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PaccmoTpeHsl akTyanbHbIE BOITPOCHI COBPEMEHHON MEXAHHUKH CILIOIIHBIX U
JUCKPETHBIX CpEl, MEXaHWKH TOpHBIX MOpPOJ U MAacCHBOB, HH(MOPMATHKHU
NPUMEHUTENBHO K pa3pabOTKe MOJEeJeH, alfOPUTMOB M PACUETHBIX CXEM MJis
pelieHns pa3lMyHbIX KJAccoB 3anad. [IpuBeneHbl mNpuMepbl pelIeHHUs
NPUKIAIHBIX 3a1a4 W3 Pa3JIMYHBIX IPUIOKEHUN MEXAaHHKU CIUIOIIHBIX H
JUCKPETHBIX cpel. B poknamax 3aTpOHYTHI pa3iUMYHbIE ACHEKTHl METOHOB
JUCKPETHBIX JJIEMEHTOB, MOJCIMPOBAHUE KOHTAKTHOIO B3aMMOJECUCTBHUSA
YacTHull, [IOCTPOCHHUE MapalIeIbHbIX aJITOPUTMOB, pa3paboTka
CIIELIUAJIU3UPOBAHHOTO IIPOrPaMMHOI'0 obecrniedeHus, MEXaHUKO-
MaTeMaTHYeCKUe MOJIEIM MEXaHUKH TPYHTOB, TEOTEXHUKHM M Treodusmka,
DKCIIEPUMCHTAJIBHBIE UCCIIEI0BAHUs, CBA3AHHBIE C METOJAMM JUCKPETHBIX
JJIEMEHTOB U JIp.

Marepuansl cOOpHUKAa MNPEACTABIAIOT HHTEPEC KaK CHEUauCTaM B
0o0JaCTH  TEOPETHMYECKOW W TMPUKIAJHON MEXaHWKH, MaTeMaTUYeCKOro
MOJICJIMPOBAHUs, YHUCIIEHHBIX METOI0B IMPUMEHUTEIBHO K PELICHUIO 3a1ad
MEXAHUKU I'PaHyJIMPOBAHHBIX CPEJl U T€OMATEPUATIOB.

2



BBEJAEHHUE

OCHOBHBIMHM OpraHuzaTopaMu KoH(EpeHIIMU BhICTyNalT benopycckuii
rOCyAapCTBEHHBIA  YHUBEPCUTET, MEXAaHUKO-MaTeMaTUYeCKuil  (akysbTeT,
kadeapa TEOPETHUYECKOW W  TPUKIAJAHOW MeXaHuku u  JlansHckuii
MOJIMTEXHUYECKUNA YHUBEPCUTET, COBMECTHBI 00pa3oBaTEIbHBIA WHCTUTYT
JITY-BI'Y. B pamkax coBMecTHOI 00pa30BaTEeIbHOW U HAYYHOU JEATEIbHOCTH
uHctutytoB AIIY-BI'Y u BI'Y-JIIY exerogHo mnpoBoastTcs KOHGEPEHIINH,
CEMUHApBl [JII COTPYAHUKOB, AacCIUPAaHTOB M CTYAEHTOB YHHUBEPCUTETOB.
[IoMHUMO 3TOTO, BBINOJHIIOTCS COBMECTHBIE HAyYHBIE HCCIECIOBAHUS IO
rpantam JII1Y, coBmectHbie mnipoekTel PPU bemapycu wu Kwurtas mno
HAMpaBJICHUIO  HCCICJAOBAHWM  3asBICHHOW  HAay4HOW  KOH(EPEHINH
«BpruncnuTenbHas MEXaHHMKa ISl TPaHYJIHPOBAHHBIX U T'€0-MaTEpPUATIOBY.
TemaTtuka kKoH(epeHIIUU SBISETCS COBPEMEHHOM M aKkTyanbHOU. VccnenoBanus
B JJAaHHOM HANpPaBJICHUU BBINOJHIIOTCS BO MHOTMX CTpaHaX U UMEIOT MOMUMO
HAay4YHOIO Y Ba)XHOE MPHUKIANHOE 3HayeHue. BeimosHsemble B bemopycckom
roCyJapCTBEHHOM YHUBEPCUTETE HUCCIIEIOBAHMUS B OOJACTH BBIYUCIUTEIHHOU
MEXaHHUKU [JII TeOMaTepUajoB W TPaHyJIHPOBAHHBIX MATEPHAIOB IIHPOKO
U3BECTHBI M TPU3HAHBI CpPEJU HAyYHOM OOIECTBEHHOCTH HE TOJBKO B
benapycuun, Kutae, HO 1 1pyrux crpaHax.

[lenpo MaHHOTO Kypca JICKIUU SBJISETCS aHAIMTUYECKHN 0030p M aHaIHU3
COBPEMEHHOIO COCTOSIHMS METOJOB M TEXHOJIOTMM YMCJICHHOIO aHajau3a WU
KOMITBIOTEPHOT'O MOJEIMPOBAHUS B MEXAHUKE CIUIOIIHBIX U JUCKPETHBIX CPE.

[lpuMeHeHHE TEXHOJIOTUH W METOJOB YHCJICHHHOTO (KOMITBIOTEPHOTO)
aHajau3a MpU BBINOJHEHUU HCCIENOBAHUN M PEUICHWU NPUKIATHBIX 3a/1ad
MEXaHUKU HUMEET YK€ BHYIIMTEIbHYIO HUCTOPUIO pa3BUTHS.  Tak, memoo
koneunvix anemenmos (MKD, Finite-Elements Methods) nayan akTtuBHO
pa3BuBaThcs B 60-X rogax mpomnuioro Beka. Bo3MOXKHOCTH METOJa KOHEUHBIX
pasHocteit (MKP, Finite-Difference Methods) s nosy4eHus mpuoOIMKEHHOTO
pELICHUs] YPAaBHEHUN B YaCTHBIX MPOU3BOJIHBIX U IOCTPOEHUE AJITOPUTMOB Ha
€ro OCHOBE JJIsl PEIICHUSI MHKEHEPHBIX MPUKIIAIHBIX 337a4 U3BECTHBI enle ¢ 19
Beka. Ho »Tu m apyrue 4mucieHHBIE METOJbI HE MOTJIM OBITh MCIOJIb30BaHBI
3G(})EKTUBHO W HE HMEIM IIUPOKOTO PACTPOCTPAHCHHS U3-3a CIHIIKOM
OOJBIIIOr0 KOJMMYECTBA TPeOyeMbIX apru(METUYECKUX OTepaliii U OTCYTCTBUSA
COOTBETCTBYIOIIMX KOMIIBIOTEPOB. M TONBKO € pa3BUTHMEM BBIUMCIUTEIBHOU
TEXHUKH, CYLIECTBEHHBIM BO3DACTAHUEM  BBIYMCIHUTENBHBIX MOIIHOCTEN
KOMITBIOTEPOB TOJXOJbI YHUCIEHHOTO MOJCITUPOBAHUS MPHOOPENH peaabHOoe
3HAYCHHUE U TTOKa3aIu CBOIO 3(PGHEKTUBHOCTD.

3



HCCJ’IGI{OB&TCJ’II/I CIIC Ha CTaauMu pPa3sBUTHUA KOMHLIOTepHOfI TCXHUKHN H
TEXHOJIOTUH IMMOHAJIN, YTO KOMIIBXOTCPBI AOJIKHBI JaTh HOBBIN MOHIHI)Iﬁ HUMITYJIbC
Pa3BUTHIO HAYYHBIX TEXHOJIOTUHA U HHXXCHCPHUHU. HOBTOMY IMPAKTHYCCKU
OJHOBPCMCHHO C IIOABJICHHUCM KOMIIBIOTCPOB HAYAJICA ITPOLCCC pa3pa60TKH )41
BHCAPCHUA KOMIIBIOTCPHBIX CIICHUAJIBHBIX TEXHOJIOTUH 1 IIPOBCIACHUA
CJIOXKHBIX TPYIOCMKHX pa60T, CBJ3aHHBIX C HCCICOOBaAHUAMN p33H006p8,3HI>IX
MCXaHHUYCCKHUX IIPOHCCCOB U HBH@HHﬁ, N3Yy4YCHHUCM MCXAaHHUYCCKHX CHCTCM H
PCIICHUECM MHOT'OYMCIICHHBIX 3a4a4 HpI/IKHa,Z[HOfI MCXaHHNKH. HpI/I 9TOM, OJHUM
13 HanOoJee BaXKHBIX YCHOBHﬁ, KOTOPOMY IIpU CO3aHNUHU TAKHX KOMIIBIOTCPHBIX
TEXHOJOT UM HCO6XOI[I/IMO HCYKOCHUTCIIbHO CJICIO0BATDH, ABJIACTCA Tpe6OBaHI/Ie,
YTOOBI KOMIIBIOTCPBI HMCIIOJIB30BAJIMCh HC TOJIBKO KaK KaJbKYJIISITOPBL (T.e.
BBIYHCJIINTCIIBHBIC MalllTMHBI JIISA 6I>ICTp0I‘O )51 Oosice-MeHee
ABTOMATHU3HUPOBAHHOI'O pacqua). H€06XOI[I/IMO OBLIO CcOo31aTb HOBBIC MCTOAHBI,
HCITIOJIB3YIOIIHUC BCC IIPCUMYIIICCTBA HOBOT'O MHCTPYMCHTAPUA — KOMIIBIOTCPHBIX
TEXHOJIOTHUH. KpOMe TOrIO, 6J1ar011ap51 CBOCMY TIJIaBHOMY Kad4CCTBY —
oOecrieueHue BBIITOJIHCHU L MAaTCMaTHYCCKHUX onepaum”l C OI'POMHBIM
6BICTpOI[CI>iCTBPIGM — CO34aBaJINCb BO3MOXHOCTHU IMPUMCHCHUA Ooice
AJICKBATHLBIX PCAJIbHBIM IIPOHCCCaAaM MATCMATHUCCKHUX MO,Z[GJIGIZ.



ABOUT MECHANICAL-MATHEMATICAL MODELS FOR
COMPUTER SYSTEMS OF INTELLIGENT AND SMART ANALYSIS
OF GEOMECHANICAL PROCESSES
M.A. Zhuravkov
Belarussian State University, Minsk, Belarus

1. General comments

At the present time Artificial Intelligence (Al) technologies play an
important role in the development of computer technologies for mathematical
modeling and computer simulation the state and behavior of physical and
engineering objects of various nature.

Therefore, the actual task is to develop the “philosophy” and essence a
new generation of application software and actually elaborate such software.

The application of approaches and methods of numerical (computer)
analysis in performing research and solving applied problems of mechanics and
engineering has an impressive history of development. But, before the advent of
modern computers and computer technologies, the use of realistic mathematical
models in performing complex fundamental and applied research and
calculations was possible only in rather limited cases.

Today computer modeling capabilities are qualitatively changing and one
of the essential new requirements to computer modeling technologies is the
presence of artificial intelligence (Al) elements in such technologies, or, what
seems to be more precise, the presence of such "skills" as "intelligence",
"understanding™, "insight”, "ability to adequately predict on the basis of
processing large sets of information and data (Big Data)" (which is the essence
of the concept of "artificial intelligence™).

Modern computer modeling systems should be “able” to give
recommendations for setting model problems, be able to correct computational
algorithms, interpret the results of calculations and give a person a possible plan
of further actions (measures).

It can be stated that today computer technologies for modeling physical and
production processes are: high-performance computing + knowledge and "Big
Data" + mathematical models + elements of artificial intelligence technologies.

What are intelligent and intellectual systems?

While intellect and intelligence are related, they are not the same thing. A
person can be highly intelligent but lack intellectual curiosity or the ability to
think deeply about abstract ideas. Conversely, a person can have a high intellect

but struggle with practical problem-solving or learning new skills.
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May be say that: “Intelligent” 1s a quick learner of any task, and
“Intellectual” is knowledgeable and would offer great solutions to an issue.

Therefore, let's assume that in decision-making technologies, an intelligent
system is an information-computing system with intelligent support that solves
problems mainly without human involvement, as opposed to an intellectual
system in which an operator is present.

What are the concepts Modeling and Simulation?

Modeling and simulation are two closely related computer applications,
which play a major role in science and engineering today.

Modeling is a way to create a virtual representation of a real-world system.
Simulation is used to evaluate a new design, diagnose problems with an existing
design, and test a system under conditions that are hard to reproduce in an actual
system.

The key difference between modeling and simulation is that optimization
modeling provides a definite recommendation for action in a specific situation,
while simulation allows users to determine how a system responds to different
inputs so as to better understand how it operates.

Modeling is the act of a model building. A simulation is the process of
using a model to study the behavior and performance of an actual or theoretical
system. While a model aims to be true to the system it represents, a simulation
can use a model to explore states that would not be possible in the original
system.

The model comes first. That model is then used to perform simulation
studies. Typically, you are using a model to either reproduce a historical period
(for validation purposes) or to extrapolate data to predict the future (for what-if
studies).

Simulation modeling is the process of creating and analyzing a digital
prototype of a physical model to predict its performance in the real world.
Simulation modeling is used to help designers and engineers understand
whether, under what conditions, and in which ways a part could fail and what
loads it can withstand. So, for example, it is more correct to use the term
“simulation” or “simulation modeling” for Digital Twin technologies.

2. Some strategic goals of development of mechanical-mathematical
modeling systems with elements of Al.
It should be noted that at the current stage of Al technology development,
we are talking about systems with human participation in the control of the Al-
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supported process. From this point of view and building intellectual system of

modelling, strategic goals of active development of Al systems are:

—  elaboration and development of mathematical foundations of data
processing and intelligent data analysis methods for various application
areas and directions;

—  elaboration of mathematical foundations of systems for computer
simulation, calculations and analysis of various physical processes;

—  recommendations for setting model mathematical and computer problems
for real processes and phenomena under analysis;

— intelligent interpretation

—  transition to new intelligent CAD, CAE and CAM technologies.

—  recommendations for setting model mathematical and computer problems
for real processes and phenomena under analysis;

— intelligent interpretation and analysis of modeling and simulation results.
Expansion of Al applications, increasing complexity of the class of solving

problems, range and volume of data used to create applied Al models and
intelligent systems based on Al, requires a significant expansion of the
theoretical and algorithmic base of Al, including the need to develop machine
learning methods using mathematical and physical models of objects and
phenomena, methods of multimodal data consolidation, methods of creating
geometric and topological components of neural deep networks, methods of
three-dimensional computer design and simulation of objects.

Al technologies are increasingly becoming full-fledged “co-authors” of
algorithms for simulation mathematical and computer modeling of various
physical and technological processes and phenomena.

One of the important problems today is the development of modern
advanced approaches and methods of reliable and adequate mathematical
modeling and computer simulation for various classes of problems with
elements of intelligent analysis.

Any model is accurate for some classes/types of problems and inaccurate
for others. In addition, you need to know at which stages it is most effective to
use and which model to use in order to avoid errors or minimize inaccuracies.
Thus, the same object of applied mechanics can be described by different
mechanical-mathematical models, based on the goal set by the researcher. It is
reasonable to note that when constructing a mathematical model of the applied
mechanics problem under consideration and choosing a method for its solution,
It is necessary to be guided not only by the accepted mechanical model of the

object behavior, but also by the ultimate goal of solving the problem.
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The use of Al technologies is effective practically at all stages of
mechanical-mathematical modeling of processes and phenomena of applied
mechanics. Among them, for example, intellectual processing, interpretation and
analysis of large volumes of knowledge and data on the basis of mathematical
models of studied objects, processes or phenomena; development of knowledge
bases on various directions and subject branches of mechanics; development of
systems for analyzing the results of modeling and decision-making and others.

3. Elaboration of Intelligent and Intellectual computer simulation systems
in geomechanics. Actual problems

Let us now consider some of the main directions in the development and
construction of new geomechanical models.

Intensive excavation of underground space leads to quantitative and
qualitative changes in geomechanical processes and phenomena and even to
new, previously non-existent phenomenon. In this regard, at present, sometimes
even radically changing ideas about the nature of geomechanical phenomena
and processes.

Therefore, there are a number of new scientific problems and questions
associated, on the one hand, with the study of the influence of man-made factors
on the geophysical environment, and, on the other hand, with the study of the
behavior of rock strata and the ability to manage natural processes in the new
changed conditions.

Deepening and expansion of fundamental knowledge about the behavior
of rock masses with underground workings, constructions.

One of the most important fundamental task of geomechanics at the present
stage is the construction and developing models of the rock masses behavior
with underground constructions, which most adequately describe rock masses'
condition and behavior, taking into account the new facts and ideas about the
behavior of rock masses accumulated to date. In turn, this general problem
includes many internal problems. Among them, for example.

A. Itis very difficult to correctly account for the variability in time of stress
fields in the massif around of underground structures due to the wide variety of
influencing factors. The main difficulty is caused by the structurally
inhomogeneous structure of rock massif. In addition, in the rock massifs with
mines (the undermined rock massifs) in general, areas are formed that are in
different structural-mechanical states. In this regard, mathematical formulations
of model problems for the study of geomechanical processes in the selected

characteristic zones of the mined rock strata should be different.
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Therefore, the problem of constructing mechanical-mathematical models to
study the stress-strain state of the rock massif from the depths of underground
mining operations to the Earth’s surface is an urgent and very complex.

B. It is well known, that for rocks and rock masses, as a rule, the
mechanical properties of rock samples, rock mass samples and mechanical
properties of the rock mass on the whole are different and in some cases
significantly. There are a lot of works related to the determination of the
properties of rock masses, and significant progress has been made in this
direction. But, there are still a lot of unresolved questions in the problem of
determining the physical&mechanical properties of rock masses. Currently, a
new scientific direction is developing — breed science, associated with the
construction of classifications of rocks and massifs according to physical and
mechanical properties in canonical scales. A cluster approach based on the
existence of canonical series of structural separations and associated amplitude-
period spectra of geophysical and geomechanical fields is developed for the
quantitative description of the block-hierarchical structure.

C. It should be noted an actual problems associated with modeling of
geophysical processes in the rock mass as multilayer media (taking into account
the presence of gas fraction and liquid). For their reliable solution, it is
necessary to construct conjugate mechanical&mathematical models. On their
basis, such important tasks as the elaboration of measures to prevent sudden
emissions of rock and gas in mines, prevention of flooding of mines etc. are
solved, in particular.

D. Despite the significant numbers of research work carried out, the
problem of forecasting and describing such a dangerous phenomenon as
dynamic phenomena in mining operations has not yet been studied and solved.

E. It is experimentally confirmed and theoretically justified that rock
masses before destruction are divided into parts, while the continuity of the
massif as a whole can be preserved. As a result, a block structure appears in the
massif. It is obvious that when a block structure occurs, the resistance of the
rock to deformation decreases, but still remains finite. This phenomenon is
characterized by the appearance of a “descending branch” on the stress-strain
diagram. Obviously, in this new state of the massif, the relationship between
stresses and strains is different from the standard one. Therefore, it is necessary
to expand the “standard” approaches and schemes for the construction of
mechanical-mathematical models of geomechanics problems. We should
investigate the behavior of rock massifs when we “get” on the deformation

diagram to the stage of post-peak development of deformation processes.
9



In the region after the “peak” behavior of rock, in addition to general
deformations, shear deformations develop and slip sites appear. As a result,
there is a dilatancy effect (volume change due to stress changes and due to
shear). In turn, the appearance of slip areas and associated dilatancy is important
for the study of a wide range of processes, for example, geofiltration in the rock
massif.

F. Among the important tasks is the problem of development and
adaptation of modern approaches and methods of mathematical modeling to
perform computer modeling and simulation of a wide range of applied
geomechanical processes. At the same time, the main emphasis should be placed
on the study of physical processes, the modeling of which is very time-
consuming or almost impossible to execute with the help of other approaches.

G. As a special important problem | would single out the problem
“Construction of geomechanical models of rock massifs behavior take into
account of their complex structure”

Among the most “science-intensive” are such areas as the construction of
mechanical-mathematical and computer digital geomechanical models of rock
masses, taking into account their structural-mechanical features and with an
extensive system of underground structures. And as well as the study and
prediction of physical processes in rock masses under the influence of natural
and man-made sources of disturbances on the basis of these models.

Studies of the material behavior and properties at the pre-limit stage of
deformation were carried out quite a lot. Similar studies for the “over-limit
deformation section” are single. However, the practical importance and
relevance of these studies are evident. In an over-limit deformation branch, a
solid takes on a block structure.

Therefore, to account for the behavior of the rock massif at all stages,
models are needed not only in the framework of continuum mechanics, but also
in the framework of discrete media mechanics.

H. Intellectual systems for the formulation of boundary value problems and
the construction of numerical computational models.

So, we talked about the urgency of the development of adequate
mechanical-mathematical models to describe geomechanical processes. It was
about the importance of using Al-technologies in modern systems of computer
modeling and simulation of various classes of applied geomechanical processes.
And now | would like to provide information about such direction of our
research as the development of Intellectual systems for formulation of boundary
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value problems, the construction of numerical computational models and
solution applied problems on their base.

Despite the fact that the general algorithm for solving such problems as
study of strength and stability of geotechnical underground structures (such as
mining excavations, underground cavities and chambers) for a given period of
time for mining excavations was developed long time ago, the solution of this
problem is still widely discussed in the scientific publications.

There are some of important problems related to the common relevant
problem of the development of computer-aided technologies for describe the
behavior of rock masses with underground structures at various depths.

One of the main our points is that the calculation schemes for the study of
stress-strain state of rock masses in the vicinity of underground structures at
great, moderate and small depths should significantly differ.

I. Our experience in solving problems of stability and strength of
geotechnical structures located at different depths inside the rock strata with
significantly different mechanical properties allows to clarify and expand the
classification of depths in geomechanics. We propose the classification of
mining depths based on the level of rock pressure and mechanical properties of
the rock strata at the considered depth:

Small depths at which the ratio of cohesion coefficient to lithostatic
pressure is greater than unity (C/pgH>1).

Moderate depths at which the ratio of cohesion coefficient to lithostatic
pressure is less than or equal to one (C/pgH<1), but this ratio does not exceed
the effective ultimate compressive strength of the correspondent rock strata
(pgH=oc.).

Significant depths at which lithostatic pressure exceeds the effective
ultimate compressive strength of the rock strata (pgH>c,).

As follows from the introduced classification, the understanding of
“significant depth” depends not only on the absolute value of the vertical
component of the lithostatic pressure, but mainly on the value of the effective
ultimate compressive strength of the rock mass o, in the considered strata.

J. One of the difficult problem of rock mechanics is: “what is the limit state
of the rock mass in the vicinity of the underground structure (mining, goaf),
what is the criteria for the limit state of the rock massif?

The problems of strength and stability of underground structures and
undermined rock masses are among the most important problems of rock
mechanics.
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To date, researchers have clearly established that to assess the strength of
undermined rock masses, one should use not classical strength theories and
corresponding strength criteria, but limit state criteria instead. This is because
rock fracture or crack propagation in some area of the rock mass does not
necessarily lead to its complete failure or to the critical impact of the rock mass
on underground structures.

Nowadays, a number of limit state criteria are suggested for the evolution
of the rock mass limit state in various conditions. However, the correct choice of
the limit state criteria for applied engineering problems is still an open issue.

Limit state (LS) of the rock mass and geotechnical structures, in turn, is a
condition at which the considered rock mass and/or elements of geotechnical
structure experience significant violation of LS criteria (zones discontinuity,
failure, fracture or crack propagation occur) and this leads to complete
destruction of the rock mas, loss of stability of the whole geotechnical system or
transition of the rock strata into a new structural state.

It is shown that to evaluation of the limit state of the rock masses in the
vicinity of underground structures it is efficient to use the complex limit state
criterion which is a specific system of failure criteria. The application of this
criteria depends on the type of the stress-strain state at a particular point of the
rock mass. The complex limit state criterion includes the most common and
effective criteria used in the practice of geotechnical calculations. These
common criteria are applied for each particular point of the rock mass depending
on the value of the Nadai-Lode parameter, which defines the type of the stress-
strain state. In addition to that it is shown that the system of failure criteria can
be expanded if specific data of mechanical properties of the rock mass is
available. In particular, this data should include the information on specific
parameters used for other failure criteria used in geomechanics and geotechnics.

So, we proposed to evaluate limit states of rock masses based on a complex
criterion. The main idea of this evaluation is that before one evaluates the state
of the rock mass it is needed to determine the type of stress state in each area of
the considered rock mass. After that, rock mass state evaluation should be
performed by those limit state criteria, which are based on the same physical
processes as occur in the evaluated area of the rock mass.

We propose to use the Discrete Element Method (DEM) or Block Element
Method (BEM) to simulate the behavior of the rock mass beyond the limit state.
To understand which areas can potentially go beyond the limit state, Finite
Element Method (FEM) simulations may be used.
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K. The algorithm of simulation the undermined rock mass behavior in the
vicinity of excavations or underground structures is a complicated coupled
technique (FEM + DEM + analytical methods). Such approach is almost the
only one today, which can be used for adequate solution of applied engineering
problems taking every significant factor into account.

The construction of a computer (digital) geomechanical model (DGM) of
the rock massif with geotechnical structures for modelling of various
geomechanical processes is a non-trivial, very difficult task. When constructing
such model, it is necessary to generalize a huge quantity of multidisciplinary
data and knowledge accumulated both in science and in practice. An important
condition for the construction of an adequate reliable complex three-dimensional
geomechanical model of rock strata is the use of the whole set of geological,
mining and geomechanical data, their structure and consistency.

Numerical Modeling and Computer Simulation of geomechanical
processes in rock massif with large-scale excavation of mineral resources.

The main directions of our research on the development of numerical
models and computer models of various geomechanical processes can be
grouped into several groups: (they are shown on the slide)

* stress-strain state in vicinity of underground geotechnical building/goafs;

« stability and measures of safeguard of underground goafs;

e stress-strain state in rock massif with large-scale underground mining
works from Earth Surface to large depths;

« deforming processes on Earth Surface and undersurface regions;

« geomechanics of open mining operations, pits;

e stability of engineering buildings on Earth Surface and undersurface
regions;

«couple (conjugate) problems of geomechanics (hydrogeomechanics,
gasgeomechanics, thermogeomechanics and others);

« couple (conjugate) of rock mechanics and mechanics of rock equipment.

| would also like to separate the following problem into a separate class:

Stability of underground structures and rock massifs with a large-scale
network of underground structures. Technogenic accidents.

At present, such a scientific direction of fundamental research in
geomechanics and geophysics as “The elaboration of theoretical foundations of
the theories of dynamic deformation of geomedia under powerful natural and
man-made impacts” is actively developing.

Block-hierarchical structure of rock masses plays a significant role in the

formation of specific dynamic processes in the undermined rock massifs. Today,
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it is indisputable that for the correct description of the behavior of rock masses
and their responses to external influences, it is necessary to take into account the
complex structure of masses, dissected by surfaces and weakening zones into
separate blocks of different scale levels.

One of the important task is a reliable forecast of the long-term stability of
the rock mass both in the vicinity of a complex system of underground
workings, and the stability of the considered area of the rock strata as a whole.

Changes accumulate in the massif under the influence of technogenic
factors can cause -catastrophic consequences not only for an individual
underground structure, but also for the mining region as a whole. The result can
be a large-scale man-made accident, manifested in various forms (which
depends on a set of factors). In accordance with the basic laws of the theory of
catastrophes, to initiate the process of release of potential energy accumulated in
the contour zone under certain conditions, a slight external influence is
sufficient.

Conclusion

Unfortunately, the report does not cover the whole range of actual tasks and
problems of modern geomechanics.

It should be emphasized that geomechanics contains tasks that require an
excellent knowledge and skills from various fields of modern theoretical and
applied mechanics, fundamental and applied mathematics and a number of
special disciplines.

Successful solution of geomechanics problems requires the construction of
specialized models and algorithms based on the methods of continuum
mechanics, mechanics of discrete bodies and the mechanics of bulk media.
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COUPLED SPH-DEM-FEM MODEL FOR INTERACTION BETWEEN
WATER, SEA ICE AND MARINE STRUCTURES
Dongbao Yang!, Lu Liu?, Shunying Ji'?
1. State Key Laboratory of Structural Analysis, Optimization and CAE Software for
Industrial Equipment, Dalian University of Technology, Dalian, China
2. DUT-BSU Joint Institute, Dalian University of Technology, Dalian, China

1. Introduction

In the interaction between offshore structures and sea ice in polar
environment many different physical processes occur e.g. the failure of sea ice,
structural vibration, the drift of sea ice, and the collision between sea ice,
structure and fluids. These processes include two media: solid and fluid, and
three materials: water, ice and structure. From the perspective of different media,
this process belongs to a fluid-solid interaction (FSI) problem. However,
conventional FSI in ocean engineering mainly focuses on structural elastic
response under fluid load, e.g. violent free-surface flow, slamming issues and
underwater explosion problemst™. And to solve complex fluid and solid
dynamics problems, a series of coupled CFD-FEM methods are developed. In
polar environment, sea ice shows strong discrete characteristics, which makes
sea ice exist as polygonal discrete particles in space. From the perspective of
different materials, this process can be more finely divided into a fluid-particle-
structure interaction (FPSI) problem. The FPSI govern a wide range of natural
and engineering phenomena in recent years. For example, the impact of debris
flow on barriers/structures?*l, modeling the mill behavior™, abrasive wear on
the mill, and abrasive water jet cutting nozzles(®l.

This paper presents a introduces a novel coupled SPH-DEM-FEM model
for FPSI is proposed to study water, ice and offshore structures interactions. The
offshore structure is modelled using the FEM, the ice media using the DEM and
the water using the SPH. Finally, the proposed model is employed to investigate
a multi-habitat ship running from water to ice and ice-gonging ships navigated
in the broken ice.

2. Coupled SPH-DEM-FEM model description
2.1 Governing equations for DEM
The DEM used in dynamics model of the granular system is based on the
motion of a single particle, and the translation and rotation of the particle are
solved according to Newton's second theorem. Equations of particle i:
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dZu;

m; de2 = F!' ' (1)
a2e;
I!' dr2 = M!' ' (2)

where, u, and @; are position and orientation vector for a given particle, m; is
the mass of particle, 1. is the rotary inertia, F, and m; are the external forces
and moments acting on the particle, such as body force, buoyancy forces, drags
forces and collision force and its moments.

For the simulation of ice model, the 3D sphere and dilated polyhedral DEM
with bond and fracture model are employed in the breaking process of ice in
ocean engineering, as shown in Figure 1.

