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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 ofthe 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.
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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 ofthe 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) ofthermomechanical problems [1]. Salome-Meca is the integration ofthe
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 ofthe
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 ofvarious 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 ofthe 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 ofthe 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 ofthe medium, which consists in the continuity of stresses and displacements,
as functions ofthe coordinates ofa 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):

@xx @xy @xz
a = Gyx @y CyZ (1.1)
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For relatively small strains, the strain tensor is expressed in terms of the displacement vector as
follows:

o 1@ui - gnflo, .
ER= Sl —3)i1 = Xz (14

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 ofthe 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 ofthe 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 ofthe 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,
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where 0e = 3 (1-2v) o / E; v, E — Poisson's ratio and elastic modulus of the medium, respectively; y is a

certain function of the invariants of tensors and deviators of stresses and strains, o 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 o 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:

= divO)+pF; 1.7)
Cauchy equations:
£ =sym(VM) = ~N(Vm+ (Vm)t); (1.8)

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

a =\ trace (£)I + 2"£; (1.9)

Where
n Ev E E (110)
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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 ofthe strain tensor, 3 components ofthe 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 ofthe study area.

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

azz = YH, axx = oyy = 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 ofthe upper horizons ofthe earth's crust is as follows.

The calculation area is determined (in this case, Almaty with an area of 36x36 km2 to a depth of
5km.). A geometric model ofthe 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.

Figure 2 - Curved grid of the calculation area.
Territory of Almaty 36x36 km2
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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.

XBb
G0 6D &ID 6D (:411))
4816161 1 1 ' ! 1 1 K8e6

4814 . Vg6

a77+6/ ViEet6
478 \ 476
4774 Virg 015

\ reslin  SIGM ELNO SIZZ
L Tww  TLUTTTTI ED.000e+00

e
(E411)] 6L (G111 63D 60D @
Bic J-4.3377e+7

[-8.6753e+7
[-1.3013e+8

=-1.735e+08

Figure 3 - Setting the first approximation of stress from its own weight

Figure 4 - Stress distribution at a depth of O 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 ofthe 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 oftechnogenic processes in urban areas and assessment
ofthe status of large technical facilities”.

H.~. Cbigblk, AJK. BubocbiHoB, C. M. HypakbiHOB
MoHocgepa MHCTUTYThI, «¥3TO» AK, Anmathbl, KaszaxcTtaH

SALOME-MECA HEMBUW, AEIN1 XEP UbIPTbICbIHbL, XXOTAPI'bl EB/IMTH L,
FTEOMEXAHUWKAbLW XATJANbIHbIL MATEMATUWKAbIL, MOJAENL

AHHOTauuMa. XXep KblpTbICbIHbIH FeOAMHAMUKaNbLY, Xali-KyLWH CUMNaTTaiTbiH KepHeynbaedopmMaLmsanaLl'aH
A AW, MaTeMaTUKanblK MOAenbAepi YakbiT arbIMbIMEH YK3HE TbIIbIMHMH AaMybIMEH [3/ipeK X3He AypbiC 60/bIn
Kenegi xaHe Salome-Meca 6argapnamanbik nnatopmaceiga 6yn canara e3 YneciH KocTbl. Bbargapnama ken
MamaHapra TaHbIC eMeC X3He eHAI KapKblH anbif Kefe Xaca f4a, eH Y34iK TeriH, KomkeTimai KenhyHKLMoHanabl
KeweHgephiH 6ipi 6onbin Tabblnagbl. Salome-Meca TYpni usnkanblk cananapfbl Mogenbgey YLWiH TbiNbIMK
Wwewimaepsi O6ipikTipin, KOMNbIOTEPAW CUMYNAUUAHBIH KeH ChnekTpiH icke acblpa anagbl. Salome-Meca
nnaTopMacbiHbIH HEri3ri epekLenikTepi MblHanap 60nbin Tabblnagbl: PU3NKaNbIK Xyhenepal, reoMeTpusnbik
KepiHiciH »obanay (CAD-Mofenbaey) 3He OHbIMeH 6aiinaHbICTbl AMCKPETTi Mofenb (COHrbl 31eMeHTTepdiH
Hemece COHIbl KeneMzephiH TopnapbliHbiH QYHKUMANapbI); TYpAi Qu3nkanblk JOMeHAepAi OipiKTipyai XeHingety
YWiH cTaHgapTThl UHTepdelicTepMeH HopManaHraH 6argapnamasnblK KOMMOHEHTTEpre AOMEHre T3H Top/apabl
6ipikTipy MYMKiHgiri., CAD-mogenbfeyai, HakTbl 06/bicTap YLWiH wWewiMaepai X3He [AepekTephi eHaey
KOMMOHEHTTEPIH Koca anraHga, 6GeniHreH 6Gargapnamanblk KOMMOHEHTTEPAL, rpadukTepi peTiHAe aHbIKTanraH
ecenTeynepaL, >XymbIC NpOLEeCTepiH Kajaranay; ecenTey >XYMbIC MNPOLeCTepLULy HITUXKECIHAE TybIHAAWTbIH
(hm3mKanblK epicTepai Bu3yanusauuanay apkbiibl MOAeNbAeY AepeKTepiH Tanjay.

