W& MI( ISSN 2410-2547

DOI: 10.32347/2410-2547.2023.111

MIHICTEPCTBO OCBITU I HAYKH YKPATHU

KHUiBCbKUI HALIIOHAJIBHUI VHIBEPCUTET
BYJIIBHULITBA I APXITEKTYPU

KYIV NATIONAL UNIVERSITY OF CONSTRUCTION
AND ARCHITECTURE

OIIIP MATEPIAJIIB
I TEOPIA CIIOPY ]

STRENGTH OF MATERIALS
AND THEORY OF STRUCTURES

HaykoBo-Texuiuauii 30ipHIK
Scientific-and-technical collected articles

Bunyck
Issue 1 1 1

3acHoBanuit y 1965 p.
Founded in 1965

KUIB 2023



Y]IK 539.3/6
bbK 30.121+38.112
0-61

T'onoeuuit penaxrop [1I1. JIi3yHOB, I-p TEXH. HAyK
3actynHuk ronoBHoro penakropa C.O. IIuckyHoB, O-p TEXH. HaAyK
Bignosiganbhuii cekperap O.B. 'eparieHko, kaHI. TEXH. HAyK

Penaxuiiina xojeris:

Ansenin [1.B., n-p Texn. Hayk (ITonba) Jlo6anoB JI.M., 1-p TexH. HayK, akaieMiK
Artkounynac fO., 1-p TexH. Hayk (JIuTBa) HAH VYxpainu

Benocromkuit O.M., 1-p Texn. Hayk (Pocis) ~ Makcum 1ok FO.B., 1-p TexH. Hayk
Ba6imesnu M.O., 1-p TexH. Hayk (Ykpaina) (YkpaiHa)

laiinaiiuyxB.B. , n-p Texn. Hayk (Vkpaina)  I[epensmyrep A.B., n-p TexH. Hayk
JHamenko O.®., 1-p TexH. Hayk (YkpaiHa) (Yxpaina)

Enimaxos L., 1-p Texs. Hayk (CLLA) Comnopeii LL, n-p Texn. Hayk (VkpaiHa)
IBanuenko I.M., 1-p TexH. Hayk (Ykpaina)  ®ianko C.1O., 1-p Texn. Hayk (ITonbrua)
Kpuporarnko C.H., 1-p Texn. vayk (Pocist) Yan [Tux Tinb, 1-p TexH. HayK (B’eTHam)
JIyk’saenko O.0., I-p TexH. HayK Scniii [1.B., o-p Texn. Hayk (YkpaiHa)
(Yxpaina)

PexomeHnoBaHO 10 BUIycKy BueHoro pagoro KuiBcbkoro HalioHanbHOTO YHIBEpCHTETY Oy/IiBHHLTBA
i apxiTektypu 24 mucronazaa 2023 p. (mportokon Ne 15).

Omip marepianiB i Teopis cmopyn: HaykoBo-texniunmii 30ipHuk. — Bum. 111 / Tonos. pem. ILIL
Jlizynos. —K.: KHYBA, 2023. — 537 c. — Ykp. Ta aHIJl. MOBaMHu.

VY 30ipHUKY HaBe/IeHO CTATTi 3 pe3ylbTaTaMu JOCHiIKEeHb Yy Taly3i omopy MaTepiaiiB, OyiBeabHOT
MeXaHiKH, Teopii MpyxHocTi i miacTuaHocTi. OCOOMUBY yBary NpHIiJICHO po3poOlli i pO3BUTKY METOIB
PO3paxyHKy MIIHOCTI, CTiMKOCTi, AMHAMIKH MPOCTOPOBHX KOHCTPYKIIH 3 ypaxyBaHHSIM TI'€OMETPUYHOL
HENiHIMHOCTI, IUIACTUYHHMX BJIACTUBOCTEH pPyHHYBaHHsS MarepiajiiB; MUTAHHAM 4YHCEJBbHOI peaizawil
PilIeHb; TOCIIIKEHHIO HAPY>KEHO-/1e()OPMOBAHOI0 CTAHY TiJl CKIAAHOI CTPYKTYPH IPH CTAIUX 1 3MIHHUX
y yaci HaBaHTa)KCHHSIX, BKJIIOYAIOYN BUIA/IKOBI BILIHBH.

[pu3Hayenuii U1l HAYKOBHMX IMPAI[iBHUKIB, BUKJIaJa4iB, BUPOOHUYHHUKIB, JOKTOPAHTIB, acHipaHTiB Ta
CTYIICHTIB.

.. “¥xpalnika HaykoBa” A yepatc
Inpexcaris i TMapTHEPHU ;
|

Haulonanera pedpeparnsna 6a3a JaHux

INDEX@ COPERNICUS ULRICHSWER" WEB OF SCIENCE"
GLOBAL SERIALS DIRECTORY pr—p—
I N TEZRMNATIOWN AL
‘ iINFOBASE INDEX ‘ GOOSIQ
scholar
http://opir.knuba.edu.ua/ YK 539.3/6
@ http://omtc.knuba.edu.ua/ BBK 30.121+38.112

Anpeca pefakiiiHol Koerii: 0-61
KHYBA, IlosiTpoduorcbkuit mip., 31. © KHVYBA, 2023

M. Kuis, 03037
Ten.: (044) 248-3040

E-mail: omtc@knuba.edu.ua
E-mail: olg_guera@ukr.net



ISSN 2410-2547 3
Onip Matepiaiis i Teopist ciopyy/Strength of Materials and Theory of Structures. 2023. No 111

UDC 37.02:69

DIDACTIC ASPECTS OF THE TRANSFORMATION OF CLIP THINKING IN THE
CONTEXT OF TEACHING OF CONSTRUCTION MECHANICS

D.O. Chernysheyv,
Doctor of Sciences in Technology, Professor

K.I. Pochka,
Doctor of Sciences in Technology, Professor

H.L. Korchova,
Candidate of Pedagogic Sciences, Associate Professor

Yu.S. Krasylnyk,
Candidate of Pedagogic Sciences, Associate Professor

M.V. Rudenko,
Candidate of Pedagogic Sciences, Associate Professor

Kyiv National University of Construction and Architecture
31, Povitroflotsky ave., Kyiv, Ukraine, 03037

DOI: 10.32347/2410-2547.2023.111.3-12

The article provides a generalization of the didactic aspects of solving the problem of transforming the clip thinking of
students of higher education in the conditions of teaching construction mechanics, which ensures the formation and
development of their professional competence. The characteristic properties of "clip" forms of thinking are defined and the
advantages and disadvantages of this phenomenon are established on this basis. Turning to the competence approach and
the student-centered educational paradigm proved the characteristic of the transformation of clip thinking of higher
education students as a controlled process of ensuring the quality of their training determined by a logical method of
mastering the content of the educational material thanks to modern means of digital technologies, taking into account "clip"
perception.

Keywords: educational process, construction mechanics, professional competence, thinking, educational tools,
digital technologies, transformation of clip thinking of students of higher education.

Information technologies in the educational process of higher education institutions, on the
one hand, allow you to manage the educational and cognitive activities of applicants for higher
education, but also require purposeful educational, methodological, information technology and
organizational and managerial support. The growth in the content of educational information
Forces research and teaching staff to change the style, methods of receiving, accumulating,
processing and transmitting it. This determines the need to prevent overload of higher nervous
activity. As a result, the perception of information becomes fragmentary or mosaic, «clip». For
the first time, the term «clip» thinking (English clip — segment) was used by the English
futurologist A. Toffler [24] as a characteristic of fragmentary information acquisition. It is
precisely such features of the presentation of the material, in his opinion, that form fragmentary
and superficial knowledge. In our opinion, the problem of clip perception is that applicants for
higher education, in the process of obtaining information, operate with fixed «clips» (images),
which do not fully allow logical thinking and build cause-and-effect relationships between
phenomena, processes and events.

In the scientific works, there are papers by H. Korchova [12], Yu. Krasylnyk [13],
M. Litvinova [14], which are devoted to the peculiarities of implementing technologies that are
directly aimed at taking into account the «clipping» nature of perception of educational
information by higher education students.

Problem statement. Regarding the theory and practice of training construction professionals,
scientific developments are carried out mainly in the field of using creolized texts (the result of
combining elements belonging to different semiotic systems - verbal and non-verbal (so-called
iconic), which include illustrations (photos and drawings), various in nature - artistic, decorative,
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cognitive, etc., as well as schemes, tables, diagrams, formulas, symbolic images, etc.) in the
educational process as a means of adapting textual educational information to the specificity of the
«clipping» thinking of modern youth. However, «clipping» thinking, as defined above, can also be
a certain obstacle in the professional competence training of professionals.

Analysis of recent research and publications. The conceptual basis for the development of
the stated problem is laid down and developed in the scientific research of many scientists. The
problem of philosophical and cultural interpretation of the essence of clipping consciousness is
devoted to the works of L. Rosen [21], L. Palladino [15], Ya. Chaplak, H. Chuyko [4], A. Toffler
[24], and others. N. Carr [3] focuses on the analysis of the impact of modern telecommunications
networks on mental processes. Ya. Chaplak and H. Chuyko [4] concentrate their attention on the
phenomenon of clipping thinking and clipping fragmentation of the information flow in the
Internet space as a precondition for social-psychological influence on personality and society. The
most numerous studies concern the study of the manifestations of clipping perception, thinking,
and behavior in the field of education (H. Bakhtina [2], H. Gich [6], T. Udovitska [25]). The
comparison of the phenomenon of clip thinking with types of thinking such as NET-thinking,
virtual-network thinking, as addressed by O. Panina [18], V.Pyrog [20], M. Smulson, Yu.
Lototska, M. Nazar, P. Dityuk, I. Kovalenko-Kobylianska [8], and others.

Regarding the term «transformationy in the context of educational science and psychological
processes, we agree with the view of N. Pobirchenko [19] that it is a creative process of
transferring essential features of innovative achievements of a particular education profile to
another education profile in order to combine them. It is a managed process of improving the
quality of the educational process in terms of students perception of the educational material
content using modern visualization tools, taking into account clip thinking. According to O.
Glushko [7], the concept of «transformation» includes a fundamental, structural, long-term, and
qualitative transformation of the education system with the introduction of innovations.
However, despite the deep analysis provided in scientific papers by researchers on the
advantages and disadvantages of clip thinking, the problem of transforming «clip» thinking of
future students of higher education using information technology remains insufficiently
disclosed in the educational process of higher education institutions.

The purpose of the article is to identify the leading characteristics of «clip» thinking and
approaches to transforming «clip» thinking of future students of higher education using
information technology.

Presentation of the main research material. H. Korchova [12] reveals the main
characteristics of clip thinking, identifies the main features of its carriers, proposes specific
pedagogical technologies, methods, and teaching techniques aimed at overcoming the negative
aspects of clip thinking and taking into account its determinants - the constant increase in
information received, the growth of information speed, diversity and accessibility of
information, and increased multitasking. The researcher draws a parallel between «clip» and
visual thinking and considers these types of thinking to be similar. Therefore, the characteristic
feature of «clip» thinking is its imagery; an increased emotional component in motivational and
regulatory mechanisms that directly block the need for new knowledge; formal-dynamic
individual characteristics (speed, energy, and variability) that greatly simplify the perception
and processing of significant volumes of modern information flow.

T. Udovytstka [25], analyzing the phenomenon of clip thinking as a form of perception of the
surrounding environment by modern youth in a diverse, mosaic, and fragmented form, argues
that in the classical sense, a student's consciousness implies the presence of internal integrity
and a certain intellectual structure - an intellectual scheme that corresponds to how information
about the surrounding world and oneself is perceived, processed, and stored. According to the
scientist, the destructive effect of the «clip» as a part of a whole lies in the fact that such a small
fragmentary object, limited by frames, does not contribute to the formation of a holistic picture
of the world for modern students. But at the same time, the author asserts that the presence of
«clip thinking» in modern students cannot be denied, and therefore, the above-mentioned way
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of mastering the surrounding reality and the «clip consciousness» formed on its basis are
realities that characterize modern students.

Based on the analysis of psychological and scientific-methodical literature by Y. Solona
[23], a whole spectrum of leading characteristics of «clippiness» of thinking is identified.
Among them are: a decrease in the level of basic logical operations (analysis, synthesis,
comparison, generalization, and classification); preference for visual (figurative) information;
high speed of perception and superficial processing of information; deficit of attention and
concentration; fragmentary and mosaic pictures of the world; loss of desire for knowledge;
decreased need and ability for productive activity.

M. Litvinova [14] has proposed various methods, forms, and techniques for organizing
productive activity of students during learning: visualization of educational information, project-
game techniques using metaphorical-associative cards; frequent changes in types of activities and
information sources; creation of a central image of a phenomenon or concept being studied;
creation of an educational product new for those who are learning. O. Kornuta, T. Pryhorovska, N.
Potiomkina [11] consider practical aspects of implementing the phenomenon of «clippiness» of
thinking in teaching methodology using lecture classes as an example.

We agree that it is impossible to imagine a modern learning environment without a
combination of classic classroom and virtual artificially created environments, just as one
cannot imagine modern distance learning without Moodle, Teams, Zoom, Skype, Google
Classroom, Google Meet, virtual tools (Google Glass, HoloLens, etc.). The result of such a
combination is an educational environment characterized by the concept of a «synthetic
learning environment» and has become a part of modern educational terminology.

Analyzing the trends in the construction and use of «synthetic learning environments» O.
Burova, S. Litvinova, and O. Pinchuk [17] point to significant prospects for expanding the
application of synthetic environments in education, particularly due to the development of
educational tools based on IT technologies and experience in using multimedia tools and
technologies. In the context of the student-centered educational paradigm, the idea of the scientists
is that the transformation of the personality of the modern student as a bearer (acquirer) of
knowledge into a synthesizing component of the educational process, when cognitive needs and
abilities develop through the perception and processing of information from both external worlds
(real physical and synthetic information), as well as the internal (biological) «world», can be
harmonized by choosing an individual educational trajectory and necessary learning resources,
taking into account the personality of the higher education acquirer.

In particular, K. Oldrich [1] believes that pedagogy is one of the six «critical criteria» that
require attention if we want to improve the quality of the synthetic environment. According to
the scholar, the main pedagogical elements in a synthetic learning environment should include:
providing sufficient reference information/resources embedded in the simulation; preparation of
learning settings; diagnostic interactions; cooperation; dynamic and context-sensitive
assistance; embedded reflective strategies; work experience; and student-controlled experience.

Teachers' awareness of socio-state requirements for the quality of professional training of
future students of higher education enables the development and effective implementation of
modern educational technologies, best management practices, and research findings to form and
develop self-sufficient individuals capable of creative professional activity. Thus, Y. Krasylnykom
[13] substantiates the psycho-pedagogical principles and technologies for developing visualization
skills of educational information among future vocational education teachers in higher education
institutions. He establishes the concept of visualizing educational information as a specific way of
achieving didactic goals that determines the nature of the visual model of objects and processes
under study, means of visualization, methodological and technological constructs of their
application, and the specificity of didactic activity of the teacher in accordance with the individual
psychological characteristics of the higher education student and the need to activate their
educational and cognitive activity for the perception, understanding of educational information
and formation of certain competencies based on it. The researcher characterizes the ability of
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future vocational education teachers to visualize educational information, which embodies their
psychological, technical, technological qualities, and didactic competencies, namely: the ability to
present educational information, its transformation and technologization of educational activities.
The author has established that information and communication technologies enable the activation
of the educational and cognitive activities of higher education learners by enhancing the visual
representation of instructional information and combining logical and pictorial ways of learning.
The technology for developing the visualization skills of future vocational education teachers,
developed by Y. Krasylnyk, consists of several components: a conceptual foundation
(methodological and theoretical-methodological principles of visualization; goals, objectives,
scientific approaches, and principles that determine the technological aspects of visualizing
instructional information), educational process participants (methodology of selecting productive
forms, methods, and tools that are adequate to the conditions of subjectivization of the
visualization process; organization of educational interaction in the system "teachers-higher
education learners-developers of educational information resources-methodological service
workers-higher education institution managers"), and the technological process of visualizing
instructional information (selection of productive forms, methods, and means of teaching, as well
as the corresponding forms, methods, means, and techniques of visualizing instructional
information; designing models of visual instructional information in various types of educational
activities that are implemented in the conditions of information technology and supplemented by
the students' work according to individual educational trajectories and interactive teaching
methods).

H. Korchova [12] identifies teaching methods and techniques that have proven themselves in
teaching practice: project-based learning; «flipped classroomy»; discussions; brainstorming;
debates; forums; round tables; seminar-discussions (group discussion); case method (situational
analysis); mind maps, mental cards (mindmapping); idea basket; visualization schemes;
synqueines; «Fishbone» or «Fish skeleton» technique; working with historical sources with an
emphasis on visual sources (drawings, posters, photographs, maps, film documents). She also
draws attention to educational technologies that are most successful for learners with clip thinking.
In particular, web quests as a problem task with elements of role-playing, when using information
resources of the Internet; sketching technology — creating small drawings that make the lecture or
presentation more understandable, while all the lecture material is placed on one sheet (colored
markers, markers or pencils are needed, and for video scribing — a computer (gadget), camera and
video editing programs); infographics, the essence of which is to visualize data or ideas in order to
convey complex information to the audience quickly; the best way to create infographics is to
break the audience into microgroups, each of which has time to study the information;
gamification as a technology closely related to the use of gaming forms and teaching methods.

In our opinion, a positive trend is the focus of scientists on analyzing the problem of
insufficient humanization in the education of higher education seekers in technical specialties.
In particular, O. Kornilov [10] considers the process of teaching the discipline «Strength of
Materials» from the perspective of its humanization potential. The researcher believes that in
the process of mastering the content of this discipline, it is not enough to rely solely on sensory
perception of external objects, i.e. simple, direct perceptions of the external world. Rather,
students require a fairly high level of apperception. An effective means of enhancing
apperception can be the teacher's use of images from literature and the introduction of a
figurative (image-based) component of thinking. We agree with this statement because the
processes of word and image perception and their processing by both hemispheres of the brain
occur differently. «Left-brain» thinking is analytical and discrete, while «right-brain» thinking
is spatial, synthetic, and capable of instantly grasping numerous object properties. Depending
on the conditions of a person's psychological-intellectual development, there may be a relative
dominance of left or right-brain thinking, which largely determines the characteristics of the
subject's psychological cognitive processes in learning. The use of figurative and aesthetic
components to increase the productivity of learning material acquisition is justified during
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various types of educational activities. For example, the emotional and aesthetic coloring of the
lecture content will contribute to its retention in the student's long-term memory. As an
illustration, conducting a laboratory practical on determining the magnitude of normal stresses
during off-center tension (compression) is an important element of the process for technical and
construction specialties. At the State Biotechnology University (Kharkiv), during a laboratory
experiment [22], students are offered to experimentally determine the magnitude of normal
stresses in the transverse section of a bar (Fig. 1).

