHUTENBHBIE COOTHOLICHHSI MEXIy HalpsHKEHUSIMH, Ae(OpMalUsIMHi, UX CKOPOCTSAMHU U PSIOM
JIpyrux (GakTopoB, KOTOPbIE HA3bIBAIOT YPAaBHEHHSIMU COCTOSIHHS CPEJIBL.

CuctemMbl ypaBHEHUH HampspKkeHu#, aedopMmanyy M IepeMelleHHH BKIIOYaloT B cebs 15 ypaBHeHMH u
15 Hem3BecTHHIX (6 KOMITIOHEHT TEH30pa HANPSHKEHUH, 6 KOMIIOHEHT TeH30pa IeopManni, 3 KOMIOHEHTHl BEKTOPa
MepeMEIIEeHN), W SBIAIOTCS 3aMKHYTOW cucTeMoil. OOmias IMOCTaHOBKA 3aJaddl OIPENeNICHHs HalpspKeHHO-
Je(OpMHPOBAHHOTO COCTOSIHMSI TOPHBIX TOPOJ BBINIAWT CIleAyomuM oOpa3zoM. [Ipw 3amaHHBIX TpaHHYHBIX
yCIOBHH (I10J1€ MEepeMENIeHHH MM I10J1e BEKTOpa CKOPOCTH) M AaHHOM Ha4yajlbHOM NPHOIMKEHHH ONpeleNHTh
KOMIIOHEHTHI TEH30pOB HANpPSKCHWH U nedopManuy B KaXIOW TOUYKE HCCIexyeMoi Teppuropuil. HagambHbIM
npubmpxenueM npuanmaercs HJIC HeTpoHyTOro ropHOTo Maccusa.

O6mas meroauka onpenenenus HJIC y4acTKOB BEpXHHMX T'OPU30OHTOB 3€MHOW KOPBI BBHINISAMUT CIEIYIOILIUM
o0pa3oM: ompejensercss o6IacTh BLIYMCIEHHS (B JAHHOM Cllyyae T AIMAaThl ¢ IIomanslo 36x36 kMm%, 10 TiryOuH
5 xm). CtpouTcs reoMeTprudeckas MOAEIb UCCIeyeMOTo pernoHa. B xauecTBe rpaHUYHBIX YCJIOBHM HCIIOIB3YIOTCS
nannble GPS, HauansHbIM npubmmkenueM oepercs HJIC HeTpoHyTOrO rOpHOro Maccusa.

Jlanee urepaiioHHBIM METOJIOM PEIIAeTCsl CHCTEMA YPaBHEHUH HaANpPsDKEHUH, leopManny U nepemenieHny. B
Ka)XXJIOM IIare MTEpaliy MEPBBIM PEIIAeTCsl YPaBHEHHE HANPSDKEHHH — OT JAHHOTO PACHpenesiCHHUs KOMIIOHEHT
TeH30pa AedopMaIi MPOCUYUTHIBAIOTCS MEPEMEIICHHsT B KaXIol Touke oObeMa. [lamee — w3 ypaBHennit Komm
HaxXOJATCS 3HaUCHUS TeH30pa aedopmarmu. OT ypaBHEHHUS COCTOSHHSA — OOpaTHO HAXOJUTCS HOBOE PACIpeieliCHNe
3HAYEHUH TEH30pa HAIPSKECHUH. DTOT MPOIECC MTEpaluU MOBTOPSIETCS AO COCTOSHMSA, KOTAA pPa3HHULA MEXIY
pe3ynbTaTaMy UTEpay He OyIeT JOCTaTOYHO Majoil.

beimn mpoBeneHs! TecToBble pacueTel pacnpeneneHuss HJIC 11 He TpPOHYTOro TOPHOTO MAacCHBa, IO
OCpPCAHCHHBIM JTJaHHBIM IJIOTHOCTEH I'PYHTOB Ha OCHOBC Saloma—meca JJI1 Ha4aJIbHOI'O le/I6J'Il/I)KeHl/I$1 Ipu pacyeTe
HAaIpsDKEHHO-1e()OPMUPOBAHHOIO COCTOSIHUSI 3€MHOM KOpBI T'. AjMaTbl. Tarkke ObUIO MPOCYMTAHO pacrpelesieHne
HAaIpsDKEHUs! OT COOCTBEHHOTO Beca B cpe3e 3eMiI Ha orMeTke ) METpOB HaJl ypOBHEM MOPSL.

MonenupoBaHue HarpsHKeHHO-I1eOPMUPOBAHHOTO COCTOSHHUS 36MHOM KOPBI MOTYT OBITH MCIOJIB30BAHBI IS
pPa3BUTHs CUCTEMBl MOHUTOPHMHIA B PErHOHE B LENSAX MPOrHO3a I€OAMHAMHUYECKOIO COCTOSIHHUS 3€MHOM KOpBI U
KPYIHBIX ceficMuueckux coObITHH. OCHOBHBIM OTJIMYHMEM OT TPAJULIMOHHBIX IIOIXOJOB SIBISETCS BBIBICHHE
AHOMAJIbHBIX 30H IO pAaclpeAeiIeHUI0 TE€OJMHAMHYECKHX IapaMeTpoB KakK pe3ysbTaT TI'e€OMEXaHWYECKOTro
MO/JIETTMPOBAHHS C UCTIOIB30BAHUEM 0a3bl re€0IOro-reo(hu3NIECKUX JaHHBIX.

KuaroueBsie ciioBa: ['eogmaamuka, reomexannka, HIIC, Saloma-meca, maremaTndeckast MOJEIb, 1ehOopMaIus.
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