Byn makanaga Saloma-meca HerisiHe Kana KypblablCTapblHa XXaKblH XXepnepAiH, coHfgan-ak AnmMartbl Kanachl
ayMarbiHbIH Xep KbIPTbICbIHbIH XOraprbl 6eniriHiH reogMHamMuKkanbiK xaii-kKYWin Tangay agra cunattanrad. YKanmbi
anraHfja, Tangay esapa 6ainaHbICTbl el 6arbiTTa XY3ere acblpbinagbl - MOAe/bAey XaHe bakbinay.

TyTac 3He 6ipTekTi opTa Tek ew TYPAiH gedopmauMACbiH CbiHayra KabineTTi - KefeMHLL e3repyi X3He
niWiHHiH e3repyr Kenempgi gedopmaumsnap KanbiNTbl KePHeYAiH 3CeplieH TyblHAalAbl XX3HEe aKblpblHAa Y3yre
akenefr XXaHama KepHeynepaeH TybIHAAWTbIH MilLiHHIH e3repyi Kecikke akenegi.

KepHeynep meH pedopmaumsnap apacbiHfarbl 6alinaHbic KebiHece CbI3bIKTbl, ArHU [yka 3aHblHa Calikec
KabblngaHagsl. KepHey MeH fJedopmauums apacbiHAarbl [3pexe/mK Tayenaw kK cepniMAinikTiH  CbI3bIKCbI3
TEOpUACBbIHAA KONAaHblNadbl. YakblT MeH TemnepaTtypa (hakTopnapbliH eckepMeil [edopmMauusnaHatbiH AeHe
MeXaHWUKaCbIHbIH MaTeMaTUKa/bIK TEOPUACHI KypblNaTbliH TyTac opTa MOAENiHiH Heri3ri M3l MeH canacbl OCbIHAAM.

TyTac opTaHbiH 3p6ip HYKTeciHAeri KepHeyni-fetopmaunanaHFaH xaii-kKYW KepHeyal, CUMMETPUsAbI
TeH30pbIMeH, AeOpMaLUAHbIH CUMMETPUASbI TEH30PbIMEH XX3HE OPblH aybICTbIPY BEKTOPbIMEH cunaTTanajbl.

CanbicTbipmanbl TYPge Kilwi getopmaunanap keswae gedopmanmns TeH3opbl Kown TeHaeynepi gen atanatbiH
OpblH aybICTbIPY BEKTOPbL! apKblbl Kepliear Tay XXbIHbICTapbl MacCuBLUL, KO3Fanbichl guddepeHumanbl Ko3Fabic
TeHAeynepiH ecenTeli OTbIpbIM, OFaH Koca GepinreH MW TepMeH aHbiKTanagbl. YXoFapblga KenTipinreH TeHgeynep
OHbIH (PU3MKa-MeXaHUKaNbIK KacueTTepiHe kapamacTaH TyTac OpTa MeXaHWKAaCbIHbIH Xannbl apakaTblHacbl 60/bIM
Tabblnagbl. byn TeHfgeynep opTaHbl Aedopmauusnay npouecw cunatTay  YWiH OkeTKinikcis.  KepHeynep,
neopmanmanap, onapAbiH XblNAaMAbIKTaphbl XX3HE OpTa XarfaibiHbIH TeHAeyepi fen atanaTblH 6acka fa bipkatap
(hakTopnap apacbiHAarbl KOCbIMLLA KaTblHaCTap Kaxer.

