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HHOACHHUTEJIBHASA 3AIIMCKA

Heau u 3ax1a4n y4eOHOH JUCHUTIIIMHBI

Heap yueOHOM IMCUMIIIMHBI:

— OCBOCHUSI OCHOBHBIX HJEA M METOJIOB COBPEMEHHOW BBIYMCIUTEIBLHOU
THUAPOMEXAaHUKA U TeOUITBTPAITUH;

— TMOATOTOBKA CIIELHUAMCTOB, CIIOCOOHBIX CTaBUTh M PEIIaTh 3a/ladd B TAKHX
00JacTIX WH)XCHEPHOU JEeSATEIbHOCTH Kak HedTeao0blua, pacyeT yCTOWYMBOCTU
THJIPO3AIIUTHBIX COOPYXEHUM H JaM0, MPOEKTHUPOBAHUE BOJIOCIMBOB, pPACUYET
JIEAOTIOPOIHBIX OTPAXKIACHUM;

— pa3BuTHE NPOGECCHOHATHLHOTO MBIIUICHUS, KOTOpoe obecreymsio Obl
OyaylieMy CHeluaIucTy BO3MOXHOCTh CBOOOIHO ONEPUPOBAThH MPO(HECCHOHAIBHBIMU
3HAaHUSAMHU, BUJIETh MPOOJIEMBI U ONTUMAIIbHBIE TyTH UX PEUICHUS B CAMOCTOSITEIILHOM
IIPAKTUYECKOU JEATENBHOCTH.

3agaum y4eOHOM AUCHUIIIMHBI:

— O3HAaKOMJIEHME MAaruCTpaHTOB C TEOPETUYECKUMHU OCHOBAMH MEXAHHUKHU
ne(OpMUPYEMOT0 TBEPJIOTO TeJa, TUAPOMEXAHUKH, T€O(UIbTPALIUU, TEPMOIUHAMUKH;

— O03HAKOMJICHME€ MAaruCTpaHTOB C OCHOBHBIMM UHCJICHHBIMU MOAXOAaMHU
pelIeHUs] MPUKIAHBIX 3a/ad TOJ3EMHOM THAPOMEXaHUKH, TaKUMH KaK METO]l
KOHEUHBIX AJIEMEHTOB U METOJ] IUCKPETHBIX DJIEMEHTOB;

— 03HAKOMJICHHE MaruCTPaHTOB C TEOPETUUECKUMHU OCHOBAMU BBIYUCIUTEILHON
re€OMETPHHU, AITOPUTMAMHU (POPMUPOBAHUS CETOK KOHEUHBIX DJIEMEHTOB;

— O3HAKOMJICHHE MaruCTPaHTOB C COBPEMEHHBIMU YMCJICHHBIMH MMAKETAMU JJIS
pelieHus 3a1a4 reouiIbTpaluu 1 TeOMEXaHUKH;

— (GOpMUPOBAHWE HABBIKOB PEIICHUS TPUKIATHBIX WH)XXCHEPHBIX 3a7a4 C
UCIIOJIb30BAHUE MAaTEMaTUYECKUX MOJEJNEe MEXaHUKH CIUIOIIHOM Cpelasl |
TUAPOMEXaHUKH.

MecTo y4eOHOW JAUCHMIUIMHBI B CHCTEME IMOJTOTOBKUA CHEHUAIMCTA C
yIiyOJ€HHBIM BbICIIUM 00pa30BaHUEM (MarucTpa).

Jucimmuinaa  «Computer  Simulation  in Problems of  Underground
Hydromechanics» mocBsilieHa W3y4eHUI0 MATEMAaTUYECKUX W UYMCIIEHHBIX MOJIXOJIOB,
OCHOBAaHHBIX HA OCHOBHBIX TIIOJIOKCHUSIX MEXAHUKH CIUIOIIHOW Cpeabl |
THAPOMEXaHUKU, K PEIICHUI0 MPUKIATHBIX 3a]ad F€OMEXaHUKU W Teo(PUIbTpaluu,
TAaKUX KakK: MOJCIMPOBAHUE HAMOPHOTO U OE3HAMOPHOTO BMKEHUS MOJA3EMHBIX
¢baroua0B, aHaTN3 OOBOIHEHUS U YCTOMYMBOCTH BOJIO3AITUTHBIX COOPYKEHHH, pacyer
JTUHAMUKU TPYHTOBBIX BOJI IIPU TEXHOT€HHOM BO3/ICMICTBUHU HA MOPOJHBINA MACCHUB.