(@) (b)

Fig. 1. Sample of a rod used in the laboratory work "Off-center tension (compression)": sketch of the rod (a), cross
section and normal stress diagram (b), external view of the sample with the sensor switch (c)

In the conditions of remote learning, the use of modern finite element analysis systems,
particularly ANSYS, has proven to be effective in completing this laboratory work. The
computer modeling of the bar in ANSYS WORKBENCH is shown in Fig. 2.

180,00 frirnd

(a) (b)
Fig. 2. A model of the rod for performing the laboratory work «Off-center tension (compression)» in ANSY'S
WORKBENCH: general view (a), normal stresses in a cross section (b)

However, in our opinion, the optimal approach for laboratory work is to combine real and
digital objects, which allows students to better understand the content. Therefore, an improved
learning environment should include updated educational material, new methods of self-
assessment, and video clips with detailed instructions for each practical session, which
significantly improves learning outcomes [5]. By scientists of the Kyiv National University of
Construction and Architecture [26], to indicate the importance of the problem of modernization
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of the operational and activity component of educational activity, further scientific development
of theoretical and technological components of technical educational disciplines in the
institution of higher education of the construction profile, determinists, which define
peculiarities of their teaching methods, clarified approaches on the formation of the content of
education, oriented on the priority of personaloriented learning and competence-based
approach. Recommendations for improvement of the basic types of training in lecture, practical,
and laboratory classes have been developed. The content of the stages of implementation of the
technique of teaching technical disciplines in the institution of higher education of the
construction profile is determined.

An analysis of the psychological and pedagogical literature on innovative approaches in the
training of construction professionals and innovative educational practices has allowed us to
identify a range of information technology tools in the context of taking into account and
transforming the «clip-thinking» of students. The Department of Vocational Education at the
Kyiv National University of Construction and Architecture actively uses a wide range of
electronic systems to create an interactive educational environment during teaching sessions.
The most popular of these is the Moodle e-learning platform [16]. Moodle (Modular Object-
Oriented Dynamic Learning Environment) is a free learning management system distributed
under the GNU General Public License. The platform is popular because it has undergone
multiple modifications and has been supplemented with new solutions and tools. The Moodle
system meets the main criteria for e-learning systems. In the system, it is possible to create and
store electronic educational materials and set the sequence for their study. Thanks to the fact
that access to Moodle is via the Internet or other networks, higher education students are not
tied to a specific location and time and can choose their own pace for learning the material.
Considering this, it should be noted that the Moodle system can be used not only for organizing
distance learning, but also for supporting traditional classroom learning.

Organizing the educational process in a qualitative and effective manner can also be
achieved by creating a virtual classroom in Classroom [9], uploading and storing documents on
the virtual Disk (text, table, presentation, forms, tests), posting prepared materials in a private
file repository with integrated editing tools. In addition to the ability to receive and exchange
information, these resources allow for working and learning online. Another advantage of this
resource is the ability to edit files simultaneously by multiple participants in real-time, conduct
webinars, meetings, consultations, and create distance courses, provide educational
consultations, and post materials for self-education.

At the Kyiv National University of Construction and Architecture, the most popular platform
in Office 365 is Microsoft Teams, a hub for teamwork that integrates users, content, and tools
necessary for more efficient work. The application brings everything together in a shared
workspace that includes chat for meetings, file sharing, and corporate programs. The
application is useful for higher education students as it allows them to work on Android, iOS,
Windows, and Phone platforms.

One of the tools that is most adapted for learning and convenient to use is the Zoom
program. This program has gained widespread use since the beginning of the COVID-19
pandemic caused by the SARS-CoV-2019 coronavirus and the war in Ukraine. Zoom allows for
the quick planning and organization of online classes and webinars. Additionally, the program
allows for demonstrations of materials on the PC desktop; recording of classes with student
participation and personal inquiries; and the organization of public and private chats for
messaging and exchanging materials. Therefore, the latest IT technologies increase students'
interest in learning, activate cognitive activity, develop creative potential, and allow for the
effective organization of personalized, collective, and group activities during classes,
independent work, and the improvement of practical skills. Computers, the Internet, and modern
audio-visual teaching tools make the learning process creative and exploratory, enabling the use
of multimedia presentations, animated videos, and interactive equipment (SMART Board
interactive whiteboards, Sympodium interactive displays), and more.
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Conclusions. Thus, there is a tendency towards the dominance of «clip thinking» among
students, characterized by certain properties, the main ones being visualization (imagery) of
information; high speed of perception and superficial processing of information; deficit of
attention and concentration; fragmentariness and mosaic nature of worldviews; loss of desire for
knowledge; reduced need and ability for productive activity. These properties can be
transformed through the appropriate construction of educational organization, including through
the use of information technology, towards logical presentation of educational material;
alignment of education with practical goals; implementation of education technologies aimed at
educational interaction (use of electronic discussions (forums), email, conferences, etc.);
ensuring an individual approach to organizing the educational and cognitive activity of students
taking into account their motivations, needs and abilities; variability in the selection of IT
learning technologies and their combination. Among the ways of organizing this process, one
can highlight the activation of the learning process by involving problem-search, research
approaches in teaching; scientific content of teaching; providing the opportunity to build all
types of activity on scientifically substantiated principles.

The results of the research can be used for the creation and improvement of didactic
technologies and methods, as well as optimization of the content of educational disciplines
using information technology in the training of construction professionals in a higher education
institution in the field of construction.
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Yepnuwes /.0., [louka K.I., Kopuosa I''JI., Kpacunvnuk FO.C., Pyoenko M.B.
JUIAKTUYHI ACHEKTH TPAHC®OPMAIIII KJIIIMOBOIO MUCJEHHS B KOHTEKCTI
BUKJIAJTAHHS BYAIBEJIbHOI MEXAHIKHA

AKTyanbHICTh npobiemMu TpaHcdopmallil KIimoBOro MUCIEHHS 3400yBayiB BUIOI OCBITH B yMOBaX BHKJIAIaHHS
OyniBesibHOT MeXaHiKH Ta {1 BUPILICHHS 3 ypaxyBaHHAM AUAAKTHYHUX MOXKJIMBOCTEH OCBITHIX Ta LU(POBUX TEXHOJIOTIH
€ 0e33anepeyHol0 3 OriAy Ha AWHAMIKY 3pOCTaHHS o0cAry HaBuasibHOI iH(opMmarii, 1o Bumarae Bix Cy0’eKTiB
OCBITHBOI'O TIPOLIECY THYYKOTO aJaNTyBaHHS HAYKOBUX IIJXOZiB, TEXHOJOIiH BHUKJIAJAHHS, CIOCOOIB MMCICHHS 10
CY4acCHHX OCBITHIX moTpe0. BusHaueHo, 1110 KIIINOBE MHUCICHHS, SIKE XapaKTE€PU3YEThCS LMIBUAKICTIO Ta MOBEPXHEBUM
oOMipKoBYBaHHAM iH(popMalii, aepinuTomM yBaru Ta T KOHLEHTpawil, parMeHTapHICTIO Ta MO3aIYHICTIO KapTUHH
CBITY, BTPaTOI0 Oa)KaHHS /10 Mi3HAHHS, 3HIKEHOIO MOTPe0OI0 Ta 3[ATHICTIO O MPOAYKTUBHOI JIisUIBHOCTI, MOXKE OyTH
SK TNepeBarol, Tak 1 HENOJNIKOM B yMoBaxX HM(QPOBOI €MOXH, CYy4aCHMX CHCTEMHHMX BHUMOI I[OAO IiATOTOBKH
npodecionaniB i3 cHopMOBAHO CHCTEMOIO LIHHICHMX Opi€HTallil, IHHOBAI[IHHOrO MHCIEHHS, KYJIbTYPOIO
Mi3HaBaJIbHOI AisIbHOCTI. BeTaHOBIIEHO, 110 CyTHICTD TpaHchopMallii KIimoBOro MUCJICHHS 3/100yBayiB BUIOI OCBITH B
KOHTEKCTI BUKJIaaHHs Oy 1iBeJIbHOI MEXaHIKH MOJIsArae B iIHTErpyBaHHI OCBITHIX iHHOBAIIT 3 METOIO MiZBUIIEHHS SKOCTI
HaBYAHHS TA BUKJIQJAHHSA, PO3BUTKY KPUTHYHOIO MHCIICHHS CTYJCHTIB, 3MiH y croco0ax crnpuiMaHHS Ta 00poOKM
iHpopmarii. 3’scoBaHO, 110 JUJAKTUYHI MEXaHi3MH TpaHc(opMalil KiIinoBOro MUCICHHS — e()eKTUBHE BUKOPHCTAHHS
AHAJITHKK JaHKX, IHTEPaKTUBHI HaBuYaJIbHI MIaTGOPMHU, Bi3yallizalis AaHUX, CHUIBHI maTGopMu Ta 0OMIH JyMKamH,
aBTOMaTH3allis TpoueciB s 300py Ta OOpoOKM JaHMX, CTHMYJIIOBAaHHS KPUTHYHOIO MMCIEHHS — CIPUSIOTH
30aJ1aHCOBAaHOMY BHUKOPHCTAHHIO OCBITHIX 3aCO0IB JUIfl MOKpPAIEHHS CIPUHHATTA iH(popMmauii, pO3BUTKY KOIHITUBHOI
KOMIIETEHTHOCTI Ta CIPUSIOTh CTBOPEHHIO HABYAJIBHOTO CEPEIOBHUINA, SIKE Bi/INOBiae MOTpedaM cydacHocTi. 3po0diaeHo
BHUCHOBOK, II[0 BJIACTUBOCTI «KJIMOBOI'O MHCIECHHS» MOXHa TpaHC()OpPMyBaTH 3a yMOBH BiamoBigHOI noOynoBU
opraizarii BUB4eHHs OyaiBeIbHOI MEXaHIKM B HAIpSAMi JIOTIYHOCTI MOJAHHA HABYaJbHOrO Marepiaiy; BiIIOBIIHOCTI
HAaBYaHHA IPaKTUYHUM ILIISAM; BIPOBA/UKCHHS TEXHOJOTil HaBYaHHS CHPSAMOBAHMX HA OCBITHIO B3a€EMOJIIO;
3a0e3neueHHs iHAMBIIyaJIbHOTO MiJIX0y 10 OpraHi3allii HaByaabHO-TIi3HABaJIbHOI 1isSUIBHOCTI CTYIEHTIB.

KuarouoBi ciioBa: ocBiTHIl npouec, Oy/iBesbHA MeXaHika, mpodeciiiHa KOMIIETEHTHICTb, MUCIIEHHS, OCBITHI 3aco0wu,
1UQpOBI TEXHOJIOTH, TpaHCHOPMALLis KIiMOBOr0 MUCICHHS 3/100yBa4iB BUILOT OCBITH.
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Chernyshev D.O.,Maksimyuk Yu.V., Pochka K.I., Korchova H.L., Krasylnyk Yu.S., Rudenko M.V.
DIDACTIC ASPECTS OF THE TRANSFORMATION OF CLIP THINKING IN THE CONTEXT OF
TEACHING OF CONSTRUCTION MECHANICS

The relevance of the problem of transforming the clip-based thinking of higher education students in the conditions
of teaching construction mechanics and its solution taking into account the didactic capabilities of educational and
digital technologies is undeniable in view of the dynamics of the growth of the volume of educational information,
which requires the subjects of the educational process to flexibly adapt scientific approaches, teaching technologies ,
ways of thinking to modern educational needs. It was determined that clip thinking, which is characterized by speed and
superficial consideration of information, lack of attention and its concentration, fragmentation and mosaicism of the
world picture, loss of desire for knowledge, reduced need and ability for productive activity, can be both an advantage
and a disadvantage in the conditions of digital era, modern system requirements for the training of professionals with a
formed system of value orientations, innovative thinking, a culture of cognitive activity. It was established that the
essence of the transformation of clip thinking of higher education students in the context of teaching construction
mechanics is the integration of educational innovations with the aim of improving the quality of learning and teaching,
developing students' critical thinking, and changes in the ways of perceiving and processing information. It was found
that didactic mechanisms for the transformation of clip thinking - effective use of data analytics, interactive educational
platforms, data visualization, joint platforms and exchange of opinions, automation of processes for data collection and
processing, stimulation of critical thinking - contribute to the balanced use of educational tools to improve the
perception of information , the development of cognitive competence and contribute to the creation of an educational
environment that meets the needs of today. It was concluded that the properties of "clip thinking" can be transformed
under the condition of the appropriate construction of the organization of the study of construction mechanics in the
direction of the logical presentation of educational material; compliance of training with practical goals; implementation
of learning technologies aimed at educational interaction; ensuring an individual approach to the organization of
students' educational and cognitive activities.

Keywords: educational process, construction mechanics, professional competence, thinking, educational tools,
digital technologies, transformation of clip thinking of students of higher education.
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Yepuuwes /1.0., Ilouka K.1., Kopuosa I'JI., Kpacunenuk FO.C., Pyoenko M.B. IlupakTH4Hi acnekTn Tpancdopmauii
KJIIMOBOI0 MHUCJICHHSI B KOHTEKCTi BUK/IaJaHHs OyaiBesibHOT MexaHiku // Onip mMaTepiasiB i Teopis Copya: HayK.-
Tex. 30ipH. — Kuis: KHYBA, 2023. — Bumn. 111. - C. 3-12.

Y cmammi nasedeno y3azanvrenns OuOaKMuYHUX ACNEKMI6 GUPileHHs npodIeMu MPanc@opmayii K1inogo2o MUCiIeHH s
3000y6auie euwoi oceimu 6 ymMoeax uxkiaoaunHs OyoisenvHOi Mexauiku, wo 3abesneyye OpMy8anHs i pO3GUMOK iX
npogeciiinoi komMnemenmnocmi. Busnaueno xapaxmepui énacmueocmi «Kuinoguxy Qopm MUcieHHs ma 6cmaHoe1eHo
Ha yitl OCHOBI nepesacu mMa HeOONKU OAHO20 (heHOMeHY. 38epHeHHs 00 KOMNemeHMHICHO20 RnioXody ma
CcmyO0eHmoyeHmpo8aHoi 0ceimuboi napaouemu 3aceiOyuno Xapakmepucmuky mpaHchopmayii Kiinoeoco MucieHHs
3000y6auie 6uWOi OCBIMU AK KepoB8aHO20 npoyecy 3ade3nedeHHs AKOCMI IXHbOI ni02omosKu OemepmiHO8aHO20
JI02TYHUM CHOCOOOM 3ACBOCHHS 3MICIY HAGYANLHO20 MAMEPIANy 3a60AKU CYYACHUM 3AC00AM YUGPOBUX MeXHON02ill i3
6PAXYEAHHAM (KNINOB020Y» CIPULHAMMA.
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Chernyshev D.O., Pochka KlI., Korchova H.L. Krasylnyk Yu.S., Rudenko M.V. Didactic aspects of the
transformation of clip thinking in the context of teaching of construction mechanics // Strength of Materials and
Theory of Structures: Scientific-and-technical collected articles. — Kyiv: KNUBA, 2023. —Issue 111. —P. 3-12.

The article provides a generalization of the didactic aspects of solving the problem of transforming the clip thinking of
students of higher education in the conditions of teaching construction mechanics, which ensures the formation and
development of their professional competence. The characteristic properties of "clip” forms of thinking are defined and
the advantages and disadvantages of this phenomenon are established on this basis. Turning to the competence
approach and the student-centered educational paradigm proved the characteristic of the transformation of clip
thinking of higher education students as a controlled process of ensuring the quality of their training determined by a
logical method of mastering the content of the educational material thanks to modern means of digital technologies,
taking into account "clip" perception.

Fig. 2. Ref. 26.
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The efficiency of a vibro-impact nonlinear energy sink (VI NES), that is, a vibro-impact damper, is largely
determined by its design. The optimal damper design can be found through optimization procedures. However, the
result of their work is ambiguous, their various options show different values of the optimal damper parameters. A
thorough analysis of the obtained parameters values allow you to select the best option according to a certain criterion.
While carrying out this analysis, we observe many interesting phenomena, namely, the synergistic effect of multiple
parameters, rich complex dynamics of the VI NES, the presence of direct impacts between the damper and the main
body, the dependence of the total energy on the exciting force parameters.The analysis also allows us to formulate the
limitations of the VI NES. All these problems are reflected in this article.

Keywords: vibro-impact, primary structure, damper, nonlinear energy sink, synergistic effect.

1. Introduction

Different vibration control devices have received close attention from scientists and
engineers over the years. Passive, active and hybrid control systems have been developed.
Passive control devices andsystems are commonly less complex and do not rely on a constant
sourceof power, so they are often used. In particular, a tuned mass damper (TMD) is a
traditional and popular mechanical vibrational absorber that isoften implemented in high-rise
buildings and towers [1,2]. In recent decades, the world scientific literature discusses fairly new
passive vibration control device — nonlinear energy sink — NES [3,4]. A damper of small mass
is coupled with the main body — the primary structure — by essentially nonlinear connection.
This is its principal difference from TMD, where this connection is linear.However, a NES
needs to be tuned like a TMD, that is, its parameters should be selected in such a way as to
ensure the best mitigation of the primary structure vibrations. Modern computers and software
make it possible to analyze the dynamic behavior of nonlinear systems and observe many
nonlinear phenomena. So, we can study the motion of the system “primary structure — NES”
with different dampers and choice an optimal NES design.

In modern world scientific literature, many works describe analytical, numerical and
experimental investigations of NES. It is believed that these devices will be used to attenuate
vibrations, in particular, in high-rise buildings and towers under the action of impulse, wind and
even seismic loads.Numerous works on this topic demonstrate the active development of NES
researches in recent years. There are comprehensive reviews of state-of-the-art researches on
NESs [5-8], monographs [9,10], dissertations [4,11] and many articles on this problem [12-
15].Various types of NESs with the nonlinear connections of different types are studied. The
restoring forces generated by these bonds may be smooth and non-smooth; they are
discontinuous for vibro-impact NES — VI NES. A damper of this NES type repeatedly hits one
or two constraints; the restoring force is discontinuous due these impacts; the “primary structure
— NES” system is strongly nonlinear. The dynamic behavior of strongly nonlinear system is
very sensitive to both the initial conditions and the parameters of the external load and the
system itself. Therefore, the damper parameters need to be optimized in order to choose the
optimal damper design to ensure its most effective operation [16]. Perhaps, the optimization
mechanisms are not the same for different excitations. The author [11] emphasizes that a

© Lizunov P.P., Pogorelova O.S., Postnikova T.G.
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feasible and precise design of VI NES to control vibrations of nonlinear systems will be
difficult, despite the fact that preliminary experimental results demonstrate good reduction of
velocity and, therefore, the effectiveness of energy reduction. The“impact rule” accepted in this
investigation, that is, the impact simulation with nonlinear Hertz’s contact force according to
his quasi-static contact theory makes it possible to optimize also the elastic properties of the
contacting surfaces using Young’s moduli of elasticity and Poisson’s ratios.