KepHey TeHgeynepi, 4edhopMaLs XaHe OpHbIH aybicTbIpy XYWenepi 15 TeHgeyai xaHe 15 6enriciagi (6 kepHey
TEH30Pbl KOMNOHEHT” 6 AedpopmaLmsa TeH30Pbl KOMMOHEHT” 3 OpPbIH aybICTbIPY BEKTOPbIHbIH KOMMOHEHTI) KamMTuAbl
X3He TyiblK >Kyiie 60/bin Tabbinagbl. Tay XKbIHbICTApbIHBIH KepHeynbaehopmaumsanawad KYViH aHbikTay
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MaKcaTbIHbIL Kannbl KoiblbiMbl Oblnaiilla Kepwear beplireH LiekapanblK arganap kesiHge (KblDKy epici
Hemece XbINAaMAblK BEKTOPbIHbIL epici) XK3He ocCbl 6acTankbl XakblHAay KesiHAe 3epTTesieTw aymakTbil ap6ip
HyKTecllen KepHey MeH AedopmMalus TeH30pnapblHbIL, KOMMOHEHTTEPL! aHbiKTay. bacTankbl >akblHAaraHaa,
Hengik emec Tay-KeH maccmsiw, KAK anbiHagp!.

YKep KbIPThHICBIHBIL, XXOraprbl KeKXuekTepi yvackenepiniy, KAK aHbIKTayabIL Xannbl 34iCTEMeCi KenecBageid:
ecenTey aimarbl aHbikTanagbl (6yn argaga Anmatbl Kanacbl ayfaHbl 36x36 KM2 5 KM TepeuLiKke [eiiH).
3epTTeneTiH alMakTbIL, reomMeTpuanbiK Mogeni Kypbinafbl. Llekapanbik wapTTap peTiHae GPS pgepekTepi
naliganaHbinagbl, 6acTankbl XakblHAAY apKblibl KO3raiMaiTbiH Tay MaccuBLliw, KAK anbiHagbl.

ByfaH api uTepauuanbik 3ficneH KepHey, [edopMaLms >X3He OpPHbIH aybICThipy TeHAeynepiHil YW eci
Wwewinegi. tepaymsHbll, 3p6ip KagambiHAa OipiHWi 60/1bIN KepHey TeHAeyi Wwewineai-6yn 6enyaeH gedopmarms
TEH30pPbIHbIL, KOMMOHEHTI KefeMHil 3p6ip HYKTeciH4e OpblH aybiCThipynap ecentenedi. bygaH api - Koww
TeuaeyneplleH AehopMaLms TeH30pPbIHbIL M3 60nadbl. KYW TeuaeyiHeH - repi kepHey TeH30pbl M3HAEPiHIL Xala
6eniHyi aHbiKTanagbl. byn utepaums npoueci utepaumsa HITWXKenepi apacbiHAarbl aliblpmallbliblK a3 6ofraHLa
KaiTanaHagpl.

Anmatbl KoKep KabaTbIHbIL, KepHeyni-fedopmauuanaHFaH xargaiibiH ecentey KesiHAe 6acTankbl dXakblHAay
YwiH Saloma-meca HerisiHfe Tonblpak TbiFbI3abIFbIHbIL OpTallanaXaH gepektepi 6olibiHWwa KYLW TYCipiMereH Tay-
KeH ankabbl YLWiH kepHeyni-gehopmaumsanaHFaH xaFgainasl 6enyaiy Tectinik ecentepi xYprisingi. CoHpaii-ak, Teuis
JeureitiHeH 0 meTp 6enngen xep KeciHgiciHae e3 canMaFbiHaH KepHeyai 6eny ecenTengi.

YKep KbIpTbIChIHbIL, KePHEYNbAethopMaLmanaxaH xait-KYMiH Mogenbaey ep KbipThbiChIHbIL, FE0AMHAMUKANbIK
*ali-KYWiH aHe ipi celicMmnKanbik oKLanapfbl 60/mkay MakcaTblHAa eLipAeri MOHUTOPUHT XYWeCiH fambITy YLLiH
naiiganaHbinybl MYMKiH. O3cTYpni TacingepaeH Herisri epekLleniri reonornsnbik-reo@usnkanbik gepektep 6asacbiH
naiganaHa oTbIpbIN FreoMeXxaHUKanbliK Y/rifney HITVKeci peTiHAe reogMHaMumKanblik napameTpnepai 6eny 6oibiHLA
aHoManbAbl aliMaKTapabl aHblKTay 60/bIin Tabblnagb!.