VYueOHas qUCHUIUTHHA BXOIUT B MOAyJb «Computational modeling of Physical
Processes» KOMITOHEHTa YUpexKACHUsS 00pa30BaHUsI.

JucuurnuHa npakTUKo-opueHTupoBaHa. CiyliaTend Mojiydyaro MPaKTHYEeCKUE
HABBIKK PA0OTHI C MAKETAMH YMCICHHOTO MOJIETMpoBaHusl. M3ydarorcs TeopeTuiyeckue
MPaKTUYECKHE BOIPOCHl CO3JaHUsl KJIETOYHBIX W CUMIUIMIIMAIBHBIX Mojeen
MOJEIIUPYEMBIX TPEXMEPHBIX TEJl M IMOBEPXHOCTEWU. PaccMaTpuBarOTCsI KOHKPETHBIE
NPWIOKEHUS U MPUMEPHI PEUICHUs 3a/1ay: aHaJlM3a yCTOMYMBOCTU HAMOPHBIX Jamo;
pacyeT AMHAMHUKHU OOBOJIHEHUS TIOJI3€MHBIX TOPU30OHTOB; PACYET TUHAMUKU TPYHTOBBIX
BOJ| IPYA CTPOUTEIILCTBE KOTIOBAHOB.



Y4eOHas mporpamMma COCTaBIIeHa C YIETOM MEKITPEIMETHBIX CBSI3€H M IPOTrpaMM
no mucrumuinHam: «Partial differential equationsy, «Integral transforms and complex
variable functions» «Continuum mechanics» u «Mechanics of advanced materialsy.

TpeGoBanusi K KOMIETEHIIHSIM

OcBoenue yueOHoi mucuuiimHbl «Computer Simulation in Problems of
Underground Hydromechanics» momkHO o0ecmeunTh (HOpMHUPOBAHHE CIIETYIOMIECH
CNeHATH3NPOBAHHOM KOMIIETEHINM:

SC. Use typical software modules for the analysis of the generated analytical
models of the problems posed, methods of mathematical and algorithmic modeling in
solving problems of mechanics.

B pesyabrare m3yuenus auciuiuaabsl «Computer Simulation in Problems of
Underground Hydromechanics» marucTpanT q0/bKeH:

3HATH:

— MpoOJIEMAaTHKY COCTABJICHUS MAaTEMAaTHYCCKUX MOJCIECH W IOCTaHOBKH
IPAaHUYHBIX 3aJa4 JUIs OIMCAHMS IpoIlecca JBMIKCHHUS IOI3EMHBIX (IIFOMIOB U UX
B3aMMOJICHCTBHS ¢ BMEIIAIONTUMHU ITOPOJIaMHU M TPAHUYHBIMA TEIIAMHU,

— TIpOOJIEMATHKY YHCIICHHOTO PEIICHUS CONPSIKESHHBIX 3a]1a4 THIPOIUHAMUKH 1
reo(puIbTpaLny;

yMeThb:

— TpaBWIBHO COCTaBIAATh CHUCTeMbl Ju(d(epeHIMaIbHBIX  ypaBHCHUH,
OIMCBIBAIOIIUX COTPSDKEHHOE TTOBEICHSI (DITFOMIa M BMEIIAIOIIMX TOPHBIX ITOPOT;

— TpaBWIBHO (OPMYJIMPOBATh TPAHWUYHBIC YCIOBHS JUISI COTPSIKCHHBIX
reOMEXaHNICCKUX U TeOPHILTPAIMOHHBIX TIPOIIECCOB,;

- MOJTy4aTh YUCICHHBIC PEIICHHS JJISI MOJCIBHBIX 33]1a4 W MPOBOWTH aHAJIN3
TIOJTyYSHHBIX PE3YJIbTATOB;

UMeTh HaBbIK:

— TEHEepaluy KJICTOYHBIX M CHMIUTMIMAIBHBIX MOJENCH TPEXMEPHBIX Tel U
ITOBEPXHOCTEN.