In this paper, we continue the study of the SSVI NES dynamic behavior, started in our
previous papers [17-20].We analyze the feasibility of choosing the optimal damper design using
various optimization procedures. Different optimization procedures show different results,
which should be carefully checked and analyzed; the best option should be chosen among them.
Since the optimization procedures do not give an univocal answer, choosing the optimal design
becomes quite complex and requires a selection criterion. All options proposed by the
optimization procedures clearly demonstrate the limitations of the VI NES. When considering
the results of optimization procedures, the synergistic effect of multiple parameters is
observed.Optimizingsevendamper parameters instead of two improves the damper efficiency
and “calms” its complex dynamics, providing regular periodic motions instead of irregular
regimes.

Thus, the goals of this paper are:

e comparethe results of various optimization procedures and select the best among them
according to a certain criterion;

e show the dynamics of VI NES with an optimal design;

e show the limitations of VI NES;

o demonstrate the synergistic effect of multiple parameters optimization.

2. Brief model description

Since this article continues the studies of VI NES, which were begun in our previous works
[17-20], the mathematical model of the vibro-impact system under consideration was described
in details in these works. Therefore, we will give its brief description that is necessary for
understanding this text. The calculation scheme of two-body 2-DOF vibro-impact system
(Fig.1) corresponds to the conceptual scheme of single-sided vibro-impact nonlinear energy
sink (SSVINES) [4, 17].

F(@) %X
!
5 Cr
T Primary = n
=1000 k.
ﬂ\f\f 1| structure m, VI damper 051 2N
Ny W m (239510 N
3 = s'm
ki i 452N
2 | The parameters of the primary
(@] O structure, which are set and cannot
¥ be changed
= D
X C P=800 N

Fig. 1. Calculation scheme of SSVI NES

The damper mass m, should be muchless than the primary structure mass m;, up to 1%.The
connecting springs with stiffness k| and k; are linear. The base, along which the damper moves
without friction, is rigidly connected to the primary structure and has a barrier at its right
end.The nonlinearity and discontinuity of this system are created by the damper impacts on an
obstacle and, as studies have shown, by the presence of collisions between bodies.The initial
distance between the bodies is equal to D; the distance to the right movable wall is C; their
difference defines the clearance, which is (C-D).
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The motion equations for this system are as follows:

myX) + Xy +kyx = ¢y (X = %))~k (X —x; = D)= F (t) = H (2) F,p,, (2) + H () Fp, (21),

myXy +¢5 (¥ = X1) + ks (% =X = D) =+H (2) F,,,, (2) = H (2)) F,p, (21)- (1)
The initial conditions are: at =0 we have
X (0) = 0, Xy (0) = D, .xl (0) = 0, x2 (0) = 0, ¢y = 0. (2)

Theexcitingforce is harmonic F (7) = Pcos(wt +¢,) with period 7 =2n/w. In the future,
we plan to study the dynamic behavior of the SSVI NES under action of impulsive, in
particular, blast force. H(z) is the Heaviside step function,which “actuates” the impact contact
force F(z) that acts only during an impact.It is this force that simulates an impact. We consider

it as nonlinear and write it in accordance with Hertz’s contact quasi-static theory [21].Since the
damper hits both the primary structure directly and an obstacle,the contact forces are different
for these impacts. The contact force at impact between the bodies has the following form:

Fop(D) = KO, k=445 12V 5, 1w 3)
con ’ 3 (81 +82) A+ B s ElTC 2 EzTC
The contact force at impact on the right obstacle has the same form:
1-v3 1-v3
F. (z) =K [z (% K =4 el 5= V3 5, =V 4
con( 1) 1[ 1( )] 1 3 (53+84)m 3 E3TE 4 E47T, ( )

Here vy,v,,v3,v, are Poisson’s ratios; E,E,,E;,E, are Young’s moduli of elasticity for
fourth colliding surfaces; A4,A4,B,B,,q,q; are constants characterizing the contact zones

geometry. The absorber surfaces, both left and right, are assumed to be spherical with large
radii R and R, (for example, R=R,= 1 m); the contact surfaces of the primary structure and the

right obstacle are flat. Then A=B=1/2R, 4 =B =1/2R, (4=4,=B=B;=0.5m™);
g =¢, =0.319 as in the collision of a plane and a sphere. It is the moduli of elasticity and

Poisson’s ratios that characterize the elastic properties of the colliding surfaces. Therefore, the
analysis of their values should allow us to see the influence on the system dynamics in more
detail than the analysis of the restitution coefficient. The variables z and z; are the colliding

bodies rapprochement upon impact, since the Hertz’s theory allows local deformations in the
contact zone.

A direct damper impact on the primary structure occurs when x >x,; z=x-x,. A
damper impact on an obstacle occurs when x, =x +C; z; =x, —x; - C.

3.Results and discussion

3.1. First version of the optimization procedure

The scientific literature recommends fulfilling the optimization procedures to provide such
NES design that will ensure its maximum efficiency in mitigation of the primary structure
vibrations. Our computational experience confirms the importance of this recommendation
[Hammm crateu]. However, the optimization procedures performed in different ways produce
different results, which need to be analyzed in order to choose the best one among them.

We carried out the optimization procedures in two versions using the fmincon and
fminsearch programs of the MatLab platform and compared their results. In both versions, the
optimization was performed in three stages. At the first stage, three or two damper parameters
were optimized. In the second and third stages, four or five more parameters were optimized, so
a total of 7 parameters were optimized.

In the first version of the optimization procedure, at the first stage three parameters were
optimized: the damper mass m,, its stiffness k,, and the distance to the obstacle C, which
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determines the clearance. In the second and third stages, the damping coefficient c, , the initial
distance between the primary structure and the damper D, and Young’s moduli of elasticity for
the colliding surfaces £, and E, were optimized. They are shown in burgundy in the second

rows in (5). In this way, the following two complete sets parameters were defined for two
damper variants:

my =22.68 kg, k,=2481 N'm”', C=0.0683 m,

¢, ==41.4 N'sm’', D=0.046 m, E,=2.26'10'N'm”, E,;=2.18'10’ N'm?,

my =37.88 kg, k= 414.6 N'm”', C=0.0747 m, (5)
¢, =279 N'sm”, D=0.057 m, E,=2.21"10'N'm?, E,=2.0510"N'm*.
The comparison of the dynamic behavior of the vibro-impact system with the dampers with 3
and 7 optimized parameters demonstrates the synergistic effect of the multiple parameters. The
damper efficiency changes little, but the dynamic behavior is completely different. Table 1

shows this difference depending on the exciting force frequency.
Table 1

Regimes implemented in a system with dampers with different numbers of optimized
parameters depending on the exciting force frequency at P=800 N

o, rad-s” | 6.2 6.3 6.4 6.5 6.7 7.0
m;=22.7 kg
with 3 Chaotic; Chaotic; Chaotic;
optimized Chaotic Intermit- intermit- intermit- T,1,2 T,0,2
parameters tency tency tency
with 7
optimized Chaotic Chaotic 4738, 8 T,1,2 T,1,2 T,1,2
parameters
m,=37.9 kg
with 3 Intermit-
optimized tenc Chaotic Chaotic Chaotic T,2,2 Chaotic
parameters y
with 7 Transient Transient Transient
optimized chaos: .33 Chaotic chaos: T.2.3 Chaotic chaos; 7,22 Chaotic
parameters

Following the logic of [22], we use the notation nT,k,m, which defines the regime of
periodicity nT (where T is the exciting force period) with k impacts between the damper and the
primary structure and m impacts of the damper on an obstacle. The Table clearly shows a rich
complex dynamics that is realized in a vibro-impact system consisting of a primary structure
coupled to a NES. Indeed, in [8], the authors note this phenomenon as one of the VI NES
disadvantages: ”One disadvantage of VI NESs is that coupling it with a primary structures leads
to very complex nonlinear dynamics that is difficult to analyze analytically without making
several simplifications”. The Table also shows the presence of the direct damper impacts on the
primary structure in all realized modes.

Fig. 2 and Fig. 3 show the characteristics of the complex modes that occur in a vibro-impact
system with these two dampers with 7 optimized parameters at an exciting force frequency
close to the resonant one ©=6.2 rad*s". The presence of direct impacts between the VI NES and
the primary structure is very clearly visible.

Fig. 2 shows the picture that is typical for the chaotic movement. In particular, a ball of the
phase trajectories in Fig. 2 (d) and a smear of the Poincaré map in Fig. 2 (b), (c) confirm its
chaoticity. The contact forces in Fig. 2 (b) significantly exceed the exciting force. Fig. 2 (c) of
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the relative damper displacements clearly shows the direct damper impacts on the primary
structure at (x,-x;) = 0 and on an obstacle at (x,-x;) = C = 0.0683 m.
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Fig. 2.The characteristics of chaotic regime for the system with a damper of mass m,=22.7 kg with 7 optimized
parameters at the exciting force frequency ® = 6.2 rad's.(a) Contact forces during damper impacts on the primary
structure directly. (b) Contact forces when the damper hits both the primary structure directly in blue and an obstacle in
green over a narrower exciting force range. (c) The relative damper displacements. (d) Phase trajectories with Poincaré
map in red for the damper. (¢) The Poincaré map for the damper

Fig. 3 shows a typical form of transient chaos, when chaotic motion abruptly turns into the
periodic one for the same values of all parameters. Fig. 3 presents the movement characteristics
in both phases — in chaotic and in periodic 7,3,3.

Fig.3 (c) on the right panel clearly shows 3 direct damper impacts on the primary structure at
(x2-x1) = 0 and 3 damper impacts on an obstacle at (x,-x;) = C = 0.0747 m. The phase trajectory
in the form of a closed curve and one point of the Poincaré map on the right panel in Fig. 3 (d)
correspond to 7-periodic motion. 6 jumps of damper velocity in this figure occur in 6 its
impacts per cycle - 3 on the primary structure and 3 on an obstacle.

3.2. Second version of the optimization procedure

The second version of the optimization procedure differs from the first version in the
exciting force frequency for which the objective function was calculated. In the first version,
this frequency was far from the resonant one ®=7.23 rad's”. On the contrary, in the second
version it is almost resonant one ®=6.3 rad's”. At the first stage of the second optimization
procedure version, two damper parameters were optimized: its mass m, and stiffness k,. The
remaining five parameters were optimized in the second and third stages. The two complete sets
of parameters for the two dampers are as follows:

my=39.67 kg, k,=1550.7 N'm™,
C=0.1244 m, c,=643.6 N'sm™', D =0.1002 m, E,=2.20510"N'm~, E,=2.047-10"N'm?,

my=62.02 kg, k= 198.24 N'm™,
C =0.0498 m, ¢,=538.8 N's'm™', D =0.000001 m, E,=2.20510"N'm?, E,=2.047-10'N'm~.
These parameters are very different from the previous ones. Firstly, the dampers masses m,
are larger. The scientific literature recommends that the NES mass be of 1% of the primary
structure mass. In the first version of the optimization procedure, the minimum damper mass
was determined to be 2%, in the second version — 4 %. Secondly, the remaining parameters —
the damper stiffness k,, the damping coefficient c,, the distances D and C, which define the
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clearance, vary greatly even for close damper masses m,= 37.88 kg and 39.67 kg. Here again,
the dynamic behavior of a system with dampers with two and seven optimized parameters is
also very different that demonstrates the synergistic effect of the multiple parameters. Table 2

demonstrates the manifestation of the synergistic effect in a strong change in the implemented
motion regimes.

Foou-N ¢
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Fig. 3. The characteristics of transient chaos turning into periodic 7,3,3 for the system with a damper of mass m,=37.9
kg with 7 optimized parameters at the exciting force frequency ® = 6.2 rad's™. (a) Contact forces during damper
impacts on the primary structure directly. (b) Contact forces when the damper hits both the primary structure directly in
blue and an obstacle in green over a narrower exciting force range. (c) The relative damper displacements. (d) Phase
trajectories with Poincaré map in red for the damper
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Table 2
Regimes implemented in a system with dampers with different numbers of optimized
parameters depending on the exciting force frequency at P=800 N

o, rad-s’ | 6.2 6.3 6.4 6.5 6.7 7.0
m;=39.7 kg
with 2 optimized T.3.3 Transient chaos; 7,2,4 723 Chaotic Chaotic  7,1,2
parameters
with 7 optimized T.12 T12 T,0.2 T,0,1 T,0,1 T,0,1
parameters
m;=62.0 kg
with 2 optimized Chaotic Chaotic Chaotic Transient chaos; 7,2,2  Chaotic ~ Chaotic
parameters
with 7 optimized Chatter T33 Chatter T2.2 T,2,2 T,2,1
parameters

For these dampers with 7 optimized parameters, the system movement is “calmed down”;
irregular modes are replaced by regular periodic regimes. For the damper m,=39.7 kg, we see
the modes without direct damper impacts on the primary structure. Thus, different optimization
procedures produce different damper parameters, so analysis is necessary to define, which
variant is the most effective.

3.3. Selecting the optimal damper parameters

A logical question arises: which of these four options, determined by the optimization
procedures, is preferable? Which option provides the best damper performance?

Let us compare the efficiency of four damper variants with 7 optimized parameters, that is,
let us see how they attenuate the primary structure energy.

1600 +
r without damper
1200 |
— L
g C
= 800 +
B i
400 +
04— — e
54 5.9 6.4 6.9 ®,rad-s™!

Fig. 4. The maximum total energy of the primary structure coupled with different SSVI NES depending on the exciting
force frequency

Fig. 4 shows that all dampers shift the resonant peak of the maximum total energy of the
primary structure to the left towards the low exciting force frequencies. Only a damper with a
mass of m,=39.7 kg (green curve) significantly reduces it; a damper with a mass of m,=62.0 kg
(lilac curve) reduces it a little. The energy mitigation occurs at fairly high frequencies. At low
frequencies, the primary structure energy not only does not attenuate, but, on the contrary,
increases. We believe that from these 4 variants proposed by the optimization procedures, it is
worth choosing a damper of mass m,= 39.7 kg (green curve in Fig.4). Firstly, it reduces the
energy resonant peak quite well, better than other dampers. Secondly, it attenuates the primary
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structure energy at high frequencies also better than other dampers. Thirdly, it ensures regular
periodic motion over a wide frequency range, as shown in Table 2. Its mass is 4% of the
primary structure mass. It is worth noting that at high frequencies a damper with mass m,= 62.0
kg mitigates the energy better. However, it is too heavy (its mass has 6% of the primary
structure mass) and provides a high resonant peak. Table 3 shows the attenuation of the
maximum total energy of the primary structure coupled with the dampers of mass m,= 39.7 kg
and mass m,= 62.0 kg.

Table 3
Attenuation of the maximum total energy of the primary structure coupled with the dampers of

masses m,= 39.7 kg and my= 62.0 kg, depending on the exciting force frequency

o rad-s’ 6.2 6.3 6.4 6.5 6.7 7.0
Ejmaxwane % for m,=39.7 kg 13.7 44.1 50.8 49.0 41.2 31.4
Eimaxwane % for m,=62.0 kg 20.1 54.2 61.9 61.4 53.9 42.5

As Table 2 shows, a vibro-impact system with damper of mass m,=39.7 kg performs the
regular periodic motion even without direct damper impacts on the primary structure at higher
exciting force frequencies. Fig. 5 shows the movement characteristics of the 7,1,2 regime at the
same exciting force frequency o = 6.2 rad-s™.

me'{
| |

FN

3,2E+03

1.2E+03

-8 0E+H025

(b)

(8]
I

Fig.5. The characteristics of the periodic regime 7,1,2
for the system with a damper of mass m,= 39.7 kg with
7 optimized parameters at the exciting force frequency
® = 6.2 rad's’. (a) The damper relative displacements.
(b) The contact forces during damper impacts against
the primary structure in blue and against an obstacle in
B L L Xm green. (c) The phase trajectory with Poincaré map in red
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The relative damper displacements in Fig. 5 (a) show one direct impact between the damper
and the primary structure at (x,-x;) = 0 and two damper impacts on an obstacle at (x,-x;) = C =
0.1224 m. The contact forces graph in Fig. 5(b) shows one force per cycle when the damper
directly impacts the primary structure in blue and two forces per cycle when the damper hits an
obstacle in green. The exciting force is also shown in this graph. Fig. 5 (c) presents the phase
trajectory with Poincaré map in red for a damper. This is a closed curve with one point of the
Poincaré map, which is typical for 7-periodic movement.

Table 2 shows that the vibro-impact system with a heavy damper of a mass m,=62.0 kg also
performs regular periodic motion, but at some exciting force frequencies the movement deviates
somewhat from the periodic one and becomesa motion that can be called “chatter”. It is
interesting to compare the types of its characteristics with both periodic and chaotic regimes.
Fig. 6 demonstrates the characteristics of regime “chatter” for a system with the heavy damper
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of mass m,=62.0 kg with 7 optimized parameters at the same exciting force frequency ® = 6.2
rad's’.

F{ou}i ‘L_m":"'

=
——

i

BOE+02530 V527 \ 524" V526" V528 53bS

Fir)
(@) (b)
Xy-x,m 2 £
0,04 oA I
B oo
0,02 s
1 £
0 ts 2 m
520 524 528 0.3 0.2
© @

Fig. 6.The characteristics of “chatter” mode for the system with the damper of mass m,= 62.0 kg with 7 optimized
parameters at the exciting force frequency ® = 6.2 rad's™. (a) Contact forces during damper impacts on the primary
structure directly. (b) Contact forces when the damper hits both the primary structure directly in blue and an obstacle in
green over a narrower exciting force range. (c) The relative damper displacements. (d) Phase trajectories with Poincaré
map in red for the damper

4. Conclusions

The research results described above allow us to draw the following conclusions.

« It is necessary to optimize the VI NES parameters in order to select such its design that will
ensure the most efficient operation.

* Different optimization procedures give different results, so the obtained values of the VI
NES parameters must be carefully analyzed in order to choice those values that will ensure the
most efficient operation.

« It is necessary to pay attention to the synergistic effect of multiple parameters, so as many
parameters as possible should be optimized.

* A well-designed damper in combination with the primary structure shifts the resonant peak
of its energy to the left towards low frequencies and reduces it. A damper mitigates the primary
structure energy well at the exciting force frequencies above the resonant one. On the contrary,
it not only does not attenuate its energy, but increases it at low exciting force frequencies lower
than the resonant one.

* The dynamics of a vibro-impact system “the primary structure — VI NES” is rich and
complex. We see many different irregular regimes. However, the complex dynamics practically
does not change the damper efficiency, because the oscillatory amplitudes and velocities of the
heavy primary structure change little under these regimes, but the contact forces change
strongly.