TSy
SRR

(@) Interaction between level ice and cone (b) Ship navigated in the level ice based on
based on sphere DEMU] polyhedral DEM!
Figure 1. Different element of ice mode based on DEM are applied in ocean engineering

2.2 Governing equations for SPH
For incompressible Newtonian fluids, without considering energy loss, the
fluid governing equation is as follows:

E+,o'1if'-ﬂi.r =0 (3)
dt |
v _ —E'ﬁ'p—l—vﬂgv—i—g

where, o, p and v is the density, pressure and kinematic viscosity of fluids, v
and g is the vector of the fluid velocity and gravity, ¢ is time. The SPH method
discretizes the range of fluid domain by the kernel function, and the fluid
governing equation (1) and (2) are transformed from new form according to the
particle approximation:

Dp :
Dt - ‘E=lm_;'{.vi_v_fj'vim'rij (5)
Dv, Z” J p: | P

i — L
j=1 4
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where, w;; is the kernel function, m; is the mass of particle j, p, and p; is the
pressure of particle i and j. Then, the explicit integration method is used to
quickly solve the field variables of the particles to simulate the fluid domain
changes.

2.3 Governing equations for FEM
The offshore structures in the current work are modelled using the FEM. In
this method, the continuous structures are discretized into smaller and simpler
“finite elements”. In this way, the partial differential equations on the whole
structure dynamics does not need to be solved on the complete spatial domain,
but on each small element. In matrix form, the dynamic equation of the structure
Is expressed as follows:

Mit+ Cit+ Ku = Q (7)

where, M , ¢ and Kk is mass, dimpling and stiffness matrix, @ is the vector of
the external force, i ,4 , and w are the acceleration, velocity and displacement
vectors. The explicit central difference method or implicit Newmark method is
used to solve the dynamic equation.

2.4 Fluid-solid coupling

The solid materials including sea ice DEM and offshore structures FEM at
any time is regarded as a solid phase without deformation and motion, and both
are considered as the solid boundary of the SPH particle. In the fluid-solid
boundary model of SPH, fixed or ghost particles method, boundary integral
method, and repulsive force mode have all been used to deal with the contact of
SPH particles with irregularly shaped boundaries. For the first two methods, the
construction of irregularly DEM elements requires a large number of fixed or
ghost particles and integral computation, and the construction algorithm can be
cumbersome. In this paper, repulsive force model!® is used to calculate the force
between SPH particles and discrete elements, finite element structures, which is
expressed as follows.

fe = nge(z)R(d) (8)
0.02, z=0
e(z) = |z/hyl 4+ 0.02, —h, =z<0 (9)
1, lz/hol = 1
1
R(d) = A—(1—gq) (10)

v
where, fg is the repulsive force, ng is the normal of contact plane, (z) is the
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balances the pressure at different depths, R(d) is the repulsive force function,
hg 1s the initial fluid depth, z is the water level and free surface level is defined

as the zero, i.e., z =0, A is related to the sound speed.
SPH particle .

(L Boundary particle

Figure 2. Repulsive force model of SPH particle and arbitrary solid boundary

2.5 Particles-FEM coupling

Both DEM and SPH are particle methods, and the particles-FEM coupling
method mainly includes contact search and load equivalence. Contact search is
mainly to calculate the distance and force between the particle and the finite
element, as shown in Figure 3. A nonlinear contact model is used to calculate the
contact forces between the DEM particles and the finite elements. The contact
force is usually applied to any contact point on the element outside the model,
and the contact force between the particles and the finite element is equivalent to
the element node based on the shape function difference technique. And the
function difference technique is defined as follows:

fi=N.F (i=1,2,3..N) (11)

where, f; is node force, n; is shape function, F is the contact force between the
particles and the finite element.

PTN
\(+).7
V.

(954
C
i

PTE
(++)

PTF .
(+++)

A A inside
PTI\] o ~/§;’ e PTE ‘\\ _B. _f-outside
+) (-++) ' PTN
()
(a) Triangular (b) Quadrilateral
Figure 3. Contact-search and load equivalence model of spherical element and different

element
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3. Application for interaction between ice, water, and offshore Structure
3.1 Casel: Simulation of a multi-habitat ship running from water to ice

The coupled SPH-DEM-FEM method is used to simulate the navigation of
multi-habitat ship from water to ice. Among them, the multi-habitat ship is
composed of four parts, the wear-layer made of PVC at the bottom, the buffer
air bag in the middle, the upper hull and the propulsion system. In the
computational model, the wear-layer and air bag are modelled using the FEM,
the hull is a rigid body, and the propulsion system is simplified. The sea ice is
composed of polyhedral discrete elements, and the water is calculated by SPH.
The whole simulation process and results are shown in Figure 4.

Model of the multi-habitat ship /
/7R

Boat /
Air bag
Wear L.
B
Computational model
200
o Ice impactload in z direction
I ;:t 0
B 5
= 1a £
=
]
T
i
L.

0 2 4 6 8
Time (s)

Figure 4. Simulation of a multi-habitat ship running from water to ice (a) ship model, (b)
process of multi-habitat ship running from water to ice (c) von Mises stress distribution
of wear layer of ship (d) ice impact load in z direction

3.2 Case2: Simulation of ice-gonging ships navigated in the broken ice

The SPH-DEM-FEM coupling model is used to simulate the navigation of
ships in the ice breaking area. The ice-gonging ship model is mainly divided into
two parts: the rigid hull structure constructed by triangular mesh and the local
grillage finite element model composed of plate and shell elements. The local
grillage structure is located at the waterline height, the port side of the hull and
near the shoulder, which is the main position for the collision between the ship
and the ice floe. The Voronoi cutting algorithm is used to generate the ice
crushing area with a density of 40%, and the broken ice element is polyhedral
DEM. The water is calculated by SPH. The whole simulation process and results
are shown in Figure 5.
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Figure 5. Simulation of ice-gonging ships navigated in the broken ice (a) model of ice-
gonging ship (b) process of ice-gonging ships navigated in the broken ice (c)
displacement distribution of y direction (d) von Mises stress distribution

4. Conclusions

This paper develops a novel coupled SPH-DEM-FEM model for FPSI. In
the coupled model, the SPH was employed to simulate the fluid flow, the DEM
was employed to model the sea ice and the FEM was used to model the
structural deformation. In FSI of SPH, the repulsive force model is used to
calculate the force between SPH particles and discrete elements, finite element
structures. In particles-FEM coupling, the contact force between the particles
and the finite element is equivalent to the element node based on the shape
function difference technique. Finally, the proposed model is employed to
investigate a multi-habitat ship running from water to ice and ice-gonging ships
navigated in the broken ice.
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RMIB FOR MODELING ICE-STRUCTURE INTERACTIONS IN
BROKEN AND UNBROKEN SEA ICE FIELDS (EFFICIENT GPGPU

SIMULATION)

O.L. Konovalov
Belarusian State University, Minsk, Belarus

Introduction
In this thesis, we investigate the computationally efficient approach to
coupled simulate the processes of failure both a continues ice fields and a
broken ice dynamic, caused by moving ice-breaking ships. Simulations of ice—
structure interaction need to consider a complicated process (figure 1) including:
fragmentation of ice field; formation and motion of ice blocks; interactions
between the blocks; interactions between the blocks and the structure.

unbroken ice field

Figure 1. Ice-structure interaction process

Due to the discrete nature of broken ice, the Discrete Element Method
(DEM) plays a central role in the development of numerical simulation
programmers for ships traveling through broken ice. The classical DEM adopts
an explicit scheme using rigid blocks and is usually referred to as the Smooth
Discrete Element Method (SDEM). The contact detection (figure 2) on the fly is
the most important issues in SDEM, and many researchers think that this
“meshless” (ability of detection new contacts during the calculation procedure)
Is main feature of SDEM methods.

Figure 2. Contact detection scheme
From other side the collision detection is the most time-consuming step in
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DEM. In worst case the complexity of contact detection is O(N2), where N is
number of particles. There are many contact detection algorithms, which target
IS saving computing time and memory space, however this step is one of the
most time consuming step of DEM.

From other side, for the simulations of fracture of continuous icefields, the
bond based Discrete Element Method (BDEM) is used[1]. Bond DEM use stable
bond’s structure and there are not need the collision detection calculation step.

Typical example of bond DEM is real multidimensional internal bond
(RMIB) approach that provide proper result of failure of continuous geostrsata.
Physical correct crack propagation in RMIB arrive by very small time step that
is proportional to value of relation of smallest bond length to sonic velocity for
modeling material. Such small simulation time step request the special
acceleration mechanism. For example massif parallelism approach based on
GPGPU calculation. The BMIB is light applicable to GPGPU due to stable bond
grid structure.

For coupled simulate the processes of failure (both a continues ice fields
and a broken ice) there are as usually used both described above schemes, as
SDEM, as bound DEM.

The main idea of presented in this thesis approach is to use one bond DEM
computation scheme for both simulation. For this purpose, we provide to
separate bond structure on two parts: stable and dynamic. The stable part are
placed on GPU memory all time of computation, and the dynamics bonds are
periodically reloaded between CPU<=>GPU.

The main assumption of presented approach is that size of scope of
dynamic bonds is enough small and frequency of dynamic bond recalculation is
enough low. If above assumption will be true, then we should also provide of
correctness of proposed computational approach.

So, the contents of our thesis is following: we described our specific “one
layer” bond DEM and perform number of numerical experiments to estimate
size increase of dynamic bonds, frequency of CPU<=>GPU exchange and
correctness of proposed computational scheme.

1. One layer ice RMIB

Historically the first approach for modeling the crack propagation in elastic
rock environment was LS (Lattice Spring) [2]. The next step was the VIB
(Virtual Internal Bonds) model, where a continuous medium are determined as
discretized model of microstructural relationships. The improved model of

VMIB (Virtual Multidimensional Internal Bonds) was proposed by Zhang [3]. In
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VMIB model bonds are broken down into components: normal and tangential
forces are considered separately. At the current time, Zhao proposed the RMIB
(Real Multidimensional Internal Bonds) model[4], where the bonds are
determined by the contact of the particles in some packaging of the simulated
medium. Take into account that RMIB provide good results in simulation of
failure of continuous geostrsata, we design to based our ice DEM model on this
approach. It should be pointed that some authors already used bond based DEM
for the simulations of fracture of continuous icefields.

In RMIB model, each bond contains two springs: a normal spring and a
shear spring where, k» and ks are respectively the normal and shear stiffness of
bond. The deformation vector u;; of the bond, that connected particles i and j,
decomposes into a normal " and a shear u’; components. The normal and shear
forces acting on the particle are: F";j = kn*u"; , Fsy = ks*usij . If the bond’s
deformation reaches the critical value (i.e. w;; > 80), the bond goes to the broken
state. In this state, the normal spring still elastically works on compression, but
does not exert a tensile strength. The forces, that arise when the shear spring is
deformed, should be are decreased and works as friction forces.

In RMIB theory, the relationship between properties of discretized 3D

model kx, ks and properties of continuous 3D model E, v is given by equations:
3E

K, = 5127 (1)
_ 31-M)E
* o l+v)(1-2v) @)
a® = % (3)

here E, v, V, | are respectively the Young’s modulus, Poisson ratio, volume
of modeled media and average bond length.

For the shear spring, the relative shear displacement between two particles
can be obtained simply as us; =u"; -uj; like in some conventional lattice spring
models. However, the shearing force calculated in this way is not rotationally
invariant. To overcome the problem, Zhao has proposed a local strain based
method [4]. In this method, the local strain of one particle is evaluated by a least
square scheme, which only uses the displacement of itself and other particles,
which have intact bonds with the particle. Based on above neighbor information
the inverse of global transformation’s matrix can be calculated. Unfortunately, in
a practical simulation, the inverse of transformation’s matrix may not exist in
some conditions[4].
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Our main assumption is that initial structure of ice bond structure is two
dimensional Steiner constrained Delaunay triangulation (Steiner CDT). This
bond grid structure we will name “initial structure”. Therefore, the center of
elements will be associates with triangulation vertices. It means that our ice
model is “one layer”. It means also that particle size is correlate with ice
thickness. For each elements form the initial structure, we can define local
manifold neighborhood (LMN) — the set of triangles adjusted with appropriate
triangulation vertex (see figure 3).

>

Figure 3. The set of triangles adjusted with appropriate triangulation vertex

The usage of Delaunay triangulation as bond structure give as some
benefits. The first benefit of defined above structure is that under plane normal
forces it provide 0.33 Poison ratio without usage of share forces. The second
benefit is that we can use average normal of LMN as local appreciation of ice
surface normal in center of DE. Let a; is average LMN normal of particle i. We
will calculate u" as projection u; on plane with normal a; and we will calculate
u®; as projection u; on vector ai. So, the interaction forces at the contact
interface between two particles i and j (F ij) are obtained from the normal (F;" =
kn* u";) and tangential (F i = k* u®;) components.

2. Dynamic bonds structure and effective re-meshing algorithm.

If during simulation moving ice-breaking ships process the initial 2d bond
structure is “lose” thee Delaunay properties, then we force recalculate bond’s
structure. The Delaunay lemma give as the way to recognize this “loses”
effectively due to control only local Delaunay property (figure 4). It give as
possibility to move this control on GPU level. The cost of above solution is
additional global memory to store cells and neighborhood.

Figure 4. Local Delaunay property control
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If this re-meshing will be perform on CPU then we need periodically
reloading new bond structure between CPU and GPU memory and it can destroy
all GPGPU advantages. To avoid this we propose divide bond structure on two
parts static and dynamic.

We have propose the following algorithm to calculate above “dynamic 3d
bond structure”. We will perform three dimensional Delaunay triangulation (DT)
over “extended simplicial complex”. This “extended” complex includes initial
CDT triangulation and two additions “bounding” points. One of them place
below and other place under of ice field to provide 3d convex hull included
elements of initial 2D bond structure. Than we remove from resulting DT the all
edges that already presented in initial structure of bonds and edges adjusted with
two “extended” bounding points. The scope of residual edges will be the
required dynamic bond structure. The complexity of three dimensional Delaunay
triangulation is N*log(N). Therefore, we receive main benefit of our approach:

O(N*log(N)) instead O(N2).

(@)

(b)

Figure 4. Dynamic 3D bond stucture calculation algorithm
The figure 4 illustrate described above algorithm. On subfigure “a” we see
the current stage of our “one layer ice” model. On subfigure “b” we see three
dimensional Delaunay triangulation over “extended” complex includes initial

CDT triangulation and two additions “bounding” points. On subfigure “c” we

see the new detected dynamic bonds structure.
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During bond DEM calculation pipeline, we will use both bond schemes and
“static” and “dynamic”. Therefore, size of “dynamic structure” are critical for
proposed approach. We will be investigate this value experimentally.

3. Numeric simulation

3.1 Ice cakes and floe-ice fractures by spherical body.

In this section we study the interaction between an ice-breaking ship and
separate ice floes. The simulated system consists of a digital model of a
theoretical ship bow advancing with a constant speed in one direction towards
the modeled ice floe. Thus, the numerical simulation is of a Single Degree of
Freedom (SDF) motion. This simulations are described by two elements: the
ship bow and the modeled ice floe. The ship bow is considered as a solid with
imposed motion and represent be analytical sphere body, whereas the ice floe is
composed by an arrangement of bonded Voronoy particles.

In Table 1 the computational parameters for the ice material, the
computational parameters for the ship bow and the numerical computational
parameters are listed.

Table 1. Material’s property and ship bow geometry

Definitions Values Units
Ice cover size 150 x 300 m

Ice thickness 0.3 m
Sphere radius 25 m
Sphere velocity 0.5 m/s
Sphere/water elevation 0.5 m
Density of ice 920 kg/m3
Young Modulus of ice le+9 Pa
Poisson ratio of ice 0.33

Ice-ice (static) friction 0.05

Ice-bow (static) friction 0.25

Young Modulus of ship bow 20e+9 Pa
Time step 1.0e-5 S
Simulation time 70 S
Calculation time 2 hour

Motion scheme and boundary conditions present on figure 5. The white ray
show us the direction of ship movement. The red areas define the boundary
condition on ice floe with zero velocity.
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Figure 5. Boundary conditions
The simulation process reproduce as “radial” as ‘“‘circumferential” cracks

(picture 6a) and also demonstrate the suitable ice loads on the spherical ship
bow (picture 6b).

@) (b)

Figure 6. Crack propagation process
However, the main our goal was investigate the increasing of size of
“dynamic structure”. This increasing presented on subpicture 7a. On subpicture
7b present the placement of dynamic bonds. We see that rate of increasing of
“dynamic size” is enough low. Especially in comparison with size of “static”
bond’s structure, that is near 50000 bonds. We see that maximum number of
dynamic bonds is less then 3% of number of static bonds.

Number of dynamic connections

P

(a) TTTITLITITTCFIITITITT -

Figure 7.Dynamic structure size increase
3.2 Inclined plane.
The next simulation is well-known problem - the horizontal ice load
applied on the inclined plane. We changed movement scheme in comparison
with classical approach. Plane moved instead ice floes. Ice floes is under
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boundary conditions present on picture 8a. The white ray show us the direction
of inclined plane movement. The red areas define the ice floes boundary
condition with zero velocity.

() (b)
Figure 8. Boundary conditions for the case of the horizontal ice load applied on the
inclined plane

In Table 2 the computational parameters for the ice material, the
computational parameters for the inclined plane and the numerical
computational parameters are listed.

Table 2. Material’s property and inclined plane geometry.

Definitions Values Units
Ice cover size 150 x 300 m

Ice thickness 0.3 m
Plane width 20 m
Plane velocity 0.5 m/s
Density of ice 920 kag/m3
Young Modulus of ice le+9 Pa
Poisson ratio of ice 0.33

Ice-1ce (static) friction 0.05

Ice-structure (static) friction 0.25

Young Modulus of structure 20e+9 Pa
Time step 1.0e-5 S
Simulation time 70 S
Calculation time 2 hour

The simulation process reproduce the “typical” behavior of ice load for
inclined plane simulation [5] (picture 9b).

number of dynamic bonds ice load in simulation
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Figure 9. Number pf dynamic bond and ice load in similation
However, the main our goal was investigate the increasing of size of
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“dynamic structure”. This increasing presented on subpicture 9a. On subpicture
8b present the placement of dynamic bonds. We see that rate of increasing of
“dynamic size” is enough low. Especially in comparison with size of “static”
bond’s structure, that is near 50000 bonds. We see that maximum number of
dynamic bonds is less then 2% of number of static bonds/

Conclusion

We try here very briefly describe the idea of “dynamic bonds” for BDEM
approach. As example of BDEM we use here RMIB. The applicability of above
idea is the case when global part of simulated structure is more less stable and
sufficient movements of particles take place in local part of simulated structure.
In this case, we propose to use BDEM approach that is well GPGPU applicable.
But in any case some bonds will be changed during simulation process. To avoid
extensive CPU <=> GPU intercommunication we propose separate bonds on
“stable” and ‘“dynamics” parts. The another features of our approach is use
Delaunay triangulation instead contact detection algorithms. Of course described
approach is rather than universal, bat in some case they can give us the way for
real simulation of complex problems.
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ASYMMETRIC SCATTERING EFFECT OF SOLITARY WAVE
IN ATWO-SECTION COMPOSITE GRANULAR CHAIN
Decai Huang
School of physics, Nanjing University of Science and Technology, Nanjing, China

Introduction

Granular materials, consisting of discrete grains, are commonly
encountered in agricultural and industrial activities. These materials exhibit
various unique phenomena such as dilute-dense granular flow and segregation of
binary mixtures. These phenomena have been extensively observed in grain
storage, pharmaceutical mixing, mineral exploitation, and mechanical
processing. The ordered granular chain (GC) is a fundamental component used
to control and manipulate the propagation of mechanical waves in numerous
applications. This includes energy management, signal processing, shock
mitigation, and even the design of mechanical logic elements. Understanding the
dynamics of nonlinear wave propagation, especially nonlinear scattering at
mismatched interfaces, within an ordered granular chain is crucial for theoretical
investigations and engineering applications in the field of acoustic
metamaterials.

1. Simulation Model

Fig. 1 shows the sketch of a one-dimensional composite GC with two
sections. A line of spherical grains N=N_L+N_R with identical diameter d=5
mm is arranged between two fixed walls, i.e., W_L and W_R. In the simulation,
the precompression is achieved by adjusting the distance between the left and
the right walls. The interaction force without dissipation between two adjacent
grains is only considered in the normal direction. Hertz model is used to
describe the nonlinear interaction,

FH = k[0 + (uimy —u)] Y, (1)
1 1+1
WL WR

Fig. 1 Sketch of a two-section composite granular chain
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In the simulation, the discrete element method is adopted to describe the
motion of each grain. The position and velocity of each grain are updated by
integrating Newton's second law of motion. The Verlet-velocity algorithm is
used in each time step. According to Eq.(1), grain i moves under the following
equation,

d?u;(t)
dt?

— knl6o + (wic — w)2” = knldo + (i — uirn)S>. (2)

m

In Table 1, the parameters of granular materials in the left-section GC used
in the simulations are listed in Table 1.

Table 1 The parameters of the granular materials

Quantity Symbol Value
Diameter (mm) d 5
Density for grain (g/cm?) P 7.9
Young’s modulus (GPa) E 193
Poison’s ratio v 0.25
Simulation time-step (s) dt 10~°

2. Theoretical Arguments
For a strongly precompressed GC,(u_{i}-u_{i+1})/s, <1. Nesterenko
employs a continuum approximation with L>d, where L is the characteristic
spatial size of the perturbation to make EqQ.2 into a classical KdV equation, and
the corresponding SW velocity is analytically derived:

dgmax
Vs = 1 s
S Co( + 1250)

3)

The other analysis is conducted for the weakly precompressed GC with
(u_i-u_i+1)/(s, )>1. It begins at 5, ~u_{i}-u_{i+1} as an initial condition. The
SW velocity is written as,

2
1/4
VSO = _Cmﬂlgm{]x‘

Vs @

When the ISW passes through a mismatched interface, $x=08%, the grains
around the interface must be involved simultaneously because the SW has a
certain width. In our simulation, the deformation induced by ISW is rather
smaller contrasted with the initial precompression, 5, for a small amplitude of
ISW. Thus, the ISW can be considered traveling across a precompressed two-
section composite GC with different material parameters. Mass density and
elastic coefficient are regarded to remain constant. In particular, Egs.(3)(4)
indicate that mass density and elastic coefficient have the same effects on the
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characteristic wave velocities $¢_0$ and $c_mat$. Thus, we can make the
following arguments on the asymmetric scattering effect taken from the
mismatched mass density and elastic coefficient by using classical acoustic
theory in a linear medium.

The characteristic wave velocity ratio of the $¢_0"{\rm R}$ of the right
section to $¢_0"{\rm L}$ of the left section is introduced,

Yeo = Cg/cgj' — a;]/Qa;D/S’
| (4)
in which the initial force equilibrium condition is used, )" =k 6™,
The acoustic impedance ratio can be defined as:
YRe = R&/RE = a}/Za;/-‘_
' (7)

Introducing of the characteristic wave velocity ratio and the acoustic
impedance ratio is useful for discussing the asymmetric scattering effect in the
two$-$section composite GC with a mismatched interface. First, the mismatch
of wave velocity can lead to the “\emph{fracture}" and "“\emph{squeeze}"
effects of the ISW at the interface for $\gamma {c 0}>1$ and
$\gamma_{c_0}<1$, respectively. At the former condition, the single$-$peak
ISW decomposes into at least two parts because the leading front ISW first
passing across the interface has a larger propagation velocity in the right$-
$section GC than that the following part lagging in the left$-$section GC. Under
the latter condition, the propagation velocity of the leading front ISW in the
right$-$section GC is smaller than that of the following part in the left$-$section
GC. The two parts would be squeezed and thus compressive TSWs and RSWSs
are generated on both sides of the interface of the two$-$section GC. Second,
the mismatch of the acoustic impedance can also result in ISW breakdown.
Compared with the ““\emph{soft}" right$-$section GC, the left$-$section GC
can be considered as a ~\emph{hard}" one when $\gamma_{R_{\rm G}}<18$.
In this case, the acoustic pressure of the transmitted wave $P_{\rm Tr}*{\rm
R}$ is higher than the incident wave $P_{\rm In}*{\rm L}$. This indicates the
occurrence of the overshooting phenomenon when the grains in the RSWs keep
the same phase as that in the ISW. The RSWs should be an expansive wave.
Under the condition of $\gamma {R_{\rm G}}>1$, $P_{\rm Tr}*{\rm
RYP_{\rm In}*{\rm L}<1$, SP_{\rm Re}{\rm L}$ is lower that $P_{\rm
Re}*{\rm R}$. The left$-$section GC is “\emph{soft}", making the RSWs and
the TSWs being
compressive\cite{ Acousticbhook01,Acousticbook02,Xu2017Phlow372.20130186
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,Daraio2006PRL96.058002}. When $\gamma_{R_{\rm G}}=1$, the reflection
is completely suppressed and total transmission occurs.

3. Simulation results

The precompression is set to 5, =0. In Fig.2(a), a heavy$-3$light GC is used.
The ratio of mass density is $\alpha_{\rho}=\rho"{\rm R}/{\rho™{\rm L}}=0.2$,
i.e., $\gamma_{c 0}>1$ and $\gamma_{R_{\rm G}}<1$. The mismatched
interface is placed between grains 400 and 401. The mass-mismatch interface
leads to occurrence of a wave fracture in the right$-$section GC, in which a
series of multipulse-structure TSWs arises. In Fig.2(b), the light-heavy chain
extends the nonlinear scattering effect to both sides of the interface. In the
right$-$section GC, a single FTSW appears, which occupies most of the energy
of TSWs. In the left$-$section GC, one single front wave of RSWs(FRSW),
following a series of secondary waves.

The precompression is set to 5, =10-3. In Fig.3(a), the fracture of the ISW
occurs and the TSWs are a multipulse structure as expected. The mismatch of
acoustic impedance i.e., $\gamma_{R_{\rm G}}<18$, results in the occurrence of
the overshooting effect. A portion of initial potential energy in the left$-$section
GC is released and enters into the right$-$section GC. A train of expansive
oscillatory RSWs arises. Similar results are repeated for hard-soft chain,

=
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Fig. 2 Grain velocity as a function of grain number in mass$-$mismatch granular
chain with precompression $\delta_0/d =0$. (a) Heavy-light chain
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$\alpha_{\rho}=0.23, (b) light-heavy chain $\alpha_{\rho}=53$. (c) Hard-soft chain
$alpha_{k_{\rm n}}=0.2% (d) Soft-hard chain $\alpha_{k_{\rm n}}=5$.

| (@) Heavy-Light EISW,, (b) Light-Heavy |
‘ FTSW, |
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(@) Heavy-light chain  $\alpha_{\rho}=0.2$, (b) light-heavy chain
$\alpha_{\rho}=5%. (c) Hard-soft chain $\alpha_{k_{\rm n}}=0.2$ (d) Soft-hard
chain $\alpha_{k_{\rm n}}=5$.
Fig. 3 Grain velocity as a function of grain number in elastic$-$coefficient$-
$mismatch granular chain with precompression $\delta_0/d=10-3$.

$\alpha_{k_{\rm n}}=0.2%, as shown in Fig. 3(c). For light-heavy chain
$\alpha_{\rho}=5% and Soft-hard chain $\alpha_{k_{\rm n}}=5$, the ISW is
decomposed into an FTSW and a multipulse structure SWs, which can exist
stably. For the RSWs, the soft characteristic of the left$-$section GC produces a
compressive RSWs, composed of a stable FRSW and a train of oscillatory
waves dying away.

Conclusions

In this study, the asymmetric scattering effect of SW in a two$-$section
composite GC is studied via numerical simulations. Building upon Nesterenko's
work on solitary waves in monodisperse granular chains and using continuous
acoustic wave theory in linear medium, we argue the intrinsic materials
properties, i.e., mass density and elastic coefficient, dominate the asymmetric
scattering effect of the mismatched interface. The numerical simulations are then
conducted on granular chain.

The Nesterernko work on the characteristics of SW in monodisperse GC is
briefly revisit at the unprecompressed and compressed conditions. According to
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continuous acoustic wave theory in a linear medium, the mismatched acoustic
velocity and the impedance at the interface are used to explain the asymmetric
scattering effect of the two$-$section GC. When the SW is incident from the
section with a small acoustic velocity, the fracture effect occurs, and the TSWs
are generated in a multipulse structure. On the contrary, the squeeze effect
occurs at the mismatched interface with large$-$small acoustic velocity, in
which the transmitted and reflected waves being compressive can be generated.
However, the mismatched interface with high$-$low acoustic impedance leads
to the occurrence of the overshooting effect, in which the RSWs appear as an
expansive wave.

The simulation results confirm that the mismatched acoustic velocity and the
impedance at the interface, which are intrinsically determined by the mass
density and elastic coefficient, dominate the nonlinear asymmetric scattering
effect. When $\gamma_{c_0}>1$, i.e., $\alpha_{\rho}<1$ and $\alpha_{k_{\rm
n}}>1$, the fracture effect occurs for the TSWs in which an SW train is
observed. The squeeze effect occurs at the mismatched interface with
$\gamma_{c_0}<1$, i.e., $\alpha_{\rho}>1$ and $\alpha_{k {\rm n}}<1$. The
overshooting effect is validated for $\gamma {R_{\rm G}}<1$. The
mismatched interface, which is a hard$-$soft one, leads to the generation of the
expansive wave in the RSWs. For the unprecompressed GC, the separation gaps
arise, and the amplitude of the RSWS are very tiny. The expansive waves, which
cannot live long, when the precompression is loaded. For the soft$-$hard
interface, i.e., $\gamma_{c_0}>1$, the RSWs propagate in the compressive
form.
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COMPUTER MODELING OF OIL RECOVERY
BY THE LARGE-BLOCK AVERAGING METHOD
V.B. Taranchuk
Belarusian State University, Minsk, Belarus

In numerical experiments to study the processes occurring during the
operation of oil fields, as a rule, well operating modes, changes in oil saturation
and reservoir pressure distributions, and the density of oil reserves are predicted.
The forecast can be carried out on the basis of various descriptions, in particular,
using statistical or hydrodynamic models.

Hydrodynamic models are based on strict laws of conservation of
mechanics. This is their main advantage and the main difference from statistical
models. Calculations based on hydrodynamic models require information about
the distribution of reservoir parameters throughout the object (it is three-
dimensional, the parameters change over time). It is important that the accuracy
of the accepted model of underground hydromechanics is consistent with the
inevitable inaccuracy and incompleteness of the initial information about the
structure and properties of the reservoir system [1-3].