Crpykrypa yueOHO# JUCUHMILUIHHBI

JucuumivHa u3ydaercss B 3 CeMecTpe. Ha HM3y4yeHHe Y4eOHOM MCUMIUIMHBI
«Computer Simulation in Problems of Underground Hydromechanics» otseneno s
OYHOM (POpPMBI MOTYYEHHs YTIIyOJICHHOTO BhIciiero oopazoBanusa: 90 dacoB, B TOM
yucie 36 ayIMTOPHBIX Yaca, U3 HUX: JICKIUU (B TOM YUCJIE TUCTAaHIIMOHHO) — 18 yacos,
nabopatopHbIe (B TOM YUCIIE JUCTAHIIMOHHO) — 18 yacoB.

TpynoemkocTs y4eOHOM AUCHUIUIMHBI COCTABISIET 3 3aYEeTHbIE €AMHULIBI.

dopma NPOMEKYTOUYHOM aTTECTALIMM — 3aYET.



EXPLANATORY NOTE

Aim and tasks of the discipline

Aim of the discipline:

- mastering the basic ideas and methods of modern computational
hydromechanics and geofiltration;

- training specialists capable of setting and solving problems in such areas of
engineering as oil production, calculating the stability of hydraulic structures and dams,
designing spillways, calculating ice walls;

- developing professional thinking that would provide the future specialist with
the opportunity to freely operate professional knowledge, see problems and optimal
ways to solve them in independent practical activities.

Tasks of the discipline:

- familiarizing graduate students with the theoretical foundations of mechanics
of deformable solids, hydromechanics, geofiltration, thermodynamics;

- familiarizing graduate students with the main numerical approaches to solving
applied problems of underground hydromechanics, such as the finite element method
and the discrete element method;

- familiarizing graduate students with the theoretical foundations of
computational geometry and algorithms for generating finite element meshes;

- familiarizing graduate students with modern numerical packages for solving
problems of geofiltration and geomechanics;

- preparing of skills for solving applied engineering problems using
mathematical models of continuum mechanics and hydromechanics

Place of the academic discipline in the system of training a specialist with
higher education.

The discipline "Computer Simulation in Problems of Underground
Hydromechanics" is devoted to the study of mathematical and numerical approaches
based on the fundamental principles of continuum mechanics and hydromechanics to
solving applied problems of geomechanics and geofiltration, such as: modeling of
pressure and gravity flow of underground fluids, analysis of flooding and stability of
water protection structures, calculation of groundwater dynamics under man-made
impact on rock mass.

The academic discipline is part of the module «Computational modeling of
Physical processes» educational institution component.

Connections with other academic disciplines, including those of the of higher
educational institution component: «Partial differential equations», «Integral
transforms and complex variable functions» «Continuum mechanics» u «Mechanics of
advanced materialsy.

Requirements for competences

Mastering of the academic discipline «Computer Simulation in Problems of
Underground Hydromechanics» should provide the formation of the following
universal competence:

SC. Use typical software modules for the analysis of the generated analytical
models of the problems posed, methods of mathematical and algorithmic modeling in
solving problems of mechanics.



As a result of mastering the academic discipline, the student is expected to:

know:

- amethod for creating mathematical models and setting boundary value problems
to describe the process of movement of underground fluids and their interaction with
host rocks and boundary bodies;

- a method for numerically solving the associated problems of hydrodynamics
and geofiltration;

be able to:

- correctly compose systems of differential equations describing the conjugate
behavior of fluid and host rocks;

- correctly formulate boundary conditions for conjugate geomechanical and
geofiltration processes;

- obtain numerical solutions for model problems and analyze the results obtained,;

have skills in:

— methods for generating cellular and simplicial models of three-dimensional
bodies and surfaces.