* Direct impacts between the primary structure and the damper occur in almost all regimes.
This means that the single-sided VI NES operates like a double-sided one, in which the primary
structure itself is the second barrier.

Summarizing, we want to highlight the limitations of VI NES. They do not attenuate the
primary structure energy at the exciting force frequencies below the resonant one. The choice of
its optimal design is complex and ambiguous.
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Jisynos I1.11., I[lozopenosa O.C., [locmuikosa T.I'.
BUBIP ONITUMAJIBHOT'O TU3ANHY /11 BIEPO-YIAPHOI'O HEJTHIMHOI'O MOTJIMHAYA
EHEPTIi

EdextuBHicTh BiOpOyIapHOro HeniHiMHOrO noriaMHavya exeprii (vibro-impactnonlinearenergysink - VINES), To6to
BiOpo-yapHoro nemmndepa, 3HAYHOIO MipOI0 BH3HAYae€ThbCAd HOro KOHCTpykKUieo. OntuManbHui ausaiin nemndepa
MOKHa MiiOpaTH 3a JOMOMOroI0 mpoleayp onTumisanii. OnHak pe3yabTar IXHbOI poOOTH HEOAHO3HAUHUM, TXHI pi3HI
BapiaHTH IOKa3ylOTh Pi3HI 3HAYECHHS ONTHUMAJIBHUX HapaMmerpiB aemimdepa. PerenbHuil aHani3 OTPUMaHUX 3HAYEHb
rnapaMeTpiB J103BOJIi€ MiAiOpaTH ONTHMAalbHUHM BapiaHT 3a NEBHUM Kpurepiem. I[IpoBoxsum ued ananmisz, Mu
crioctepirayii 0araTo IiKaBUX SBHIL, a CaMe€ CHHEPreTMYHui epekT OaraTbox MapamerpiB, 0araTy KOMIUICKCHY
nuHamiky VI NES, HasBHICTH mpsMHUX yaapiB MK aeMmrdepoMm i TOJOBHUM TIJIOM, 3aJ€XKHICTh MOBHOI eHeprii Bix
napaMeTpiB 30y/DKyI040i criid. AHali3 Takox Jo3Bosisie copmynmoBatu oomexeHHs VI NES. Bei ui mpoGiemn
BiZloOpakeHi B il cTaTTi.

KuarouoBi ciioBa: BiOpoynapHUi, IEpBUHHA CTPYKTYpa, AeMidep, HeMiHIHHUN MOrIMHaY eHeprii, CHHEepreTHYHUN
edexkr.

Lizunov P.P., Pogorelova O.S., Postnikova T.G.
SELECTION OF THE OPTIMAL DESIGN FOR A VIBRO-IMPACT NONLINEAR ENERGY SINK

The efficiency of a vibro-impact nonlinear energy sink (VI NES), that is, a vibro-impact damper, is largely
determined by its design. The optimal damper design can be found through optimization procedures. However, the
result of their work is ambiguous, their various options show different values of the optimal damper parameters. A
thorough analysis of the obtained parameters values allow you to select the best option according to a certain criterion.
While carrying out this analysis, we observe many interesting phenomena, namely, the synergistic effect of multiple
parameters, rich complex dynamics of the VI NES, the presence of direct impacts between the damper and the main
body, the dependence of the total energy on the exciting force parameters.The analysis also allows us to formulate the
limitations of the VI NES. All these problems are reflected in this article.

Keywords: vibro-impact, primary structure, damper, nonlinear energy sink, synergistic effect.

VK 539.3

Jisynos I1L1I1., Ilozopenosa O.C., Ilocmuikosa T.I. Bubdip onmTumMajbHOro au3ailHy MiIsi BiGpo-yaapHoro
HeJliHiliHOro mor;iimHayva eHeprii / Onip marepiaiiB i Teopist copya: Hayk.-tex. 30ipH. — K.: KHYBA. 2023. — Bum.
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Epexmusnicms 6i6poyoaprozo Heninilino2o noznunaua enepeii (vibro-impact nonlinear energy sink -VI NES), mo6mo
8i0p0-yoapHo2o demngepa, 3HAYHOIO MIPOIO BUSHAYAEMbCA 1020 KOHCcmpyKyielo. Onmumanvhuil ousaiin demngpepa
ModHcHa nidibpamu 3a donomozoio npoyedyp onmumisayii. OOnax pezynomam ixHboi pobomu HeoOHO3HAYHUL, IXHI PI3HI
sapianmu NOKa3yOMe pisHi 3HAUEHHs ONMUMATbHUX napamempie demngepa. PemenvHuil ananiz ompumanux 3HaveHs
napamempie 0038014€ nidiopamu ONMUMANbHUL 6apianm 3a neeHum Kpumepiem. I[Ipoeodsauu yeil auanis, mu
cnocmepieanu 6azamo Yikasux sAeuwy, a came CuHepeemuuHuil egekm 6azamvox napamempis, 6azany KOMRIEKCHY
ounamiky VI NES, naasnicme npamux yoapie mixc 0emn@epom i 20106HUM MINOM, 3aNeHCHICMb NosHOI eHepeil 6i0
napamempig 30y0xcyiouoi cunu. Auaniz maxosc 0ozeonse c@opmymosamu oomexcenns VI NES. Bci yi npobremu
6id06pasiceni 6 yitl cmammi.

Tabun. 3. Puc. 6. bibniorp. 22 Ha3s.

UDC 539.3

Lizunov P.P., Pogorelova O.S., Postnikova T.G. Selection of the optimal design for a vibro-impact nonlinear energy
sink//Strength of Materials and Theory of Structures: Scientific-and-technical collected articles. — K.: KNUBA. 2023. —
Issuelll.—P. 13-24.

The efficiency of a vibro-impact nonlinear energy sink (VI NES), that is, a vibro-impact damper, is largely determined
by its design. The optimal damper design can be found through optimization procedures. However, the result of their
work is ambiguous, their various options show different values of the optimal damper parameters. A thorough analysis
of the obtained parameters values allow you to select the best option according to a certain criterion. While carrying
out this analysis, we observe many interesting phenomena, namely, the synergistic effect of multiple parameters, rich
complex dynamics of the VI NES, the presence of direct impacts between the damper and the main body, the
dependence of the total energy on the exciting force parameters. The analysis also allows us to formulate the limitations
of the VI NES. All these problems are reflected in this article.

Tabl. 3. Fig. 6. Ref. 22.
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OCOBJIMBOCTI METO/IIB OLIHKH CTIMKOCTI 3CYBHUX TA
3CYBOHEBE3INEYHUX CXWJIIB

LI. Coaopeit,
JIOKTOP TEXHIYHUX HayK, npodecop

E.IO. IleTpenko,
KaHANJAT TEXHIYHUX HayK, TOLCHT

B.M. I1aBjeHko,
acnipaHT

Kuiscokuil nayionanvruil ynisepcumem oyoisnuymea i apximexmypu, Kuis

DOI: 10.32347/2410-2547.2023.111.25-38

VY poGoTi po3ristHyTO JIBi Py METOAIB OLIHKM CTIHKOCTI cxuily. HaBeleHO OCHOBHHMI MaTeMaTH4HUIl amapaT
JIeIKHX METOJIiB I'PAHUYHOI PIBHOBAru i OCHOBHI OCOOJIMBOCTI METO/Y CKIHYEHHMX €IEMEHTIB JUIS JAHOr'O THIY 3aj]ad.
BuKOHAHO MOPIBHSUIBHUI PO3PaXyHOK YSBHOIO CXHIIY 3a JOIOMOTOIO Pi3HUX TPYIT METOJIB.

KarouoBi caoBa: 3cyBu, KoeQillieHT CTIHKOCTI, METOIM pO3paxyHKy CXHIIIB,MOJCIIOBAHHS CXHJIB, METOX
ckinuenHux esemenTiB (MCE).

Beryn. OmiHka cTiMKOCTI 3CYyBHHX 1 3CyBOHEOE3MEYHHMX CXHJIIB 1 YKOCIB SIBIIsIE COOOIO
CKJIJIHY IHXXEHEpHY 3ajlady, BaXKJIMBICTh PO3B’SI3KY SKOI 3yMOBJIIEHA HEOOXIJHICTIO Oe3redHOol
eKCILTyaTallii JaHuX TEePUTOpPii y rocrnoaapchKii aisuibHOCTI. [luTaHHs, SKi OB’ 3aHi 3 JaHUM
THUIIOM 3a/1a4, IPUBEPTAIOTh YBary HaAYKOBIIB, OAHAK HE JUBJIYMCH HA 3HAUHY KUIBKICTH IIpalb
y Wi ramy3i,3aJIMIIaoThCs aKTYyaIbHUMU JUIS IOCITI/PKEHb 1 00rOBOPEHb.

3abe3neueHHss CTIMKOCTI CXWIIIB 1 YKOCIB € KOMIUIEKCHOI MNpOOJIEMOI0, IO BKIIOYAE
JIeKiJIbKa OCHOBHHMX BU/IB 3a/a4 [21]: Bu3HaueHHs Koe(illieHTy CTIMKOCTI cXmity, mo0ynoBa ta
BU3HAYEHHS PO3MIpIB OBEPXHI KOB3aHHsI, MOOYIOBY €MIOPU 3CyBHOTO THCKY. Pi3HOBUIM 33124
y CYKYIHOCTI i3 CKJIa[{HICTIO 1H)KEHEPHO-TEONOTIYHUX YMOB Ta 3HAYHOIO KiJIbKICTIO TIPHUPOIHUX
Ta TEXHOI'€HHUX (PaKTOpiB, 110 MOXKYTh BIUIMBATH Ha CXMJI a00 YKiC,3yMOBUJIH IOSBY BEJIUKOI
KUIBKOCTI METOJIB JUTS iX BUpILICHHs. BijbLIICTh 3 HUX HE € YHIBEPCAILHUMHU 1 3HAYHOIO MipOIO
30cepePKeHi Ha PO3B’si3aHHI KOHKPETHOTO THITy 3a/a4i. Y crarTi [5] HaBEAEGHO CTHCIIUI Orysij
ICHYIOUMX METOJIiB 0e3 pOo3IiIsiay MaTEeMaTH4HOrO arapaTy, Ha SKOMY BOHH 0a3ylOThCs.

Metoqu rpanuyHoi piBHOBarn. OIHUMH HaHOUIBIIMX PO3MOBCIOHKEHUX MIIXOMIB IO
PO3B’sI3aHHSI 33/1a4 CTIHKOCTI CXHIIIB € METOJIM TPAaHIYHOI piBHOBAru. J{jist po3paxyHKOBHX Mojienen
JaHOI TPYNM XapakTepHUM € HPHHHATTSA PsAy CHpPOLISHb: BUKOPUCTAHHS TIiIOTE3H TBEPAOTO
BIJICIKY; BHKOPHCTAaHHS 3a3JjajieriJb BU3HAYCHOI MOBEPXHI KOB3aHHS 32 PaxyHOK aHAJITHYHHX
MeTOiB ab00 HATYPHUX CIHOCTEPEKECHb;HEXTYBAHHS CHJIAMH B3a€MOMii MDK BiCIKaMM,HA SIKi
po3ouTHii cxwi;Tomo. HesBaxaroun Ha 16, BOHM 3aJIMINAIOTBECS OCHOBHUMH 1H)XKEHEPHHMH
METO/IAMH OL[HKH CTIHKOCTI CXMIIIB 1 € HAHOUTBII arPOOOBAHUMH Y T€OTEXHIUHIH MPAKTULII.

Y wmiif rpymi MeTomiB po3poOiieH] y3araibHeHI MiAXOAM YpaxyBaHHs TiAPOJUHAMIYHHX 1
CEHCMIYHUX CHII, aJie JIOCHTh YacTo ISl CIPOIICHHS PO3PAXYHKIB X HAIPSMOK IMPUIMAETHCS TAKUM,
IO CIHIBNAJAE 3 HANPSIMKOM il 3pymryrounx cuil. Lle mpu3Bomuth 10 3MeHIeHHsT KoeDillieHTy
CTIMKOCTI, a BIATIOBIZHO 1 /10 3MEHILICHHs 3aracy CTIHKOCTI CXWiTy. Y PO3IISTHYTHUX METOJax JJist
ypaxyBaHHsS TIAPOJMHAMIYHMX CWJI BHKODHUCTOBYIOThCS 2 Tiaxomu - a0o JonaBaHHs
TiJPOIMHAMIYHOIO TUCKY JIO 3pYLIYIOYMX CHII, 200 Ha OCHOBI Tak 3BAHOTO «METOJLY 3Ba)YKyBaHHSD).
3a BIJICYTHOCTI HAIlpHUX IPYHTOBHX BOJ Yci (Di3MKO-MeXaHIuHI XapaKTepUCTHKU IPYHTIB
NPUAMAIOThCS. B HACHYEHOMY BOJIOIO CTaHi, a TiIPOAMHAMIYHMI THUCK B TAaKOMY pasi He
BPaxOBYIOTBCSL.

Meton  KpyIONMJIiHAPMYHOI  NOBepxHi  KoB3aHHs. Jlanwii Merox — HmIMPOKO
PO3IIOBCIO/DKEHUI y OyIiBeNIbHIN MPAKTHII 1 3aCTOCOBYETHCS 32 JIOMOMOIOI0 PI3HUX MPUHOMIB,

© Coumnopeii 1.1, ITerpenxo E.1O., ITaBnenko B.M.



26 ISSN 2410-2547
Onip Matepiaiis i Teopist ciopyy/Strength of Materials and Theory of Structures. 2023. No 111

TOMY BifioMuii 11 pisHuMu Ha3Bamu[1, 4, 7, 8, 9, 10, 14, 17]: B. ®emneniyca, mBeICHKUI METO
KPYIJIOLWIIIHAPUYHUX IOBEPXOHb KoB3aHHA, Meron Tepmarw, meron Ilerrepcona, merox
BEPTHKAILHHUX elieMeHTiB, meToA bimomna, Mmeron Kako, meron BaroBoro THcky Ta inmi. Merox
0a3yeThCsl Ha MPUITYLIEHHI, IO CIIOB3aHHS IPYHTY MOXKE CTATUCS JIUIE B PE3YJIbTATI 00epTaHHS
MacuBy HaBkono 1eHTpy O (puc. 1). IloBepxHsi koB3aHHs B-B y TakoMy BHUNAJAKy Oyge
IpeICTaBIeHa Jyror0 ASSKOro Koja 3 pajiycoM r. CIOB3al0uuii MacuB IPH LIbOMY PO3IIIAIAETHCS
SIK JIGSIKU TBEpANH OJIOK, YCI TOUKH SIKOTO IMPUIIMAIOTh Y4acTh B OTHOMY 3arajiLHOMY PYCi.

OpHUM 3 HaWOPOCTILIMX € METOJI MOMEHTIB, CYTHICTh SIKOI'O MOJIATa€ yTOMY, IO MAacHB
PO3IIISIAETHCS Mif] BIUIMBOM JIBOX YMHHMKIB: MOMEHTY, 110 o0eprae MacuB M,; 1 MOMEHTY
M,,,,, WO yTpUMye MacuB, a Koe(imieHT ctiiikocTi K., Yy TakoMy BHMAJKy BHU3HAYA€THCA
CHiBBIIHOIIECHHSIM IIUX MOMEHTIB!

K - M,,, .
cm M . ( )
00
OOepTanbHUi MOMEHT BH3HAYAETHCS MOOYTKOM 3CYBHHX CHJI Ha IUIe4e A0 LEHTPY
o6epranns O, a yTpUMYIOUH MOMEHT IOOYTKOM CHJI ONOpPY 3CYBY Ha aHaJIOTiYHE IJIede.

Puc. 1. Po3paxyHkoBa cxema 10 METOY KPYTJIOLMIIHAPUYHOI HOBEPXHI

Jis BpaxyBaHHS HEOIHODPIJHOCTI CXWJIy 1 3MIHM KyTa HaxwWily JOTHUYHOI 0 IOBEPXHI
KOB3aHHSI HEOOX1THO PO3IUIUTH ySBHUH 3CYBHHH MAacHB Ha INEBHY KUIBKICTh PO3paxyHKOBHX
BIJICIKIB, ISl KO)KHOT'O 3 SIKMX BM3HAYalOTh CHIIM OMOPY 3CYBY 1 3pyllyroui cwid. BinnosigHo
Koe(illieHT 3amacy CTIMKOCTI CXUily HaOyBa€ HACTYITHOTO BUTIISILY:

M
m,
Ko =5 )
M
z 00
Ocratouni ¢GopMyan Koedilli€HTy CTIMKOCTI CXWJIy MaTHMyTh HACTYNHHW BHUIUIsA. 3a
BiJICYTHOCTI I'PYHTOBHUX BOJ:

i=n

z (P cosa; tang; +¢,l;)
K — i=1 , (3)

cm i=n
2. (Bsina,; +0y;)
i=1
Jie P; — moBHa Bara i-ro BiJICIKY I'PYHTY, C;,(; — IUTOME 34EIUICHHS 1 KyT BHYTPIIIHHOTO TEPTSI
I'PYHTY Ha PiBHI HiJOIIBY BiICIKY, Q. — CEHCMIYHA CUIIa.
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[Tpu nmpocToMy 3aToIUIEHHI BiZCIKY:
i=n

Z (B,; cosoyttan @ ; +c;l;)
Kcm = = , (4)

Il=n
2. (Bysina; +0,)
i=1
ne P, — Bara BiJICIKY 3 ypaXyBaHHSIM 3Ba)Kyl04oOi i BOIH, C,, (g — MUTOME 3UCIUICHHS 1 KYT
BHYTPIIIHBOTO TEPTS B HACHYEHOMY BOJIOIO CTaHi IPYHTY.
[pu BB Ha BigxKoc (QigbTPaLiiHOrO MOTOKY:
I =n

z (P, cosa; tanz,; +c,l;)
Kcm = i=1 ’ (5)

i=n
> (Bsina,; +0,)
i=1
Crij BIAMITHTH, 110 NOJIOXKEHHS LEeHTpY obeptaHHs O 1 pajiyc 7 CiiJl IpuiMaT TAKUMH, 110
BIiJINIOB1Ia10Th HAHOLIBII HEOE3NIEYHOMY MOJIOKEHHIO TOBEPXHI KOB3aHHS, TOOTO NPH SKUX K,
MaTHMe HaliMeHie 3HaueHHs. 1le motpedye npoBeneHHs cepii po3paxyHKIB JUis IX BU3HAYCHHSI.
MeTtoa ropuzoHTaJbLHUX cwil. [lanuii meton [1, 8] MOXHa 3aCTOCOBYBAaTH y BHIIAAKAX,
KOJIM CXWJI MOOYJOBAaHUN IPYHTAMHU PI3HOTrO JIITOJOTIYHOTO CKJAAy 1 3CYB BiOYBA€ThCS IO
3a3Janerifib BioMii noBepxHi koB3anHs. [1i1 yac po3paxyHKy IpyHTOBHUI MacuB MOALISIIOTH Ha
OKpeMioHOpiHI Bificiku. KoxKHY J1iHII0 KOB3aHHS B MeXaX OKPEMOro BiJICIKy alpOKCHMYIOTh
TIPSIMOIO JTHIEIO.