When creating hydrodynamic models, the concept of “reliable information”
about reservoir parameters is usually replaced by the concept of "plausible
information”. The latter (plausible) is obtained at the stage of model adaptation,
which is a way to distribute well measurement data and other available a priori
information to the entire facility. As a rule, it is impossible to unambiguously
determine the structure and properties of a reservoir system in the inter-well
space; the obtained "plausible™ parameters in general may not coincide with the
real characteristics [3].

In the report, on the example of using the tools of the created computer
constantly operating model of oil field development, it will be noted and
discussed:

e features of the geometric description of the modeling object;

e accepted approximations in the description of filtration processes;

e algorithmic and computational methods for approximating the
corresponding system of equations of underground hydrodynamics;

e the results obtained in the GeoBazaDannych software complex.

Theoretical, methodological issues and fundamentals; technical and
algorithmic solutions; techniques and rules for data preparation; tools and
instruments for conducting, visualizing, interpreting the results of computational

experiments are described in [4]. At the same time, in particular, the difficult
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issues of setting up models and techniques for achieving the required accuracy
are noted — extremely time-consuming and lengthy calculations that require
analysis by specialists of a large number of options when selecting "plausible”
data to describe the reservoir system. The novelty of this work is the use of
software tools for intellectual analysis, an illustration of effective solutions to
model adaptation issues.

Key positions. Within the framework of the concept of the
GeoBazaDannych system, when solving problems of mathematical modeling of
objects of geology, underground hydrodynamics, a technique is being
developed, following which the core and basis for building computer geological
models is a digital description of the volume-limiting surfaces. In this case, the
main stage is the construction of generalized surfaces describing the topology of
the object, the sequence of occurrence of geological bodies, layers, that is, a
kind of structural "bookcase" ([5]). For a three-dimensional geological object
structured by layers, the approach of building a model in the "constructor” mode
Is used, when the model is assembled and edited in parts, which are individual
geological elements. For layers, distributions of the studied parameters are
included in the description. Such parameters are: reservoir type, capacity,
porosity, permeability, oil saturation of the reservoir. The initial data for these
descriptions, as a rule, are the values of the observed parameter at points with
known geometric coordinates, at points that are placed irregularly on the area,
for example [1], measurement data on seismic profiles, exploration wells.

When analyzing and predicting the operation of a concrete field (deposit),
it is considered that the simulated object is composed of several layers (or only
one); the layers can be separated, hydrodynamically interconnected, may have
an impenetrable boundary along the perimeter, or a flowing one; wells can open
all or only some layers [5, 6]. Filtration it is modeled separately in each oil
stratum.

The distributions of the parameters of each layer take into account
heterogeneities (variable in area "in plan™), namely: capacity, porosity, absolute
permeability, oil saturation. It is accepted that defined flows/exchanges are
possible along the perimeter and/or on sections of the roof, sole. At the initial
moment of time, the distributions of oil saturation and reservoir pressure are
considered to be known. Boundary conditions (described in detail in [4]) —
impermeability conditions or the intensity of inflow or pressure of structured
reservoir water are set along the perimeter; bottom-hole pressures are set at
producing wells; conditions for the absence of oil and pressure or flow rate are

set at injection wells. Separately, we note that in the GeoBazaDannych model,
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processes in the wellbore are not considered — wells are set by sources, drains. It
iIs believed that the processes in the layers are isothermal and
thermodynamically equilibrium, two immiscible phases participate in filtration —
water and oil.

In the GeoBazaDannych, for the purposes of designing and forecasting
scenarios for the development of oil fields, a methodology has been created and
implemented in the software package that allows, with a relatively rough
division of the filtration area into separate block elements (may contain several
wells), to calculate the main technological indicators. The technique makes it
possible to assess the depletion of layers in blocks on average, and when divided
into small elements (as in ordinary grid models) to describe filtration in detail.
Combined options are possible when reservoir flooding is described in detail in
the area of increased interest, and outside — in large blocks.

The use of the GeoBazaDannych model for reproducing and predicting oil
recovery processes is possible at the stages of primary and secondary
production, as well as when using advanced flooding methods.

The basic rules for separating simulated objects into blocks. The
corresponding vertical partitioning and schematization are determined by the
availability of the source data and the requirements for the model. According to
the stratification, the oil deposit is represented as a set of N layers. Layers can
coincide with real layers, represent individual layers as a set of layers
(interlayers), or combine layers of similar structure into one layer. The flow area
in the plan is divided into M subdomains (block elements), bounded by
polylines/boundaries (depending on the geological conditions of the reservoir
and its properties, on the well placement scheme). Each subdomain can contain
an arbitrary number of wells (there may not be any wells in the subdomain).
Wells can be located at the tops, on the sides, or inside subdomains.

The division into blocks, uniform for all layers, is carried out taking into
account the geological conditions of the reservoir and its properties, and depends
on the well placement system. When dividing an object (fields, deposits) into
blocks, the following factors are taken into account:

» the lithological structure of the object;

« the variability of reservoir properties in the selected subdomains should
be minimal, i.e. reservoir properties in them are characterized by minimal
heterogeneity;

« the layout of wells and the expected pattern of flooding, following the
allocation rules to ensure minimal flows of liquid phases between blocks (for

example, you need to split along the cutting rows of injection wells).
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The architecture and composition of the GeoBazaDannych software
complex are described in [4]. We note the subsystems for the implementation of
splitting the filtration area into subdomains (block elements), calculating the
dynamics of flooding:

* Gen_ MAPw generator and editor of thematic maps and digital fields is a
multifunctional software package; in particular, it provides the following
capabilities: creation and editing of vector images; supports calculation using
several methods and algorithms of digital fields approximating volume
distributions of geometric, geophysical and other characteristics of objects of
ecology and geology, underground reservoirs, active layers of soils;

* Geo MDL software package — mathematical, algorithmic and software
tools for building geological models of soil layers, multilayer stratums; the
complex can work in interactive and batch modes, its modules provide the user
with means of analysis, visual representation, modeling of bounding surfaces
and distributions of geophysical and other parameters in layers, territories;

* software and algorithmic support for the formation and maintenance of
constantly operating hydrodynamic models of multiphase filtration in porous,
fractured media with tools for adapting mathematical models on the history of
oil recovery processes, calculating reservoir capacitance characteristics,
forecasting and expertise of oil recovery measures.

The tools of intellectual adaptation are described in [7, 8]. The report will
provide several representative examples of automatic block formation using
clustering tools in cases where it is performed taking into account the
distributions of effective capacity or the specific density of recoverable reserves.
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SHIELD TUNNEL EXCAVATION ANALYSIS WITH/ PIPE SHED
SUPPORT
Honghua Zhao, Yunpeng Ji
Dalian University of Technology, Dalian, China

Introduction

Pipe shed pre-support is to carry out pre-reinforcement to the surrounding
rock before tunnel excavation, and its mechanism is to set up an arch-shell-like
structure along the tunnel cross section in the stratum in front of tunnel
excavation, form a pre-support system, reinforce the excavation face and the
surrounding rock in front, guarantee that tunnel construction can be carried out
in a relatively safe and stable environment. Pipe shed support has played an
important role in improving the strength of soil, effectively controlling surface
settlement and vault settlement, can ensure tunnel excavation construction
safety, also has the characteristics of low cost, convenient construction, long
support distance and high benefit, is commonly used advance pre-support
method.

Scholars have carried out a lot of research on the mechanism of action and
mechanical models of pipe sheds according to the stress characteristics of pipe
sheds [1-4]. Wang et al. [5-6] analyzed the control effect of pipe shed parameters
on the settlement of tunnel vault by establishing a theoretical calculation model
of the pre-support deformation of the pipe shed. Wang et al. [7] established an
analysis model of pipe shed under a single cyclic excavation footage based on
Pasternak's elastic foundation theory, and analyzed the mechanical response of
pipe shed for the main technical parameters such as hoop spacing and pipe
diameter. Wu et al. [8] used the two-parameter foundation beam model to
analyze the support effects of two kinds of advanced pipe sheds with different
pipe diameters according to the stress mechanism of the tunnel advance pipe
shed. Chen et al. [9] analyzed the variation law of the spacing of the pipe shed
and the position of the pipe shed, as well as the influence of the diameter of the
pipe shed and soil parameters on the spacing of the pipe shed. Gou et al. [10]
monitored the deformation of the pipe shed, analyzed the stress characteristics of
the pipe shed during tunnel excavation according to the results, discussed the
action mechanism of the pipe shed, and established the corresponding stress
model of the pipe shed. The motivation of this study is to investigate the soil
deformation of shield tunnel excavation with large pipe shed under advancing
and insufficient support conditions through finite element numerical simulation.
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1. Finite element model

To investigate the soil deformation with advancing of shield tunnel and
insufficient support, a series of FEM model was established for the analysis. The
embedment depth is set as C/D=1.0, considering with pipe support and no pipe
support. The shied tunnel moves backwards to simulate insufficient support. The
simulation conditions are listed in Table 1. The length of the model is 35m, the
width of the model is 24m, and the height of the model is 32.5m. The model is
shown in Fig.1.

Pipe shed
Shield p——
D

machine

Fig.1 The shied tunnel model with pipe shed support

The shield tunnel has an outside radius of D=7m, the interior radius is 6m.
The distance between the arch and the ground surface is 7m or 10.5m, that is
embedment ration C/D=1.0, 1.5. The bottom of the model is all fixed. The top
surface of the model is free. The four side surfaces are constrained in x and y
directions. The shield tunnel model with C/D=1.0 consists of 103455 element
and 148234 nodes, while the model C/D=1.0 consists of 93264 element and
134475 nodes.

In this study, the soil adopts the Mohr-Coulomb model as its constitutive
model, using solid element to model soil. The interface between the soil and
shield machine is modelled with interface element. Pipe roof is modelled with
beam element, located within 0.5 m above the tunnel arch, with a length of 20m,
the hoop spacing of 0.5m, the diameter of 0.2m and the thickness of 8mm. The
material types are all elastic, and the elastic modulus is 2.1x108kN/m?.

2. Soil and shield tunnel parameters
Only sand is considered in the model. Its properties are listed in Table 1.

(a) Table 1 Parameters of Sand Soil
Soil ¥ (KN/m3) E(MPa) v @
Sand 175 40 0.3 25
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The mechanical parameters of the shield machine and pipe roof are listed in
Table 2. The outside radius the pipe is 0.2m and the interior radius of the pipe is
8 mm. The shield machine has a diameter of 7m, and a thickness of 0.5m.

(b)Tab. 2 Mechanical parameters of shield machine and pipe roof

¥ (KN/m?3) E(MPa) D(m) d(m)
Pipe roof 78.50 210x 103 0.2 0.008
Shield
machine 120 23% 103 7 0.5

For the advancing of the shield tunnel machine, total excavation distance is
2m.

For the withdraw of the shield tunnel machine, the supporting pressure is
initially evenly applied along the longitudinal direction of the tunnel on the
excavation face, and the supporting pressure is the Rankine active earth pressure
Fuo when the in-situ stress is balanced, then gradually reducing the supporting
pressure to simulate insufficient support.

3. Simulation results and analysis

The simulation is done on the shield tunnel excavation considering
advancing insufficient support conditions, considering different pipe shed
support and embedment length. The obtained results are presented below.

Vertical displacement

The vertical displacements during tunnel advancing are showed in Fig. 2
along the central axial plane. Comparing the displacement with pipe shed and
without pipe shed, it is clear that the maximum vertical displacement is smaller
for those with pipe shed. Both the maximum uplift and the maximum settlement
occur at the vault and the bottom of the shield tunnel without pipe shed. While
with pipe shed support, the maximum uplift also occurs at the vault top, but with
a larger area of a high uplift displacement, while a narrower area close to the
tunnel surface on top of the vault without pipe shed. That means that the pipe
shed resisted the soil uplifting load from shield machine advancing and
mobilized more soil mass to take the load. With deep embedment depth, the soil
displacement were reduced a bit due to overburden effect.
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(c) No pipe shed, C/D=1.5 (d) With pipe shed, C/D=1.5

Fig.1 Numerical simulation results of axial section vertical displacement during tunnel
excavation: (a) C/D=1.0, no pipe shed, (b) C/D=1.0, pipe shed, (c) C/D=1.5, no pipe shed,
(d) C/D=1.5, pipe shed

For the insufficient support case, the vertical displacements on the central
axial plane are shown on Fig. 3. Without pipe shed support, the soil flows
towards the tunnel face and the maximum displacement value is 24mm, while
with the pipe shed support, the soil settlement greatly reduced to 13mm. The
settling of the soil was prevented by the pipe shed and the deformed soil zone is
smaller in front the shield tunnel face. The uplift zone and the maximum uplift
value is also smaller with pipe shed compared with no pipe shed. Similar
observation was for the shield tunnel with C/D=1.5. A bit higher value of
settlement with C/D=1.5 without pipe shed.
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(@) No pipe roof, C/D=1.0 (b) With pipe roof, C/D=1.0
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(c) No pipe roof, C/D=1.5 (d) With pipe roof, C/D=1.5
Fig. 2 Numerical simulation results of axial section vertical displacement during tunnel
retreat: (a) C/D=1.0, no pipe shed, (b) C/D=1.0, pipe shed, (c) C/D=1.5, no pipe shed, (d)
C/D=1.5, pipe shed

Horizontal displacement

The horizontal displacements of the soil in front of the tunnel face are plotted in Fig. 4.
The horizontal displacement is not uniform with larger value directly in front of tunnel face.
With more excavation, the horizontal displacement becomes larger with the largest value
occurs close to the bottom face of the shield tunnel. Obviously, the horizontal displacement
with the pipe shed support is smaller than the one without pipe shed support. The pipe shed
support also restricted the soil deformation horizontally. With deep embedment length, the
horizontal displacement is reduced, which is more significant for the one with the pipe shed
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Fig.3 Numerical simulation results of axial section horizontal displacement during
tunnel excavation: no pipe shed, C/D=1.0, (b) pipe shed, C/D=1.0, (c) no pipe shed,
C/D=1.5, (d) pipe shed, C/D=1.5
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During shield machine retreat, the horizontal displacement is plotted in Fig.
5. The deformation has a symmetry pattern along the central axis of the tunnel
with a parabolic shape. The maximum horizontal displacement happens at the
center of the tunnel face. With the pipe shed support, the horizontal
displacement is greatly reduced. With deep embedment length, the displacement
value is larger correspondingly.
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Fig. 4 Numerical simulation results of axial section horizontal displacement during
tunnel retreat: (a) no pipe shed, C/D=1.0, (b) pipe shed, C/D=1.0, (c) no pipe shed,
C/D=1.5, (d) pipe shed, C/D=1.5

Ground settlement

The ground surface settlement at central plane of the tunnel were analyzed
to get to know the influences of shield excavation. The simulation results were
plotted in Fig. 6. From the figure it can see that in the tunnel shield excavation
process, after advancing 0.5m (one liner segment) the ground surface above the
tunnel center presents the vertical displacement change of first settling down and
then uplifting. The soil mass in front of the excavation is affected by the shield
support thrust, resulting in the deformation of upward uplift caused by soil
extrusion. While at the excavation section completed, the soil settles because of
the remove of the shield support. With pipe shed support, the corresponding
settlement and uplift are both less than those without pipe shed support. The
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pipe shed supports prevented the uplifting and settlement of the soil in front of
and at the back of the shield tunnel. With C/D=1.5, its settlement at the back of
shield tunnel is larger than that with C/D=1.0, while its up lift is much less than
that with C/D=1.5, which indicates that the deep embedment can inhibit the
uplifting of the soil because of overburden.
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Fig.5 Results of longitudinal and lateral surface displacements for the tunnel: (a)
Longitudinal surface displacements during tunnel excavation, (b) Longitudinal surface
displacement during insufficient support, (c) Lateral surface displacements during
tunnel excavation, (d) Lateral surface displacement during insufficient support

During withdrawn of the shield tunnel, as shown in Fig.6 (b) and (d),
settlement ground settlement occurs, the settlement of the ground surface with
pipe shed is less than those without pipe shed. Without larger C/D value, the
settlement is also larger, but the pipe shed displays more significant role for the
deep embedment case.

As for the lateral surface displacements, during advancing, there is a
significant uplist displacement without pipe shed with maximum value above
the tunnel center face, but with pipe shed, the uplift value is much smaller and
much evenly distributed. Larger C/D value induces larger value of uplift
displacement without pipe shed, while with pipe shed, the two has the similar
value. During withdraw, lateral ground settlement occurs with a symmetric
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distribution pattern, maximum value at the top ground surface above the tunnel
face center like an inverted bell. With the pipe shed, the ground settlement
greatly reduced at the center and the edges of the tunnel. With C/D=1.5, the pipe
shed plays more important role in controlling the ground settlement.

Conclusions
By utilizing the finite element numerical simulation method to simulate the
shield tunnel excavation considering pipe shed support during advancing and
withdrawn, we can find that, the pipe shed plays an important role in preventing
the uplift settlement and settlement of the soil. The settlement and uplift values
reduced with pipe shed and also becomes more evenly distributed. The pipe
shed plays a more significant role with deep embedment length.
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POTENTIAL APPLICATIONS OF SBFEM ALGORITHM TO
VISCOELASTIC PROBLEMS OF ROCK MECHANICS
Yigian He'?, Siarhei Lapatsin?®
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2. Joint Institute of Dalian University of Technology and Belarusian State University
3. Belarusian State University, Minsk, Belarus

Due to the time-dependent constitutive relationships, complex boundary
conditions, geometry etc., analytical solutions of viscoelastic problems for real
engineering systems are usually limited, and it is of much interest to develop
efficient numerical approaches. This project is aimed to apply advanced
numerical methods to solve complex geotechnical problems such as the problem
of long-term strength and stability of underground structures, tunnels and mining
excavations. Such problems are no doubt of interest in recent scientific
publications [1,2] and references inside. Solving such problems is especially
important for geomaterials and rock masses since they are highly heterogeneous
and solving viscoelastic problems for heterogeneous materials is a non-trivial
task.

The Scaled Boundary Finite Element Method (SBFEM) is a semi-analytical
numerical method for solving linear partial differential equations, and
particularly useful in situations involving stress singularities, and unbounded
domains. It combines the advantages of the finite element and boundary element
methods [3].

Previously a new Temporally-Piecewise Adaptive Algorithm Scaled
Boundary Finite Element Method (TPAA-SBFEM) to solve viscoelastic
problems was presented in [4]. The major merits include:

(1) By virtue of an adaptive piecewise algorithm in time domain, a coupled
spatial-temporal viscoelastic problem can be decoupled into a series of recursive
spatial problems, which are solved by SBFEM that is semi-analytical, and
advantageous in dealing with the problems involving unbounded domains and
stress singularity.

(2) A temporally piecewise self-adaptive computation is realized via the
change of expansion powers, and the computing accuracy controlled by the error
tolerance can be achieved via the adaptive computation for different sizes of
time steps.

More recently, the TPAA-MsSBFEM was developed to make it more
suitable for multiscale viscoelastic analysis [5]. The basic idea of TPAA-

MsSBFEM is to reduce the solution scales by recourse of a bridge between
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small-scale and large-scale via numerical base functions constructed by SBFEM,
and the SBFEM with polygonal and quadtree elements provides the convenience
to effectively deal with the heterogeneous material, conduct image-based
analysis, and tackle with the stress singularity.

The proposed method can be widely used in geomechanics and rock
mechanics to ensure safety and durability of underground structures and stability
of rock masses. Namely, it can be used to compute viscoelastic stress-strain state
of geotechnical systems. In this report, the following creep model is proposed
for such calculations:

e(t) =

Ca &
C10,5,2t @ e T + (C0,,,%te™ T + &,

C, +1

This creep models allows to evaluate viscoelastic deformation of rock
masses considering two creep stages, which makes long-term strength
calculation possible. The time period of calculation can include from several
month to decades. In addition to this in is proposed to use the complex limit
state criterion to evaluate the rock mass stage at any time point [2].

| Rock
[ A
b | @ X

Concrete lining

Concrete lining in infinite viscoelastic rock subjected inner pressure

SBFEM model (21 nodes) FEM model (49670 nodes)

Fig. 1. Comparison of SBFEM and FEM for a single mining excavation problem

Combination of the SBFEM with the proposed model allows to solve stability
and durability problems for complicated geotechnical system with high accuracy
since it allows to consider the unbounded domain of the rock mass (on the
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opposite to classic FEM) and consider heterogeneous structure of the rock mass.
For example, this method can be used to solve the durability problem of a single
supported mining excavation, located in a heterogeneous rock mass as shown in
Fig. 1.
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ANTI-PLANE SHEAR WAVES IN ULTRATHIN ELASTIC LAYER
ATTACHED TO AN ELASTIC HALF-SPACE TAKING INTO
ACCOUNT INTERFACE SLIP AND SURFACE EFFECTS
G.l. Mikhasev?, V.A. Eremeyev?, M.G. Botogova®
'Harbin Institute of Technology, Harbin, China
2University of Cagliari, Cagliari, Italy
3Belarusian State University, Minsk, Belarus

The phenomenon of anti-plain shear surface waves is very useful for
nondestructive damage evaluation of thin coatings, for estimation of surface
properties, as well as for modelling of acoustic signal propagation in nanowires
and nanofilms. It should be noted that anti-plane shear waves running along a
free surface of an elastic body can be detected only under accounting for the
surface microstructure. From the physical point of view, the surface elasticity
models considering this microstructure describe coupled deformations of an
elastic solid body with an elastic ultrathin membrane attached to the body
surface. As for the mathematical point of view, an appropriate model predicting
such waves includes the classic equation of motion and non-classic boundary
conditions taking into account shear stresses and inertia on a free surface.

Nowadays, there are the two different models, Steigmann-Ogden and
Gurtin-Murdoch [1] ones, which allow describing the wave motion in an elastic
media and bodies considering the surface effects. The justification for the
existence of such waves for an elastic half-space, based on a comparative
analysis of dispersion relations within the framework of the two approaches "the
Gurtin-Murdoch surface elasticity vis-a-vis the lattice dynamics™ was given in
paper [2]. In this paper, as well as in other contributions, studying anti-plane
shear waves, solutions for the wave equations were found in the form of
functions exponentially decaying from a free surface. Such modes of anti-plane
waves were called the transversally exponential (TE) modes or the TE regime
[3]. In [3], it was also revealed for the first time that for an elastic layer with
although one free surface, in addition to the TE modes, the so-called TH modes
of anti-plane waves are possible, which are characterized by a harmonic
variation of amplitudes in the thickness direction of the layer. Later, these two
modes were also observed in an elastic ultrathin plate perfectly attached to an
elastic half-space [4] as well as in a two-layer elastic plate with rigid interface
attachment [5].

The objective of this paper is to study the effect of interlayer slip on anti-

plane shear waves in an elastic isotropic ultrathin layer (plate) of thickness h ,
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not perfectly attached to an elastic half-space. Let Ox,x, x5 be the orthogonal
Cartesian coordinate system with an origin at the interface and the Ox; - axis
coinciding with the direction of wave propagation, the 0x, — axis determining
the only non-zero components u, and u, in the plate and half-space,
respectively. The equations of shear motion for the two parts of the continuum
take the form of wave equations

#j(”j.n + ”j.zz) =pjiy, j=12, (1)
where p; are the shear moduli and p; are the mass densities for the plate in
the bulk and half-space, the subscripts j =1 and j = 2 stand for the plate and
half-space, respectively, the double dot means the second derivative with respect
to time, and the subscript £ following the comma denotes the differentiation
with respect to the coordinate x;,.

The boundary condition on the free surface is given by the relation [1]:

Pillyp = Pl — Pty At X, =h, (2)
where u. and p. are the surface shear modulus and mass density for the nano-
film coating the plate surface, respectively.

At the interface x, = 0, we assume a slip in the x; - direction with the
bonding stiffness k.. Then the boundary conditions at the interface can be
expressed by the following two equations:

Py = Moy, MUy, =kg(uy—u,) at x, =0. 3)
Finally, for the half-space, we set the wave attenuation condition at infinity:
u,—=0 as x,— —oo. 4)

We arrived at the boundary-value problem (1)-(4). As follows from paper
[4], it admits only two different solutions describing the propagation of anti-
plane shear waves, which correspond to the TE-TE and TH-TE regimes of the
amplitude variation in the x, — direction. For the TE-TE regime, this solution
reads

U, = pllkx, —w t) [aleafl{xz—h] + aze—aflxz] LUy = heilkxi—wt) pazxs (5)

while for TH-TE modes, we assume
u, = e'"™1-@ 8. sinAx, + a, cos Ax,] (6)

with u, found in the form of (5), .
The substitution of the above ansatz into the governing equation (1), with
the boundary conditions (2)-(4) taken into account, results in the required
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dispersion equations related to TE-TE and TH-TE regimes. For instance, for the
TH-TE regime, one obtains

k|lg(w®—vs)  kseep, cos Ah—Ala py po +ksp, )sin Ah (7)
yrt—1 keotis cos Ah+Ala gy po +kop, )sin Ak ’
where
e2 e2 C C.
A=kl |1, a=|k||1-— v=—"r, v,=—
T1 €Tz Cr1 Cr1
W M Es __ Ps
C—;, Ti = | C.= |— Ed__
Pj Ps P

Considering both of the possible regimes of anti-plane shear waves, we
plotted the dispersion curves, i. e., the dimensionless velocity v versus the
dimensionless wave number |k|l; , for various relative characteristics of the
layered continuum in the bulk to the surface counterparts under different values
of the bonding stiffness k.. The main outcomes of our study is the detail
analysis of the influence of the interface slip on the dispersion curves for both
regimes of anti-plane waves.

The provided analysis may be useful for nondestructive evaluation of
materials at small scales and, particularly, for the detection of weak adhesion
and delamination of layered materials.
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NUMERICAL MODELING OF NON-UNIFORM LOADING ON
SUPPORT STRUCTURES DURING SHAFT SINKING IN COMPLEX
GEOTECHNICAL CONDITIONS
J. Kazlouski'?, S.I. Bogdan?, M.A. Zhuravkov!

!Belarusian State University, Minsk, Belarus
2ProTech Engineering, Saint Petersburg, Russia

This study presents a comprehensive investigation of the shaft sinking
process utilizing the ground freezing method, aimed at mitigating potential
geomechanical risks in a challenging geotechnical setting. The research focuses
on a site characterized by a complex geological structure, including a local
disturbance near water-saturated rock layers within the excavation influence
zone of the mine shaft (Fig. 1). The presence of geological complexities, such as
folds and cavities, pose significant risks that require a careful approach to both
the design and construction phases of the project.

Cavern Sandstone (frozen)

/ Sandstone

\ : | | —

A

- Argillite
(frozen)

Lt Argillite

Fig 1. Schematic layout of the geotechnical situation around the mine shaft

As an initial data, a comprehensive investigation of this geological zone
was conducted using a series of exploratory borings and various geophysical
methods to provide a detailed understanding of its structural characteristics.
Using the collected data, we developed a modified three-dimensional model that
formed the foundation for thermophysical forecasts that included detailed
consideration of the freezing wells configuration (Fig. 2). These predictions
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were extensively refined and calibrated against real-time monitoring data,
achieving a high level of accuracy that formed the basis for further studies.

1250

Fig. 2. Temperature field inside the frozen zone (left) and its boundary surface for one of
the stages (right)

Central to this study is the analysis of the mechanical interaction between
the shaft lining and the surrounding geological formations, especially under non-
uniform loading conditions. The modelling process focused on the sequence of
excavation phases and the time effects on rock stability (Fig. 3). This sensitive
approach allowed for an in-depth study of the dynamic processes occurring in
the geological environment during the excavation phase.



The cavern passing into the sandstone

As the main practical value, the initial design solutions proposed by third-
party organisations were reviewed, focusing on the reliability of the lining, the
acceptable deformation limits of the surrounding rocks, and the identification of
potential risks and negative scenarios caused by geomechanical processes in this
zone. The results revealed specific mechanisms of interaction between the lining
and the surrounding rocks (Fig. 4), which allowed the development of focused
recommendations aimed at optimising design solutions to improve shaft stability
in the face of complex geological challenges.

Influence
of the fold

Tension Falure

" Cap Falure

i s i "§' Cavern
Fig 4. Plastic zones in the rock at one of the intermediate stages (left) and deformed
mesh of one of the cast-iron support rings (right, displacements scaled)
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In conclusion, the findings from this research highlight the critical need
for a comprehensive strategy to address the multidisciplinary challenges
associated with shaft sinking in geotechnically challenging environments, and
the need to develop advanced input data for such numerical studies. Using a
combination of field methods, re-interpretations of results from various
operations and advanced thermophysical modelling, a robust underlying dataset
for detailed mechanical analysis of lining-rock interaction has been provided.
This framework not only improves our understanding of geomechanical
processes, but also significantly reduces the risks associated with excavation,
contributing to safer and more efficient mining operations.
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NUMERICAL MODELLING OF LONG-TERM "ROCK-
STRUCTURE" INTERACTION OF MINE SHAFT BEYOND DESIGN
LIFE SPAN: A CASE STUDY

J. Kazlouski'?, S.I. Bogdan?, M.A. Zhuravkov!
!Belarusian State University, Minsk, Belarus
2ProTech Engineering, Saint Petersburg, Russia

This paper investigates the long-term interaction between mine shaft
structures and surrounding geological formations, with a specific focus on
recesses within the shaft designed for equipment installation. The analysis is
conducted in the context of challenging geological conditions, specifically salt
and salt-bearing rock formations such as rock salt, sylvinite, carnallite, anhydrite
with rock salt inclusions. The study aims to predict the stress-strain state of these
structural elements as they approach and exceed their original design life span.
By assessing their serviceability during the anticipated period of structural
degradation, the analysis also evaluates the impact of various reconstruction
methods on the integrity of adjacent structures in the mine complex.

Initially, a comprehensive modelling prediction of the interaction between
the mine structures and the surrounding rock mass was made, taking into
account both the design life and the long period of operation thereafter. The
modelling approach included the Mohr-Coulomb and Rankine criteria for time-
independent plasticity of rock, alongside the Double Power Law for creep
behaviour. For the reinforced concrete components, the Concrete Damage
Plasticity model was employed to represent the concrete behaviour, while the
Von Mises model was used to simulate the steel reinforcement response.
Discrete rebar was modelled as embedded one-dimensional elements, while
rigid reinforcement structures like I-beams and external columns were
represented using shell elements.