Structure of the academic discipline

The discipline is studied in the 3 semester. In total for the study of the discipline
«Computer Simulation in Problems of Underground Hydromechanics» is allocated for
full-time higher education — 90 hours, including 36 in-class hours, of them: lectures —
18 hours, practical classes — 18 hours.

The labor intensity of the discipline is 3 credit units.

Form of certification — end-of-term test.



CONTENT OF THE STUDY MATERIAL

Section 1 Finite element’s mesh generation

Topic 1.1 Computational geometry background

Uniform and Non-Uniform Meshes. Algebraic methods of mesh generation.
Differential equation methods. Elliptic schemes. Hyperbolic schemes. Un-structured
grid generation. The Delaunay Triangulation(DT). Voronoi Diagrams. Polygon
Triangulation. Line Segment Intersection. The planar graph. The Doubly-Connected
Edge List. Ruppert's algorithm of DT. Mesh genera-tion/refining in Tochnog. Local h-
refinement. Global h-refinement (more elements). Global p-refinement (polynomial
refinement).

Section 2 Computational mechanic and hydrodynamic

Topic 2.1 Tochnog introduction

Finite element method(FEM) foundation. FEM in 1D, 2D and 3D. Isoparametric
finite elements. Springs, trusses, beams and contact-springs elements. Linear and
quadratic simplex elements (triangles, tetrahedrons). Linear and quadratic prism
elements. A full family of first to fourth order bar, quadrilateral and brick elements.
Space and time discretization. Automatic time-stepping. Files used by Tochnog.

Topic 2.2 Material deformation and flow

Differential equation of material deformation and flow in Tochnog. Components
of equation: material density, velocity, stress, expansion volume, convection and
diffusion temperature. Nearly incompressible Navier Stokes formulation. Linear solid
formulation. Elasticity. Boundary conditions. Tochnog examples.

Topic 2.3 Plasticity. Damage. Contact analysis

Elasto-Plasticity. CamClay plasticity model. Capl plasticity model. Cap2
plasticity model. Compression limiting plasticity model. di Prisco plasticity model.
Damage Mazars model. Contact analysis. Contact with and without friction. Frictional
heat generation. Penalty formulation. Penalty velocity, pressure and temperature.
Tochnog examples.

Topic 2.4 Ground water flow. Fully saturated analysis

Storage equation for fully saturated analysis. Groundflow velocities. To-tal,
static and dynamic groundwater pressure. Groundflow permeability, expansion and
capacity. Groundflow phreatic level. Static pressure height. Soil-water mixture bulk
modulus. Reservoir Ground Flow Simulation in the Oil and Gas Industry. Ground Flow
modelling in Computational Hydrology. Boundary conditions. Tochnog examples.

Topic 2.5 Non-saturated analysis



Permeability/pressure dependency diagram. Van-Genuchten model for
nonsaturated ground water flow. Pore-pressure head. Saturated capacity. Boundary
conditions. Tochnog examples.

Topic 2.6 Undrained groundflow analysis

Ggroundflow hydraulic head. Groundflow storage equation without
permeability. Undrained capacity. Hydrostatic compressibility (average stress).
Boundary conditions. Tochnog examples.

Topic 2.7 Convection and diffusion of heat

Convection-diffusion equation. Convection-diffusion temperature, density,
capacity, conductivity, absorption and flow. Convection to environment. Radiation to
environment.

Topic 2.8 Interaction analysis and advanced analysis in Tochnog

Fluid-structure interaction. Consolidation analysis. Ground water flow in
deforming solid. Groundflow total pressure limit. Heat transport in ground water flow.
Heat transport in materials. Boundary conditions. Tochnog examples.