0 N

Puc. 2. Po3paxyHKoBa cxeMa 10 METO/1y TOPU30HTAIbHUX CHII

Ha puc. 2 cuna N, - HopMasibHa JI0 TIOBEPXHI KOB3aHHs CKJIa[0Ba peakuii Baru P; JIeskoro
BUJIIJICHOT'O PO3PaxyHKOBOI'O Bi/ICIKY, 3a yMOBH, 0 ¢;= 0 i ¢;= 0. Cuna N' - Takox peaxiis P;,
aje 3a HasSBHOCTI B IPYHTI Ha NOBEpXHI KOB3aHHS TEpPTs 1 34CIUICHHs; HanpsMm cuid N';
BU3HAYAETHCA KyTOM TepTs ¢; ab0 KYTOM 3CYBY \/,; 33 HasIBHOCTI B IPYHTI 3ueruieHHs (c; # 0).
Cuna H; sk TpoeKlliss HAa TOPU3OHTANIBHY BiCh CHIM N; € pO3MOpOM, TOOTO THCKOM Ha
BEPTUKAJIbHY CTIHKYBHUJIIJIGHOT'O 110 PUC. 2 HIDKYE PO3TALIOBAHOrO BIJICIKY MPH BiZICYyTHOCTI B
rpyHTi Tepts 1 34erueHHs. Cuna R; - yactuHa po3nopy H;, 10 CHPUHMAEThCS TEPTIM i
34EIUIEHHAM; £, - HeroraueHa yacTuHa posmnopy ;.

V Takomy BUIIAIKY:

H =Ptana;
E=Ptan(a—vy,);
R=H-E=P(tana—tan(a—vy ,))
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e ¥, — KYT OIIOpY 3CYBY, 1110 BU3HAYAEThCs 32 POPMYII0I0 Wy, =arctan F),, 1e, y CBOIO uepry, F, —
Koe(ILliEHT OIOpY 3CYyBY.

3Hak cuiin H; BU3HAYAETHCS B 3aJIEKHOCTI BiJ KyTa HAXHJIYy MIOBEPXHI KOB3aHHS 0. 32 YMOBH,
IO KYT 0; 332 HalpsMKOM 30ira€eTbCs 3 HANpPSIMKOM MOBEPXHI KOB3aHHs, 0; Ta H; MaTtumyrthb
HO3UTHUBHE 3HAYCHHS | HABMAKH.

Koeogiuient 3amacy criiikocti K, 3CYBHOrO TiJla yIbOMY BHIIQJIKy Oy/ae BH3Ha4YaTUCS
HACTYIIHUM BHPA30M:

>R

K., = ,
Y H Y cosfy; +2.0.;

ze z Ji cosBd,,-f CKIIaZioBa, IO BpaxoBye (impTpamiitamii Tuck, ».0,, — CKIaoBa, IO

(7

BpaxoBye CeWcMIuHI CHJIM. Y pO3rOpHYTOMY BHIIISAI (OpMYiIH OOYHMCICHHsS KoedilieHTa
CTIMKOCTI METO/IOM FOPU30HTAJILHUX CHJI HA0YBaIOTh BUIIISLY:
i

N gl

I
Il
—_

P (tan o; —tan(oy; —y ))
Rem =75 : ®)
> (E tanay + j; cosPy; + Qci)
i=1
I'opuzoHTa IBHUI THCK E; BiJi pO3paxyHKOBOTIO BiJICIKY Ha HIDK4YE po3TaioBaHi (puc. 2) Oyxue
PIBHHUM Di3HHULI MiX po3niopoM H; 1 cuioro onopy R;. BukopucroBytouu popmynu koedimienra
CTIMKOCTI, OTPUMAEMO JJIsi TOPU3OHTAILHOTO THCKY:

E; =K., (H; + j; cosPy; + Oy)— R:. ©)

Hampsimok ceficMiuHOl cuin y BUNAAKy 1i HasiBHOCTI Y (OpMyJax HaBEICHO JJIsl CHTYaIlii,
KOJIM BIiH CHIBNAJa€ i3 HaNpSIMKOM OCHOBHOI 3pYIIYIOYOi CHJIM, IO BEAE 0 CIPOIICHHS
po3paxyHkiB. Ciiji 3a3HaYMTH, LIO Lie CHPOIICHHS 301IbIIYe 3HAUEHHS TOPU30HTAILHOTO THCKY,
a OT)XKe MiJBUIIYE 3amac CTIHKocTi. BiAmoBimHO, cyMapHUN TOPU3OHTAJIbHUIA 3CYBHHH THCK
Oy/e IOpiBHIOBATH:

E3c =KcmZPi tanocl. +Kcmzji COSB([)Z’ +KcmZQci _ZPZ tanocl. +ZPI tan(oci _\Vpi) =
=(I{Cm _I)ZPZ tanocl. +Kcmzji COSB(])Z’ +Kcszci +ZP1 tan(oci _\Vpi);

- i':” (( K _1) P tano, +K,0, + K2, > j; cosPy, + Py tan(o, —y p,»)). (10)

E

3C

Il
—

Ipy BU3HAUECHHI CyMapHOTO 3CYBHOTO THCKY F,. 3DYIIyIOdi CHIH MHOXAThCS HA KOCQII[i€HT
crifixocti K, . Takmif MaXig xae 3MOry poO3paxyBaTH YTPUMYIOQy KOHCTPYKIIIO Ha
PO3paxyHKOBI 3ycHIIs, a He Ha (akTHYHWA TUCK. Y Takomy pasi K, MOXHA 3aMiHHTU Ha
3HAYEHHS] HOPMOBAHOTo KoedilieHTy cTiiikocTi, Bu3HaueHoro 3riguo JIBH B.1.1-46:2017 [33]. V
¢dbopmynax HOro MO3HAYEHO SIK Kf.m,

BU3HA4a04u £, CyMyBaHHS I10 Bi/ICiKaX OTPiOHO MPOBOJUTH ITOYWHAIOYH 3 CAMOTO BEPXHBOTO.

a y/IBH npwuiinsto no3HaueHHs kg, Bimmitimo, 1o

MeTo10M TOPU30HTANIBHUX CHJI MOXKHA BU3HAYATH HE JIUIIE KOeDILIEHT CTIHKOCTI CXUiy, a i
3CYBHMI THCK, IO Ja€ 3MOTY 3allpOeKTyBaTH yTpuMmytoui criopyau. llle onHiero mepeBaroro €
Te, IO HOro MOXHA 3aCTOCOBYBATH y BHIAAKY, KOJU IIOBEPXHIO KOB3aHHA AT CXUILY
BH3HAYEHO HE JOCTATHHO YiTKO, 200 HE Ha BCil MPOTSIKHOCTI CXIITY.

MeToau HoTMYHUX cuJ. [IpencraBiieHi METOAM 3aCTOCOBYIOTHCS TOAI, KOIHM IIOBEPXHIO
KOB3aHHSl YITKO BHU3HAYEHO TPOTATOM YChOIO CXHIY, I[P 1IbOMY JIIHIIO KOB3aHHS
MIPE/ICTABIISIIOTh Y BUIVISIL JIaMaHOT JIiHii.

binbm geranbHo posrisiHemo aHamitTmuHuit Merox .M. IlaxynsHma [1, 10, 11, 12], sx
TaKWii, 10 3arajoM AaHAJIOTIYHMHA METONy NOTHYHHMX CHJI. 3CYBHHH MacuUB IPYHTY TaKOX
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pO30HMBAETHCS HA BIJICIKH, SIKI MPUIMAIOTHCS TAKMMH, 100 OTPUMATH MaKCUMaJIbHO OIHOPIJIHI
YMOBH B 1X MEKax, a MOBEPXHIO KOB3aHHS MOXKHa OyJ0 3BECTH O IUIOMMHH 0€3 3Ha4HOL
BTpaTH TOYHOCTI. Po3risimatouu piBHOBary i-ro BiJICIKY 30BHIIIHI CHJIM 3BOAATHCS [0
piBHOAIIOYOT P;, y 3arajJbHOMY BHUINAJKY JaHa CHIa MOXKE OyTH BIIXMIICHOIO BiJl BEPTHUKANII Ha
MeBHUI KyT, ajie y MoJalbIiuX GopMynax OyAeMo MpuiMaTH, 10 30BHILIHI CHJIN MPUKJIACHI
BepTukaibHo. Crity P; y Toull 11 IPUKJIalaHHs PO3KIIaIAloTh HA HOPMAIIbHY V; 1 TAHT€HIIabHY
(; 10 TIOBEPXHi KOB3aHHS Y TAHOMY BIJICIKY.
N; =P cosa;; O; = P sina,;. (11)
3Ha4YeHHsI KyTa HAXWITY IMOBEPXHi KOB3aHHs y MEXax BiICIKy 10 TOPU30HTY(; MPUAMAETHCS
JIOAATHIM TPU CHIBNAAIHHI HAIpsSMY IOBEpXHI KOB3aHHS 3 HANpPsIMOM 3CyBY 1 BII'€MHHUM Yy
3BOPOTHbOMY BUMNAAKY. [ljisi BpaxyBaHHsS THCKY BiJI CYCIIHIX BiJICIKIB JI0 pO3PaxyHKOBOI CXEMH
BBOJAITBCSL CHIIK E; |, 1[0 BPaxOBYIOTh BIUIUB BHUILE PO3TALIOBAaHOrO ONOKY Ta E,, 10,y CBOIO
4epry,BpaxoBye BIUIMB HIDKYE PO3TAIIOBAHOrO ONIOKY. Y 3aralbHOMY BHUMAAKy OaHi CHIH
MOXYTb OYTH CHIPSIMOBaHI MiJl IEBHUM KYTOM, LIei aclieKT HeoOXiJHO BPaxOBYBaTH IIPH YMOBI,
110 MaiOyTHs I'paHb KOHTAKTy YTPUMYIOUOl KOHCTPYKIi i I'PyHTY He Oye BEpTHKAJIbHOI.
[punycrumo, 1O 1 CHIIM € HampaBJIeHHMMH ropu3oHTaNbHO. Tomi omip 3CyBY i-ro BifICIKY IO
HOBEPXHI KOB3aHHs, HAaXWICHOI i KYTOM ¢; JO TOPH30HTY, CKJIaJaTHMETbCS 3 [BOX

CKJIaJI0BHX: CHJIM 34CILICHHs ¢;/; Ta crim Tepts S} tan@; , ae S;' - HOpMaJIbHA PEaKLlisi OCHOBH.

Puc. 3. Po3paxyHkoBa cxema 0 ananituuHoro merony I'. M. IllaxynsHua

Po3paxyHOK IPOBOJSTH MOCIIIOBHO BiJi BEPXHBOTO BIJCIKY, JUis ikoro E; Oyne BiACyTHIM,
a JuIs BCIX HACTYNHUX - BIJIOMHM 3 TMONEPEAHIX BiACIKIB. Y TakoMy pa3l HEBIJIOMUMHU
3anumaroTees e S; i E; , IX MOKHa BU3HAYMTH PO3TVISSHYBLUH iX NPOEKL{i HAa HOPMAIb 10
OCHOBH BIJICIKY Ta Ha HANpsM caMoi OCHOBH. OTpUMYEMO:

S{' =N; +(E;sina; — E_;sina;); O, =¢;l; +S; tang, +(E; cosa, —E;_j cosa;).  (12)

[lixcraBuBuiy 3Ha4eHHs S, y BUpa3s 1ist O; MOXKHA OTPUMATH PIBHSHHS [UIsl BU3HAYCHHS E;.
Takox a5t 3a0e3redeHHs] HEeOOX1IHOTO 3anacy CTIMKOCTI CXHITy HeoOXiHO (J; TIOMHOXKHUTH Ha
koe(illieHT 3amacy CTiHKOCTi Kf.m, SIKMH, SIK 1 Y MUHYJIOMY METOJi, MOKHA TPUHAHSTH 3T1IHO
JIBH sik HopMoBaHuii KoediuieHT crilikocti. OTprMaemo Gopmyny:

Kngl =N, tang; +¢l; + (El. (coso, +tan @, sino, ) — E;_ (cosa; + tan@; sin(xi)). (13)

i
[Ticnst MaTeMaTHYHUX EPETBOPEHb MAEMO (popMyity:
(Kf.in — N; tany, —cili)cosq)i
E = +E_,. (14)
cos (o, — ;)
Cnin 3a3Hauntd, wo y ¢opmyni (14) O; HaBeldeHO Al BUNAJAKY, KOJMU Lsi cuia Oyne
3pYLIYIOUOI0, aje Ul BHUNAAKy, Koiau (; Oyzne mepeTBOpIOBATHUCA B YTIPUMYIOUY CHILY

HEOoOXiIHO TpHiMaTH Kf.m =1 1 Tomi ii 3HavyeHHs Oynxe BiA €MHUM. Y 3arajibHOMy BUIAJKY
CyMapHHH 3CYBHUI THUCK JTOPiBHIOE:
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l"(K w0 — N, tan @; —¢;l;) cos @;
ch Z i il l.

i=1 cos(a; — ;)
Bepyun o yBaru, mo ajsi cXuiy 0e3 YIpUMYIOUHX KOHCTPYKLIH F,.=0MOXXeMO OTpUMAaTH
3HAYEHHs KoeillieHTa CTIHKOCTI:

(15)

in COoS @;
N tang; + ¢l ) —————
(Nitangs + i) o)

ZQ, =

1 cos(a; —¢;)
3aminuBIIM cKianoBi N; i O 3Fi,Z[HO (popMyn (11) piBHOmiliHOIO cuilOW P; OTpUMaEeMo
ocrarouHi (opmynu s BuszHaueHHs K., 1 E,. 3 ypaxyBaHHSM QUIbTpaLiiiHOl CHIH j 3a
HasIBHOCTI TIAPOAMHAMIYHOTO THCKY, 1 BEJIMUUHY celcMidHOi cuinu (. MpH PO3TallyBaHHI
cXuily y celicMiuHOMY paiioHi. DopMynu 3a BiZCYTHOCTI IPYHTOBMX BOJ 3 YypaxyBaHHIM
CeHCMIYHUX CHII:

—_

K,

cm

(16)

S (P; coso,; tan @; +¢;l; )&
K. == cos(a; —¢;)
cm i=n . s
(P;sinay +QL,)&
i=1 cos(a; = ;)
< . coS ¢;
g‘ o (Prsina,; +0,;)— (P cosa; tan g, +¢;/; ))m (17)
[Tpw nii Ha cxun QinbTpaliiiHOro MOToKY:
= COSQ,;
Z (Pei cosa; tan ¢ + cslll )—61
K. ==l cos(a; —Pg;)
i cos ’
(Pysino; +Q, + jj) ————
i=1 cos (a; — @)
=i . . CoSQ,;
= g‘ K> (P, sinoy +Q,,; + j;)— (P, cosa,; tan @g; +c,1; ))m (18)

Meron IllaxyHsiHia [q03BOJISIE OTPUMATH IOCHTH JIOCTOBIPHI pe3YyNbTaTH,IK I 4Yac
BU3HAYEHHs KoedillieHTa CTIKOCTI, TaK 1 MiJ] Yac BU3HAYEHHS 3CYBHOIO THCKY. [ 0JIOBHHMM iforo
HEJIOJIKOM € HeOOXIHICTh 4iTKO BU3HAUEHOT 3a3/1aJIeTi b IOBEPXHI KOB3aHHS YChOTO CXUITY.

Meton JLIIL Slcronac. Y upomy meromi [13] mepenbauaerbcs, 1O yci 3CyBHI Macu
pPYXaroTbCAd €AMHMM MAacHBOM IIO TOBEpXHI KoB3aHHA. [l BH3HAYEHHSA 3CYBHOTO THCKY
PO3IIIAAAIOTHCS YMOBH PIBHOBAru 3CyBHOTO MacHBY Y MPOEKLIAX YCIX CHJI HA HAIPSMOK PYXY.
Sk i panilie, cXuJI pO30MBAETHCS HA TIEBHY KUIBKICTD BIJICIKIB, 3 BAKOPUCTAHHSM aHAJIOTTYHUX
JI0 THIIMX METO/IB 3acajl. [ 0JI0OBHOIO BiJIMIHHICTIO METOAY € T€, 1110 aBTOP IPOMOHYE BU3HAYATH
3CYBHHUI THCK, BUKOPUCTOBYIOUHM OAWHUYHUN 3CYBHHUI THCK IUIsi CHPOLICHHS po3paxyHKiB. Bcei
CHJIM MPOEKTYIOThCS Ha HAIPSAMOK IOBEPXHI KOB3aHHS, OTPUMYETHCS BEIMYMHA OAUHUYHOTO
3CYBHOI'O THCKY BiJI I'PDYHTOBOTO MAaCHBY JOBXHHOIO, IIMPHHOIO 1 TOBIIMHOK, PIBHUMH
OIUHHILI:

Cys = —1—sin (o, — ;) = ————. (19)
cos @; hepj cOS QL

3cyBHUI TUCK IS BIICIKY BU3HAYA€ThCs 32 POPMYIIOO:

Ei:Kcm(ch a; Cpl+QCl+Jl) (20)

Y 1poMy MeTO/Ii ITOBHHUI 3CYBHHMIH THUCK JJIs i-T'O BiICIKY CKJIQJIA€ThCS 3 THUCKY Bijl TAHOTO

BIJICIKY IUIFOC TPOEKLIi THCKYy Ha HAIpsIMOK IIOBEpXHI KOB3aHHS Y HbOMY BiJ| BHIIE
pO3TaIIOBAaHOI YACTUHU 3CYBY:
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Eoi=E; +E,yycosla;_ —ay. (21)

TakuM 4MHOM, HOYMHAIOYM BU3HAYATH TOCIiIOBHO 3 BEPXHiX BiJCIKiB 3CyBHHH Tuck E,,;,

otpumyeTbest 3. E, . i OymyeThes emopa 3CyBHOTO TUCKY ISl YChOTO CXHUITY.