As soon as the loading exceeded the design specifications, several defects
in the structures were identified during modelling. These included buckling of
some components (Fig. 1), severe damage to reinforced concrete (Fig. 2),
including cracks of more than 15 mm in critical areas of the equipment
foundations.
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Fig 1. Buckling of columns in shaft recesses under increased loads

'Fig 2. Crack development in reinforced concrete structure

An extensive analysis of shaft reconstruction scenarios was carried out,
which included various methods of partial demolition of the damaged structures
and/or modification of the design schemes with additional reinforcement of the
remaining parts, as well as excavation of the access workings (Fig. 3). These
scenarios were aimed to address both immediate safety concerns and the long-
term stability of the mine infrastructure.
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Fig. 3. Prediction of geomechaniéal processes and the influence of the reconstruction
works on the shaft junction

A detailed processing of the numerical modelling results was carried out to
identify potential failure modes and assess the potential for instability under
different conditions and their scenarios. The study analysed multiple failure
mechanisms, taking into account factors such as progressive deformation, creep
effects and long-term degradation of material properties. Particular attention was
paid to the impact of these failure scenarios on the overall stability of the mine
and the relationship with the upper level structures (Fig. 4).

Based on the analysis, recommendations have been formulated to identify
the unacceptable repair strategies and operational solutions. A special emphasis
should be placed on measures to change the monitoring scheme and frequency,
which will not only prevent unacceptable deformation scenarios, but also
optimise the implementation of proactive maintenance measures to extend the
life of the mine shaft.
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Fig 4. Typical patterns of additional deformation fields (a), predicted limit state
scenarios of modified design schemes of shaft recesses (b, c)

The results of this study show experience in the successful application of
advanced numerical modelling techniques to predict the long-term behaviour of
rock-structure interaction. Furthermore, the proposed approach provides a
framework for evaluating the effectiveness of different repair strategies to
mitigate the risks associated with structural degradation beyond the design life
of the mining infrastructure.

This study highlights the critical role of predictive modelling in the
decision-making process, contributing to a more reliable assessment of structural
integrity and the development of cost-effective solutions for extending the
service life of mine shafts and associated underground structures.
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MACHINE LEARNING METHODS FOR PROBABILISTIC
ASSESSMENT OF SOLID DAMAGE INDICATORS
D. Marmysh
Belarusian State University, Minsk, Belarus
Joint Institute of Dalian University of Technology and Belarusian State University

In the exploring of multicomponent systems in which a complex stress-
strain state arises due to the interaction of various loading conditions, the
concept of a body with a dangerous volume is a convenient and effective
mathematical tool for the researcher. Damage analysis of a multicomponent
system allows optimization of loading conditions.

Damage analysis is based on knowledge about the distribution of stress and
strain fields in a solid o :cij(x, y,z), & =sij(x, y,z)where i,j=123,
X,y,zell . Further, based on the quantitative assessment of the stress-strain

state, it is possible to carry out a quantitative analysis of damage according to
the formulas [1]

dxdydz, o, (X,Y,2)>0;,,
V:IdV,rﬂe dVv = d GJ( Y ) °
2 0, o (X, ¥,2) <Oy,

o
‘sz(pdV , where ¢ =—L-,
o Giim

In the mathematical model of damage to a continuous medium, the limiting
stress o,,, can be chosen or calculated based on the selected strength theory.

The representation of a solid continua in the form of a discrete model
allows you to apply various approaches and apply High-performance computing
(HPC) methods, e.g. parallel computing methods. HPC approaches can also be
implemented algorithmically using special CUDA technology, which allows to
speed up computing processes many times and reduce computer cost. For
example, figure 1 shows the acceleration coefficient in potential distribution
calculation for the half-space. This problem arises when discretizing a
continuous distribution and approximating potential distribution by boundary
elements. Figure 1 shows that with the use of CUDA technology, the computing
speed can be increased by more than 100 times.

Parallelization of calculations can be applied due to the fact that when
sampling a continuum model, quantitative indicators of damage to a single
discrete element can be calculated independently of others. This simple fact
allows you to use multithreading when performing computational procedures.
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Fig. 1. Acceleration coefficient in potential distribution
calculation for the half-space

The above formulas for damage indicators are an analytical model that
allows you to accurately determine the quantitative characteristics and
configuration of the damaged area. However, in real engineering applications,
damage can be calculated with a certain degree of probability, so statistical
methods and machine learning methods can be used to quantify it.

Monte Carlo methods are effectively used to calculate spatial integrals in
complex geometry. Monte Carlo methods ensure the accuracy of the order
C/~/N, where N is the number of calculated nodes and, according to the law of

large numbers, the numerical values of the damage integrals obtained by the
Monte Carlo method converge to the exact value with an increase in the number
of N [2].

Numerical approaches to assessing the damage to the medium are based on
a preliminary calculation of the stress state in the selected node. If the operating
voltage exceeds the limit, then the cumulative value of the dangerous volume
increases by the value of the volume of the discrete cell according to simple
summation formulas

K o.
V=K-dv, ¥=dv > -1,
i=L Olim
where K is the number of points at which the stress at point o exceed the limit

o (K<N).
From a geometric point of view, the function o, = f,,(x) sets some

surface bounding the area D — R™. From a physical point of view, the area of Q
should be limited. Thus, when calculating the dangerous volume and integral
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damage, it is initially necessary to determine whether the point in question
belongs to the area of Q or not, i.e. to conduct a binary classification with one of

two possible answers
0, AgQ,
8(A)=
1, AeQ

The problem of binary classification can be solved by various methods.
One of the most effective methods of machine learning is the method based on
logistic regression. The logistic regression model allows you to calculate the
probability P(x,a) from 0 to 1 belonging to the damaged area. Probability
P(x,a) is a continuous function, therefore, 0.5 is usually chosen as the

threshold value, i.e. AeQ if P(x,a)>0.5 [3, 4].

An approach based on the calculation of probability using the logit-model
was applied to the calculation of the damage of an elastic half-plane under the

action of two types of forces distributed over the surface q(x):q(ﬂ/l—xz/a2
(model of a non-conformal contact case) and q(x)=q, / J1—x?/a? (model for
rigid stamp interaction). In both cases, the logit-model looks like
P(X.Y0)=[1+exp(—a, —o,X — oY, )]_1, i=1,2.

The quality of the logit model can be assessed based on ROC analysis [5].
In this case, a ROC curve is constructed in the axes of specificity (S,) and
sensitivity (Se), which determine how the proportion of truly positive and truly
negative cases identified by the model, respectively.

__TN o __TP
P TIN+FP’ ° TP+FN’

where TN is the number of correctly classified negative responses;
TP is the number of correctly classified positive responses;
FP is the number of negative responses classified as positive;
FN is the number of negative responses classified as negative.

Figures 2 and 3 show the ROC curves for both cases of the normal pressure
distribution along the boundary of the half-plane.

To quantify the quality of the classifier, the size of the AUC area located
between the ROC curve and the S, specificity axis is determined.
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Figure 2 — ROC-curve of damageability Figure 3 — ROC-curve of damageability for
for non-conformal contact case rigid stamp interaction cases

A set of training precedents for building a logistic regression model for
assessing the damage to the environment was randomly generated from a
uniform distribution over a two-dimensional area containing a dangerous
volume. For a random sample of use cases, it is important to understand the
stability of numerical algorithms in estimating the parameters of the logit-model
and, accordingly, in terms of classification quality. Figures 4 and 5 show box
diagrams for the accuracy of classification and the area under the ROC curve
with a different number of training precedents, from which it is possible to
determine the degree of dispersion and asymmetry in the assessment of these
indicators.

£, % AUC
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Fig. 4. Box plot for the binary Fig. 5. Box plot for the area under ROC-
classification accuracy curve AUC

It can be seen from diagrams 4 and 5 that with an increase in the number of
use cases for training the model, the spread in the assessment of classification
accuracy (€) and in the quality of the regression model (AUC) is decreasing. For

classification accuracy with a training sample size of 103, the difference
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between the first and third quartile is 1.7%, for a sample size of 106 — 0.05%.
For the AUC indicator, similar indicators are 0.017 and 0.0011, respectively. The
decrease in the spread of indicators allows us to get the conclusion about the
stability of numerical algorithms for estimating the parameters of the logistic
regression model and the quality of binary classifiers.
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APPLICATION OF CONVOLUTIONAL NEURAL NETWORK IN
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Problem statement

The first step of CNN is to intelligently search for solutions to offset in the
test slabs (the slab that tests the predictive ability of the neural network).
However, there is no information about the displacements of the central hole
area in the slab when training the neural network.

To this end, the solution obtained using the closed form of the strip slabs
[1] was used to determine the displacement of the slab length on the
characteristic points, and different geometric forms of the plate were formed in
the next stage.

Basic assumptions
In some cases, even during the design phase, the slab structure may have
holes of different shapes on the outline (Fig. 1). For example, when installing
floor slabs in production building workshops, nuclear power plant machinery
workshops, other facilities, and existing facilities, the behavior of the slabs in
the envelop hole area must be considered in advance.
Solving these problems by determining the state of displacement and
stress-strain condition (SSC) is either very difficult or impossible.

N

I e b e e

P o i . g
Figure 1. Design of slabs with different shapes [2, 3]
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Application of Convolutional Neural Networks in base slab design

The advantage of neural network models is to detect nonlinear relationships
between inputs and outputs without assuming any functional dependencies
between them [4].

CNN combine three methods of image processing. This is to use a local
receptor field for each neuron in the convolutional layer, forming a
convolutional layer as a set of cards, where neurons have the same synaptic
connections and there is a subsampling layer map, thereby improving the
network's resistance to distortion [5, 6, 7, 8].

1.Preparing training samples

Two types of data were used: one was to "break™ the grid node topology of
the slab, and the other was the shape parameters of the perforated slab; The
second type includes the geometric characteristics of the entire slab, the physical
and mechanical properties of self-stressed concrete, and the characteristics of the
contact layer in the slab-base system.

In order to obtain the parameters, the slab on base is marked on points
(nodes) 11x11. Each node in the grid is defined with a distance value from the
center of the slab and corresponding displacement. The displacement of grid
nodes is used as the target output values of convolutional network. The data is
recorded in matrix form. The data is stored in a separate directory with [.csv]
files (each of the 14 directories contains 21 subdirectories containing
coordinates and displacement files).

2.Concatenation of CNN with a fully-connected neural network

Technically speaking, this task is similar to image conversion. Therefore,
we used the PIX to PIX architecture [9]. The PIX to PIX architecture consists of
two units: an encoder and a decoder, with connections between them.

In this study each example has additional feature vectors. These
characteristics are the connections between the displacement of each point in the
strip plate with self-stressing concrete physical and mechanical properties
established during physical experiments: H, 7., a0 Uprer Pcer & (Fig. 3).
Among them: H — slab height, [m]; f%,.— average guaranteed compressive
strength of normal weight concrete, [MPa]; 7, ., — shear stress (peak point in the
graph, [MPa]) determined by method; u,.,— slab offset corresponding to the
maximum tangential stress in contact with the slab and base, [m]; o — self-
stressing in concrete [MPa]; ¢,— free expansion relative deformation of concrete
determined by the method.
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Figure 3. Neural network with PIX to PIX architecture: a) Model |1 — Connection before
decoder, b) Model Il — Connection after decoder, ¢) Model 111 — Connection before
encoder

Due to the particularity of PIX to PIX, the two-dimensional CNN data
(describing the geometric structure of the slab grid nodes) was increased to
16x16 (estimated 256 features) before submission for training. In this study, it
was decided to encode holes using "0". Among all models, 1000 learning epochs
were specified, 70% of the raw data (randomly) was selected as the baseline data
for the training set, and 30% of the data was retained for model quality checks.

3.Mechanism of operation of ANN and filter
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Each filter neuron is considered as an operator that changes the input data
[9, 10]. The ANN input receives the values of the grid nodes, and the signal at
the neuron output is determined as follows:

Y = £ %W +b), 0

Where x and y are the input and output signals of the neural network, w is
the weight parameter of the synapse, b is the displacement, the neuron activation
functions — LeakyReLu for the encoder and ReLu for the decoder, the activation
of the last layer was carried out using the function Tanh.

4.Normalization

All data fed to the input and output of the convolutional neural network
was normalized using batch normalization. The essence of this method is that
some layers of the neural network receive data that is pre-processed and has zero
mathematical expectation and unit variance [11].

5.ANN performance quality criteria

The loss function was defined as:

1
E= HZ
where n is the number of examples, v, — the actual initial data, v
predicted values of the predicted parameter.

6.Parametric optimization, gradient descent algorithm

The stochastic optimization method "Adam™ was used as an optimizer.
Adam [12] is a first-order gradient algorithm for stochastic objective functions
based on adaptive lower-order moment estimators [13].

The goal of parametric optimization is to find the minimum value of the
loss function E. At each iteration, the algorithm updates the weight parameters.
Thus, using the gradient information, the optimal path to achieve the global
minimum on the loss hypersurface is determined.

7.Results of displacements in slabs with central holes

Physical-mechanical, geometric parameters of the slabs are depicted in fig
6a-g.
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Figure 6 — Displacements in slabs with central holes:
a) model I, central hole 0.8x0.8 m, b) hole 0.4x0.4 m; ¢) model 11, central hole 0.8x0.8 m;
d) hole 0.4x0.4 m; ) model 111, central hole 0.8x0.8 m, f) hole 0.4x0.4 m;
g) physical-mechanical, geometric parameters of slabs

Conclusions

Three models are created to test the quality of prediction of slab
displacements. The relative error for a full-body slab using model | was 47,87
%, the absolute error — 143,16 %; for model Il — 52 % and 14,94 %
respectively; for model 111 — 8,9 % and 17,8 % respectively.

We assume that model | has the worst predictive ability because of the way
of concatenation after the encoder. In models I, and Il concatenations were
performed after the decoder, and before the encoder respectively and the
predictive ability is significantly better. This is primarily due to the peculiarity
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of connecting the two neural networks into a system. Such encoding seems to
facilitate the training of the convolutional network, which is evident from the
comparison of loss diagrams in models 11 and I1l. At the same time, model I11
appears to be the most adequate compared to the predictions of model 11 (despite
the fact that model 11 has a smaller relative error in predicting displacements in
the full-body slab), as it better predicts displacements near the larger center hole.

The developed neural network, trained on 189 samples, quite confidently
predicts displacements in slabs with a central hole, using data from only
peripheral cuts. If increase the training sample, the relative and absolute errors
and losses can be reduced.
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STUDY OF THE IMPACT OF BACKFILL MATERIALS BEHAVIOR
ON THE ROCK MASSIFS STRESS-STRAIN STATE DURING
STRATIFIED DEPOSITS CHAMBER MINING
D.A. Petrachkov, M.A. Nikolaitchik, M.A. Zhuravkov
Belarusian State University, Minsk, Belarus

Significant increase of the percentage of the extracted reserves during the
mining works is possible due to the creation of the artificial pillars made from
the hardening backfill material based on sludge [1]. At the same time, there is a
small amount of published results of the wide-scale researches of the stress-
strain state (SSS) of the rock massifs [2], that allow to determine optimal
physical and mechanical properties of the backfilling material, that ensure
bearing capacity of the geomechanical system under consideration. Meanwhile,
when stability of the geomechanical system depends on the bearing capacity of
the artificial pillars, the type and the physical properties of the used backfilling
material become extremely important, in order to provide relatively simple and
cheap production, transportation and placement, high level of fill in chambers on
the one hand, and required strength and stiffness after consolidation in a desired
time interval on another hand.

The considered scheme of mining (figure 1) suggests the filling of the
chambers of first stage (chambers 1-5) with the consolidating backfill and
further extraction of pillars.

N N

Y - Unmined chamber
(natural pillar)

- Chamber under mining
- Chamber under filling
- Filled chamber

- Chamber excavation order

N

Figure 1. Technology of extraction with the technological scheme with
consolidating backfill

During the mining of the one chamber the previous one is already filled.
Between the chambers of first stage are located the natural pillars. After the last
chamber of the first stage is filled, the natural pillars are also extracted and
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filled. The chambers are located close up to each other. This way, it is possible
to extract the maximum amount of mineral resources. The extraction occurs in
the time stages, determined in advance, which corresponds to the particular time
from the beginning of the mining works.

The aim of the research is to determine the behavior of the backfill material
(in particular, physical properties variation during the time and under the load)
that ensure optimal geomechanical state of the massif for the particular
technological mining scheme.

Geological layers are considered as homogeneous isotropic elastoplastic
materials. For elastoplastic materials the Mohr-Coulomb model is used. The
backfill material is considered as homogeneous isotropic elastic material.
Mechanical properties of the backfill material are determined based on the result
of the study [3].

In order to study the impact of the different schemes of backfill behavior,
the different models of backfill properties variation in time are under
consideration (table 1).

Table 1. Schemes of strength properties and deformation characteristics of the backfill
material during the time

Scheme Ne t, days
0 15 30
1 Eo=E=20 E1=50E=1*103 E»=100E = 2*10°
2 Eo= E=20 E1=100E=2*10° E»=100E = 2*10°
3 E(t), Eo= E=20 E1=10E=0,2*10° E»=100E = 2*10°
MPa t, days
4 0 10 20 30
Eo=E=20 E1=4,6E=92,5 | E,=21E=427 | E5=100E=2*10°

For the estimation of the effectivity of particular backfill behavior scheme
the concept of dangerous volume is used. Dangerous volume is a volume where
massif turns into the limit state according to one of the criteria. The comparison
is made by the value of dangerous volumes. On figure 2 the results of the
modeling on all stages of excavation and filling are shown in the form of
dangerous volumes plots.

It will be noted, that maximum and minimum principal strain and
maximum principal stress do not exceed the limit value or the value of
dangerous volume is insignificant and do not affect the bearing capacity of the
massif.
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Mmimum principal stress criteria Mohr-Coulomb criteria

Dangerous volume, m2

34 5 6 7 8 9 1011 1213 14 15 16 17 18 1 23 4 5 6 7 8 9 10111213 141516 17 18

Computational stage Computational stage

a) b)
Figure 2. Values of dangerous volumes of the limit state zones on the different
computational steps by: a) minimum principal stress criteria; b) Coulomb-Mohr criteria

The common view of zones of the limit state that has formed after the
filling of all chambers (on the last computational step) is shown on the figure 3
(considering scheme Ne4).

a) b)
Figure 3. Common view of the limit state zones (with red) on the last computational step
(scheme no. 4) by: a) minimum principal stress criteria; b) Coulomb-Mohr criteria

Zones of possible crack growth mainly extend downwards from the
worked-out space (Figure 3b). This fact is due to the peculiarities of the
geological structure and strength properties of rocks.

In table 2, the numbers of schemes for possible mechanical state changes
(consolidation) of the backfill material are marked in red, which show the most
unfavorable state as a result of a comparative analysis of the geomechanical
state in the vicinity of chambers.
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Table 2. Common view of the limit state zones (with red) on the last computational step

(scheme no. 4) by: a) minimum principal stress criteria; b) Coulomb-Mohr criteria
Stage Ne and description Scheme No

1 2 3 4

Mining of chamber Nel
Mining of chamber No2
Filling of chamber Nel
Mining of chamber Ne3
Filling of chamber Ne2
Mining of chamber No4
Filling of chamber Ne3
Mining of chamber Ne5
Filling of chamber No4
Mining of chamber Ne6
Filling of chamber No5
Mining of chamber No7
Mining of chamber Ne8
Filling of chamber No6
Mining of chamber Ne9
Filling of chamber Ne7
Filling of chamber Ne8
Filling of chamber Ne9
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Conclusion. From the point of view of the influence of the backfill
material consolidation regime on the geomechanical state of the enclosing array
in the vicinity of the worked space the following facts are established:

« at the stages before the pillar excavation, the schemes with the backfill
material with greater compliance are more preferable;

 at the stages after the pillar excavation, more effective schemes are
schemes with the backfill material with greater stiffness, in particular, scheme
No2.

So, it was found that the most effective scheme for a chamber mining of
stratified mineral deposits with the backfilling of the undermined space is a two-
stage increasing of the backfill material stiffness. Before the mining of the
pillars the backfill material stiffness is slowly increasing, and after beginning of
the pillars mining backfill material should be as compacted as possible.
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It should be noted that the optimal behavior and consolidation of the
backfill material should be established for a specific technological scheme of
mining and filling of the massif.
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METO/IUKA PACUETA TEXHOI'EHHOM BUBPAIIUU
MOBEPXHOCTHU I'PYHTA B TEXHUYECKOM 30HE IMOA3EMHBIX
TPAHCIIOPTHBIX MATUCTPAJIENA

Bacunesuu [0.B., 10KTOp (pHU3UKO-MaTeMaTHYECKUX HayK, mpodeccop’

Heymepxuukas E.IO., kanauaar GU3HKo-MaTeMaTHUECKUX HAYK, JOLECHT?
Casunkas A.B., crapumii npenopasarens’
L Benopyccruii nayuonansnwiii mexnuueckuti ynusepcumem, Munck,
benapyco
2['ocyoapcmeennoe yupexcoenue oopasoeanus «Akademus 06pazoeanusy
vasilevich.bntu@mail.ru

BBenenune. B cBsI3M CO CIIOKHOM KApPTUHOW PACIPOCTPAHEHUS YIPYTHUX
BOJIH B  OKpY’Karoliee TPYHTOBOE€  TMPOCTPAHCTBO, TE€HEPUPYEMBIX
JTUHAMUYECKUMH  UCTOYHUKAMH, (YHKIMOHUPYIOINIMMU B  MOJ3EMHBIX
BBIPA0OTKAX, TOHHEJSX METPONOIUTEHA HETITYOOKOI0 3aJI0KEHUSI U HEKOTOPBIX
JIpYrux OOBEKTaX, BO3HUKAIOT TPYJHOCTH TOCTPOEHUS MaTeMaTHYECKOM
MOJENN [JIsl OINHCAHUSl pPEAJbHBIX BOJHOBBIX IPOLIECCOB, CYHIECTBEHHO
BIIMAIONIMX HA TMPOYHOCTHBIE XapPaKTEPUCTUKU 3JIaHUM, COOpYKEHUH,
TUTUEHUYECKYI0 OOCTAaHOBKY B HHMX IO YypOBHSM IlIyMa M BHOpaiud,
MOJABEPKEHHBIX HWHTEHCHUBHBIM BUOPAIMOHHBIM BO3JEHCTBUSIM. B  1maHHOM
paboTe n3JI0KeHa METO/IMKa pacueTa 3aTyXxaHHus TOKa3aTesnel ypoBHSI BUOpaIuu
MOBEPXHOCTU TPYHTa HA YJAJE€HUU OT JEHUCTBYIOUIErO TOHHEIS, a TaKKe JaH
pacyeT M aHaNW3 aMIUIMTYJ BHOPOCKOPOCTEW TMOBEPXHOCTU TPYHTA.
HccnenoBanre OCHOBAHO HAa AKCHEPUMEHTAJbHBIX JAHHBIX, MOJYYEHHBIX Ha
OCHOBE HATYPHBIX MCCJICAOBAHUN MO U3YYCHUIO TUHAMUYECKUX XapPaKTEPUCTHK
KoJieOaHU JIOTKa, 00JIETTKK TOHHEJS, TOBEPXHOCTU IPYHTA B TEXHUUYECKOU 30HE
METPOMOJIMTEHA TP ABUKEHUHU MOJIBUKHOTO COCTaBA.

BeptukanbHass ¥ TOpU3OHTalbHAS COCTABISIONIME BUOPOCKOPOCTH Ha
MOBEPXHOCTH TPyHTAa B TPETHOKTABHBIX (OKTaBHBIX) II0JIOCAX YacTOT |
OTIPEIEIISIOTCS 110 hopMyIIe

V(i) = (V2 (i) + V2 (i) , (1)

rae BUOPOCKOPOCTH Vi (i) B TPeThOKTABHOW (OKTABHOM) IOJOCE YacToT |,
M/C, BbI3BaHHas BOJHOHN Penes u mpononabHOM BOMHOM V(i) ompenensdrorcss Ha

OCHOBE ypaBHEHUH [2]
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VR (1) = %Vmax (i) e PkrX g=PkiHo (2)
0

R
JX2+HE
G

. (D .
3nece Ry =min (E;—j — XapaKTepHbIi pa3mep, rae D — mupuna ToHHens;
w

v (i) = Vynax (i) € PVKHS 3)

H, — rinyOuna, Ha KOTOpOW HaXOJUTCS JIOTKOBAs 4aCTh OOJCIIKM TOHHEI,
M;
Voax ()  — MakcumanbHas M3 BEPTUKAIBHOW W TOPM30HTAJILHOM

COCTABJISIONINX BHOPOCKOPOCTH B TPETHOKTABHOM (OKTAaBHOM) MOJIOCE YACTOT |
Ha JJOTKOBOM YaCTH TOHHENS; X — yIAJICHHE OT MPOAOJIbHONW OCH TOHHETS, M;

2r f
S — xo3d¢unueHt 3aryxaHus B IpyHTe; Ky =——— — BOJHOBOE YHCIO
0,92c,
BOJIHBI Pasies, rae ¢, — CKOPOCThb pacipoCcTpaHEH!Us HONEPEUHbIX BOJIH;
2r f .
K, = —— — BOJTHOBOE YHCJIO IPOIOIBHON BOJHBI B TPYHTE.
G

Ilepenarounas QyHkumsa Ky, MOMKET OBITH BBIYMCIIEHA IO QOPMyJIE WU

oil
MOJIyY€Ha SKCIIEPUMEHTAIBHO
(
ksoiI = () (4)
Vinax (1)
max
DOKBUBAJICHTHOE KOPPEKTUPOBAHHOE 3HAYEHHUE PACCUMTHIBACTCS IO
dbopmyie

1 2
Vw,eq = fZTej (Vw,max,j) 1 (5)
J

rae T, — BpeMs OLIEHKH BUOPAILIMOHHOTO BO3AEHCTBHS;

T — yacTMuHOEe BpeMs BO3ACHUCTBUS BHOpALMH, COOTBETCTBYIOIEE

pean3annu j-ro peXXuMa IBIKECHHUS TI0€3/10B;

V. — MaKCHMaJIbHO€ KOPPEKTHPOBAHHOE 3HAYCHUE BUOPOCKOPOCTH,

W, max, j
XapaKTepHU3yIoIee HHTEHCUBHOCTh BUOPAIIMH 32 BPEMS Tej :
3Ha4YEeHNUs BEJINYHUH BpPpEMCHHU BOBI[GfICTBI/I)I BI/I6paHI/II/I OIIPCACIIAIOTCA

corjacHo  rpaduKy  JBWIKEHUS  TOE3[I0B  paccMaTpUBaeMOW  JIMHUU
METPOTOJIUTEHA.
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Ha ocHoBanuu [1, 2] omnpenenuM amIUIMTyAbl BHOPOCKOPOCTH Ha
MOBEPXHOCTU TPYHTA, BO30YKJAEMOT0 JBUKEHUEM IO€370B METPOIOJIUTEHA B
TOHHEJE ¢ TIIyOWHOM 3a10KeHus 12 M OT OCHOBaHHUs JIOTKA 70 MOBEPXHOCTH.
CrtpoeHue MmMyTH - THUIOBOE (ICPEBSHHBIC IIMANbI, YTOIUICHHbIE B OETOH).
KoHcTpykiusi OOA€NKM TOHHENSI — UENbHO CEKLIHMOHHAs JKeJIe300€TOHHAs.
['eonornueckas oOCTaHOBKA - CYTJIMHOK TYTO IUTACTUYHBIN C MIOTHOCTHIO 1700
KI/M°, CKOPOCTSIMM pAacCIIPOCTPAHEHUS IPOJOJBHBIX M MOIEPEYHBIX BOJH
coorBeTcTBeHHO 600 m 250 M/c W JEKPEeMEHTOM 3aTyXaHHs BO BCEM
HOpMHUpYeMOM auarna3zone yactot 0,1.

3aBUCUMOCTH MaKCUMAaJIbHBIX BEJTMYMH BUOpAIIMK B OKTaBHBIX AMANa30HaX
16, 31,5 u 63 T'u oT paccTosiHUSL O CTEHBI TOHHENS (B IUIaHE) MPUBOASTCS
COOTBETCTBEHHO Ha pucyHKax 1 -3. Bce pacdeTsl mnpowusBomsaTca s
MaKCUMaJbHBIX  3HaueHWl  BHOpockopocTu. HopmaTuBHbIE  3HaYEHHUS
BUOPOCKOPOCTH JJIs1 AKUIIBIX 3JaHUM yKa3aHbl AJI1 HOYHOTO BPEMEHH CYTOK [3].

v- 106 m/c
20,00
18,00 4

16,00 \ 7
| /_\\ _________________ A
l(;.j:; 2 \

6,00 \

4,00 \

2,00 \

0,00 . — Lm
0 s 10 15 20 25 30 35 4 45

Pucynok 1 - 3aBHCHMOCTh MAKCMMAJIbHON BeJIMYNHBI BEPTUKAJIBHON U
TOPU30HTAJIbHON COCTABJIAIONIUX BUOPOCKOPOCTH V OT PACCTOSIHUS 10 TOHHEJS B
OKTaBHOM auamna3one 16 I'i
1 - BepTuKanbHas COCTaBISIONIAs; 2 - TOPU3OHTAIbHAS COCTABISAIOMIAs; 3 -

HOPMAaTHUBHOE 3HaYEHUE

v - 1078 m/c
300,00

200,00 12N

ILhm

L] 10 20 30 40

PucyHok 2 - 3aBHCHMOCTh MAKCMMAJIbHON BEeJIMYMHBI BEPTHKAJIBHON U

TOPU30HTAJIbHON COCTABJIAIONIUX BUOPOCKOPOCTH V OT PACCTOSIHUS 10 TOHHEJIS B
OKTaBHOM auana3zone 31,5 I'ny
1 - BepTUKaTBHAS COCTABJISAIONIAS; 2 - TOPU30HTAIBHAS COCTABIISIONMIAS; 3 -
HOPMAaTHBHOE 3HAYEHUE
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Pucynok 3 - 3aBUCHMOCTH MAKCMMAJILHON BeJIMYMHBI BEPTUKAJIBLHOU U
TOPU30HTAJIbHOI COCTABJISIIOIIUX BUOPOCKOPOCTH V OT PACCTOSTHUS 10 TOHHEJISI B
OKTABHOM auana3oune 63 I'n.