TEACHING AND METHODOLOGICAL MAP OF THE DISCIPLINE

Full-time form of higher education with the use of distance learning technologies (DLT)
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1 | Finite element’s mesh 2 2
generation.
1.1 | Computational geometry 2 2 interview
background. test
2 | Computational mechanic 16 16
and hydrodynamic.
2.1 | Tochnog introduction. 2 2 interview
test
2.2 | Material deformation and 2 2 interview
flow. test
2.3 | Plasticity. Damage. Contact 2 2 interview
analysis. test
2.4 | Ground water flow. Fully 2 2 interview
saturated analysis. test
2.5 | Non-saturated analysis. 2 2 interview
test
2.6 | Undrained ground flow 2 2 interview
analysis test
2.7 | Convection and diffusion of 2 2 interview
heat test
2.8 | Interaction analysis and 2 2 interview




INFORMATION AND METHODOLOGICAL PART
List of basic literature

1. Bennett, A., Lagrangian Fluid Dynamics, Cambridge: Cambridge Universi-
ty Press, 2006. — 234 c.

2. Supercomputers and Their Performance in Computational Fluid Dynamics /
ed. by Kozo Fujii. - Braunschweig : Vieweg, 1993. - 200 c.

3. Todd, D. K. and Larry, W. M. Groundwater Hydrology, third edition. John
Wiley and Sons, Incorporated, 2004. - 656 c.

List of additional literature

4. Falkovich, H., Gregory, E. Fluid Mechanics (A short course for physicists),
Cambridge University Press, 2011. — 357 c.

5. Dyke, P.P.G. An introduction to Laplace transforms and Fourier series.
Springer, 1999. — 250 p.

6. Kantorovich, L.V., Krylov, V.I. Approximate methods of higher analysis.
Interscience publishers, inc. 1958. — 681 c.

1. O’neil, P.V. Advanced engineering mathematics. 8th ed. Cengage Learning,
2017.- 1024 c.

8. Paz, M., Kim, Y.H. Structural dynamics. Theory and computation, 6th edi-
tion. — Springer, 2019. — 634 c.

List of recommended diagnostic tools and methodology for final mark formation

The main diagnostic tool is numerical FEM package TOCHNOG. Students should
provide results of verification tests in text form and graphical presentations with help of
science visualization ParaView.

The recommended diagnostic tools reveal the essential criteria for evaluating
students' performance and correlate with the forms of knowledge control recorded in the
teaching and methodological map.

The object of diagnostics of students’ competences is the knowledge and skills
acquired as a result of studying the academic discipline. Identification of students' learning
achievements is carried out by means of current and interim certification.

The form of interim certification in the discipline “Computer Simulation in
Problems of Underground Hydromechanics” in accordance with the curriculum is end-of-
term test.
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Approximate list of laboratory classes

Slope safety factor analysis. (2 h)

Non-saturated dam with seepage edge. (2 h)

Excavation with sheet pile, beam and contact spring elements. (2 h.)
Excavation with sheet pile and interface elements. (2 h.)

Confined compression of fluid filled porous material. (2 h.)
Plasticity in plate with circular hole. (2 h.)

Contact frictional heat generation. (2 h.)

Thermally induced stresses in plate. (2 h.)

Automatic local mesh refinement near shear band. (2 h.)

wCoNoRWNE

Description of innovative approaches and methods
for teaching the discipline

When organizing the educational process, a heuristic approach is used, which
entails the following:

- Students’ personally significant discoveries of the surrounding world;

- Demonstration of solutions diversity to the majority of professional tasks and life
challenges;

- Students' creative fulfilment in the process of designing educational products;

- Individualization of education through the opportunity to set goals independently
and to reflect on one's own educational activity.

Methodological recommendations for the organization of independent work

For independent work in discipline "Computer Simulation in Problems of
Underground Hydromechanics" the student can use following public resources. First of
all the official side of Tochnog Professional - https://www.tochnogprofessional.nl/.

Tochnog Professional is a Finite Element program offering a wide variety of
geotechnical and mechanical options; modern material laws including the most recent rate
independent and viscous hypoplasticity models; stress, temperature and groundwater
pressure analysis; lagrangian and eulerian mesh in space; quasi-static and dynamic
calculations; a full libary of isoparametric elements in 1D, 2D and 3D and also featuring
typical structural elements like beams, interfaces, springs, etc.; geometry based boundary
conditions; mesh independent postprocessing by selecting physical points, lines and
surfaces; 2D and 3D mesh refinement; phased modelling stages and extensive
parallelisation.