JLIL fcionac nporoHye BH3HAYaTH OAWHUYHUI 3CYBHHH THCK 3a JIONIOMOroK TrpadikiB
3aJIeKHOCTEH KOXKHOTO 13 WieHIB #oro piHsHHs (19), uepe3 HEOOXIAHICTh MOOYOBHU SIKHX LEH
METOA CKJIaJHille 3aCTOCOBYBATH y NMPAaKTHYHHUX po3paxyHkax. llle omniero npobiemoro € Te,
L0 [PYU BUHECEHHI 3a AYXKKH KoedimieHTa criiikocti y (20) Mu QakTUUHO MOMHOXKAEMO Ha
HBOT'O 1 3pYIIYIOYl, 1 YTPUMYIOUl CHIIH, L0 3aBaXkae 3a0e3MeUUTH HEOOXIIHUI 3amac CTiiKoCTi
i1 9ac pO3paxyHKy.

Busnauennsi THCKY Bifx npu3mu ooBasiennsi no teopii Kysona. Haeneni Buie Meronu
TOPU30HTANBHUX CWI 1 aHamiTWuHWi Meron lllaxyHsHIa Oar0Th 3MOTY 3 JOCTATHBOIO IJIA
IHKEHEPHUX PpO3PaxyHKIB TOYHICTIO BH3HAYMTH 3CYBHMH THCK, a OTXKE, Y BUIAAKY
HEOOX1THOCTI, 1 3alpoeKTyBaTH YTPUMYIOUi CHOpYIU. AJie iHOII B IHXKEHEPHIH MpPaKTHIi
NPUITYCKAIOTHCS TIOMUIIKH, BU3HAYAIOUN 3CYBHHMI THCK A PO3PaxyHKY YTPUMYIOUHUX CHOPY[
3a MPU3MOI0 00BasieHHs IpyHTY 110 Teopii Kynona. [lanuii Mmeron po3po0biaeHo ajisi BU3HAYCHHS
TUCKY Ha MiJIIpHI CTIHU Bl IPYHTY, L0 HUMHU OrOPOKYEThCS. [Ipy LIbOMY Hi aKTUBHHH THCK
E, Hi nmacuBHMil THCK FE,, IO BHU3HAYAIOTHLCA 3a JAHOK METOIMKOIO, HE MAalOTh HIYOro
CHLUIBHOTO 13 3CYBHMM THUCKOM BiJl HECTIHKOrO CXMIIy. A OTXKE 1 3aCTOCYBaHHS JIJaHOTO METOIY
UL PO3PAXyHKY YTPUMYIOUHX CIIOPYA € HEIOIIyCTUMUM.

Meton ckiHueHHHX ejleMeHTiB. Lle mMpoKo BiIOMUIA 1 PO3MOBCIOKEHUI YHCEIBHUI METOJ
PO3paxyHKy Yy PI3HHX Traiy3six TEXHIKH,y TOMY YHCI 1 y reorexHiui. Bin no30aeieHunit ogHoro i3
KIIIOYOBUX HEJONIKIB METOJIB TPaHWYHOI pIBHOBarM, a caMe HEMOXIIMBOCTI BH3HAYCHHSI
HanpyxeHo-nedopmopatoro crany (HZIC) rpyHTOBOro MacuBy CXWJIy 1 yTPUMYIOUMX KOHCTPYKIIH.
Meron ckinuennux enementiB (MCE) nae 3mory npoananizyBatu HJIC okpemux ckinamoBux abo
KOMIUIEKCHO CHCTeMY «OyIiBJsl - TPYHTOBUII MacuB (OCHOBa) - yTpHMYIOul KOHCTpyKwii». 1lle
oxHiero 3 nepesar MCE € MOXIIMBICTb PO3paxyHKY cXuity Oy/ib-sIKoi (pOpMH 1 pO3MIpIB 3 IOCTATHIM
PIBHEM arpoKCHUMAIlii Il OTPUMAHHS TOYHUX PE3YJbTaTIB PO3paxyHKiB. Takox ciiji 3a3HAYMTH,
110 METO/IM TPAHUYHOI PIBHOBArH SIBIISIFOTHCS JIIHIHHUMH METOAMU PO3PaxyHKY CXHUIIB, y TOW Yac
sk MCE nae 3mory po3B’si3yBaTd 3a/iady CTIHKOCTI CXWIIy B HENIHIMHINA MOCTaHOBLI(BpaxXyBaHHsI
(i3u4HOT Ta reOMETPUYHOI HeNiHIHHOCTI, 1CTOpIii HAaBaHTaXKEHb Ta iHIIIE).

[pu po3paxynky cxmny MCE HeoOXiIHO NIpUALIATH 3HaYHY yBary no0OyoBi po3paxyHKOBOI
cXeMH, a caMe BU3Ha4YeHHIO ii Mex. Lleit ¢pakTop Mae 3HaUHMII BIUIMB Ha TOYHICTh OTPUMAHUX
pe3ynbraTiB. ToMy NUTAHHS MOAENIOBAHHA 3CYBHOI'O CXWIIy € OJHUM 13 KJIIOYOBHX IIpU
PO3IIIsiIl AaHOTro MeTony [6].

Komb6inanis MCE 3 iHmmMu MeTonaMu Mo)ke HiBeNIOBAaTH Horo Henomiku. OJHUM 13 Takux
METOJIIB € MEeTOJ| 3HWKEeHHs MiHocTi [15, 16, 20] (strength reduction method). Bin mo3Bomnsie
BH3HAYaTH KOE(ILIEHT CTIMKOCTI CXUIIIB MUISIXOM IOETAIHOTO 3HW)KEHHS MapaMeTpiB MIIHOCTI
rpyntiB.  KoedilieHT CTIMKOCTI K IPEJCTABISETHCS  CHIBBIJAHOIICHHSIM MaKCHMaJbHO
JIOCTYITHOT'O ONOPY 3pYLICHHS S, 10 HEOOX1THOTO S,;:

S
Ko =225 (22)
Bukopucrasuu cranaaptHy ymoBy KysnoHa koediwieHt crifikocti HaOyBae BUTIISIY:
—-o,t
K,, = _€70,1an9 (23)

b
¢, — 0, tan @,
Ie c¢ i ¢ - BXiJHi mapaMeTpH MIIHOCTI, @ G, - KOMIOHEHT [if0490i HOPMaNbHOI HAIPYTH, C, 1
¢, - TIapaMeTpH MiIHOCTi, DOCTaTHI I 3a0e3nedeHHs CTaHy piBHOBAard. [laHWil MpHHIMI

3aJMIIAETHCS HE3MIHHUM 1 sl MOJeJeld IPYHTY, SIKi HE BUKOPHCTOBYIOTh KpHUTEpiid
pyiinyBanust KysoHa, ame y TakoMy BHIAAKy 3HIKYIOTHCS IapaMeTpH MILHOCTI, IO
XapaKkTepHi JUIs HUX.
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Orasp peanizanii HaBeleHHX MeETOAIB Yy NPOrpaMHMX KOMIUIeKcaX i MOpiBHAHHSA
pe3yabTaTiB  po3paxyHKiB. 3HauHa TpPYAOMICTKICTH pO3paxyHKiB METOJaMH TI'PaHUYHOI
piBHOBaru Ta opienroBanicth MCE Ha 3acTocyBaHHSI KOMIT TOTEPHOI TEXHIKH CIIPHSLIA PO3BUTKY
MPOrpaMHUX KOMIUIEKCIB, SIKI Jal0Th MOXIIMBICTh PO3PAXYHKY CTIHKOCTI CXWIJIIB 1 BU3HAYEHHS
HJIC rpynroBoro macuBy. Criemiaii3oBaHi reotexHiuHi po3paxyHkoBi komiiekcu (GEO 5,
GTSNX, Plaxis To110) ar0Th 3MOry po3B’sI3yBaTH IIHPOKE KOJIO FEOTEXHIYHUX 3a/lad, Y TOMY
YHCIT 1 BUKOHYBATH PO3PaXyHOK CTIMKOCTI CXWIiB. BITUM3HSIHI KOMIUIEKCH TaKOX HPOIOHYIOThH
IHCTPYMEHTH ISl PO3PAaXyHKY CTIHKOCTI CXMIIIB, alleé BOHU YacTO MAalOTh MEHIIMH (DYHKIIIOHAT i
HE HAJAIOTh TAKUX IIMPOKHUX MOXINBOCTEH IS BUPIIIEHHS CKJIaIHUX 3a/1ay.

Jlns NopiBHSHHS pe3yJbTaTiB, OTPUMAaHMX 3a Jornomoroio pisHux meroaiB i 1K, Oyio
MIPOBEACHO PO3PaXYHOK YSBHOTO CXMIY i3 TPYHTIB, ()i3UKO-MEXaHI4HI XapaKTEPUCTUKHU SKUX
HaBeneHi y Tabmumi 1. [yis mpoBeneHHst po3paxyHkiB Oyno oopano [IK «Plaxis 2D» ta I1K
«Ykicy» (xomnonent mporpam SCAD-Office). Ilpu pospaxynky y IIK «Plaxis»
BUKOpPHCTOBYBaslacs MoJienb IpyHTY KynoHa-Mopa, 1110, BpaxoByIOUH YSIBHY NPUPOLY CXUITY 1
YMOBH 3aJiadi, € I0CTaTHIM. BUKOHaHO 2 IOCTaHOBKHM 3aJaui Ul CXUITy 3aaHoi reoMerpii: 1 —
BUIbHUI CXWJ, 2 — 3 JOAaTKOBUM DPIBHOMIPHO PO3MOAIIEHNM HABaHTAXXEHHSMY BEpXHiii
yactuhi cxminy SO0kH/mM. Ortpumani pe3ynbraTh poO3paxyHKIB 3aHeceHi A0 TaOmuii 2.
Pospaxynkosi cxemu mist [IK «Plaxis 2D» Ta «Ykic» HaBeneHi Ha puc. 4-6. lllapu rpynry
BiJMOBiIAIOTh TabJ.1 1 po3MillieHi BIANOBIHO J0 HOMEPIB BiJl BEPXHBOIO JO HHUXKHBOTO, JIE
BepxHiid map - Nel, a HabiHwkumii - Ne5. Cmix 3a3nauury, mo B [IK «Plaxis» diTko He
BiJIOOpa)kaeThCs TOBEPXHS KOB3aHHS, alie TOJIOKEHHS [OBEPXHI KOB3aHHS 1 3arajbHy
nedopmariiro cxuiay MO)KHa MpOaHai3yBaTH NPH po3risiAl npupocty aedopmariii. Cami x
3Ha4YeHHs AeopMaliil y IIbOMY BHIAJIKy HE HECYTh (DI3UUHOIO CEHCY 1 PO3IJISIIATH TX 3HAYCHHS
He nouinbHO. Y TIK «VYkic» mjist mMopiBHAHHS BHKOHAHO pO3paxyHOK merozamu DineHiyca,
bimona, Su0y [14, 17, 18, 19].

Tabnuus 1
di3rKo-MexaHiIuHI XapaKTEPUCTUKH I'PYHTIB
e Hpnpogx—m linbuicts | Ilutoma Koe(bluleﬂT BHYTPIIIEO Iurome Monyib
g BOJIOTICTh IPYHTy |Bara rpyHTY | HOPUCTOCTi 34eruieHHs | aedopmarii
= IpyHT o TepTs
2 Jon. ox. r/em’ kH/™® Jon. on I'pan. klla MIla
= W p Y e ) C E
1 | Hacunuuii rpyHT 0,168 1,63 15,97 0,893 17 22 9,5
2 | Cymicok 0,138 1,69 16,56 0,735 21 15 12
3 | CyrimHok 0,132 1,75 16,95 0,763 20 26 14.5
4 I'nuua HaniBTBEpaa 0,381 1,84 18,03 0,831 15 50 18.8
5 | I'nmuua TBepaa 0,226 1,89 18,52 0,793 14 64 21

‘:cn 77650 £ % %0

Puc.4. Po3paxynkoBa cxema BisbHOro cxuity I1K Plaxis




ISSN 2410-2547 33
Onip Matepiaiis i Teopist ciopyy/Strength of Materials and Theory of Structures. 2023. No 111

£ o 0o 00 %W I3

Puc. 5. Po3paxynkoBa cxema BinbHOro cxuiy I1K Plaxis3 1omaTkoBMM HaBaHTaKeHHSIM
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Puc. 6. Po3paxynkoBa cxema cxuiy ITK «Ykicy
sm 2w om 2w sw  m 6w we s v »0  am  m0 2o o 29 0 vo 6o o8 sw 9% %

Incremental displacements [ Au] (scaled up 0.100*10°6 times)
Masimum valve = 16.30"10 € m (Bement 128 atNode 2090)

Puc. 7. IloBepxHs koB3aHH: BinbHOro cxmiy I1K Plaxis
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Puc. 8. IToBepxHs koB3anHs BinbHOro cxmiry I1K «Ykic» 3a cripouenum meronom bimona

25 s; 250 000 2% s00 7.5 w0 @ s ms M 20 30 2s %0 20 B0 7S W0 20 a0

[ri08m

3400
25 o
0.0
1000 2T
%0
20
20
2.0
800
1500
1200
200

000

Incremental displacements |Au (scaled up 0.0500%106 times)
Maxinum vaue = 33,3610 m (Hement 117 at fode 4442)

Puc. 9. IToBepXxHs KOB3aHHs CXWITy 3 10AaTKOBUM HaBaHTaxxeHHsAM 1K Plaxis

%3 313 753
-5 0 5 10 5 20 25 30 35 40 45 50 55

Puc. 10. [ToBepxHs KOB3aHHS CXWITy 3 10JaTKOBUM HaBaHTaxeHHAM [1K «Ykic» 3a cinpomeHum Meronom bimona

Sk BUIHO 13 TabI1. 2, 3HaYeHHsI KOe(Ili€HTY CTIHKOCTI, [0 OTPUMaHi 3a JIOMOMOTOI0 Pi3HUX
MPOrpaMHUX KOMIUICKCIB, MAalOTh JIOCTATHIM piBeHb 301KHOCTI, HE IMBIISTYMCh HA Te, IO
0a3yloThCsl Ha pI3HUX MiAXomax, NHpH LbOMY BIiH 30epiraeTbcs NHpPHU BHECEHHI 3MiH Y
po3paxyHKoBY cxemy. [loBepxHi KOB3aHHs, OTpPHMMaHI Pi3HMMH METOAaMH, MAlOTh MOAiIOHMIT
XapakTep PO3MOBCIOKEHHS 1 Jiokami3anito. CXoxi pe3ylbTaTh MOPIBHSHHS METOAIB OTPUMaHi
B podori [3].
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Tabnuugt 2
Pe3ysnbraTi po3paxyHKiB
Hporpamimii prl}a METOMIS, Ha Bukopucranuii 3anaua Ne2-
KOMILJICKC, SIKIH 3aCHOBaHUI 3amaua Nel-
- . METOJI PO3PaXyHKY . . CXuIl 3 10AaTKOBUM
BUKOPHCTaHUH 715 HporpaMHui . g Binbuuii cxui
crpiitkocTi HaBaHTaKCHHAM
PO3paxyHKY KOMILIEKC
Plaxis Meron CKIHYEHHNX MCTOL[ 3HIDKEHHA 2,370 1793
CIICMEHTIB MiLHOCTI
Deneniyc 2,27 1,727
«YKic» (KOMHOHEHT | MeToau rpaHuYHOl biton cripoueHui 2,413 1,857
SCAD-Office) piBHOBaru SIHOy criporenuit 2,117 1,614
SIHOy KoperoBaHuH 2,261 1,725

BucHoBkH. PO3risiHyTI TPy METO/IIB MalOTh HAWOUIbILE PO3MOBCIODKEHHS B TEOTEXHIUHIM
MPaKTHL, IPU IIbOMY € TiepeBary i Hepouiku. [1inbip parioHanbHOro METOMY AJIsl KOHKPETHOI
npakTHyHOl 3amavi  Oyle 3ajexard BiJ BEIMKOI KIUIBKOCTI pi3HUX (axropiB. [lpu
L[bOMY,I'OJIOBHUMH II€pEBaraMyu MeETOJIB I'PaHHUYHOI PIBHOBard € MPOCTOTa MAaTEMAaTHYHOI'O
amapary, LIMpoKa anpodaiiss Ta MOXJIHMBICTH PYYHOTO pO3paxyHKy O0e3 3aaydeHHs
CrelLiali3oBaHuX mporpaMm. ['OJIOBHUM HEIOJIKOM € BIJICYTHICTh aHali3y HaIpyXeHo-
neopMOBaHOrO CTaHy CXWJIy Ha BIAMIHY BiJl METOAY CKIHUEHHUX €JIEMEHTIB,JUISl SIKOTO
posrisin HAC cxuny e npupoanim. o nepesar MCE mMokHa Takox J0JaTv THYYKHU amapar
MOZEIIOBAHHS Ta MO>KJIUBICTH BUKOPHCTAHHS PO3BUHEHHUX CYYacHHX MOJENCH IPYHTIB.

CIIMCOK JIITEPATYPU

Macnos H. H. MexaHuKa TpPyHTOB B ITpaKkTHKe cTpoutenbetBa.— M.: Crpoiinsaar, 1977.—320 c.

Macnos H.H. YcioBus yCTOHYHMBOCTH CKJIOHOB M OTKOCOB B THIPO-YHEPrETMYECKOM CTPOMTENbCTBE. — M.:

T'ocaueprousnar, 1955. — 467 c.

3. Hocenko B., Crouko JI., Maraman A.Ouinka CTIHKOCTI CXMITy 3 BAKOPUCTAHHAM Pi3HUX PO3PaxyHKOBUX METOAIB //
OcHoBH Ta pyHaaMeHTH: HayK.- TeX. 30ipHuKk — K.: KHYBA, 2021. - Bun. 43. — C.40-51.

4. [Ilepkosckuii JI. JI. DneMeHTbl pacyeTa YCTOWYMBOCTU OINOJ3HEBOro maccupa // Omoyi3Hu M O0pbda ¢ HUMH: TP.
Ces.-KaBka3. cemunapa — Crasponosns, 1964. — C.25-29.

5. Conooeii 1., Ilempenxo E.FO., Ilasnenko B.M. Knacudikauis i NpuuMHM BUHUKHEHHS 3CYBHHX IPOLECIB Ta
METOJIM PO3paxyHKy cxuJiB // Onip Martepiaiis i Teopist criopyn: Hayk.- Tex. 30ipHuk — K.: KHYBA, 2022. — Bun.
109.— C. 184-202.https://doi.org/10.32347/2410-2547.2022.109.184-202

6. Conooeti 11, Ilempenxo E.FO., Ilagnenko B.M. TloctaHoBka 3aja4yi MOJENIOBaHHS 3CYBHHX IIPOLIECIB B
IUIACTUYHUX IpyHTaX // Onip Marepiaiis i Teopis cnopyn: Hayk.- Tex. 30ipuuk — K.: KHYBA, 2022. — Bun. 110.—
C. 47-62.https://doi.org/10.32347/2410-2547.2023.110.47-62

7. Teiinop J. OcHoBbI MexaHukH TpyHTOB: Ilep. ¢ anru. uwxk. I'. JI. Urnatioka. —M.: I'occrpoituznar, 1960.- 598c.

Dedopos M.B. MeTosibl pacuera yCTOWYHBOCTH CKJIOHOB U 0TKocOB.— M.:T'occrpoitnzaat, 1962. —204c.