1 - BepTuKanIbHas COCTABJISIONIAS; 2 - TOPU3OHTAIbHAS COCTaBIsAOMIAs; 3 -
HOPMAaTHBHOE 3HAYCHUE

Pacuer 3aryxaHus mokasarenieil ypoBHS BHOpalliy B TPYHTE Ha yAAJICHUU
OT TOHHEJSI MOXHO OCYIIECTBUTh Ha OCHOBE pacueTra M aHalu3a aMIUIUTY]l
BUOPOCKOPOCTEN MOBEPXHOCTH TpyHTA. [1OCKOIBKY OCHOBHBIMU BUOpALUSIMH,
KOTOpbIE HEOOXOAMMO YUUTHIBATh MPU BUOPO3AIIUTE BEPXHETO CTPOCHUS MYTH
1 (QyHJAaAMEHTOB 3/IJaHUM, PACTIOJIOKEHHBIX B TEXHUYECKON 30HE METPOIOIUTEHA
HErTyOOKOro 3ajl0KeHUsl MPU JBUKEHUHM TOJBUKHOTO COCTaBa, PacCMOTPUM
pelieHue MTOCTaBJICHHOU 3a/1a4n B OKTaBHBIX oJI0CaxX co
cpeaHereoMeTpuueckuMu yactoramu 31,5 u 63 ',

Jlist pacuera 3aTyxaHusl TOKa3aTesed ypoBHS BUOpAIlMM HAa TTOBEPXHOCTHU
IPyHTa B OKTaBHOM IOJIOCE CO CpelHereoMeTprudeckoi yactoroit 31,5 I'

BOCIIOJIb3YEMCSl PUCYHKOM 2, Ha KOTOPOM MHPOUJUTIOCTPUPOBAHBI rpaduku
3aBUCUMOCTEHM  TMOKa3areliel BHOpPOCKOPOCTEH TMOBEPXHOCTHM TpPyHTa B
TEXHUYECKOW 30HE METPOIOJUTEHA HETIyOOKOro 3aj0KEHHUSI OT PaCCTOSHMUS,
OTCUUTHIBAEMOT'O B TUIAHE OT TOHHEJIS.

Ha paccrosoun = 5 ™M or o00Ienkd TOHHENS 3a(pUKCUPOBAHBI
MaKCHUMaJIbHbIE YPOBHM BHOPOCKOPOCTH, KOTOpBIE JII BEPTUKATBHOU Vi H
TOPU30HTATBHOM V; COCTABIISIFOLIUX PABHBI

vV, =220-10%m/c, v, =170-10° m/c.

st 10 Mm umeeMm v, = 120-10%m/c, v, =100-10° m/c.

CrnenmoBatenibHO, B YKa3aHHOM JWAaria30He y4acTKa B IJIAaHE MaKCUMasbHas
BEpTUKAJIbHAs COCTABJIAIOIIAs BUOPOCKOPOCTH YMEHbIIWIACH B 1,8 pa3a uiau Ha
5nb; ropuzoHTagbHas komroHeHTa B 1,7 paza unu 5ab. Onnako, Ha 10 M v, =

120-10° m/c, T.e. IpeBBIIIEHE HOPMATUBHOTO 3HAYEHHMS COCTABIAET 12 pa3 uimm
211b.
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Hnsa yuactka 10 — 20 ™M HaOmomaeTcss CHIDKEHHE IOKaszaTeleu
BHOpOCKOpOCTH uIst v oT 120-10° m/c 10 4,9-10° m/c. Jlng 20 M npeBbleHne
IpeiesibHO JOMYCTUMOTO 3HaueHus BUOpockopoctu paBHo 13 nb, T.e. umeer
MECTO yMEHBUIEHUs MoKa3areneil ypoBHs BuOpauuu ot 21 nb mo 13 ab mo
CPaBHEHHUIO C MPEABIAYIIUM YYACTKOM.

Jns ygactka 20 — 30 M Takke HaOJIIOJAETCs YMEHBIIEHHE MOKa3aTeaei
BUOpauu 4,9-10° m/c 1o MPEEIbHO JIONMYCTUMOM BEJIMYMHBI, JOCTUTAEMOU
BEPTUKAJILHON TaKk ¥ TOPU30HTAIBHOW COCTABIISIIOUIMMU BUOPOCKOPOCTH Ha
paccTtosHMM 35 M OT TOHHENS. 3a YKa3aHHOM OTMETKOM IO PACCTOSHUIO
aMIUTUTYJJa BUOPOCKOPOCTH CTAaHOBHUTCS MEHBIIE MPENEIbHO TOMYCTUMOMN
BEJIMYMHBI U KOJIeOaHUs 3aTyXaroT.

PaccuntaeM  ko3puimeHTsl  3aTyXaHuWs ~ BEPTUKAJIbHOM Kz U
TOPU3OHTAIBHON Ky COCTaBIISIONIMX BUOPOCKOPOCTH HA MOBEPXHOCTH T'PYHTA B
OKTAaBHOU MOJIOCE CO CpeAHEreoMeTpruIecKoit yactorou 31,5 I'.

Ha yuactke 5 — 10 m: Ha yuactke 10 — 20 m:

Ks = 120-10° m/c /220-10°m/c = 0,5, Ks = 49-10%m/c /120-10°m/c = 0.4,
k- = 100-10°m/c /170-10°m/c = 0,6. K- =42-10%m/c /100-10°m/c = 0,4.
Ha ygactke 20 — 30 m: Ha ygactke 30 — 40 m:

K, = 19-10°m/c /49-10°m/c = 0,4, K, = 15-10°Mm/c /19-10°m/c = 0,8,
k= 19-10°m/c /42-10°m/c = 0,45. k= 15-10°%m/c /19-10°m/c = 0,8.

AHanoruyHple BBIYHUCICHUS MOXHO OCYLIECTBUTH MJIA JAPYTUX YacToT,
HEOOXOIUMBIX JIJISl pacyeTa NapaMmeTpoB, C YUETOM U3JI0KEHHOW METOJIUKH.
3akiouenne. l3noxkena meToguka pacueTra TEXHOTCHHOW BHOpanuu
NIOBEPXHOCTH TIpyHTAa B TEXHUYECKOM 30HE TMOA3EMHBIX TPAHCIOPTHBIX
MarucTpaieu.
CIIMCOK JIMTEPATYPHBIX HCTOYHHUKOB
1. "BCH 211-91. IlporHo3upoBanue ypoBHE BUOpAIMU TPYHTA OT ABUKECHUS
METPOIOE3/10B U pacueT BUOPO3AIIUTHBIX CTPOUTENBHBIX YCTPOMCTB" .
2. CII 23-105-2004 «Ouenka BuOpauMM TOpU  NPOEKTUPOBAHUH,
CTPOUTENIBCTBE M AKCILTyaTaliuu 00beKTOB MeTpomnoarTeHay (gostrf.com).
3. CanurapHsbie HOPMBI JOITYCTUMBIX BUOpauuii B KUIBIX,
aJMUHHACTPATUBHBIX U OOIIIECTBEHHBIX MTOMEIICHUAX 31aHuii. — MH; 2016.
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YUCJEHHOE MOAEJINPOBAHMUE IMOJI3YYECTHN MACCHUBOB
I'OPHBIX ITOPO/ B OBJIACTAX BEJIEHUSA MACIOTABHBIX
HOA3EMHBIX I'OPHBIX PABOT
H.M. KiiumkoBn4, M.A. Hukognaituuk, M.A. 7KypaBkoB

Benopycckuii rocynapcrBeHHbli yHuBepcurer, Munck, berapyco

Beenenme. [Ipu nccieoBaHNM T'€OMEXaHUYECKOTO COCTOSHHS MAacCHBOB
TOPHBIX TOPOJ C TOJ3EMHBIMH COOPY)KCHHUSIMH, JTOBOJIBHO YacTo Tpedyercs
OIPEICIIUTh €r0 HarnpspkeHHo-AehopmupoBanHoe coctosaue (HAC) B TeueHun
JUITTEIILHOTO TMPOMEKYTKa BpeMeHH. B Takux 3amauax I1eiaecooOpasHo
paccMaTpuBaTh MOPOIHBIA MACCHB KaK BSI3KOYIIPYTYIO CPEAY € MCIOIb30BaHUEM
pa3IMYHBIX MOJIEIICH MOJI3Y4eCTH.

B HacTos1iee Bpemsl, CyIIeCTBYET HEOOIbIIOE YHUCIIO TPUKIIAIHBIX TAKSTOB
YHCJCHHOTO MOJICITMPOBAHUS, TIO3BOJISIONIMX PacCMaTPUBAaTh MCCIICIYEMOE TEJI0
B BS3KOyIpyrod moctaHoBke. OIHUMH W3 TaKWX HPOTPAMMHBIX IAKETOB
seistiroress Ansys Mechanical APDL u Abaqus. B HUX ITPeIOKEHO MHOXKECTBO
pa3IMYHBIX MOJIEJICH IOJI3y4eCTH, HEKOTOphIe M3 KOTOPBIX MPHBEICHBI B
tabmune 1 [1, 2].

Taomuua 1. Hekoropble Moe/n moJI3y4ecTH, NPUBeIeHHbIE B MPOrPAMMHBIX MaKeTax
Ansys Mechanical APDL u Abaqus

IIporpamMmHBIit
No MOoACIIN HazBanwue MOoAaCIn ypaBHeHI/Ie porp
KOMILJICKC
1 Strain Hardening | &, = C, 6% e %/T,c, = 0
2 Time Hardening | &, =C, 6= t% e %/T,C, >0 Ansys
- - S T Mechanical
3 Exponential Form | £, = C,e®*ze™/",C, = 0 APDL
4 Norton £, = Cc%e /T C =0
. _ | S
. . e . =C,o*t=,0,=0,
5 Time Hardening 7 ! !
C,>0,-1<C<0
. (o Ca)Ca+1
6 Strain Hardening | Ser = {Ci 0" [(€s + e, } T Abaqus
€,>0,6,>0,-1<Cy=0
H
. , BTy
7 Hyperbolic-sine | er = €1 [sinh(C,0)]% e RIT-T7),
€, >0,C, >0,C,>0
e £.. — CKOPOCTh OKBHMBAJICHTHOW nehopMaldu TOMBYYeCTH, O —

HKBUBAJICHTHOE HampspDKeHUE 1Mo Mwusecy, £.,. — DKBHBAJICHTHas AehopMaiius
non3ydectu, I — Temmeparypa, t — Bpemsi, i — sHeprusa aktuBaiuu, K —
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YHHBEpCAllbHAs Ta30Bas MOCTOAHHas, T° — TeMIeparypa aOCOJIOTHOIO HYIIO,
C,, — HEKOTOpbIE KOHCTAHTHI, OMPEEISIEMbIE OTBITHBIM ITYyTEM.

[IpuBeaeHHBIE MOJEIH TMOJI3YYECTH XOPOIIO MOAXOAAT JJISl UCCIEAOBAHUS
BS3KOYNPYTroro  TOBEJIECHUS  METAUIMYECKHX  KOHCTPYKIHMM B  TEUECHUHU
JUTUTEIILHOTO MPOMEXYTKAa BpeMeHH. OHAKO, UX HUCIOIb30BAaHUE /JIs PEIICHUS
3aJlad TeOMEXaHUKHU MPUBOAUT K HAJUYMIO OOJBIIMX M3IMIIHUX AehopManuii
MOJI3Y4YECTH, BEITMUYMHA KOTOPBIX PACTET MO MEpE YBEIMUEHUS pacCMaTPUBAEMOM
IJ1yOUHBI.

JlaHHOE 00CTOSTENBCTBO, MPEXKIE BCETO, CBA3AHO C TEM, YTO MPUBEJICHHbBIE
B Tabmuue 1 Mogenu TMON3y4ecTH HUKAK HE YYHUTHIBAIOT HAYaJIbHOE
(ecTeCcTBEHHOE) HANpPSHKEHHOE COCTOSIHME, B KOTOPOM HAXOAMUTCS HETPOHYTHIC
noponubie Macchl [3]. OmHuM U3 CrOCOOOB pEIICHUS] JAaHHOW MPOoOIeMbI
SBIIIETCS IPUMEHEHHE CIeAyIolIel pa3paboTaHHON Mojenu noi3ydectu (1):

CZ

i, =C, (%) €, >0 (1)
rae 6 — SKBMBAJIEHTHOE HaNpPsHKEHUE 10 Mu3ecy B HEHAPYLIEHHOM MOPOIHOM
MacCHBE.

Pazpaborannas mozens mo3Bojisier yuecth udmeHenue HJIC Ttonbko B Tex
ydacTKax MOPOJHOTO MACCHBA, KOTOPbIE MOABEPKEHBI BIMSHUIO TOPHBIX PadoT.
Tak, Ha OTHAIEHHBIX OT MECT BEIEHUS TOPHBIX PabOT y4yacTKax MOPOIHOTO
MaccuBa, TAe 0 — O, , 3HaUeHue £,, — C; , KOTOpasi, B CBOIO OYEPE/lb, SABISACTCA
BeJMYMHOM mopsaka 1 X 10711 1/c.

Bepuduxanusa paspadoranHoil mogeau. Bepudukaius mpeniokeHHOU
MOJIETIM MPOBOJAMJIACH MPU MCCIENOBAaHUM Xapakrepa Je(opMUpOBaHUS
HEKOTOPBIX MCCIIEAOBATENBCKUX BbIPAOOTOK Ha [IeTpUKOBCKOM MECTOPOXKIECHUH
KanuiHbIX conell. Hccnemyemble BbIpaOOTKM MMENM MHUPUHY 3 U 4 M U
pacrnojiaraiich Ha TPEX UCCIEN0BATEIbCKUX YYacTKax C pa3HbIMHU MPUBSI3KAMU
KPOBJIM BBIPA0OTOK MO OTHOLIEHUIO K MEpPEeClauBaHUI0 KaMEHHOW COJM H
cuibBUHUTA (pUcyHOK 1). IIpu mpoxonke NaHHBIX BBIPAaOOTOK B UX KpPOBIIE
yCTaHaBJIMBalach aHKEpHas Kpenb. [ opHbIe paOoThl Benuch Ha TiryouHe 1025 m.

AJTOPUTM MOJEIMPOBAHUS TMOBEICHUSA TMOPOJHBIX MacC B OKPECTHOCTH
BBIPA0OTOK COCTOSJI U3 TPEX PACUETHBIX I1aroB. PerieHue 3aad BBIMOIHAIOCH
Ha OCHOBE MeToAa KoHeuHbIX 3nemMeHToB (MKD) B miocko-aedhopMupoBaHHOM
MOCTaHOBKe [4].
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Pucynok 1 — Cxema ucc/ie10BaTe/ibCKUX Y4aCTKOB H MeCTa YCTAHOBKH
Ha0/I0IaTeIbHBIX CTAHIMT

Ha nepsom smane  MopenupoBaHHs  ONPEACISUIOCh  HayajJbHOE
HanpsDKEHHOE MaccuBa, Ha emopom smane moaenupoBanusi — HJIC maccuBa
TOPHBIX TOPOJ, B MOMEHT IMPOXOAKUA BBIPAOOTKH, HaA mpemvem dmane
monpenupoBannss — HJIC maccuBa ropHbeiX mopopn cmoycta 190 cyrtok mocine
MPOXOJIKK BbIpaOOTKH. Ha mepBbIX JBYX dTalax MacCUB TOPHBIX MOPOJ
paccMmarpuBalicsl Kak ynpyras cpefa, Ha MOCIEIHEM — KaK BSI3KOYIIpyTasi cpefa.
Mexny cliosMH KaMEHHOW COJIM U CWIBBUHHUTA, a TAKXKE MEXKAY MOPOIHBIMU
CJIOSIMU M aHKEPHOM KPEIbIO, IPUHUMAIINCH YCIOBHS MIOJIHOTO KOHTAKTAa.

Koncrantel €; u C, omnpenensuinch Mo pe3yinbraraM oOpabOTKHU JTaHHBIX
HaTYpHBIX UCCIeAOBaHUU. B pe3ynpTaTe NONYyYEHBI CIEAYIOIINE 3HAYEHUS
JIAHHBIC  [apPaMETPOB: C, = 6+ 10712 a9  KaMEHHOM Ccoliui |
C, = 20= 10712 g cunbBMHUTA; CpeHME 3HAYEHHS IS ITapaMeTpa G=1
JUJISl KAMEHHOM COJIU U CUJIbBUHHUTA.

OTMeTHM, YTO BCJIEACTBUE TOrO, YTO TIE€OMEXAHMYECKOE TMOBEACHUE
MOPOJIHBIX MAacC B Pa3IUYHBIX YAaCTSIX KOHTYpa BbIPAaOOTKHU (B KpOBIE, OOKax u
MOYBBI) pa3IMYaACTCA JIPYT OT JApyra, pacyer 3HaueHus C, Tpu nmepeMenieHuu 1o
KOHTYPY BbIPAaOOTKHU BBITIOJHAETCS COTIACHO CIICAYIOIIEMY aJTOPUTMY.

B oxpecTtHOCTHM KaXkIoW BBIPAOOTKH BBIJEISETCS O0JIACTh PAAUYCOM
R=15+b,me b — mmpuna BeipaboTku. L{eHTp KOOpaMHAT JaHHOH 00IacTH
HAXOIUTCS B IIEHTPE BhIPaOOTAaHHOTO MpPOCTpaHCTBAa. BHyTpu manHou oGnactu
KoHCTaHTa C, 17151 MoJieu moa3ydecTH (1) BRIUYUCISETCS CAenyonuM 00pa3om:

C, =2+ 2|sin(q@) |
IJ€ (¢ — NOJISIPHBIN YTOJI, OTCUUTBIBAEMOW OT TOPU30HTAIBHOM OCH.

Tak, 3HaueHne KOHCTaHTHI C, BHYTpHU JaHHOW 0OJIACTH B 30HE OOKOBBIX
MOBEPXHOCTEN BHIPAOOTKH MPUOIM3UTENHHO PABHIIIOCH JIBYM, & B 30HAX KPOBIIH
Y TIOYBHI BRIPAOOTKHU — YETHIPEM, BHE JJAHHOU 00JIaCTH — €IUHUIIC.

Jlanee, Ha PHUCYHKE 2 TPHUBENCHBI HEKOTOpPbIE TpadUKU KOHBEPTEHITMH
(B3aMMHOTO COMIDKEHUWs) BEPXHEHM W HIDKHEM TOUEK («KPOBIS-TIOYBAY)
BBIPAa0OTOK, a Takke uX OOKOB («OOK-O0O0K») B 3aBUCHMOCTH OT BPEMEHH
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COMNIAaCHO JaHHBIM HaOMIOAATEIbHBIX CTAHIMK (pUCYHOK 1) M pe3ynbratam
MOJIETTUPOBAaHMsI Ha TpeTheM HTame. B Tabmuiie 2 npuBeneHa MUHUMAJIbHAS
pa3HMIlAa MEXIy 3HAYCHUSIMH  KOHBEPreHIMH, TMOJYYEHHBIX COMIIACHO
pe3yabTaraM MOJICTUPOBAaHUS M JaHHBIM HAONIONATEIbHBIX CTAHLUN, CITYCTS
190 cyTok mocie mpoxoaKu BEIPaOOTOK.

=CrNel ~CrNe2 +CtTNe3 Ct.Ne4 +Cr.Ne5 -=MozjenupoBanue +CINe6 +CINe7 +CINe§ +CINeO +CrLNel0 -+CTNell “-MOJIeIIpOBaHNe

1
1
"
16
15
14
13
n
n
10

KonBepreHnus "KpoBii-IoIsa”, MM
KoHBepreHIis "KpoBIA-ouBa”, MM

0 10 20 30 40 50 6 7 S SO 10 10 10 1 140 15 10 10 10 1% 0 10 20 30 40 0 6 70 E0 % 10 10 10 13 140 10 160 10 18 1%

KomriecTso CyTok KomriecTBo cyToK
KonBepreHuus «kpoBisi-nouBay s KonBepreHuus «kpoBisi-niouBay s
BBIPA0OTKH MIUPUHOM 3 M Ha 1-O0M ydacTke  BBIpaOOTKHU MIMpUHON 4 M Ha 1-0M ydacTke

~“CrNel2 ~+CrNel3 Cr.Nel4 -CIJ\'EIS ~CTNel6 --MozenupoBasne g
P ~=CrNel —-Cr.Ne2 CL.N=3 CTNe4 ~CrNeS -—-Mozenupoparne

Koupeprennua "KpoBIg-1oT8a", MM
Konpeprermus "60k-60k", MM

0 0 20 30 40 0 60 70 8 S0 100 10 120 10 140 1% 160 1M 180 1%
0 10 20 30 40 0 6 70 50 S0 10 110 120 13 10 1% 16 10 180 1%

- KomryecTBO CyTOK
KOmIIeCTRO CYTOK -

KonBepreHuus «kposis-nioyBa» A KonBeprenuus «60k-00k» 17151 BBIpaOOTKU
BbIPa0OTKH IIUPUHOM 3 M Ha 2-OM y4acTke HIMPUHOM 3 M Ha 1-0M ydacTke

- “CINel2 ~CTNel3 =CrMNeld ~CrNelS —~CIMNel6 -~ MOIETIPOE:
+CINe6 +CLNe7 +CrLNe§ +CINeO +CrLNel0 +CrNell -+ MoNeTIpoBaHe 8 8 8 g 8 MOUCIHPOBAHHE
"
s
"
13
n

KouBepremms "6ok-GoK", My
Koupeprenmus "6ok-60k", MM

0 10 20 30 4 0 6 70 S0 % 10 10 10 130 140 10 160 10 1% 1% AR E N EEEE E E EE E R R

KOMIIeCTBO CYTOK
- KommiecTBo cyToK

Konpeprenuust «00k-00k» 171 BEIpaOOTKH KonBeprenuus «00Kk-60k» A1l BBIpaOOTKH
HIMPUHON 4 M Ha 1-0M ydacTke LUIMPUHOM 3 M Ha 2-OM y4acTke

PucyHok 2. KonBepreHuuu «KpoBJisi-no4Ba» U «00K-00K» HEKOTOPbIX
HCCJIeI0BATEeIbCKUX BBIPa00TOK
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Tadmuna 2. MUHMMAJILHAS Pa3HUIIA MEKAY 3HAYEHUSIMM KOHBEPreHU M, MOJy4eHHbIX
10 Pe3yJbTATAM TPEThero 3Tana MoJeJTUPOBAHNUS U JAHHBIM HA0IKIATEIbHBIX CTAHIMI

Ne Pa3nuna B
[[upuna Pa3nuia B KoHBepreHuuu
HCCJIEI0BATEIHLCKOTO KOHBEPTCHIINH
BBIPaOOTKH, M «OOK-00K»
y4acTKa «KPOBJISI-TIOYBAY

1 3 4% 1%
4 9% 3%
5 3 4% 1%
4 0% 4%
3 3 2% 2%
4 3% 7%

CornacHO JaHHBIM TAOIUIIBI 2, CPEAHSS BEIMYMHA MUHUMAIBHOM pa3HHUIIA
MEXIy 3HAYCHUSIMU KOHBEPIeHIMM, TMOJTYYEHHBIMH COIJIaCHO pe3yJbTaram
MOJIETTUPOBAHUSI M IAaHHBIM HAOIOAATeNbHBIX CTaHIMi, cirycTs 190 cyTok mocie
MPOXOJIKM BBIPAOOTOK, I TMPEAJIOKEHHOM Mojaenu coctaBiaseT 3%. A
acOOJIIOTHOE 3HAYCHHUE OTKJIOHEHHS HE MpeBbIacT 7%.

3akimouenne. Takum oOpaszom, Oblia paszpaboraHa u BepubUIIIpOBaHA
MOJIETIb  TOJI3YYECTH, YYHUTHIBAIOIIAs KaK HadallbHOE  (€CTECTBEHHOE)
HaANPsHKEHHOE COCTOSTHUE, B KOTOPOM HAXOIATCSI HETPOHYThIE TTOPOJIHBIE MACCHI,
TaK U Pa3IUYHOE TC€OMEXAaHMYECKOE IMOBEICHHE IMOPOAHBIX MAcC Ha KOHTYpE
BbIpaOOTOK. B Xome cpaBHUTENHHOTO aHaln3a OBLIO MOKa3aHO, YTO aJTOPUTM
YUCJICHHOTO  MOJICJIMPOBAHUS, HCIOJB3YIONMHA  pa3pabOTaHHYI0  MOJEINb
MOJI3YyYECTH, MMEET MaJIyI0 TOTPEIIHOCTh OTHOCUTEIHHO IaHHBIX HATYpPHBIX
HAONIOZICHUH, a 3HAUUT, MO3BOJSET KoppekTHo ompenenst HC mopomHoro
MacCHBa C MOJI3EMHBIMH BBIPAOOTKAMH.

CIIUCOK JIUTEPATYPHBIX NCTOYHHUKOB
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4. XypaBkoB M.A., Hukomaitunk M.A., KiuumkoBnu H.M. Ouenka
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PA3ZPABOTKA UYUCJ/IEHHBIX AJITOPUTMOB MOJAEJINPOBAHUSA
OOPMHUPOBAHUA 30H PASPYHIEHUA U TPEIIUHOBATOCTHU B
HOAPABATBIBAEMOM MACCHUBE I'OPHBIX ITOPOJ
N.H. Kapnosuy, C.H. Jlonatun, M.A. ’KypaBkoB

Benapycckuii rocynapcrBeHHblii yHuBepcurer, Munck, beaapych

BBenenne. 3aaun MEXaHUKH TOPHBIX MOPOJ U MAaCCHUBOB, CBSI3AHHBIE C
uccienoBaHueM HarpsixeHHo-nedopmupoBannoro coctosiuus (HAC) maccuBos
TOPHBIX MOPOJ OJIOYHOM CTPYKTYPhI, OTHOCSTCS K OJHUM M3 HAauOOJIEe CIOKHbIX.
Onu TpeOyroT NMPUMEHEHUS CIEHHAIbHBIX IMOAXOA0B W METOAOB, pa3paboTKu
CJIIOKHBIX QJITOPUTMOB JIJIsi TIOCTPOCHMSI perieHuil Tpedyemoit Tounoctu [1, 2,
3]. B nmanHoii pabore pa3paboTaHbl aNTOPUTMbl MEXaHUKO-MATEMaTHYECKOTO
MOJIETTUPOBAHUSI TEOMEXAaHUYECKUX IMPOIIECCOB B MAacCHBAaX TOPHBIX IMOPOJ C
MOJI3EMHBIMH  COOPYXCHUSIMU €  HCIOJB30BAHUEM  COMNPSDIKEHUS METONa
koHeuHblXx (MKDJ) u wmeroma Omounbsix anementoB (MbB3J). B wactHOCTH,
MOJIETTUPYETCS MPOIECC Pa3pylICHUsI U TPEIIMHOOOPA30BaHUS C MOCIEAYIOIUM
dbopMupoBaHUEM OJIOUHBIX CTPYKTYp B MAacCHMBE TOPHBIX MOPOJA MPU BEICHUU
TOPHBIX PAOOT MPUMEHUTEIHHO K MECTOPOKICHUSIM COJISTHBIX TIOPOJI, UMEIOITUM
CJIIOUCTYIO CTPYKTYPY.

ConpsikeHHBIH QJrOpUTM PpelleHMs 3aJa4yd. 3ajada COCTOMT B
monenupoBannn HJIC maccuBa CONSHBIX MOPOJ B OKPECTHOCTH OJIMHOYHBIX
BBIPAOOTOK PAa3IMYHOIO IOIMEPEUYHOTO CEYEHUsSI ¢ yuyeToM (OpMHUPOBAHUS 30H
TEXHOTEHHOM TPEUIMHOBATOCTH B MX OKPECTHOCTU. [nyOmHa 3ameraHus
BBIPAOOTOK paccMarpuBaeTcst paBHOU 1170 m.

a) 6) B) r)

a) — MPSIMOYTOJIbHOE CeYeHHe, 0) — MPSMOYTOJIbHOE CEUEHUE CO CKPYTIIEHHBIMU YTIIaMH,
B) — KpYIJIO€ CEUEHUE, I') — apOYHOE CEUEeHUE
Pucynok 1. PaccMaTpuBaemble monepeyHbie ce4eHnsl BIPadOTOK
B kauectBe MaTepuania B OKPECTHOCTH BbIpaOOTKM BbIOpaHa KaMEHHas
COJIb COOTBETCTBYIONIYIO0 CTapOOMHCKOMY MECTOPOXKIEHHUIO [3].
[ns pacuéra navanpHoro HJIC uCnosb3yroTCs CIIEAYIOIIME TPaHUYHbBIC
ycnosus (I'Y):
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— kECTKas 3a/ieJIka B OCHOBAaHUHU MOJIEIIH.

— HOPMAaJIbHOE TUJIPOCTATUYECKOE JaBJICHUE HA BEPXHEU IPaHU MOJICIIH.

JlaHHO€ rpaHUYHOE YCJIOBUE MOJICTUPYET JABJICHHUE BBIIIEICKALIIUX CIOCB
MOPOJAHON TOJIIU. 3HAYEHUE THUIPOCTATUYECKOTO JABJICHHS BBIYUCISETCS IO
cienytouieit hopmysie.

P = pgh (1)

IJ€ p — CPEAHAA IJIOTHOCTH MOPOJBI, § — YCKOpeHue CBOOOIHOTO majeHus, h —
IyOMHHAs OTMETKA BEPXHEN rpaHu MOJEIH.

— OOKOBOE€ JaBJeHHE, OOYCIOBICHHOE HaJU4YMeM THUIPOCTATHUECKOTO
JABJICHUS.

P = pgh; (2)
IIe p — CPemHssl IIIOTHOCTD TOPOJbl, § — YCKOPEHHE CBOOOAHOTO majeHus, h;
— TyOMHHAs OTMETKa, 3HadueHne kotopoit Bapsupyetcs ot 1080 m 1o 1200 m.

—3aJjaya pemiaercss B MOJE€ CHIbl TSHKECTH. 10 €CTh, YYUTHIBAETCS
COOCTBEHHBIN BEC BCEX AJIEMEHTOB pacCcMaTpUBAEMON MOJICIIH.

Ha crnenyromem mare, 1 pac4€THOM CXEMbl C YYETOM HAIUYMS
BBIPA0OTKU paccMaTpuBaloTcsi aHajgoruunbie ['Y. OpHako, BMECTO 3aJaHuUs
OOKOBOTO JaBJIEHUS BBOJATCA OTPAaHUYEHUsS HA HOPMAJIbHBIE IEPEMEIECHUS.
TakuMm oOpa3om, Ha 3TOM JTane pacy€ToB 3ajadya pelagach B IOJHBIX
HaIIPSDKEHUSIX W JIONIOJIHUTENBHBIX IepeMemiennsx [4]. Hawansnoe HJC nis
MPOXOJIKM MacCUBa 3a4UTHIBACTCA U3 MPEIBIIYIINX PACUETOB.