TYWin ce3fep: MNeognHamuka, reomexaHuka, KAK, Saloma-meca, matemMaTuKanbiK MOAeNb, AedhopmMauus.

H.K. Cbigblk, AK. BubocbiHoB, C. M. HypaKbiHOB
MHCTUTYT noHocepbl AO «HLIKT», AnmaTsl, KasaxcTaH

MATEMATUYECKAA MOAEJ/Ib TEOMEXAHUWYECKOIO COCTOAHUA
BEPXHEW YUACTW 3EMHOI KOPbl HA OCHOBE SALOME-MECA

AHHOTauus. MaTemaTuUyeckne MOLENM HamnpsKEHHO-AeOPMUPOBAHHOIO  COCTOSIHWS,  OMUCHLIBAIOLLME
reogMHaMMyYecKoe COCTOsIHME 3eMHOW KOpbI, C TeYUEHMEM BPEMEHU W Pa3BUTMEM HAyKU CTAHOBSTCS 60nee TOUHbIMU
M KOPPEKTHbIMM M MporpammHas nnatgopma Salome-Meca yxe BHecna CBOM BKnag. MporpaMma He 3Hakoma
60/bLIOMY KOMMYECTBY CMeELUaNCTOB U TONbKO HaGMpaeT MOMyNsipHOCTb, HO AaXe MpPU 3TOM SIBASETCS O4HUM W3
AYYWNUX MHOTO(MYHKLUMOHANBHLIX KOMMAEKCOB C GecnnaTHbIM AoCTyrnoM. Salome-Meca MOXeT WHTErpupoBatb
Hay4yHble PeLleHUs N5 MOAENMPOBAHUSA Pas/MYHbIX (PU3NYECKUX 06/acTeil M Pean30BbiBaTh LUMPOKUIA CMEKTP
KOMMbIOTEPHBIX CUMYNALMIA. OCHOBHbIMW 0COBEHHOCTAMM MnaTgopmbl Salome-Meca SBAAOTCA: NPOEKTUPOBaHWE
reoMeTpUYECKOro npeactaBneHus dusmueckux cuctem (CAD-MogenmpoBaHue) W CBS3aHHOW C HUM AWCKPETHOM
mMoZenn (yHKUMM ceTKU [N peluaTenell KOHEYHbIX 3MEMEHTOB WM KOHEYHbIX O6LEMOB); BO3MOXHOCTb
WHTErPUPOBaTb CheuutuyHble ANs LOMEHa pewaTtesn B HOPMasM30BaHHble MPOrPaMMHbIE KOMMOHEHTbI CO
CTaHAAPTHLIMU MHTep(eiicamMu, YTOGLI 06N1ErYnTL 06beAUHEHNE PA3NUUYHBLIX (U3NYECKMUX JOMEHOB; HabOAeH e 3a
paboumMmMm NpoLeccaMmy BbIYUCIEHUIA, onpefeNneHHbIMI KaK rpaduKy pacnpeseneHHbIX NPorpaMMHbIX KOMMNOHEHTOB,
Bkntoyass CAD-MoaenMpoBaHue, peleHns Ans KOHKPeTHbIX 061acTell 1 KOMNOHEeHTbl 06paGoTKU AaHHbIX; aHaiu3
[aHHbIX MOAENMPOBaHMS, B YaCTHOCTW C MCMOMb30BaHWEM BU3yanusauum (U3MYECKUX MoMeid, BOSHMKAIOLMX B
pe3ynbTaTe BbIUMCAUTENBHBIX Pa6OUMX NPOLLECCOB.