9. Yyeaes P P. 3eMiIsiHbIE TUIPOTEXHUYECKHE COOPYKEHHUS (TEOPETHUECKUE OCHOBBI pacueTta). — JI.: Dueprus, 1967. —
460c.

10. Llaxyuany I'. M. XKeneznonopoxuslit mytb.— M.: Tpancnopt, 1969. -536¢.

11. Llaxyuany I'. M. K Borpocy BbIOOpa paliliOHaIbHBIX METO/IOB pacyeTra CKIOHOB // Onos3Hu U 60pbda ¢ HUMH: TP.
Ces.-KaBka3. cemunapa — CraBponosns, 1964. — C.34-46.

12. Hlaxyuany .M. PacyeT ycTOHYMBOCTH CKJIOHOB M OTKOCOB IPOTHUB CKOJBbXEHUs 1opox // Matepuaibl COBELIaHUs
10 BOIIPOCAM M3y4EeHHUs onoJizHed u mep 60opr0bl ¢ HUMu —K.:M31-Bo Kuesckoro ynusepcutera, 1964. — C. 16-25.

13. Acionac JI. I1. Boipocsl 60pbObI ¢ OMOJIZHAMHU Ha KeNe3HbIX goporax.— M.: Tpancxengopuszaart, 1949. -160c.

14. Bishop, A. W. The use of the slip circle in the stability analysis of slopes //Géotechnique, 1955. —vol.5.— pp. 7-17.

15. Dawson, E., Motamed, F., Nesarajah, S. and Roth, M. Geotechnical stability analysis by strength reduction // Slope
Stability 2000: Proceedings of Sessions of Geo-Denver 2000 — ASCE Geotechnical Special Publication, 2000. —
NelO1. —pp. 99-113.

16. Dawson, E.M., Roth, W.H. and Drescher, A., Slope stability analysis by strength reduction // Geotechnique, 1999
—vol. 49. — Ne6. — pp. 835-840.

17. Fellenius, W. Calculation of the Stability of Earth Dams // 2nd Int. Congress on Large Darns, Int. Commission on
Large Dams, —Washington, DC. 1936. — pp.445-459.

18. Janbu, N. (1954). Application of composite slip surface for stability analysis//Proc. Euro. conf. on stability of Earth
slopes. — Stockholm, Sweden, 1954. —pp. 43-49.

19. Janbu, N.Slope Stability Computations / Embankment- Dam Engineering: Casagrande Volume. — John Wiley &

Sons, Inc., New York, 1973. — pp. 47-86.

N —

®



36 ISSN 2410-2547
Onip Matepiaiis i Teopist ciopyy/Strength of Materials and Theory of Structures. 2023. No 111

20. Matsui, T. and San, K-C., Finite element slope stability analysis by shear strength reduction technique // Soils and
Foundations.1992. vol. 32.— pp. 59-70.

21. JbH B.1.1-46:2017 IueHepHW# 3axucT TepuTOpid, OyaiBenb i crmopya Bij 3cyBiB Ta oOBaniB. OCHOBHI
nonoxkenHs. — K.: Minperion0ynYkpainu, 2017. — 47 c.

REFERENCES

1. Maslov N. N. Mekhanika hruntov v praktike stroitelstva (Soil mechanics in construction practice). — M.: Stroiizdat,
1977.-320s.

2. Maslov N.N. Usloviia ustoichivosti sklonov i otkosov v hidro-yenerheticheskom stroitelstve(Conditions for the
stability of slopes in hydropower construction). — M.: Hosienerhoizdat, 1955. — 467 c.

3. Nosenko V., Skochko L., Malaman A. Otsinka stiikosti skhylu z vykorystanniam riznykh rozrakhunkovykh metodiv
(Evaluation of slope stability using different calculation methods) // Osnovy ta fundamenty: nauk.- tekh. zbirnyk —
K.: KNUBA, 2021. - Vyp. 43. — S.40-51.

4. Perkovskii L. L. Yelementy rascheta ustoichivosti opolznevoho massiva (Elements of calculating the stability of a
landslide mass) // Opolzni i borba s nimi: tr. Sev.-Kavkaz. seminara — Stavropol, 1964. — S.25-29.

5. Solodei 11, Petrenko E.Yu., Pavlenko V.M. Klasyfikatsiia i prychyny vynyknennia zsuvnykh protsesiv ta metody
rozrakhunku skhyliv (Classification and causes of landslide processes and slope calculation methods) // Opir
materialiv i teoriia sporud: nauk.- tekh. zbirnyk — K.: KNUBA, 2022. — Vyp. 109—- S. 184-202.
https://doi.org/10.32347/2410-2547.2022.109.184-202

6. Solodei L1, Petrenko E.Yu., Pavlenko V.M. Postanovka zadachi modeliuvannia zsuvnykh protsesiv v plastychnykh
gruntakh (Statement of the problem of simulation of shearprocesses in low-colusion plastics soils) // Opir
materialiv i teoriia sporud: nauk.- tekh. zbirnyk — K.: KNUBA, 2022. — Vyp. 110- S. 47-62.
https://doi.org/10.32347/2410-2547.2023.110.47-62

7. Teilor D. Osnovy mekhaniki hruntov (Fundamentals of soil mechanics): Per. s anhl. inzh. H. L. Thnatiuka. —M.:
Hosstroiizdat, 1960. - 598s.

8. Fedorov I. V. Metody rascheta ustoichivosti sklonov i otkosov (Methods for calculating the stability of slopes). —
M.:Hosstroinzdat, 1962. — 204s.

9. Chuhaev R R. Zemlianye hidrotekhnicheskie sooruzheniia (teoreticheskie osnovy rascheta) (Earthen hydraulic
structures (theoretical principles of calculation)). — L.: Yenerhiia, 1967.— 460s.

10. Shakhuniants H. M. Zheleznodorozhnyi put(Railroad track). — M.: Transport, 1969. - 536s.

11. Shakhuniants H. M. K voprosu vybora ratsionalnykh metodov rascheta sklonov (On the issue of choosing rational
methods for calculating slopes) // Opolzni i borba s nimi: tr. Sev.-Kavkaz. seminara — Stavropol, 1964. — S.34-46.

12. Shakhuniants H.M. Raschet ustoichivosti sklonov i otkosov protiv skolzheniia porod (Calculation of the stability of
slopes against rock sliding) // Materialy soveshchaniia po voprosam izucheniia opolznei i mer borby s nimi — K.:
1zd-vo Kievskoho universiteta, 1964. — S. 16-25.

13. Yasiunas L. P. Voprosy borby s opolzniami na zheleznykh dorohakh (Issues of combating landslides on railways).
— M.: Transzheldorizdat, 1949. -160s.

14. Bishop, A. W. The use of the slip circle in the stability analysis of slopes //Géotechnique, 1955. —vol.5.— pp. 7-17.

15. Dawson, E., Motamed, F., Nesarajah, S. and Roth, M. Geotechnical stability analysis by strength reduction // Slope
Stability 2000: Proceedings of Sessions of Geo-Denver 2000 — ASCE Geotechnical Special Publication, 2000. —
NelO1. —pp. 99-113.

16. Dawson, E.M., Roth, W.H. and Drescher, A., Slope stability analysis by strength reduction // Geotechnique, 1999
—vol. 49. — Ne6. — pp. 835-840.

17. Fellenius, W. Calculation of the Stability of Earth Dams // 2nd Int. Congress on Large Darns, Int. Commission on
Large Dams, —Washington, DC. 1936. — pp.445-459.

18. Janbu, N. (1954). Application of composite slip surface for stability analysis//Proc. Euro. conf. on stability of Earth
slopes. — Stockholm, Sweden, 1954. — pp. 43-49.

19. Janbu, N.Slope Stability Computations / Embankment- Dam Engineering: Casagrande Volume. — John Wiley &
Sons, Inc., New York, 1973. — pp. 47-86.

20. Matsui, T. and San, K-C., Finite element slope stability analysis by shear strength reduction technique // Soils and
Foundations. 1992. vol. 32. — pp. 59-70.

21. DBNV.1.1-46:2017Inzhenernyizakhystterytorii, budivelisporudvidzsuvivtaobvaliv. Osnovnipolozhennia. — K.:
MinrehionbudUkrainy, 2017. — 47 s.

Cmamms naoivwna 09.10.2023



ISSN 2410-2547 37
Onip Matepiaiis i Teopist ciopyy/Strength of Materials and Theory of Structures. 2023. No 111

Conooeil L1, [Tempenko E.FO., [lagnenxo B.M.
OCOBJUBOCTI METOJIB OLITHKH CTIMKOCTI 3CYBHUX TA 3CYBOHEBE3IMEYHUX CXUJIIB

Po3B’s3aHHs 3a7ad  CTIMKOCTI CXWJiB 1 migdip ONTHMAJBHUX METOAIB PO3PAXYHKY JUII HHUX 3aJMILAE€THCA
AKTYyaJIbHOI TNpo0sIeMoI0. 3HayHa PI3HOMAHITHICTh IH)KEHEPHO-TEOJIOTIYHUX YMOB Ta BEJIMKAa KiJbKICTh YMHHUKIB i
(axTopiB, 1110 MOXKYTh BIUIMBATH Ha CTIHKICTh CXMIY, NPU3BOIATH 10 HEOOXiTHOCTI MiA00OpY METOLy pO3paxyHKY y
KO)KHOMY KOHKPETHOMY BHIAJIKY.

VY crarri po3ristHyTO OCOOJIMBOCTI ABOX HAHOUIBII MOIIMPEHUX B TEOTEXHIYHIM NPAKTHII METOIIB PO3PaxyHKY
cTiiikocTi cxuiiB i ykociB. Ilepimia rpyma —MeToxu IpaHUYHOI PIBHOBAard, € LIMPOKO anpoOOBAHOI Ta SBJISETHCA
OCHOBOIO IPOCTHX IHXKEHEPHMX PpO3PAaXyHKIB CTIMKOCTI cXuiiB. Y paMKax CTaTTi pPO3MVITHYTO METOJX
KPYTJIOUMIIIHAPHYHOI TOBEPXHi KOB3aHHS HA OCHOBI METO/Ly MOMEHTIB, METOJ TOPH30HTAIBHUX CHJI, METOJN JOTHYHHX
CHJI Ha OCHOBI aHaiiTHuHOro Meroxy I'.M IllaxyHsHIS i3 HABEACHHAM PO3PaXyHKOBHX CXEM 1 MAaTEMAaTUYHOI'O anaparty
naHux MeroaiB. BinmiueHo Takox merox JI. I1. SlcioHac yepe3 BHCBITIIEHY HMM i/1€10 CIPOILECHHS PO3PAXYHKIB 3
BUKOPUCTAHHSAM OJMHUYHOTO 3CYBHOTO THCKY, IO 3arajioM € I[IKaBOIO i/Ie€l0, MPOTE Ma€ IEBHI CKIAZHOLI Y
MpakTU4Hiil peanizanii. HaBeneHo KiIO4OBI mepeBaru i HEMOJNIKM METOLY CKIHYEHHHMX €JIEMEHTIB NpU PO3B’s3aHHI
3ajau cTiiikocTi cxmimiB. BucsiTineno muranus xom6inanii MCE i3 MeToqoM 3HM)KEHHS MIITHOCTI Ul BU3HAUEHHS
Koe(ilieHTy CTIHKOCTI CXHUIIIB.

HaBeneHo kinbka mporpaMHUX KOMIUIEKCIB IO JalOThb 3MOI'Y aBTOMAaTH30BaHO BH3HA4YaTH Koe(illieHT CTiiikocTi
cxwiiB, 0a3yrouuch Ha pI3HUX Tpynax METOAIB. BHKOHAHO TOPIBHSIBHUNA PO3PaxXyHOK YSBHOIO CXMIY 3
Bukopucranusam [1K«Plaxis 2D» Ta «Ykicy. Po3riasHyTo Bi HOCTaHOBKM 3aJadyi: JUIs BUIbHOIO CXHMJIY Ta 3 J0JATKOBHM
HaBaHTAXXECHHAM Yy BEpXHill 4acTuHi cxuiy. IIpoaHanizoBaHO oTpuMaHi KoeQillieHTH CTiHKOCTI 1 (opMH MOBEPXHI
KOB3aHHS Ta c()OPMOBAHO y3arajibHeHy TaOJMIIO pe3ynbTaTiB. BinoOpajkeHi pe3ysibTaTH AEMOHCTPYIOTh JOCTATHIO
30DKHICTb, 110 MITBEP/XKYE MOXIIMBICTh 3aCTOCYBaHHS 3a3HAYEHUX METOJIB Yy iHXKEHEPHIH NMPaKTHIL JUI1 BU3HAYCHHS
Koe(ilieHTy CTIHKOCTI CXHUIIIB.

KuarouoBi ciioBa: 3cyBu, koe(illieHT CTIHKOCTI, METOIM PO3paxyHKy CXHUIIB, MojenoBanHs cxuii, MCE.

Solodei 1.1, Petrenko E.Yu., Pavlenko V.M.
FEATURES OF THE METHODS OF THE SLOPE STABILITY EVALUATION

Solving slope stability problems and selecting optimal calculation methods remains an urgent problem. A significant
variety of engineering and geological conditions, and a large number of factors that can affect the stability of the slope,
lead to the need to select a calculation method in each specific case.

The article examines the features of the two most common methods of calculating the stability of slopes and slopes
in geotechnical practice. The first group - limit equilibrium methods, has been widely tested and is the basis of simple
engineering calculations of slope stability. Within the framework of the article, the circular cylindrical sliding surface
method based on the method of moments, the method of horizontal forces, the methods of tangential forces based on the
analytical method of H.M. Shakhunyanets, with the introduction of calculation schemes and the mathematical apparatus
of these methods, are considered. The method of L. P. Yasyunas was also noted due to the idea he highlighted of
simplifying calculations using unit shear pressure, which is generally an interesting idea but has certain difficulties in
practical implementation. The key advantages and disadvantages of the finite element method for solving slope stability
problems are given. The question of combining MSE with the method of reducing strength to determine the coefficient
of stability of slopes is highlighted.

Several software complexes are presented that allow us to automatically determine the coefficient of stability of
slopes based on different groups of methods. A comparative calculation of the imaginary slope of PC "Plaxis 2D" and
"Ukis" was performed. Two formulations of the problem are considered: for a free slope and with an additional load in
the upper part of the slope. The received coefficients of stability and the shape of the sliding surface were analyzed and
a generalized table of results was formed. The displayed results demonstrate sufficient convergence, which confirms the
possibility of using the specified methods in engineering practice to determine the stability coefficient of slopes.

Keywords: landslides, coefficient of stability, methods of calculating slopes, modelling of slopes, FEM.
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Conooeti 11, Ilempenxo E.JO., I[lagnenko B.M. OcobdjauBocTi MeToAiB OWIHKM CcTiiikocTi 3cyBHHMX Ta
3cyBoHeOe3neyHuX cxuiiB // Onip marepiainiB i Teopist ciopya: Hayk.-Tex. 30ipuuk — K.: KHYBA, 2023. — Bun. 111. -
C.25-38.

YV pobomi posenanymo 0si epynu memooigoyinku cmitikocmi cxuny. Haeedeno ocnosHuil mamemamuynuil anapam
OdesKux Memooig epaHuyHol pieHo8azu i OCHOBHI 0COONUBOCII MEMOOY CKIHYEHHUX eeMeHmi6 Olid 0aHO020 MUny 3a0ad.
Bukonano nopieHsbHull po3paxyHoK ya6HO20 CXULY 3a OONOMO2010 MEMOOi8 PISHUX 2PYN.

1. 10. Tab6an. 2. Bi6niorp. 21 Ha3s.

UDC 624.131.7

Solodei 1.1, Petrenko E.Yu., Pavlenko V.M. Features of the methods of the slope stability evaluation// Strength of
Materials and Theory of Structures: Scientific-and-technical collected articles- K.: KNUBA, 2023. —Issue 111. - P. 25-38.
The article considers 2 groups of methods for slope stability evaluation. The basic mathematical equation of some limit
equilibrium methods and the main features of the finite elements method for this type of problem. A comparative

calculation of the apparent slope was performed using the methods of different groups.
Fig. 10. Tab. 2. Ref. 21.
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BII/IMB BUBYXOBHUX HABAHTAKEHDb HA BY IIBJII
TA CIIOPYJHU IUBIVIBHOI'O 3AXUCTY HACEJIEHHSA
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JIOKTOP TEXH. HayK, podecop
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' Kuiscokuti nayionansuutiynisepcumemoyoienuymea i apximexmypu,
Tosimpoghnomcewkuil npocn., 31, m. Kuis, Yrpaina. 03680
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AHoTanis. Y cTaTTi 00rpyHTOBaHA aKTyaJIbHICTh IIPOEKTYBAHHS 1 Oy/IIBHUITBA Oy/1iBEIIb 1 CHOPY/L LIUBUIBHOTO 3aXUCTY
HacelleHHs YKpaiHM B yMOBaX MOXJIMBHX YJIapHO-BUOYXOBHX i BOTHEBUX YpakeHb. MeTor poOOTH € cucTeMaTH3allis
iHdopManii mpo BIJIMBA BUOYXOBHX HaBaHTa)KEHb HA KOHCTPYKIi Oy/IiBenb Ta HalaHHA PEKOMEH/ AN 11010 TTOKpAIEHHS
cTifiKoCTi Oy/1iBEb 1 COPY/L UMBUIBHOTO 3aXUCTY HACEICHHS.

Po3ristHyTI Ta CHCTEMaTW30BaHI BIUIMBU YJApHOI XBHJI Miji 4yac AeTOoHauil BUOYXOBHX PEUOBMH Ha KOHCTPYKLIl
OyniBenb. [IpoanaizoBaHi 0cOOIMBOCTI PO3MOIUTY TUCKY yJapHOI XBHJII HA KOHCTPYKLIi Oy/1iBi y yaci, B 3aJIeXHOCTI BiJ|
iX BiACTaHI JI0 emiueHTpy BUOYXy. BusiBieHiI 0coOIMBOCTI BIUIMBY BMOYXOBOI XBHWII, sIKa MOIIMPIOETBCS BiJl OCEPEKY
JIeTOHAI{, Ha MaJIONOBEPXOBi OyiBJI 3 INIOCKUMU HOKPUTTAMH i MOCIIJOBHICTh PO3BUTKY JedopMalliii Ta pyiHyBaHb iX
KOHCTPYKIIii Ha TphOX €Tamax pO3MOBCIO/pKeHHs XBWIJI. [IpoaHaini3oBaHO XapakTep BIUIMBY BHOYXOBOi XBMJI Ha
OarartornoBepxoBi 1 BUCOTHI OyaiBJIi Ta MOCIIZOBHICTb PO3BUTKY Aedopmaliil i pyiiHyBaHb 1X KoHCTpykKuiid. HaBeneHi
MIPUKJIAJIM PYHHYBaHHS KOHCTPYKLH Oy/iBesb Pi3HUX KOHCTPYKTHBHUX CHCTEM Bil BUOYXIB.