2000

Pucynok 2. Ouenka IIC maccuBa B OKpeCTHOCTH OJJHHOYHBIX BHIPA0OTOK 1O
koMmILIekcHOMY KpuTepuio IIC na rinyoune 1170 m; kpacublii nBet — 30Hb1 IIC [3]

Jns ananuza obiacTelt mpeaeIbHOTO COCTOSIHUSI B MACCUBaX TOPHBIX MOPOJ
OBLIO BBIOPAHO JBa KpuTepus - kpurepuu JIziina u ['puddurca.
Kpurepuii ['pudpurca [3]:
(0, — 03)? < 80 ,p. (0, + 03) ipu &, + 305 > 0,

(3)

O3 = Opone IpU 0y + 305 < 0,

Kpurepwii JIsiiaa [3]:
(= —27) (%) <u,, (@)

I Pa
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7. -le—7,)* (7, —5,)°

L=0,+3+0; . L= :

I3 = 0,0,0;,

0, =01+ ap,, 0,=0,+ APy, 03=03+ @p,,
TI€, Opons — INPENEN MPOYHOCTU TMPHU PACTSIKEHUH, 0, , O, , O3 — IJIaBHBIC
3HAYEHUs! TeH30pa HampsbkeHuil, I,,1,,I; — MHBapUaHThl TEH30pa HAINPSIKEHUH,
o, M , P — DKCIEPUMEHTAIBHO ONpeiesieMbIe MapaMeTPbl TOPHBIX MOPO/I.

Ha pucynke 4 mnokazaHbl pe3ylbTaTbl MpPU HUCHOJIB30BAHUHM KPUTEPHS
['puddurca. B teopun I'puddurca paccmarpusaercst paszpylieHre marepuaia
Kak mpormecc oOpaszoBanus tpemuH. CormacHo kputepuio ['puddurca
IpEIIoaaraeTcs, 4To paspylleHHe MPH PacTSDKEHWH B XPYNKHUX Marepuaiax
HAauYMHACTCS B BepIIMHE TpeuwHbl. [loaToMy, mpu pacmpocTpaHEHUH JaHHOTO
Kkputepus Ha uccienoBanue [1C moponHbIX MacCHBOB, CIEAYET YUUTHIBATh, YTO
Ha OCHOBe Kputepusa Ipuddurca MOKHO ONpenenTh MIaBHBIM 00pa3oM 30HBI
oOpa3oBaHus TPEIIMH B MAaCCHUBE.

Pucynok 4 — Cxema popmupoBanusi 0,109HOM CTPYKTYPBI B COOTBETCTBHH C KPUTEpPHEM
I'puddura na rayoune 1170 m

Ha pucynke 5 mnoka3zaHbl pe3ylbTarbl MPU HUCIOJB30BAHHM KPUTEPUS
Jhitma. Ha Oompmmx miyOmHax 1o kputTepuro JIdiina mnporHo3upyercs
nosiBieHre Juib Hebonmbmux 30H [IC B OKpecTHOCTH BBIPAOOTOK BCEX
paccMaTpUBaeMbIX CEUYEHMI, 3a HCKIIOYeHHEeM Kpyrioro. Takum oOpazowm,
MO>XHO CJIeJIaTh BBIBOJ O TOM, UTO Kputepuid JIsiina xapakrepusyet [IC maccuBa
TOPHBIX IIOPOJI HE C TOYKM 3pPEHHS €ro Iepexola B HOBOE CTPYKTYPHOE
COCTOSIHUE, & C TOYKH 3PEHUS MOTEHIHUAIBHOTO pa3pylICHUS.

Pucynok S. Cxema ¢popmMupoBanus 6,104HOM CTPYKTYPbI B COOTBETCTBHM C KPpUTEpPUEM
Jsiiga Ha rinyoune 1170 m [3]
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CoracHo HJaHHBbIM KPpUTCPHUAM OBIJIO BBIIOJIHEHO p336I/I€HI/I}I MaCCHBa Ha

OJIOYHYIO CTPYKTYPY (PUCYHOK 6).
Ly \ —

5. Pucynok 6 — @opMupoBanue 0J104HOH CTPYKTYPbI B OKPECTHOCTH BHIPAOOTKH B
COOTBETCTBHM C KPUTepPUSIMHU Ha riayOouHe 1170 m

N

C nmomoriesto nporpammuoro komruiekca Itasca 3DEC 6wu1o BITIONHEHO
MOJIETUPOBAHUE MaccuBa OJIOYHOW CTPYKTYpPhl METOAOM  JIUCKPETHBIX
aneMeHTOB. Ha pucyHke 7 mokaszaHbl MEpeMeIleHHUs MacCUBa TOPHBIX MOPOJI C
y4eToM 00pa3oBaBIIEHCs OJIOUHON CTPYKTYPHI.

Pucynoxk 7. IloBenenne maccuBa 0,104HOM CTPYKTYpbI npu pemenun M/1D

5.8808E-01
5.5000E-01
5.0000E-01
4 5000E-01
4 0000E-01
3.5000E-01
3.0000E-01
2.5000E-01
2.0000E-01

1.2000E-01
I 1.0000E-01

5.0000E-02
5.8474E-06

Bvipabomka npamoy2onbHo20 NONEpeuHo20 ceyeHusi U NpAMOy20JbHO20
CeYeHUss CO «CKpYeleHHbiMuy Yyenamu. B OKpPEecTHOCTH BBIPAOOTOK IO MX
KOHTYpPY (hOPMUPYIOTCS YeThIpe OJOKOBBIX CTPYKTYpHI. BbIBanbl HaOmOmMaroTCS
BO BCeX 4YeThlpex Onokax. BepxHuil 010K oOpymraeTcss MHEpBBIM, 32 HUM
0oxoBbie. OTHOBPEMEHHO C 3TUM MMEET MECTO IObeM HWKHEro 0Jioka. BeiBas
B BEpXHEM OJIOKE MPOUCXOAUT Ha BBICOTY Topsanka 0.6 merpa. bokoBbie 010ku
CMEMIAIOTCS B BBIPAOOTaHHOE MPOCTPAHCTBO Ha BenuuuHy OT 0.22 M 10 0.45 M.
Taxum 00pa3zoM, J1si BEIpAOOTOK MPSIMOYTOIBHOM (hOPMBI TONIEPEYHOTO CEUCHUS
Bcerna hopMUpYyeTCs CBOJ OOPYIIIEHHUS, B CBSI3H C Y€M MPOUCXOAUT OOpYIIICHHE
MOPOJT B KPOBJIE BHIPAOOTKH.

Buipabomka apounoco nonepeunoco ceuenus. COTNIaCHO KPUTEPHUS
['puddurca Gopmupyercs ToapbKko OAMH OJIOK B MOYBE BHIPAOOTKHU. [Ipu sTOM
nepeMeInieHrsl B OJI0Ke He3HAYUTENbHBIE U TOJMBKO Topsaka 19% moBepxHOCTH
TPaHU HIDKHETO OJI0Ka MMEIOT OTPBIB, OCTaJIbHAS YacTh OJOKa HE UMEET OTPhIBA
OT OKpYXaruiero Maccusa. B ciydae ncnonbs3oBanus kpurepus JIsima, BOKpyr
BBIPAOOTKM MMEET MECTO TpH OJIOKa: JBa OOKOBBIX UM OJMH HIDKHUN. bokoBow
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OJIOK UMEET OTPHIB TOJIBKO BEPXHEH 4acTH MOBEPXHOCTH, COCTapistomen 9% ot
oO1ell MOBEpXHOCTU rpaHu. HipkHHMI OJIOK HE3HAUYUTEIBHO CMEIAeTCSd B
o0jacTh  BBIPA0OTAaHHOTO TIpocTpaHCTBAa. BripaboTka apodHoit  ¢GopMbl
MOMEPEYHOTO CEUYECHHUsS] MMEET CaMO€ Majioe KOJIMYECTBO OJIOYHBIX AJIEMEHTOB
BOKPYT BBIPAOOTKH, KOTOPbIE OTACNAIOTCS OT BMEILAIOIIET0 MAacCHMBa TOPHBIX
MOPO/I.

3akiloueHne. AHalu3 TMOJYYEHHBIX PE3YJIbTaTOB IMO3BOJISIET ONPEACHAThH
napameTpbl (GOpMUPOBaHUS OJOYHBIX CTPYKTYp B MOApaOOTAaHHOM MacCHUBE,
MOJIBEPKEHHOMY pa3pyIlIeHHI0, a TaKXe BbIOpaThb HamOoJee MOAXOISMIIHIMA
KpUTEpHUil TpenmHooOpazoBaHusi. Vcrnonb30BaHUE COMPSKEHHOTO aJropuTMa
MK3-MB3 u kpurepues Jiina u ['puddurca mo3Boiser MOAEIUPOBATH U
aHAJIM3UPOBATh MPOIECCHl TPEUIMHOOOPA30BaHUS W DPA3pYIICHUS B MacCHUBaX
TOPHBIX TOPOJ, B OKPECTHOCTH TMOA3€MHBIX BbIpaboTok. [lomydeHHbIC
pe3yabTaThl MOTYT OBITH UCIIOJIB30BaHbI MPU MPOEKTUPOBAHUH U CTPOUTEIHCTBE
MOJI3EMHBIX COOPYKEHUM.
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1. M.A. KypasBxoB, M. JI. MapreiHenko TeopeTuyeckue OCHOBBI

nedopMallMOHHON MEXaHUKH OJIOUHO-CJIIOMCTOTO MAaCCHBa COJISIHBIX TOPHBIX
nopoi. MH.: YauBepcurerckoe, 1995. 255¢

2. babemko, B.A. O Teopun 1 IPUTOKESHHUSIX METOJa OIOYHOTO dIeMEHTa /
B.A. babemxo B.A., O.B. EBnoxkunmoBa, O.M. ba6emko // Bectnuk HOsxHOTO
HayaHoro mnentpa. 2013. Tom 9. C. 9-19.

3. Uanbrmes, A.M. Marematnyeckue Mo OJIOYHBIX Cpel B 3ajadax
mexanuku. Y. 1. Jedopmamus crnoucroit cpeast / A.W. Yawbrmes, JILJI.
Edumenxko // @TIIPIIN. — 2003. — Ne 3. C. 72-84.

4, Jlonatun C.H. IlpemenbHOE COCTOSSHHE MAacCCHBOB TOPHBIX IIOPOJ C
MOJI3EMHBIMH  cOOpykeHussMu: auc. K.p.-m.H.: 01.02.04 / C.H. Jlomatun. —
Mumnck, 2023. 181 c.

5. Senis, M. & Varona, P. 2008. 3DEC numerical modeling of the Tindaya
Mountain Project. In Hart, Detournay & Cundall (eds) Continuum and Distinct
Element Numerical Modeling in Geo-Engineering — 2008, Paper 07-07.
Minneapolis: Itasca.

6. KypaBkoB M.A., Konomamo O.Jl., borman C.U., IIpoxopor IL.A.,
Kpynonepos A.B. Kommnbroreproe monenupoBanue B reomexanuke / [log oOmr.
pen. M.A. Kypaskosa. Mu. BI'Y, 2008. 443 ¢

7. Bandis, S.C. 2004. Numerical modelling of discrete materials in rock
mechanics: developments and engineering applica-tions. 1st Int. UDEC/3DEC
Symp., Sep. 29-Oct. 1, 2004, Bochum, Germany.

96



IKCIUVIYATAIINSA TEXHOI'EHHO HAT'PYKEHHBIX
TEPPUTOPUIL HA OCHOBE ITPOTI'HO3A HAIIPSI’)KEHHO-
JAE®OPMUPOBAHHOI'O COCTOSHUA TEOTEXHUYECKHUX
COOPY/)KEHUI
A.A. Kogorpuskol, B.A. Ky3smuu?, JI.A. Ilerpaukos?

! Besiopycckuii HAMOHAIBLHBIN TeXHUYeCKHil yuuBepcuter, Munck, berapychb

2 BesiopyccKmii rocyapcTBeHHbI yHuBepcnter, Munck, berapychb

OanuMm u3 crnoco0OB MOJJEpKaHUS TPOU3BOJCTBEHHBIX MOITHOCTEH
pynoynpasinenuit  OAO  «benapycekanuii»  cieayeT  paccMaTpHUBaTh
TEXHOJIOTUYECKOE PAa3BUTHUE XBOCTOBBIX XO3SUCTB  COJICOOOTaTHTENbHBIX
babpukK, B COCTaB KOTOPBIX BXOJST COJIEOTBAJBI M MIaMOXpaHuiuina. O0beKThI
paccMaTpuBalOTCSl B Ka4eCTBE T€OTEXHHUYECKUX COOPYKEHHM, SKCILTyaTarus
KOTOPBIX BEJETCS B YCJIOBHUSX TEXHOTEHHO HArpy>XKeHHBIX TEPPUTOPHIA.
AKTyaJnpHYIO0 TPOU3BOJICTBEHHYIO TEHJCHIIMIO TPHOOpETaeT 3ajadya B YacTH
MOJJIEp>KaHusI MOIIHOCTEHN MEPBOTO PyAOYIIPABICHHUS.

Tak, BBUIy pacliupeHus pyAHOU 0a3bl pyAOyIpaBiICHUS U MOJCP>KaHUS
00BEMOB €ro MPOU3BOJICTBA, MPU OTCYTCTBUU CUCTEMHOM BO3MOXKHOCTH OTBOJIA
IJIOMAJEH TMOJ COJICOTBAJ, BO3HHKAEeT MOTPEOHOCTh B HCIOJIB30BAHUU
Tepputopu  nuiamoxpanwiuimia  Ne3,  umeromero ciaboe  (IU1aMoBoe)
OCHOBaHHE (PUCYHOK 1).

[Tnomane HUIAMOXpAHWIMINA WCMOIB3YyeTCs I (opMuUpoBaHUS U3
TAJIUTOBBIX OTXOJI0OB KOHBEHEPHOTO YKJIOHA.

Pucynok 1. OrpadoranHoe muiaMmoxpanuianie Ne3:
a — BHJ] CO CTOPOHBI €0J1€0TBa/1a; 0 — BU/ CO CTOPOHBI LINIAMOXPAHUJIMIIA

[TocTpoeHHass MeXaHHWKO-MaTeMaTHYeCKas MOJIeb, OIMCHIBAIONIAsS €¢
HaNPSOKEHHO-e(OPMUPOBAHHOE COCTOSIHUE, TIO3BOJIMIIA BBITIOJTHUTH YUCIICHHBIC
9KCIIEPUMEHTHI C OIICHKOW OOIIeH €e MPOYHOCTH, B TOM YHCIIC B YCIIOBHUSX €€
noapadOTKH (PUCYHOK 2).
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PucyHnok 2. KoHe4yHoe 10J105keHHe HCCIeAyeMOi re0CHUCTEeMbI
a — IPU TUIPOHAMBIBE IUIACT-IIUTHI; 0 — IPH CYXO0ii 0TCHINKE

[Io pe3ympTaTaM  HCCICIOBAHMM  HaNpPsHKEHHO-ASHOPMUPOBAHHOTO
COCTOSHHUS ~ YCTAaHOBJIGHO, 4YTO  JUISI  BO3MOXHOCTH  (hOPMHUPOBAHUS
TFCOTEXHUYECKOTO COOPY)KEeHHsS Tpedyercss (GopMHUpOBaHUE THIPOHAMBIBOM
IJIACT-TUTUTHI, MOIITHOCTRIO OoT 20-25 (B paiioHe 1aMOBI OKOJIO COJIEOTBAJIA) U J0
35-40 M (B paifoHe aamMObl MPOTUBOMOJOXHOW COJICOTBATY) Ha ciabom
OCHOBAaHUU C TMOCJECAYIOIIUM CTPOUTEIILCTBOM KOHBEUEPHOTO YKJIOHA CyXOWu
OTCBHINIKOM C MaKCUMaJbHBIM €ro yrioM noabema 6,8°. DTO MO3BOIUT
obecneunuTh BBIXOJI Ha OTMETKY cojieotBasia +315,0 M. Takoe pemreHue
00ecneyuT JOMOJIHUTENIBHO CKIaaupoBaHue okoso 200 MIH. T TaJUTOBBIX
OTXOJIOB B TeueHue 18 JieT.

Baxunoii  cocraBisromiell  MCCISIOBaHUM — SABISACTCS  HAJASKHOCTH
MPOU3BOJICTBA THAPOHAMbIBA B YCJIOBHUSAX IMPUMBIKAHUS IUIAMOXPaHUIUIIA K
coieorBaiy. Tak, B YCIOBUAX JUIMTEIBHOM OSKCIUTyaTalldd TEXHOTEHHO
Harpy>XeHHOM TEppUTOpUM NUIaMOXpanuiauiia (6osee 50 neT), B TOM YHUCIE B
YCIOBUSIX BJIMSHUS TOAPAOOTKM | KanWiiHBIM TOPHU30HTOM, Tpedyercs
obOecrieueHre YCTOMYMBOCTH TMPOCKTUPYEMBIX YYacTKOB JaM0 coJieoTBaja
BbICOTOM 0 15 M um jnuHoM 550 M, MX BEPXOBBIX U HHU30BBIX OTKOCOB.
PaccmartpuBaembie gamObl  oTHOcsTcss K |l kimaccy ruapoTeXHUYECKUX
COOPY)KEHMM C KIJIacCOM CIIO)KHOCTH TreoTexHuueckoro oOwbekta K-2.
HccnenoBanre yCTOMYMBOCTH HU30BBIX M BEPXOBBIX OTKOCOB JaM0, 3alIUTHOTO
CIOS TPOTUBO(PMIBTPAIIMOHHOTO HSKpaHa BEPXOBBIX OTKOCOB JaMO Jyis
HOPMAJIBHBIX YCJIOBHM JKCIUTyaTalliu JaM0 NUIAMOXPAaHUJIUINA U C YYETOM
0COOBIX  YCHOBUM  OKCIuTyaTanud  (mMofgpaboTKa W MOBPEXKICHUS
MPOTUBO(DHIIBTPAIIMOHHOTO  JKpaHa) TMO3BOJWJIA TOJYYUTh  CICTYIOIIHE
UHTEPIPETUPOBAHHbIE  pe3yibTaThl.  HekoTopple  pacyeTHbIE  CXEMBI
MPECTABIICHBI HA PUCYHKE 3.
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Pucynok 3. Pacuernas

Tawa J-1 IIK 11+05 - nusosoi omnoc /) CX€Ma HU30BOI'0 OTKOCa
(c xpanam) =281
, T et = IPOEKTHPYEMOro y4acTKa
(o e JaMOLI C0JIE0TBAJIA

€ IKPAHOM, C IPeHaKeM

: PETR
T 61,76 \& Aperaxc [
i x Pacuenman aplraaﬂ‘?“_'_‘_
Jaméa J1-2 IIK 7+87 - nusosoii omxoc Pl/lcyHOK 4. PacueTHnas
(6e3 sxpana) 3553
X=3),J
5 Kmin=1,26 v=170.85 cXeMa HM30BOIo oTKkoca
MPOCKTUPYEMOT'0 YYaCcTKa
»
- 7 AaMOBI coreoTBasIa 0e3
1— 1 & ¢
167,00 3 KpaH
s | IKpaHa, ¢ IpEHaKEM
— 7
L Kpuesasn oenpeccuu . 45 160,00
@ Pacyémnas kpueas 158,11
CKOJTbHCCHUA /‘_{
115592 @ Jpenasic
152,42
@ 41,42
=

AHanu3 UcCle0BaHul MO3BOJISIET CUUTATh, YTO MPUHATHIE, KOHCTPYKIIUU
MOMEPEYHbIX CEYEHU MPOEKTUPYEMBIX YYAacCTKOB OrpaXJamomux Aamo
COJIEOTBaNA, JUIsl HOPMAJIBHBIX YCIOBHI MX 3KCIUTyaTaluu (HOpMasbHas padoTta
NPOTUBOPMIBTPAIMOHHOTO  3KpaHa) W MPU  BBIXOJE M3  CTPOA
MPOTUBO(PHIBTPAIMOHHOTO IKpaHa, 00ECIEeYUBAIOT YCTOMYMBOCTh UX HU3OBBIX
OTKOCOB BO BCEX PaCCMaTPUBAEMBIX CIydasX.

N3noxeHHOEe JEMOHCTPUPYET BAXKHOCTh WHTEPHPETALUU HCCIEAOBAHUM
IIPOTHO3a  HANPSKEHHO-AE(POPMHUPOBAHHOTO  COCTOSIHUSL ~ T'€OTEXHUYECKUX
COOPY)KEHHUI B  YCIOBUSAX OKCIUTyaTallds TEXHOMEHHO  HarpyXEeHHBIX
TEPPUTOPHIA.
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JJE®@OPMUPOBAHUE TPEXCJIOMHBIX IIJIACTHH
KOJIBIIEBOH HATPY3KO B HEUTPOHHOM ITOTOKE
J.U. CrapoBoiiToB

Besiopycckumii rocyiapcTBeHHbI YHUBEPCUTET TPaHcnopTa, 'omenn, besapych

HeobxoauMocTh OlLEHKH HanpsKeHHO-Ie(hOPMUPOBAHHOTO  COCTOSIHUS
KOMITO3UTHBIX?JIEMEHTOB ~ KOHCTPYKIMK,  paboTalmuX B YCJIOBHSX
KOMITJIEKCHBIX BHEIIHUX BO3JICUCTBHI, BbI3BaHA MX IIMPOKUM MPUMEHEHHEM B
TexHuke. Bo3HuKaeT HEOOXOAUMOCTh CO3/JaHUSI MaTEMAaTUYECKUX MOJENEH IS
ONMMCAHUS WX JAePOPMUPOBAHUS TMPU PA3TUYHBIX HArpy3kax, BKJOYas
pauaMOHHO-CUJIOBbIC. BIMSHUIO HEUTPOHHOTO OOJMyUYEHUsS HAa MEXaHUYECKUE
CBOWCTBAa MAaTEpUAJIOB MOCBANICHBI MOHOrpaduu [1-2]. OOmme moaxomasl K
MOCTPOCHUIO MAaTEMaTUYECKUX MOJeNIed MHOTOCIOMHBIX KOHCTPYKIMU TIpH
CTATUYCCKUX W JMHAMHYCCKUX HArpy3kax H3JI0KeHbI B MOHOTpadusx [3—7].
Konebanusi HEOMHOPOIHBIX IIMIMHAPUYECKUX 000JOYEK pPacCMOTPEHBI B
ctathsix [8—10], TpexcmoiHbix KpyroBuix miactud — B [11]. JdedopmupoBanue
TPEXCIONHBIX CTEPKHEW U IJIACTUH B TEMIIEPATYpPHBIX MOJSAX HUCCIEIOBAHO B
pabotax [13—17], B ToM 4mcIie CBSI3aHHBIX C YIIPYTUM OCHOBAaHHUEM.

1. IloctanoBka KpaeBoil 3agauu. B HECMMMETPUYHONW MO TOJIIHUHE
TPEXCIOWMHOW KPYroBOM IIACTUHE TOHKHE BHEUIHUE HECYIIUE CJIOU, TONIIMHOM
hi#hy, momumbstonmucs runoresam Kupxroda. B kecTkoM g0CTaTOYHO
tojactoM  3amojHuTenae  (h3=2C) cmpaBemMBa TUMOTe3a THMOIICHKO.
[TocTaHOBKa 3aJa4u U €€ PEUICHHWE NPOBOIAATCS B LMIMHIPUYECKOU CUCTEME
KOOPAMHAT, KOTOpasi CBS3BIBAETCS CO CPEAMHHOM IJIOCKOCTHIO 3alOJIHUTEIS.
[Ipeamonaraercs, 4To B HAYaJbHBIH MOMEHT BPEMEHHU TMEPICHIUKYISIPHO
BHEIIIHEH TIOBEPXHOCTH BEPXHEro cjios Z=C+h; IJIacTUHBI BO3JCHCTBYET
OCECUMMETPHYHAs pacrpeiejiCHHas 10 KPYyry cuiioBast Harpy3ka ((r) u magaer
HeUmpoHHblll NOMOK TUIOTHOCTBIO (o = CONSt. B cuily ocecMMMETpUYHOCTH
HArpy3KH TaHT€HIUAIbHbIE EPEMEIIECHHS B ClIosX oTcyTcTBYIOT: U, =0 (k = 1,
2, 3 — HOMep ¢J10s1), a Tporu6 miaacTuHbl W(I, t) He 3aBUCHT OT KOOPAUHATHI (.

[Tpun manbpix nedopmarusx B JUHEHHOM MPUOIMIKEHUH MOXHO CUHUTATh,
4TO U3MEHEHHE 00beMa Marepuaga B closXx O, NpsAMO HPONOPLUOHAIBEHO
MHTETpabHOMY HelTpoHHOMY noToky |, (z,t) [1]:

0, =Bl (z1), 1, (z1)=0 (), 1)
IIe Qx — UHTEHCUBHOCTH IIOTOKA, HEHTpoH/(M?-C), momenmero 3a Bpems t K
MOBEPXHOCTH C KOOpAWHATOW Z B K-oM ciioe; By — KOHCTaHTa Marepuaa,
noyiyqaemasi M3 OIbITa, BEJIWYMHA KOTOPOW B 3aBHUCHUMOCTH OT JHEPTUU

100



HEITPOHOB M 00JIy4aeMOro Mmarepuanga MoxeT ObITh mopsiaka 1028-102 m? /
HEUTPOH.

VHTEHCHBHOCTh IIOTOKA HEHTPOHOB, JOXOAAIMX JIO IUIOCKOCTH,
napasuIebHOM IpaHuLe Z = CONSt, Gyaer yOsIBaTh o SKcHoHeHTe [1].

JUisi ONMCaHMS CBA3M HANPSOKEHHMH ¢ 1e)OpPMalUsIMHU B CJIOSX ILIACTHHBI
WCIONB3YIOTCA  (DU3MYECKUE  yPaBHEHUS  COCTOSIHHUSA,  YYUTBHIBAIOLINC
paauanoHHOe u3MeHeHue oobema (1),

s 226,50, s® =26,

rz !

9 =K (3e¥-Bl) (k=1,2,3; a=r¢). ()

k k o
— ACBHATOPHELIC, G( ), 8( )_ IIAapOBbLIC YaCTHU TCH30POB HAIIPAKCHUU U

©)

rz !

rac S((xk), 33()

nepopmanuit; G,, K, — Moxynu ciBura U 00beMHOro Ae(pOpPMHUPOBAHUS; S
5®¥) — kacaTenpHOE HaNpsKEHHE U CABHTOBas AehOpPMAIHS B 3aMOTHUTENE.

rz

O606HI€HHI)IG BHYTPCHHHC YCI/IHI/I}I 1 MOMCHTBI BBOJATCSA COOTHOLICHUAMN

chs(k)dz M, ch<k>zdz Q= jc@dz (a=r,9), (3)

klhk klhk

(k)

rae G, G(k)

KOMITIOHCHTBI TCH30pa HaHpH}KCHHI/I

[ToacraBuB B (3) BbIpakeHUS HamNpsoKeHU uepe3 naedopmaruu u3 (2),
MOJTyYUM ISl BHYTPEHHUX YCHINH (POPMYJIIBI, CBS3BIBAIONINE WX C MCKOMBIMH
byukmusmu U(r), y(r), w(r). O6001IeHHBIN U3rHOArOIINH MOMEHT OYyIeT

M, :{thl(cwr%)—K;hz(c+h—22ﬂu,r+{Kl‘hl(c+%j—K;hz(c+h—22j}%+

{chhl(c+%j+cK;h2(c+%)+§c3K§}\u,r +
n +cK
2

_ _ h 2 5,
{cth{c+—j th(c+52)+§c3K3}%—
h? h2) 2
—| K/h, cz+chl+? +K;h, c2+ch2+§2 +§C3K3+ W, — (4)
—| Kh, c2+chl+iz +K;h, cz+(:h2+h—22 + 2o | o ZK B jlkzdz
3 3 3

OcranbHble 000011eHHbIE (3) YCUITUS BBIPAXKAIOTCS MOAOOHBIMU (POPMYTIaMHU.
Ilyctb Ha paccMarpuBaemMyr0 TPEXCIOMHYIO IUIACTUHY JIEUCTBYET
JOKaJdbHas TOBEPXHOCTHass Harpy3ka ((I), paBHOMEpPHO pacmpee/ieHHas
BHYTpPH KOJIbI[a OTHOCUTENBHOTO pajguyca a<r <b:
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q(r) :qo(Ho(b_r)_ Ho(a_r)) (qo = const),

rae H,(r)— dynknua XoaBucaiina.

CucremMa ypaBHEHUW pPaBHOBECHUSl YIPYIOM TPEXCIOWHOW IIJIACTUHBI B
0000111eHHbIX Ycuiusx npuseneHa B [4]. [loncraBuB B Hee 000011IEHHBIE YCUITUS
tumna (4), TOJIydUM CHUCTEMY OOBIKHOBEHHBIX U] hepeHINAIBHBIX YpaBHEHHIM
paBHOBECHSI JIJIsl OTIPEEICHUS HICKOMBIX (DYHKIIMI B pacCMaTpuBaeMou 3ajiaye:

L(au+ay—-aw,)=0, L,(au+ay—aw,)—-2cGy=0,
L3(a3u+a5\|j_aewir):qO(HO(b_r)_HO(a_r))1 (5)
rjae nuddepeHnuaibabie onepaTopsl L, (onepamop beccens), L

2 S r
Lz(g)Eg,rr+g g21 L (g)_g’rrr 4 _gz +%’
r r r r r

3amsaTas B HIDKHEM HHJEKCe 0003Ha4yaeT MPOM3BOJHYIO IO CICAYIOIIEH 3a Hel
KoopauHaTe; K03 OUITMEHTHI a; BRIPAKAIOTCS Yepe3 TEOMETPUUECKHE U YIIPYTHE
MapaMeTpPhI CIOEB.

2. O0mee pemenue KpaeBoi 3agaumn. OOIee aHATUTUYECKOE PEIICHUE
CHUCTEMBI ypaBHeHm”I (5) OyxeT cienyromum:

|:C2|0(l3r) C;Ko(Br) C:1yllnr+Y1q°H o(D—T)x
“b| B B p*

b>—r® .. (r) 2b 2
x{ 5 +b In(BJ+F(K1(Bb)IO(Br)+Il(Bb)KO(Br))—FH—

~ Y% _2_ ClYl

25 H,(a— r){ r+2a(K,(Ba)l,(pr)-1,(Ba)K, (Br))} Ber
N A In( ) H.(b—r)
b3 64 16 16 8 b

2,2 4 2,2
Q[ r‘-5a’ Lart fat At In(ij Ho(a=r)—
b, 64 16 16 8 a

3 3

(6)

Koncranter wunrerpuposanus C,C,,..,C; cuemyror wu3 ycinoBui
IIAPHUPHOTO ONMUPAHMSA KOHTYpa IUIACTHHBI W TPEOOBaHWN OTPaHWYCHHOCTH
pemenust (6) B ee LIEHTpeE.