B faHHO cTaTbe onmMcaH MOAXOA K aHaiu3y reofMHamMM4yecKoro COCTOSIHUS BEPXHeld YacTh 3eMHOW KOpbl
B6NM3M TOPOACKMX COOPYXKEHWIA, a TaKKe TeppuTopumii r.AnMaTbl Ha ocHOBe Saloma-meca. AHanu3, B 0GLMX
uepTax, OCYLLECTB/IAETCS B IBYX B3aMMOCBS3aHHbIX HaMpaBAeHNUsX - MOJENMPOBaHKe 1 Hab/ofeHNe.

Cn/owwHas 1 0gHOpOoAHas cpea cnocoGHa UCTbITLIBATL Ae(hopMaLn TONbKO ABYX BUAOB - M3MeHeHWe 06beMa
1 n3MeHeHne opmbl. O6beMHble aedioOpMaLUK BbI3bIBAKOTCS IEMCTBUEM HOPMasbHbIX HAMpPsHKEHWIA N NPUBOAAT, B
KOHEUYHOM cueTe, K OTpbIBY. V13MeHeHNs (hopMbl, Bbi3blBagMble KacaTe/lbHbIMU HANPSXKEHUAMU, MPUBOAAT K CPesy.

CBfi3b MeX/y HanpsXKeHUsMU U AehopMaLMsaMM Yallle BCEro NPUHUMAETCS NIMHEIHOA, T.e. COOTBETCTBYIOLL e
3aKoHy lyka. CTeneHHas 3aBWCUMOCTb MEXAy HamnpskeHusMu U aedopmauueil UCNoNb3yeTcs B HeNUHeHOM
TEOpPWM ynpyrocTn. TakoBbl OCHOBHas CYTb M KauyecTBO MOAENW CM/OLIHOW cpedpl, Ha 6a3e KOTOPOW CTpomTcs
maTemaTnueckas Teopus MexaHUKM fed)opMUpyemMoro Tena 6e3 yueta pakTopoB BPEMEHU 1 TeMMEPaTypbl.

Hanpsi)keHHO-1e(hOpMMPOBAHHOE  COCTOSIHME B KXo TOYKe CNOWHOA cpedbl  XapakTepusyetcs
CUMMETPUYHBLIM TEH30POM HaNPSXKEHWIA, CUMMETPUYHBIM TEH30POM Ae(OPMaLM U BEKTOPOM MEepeMELLLEHIMN.
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Mpu OTHOCUTENbHO ManbiXx AedopMaumsx TeH30op AetopmauuMn BbipaXKaeTcs Yepe3 BEKTOP MepeMeLLeHui
HasblBaeMble ypaBHeHMAMU Kowwn. [BUXKEHME 3/1eMeHTa MacCuBa rOpHbIX MOpoA OnpefensieTca npuioXeHHbIMU K
HeMy cuiamu, NoAcYMTaB KOTOpble MOAyYMM AnddepeHunanbHble YpaBHEHUA ABWMXKeHUSs. [puBefeHHble Bblille
YpaBHEHUA SBASIOTCA OOWMMU COOTHOLLUEHUAMM MEXaHWUKW CMAOWHON Ccpefbl He3aBUCMMO OT ee (OU3MKO-
MEXaHUYeCKNX CBONCTB. ITWX YpaBHEHW/ HeJOCTAaTOMHO AN ONucaHWs npouecca LeopMUpPOBaHUS Cpefbl.
Heo6xo4uMbl JONONHUTENbHbIE COOTHOLUEHWUA MeXAy HanpsKeHWsMu, gedopmMauusaMu, UX CKOPOCTAMU U PSAoM
LApYruX (hakTopoB, KOTOPbIe Ha3blBatOT YPaBHEHUSAMMW COCTOSHWUA CPefbl.

CucteMbl ypaBHEHMWI HanpshkeHWid, pedopMauun ¥ nepemelleHUK BKAOYalOT B ceba 15 ypaBHEHUI ©
15 Hen3BeCcTHbIX (6 KOMMNOHEHT TEH30pa HaMNPsHXKeHUN, 6 KOMMOHEHT TeH30pa AedopMaLnn, 3 KOMMNOHEHTbI BEKTOPa
nepemeLleHnii), U SABAAIOTCS 3aMKHYTOW cucTemold. O6Llas MOCTaHOBKAa 3afayn OMpeAesieHUs HanpsXKeHHOo-
LedopMMpPOBaHHOIO COCTOSIHWS TOPHbLIX MOPOA BbIFNAAMT cnefytowmm o6pasom. [Mpu 3afaHHbIX PaHUYHbIX
ycnosuii (nonie nepemelLeHn WM Mofe BeKTopa CKOPOCTM) U JAaHHOM HavanbHOM NPUOAMKEHWIA onpefenuTb
KOMMOHEHTbl TEH30POB HaMpshKeHW U petopmauun B KaXAOW TOUKe uccnedyemoii TeppuTopuit. HavanbHbim
npnénmxkeHnem npuHumaetcs HAC HETPOHYTOrO rOpHOro MaccuBa.