The scope of geo filtration examples (https://tochnog.sourceforge.net
/examples.html) includes: slope safety factor analysis; non-saturated dam with seepage
edge modeling; excavation with sheet pile, beam and contact spring elements; excavation
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with sheet pile and interface elements; confined compression of fluid filled porous
material; plasticity in plate with circular hole examples; contact frictional heat generation;
thermally induced stresses in plate modeling; automatic local mesh refinement near shear
band example.

The second sources of education materials is official side of CGAL Mesh
Generation - https://doc.cgal.org/latest/Manual/packages.html#PartMeshing. The side
contains a scope of practical methods like: mesh Generation; shape Reconstruction;
geometry Processing. The side also include VS solutions examples and Python API.

Approximate list of questions for the end-of-term test

1. Basis of Finite element method.

2. Springs, trusses, beams and contact-springs elements.

3. Mesh generation. Algebraic methods. Differential equation methods. Elliptic
schemes. Hyperbolic schemes.

4. Unstructured grid generation. The Delaunay Triangulation(DT). Ruppert's
algorithm of DT

5. Line Segment Intersection. The planar graph. The Doubly-Connected Edge List.

6. Differential equation of material deformation and flow in Tochnog. Components
of equation. Nearly incompressible Navier Stokes formulation. Linear solid formulation.

7. Elasticity, Elasto-Plasticity. CamClay plasticity model. Cap1l plasticity model.

8. Damage Mazars model.

Q. Contact analysis. Contact with and without friction. Frictional heat generation.
Penalty formulation.

10.  Storage equation for fully saturated analysis. Groundflow velocities. Total,
static and dynamic groundwater pressure. Groundflow permeability, expansion and
capacity. Groundflow phreatic level. Static pressure height.

11. Reservoir Ground Flow Simulation in the Oil and Gas Industry.

12.  Ground Flow modelling in Computational Hydrology.

13.  Non-saturated analysis. Permeability/pressure dependency diagram

14.  Van-Genuchten model for nonsaturated ground water flow..

15.  Undrained groundflow analysis. Groundflow storage equation without
permeability. Undrained capacity. Hydrostatic compressibility.

16.  Convection and diffusion of heat. Convection-diffusion equation.
Convection-diffusion temperature, density, capacity, conductivity, absorption and flow.
Convection to environment.
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MMPOTOKOJ COI'JJACOBAHHSA YYEFHO! ITPOT'PAMMBI YO

Hazsanue HasBanue [Tpennoxenus Pewienue, mpunsaToe
y4eOHOI Kadenpsl 00 U3MEHEHHUsIX B kadenpoi,
OVICLIUILIAHBL, CoepKaHUU y4eOHOMH paspaboTaBIei
C KOTOpOH IpPOrpamMMBbl yaebHy0
Tpebyercs YUPEXIEHUS BBICILIETO mporpammy (c
COTJIaCOBaHUE obpa3oBanHus 110 y4eOHOK yKa3aHHeM JaThl U
IOVCLUATUTHHE HOMepa IPOTOKOJIa)
YueOHas
OUCLUIUIAHA
He TpeOyer
COTJIaCOBaHUs

3aBeayrouuii kapeapon M.A. XypaBkoB

/ﬁ?’/ ’
g, ?Jrﬂ/ A ﬂ/szveacco/L L
28.05.2024 }
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JTONIOJITHEHU A U UTBMEHEHMS K YYEBHOHR ITPOT'PAMME 110
N3YYAEMOM YUYEBHOHN JUCHOUILINHE

Ha / y4eOHBIN TOJ

i JlomonHeHus ¥ U3MEHEHUS OcHoBauue

VYyebHas nporpamMmma nepecMoTpeHa U 0100peHa Ha 3aceaHuu Kadeapsl

(mpoTtokoi Ne oT 202 1))
(Ha3BaHue Kadeapsl)
3aBenyrommii kadeapon
(y4eHas cremneHb, y4eHOE 3BaHHE) (N.0.Damunus)
YTBEPXAIO
Jlexan ¢akynbrera
(yueHas cTenieHb, y4eHOE 3BaHHE) (1.0.®amumnus)
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