Yucnennvle pesyibmamsl TOIYUYCHBl I TUJIACTUHBI  €JUHUYHOTO
panuyca, matepuansl kotopor J[16T—dropormnact—/{16T. [lpunumanuce: B1 =
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B> = B3 =102 m?/ueiiTpoH, uTo 00ecreunBaeT 00beMHYIO Ae(hOPMAIIHIO B CIOIX
nopsizika 3-3,5 %. Ha pucynke 1 nokazaHo uaMeHeHue BAOJbL paguyca nporuda
W — () Np¥ HHTEHCUBHOCTAX HEWTPOHHBIX MOTOKOB (HeiiTpoH / (M%c)): 1 — @1 =
107, 2 — @ = 108, Cunosas marpyska orcyrcreyer. Tommumns cnoes: hy = 0,02;

h, = 0,06; h3=0,4. PocT MHTCHCHMBHOCTH IIOTOKa Ha IOPSIAOK BBI3bIBACT
MIPUMEPHO TaKOE e yBEIMUYCHHE MPoTrubda U paauaibHON qedopMaliim.
1,2 pemmr
] I
wl0 | 2 b g “
0.9
0.6
0.3
]
] 0.2 0.4 0,6 0.8 » 10

Pucynoxk 1. IIporué W npu HeiiTpOHHOM 00/ Ty4eHUH

BoiBoabl. [lonmyyeHHOE pelIeHHe NO3BOJSET MCCIEN0BAaTh HANPSKEHHO-
ne(OpMUPOBAHHOE COCTOSIHUE TPEXCIOWHBIX KPYrOBBIX IUIACTUH MO
JNEWCTBUEM JIOKAJBHBIX KOJIBLIEBBIX HArpy30K C YYE€TOM HEHUTPOHHOTO
o0y4eHusl.

Pabora Brinonnena npu ¢punancoBoit nogaepxkke ['TIHU «KousepreHuusa-25».
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JIMHAMWYECKOE IOBEJEHUE TPEXCJIOMHOI'O CTEPKHS HA
YIIPYT'OM OCHOBAHUMU BUHKJIEPA TP MTTHOBEHHOM
HAT'PYXKXEHUU
/1.B. Jleonenko

Besiopycckumii rocyiapcTBeHHbI YHUBEPCUTET TPaHcnopTa, 'omenn, besapych

TpexcnoiiHble CTepHU, MIACTUHBI U 000JIOYKH MIMPOKO MPUMEHSIOTCS B
COBPEMEHHBIX OTpaCIIAX IPOMBIIIJIEHHOCTH, 4TO 00OyCIIaBIUBaET
HEOOXOJAMMOCTh pa3pabOTKUM MeTooB uX pacuera [l1]. JuHamudeckoe
Harpy>K€HHe TPEXCIOMHBIX CTEPKHEN, B TOM YHCIIE U IIPU TEPMOPATUAIMOHHBIX
BO3JICUCTBUSIX, MCCIENOBaHO B paboTtax [2-4]. 3mech paccMaTpUBaIOTCS
KOJICOAHHSI TPEXCIONHOTO CTEPKHS, CKPEIUIEHHOTO C YIPYTrMM OCHOBaHHEM
Bunkiepa, Bo30yKJe€HHbIE MMOBEPXHOCTHBIMU MTHOBEHHBIMHU JIOKAJBbHBIMU H
COCPEIOTOYEHHBIMU HArpy3KaMHu.

CrepkeHb COCTOUT W3 ABYX HAPYKHBIX HECYIIMX CJIOEB M 3aMOJIHUTEIIS.
Jns M30TPONHBIX HECYIIMX CIIOEB MPHUHATHI THIOTE3bl bepHyIH, B KECTKOM
C)KUMaeMOM 3allOJIHUTENE MEPEMENIEHUsT MEHSIoTCs JmHeHo. K BHemHen
MOBEPXHOCTH  MEPBOTO  HECYIIET0  CJIOA  MPUIIOKEHBl  JUHAMHYECKas
MOBEPXHOCTHBIC WMIyJbcHas Harpy3ka ((X, t). Ha HmKHIOIO TOBEPXHOCTH
BTOPOTO HECYIIEro CJO0sl ACHCTBYET peaklus BHUHKJIEPOBCKOIO OCHOBAHUSA
qr(x,t). Ha rpaHuiiax KOHTaKTa CJIOEB MCIIOJIb3YIOTCS YCIOBUS HEIPEPHIBHOCTH
IIEpEMELICHUM.

VIcKOMBIMU CUMTAIOTCS MPOTUOBI U MPOIOIBHBIC IEPEMEIIIEHUSI CPEMHHBIX
noBepxHocTel Hecymux cio€B Wi(X, t) u Uk(x, t), (k =1, 2), onpenensembie u3
CUCTEMBI JIBUKCHHUSI:

Ay — AU, — 8,U; —85Uy sy FBW,, +8W, ,, —285W 0 + B Wy, +Myly =0
—a U +au, —agl;,,, =AUy, =Wy, =AW,y —85W 0, + 2a7W2 XXX +m2[j2 =0;
AUy —S47Us 0y +2a6u1’xxx FA5Uy s T8 Wy 8o Wo s +
AW, 00 —BugWo 1o 8V — 8BgW, + MW, — MWy, =0 ;
=AUy, Fa Uy, AUy, _2a7u2 noo O Wy AW, 55 —

_alewl’xxxx +a13W2 T XXXX _a8W1 + (a8 + KO)WZ + mZWZ - m4W2 0. (1)

IIe & M M; — YECTKOCTHBIE M MacCOBble KO3(P(PHUIMEHTHI CTEPXKHS, Ko —

’XX:
KO3 (PUIIMEHT MOCTeNnu YNpyroro OCHOBAHHUS; 3amsiTas B HIKHEM HHJIEKCE

0003Ha4YaeT MPOU3BOIHYIO MO CIEAYIONIECH 32 He KOOPJWHATE; JABE TOUYKU HaJl
MEePEMENICHUSIMA — BTOPYIO TPOU3BOJHYIO IO BPEMEHHU.
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Pemenue cucremsl (1) nmpoBoautcs metonom byoHoBa —I'anmepkuna. Jlis
9TOro McKkoMbie mepemernenus Ui(X), Ux(X), wi(X), Wa(X) u nHarpysky (X, t)
MIPEACTABIIACTCS B BUJIE paSJIO)KeHI/ISI B PAIBIL:

Z\Vlm X m(0), U, Xt Z\Vzm m2 (D),
m=0

ZWsm ma(D), W, Xt Z\V4m T, a(x, 1) = Z\V5mqm(t)

m=0
rae Qm(t) — kKo’ dUIMEHTH pa3ioKeHUsT HArpy3Kd B psl, Y, — Oa3uCHBIC
(YHKITUH, YIOBICTBOPSIOIINE TPAaHUIHBIM yclIoBUsAM 3amadn (1 = 1...5), Tmi(t) —
(yHKLIHS BpEMEHH.

PaccMOTpeHbl 4acTHbIE CIy4yad HUMITYJIbCHOIO BO3JCMCTBUS: JIOKAJIbHAS
paBHOMEpPHO-pacHpeielIeHHas Harpy3Ka, COCPEAOTOUEHHAs CHJIa U MOMEHT. J1Jis
KQ)KIO0T0 HAarpyKCHHsI OINpeAeiicHbI mapamMeTpbl paznoxeHus (m(t). [Iposenen
YUCJICHHBIN aHAJIN3.

Takum 00pa3om, B pabOTe MOCTaBJIEHA U pEUIEHA 337]a4a O BBIHYXICHHBIX
KOJICOAHMSIX TPEXCIOMHOrO CTEP>KHS, CKPEIUIEHHOTO C YIPYIMM OCHOBAaHHUEM
Bunkiiepa npu AeMCTBUM UMITYJIBCHOTO JIOKAJIBHOTO HAarpyXeHus. YHCIIEeHHbIN
aHaJIM3 MOKa3aj, YTO WMITYJIbCHAsl Harpy3ka M OYEHb KECTKOE OCHOBAHHE B
COBOKYNIHOCTH MOTYT OKa3blBaTh CEPbE3HOE BIUSHHUE Ha HANPSKEHHO-
ne(hOpMUPOBAHHOE COCTOSIHUE TPEXCIOMHOTO CTEPHKHSI.
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JTE®OPMHUPOBAHUE TPEXCJIOMHOM IIJIACTUHBI
KOJIBIIEBOM HAT'PY3KOM B TEMIIEPATYPHOM IIOJIE
A.B. fpoBas

Besiopycckumii rocyiapcTBeHHbI YHUBEPCUTET TPaHcnopTa, 'omenn, besapych

AKTyaJIbHOCTh ~ pa3paOOTKHM HOBBIX MaTeMaTHYeCKUX MOJeied s
HCCIIeIOBaHUSI YIIPYToro AehopMUPOBaHUS KOMIIO3UTHBIX CTEP)KHEH, TIJIaCTHH U
000JI0YE€K MPU TEPMOCHJIOBBIX HArpy3Kax, OIpEAeiseTcs WX IMOBCEMECTHBIM
pacrnpocTpaHeHHEeM B MAIIMHOCTPOSCHUM U CTPOUTENIbCTBE. B MoHOrpadusx [1-
7] pa3zpabaTheIBatOTCsl OOITHE MOJIXOAbI K CO3JJaHUI0 MEXaHUKO-MaTeMaTHIECKUX
Mozenerd JehOpMHUPOBAHUS CIOUCTBIX YIPYTUX UM HEYNPYTUX JIIEMEHTOB
KOHCTPYKIMI MPHU KBA3UCTATUYECKUX U JUHAMUYECKUX Harpy3kax. [IpuBeneHsl
MIOCTAHOBKM COOTBETCTBYIOIIMX KpAaEBBIX 3a7ad, PACCMOTPEHBI MPUMEPHI
pemienuss W uX uuciaeHHas anpoOammsa. Crateu  [8—10] mocBsIIeHbI
UCCIIEJOBAHUIO JAUHAMHUYECKOTO TOBEJICHUS TPEXCIOMHBIX UHWINHIPUYECKUX
obonoyek W 1wiactuH. [ledbopmupoBaHHE TPEXCIONMHBIX CTEpKHEW B
TeMrepaTypHoM Tose uccieaoBano B [11-14]. M3ruby TpeXcCIOWHBIX TUIACTHH,
B TOM YHCJIC CBA3aHHBIX C YIIPYTHM OCHOBaHHMEM, TOCBAIICHBI padoThI [15-17].

[Ipennaraemasi pabota OTJIMYAETCS YYETOM BO3JACUCTBUSI TEMIIEpaTyphbl Ha
nehopMUPOBAHNUE TPEXCIONHOMN MIACTUHBI JTOKATHLHOM KOJIBIIEBON HATPY3KOM.

1. TlocranoBka KpaeBoii 3agauu. PaccmarpuBaercs TpexciioiHas
HECMMMETPUYHAS 1O TOJIIMHE Kpyrias IulacTuHa (PUCYHOK 1), HarpyxeHHas
PAaBHOMEPHO  paCHpEICIICHHOU KOJIBLIEBOM Harpy3Kou MMOCTOSTHHO M
WHTEHCUBHOCTH (o:

q:%(Ho(b_r)_Ho(a_r))’ (1)
rae Ho(r) dynkius XoBucaiina.

Bce nuHeliHble mepeMenieHus, pasMepbl W paavaibHasi KOOpAWHATa
OTHECEHbl K paauycy IUIacTHHbl I, l{unuHapuueckas cuctemMa KOOpPAWUHAT
CBsI3aHA CO CPEIMHHOM IUIOCKOCTBIO 3aIOJHUTENSA. /{11 TOHKMX HECYIIUX CIIOEB,
TONIIMHBL  KOTOpeIX N #h,, mnpuHumarorcs rumnore3sl Kupxroda. B
OTHOCUTEIIBHO TOJICTOM XecTkoM 3amnosHuTene (h, =2c¢) nebopmupoBanHas
HOpMajb OCTAE€TCs MPSMOJMHENMHOW, HE W3MEHSET CBOEW UIMHBI, HO
MOBOPAYMBACTCS HAa HEKOTOPBIM MOMONHUTEIbHBIA yron y(r). Ha BHemHio0
MOBEPXHOCTh IJIACTUHBI MaJ1a€T TEIIOBOW MOTOK, HHTEHCUBHOCTH KOTOPOTO (.
HwkHsss MOBEpXHOCTh Z=-C — N, ¥ KOHTYp I = 1 TEIIOM30JHUPOBAHHBIE.
Temmneparypnoe noje T(zZ) B muiacTure onpeaesneHo B [1].
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Pucynok 1. Cxema HarpyskeHusl IJIACTUHBI KOJIbIEBOH HATPY3KOMH

Harpy3ska npuHATa 0CECUMMETPUYHOM, MOATOMY OKPYKHBIE TIEPEMEIICHUS
OTCYTCTBYIOT uék) =0, a uckombie (QYHKIHH — paguaIbHOE TMEpeMEIICHHE
CPEIMHHOM TIJIOCKOCTH 3alOJHUTENS U, OTHOCHUTENbHBIA CIBUT Y M TPOTHO
IJIACTUHBI W 3aBUCAT TOJBKO OT PaJdaIbHON KOOPAWHATHI M HE 3aBUCAT OT .
Ha xoHType xecTkas auadparmMa npensTCTBYeT OTHOCUTEIHLHOMY CIIBUTY CJIOEB
(y=0mpur=1).

PanuanbHbie mepeMenieHus, B CUIy MPUHSATHIX THUMOTE3, U3MEHSIIOTCS IO
TOJIIIMHE CIIOEB JIMHEHHO, naepopManvy CIeaylT U3 TMEPEeMEIICHU Hu
cootHommenut Komm [2]. C HanpsbkeHusl BBIUUCISIOTCSA C MOMOIIBIO 3aKOHA
['yka. OG001IeHHbIE BHYTPEHHHUE YCUIIHS BBOSTCS COOTHOIICHUSIMHU:

T=XT =3[0l dz, M, =Y MY =3 [obzdz, =[Pz, @)
k=1 k=1 *

k=1 h, k=1 h,
rae 6% (a=r, ¢), 6 — HanpsKEHNs B CIIOAX MIACTHUHEL.

YpaBHEHUsI paBHOBECHSI pacCMAaTPUBAEMOM IUIACTUHBI [ 1] B Hamem ciiydyae
KOJIbIIEBOM Harpy3kH (1) mpuHUMArOT BUJ

L,(@u+ay—aw,)=—p, L,(au+ay-aw,)-2Gy =0,
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Ls(au+agy —agw,, ) =q,(Hy(b—r)—Hy(a-r)), ©)
re 3amsaTas B WHACKCE 0003HAYaeT MPOM3BOJHYIO MO CICAYIOMICH 3a Hel
KOOpAMHATE; ai — KO3PPUIIUCHTHI, ONpeaesieMble Yepe3 MOy YIPYTOCTH H
TOJIIUHBI cj10eB Tipu Temnepatype 1; Lp, L3 — nunelinbie nuddepeHnuaibHbie
orepaTopsl

'r 2 SI9rr r
J J L (g) Qe t J _g_+ :

rr r rz ]

r.2 r3 '

Jlst 3aMBIKaHKsS KpaeBoil 3a/1a4n K ypaBHEHHUSM (3) HEOOXOAMMO T0OaBHUTh
YCJIOBHUSI OTPAaHUYEHHOCTH PELICHUS B IIEHTPE TUIACTUHBI U TPAHUYHBIC YCIOBUS
Ha KoHTYype. [Ipy MmapHUPHOM OITUPAHKUH JTOJIKHBI BBITOJIHITHCS TPEOOBAHUS

u=y=w=0, M, =0, npu r =1, 4)

rae M, — o6o0uieHHbIi n3rudaronuii MOMEHT, BBEACHHBIH B (2).

2. AHajuTH4YecKOe pelleHHe KpaeBoii 3agauyu. OOmiee penieHue
CUCTEMBI ypaBHEHUU (3) MpPU U30TEPMHUYECKOM YIPYroM aehopMHUpPOBAHUU
IJIACTUHBI  KOJBIEBOW JIOKaJIbHOM Harpy3koil wus3BecTHo [l]. B ciyuae
BO3JICHCTBUSI TETLIOBOTO TIOTOKA MPOTUO MPUHUMAET BUJ

{Czlo(ﬁﬂ CoKo(BP) Cﬂun(r)ﬂlqOH(b—r)x
b, B B B’
2

y b*-r*> ry, 2o _ e %
e s 201,00+ Gk, ) |- L

2 2

_r +a2|n(£j+%(|<1(ﬁa)|o(gr)+|1(Ba)KO(Br))—§}+

xHO(a—r){a

2

+— '[Ls(qO(H (b-r)-H,(a-r)))dr - t;r (Inr— 1)+C;br +C,Inr+C,,

3 3

rae C1, Co ..., Cg — [COHCTAHTbI HHTErPUPOBAHMS; L, — uHTerpaibHbIi
onepatop L}(f)= jrj [rf(rdrdrdr.

[Tpu mapHHpHo onepTOM KOHTYp€ KOHCTaHThl MHTEIPUPOBAHUS CIEIYIOT
u3 (4), npu 3toM C4, Cs, C7 comeprkat TemMneparypy B SBHOM BHUJIC.

3. UuciieHHbIEe Pe3yJbTATHI MoJy4YeHbl s miactuHbel  J[16-T—
¢dropomnact-4—J116-T. InTencuBHOCT Harpy3ku (o = 1-Mlla, TonmuHe! cioeB —
h; =0,02; h,=0,06; hs = 0,4. Ilapamerpsl MaTepuaaoB mpuBeAcHbI B [1].
3aBUCUMOCTh MOJAYJIEH YHNPYrOCTH OT TEMIIepaTyphbl OMUCHIBaeTCA (POpMYIIOif
benna [1]. Ha pucynke 2 a, 6 moka3aHO U3MEHEHUE OTHOCUTEILHOTO CIIBUTA U
nporuda IJaCTUHBI BIOJb €€ paauyca. KpuBble MOCTPOECHBI MPU PA3THYHBIX
panuycax IsITHa JIOKQJIBHOM paBHOMEPHO pacnpeaeieHHol Harpy3ku (a = 0): 1—
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b=0,5;2-b=0,75; 6e3 mrpuxa — T; = 293 K, co mrrpuxom — T, =323 K. C
yBEIUYEHHEM IUIOINAAM HArpy3Kd JKCTPEMYM Ha PHCYHKE 3 @ COBHTAeTCs K
KOHTYpY IUIaCTUHBL IIpM HarpeBaHWM IUIACTHHBI MPOrHOBI M CABUIHU
YBEIUYHNBAIOTCS IPOIOPIHOHAILHO.

00060 0 0,2 04 06 08 r 1,0
) 7__".?—
v wl 06 —
|
0,0045 -0,0015——— [P ~
0,0030 20,0030 |
...... i
0,0015 -0,0045/. - =
’ 2
-0,0060
0 0,2 04 0,6 08 r 1,0
Pucynok 2. IlepemenmieHusi Npu pa3jJM4YHbIX PaANycax NATHA HATPY3KH
3akJjoueHue. [Ipennoxennas METOINKA MIO3BOJIAET CTPOUTH

aHAJIUTHYECKOE pelIeHne 00 H3rude TPEXCIOMHBIX YNPYTrux IUIACTUH MpU
JIOKaJIbHBIX KKOJIBIIEBBIX HArpy3Kax B HECTALMOHAPHOM TEMIIEPATYPHOM IIOJIE.
Pabora Beinonnena npu ¢punancoBoit nogaepxke ['TIHU «Konseprenuusi-25».
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CBOBOJIHBIE KOJIEBAHUS NATUCJIOMHON
HECUMMETPUYHOM IO TOJIIIUHE IIJIACTUHBI
E.A. Jlauyruna

Besiopycckumii rocyiapcTBeHHbI YHUBEPCUTET TPaHcnopTa, 'omenn, besapych

Bospocmmmii  cnmpoc  Ha  HCHOJIB30BAHHUE  CIOUCTBIX TOHKOCTEHHBIX
AJIEMEHTOB KOHCTPYKIMH B MAIIMHOCTPOECHUU OOYCIIaBIMBAET HEOOXOAUMOCTD
pa3pabOTKU COOTBETCTBYIOIIUX MAaTEMAaTUYECKUX MOJIEJICH U METOJOB pacuera.
Oroit nmpobiieme mocBsiieHbl MoHorpaduu [1-6]. [JunaMuyeckoe HarpyxeHue
HEOJHOPOJIHBIX [HJIMHIPUYECKUX OOO0JOYEK HCCleNoBaHO B paborax [7, 8.
KBasucrarnueckoe nehopMUpoOBaHUE TPEXCIOMHBIX CTEpKHEN B
TEMIIEpAaTYpHOM II0JIe paccMOTpeHO B cTaThsax [9, 10]. PemeHust otnenbHbIC
KpaeBbIX 3a/1a4 JJIs CIOMCTHIX IUIACTHH MPUBECHBI B padoTax [11-14].

YpaBHEHUS IBUKECHUS KPYTOBOM IIATUCIOMHOW CUMMETPUYHOW IUIACTHUHBI
noiydeHsl B [15—17]. 3mech paccMarpuBaeTcs 3ajadya O COOCTBEHHBIX
KOJICOAHMSIX MATUCIONHOM KPYroBOU MJIACTUHBI HECUMMETPUYHOM 10 TOJIIIUHE.

IlocTaHoBKa W pelieHHe KpaeBOM 3agauyu. TOHKHE HECYyIIUE CIIOU
TUTACTUHBI TOJIIMHOM N1, hy, Ny BBINOIHEHBI U3 MPOYHBIX MaTEPUANIOB, IS HUX
cripaBe BBl THIIOTE3bl Kupxroga. B Oonee Toncteix 3anonautensx (hs, hs)
CIpaBeJiMBa TUIOTE3a THMOIIEHKO O MPSMOJMHEWHOCTH M HEC)KUMAEMOCTH
neOpMUPOBAHHBIX  HOpMaJiel, KOTOpbIE IMOBOPAYMUBAIOTCS HA HEKOTOPHIC
nonogHuTeabHbIe yrael i(r, t) — ortHocuTenbHbie caurun (i = 1, 2).
[unuHapuyeckas cUCTEMa KOOPJMHAT CBA3BIBAETCS CO CPEAMHHOMN MIOCKOCTBIO
BHYTPEHHETO HECYUIEro CJIOsA, OCh Z HaNpaBJ€Ha MEPIECHAUKYISIPHO BBEPX, K
YETBEPTOMY CJ0I0. Bece reoMmerpuueckue pasMepsl IJIACTUHBI OTHECEHBI K €€

paanycy ro.

Z (1)
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Pucynok 1. PacuéTHas cxema NTHCJI0HHOH KPYTrOBOM IJIACTHHBI

Cucrema nuddepeHIraIbHBIX YPaBHCHUN JIBIDKCHUSI B TIEPEMEIICHHSIX,

112



ONHUCHIBAIONIAsl  COOCTBEHHBIC  KOJEOaHWs, TIOJIy4eHAa TPU  MTOMOIIH
BapHaIMOHHOTO TpuHIMMA Jlarpamka ¢ y4eToM CHJI WHEPIUH IOTMEPEYHBIX
KOJIeOaHMi:
L,(au—a,w, +a,y, —a,y,) =0,
L, (au—a;w, +agy,) =0,
L,(—au—a,w, +a;y,) =0,

L, (a,u—a,w,, +a,w, +a,y,) —MWw=0, (1)
rie M W- wumepumonnsie cwibl; M= (p,h, +p,h, +psh, +p,h, +pho )
3amsiTas B HIDKHEM HWHACKCE 0003HavaeT ornepanuio auddepeHIIupoBaHus 110
cleayromel 3a Hell KoopAuHaTe; @i — KOAd(PQUIMEHTHI, BhIpaKacMbIe uepes

yOpyrue M reoMerpuueckue mnapamerpel cioeB [17], Lp, L3 — nuHelinbie
G epeHnranbHble OnepaTopsl

— g’r g — 2g’rr g’r g
Lz(g)=g1rr+ _r_21 L3(g)=g’rrr+T_r_2+F'
Hauvanbnbie YCJIIOBHA IBHKCHHA IIPHHUMACM OJJHOPOAHBIMU:
U=y, =y, =W=W=0,npu t=0. 2)

KunemaTuyeckue yCIoBHsl 3a/IeJIKH KOHTYPaA TUTACTUHBI CIICAYIOIIHE:
u=y,=vy,=w=w, =0, npu r=r,. (3)

[Tocne »rmeMeHTapHBIX TMpeoOpa3OBaHMi, CBSI3AHHBIX C BBIJICICHUEM
ypaBHEHUs 1)1 Iporuda riacTuHbl W, cucteMy (1) MOXKHO miepenucaTh B BUJE
u=bw, +Cr+C,/r,
v, =bw, +C,r+C,/r,
v, =bw, +C,r+C,/r,
Ly(w, ) +M*W=0 (4)
rae ko3 GUIMEHTHI D; BRIpaXkaroTcs uepes ai;

asagh
M*=M,D, D=—s%%
b4b7 - bsbe
Tax kak uHckoMmoe pPEIICHUC OrpaHUYCHO B Ha4daJlC€ KOOpAWHAT, TO AJIA
CIIOIIHBIX IIJIACTUH HCO6XOI[I/IMO O6Hy.HI/ITB KOHCTAHTbl HHTCIPHUPOBAHUSA C2 =

C4 = Cs=0. Uckomplii mporud npuHUMaeTcsi B BUIE
w(r,t) =v(r)(Acos(mt) + Bsin(wt)), (5)

rae V(r) — uckomas KoopAMHATHAas (QYHKIHS;, ® — 4YacTOTa COOCTBEHHBIX
Kojebanuii ; A u B — KOHCTaHTBI, OlpesiesiieMble U3 Ha4albHBIX yCIOBUH (2).
[Tocne moncTaHOBKM BbIpakeHUs (5) B MocieqHee ypaBHEHUE CUCTEMBI (4)
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HOJIYYMM ypaBHEHHE IS ONIPEICIICHUsT KoopauHaTHo GyHKIiwu V(I):

L,(v.,)-Bv=0, B*=M‘w’. (6)
Pemenue ypaBHenus (6) M3BECTHO:
v(Br)= C7J0(Br) + Cs I O(Br) + CQYO(Br) + ClO Ko Br). (7)

rae Jo, lo, Ko, Yo— dyakumm beccensi, Maknonansaa n Heitmana.

HMcxonss W3 OIpaHMYEHHOCTH NEPEMELICHWM B Hadalle KOOpPJAWHAT
Heobxoaumo B (7) monoxutb Cg = Cio = 0. [ToacTaBus 3atem (7) B TpaHUYHBIC
yciioBus (3), MOJYyYUM OJHOPOJHYIO CUCTEMY aJIr€OpandeCcKUX YpaBHEHUN IS
ompesieneHusl KOHCTaHT wuHTerpupoBanus C;, Cg. M3 kortopoit cremyer
TPaHCIEHACHTHOE YpaBHEHUE 1T COOCTBEHHBIX YHCEI [Bp:

1, (Bro)Jo(Bry) + 1o (Bry) I, (Br,) = 0.

[Tocne BbluMCIEHUS [n YAaCTOTHI COOCTBEHHBIX KOJICOAHUM CIIENYIOT M3

COOTHOIILICHHUSI, BBEJICHHOTO B (6):

By _ By

2

" TMTTMD

2 YuciaeHnble pe3yjbTaTbl. 3a pacyeTHYIO MOJENb MPUHATA IJIACTHHA,
CJIOW KOTOPOM HAaOpaHbl U3 MAaTEPUATIOB KOPJAUEPUT — NIEHONOIUYpPETaH — TUTaH
— TICHONOJIMYPETaH — TUTaH. TOJIIWHBI HECYIIUX CJIOEB M 3aIlOJIHUTEIIEH,
OTHECEHHBbIE K paaWyCy IUIacTUHBI I, ciexyromue: hy = 0,02, hs= 0,3,
h1 =0,04, h3= 0,4, h, = 0,03. Ynpyrue xapakTepUCTHKH 3THX MaTCpHAIIOB
npuBezeHsl B [1]. B Tabn. 1 mpuBeneHbl COOCTBEHHbBIE UnCiIa U COOCTBEHHBIC

YaCTOTHI.
Tabnuma 1.
Ta6auna 1. CodcTBEeHHbIE YHCJIA H COOCTBEHHbIE YACTOTHI NSITHCIOHHOM MJIACTHHBI
Homep n Br/n Homep n Br/n
0 3,196 / 689,720 8 28,279 /53999,221
1 6,306 / 2685,143 9 31,378 / 66482,894
2 9,439/6016,049 10 34,561 / 80655,131
3 12,577/ 10681,040 11 37,702 / 95981,643
4 15,716 / 16677,980 12 40,844/ 112646,042
5 18,857 / 24010,688 13 43,985/ 130637,720
6 21,997 / 32672,797 14 47,126/ 149961,770
7 25,138 / 42669,823

PucyHok 2 WUIIOCTpUpPYET 3aBUCUMOCTh TNEPBBIX TPEX  YACTOT

COOCTBEHHBIX KOJICOaHH ®, OT TOJIIUHBI BHYTPEHHET0 Hecylero ciost hy: 1 —
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0y, 2 —0,; 3 — 0,. C yBenmuueHneM HOMepa COOCTBEHHBIX YacCTOT KOJIEOaHUit

pacTeT HEJIMHEHHOCTh UX 3aBUCUMOCTHU OT BEJIMUMHBI hl.