Obuwaa meToauka onpegeneHns HAC yyacTKOB BEPXHWX FOPU3OHTOB 3eMHOW KOpbl BbIFAAAWT Chefytowum
obpasom: onpefensercs 061acTb BblYUCAEHUS (B fAHHOM ciydyae r.Anmatbl ¢ naowaasio 36x36 KM2, 40 rny6uH
5 km). CTponTcs reomMeTpuyeckas MofeNb UCCNeAyeMOoro pernoHa. B KauecTBe rpaHUYHbIX YCOBUIA NCMOMb3YOTCA
JaHHble GPS, HavanbHbIM NpubamkeHnem 6epetcs HAC HETPOHYTOro rOPHOro MaccuBa.

[anee ntepayMoHHbIM METOAOM peLLaeTCcs CUCTeMa YpaBHEHUI HaNPsXXeHWiA, feopMaLny n nepemelleHun. B
KaXJOM Luare utepaumu nepBbiIM peLlaeTcs YpaBHeHWEe HanpsiKeHW - OT JaHHOro pacnpefeneHus KOMMOHEHT
TeH3opa fedopmanmMm NPOCYMTLIBAKOTCA MepeMeLLeHNs B KaxoW Touke obvema. [anee - M3 ypaBHeHMil Kowwn
HaxoAATca 3Ha4YeHUs TeH3opa geopmaumun. OT ypaBHEHWUS COCTOSHWUSA - 06paTHO HaXxOAWUTCS HOBOe pacnpefesneHune
3HAYEHMI TeH30pa HanpsXKeHWi. ITOT Npouecc uTepauuy MOBTOPAETCA LO COCTOAHMA, KOrda pasHuua Mexay
pesynbTaTamy UTepaLun He ByaeT LOCTaTOUHO Masloii.

Bbinn npoBegeHbl TecTOBble pacyeTbl pacnpegeneHus HAC nnsa He TPOHYTOro ropHOro Mmaccuea, Mo
OCpefjHeHHbIM [aHHbIM MAOTHOCTeN rPyHTOB Ha OCHOBe Saloma-meca Ans HavyasbHOro NPUBAMXEHNS MPU pacuyeTe
HanpsXKeHHO-4e(OPMUPOBAHHOIO COCTOSHUA 3eMHOI KOpbl . AnMaTtbl. Takxe 6bl10 NPOCYMTAHO pacnpefesneHune
Hanps>KeHns 0T COBCTBEHHOr0 Beca B Cpe3e 3eMAU Ha 0TMeTke O MeTPOB Haj, YPOBHEM MOpS.

MogennpoBaHve HanpsiXXeHHO-4e)OPMUPOBAHHOIO COCTOSIHMS 3eMHOI KOpbl MOTFYT 6bITb UCMO/b30BaHbl A/
pasBMTKA CUMCTEMbl MOHWUTOPMHIA B PErMOHe B LieNSX MPOrHO3a reofMHaMUYecKOro COCTOSIHMSI 3eMHOI KOpbl W
KPYMHbIX CEACMUYECKMUX COObITUIA. OCHOBHLIM OTAMYMEM OT TPaAULMOHHBLIX MOAXOLOB SBAAETCS BbISBAEHMUE
aHOMasnbHbIX 30H MO pacnpefeneHnI0 TeofMHAMUYECKMX MapaMeTpPoB Kak pe3y/ibTaT reoMexaHWyecKoro
MOJeNMPOBaHNA C UCMOb30BaHEM 6a3bl Fre0N0ro-reou3nyYecKnx faHHbIX.

KntoueBble cnosa: MeognHamuKa, reomexaHuka, HAC, Saloma-meca, matemaTnyeckas Mogens, fedopmMaLus.
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