7
7z
7000 /'/
/./‘
o, gL
7~
P F
=~ T - e __-—‘/
5000
4000
-
2 el
3000 —
L =
baane v I P—— _
2000
/
1000 /— —
—_—
0 0,01 0,02 0,03 0,04 y 0,06

Pucynok 2. Co6cTBeHHbIE YACTOTHI KOJIeDaHUii

3axirouenue. [IpemmokeHHas NOCTAaHOBKA HAYAIIbHO-KPAEBOM 3a7]a4M U €€
penieHre No3BOJISIET MCCIIE0BAaTh COOCTBEHHBIE YACTOTHI U (DOPMBI KOJIEOaHUI
KPYTOBBIX ISITUCIONHBIX MJIACTUH, HECHMMETPHUYHBIX 1O TOJIIIHHE.
Pabora Brimonnena npu punancosoi nogaepxkke ['TIHN «KonsepreHmusa-25».
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JJOKAJIBHOE HATPYKEHUE
KPYIJIOU ISITUCJONHOM IIJIACTUHBI
B.C. Canunkui

Besiopycckumii rocyiapcTBeHHbI YHUBEPCUTET TPpaHcnopra, ['omesnb, besapych

HeobxoaumocTh pazpaboTKu MaTeMaTHYeCKUX Mojieseil 1eopMupoBaHus
CJIOMCTBIX 3JIEMEHTOB KOHCTPYKIIUI 00YCIIOBIIEHA UX ITUPOKUM TPUMEHEHUEM B
MaIlIMHOCTPOEHUN U CTPOUTENLCTBE. METoAbl pacueTa U MOCTAHOBKH 3a/1a4 JJIs
CIIOMCTBIX 3JICMEHTOB KOHCTPYKIIMHA TpPUBEJACHBI B MoOHOrpadusx [1-6].
JlunaMuyeckoe HarpyKeHHe CIOMCTBIX OO0O0JIOUEK M MATHCIOWHBIX IJIaCTHH
ucciaenoBano B pabortax [7-11]. Kgasucratuueckomy aehopMHPOBAHHUIO
TPEXCIIOMHBIX CTeP)KHEH M TTACTHH MOCBSIIEHBI TyonuKkaiuu [ 12—16].

Pemenue 3amaun 00 wu3rube NSATUCIOWHOW KPYTOBOM  IJIACTHUHBI
pPaBHOMEPHO pacHpeAesieHHOW Harpy3koi mnpuBeneHo B [17-19]. 3peck
MCCJIEIOBAH U3TUO MATUCIOMHOMN TIIACTUHBI JJOKATBHOU KPYTrOBOW HArpy3KOH.

1 IlocranoBka KpaeBoil 3amaumn. PaccmarpuBaercss cUMMETpHUYHAs T10
TOJIIIMHE TMATHUCIIONHAS KpyroBas IUIaCTUHA, JedopmMupyeMas paBHOMEPHO
pacnpee€HHOM M0 KPyTy OTHOCHUTEIILHOTO paauyca r < b Harpy3koi (pucyHOK
1):

Q(r):quo(b_r)’ 1)
rne H,(X) — ¢ynxums XnsBucaiiga; (o — MHTEHCHBHOCTb paclpelelCHHOM
Harpy3KH.

hy
IN

hy
Ha

ro ro

Pucynok 1. PacuéTHas cxema NTHCJI0HHOH KPYTroBOil IJIACTHHBI

B ToHKHMX Hecymux ciaosx Tonmuaoi hi, h, = hy cnipaBeyIMBBI TUIOTE3BI
Kupxroga, B 6onee Tonactoix 3amonuutensx (N3 = hs) — runoresa TumorieHko.
[{umuaapudeckas CHUCTEMa KOOPAWHAT CBsi3aHA CO CPEAMHHOW IUIOCKOCTBIO
BHYTPEHHEr0 HeCyIllero cios. Bce reoMmeTpuueckne pa3Mepbl ILIaCTHHBI
OTHECEHBI K ee pamuycy Fo. Cucrema nuddepeHIManibHbIX YpaBHEHUN
paBHOBeCUsT B TMeEpeMENIeHusX IMoiaydeHa B [18] mnpu paBHOMEPHO
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pacnpeneneHHoi Harpyske. B cimydae Harpy3ku (1) oHa mpuHAMaET BU
L, @,y —aw,, ) —2cGyy =0,

L3 (aSW_aBW’r):_qOHO(b_r)’ (2)
rae W — nporu0, ¥ — OTHOCUTEINIbHBI CIBUT B 3aIOJHUTENAXK; 3allATas B HIDKHEM
WH7EKce 0003HadaeT omepanuio AuQGEepeHITMPOBAHNS TI0 CIASAYIOMEH 3a HEel
KoopAnHAaTe; KO3 (PUIIMEHTHI 8; BRIPAXKAIOTCS Yepe3 TEOMETPUUYECKUE U YIIPYTHE
XapaKTepUCTHKH clloeB; Ly, L3 —muddepenimanbupie onepaTtopsl
g s g zg Irr g '

g
LZ(g)Eg’rr+ r _r_za L3(g)Eg’rrr+T_r—2+F.

K cucreme ypaBHeHuit (2) HeoOX0oAMMO 100aBUTH T'PAaHUYHBIC YCIIOBUS.
Hampumep, npu 3aeinke KOHTYpa IIACTUHBI IOJKHBI BBITIOTHATHCS TPEOOBAHMS
u=y=w=w, =0, npu r=r,. (3)

2 Pemenue kpaeoil 3agauu. Ilociie sneMeHTapHBIX MNpeoOpa3oBaHUI
cucTeMmy (2) MOXHO NEpenucaTh B BUE

L,(y)-By=f,
L, (aSW_aBW’r):_qOHO(b_r), (4)
rac KOB(I)(bI/IHI/IeHTBI n (bYHKHHH, BXOIAIIHUC B IICPBOC YPABHCHHUC
2 23;hG, _ a5
=, W=
(a4a6 — a5 ) (a4a6 — a5 )

£(r) (jquo(b—r)rdr+cl)—%(MHo(b—r)+c1}.

_ 8
r(a,a —ag’)
Pemenue cuctemsl nuddepeHnnanbHbpIX ypaBHeHui (4) Oyner
=G L) + K, (Br) + v,
2

ag Q2 C . Cyr
w=—=|ydr+=2|L;(H.(b=r))dr——r(Inr -1) + +C.Inr+C,, 5
aﬁf\v aﬁjs((x Ndr—=ri(inr—1)+ = —+C,Inr+C,, ()

6 a'6

rne l1(Br) — mommduumporannas ¢yakmus beccens; Ki(pr) — dyHkmus
MakoHanbaa; MATErpansl 6epyres B npegenax ot 0 go r; Lyt — uarerpanbhblii
oreparop, OOpaTHBI COOTBETCTBYIOIIEMY JU(PEepeHIIMaAIbBHOMY OINEepaTopy B
(2).
YacTHoe pellieHre NepBoro U3 ypaBHEHUN cucTeMbl (4) yr Oyner
b2

Y% M _ %
Y, = 25 Ho (b r){ ; r+2b(K,(Bb)1,(Br) |1(Bb)K1(BF))}+ 5ir (6)

WuTerpanel, BXOAAIIME BO BTOPOE YPaBHEHUE CUCTEMBI (5) OyayT
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r*—5b* b* (r) b’r?* (r) b’r?
L (q)dr = —In| — |- In| — H,(b—
Jr@ qo( 64 16 (bj 8 n(b} 16] o(0=1).

Colo(Br) — CiKo(Br) , Cy .9
dr =—22 -39 Lin(r)+ 22 H, (b—r
J‘\V B B + BZ ( )+ 2 2 O( )X
b? —r? ry 2b 2
x{ 5 +b2|n(6j+F(Kl(Bb)lo(ﬁr)+Il(Bb)KO(Br))—F}. (7)
[Tocne onpenenenus koHCTaHT uHTETpUpoBanus C, ..., Cs u3 ycnoswuii (3),

nporu® u caBur (5) aid TUTACTUHBI, 3aJCJIAHHOM IO KOHTYPY, C Y4Ye€TOM
cooTHoleHu# (6), (7) IpUHUMAET CIIEIYIOMINN KOHEUHBIN BU/I;

_a 10 {. (Br)(bz oK (B),(Bb)j b*1,()B _ bl,(Bb) _ bl (BO)K,(Br) _
a, B*1,(B) | BL,(P) R BT NORTING B

__, ()H J(b- r)[bzgr +b? |n(%j+%b(Kl(Bb)lo(Br)+Il(Bb)KO(Br))—B—ZZ}}+

4 ppb 4 2,2
L0 AT ( j bzrzln(£)+br Hy(b—r)+
8, |l 8 2 (b b) 2

2 4 4 2
+b2r2(lnr—1)+b—r2(2—b2)+b—lnr+b—+b—
4 2 4a, 2a

B* | L(B)

+W{b?—r+2b(Kl(Bb)ll(Br) 1, (Bb)K, (Br))} b }

3 YucijieHHbIE Pe3yJbTaTbl TOJYYEHbl ISl TUIACTUHBI, CIIOM KOTOPOU
HaOpanbl n3 MatepuanoB J[16-T — propomnact — J[16-T — dpropornact — J[16-T.
Tommmns! cioeB hy = h, = hy = 0,02, hs = hs = 0,1; Benuuuna Harpy3ku (o = 10
MIIa. Puc. 2 a, 6 wuiroCTpUpyeT W3MEHEHHE MNpPOruda M OTHOCUTEIBHOTO
CJIBHTa BJIOJIb pajryca IJIAaCTHHBI TP PAa3JIMYHBIX pajanycax b MmsaTHa Harpy3Ku:
1-b=025;2-b=05;3-b=0,75; 4 - b = 1. [Ipu yBeauueHun paauyca
Harpy3ku TIepeMeIIeHUs pacTyT HeduHeiHo. Ilpu 3ToM  dKCTpemMyMm
OTHOCHUTEJILHOTO CABUTA (6) CABUTACTCS K KOHTYPY IIJIACTHUHBI.

y= Yl%{' (B”[b on (Bb)j+bl (BD)K, (Br) +
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Pucynok 2. IlepeMeiieHus1 B NSATHCIOHHON MJIacTHHE

3akimouenue. I[lpemnoxenHoe B paboTe  pelieHWE  MO3BOJSET
MOJICIUPOBATh  HAINPSHKEHHO-IE(POPMUPOBAHHOE  COCTOSIHUS ~ KPYTOBBIX
IIATUCIIONHBIX IIJIACTUH IIPU JOKAJIBHBIX IOBEPXHOCTHBIX HAIrpy3Kax.
PaGota Brimonnena npu punancoroit nogaepsxkke ['TIHU «Kouseprenmusi-25».
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YPABHEHMUSI PABHOBECHS IATUCJIOMHOM BAJIKH
CUMMETPUYHOM ITO TOJIIIINHE
K.B. CycaoB

Besiopycckumii rocyiapcTBeHHbI YHUBEPCUTET TPaHcnopTa, 'omenn, besapych

B nacrosiiiee BpeMs MHOTOCJIOWHbBIE KOHCTPYKIIUA aKTUBHO TIPUMEHSIOTCS
B Pa3NUYHBIX OOJACTSAX MPOMBINIICHHOCTH. MeToAbl pacdyera U MOCTAaHOBKU
KpaeBbIX 3a7a4 JJIsi TPEXCIOWHBIX DJIEMEHTOB KOHCTPYKIMN HCCIEAOBAaHbI B
MoHorpadusx [1-5]. JlebopmupoBaHue TpEeXCIOHWHBIX CTEpKHEW M IUIACTUH
paccmotrpeHo B paborax [6—12]. IlaTucioiiHble TJIACTHHBI HCCIIECIOBAHBI B
cratbsix  [13—-17]. KoneOaHusIX  MATUCIONHOM  KPYroBOMl  IJIACTHHBI
HECUMMETPUYHOM MO TOJIIUHE.

IMocranoBka 3agauu. PaccmarpuBaeTcs ymnpyras HATHCIIONHas Oaska,
CUMMETPHUYHAS TI0 TOJIIMHE, COCTOSIIAs U3 TPEX HECYIIMX CJIOeB (BHEUIHUE U
HEHTPAIbHBIN) U JBYX 3alOJHUTENCH. B TOHKHUX HECYIIUX CIOSIX CIpaBeJIUBbBI
runote3sl  Kupxroda, B 3amonHUTENnsx — Tunore3a THUMOIIEHKO O
NPSIMOJIMHEMHOCTH M HECKUMAEMOCTH HOPMAJIM, KOTOpas IMOBOPAYMBAETCS Ha
JOMOMHUTEIbHBIH  yro  y(X). IlocraHoBka HaYalbHO-KPAcBOM  3a/Ja4M
MpUBE/ICHA B JEKAPTOBOM CHUCTEME KOOPJHUHAT, CBSI3aHHOM CO CpPEIMHHOU
IUTOCKOCTBIO IICHTPAJIBHOTO HECYIEro ciios ToimuHor hi (pucyHok 1).
HckoMbIME (DYHKIMSIMHA SIBJISIFOTCSL TIPOTHUO CTEpKHS W(X) M OTHOCHUTEJIBbHBIN
ciBur y(X) B 3amomuuTensx. Ha topuax Oanku (X= 0; |) mpeamonaraercs
HaJIM4KUE >KECTKOW auadparMbl, MPENSTCTBYIONIEH OTHOCUTEIBHOMY CHBUTY
cioes (y = 0).

z %)
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Pucynok 1. PacuéTHas cxema nsiTUCJI0HHOM 0aIKH
Cucrtembl ypaBHEHHU pPAaBHOBECHS TMOJYYEHbl TMPU HCHOJIB30BAHUU
MPUHLIMIIA BO3MOXHBIX IlepemelnieHni Jlarpanxka, mpu 3TOM yYUTHIBAIACH
paboTa KacaTeIbHBIX HAMPSHKEHUH Ty, B 3aMOTHUTEIISX:
QW0 ~8W 0~y =0,
LW oo ~8Wiy =0
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rje ai — KodPUIUeHTHI

a :{cz(g K;c+2K3+hl)}; a, :E K;yc?(2c+3h) + K he(h, +2h+2c)};

a, :[26(3)c];a4 :E K c?(2c+3h) + K he(h, +2h+2c)} ; K, +%Gk =K/;

G,, K, —Moxynu ciBura u o0bemMHOr0 neopMupoBanus Matepuana K-ro cost.

3akirouenue. IlomydyeHHblE  ypaBHEHHS  PABHOBECHS  IMO3BOJIIOT

UCCIIEI0BATh U3rM0 CUMMETPUYHBIX 110 TOJIIIMHE MSATUCIONHBIX CTEPKHEH.
Pa6ora BeinonHeHa npu ¢punancoroit nogaepxkke I TIHN «KonsepreHnius-25».
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TEPMOCHJIOBOM TE®OPMUPOBAHUE TPEXCJIOMHOM
IJIACTUHBI CO C)KUMAEMBIM 3ATIOJTHUTEJIEM
1O.B. llla¢uena

Besiopycckumii rocyiapcTBeHHbI YHUBEPCUTET TPaHcnopTa, 'omenn, besapych

Pa3paboTke MareMaTHUecKUX Mojesied J1eQOpMUPOBAHUS TPEXCIOUHBIX
AIIEMEHTOB KOHCTPYKIIMH B CBS3U C MX MOBCEMECTHBIM PACIPOCTPAHCHHEM B
MaITMHOCTPOCHUU U CTPOUTEIBCTBE, MOCBALIEH psij myonukamuii. [loctaHoBKU
Y METOAMKHU PElICHUs] KPAaeBbIX 3a/1a4 O 1e(pOPMUPOBAHUN CIIOMCTHIX AIEMEHTOB
KOHCTPYKIIMI MpuBeneHbl B MoHorpadusx [1-6]. McciaenoBanue cBOOOMHBIX U
BBIHYKJICHHBIX KOJEOAHUI TPEXCIOWHBIX M HEOJHOPOJHBIX IHJIMHIPUYECKUX
000JI0YeK W IUIACTUH TpoBeaeHo crathsax [7-8]. IlyOmukamum [9-12]
MOCBSIIEHBl ~ KBAa3UCTATHUECKOMY  HM30TEPMHUYECKOMY U  TEPMOCHIOBOMY
Harpy>)KCHUIO TPEXCIOWHBIX CTEpXKHEH W IJIaCTUH C  HEC)KUMAaeMbIM
3ar0JIHUTEIIEM.

[Ipennaraemasi paboTa OTJIMYAETCS OT MPOBEJCHHBIX paHEe MCCIEeI0BAHUM
[13-18] ydueTroM BO3MEHCTBHS TEMIIEPAaTypHOTO IO Ha JeOPMHUPOBAHHE
TPEXCIONHON MIACTUHBI CO CKUMAEMBIM 3aIIOJTHUTEIIEM.

PaccmarpuBaemast kpyroBasi TpexclioiiHasi HECUMMETpPUYHAsI MO TOJIIMHE
IIaCTUHA CO CHKMMAaeMbIM 3aroyiHuTeNeM (pUCYHOK 1) HaxoIuTcs O
JICHCTBHEM paclpeneieHHol Harpy3kd ( = ((f) ¥ TEmIoBoro motoka (.
[Mumuaapuyeckas cuUCTEMa KOOPAMUHAT CBSI3aHA CO CPEAUHHOM TUIOCKOCTBHIO
3armogHUTENsS. B TOHKMX BHEUTHUX HECYIIUX CIIOSX CIHPABEAJIUBBI THUIIOTE3BI
Kupxroda. B nerxkoMm 3amosHuTeNne HOpPMallb OCTAETCA MPSIMOJIUHEHHOM, HO
MOBOPAYMBACTCS Ha IOMONHUTENbHBIA yrom w(r, t). OOGxarve 1O TOJNIIMHE
MPUHUMAETCS JTUHEHHBIM.

q;

%} z o z‘gﬁq, z
\
2 r 2c-w(r)

=
=
"4
\ll\) b rr:: %:
)
<
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¥ 7 ty T

PI/IcyHOK 1. PacuerHasi cxeMa ILIACTHHBI CO CXKMMAEMbIM 3aI0JHUTEIEM

Ha xoHType mimacTUHBI MpeArnojiaracTcsl HAIUYUEe KECTKOW auadparmsl,
MPENSATCTBYIONIEH OTHOCHUTEIBLHOMY CIBUTY CJOEB M OO0KATHIO 3arOTHUTEIS.
Yepes W(r) u Uu(r) o0o3HaueHBI IPOTUO M paaraabHOE MEepEeMEIIeHNne CPEAMHHOM
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wiockoctd  3amoyHuTens, V(r, t) — GyHkuuMs oOKaTHS  3alOJHHUTEIS.
Temmneparyproe nojie T(Z) u3MeHSIETCS 1O TOJIIMHE IUIACTUHBI BO BpeMeHH { B
COOTBETCTBHH C opmyJoii [1]:

T:ﬁ{r+l(s c+h) 1——% nn(s+—c+h2j el
A 2 o H
1)
3 3
rie t=at/H?; s=z/H; A=) Ah /H; H=h+h+h, C=> Chp /H;

k=1 k=1

a=A/C; koabdunueHTsl: A — TCIIONPOBOAHOCTH, Cy TEIIOEMKOCTH; Pk —
IoTHOCTh MaTepuana; K = 1, 2, 3 — 3mecy u nmanee HOMep ciost; hy #=h,—

TOJIIHUHBI HCCYIIHUX CJIOCB, h3 =2C — TOJIIIMHA 3aIIOJITHUTCIIA.

B cuiny OCeCHMMETPUYHOCTH HArpy3KH, OKPY)XXHBIC IepEeMEIICHUS
OTCYTCTBYIOT, @ UCKOMbIe BenmmduHbl — W (), U (r), w(r), v(r) He 3aBuCAT OT
KoopauHaThl @. Paguansusie nepememenns UX(r, z) u nporudsr WH(r, z) B k-om
CJIO€ BBIPAKAIOTCS 4Yepe3 ITU YEThIpe UCKOMBbIC PyHKIMH [16].

JIns cBsI3W HampsKeHUH u JedopMaliii MCIIOJIB3YIOTCS TEPMOYIIPYTHE
COOTHOIIICHUS 3aKoHa ['yKa B JIeBUATOPHO-IIApOBOM (hopme:

¥ =2G,0%, o =3K, (g% —a,,T,),

() ©)
s, =2G;2

rz !

Sgg) _ 2G33§3) 6@ = 3K3(8(3) _aosTs) : (2)

(k) (k) (k)

rae s, 9% — nesuaropmsie (o = r, ¢) u o™, ™ — maposrie yacTu Tenzopos

HanpsbkeHud u negopmanuit; G, (Tk), K, (Tk) — MOJAYJIM CIIBUTa U OOBEMHOIO
nedhopMUpoBaHUs, Ogk — KOIPPUIMEHT JUMHEHHOTrO  TEeMIEPaTypHOTO
paciupeHus..
C nomoipio BapualMoHHOro npuHiuna Jlarpanmxka u 3axkona I'yka (2) B

[17-19] moydena cucrema ypaBHEHUI paBHOBECHSI:

L,(au+a,y—-aw, —a,v, )+K,v, =0,

Lz(azu + &Y —agW,, _a7v’r) =0,
Ly(a,u+agy —8yW, —agv,, ) =1, (3)

L.(a,u+a,y—aw,, aiov,r)+ Ks ( e + 0 j=—q,
r

r7ie 3amaTas B HIDKHEM HHJAEKCE 0003HadaeT MPOM3BOJIHYIO MO CIEAYIOIICH 3a
Hel KoopauHaTe; a8 — KOd(h(UIMEHTHI, BbIpaKaeMble Yepe3 YIOpyrue W
reOMETPUUECKUE TTapaMeTphl cioeB, Ly, L3 — muddepennmanbubie onepatopbl
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2 3

s 2 rr "
Lz(g)Eg’rr+g _%’ Ls(g)Egarrr-i_g—_g_‘Fg.
rr r r’ r

_ 2
K, j[K M)+ 26 (Tk)}zmdz (M=0,1,2); K, =K,(1)-26,(T,).
hk
KpaeBast 3amaya 3ampikaeTcsi 100aBICHHEM K ypaBHEHHSIM paBHOBecus (3)
IPaHUYHBIX YCIOBUH Ha KOHTYPE U YCIOBUN OTPAaHUYEHHOCTH PELICHUS B IEHTPE
TJIACTUHBI, HATPUMEP MPH IMIAPHUPHOM OMTUPAHUHN KOHTYpa

U=sy=wW=v=v, =0, M =0mnpur-=r,. 4)
N3 cuctemsl (3) nis mporuda u (byHKuI/IH obOxaTus CJIGI[y}OT BBIPAKCHUS:
W:aZ?G_agas_[udr —%%,, _[L )dr+
85 —a53, a; - asas ae asas
2
+C—a (Inr 1)+ Cor—+C11Inr+C12,
(2 -asa;) 4 4

o &1 3,80 st o(Br)+ ([ (BN [ 3,Br)a(ryrdrdr -
-[3,B0[Y,(Br)a,(ryrdrdr)+C,,

rae Ci — KOHCTaHThI UHTErPUPOBAHUS.

B ciydae mapHHpHOro OomvpaHusi KOHTypa KOHCTAHThI ONPEAETSIOTCS U3
IpaHUYHBIX ycioBuil (4) u BriaoyaroT Ttemmneparypy (1) B sBHOM Bue.
3aBUCUMOCTh TMapaMeTPOB MATEPHAIIOB OT TEMIIEPATypbl PAaCCUUTHIBAETCS IO
dbopmyine bemna [1].

YucrieHHblE pe3yJbTaThl MOJYYEHbl Ui IUIACTUHBI CO  CJIOSIMH,
BBINIOJIHEHHBIMU U3 MatepuanoB J[16-T—¢dropomnact-4—/116-T, mexanuueckue
XapaKTEPUCTUKU KOTOPBIX NpuBeAcHbI B [1]. ToNIIMHBI CI0EB, OTHECEHHBIE K
panuycy miactussl, ¢ = 0,23, h; = 0,03, h, = 0,03. IHTEeHCHBHOCTh PAaBHOMEPHO
pacrtipenenenHon Harpy3ku ( = 1 MlIla. Temneparypa B rmiacTuHe TPUHUMAIIACH
YCPEIHEHHOM.

Ha puc. 3. 4 noka3aHo U3MEHEHUE POruda HUKHETo ciiost W(r) U GyHKIUU
cxuMaemMocTH V(I) mpu pasnuuHbix Temnepatypax: 1— 293 K, 2— 353 K, 3 -
413 K. Poct Ttemmeparypel Ha 60 TrpaaycoB NPUBOAUT KaXIbId pa3 K
yBeIMueHuto nporuda Ha 5,0 %, ooxxarus 3anonuurens — Ha 7,5%.
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3axiouenue. IlpuBeneHHbIE MOCTAaHOBKA U AHAJIUTHUYECKOE pEUICHUE
KpaeBOM 3a/aud TMO3BOJISIIOT MCCIEIOBAaTh HAIMPSKEHHO-AE(POPMUPOBAHHOE
COCTOSIHUE KPYTOBOM HECUMMETPUYHOM MO TOJIIUHE TPEXCIOMHOW TMIACTHUHBI
CO COKMMAEMBbIM JIETKUM 3aII0JIHUTEIEM B TEMIIEPaTypHOM IOJIE.

Paboma evinonnena npu ¢punancosou I'TTHU «Koneepeenyus-25».
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YPABHEHHSI PABHOBECHS TPEXCJIOMHON KPYTOBOM
IJIACTHUHBI C IMHEVMHO N3MEHSIIOIIIUMHUCS HECYIIIUMH
CJOSMHA

A.B. YepHsik

Besiopycckumii rocyiapcTBeHHbI YHUBEPCUTET TPpaHcnopTa, ['omenn, besapych

[Ipu paboTe TPEXCIOMHBIX KOHCTPYKLMM, COAEpKAIIMX >KECTKUE U
MPOYHBIC BHEIIHUE HECYIIME CIIOM U MEHEE KECTKUU CPEMHHBIN 3alO0IHUTEND,
OTMEUAIOTCSI XOPOIIME TMPOYHOCTHBIE U JKECTKOCTHBIC TIOKAa3aTelu Mpu
MUHHUMYME UX BECOBBIX XapakTepUCTHK. [loaToMy oueBHMIHA MOTPEOHOCTH B
paspabotke 3¢ hekTuBHBIX MeTo10B pacyeta HJIC maHHOrO THIA KOHCTPYKITUH.

JHlebopmupoBanue W KOJEOAHHUS TPEXCIOWHBIX KOHCTPYKIUNA OBLIO
UCCJIEeNOBaHO B psane pador. Tak, Hanpumep, MoHorpaduu [1—4] mocBAIIEHBI
pa3paboTke MaTeMaTH4YeCKUX MOJENIe CTaTUYECKOTO U JUHAMUYECKOTO
neOpMUPOBaHUST  TPEXCIONWHBIX AJIEMEHTOB KOHCTPYKIIMH CO  CJIOAMH
MOCTOSIHHOM ToNImMHBL. B cTtathsix [5-9] paccmatpuBanock nedopmupoBaHue
TPEXCIOMHBIX CTEPKHEM M 000JI0YeK NpHU KBA3UCTATHUYECKUX HArpy3Kax.
PabGoter [10, 11] mocBsIeHBI CTAaTUKE TPEXCIOMHBIX IIJIACTHH CO CIIOSMH
MEPEMEHHON TOJIIUHBI.

31ech NMpPUBEACHBI YpPABHEHHS PABHOBECHUS I TPEXCIOMHONM KPYroBOM
MJIACTUHBI C HECYIIUMU CIIOSIMU, TUHEWHO U3MEHSIOIUMUCS MO TOJIIINHE

h,=h, =hy(1-r/2r,).

3agaua pemiaeTcs B LWIMHAPUYECKON cHCTEME KOOpAHWHAT. JIJIsi TOHKHUX
HECYIUX CJIOEB TONIMHON h ,=h,npuHnmarorcs runoressl Kupxroda, amns
TOJICTOTO JKECTKOrO 3amojHuTens h ,=2C, BOCIPUHMMAIOIIETO HArpy3Ky B
TaHT€HIIMAJIbHOM HaIlPaBJICHUH, CIIPABEIJIMBA TUIIOTE3A O MPSMOJIUHEHHOCTH U

HECKUMAEMOCTH JehopMUpOBaHHONW HopMaiu. [lepneHAuKyIsIpHO BHEIIHEMY
CIIOI0 JICHCTBYET pacmpezeiicHHas Harpy3ka (=((r). Ha koHType MmiacTUHKH

Npeanojaraercss  HaJlu4yuMe  JKeCTKOW  nuadparMbl,  OPENsSTCTBYIOIIEH
OTHOCHUTEJNIBHOMY CIBUTY CIO€B. MICKOMBIMM IEpeMEIICHUSAMU SBISAIOTCT W —
porud MIACTUHBI, Y — OTHOCUTEIBHBIN CIIBUT B 3aIOJHUTEINE.

Cucrema ypaBHEHHMI paBHOBECHSI B OOOOIIEHHBIX BHYTPEHHHMX YCHIIMSX
MOJIyY€HA C UCMOJIb30BaHHEM MeToaa Jlarpanxa. OHa UMeEET BUJ
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G,y | -0 |y, —| A+ _atw,,, —
4\V rr r rO \Vr r rO r a5 rer

129



+ 2 + 2 2 +
B ch0 Kor (chy +c”hy)Kg W+
r 2r2 I

+ 2K — 2 2 —
N i_choKzorJr(ch0 +chy) Ky |w,, 2eGuy =
r 21, Iy r

a cheKgr (2ch§ +2c2h0)|<g
r Iy I

lal oy - 2chf +2¢*hy |\« Kq
{rz 2r0(3K K)+[ rr KO+2 Wor ™

© o2 3(2ch? + 2c%h, ) K¢
+%—%(3KJ—KO)+( s+ 20,

a';\ljﬁ rer +

orr

V_ o+
— Wy —
2rr, r

|28 2neK;r? . (hg’ +ch§)K0+r _(h§+2ch02 +thO)KO+

r Iy Iy I

[aﬁ LJor(5 (2K+ K‘j [h0+0hg](2K++K)

mrr

3 2 2 + 3 _
+(h0+2Ch0 +C hO)(Kg+KO):|W’rr_|:a_g h (3K+_K_J_
rr r e 2

’ rr

[h+ch? (K; - K; )+ (hd + 2ch? +c?h)K; |w I
I r

rae Kod(P@UIMEHTH @, 3aBUCAT OT paauallbHOM KOOPIMHATBI I Yepes
TOJIIIIMHY HECYIIHUX CJIOEB N1 U ONPEEIAIOTCS COOTHOIICHHUSIMU:

+ :CZ(thl+ K;h, +§K§cj,
+ + + h 2 +
as :C(Kl—hl(c+%j+ Kz—hz(c+52j+§K3—cz],

130



’ h) 2
a; =K/'h| ¢’ +chl+i +K;h,| ¢® +ch, +-2 [+ =K,¢c?,
3 3 3
4 2 _
K, +-G, =K, K, ~2G, =K, .
3 3
HOJ’Iy‘ICHHaﬂ CUCTEMa ypaBHeHI/Iﬁ PAaBHOBCCHA IIO3BOJIACT HCCIICAOBATDH

HA3ruo TpeXCHOfIHOﬁ IJIACTUHBI C JIMHEHHO N3MCECHAIOIMNMUCA CIIOAMU.
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