VY poborti HajaHi peKoMeHJallii 11010 POEKTYBaHHS BUOYXOCTIHKHX OyiBesb 3 BOY0BaHUMU OOMOOCXOBHIIAMH, SKi
3/aTHI YMHUTH OIip BUOYXOBMM BIUIMBaM 0€3 IPOrpecyrovoro Kojarcy, L0 MPU3BOAWTE A0 IOSBH KACKaaHOI
MOCIIJOBHOCT] MOIIKO/DKEHb CYMDKHUX KOHCTpYKI[H OyxiBii. [IpoaHasizoBaHi IUISIXM MEpepo3NOALTy IpaBiTalliiiHUX
HaBaHTa)KCHb Ha KOHCTPYKTHBHI CHCTeMM OyJiBelb Ta IX KOHCTPYKIUIl i HaBeIEHI PEeKOMEHJALlii 1010 MPOEKTYBAHHS
BHOYXOCTilKMX OyaiBenb. 3po0JieHi BUCHOBKH PO JOLUIBHICTh BAKOPHCTAHHS MOHOJIITHUX 3aJ1i300€TOHHUX KapKaciB, sKi
3JIaTHI IUIACTHYHO J1eopMyBaTHCs, HEPEPO3MOIUIATH 3yCHILIA 1 3a1100iraT BUHMKHEHHIO TIPOTPECY0UOoro KoJancy, sKHid
MIPU3BOIUTH 10 TOSIBU KACKAJIHOT ITOCIITOBHOCT] HOIIKO/KEHb CyMDKHUX KOHCTPYKLH Oy tiBIi.

KarouoBi ciioBa: OyniBiis, 3axuMcHa cHopyja, HaBaHTaKCHHs, BUOYXOBMH BIUIMB, yAapHa XBWJIS, KOHCTPYKILis,
nedopmartist, KapkacHa CUCTEMA, BY3JIH 3aJ1i300€TOHHUX paM.

ITocTanoBKa MpoodeMHu i aHAJi3 MonepeaHixX J0CaiTKeHb

29 naunas 2022 poky B Ykpaiui BBefeHo y airo 3akon Ne 2486-1X «IIpo BHECEHHS 3MiH 10
JIEAKUX 3aKOHOAABYMX aKTiB YKpaiHM 11010 3a0e3MeUeHHs] BUMOT IIUBIILHOIO 3aXUCTY ITiJ] Yac
IJIaHyBaHHSA Ta 3a0yJIOBH TEPHUTOPIii», SKWH BHUMAarae Bia 3a0yIOBHHKIB IPOEKTYBAHHS Ta
OYHIBHHUIITBO 3aXMCHUX CIIOPY LIMBIIBHOIO 3aXUCTy a00 CIOPY/ MOABIHHOrO MPU3HAYEHHS IS
00’€KkTiB OymIBHHIITBA, SKi 32 KIIACOM HACIIAKIB (BiAMOBIAAILHOCTI) HalEXaTh A0 00 €KTIB i3
cepenuimu (CC2) ta 3naunnmu (CC3) HacmigkaMu, Ha SKHX ITOCTIHHO mepeOyBaroTh moHam 50
¢iznunux ocib abo nepionuuHo nepedysaroTh monaz 100 ¢izuunux ocib [2, 9, 14, 15].
3axucHI 1HXEHEepHI CHOPYAU LMBLUILHOTO MPHU3HAYEHHS JJIsl 3aXUCTy HACENICHHS BiJl BIUIUBY
HeOe3MeYHNX YMHHMKIB Ta Mii 3ac00iB ypaKeHHs, SIKi BUHMKAIOTh BHACIIIOK HaJ3BUYaHHUX
CUTyallil, BOEHHUX i a00 TEPOPUCTHUYHUX aKTIB, MOBHHHI MPOEKTYBATHCS 3 BPaxXyBaHHIM
BUMOI' TIOKEXHOI Ta TexHoreHHoi Oesmeku [1, 15,17]. HailiBaxnusinmm dakTopom

© Ipanuenxo T M., I'eryn I'.B., besxuryoenko 1.C., Conomin A.B., ITocrepHnak O.M.
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MIPOEKTYBAHHSI 3aXWUCHUX CIOPYJ € iX palioHaJIbHE PO3MILIEHHS B CTPYKTypi OyIiBii, IO
notpedye 37aro/pKeHol poOOTH apXiTEeKTOPIB Ta iHXKeHepiB KOHCTpYyKTopiB. Ha nepiiomy erami
MIPOEKTYBAHHS, KOJHM apXiTEeKTOPH pO3POOIISIOTh 00’€MHO-IUIAHYBaJbHI pillieHHs OyaiBIi,
MPU3HAYAIOTh X OCHOBHI TabapuTHI PO3MIpH, BHKPECIIOIOTH IUIAHK 1 pO3pi3u, HEOOXiIHO
palliOHANIBHO PO3MICTUTH YKPUTTS B 00 €M1 OyIiBIi, Y3rOJUTH 3 1HKEHEPOM-KOHCTPYKTOPOM
KOHCTPYKTUBHY CHCTEMY i cXxeMy OyiBiii,BUOpaTH MaTepiaid OCHOBHHX HECYYHX KOHCTPYKIIH
OyIiBii Ta YKPHUTTS, MPU3HAYUTU iX OPIEHTOBHI PO3MIpH, 3i0paT HaBaHTAKEHHS 1 BUKOHATH
MOJAJbIN CTATHYHI Ta KOHCTPYKTHMBHI po3paxyHku [2, 5, 15]. HaniliHicTs 3aXuCTy JNroaei B
VKPUTTIX y IIepuly 4epry 3a0e3ledyeTbes MILHICTIO HECYdYMX 1  OropoKyBalbHHX
KOHCTPYKIIiH, a TAKOX CTBOPCHHIM ONTUMAJIbHUX CAHITAPHO-TEXHIYHUX YMOB Ul HOPMaJbHOI
KUTTEIISIBHOCTI YKPUTHX B HUX JIFOJEH mpoTsarom Asox mio [1, 14, 16].

OcHOBHI HeCy4i KOHCTPYKIII 3aXHUCHHMX CITOPYJ HHBIJIBHOIO 3aXHCTY MOBMHHI BUTPUMYBATH
BCl BHIW CTATHMYHMX 1 JUHAMIYHMX HABAHTA)KEHb 1 BIUIMBIB BiJ MOXIIMBHUX BHOYXIB 1 JETOHALIII.
HaBanTtakeHHst Big BUOYXIB MOXKHA [OEIKMM YHHOM IIOPIBHIOBATH 3 HABAHTAXEHHSIMH, SIKi
BUHUKAIOTh B PE3YJIbTaTi IPUPOAHHUX HAaA3BUUAHHUX SBUIL, a caMe: 3eMJICTPYCiB, eKCTpeMaIbHHX
HaBaHTAKEHb BiJ BITPY (yparaHiB 3 TPUBAIUM IEPIOIOM dacy abo TOpHAZAO Majoi TPHBAIOCTI).
XapakTepHOIO OCOOJUBICTIO TaKMX HAaBaHTa)KEHb 1 BIUIMBIB Ha KOHCTPYKII OymiBmi €
JIOMiHYBaHHS TOPM30HTAILHOI CKJIA0BOI HABAHTAKEHHS HaJl BeEpTHKaIbHOM [3, 7, 8, 13].

Meta nyOaikamii momsrae B kimacugikaiii Ta cMcTeMaTn3allii HaBaHTa)KE€Hb 1 BILIMBIB Ha
KOHCTpYKLIii OyaiBens B BUOYXIB 1 IeTOHALI].

OcHoBHe JociaijzkeHHs1. binbniicts pydHyBaHb, 3aBJAaHUX BHOYXOM, BHKIHKAETHCS
BILUIMBOM YIAPHOI XBHJII, SIKa BUHUKAE ITiJ] Yac JAeTOHAIlil BHOYXOBUX pEeYOBMH. JleToHaris — 11e
IpoLec XiMIiYHOTO MEPeTBOPEHHs (3ropaHHs) BHOYXOBHUX PEUYOBHH, SKHI CYIPOBOIKYETHCS
BUBIJIBHEHHSM €HEPTIi, 1110 MOMUPIOETHCS Y BUTIISIAI YAAPHOT XBUIII 3 BUCOKOIO (HAA3BYKOBOIO)
LIBHUIKICTIO, 3aBJISIKK YOMY PO3BHUBAETHCSI TUCK HA KOHCTPYKIIIT Oy/IiBelb, SKUH Y TBEPAUX TiIax
CTaHOBUTB JieKiibka necsatkis ['Tla.

VYnapHa XBWIsL € CTPUOKOM YIIIJIbHEHHS B CEPEIOBHIL, HIO PYXAETHCS 3 HAJ3BYKOBOIO
mBukictio (Oinbine 350 M/c st atmocdepu). Ilin wac armochepHoro BUOYXy CTpHOOK
YUIUIBHEHHSI — I[I¢ HEeBeJMKa 30HA, B SIKId BiIOyBaeThCs Maike MUTTEBE IiABUIICHHS
TEMIIepaTypy, THUCKY Ta TYCTHHH MOBITpsi. besmocepenHbo 3a (poHTOM ymapHOi XBHII
BiJIOYBAETHCS 3HKCHHSI TUCKY Ta LIUIBHOCTI MOBITPS, Bl HEBEIMKOIO 3HW)KEHHS JIaJIeKO Bijl
LEHTPY BUOYXY 0 Maiike BakyyMy Bcepem/ml BOTHEHHOI cepu. HacmiakoM bOro 3HWKEHHS
€ 3BOPOTHHMI XiJl TIOBITPSl Ta IMOTY)XHUH BITEp B3JOBXK IMOBepXHi 31 mBHAKOCTAMHU J0 100
KM/Tozl. Ta Olnblie J0 emniueHTpy. YJapHa XBWIS pyiHYye OYaiBIi, CIOpPYAM 1 Bpakae
HE3aXUILIEHUX JII0/IeH, a OJNM3bKO 0 EMIIeHTPY HAa3eMHOro YM JY)Ke HHU3bKOrO MOBITPSIHOTO
BUOYXY, TOPO/DKYE IIOTY)KHI CEHCMIYHI KOJMBaHHs, 3[aTHI 3pydHYyBatn a0 MOUIKOIUTH
CHOpY/H 1 KOMYHIKAIi1 Ta TPaBMYyBaTH JIIOJICH.

bBinpuicts  OyniBenb, KpiM  CHELATbHO  YKPIIUICHHX, CEPHO3HO MOLIKO/UKYIOThCS a0
pyHHYIOTbCSL M Jiero HajuiuikoBoro Tucky 21...36 k[la. Eneprisi po3mnoaiisieTbesi BCi€rO
MPOMJICHOIO BIJICTAHHIO, Yepe3 IO CHJIa BIUIMBY YJApHOI XBUIJII 3MEHIIYETHCS MPOIOPLIHHO KYOy
BIJICTaHI BiJi €MILICHTDY.

XapakTepuCTUKKA Ta IHTEHCHBHICTh BHOYXOBOTO HaBaHTAXKCHHsS BH3HAYAIOTHCS BArokw i
TUIIOM BUOYXOBOI PEUOBMHH, @ TAKOXK BIJICTAHHIO BiJ| MICI[sl JISTOHALIIT /10 Oy1iBiIi a00 3aXUCHOT
criopyznu. HeMoxmBo 3a3ianeriab TOYHO BU3HAUYUTHU Bary i TUI BUOYXOBOI PEYOBHHH, & TOMY
BUOYXOBI MaTepiajiy KIacu(piKylOTh 32 CTYNEHEM CIPUYMHEHO MOTEHIIWHOI MIKOIU Bij
JieToHalii Ta 3a BUJICHHSM «BHUCOKOD» ab0 «HU3bKOD» eHeprii. 3a nanumu OBP BuOyxosi
PEUOBUHH «BHUCOKOI €Heprii», siKi e)eKTUBHO MMEPETBOPIOIOTH XiMiYHI peakiii B THCK BUOYXY,
CTaHOBIATH MeHHe 1% Bcix BuOyxoBux MmarepianiB [12]. IlepeBaskna OinbmIicTe BHOYXIB
XapaKTepPU3yeTbCs HHU3BKUM BHUIUICHHSAM €HEprii, y SKUX 3HAa4YHa 4YacTHHAa BHOYXOBOTO
MaTepiajy BUTpayaeThcs Ha JeduarpaliiiiHe TOpiHHS 3 IIBHJKICTIO MOLIMPEHHS y KiJIbKa M/C
(103ByKOBE 3ropaHHs), sKE 3a3BHYail IOMIMPIOETHCS [0 KOHCTPYKIISX OyJiBenb uepe3
TEIUIONPOBIIHICTh 1 MEHII pyHHIBHE 1UIsi Oy/iBeNb, HiXK JACTOHALS. B Takux BHUMaJKax BelUKa
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YacTHHA XIMIYHOI eHeprii po3CilOEThCsl 10 MaTepially KOHCTPYKIN SIK TEIUIOBa €HEpris, 10
CIIPUYUHSE NOXKEXY a00 MOLIKOKEHHS TIUIOBUM BHIPOMIHIOBAHHSM.

JInsi  KOHKpETHOro THUIy 1 Bard BHOYXOBOrO Matepialy IHTEHCHBHICTh BHOYXOBOI'O
HABaHTAXKEHHSI 3aJIOKUTh BIJl BIJICTaHI Ta Opi€HTAIlli BHOYXOBOI XBHIII BITHOCHO HPOCTOPY, IO
3aXUIIAETHCS. YIApHA XBHIISL XapaKTepPU3YEThCsl Maibke MUTTEBUM MiABUIICHHSIM THCKY (P), 110
€KCIOHEHIIIAJIbHO 3aTyXa€ MpPOTIrOM KUIbKOX MUTICEKYH/, MICis 4YOro Hacrae JIOBrOTpHBaja
HeratuBHa (ha3a THCKY MeHIIOi iHTeHcuBHOCTI [4, 12]. [loyaTKoBY BENMUYMHY THCKY HA3MBAIOTh
IMKOBUM THCKOM, @ THCK HOBITPSIHOT XBIJII, PO3TAIIOBAHUN HWIKUE TOPH3OHTAIIBHOI JIiHIT Yacy, a
came TpUBaJia JJMHaMiKa THCKY MOBITPSIHOI XBUIIL, — iMITylibcoM (pHc. 1). ToMy iMITysibe, TIOB’sI3aHuMi
3 IIOIITOBXOM YIApHOI XBHWJII, BPAaXOBYE sIK IHTEHCHBHICTh THCKY, TaK 1 TPHBAIICTh IMITYJbCY.
Ockinibk (ppoOHT yJaapHO! XBHJII HOIIMPIOETHCS
BiJl JDKepena  JieTOHalii 3  HAJI3BYKOBOIO P
LIBUJIKICTIO, BIH PO3IIMPIOETHCS B A€l OLIbILI
00’eMH TIOBITPsL. Y BHIaJIKax BifianeHHs PPOHTY
yaapHOi XBWII BiJl JpKepena JeTOHAIl, MiKOBHI
(MaKcHMMaJIbHUI) THCK NPH yAapl Ha (POHTAIBHI
noBepxHi  OymiBimi OyJae 3MEHIIyBaTucs, a
TPUBAIICTh  IMITYJIbCY —THCKY —30UIbLIYBATUCS
(pI/IC- 1, ITYHKTHUpHaA KpI/IBa). Puc. 1. Po3noxin TicKy yaapHoi XBHII

Benuuuna miKOBHX THCKIB Ta iMITyJbCIB Ha KOHCTPYKii Gyxisi y vaci (£)
3MEHIIYEThCS 13 30UIbLICHHSM BiicTaHi Bif npu HaGKeHOMY POHTI yAapHof XBHIi

. . (cyuinpHa KpuBa) i
JDKepena, a pe3ynbTyiodl Mopeni BHOYXOBOro HpH BizLATEHOMY (bpOTI YAApHOT XBHITI
HABAHTA)XEHHS MAIOTh BUIJISA KOHLEHTPUYHHX (IlyHKTHpHa KpHBa)
KiJ 13 3MEHIICHHMH IHTEHCHBHOCTSMH. Taxuii
eekT aHaJoriYHUi KpyroBili OpWXKi, sIKa CTBOPIOETHCS, KOJIHM MpPEJAMET BIAB y BOJOWMY.
@®poHT ynapHOi XBWIII CIIOYATKY BIApSIEThCS 110 TEpeiHIX MOoBepXHsXx Oynisii (¢acanax,
MOKPUTTSX), PO3TALIOBAHMX HA HOro MHUIAXY,BiAOMBAETHCS, 3aJOMIIOETHCS, BiIOYBaeThCH
audpakiiiss — XBUWIBOBUI PyX CIIOCTEPIraeThcsi B 00JaCTi 32 MEPELIKO/I0, CTBOPIOIOTHCS 30HU
(okycyBaHHS Ta TiHI Ha OrOpPOMKYBAIBHMX KOHCTPYKLisX OymiBmi. Taki 3akoHOMipHOCTI
IHTEHCUBHOCTI BHOYXOBOTO HAaBAHTAXKEHHS € CKJIAJHUMH, OCKIJIBKH XBWJII OXOIUIIOIOTH BCIO
OyniBmo. THCK, 110 HABAaHTAXye TOKPUTTs, OIYHI Ta 3aJHI0 YaCTUHY OY/iBJi, Ha3UBAETHCS
[aJalouuM THUCKOM, a THUCK, SIKMH HaBaHTa)Xye OOOJIOHKY OYIiBIIi, SIKa 3HaXOAUTHCS IPSAMO
HaBIPOTH BUOYXY, HA3UBAETHCS BIOUTHM THUCKOM. |HTEHCHBHICThH IIKOBOTO THCKY, & TaKOX
IMITYJIbC BIUIMBAIOTh Ha TOTEHIlian HeOe3nekn BUOYXOBOI'O HaBaHTa)KeHHs. J{J1si BU3HAYCHHS
BEIMYMHA THUCKY Ta IMIYJbCIB, SIKI MOXYTh HaBaHTa)XyBaTH 3O0BHIIIHI OrOpOKYBabHI
KOHCTPYKIIT Oy/IiBIII BIAHOCHO JDKEpea JAeTOHallil, HeOOX1/IHI IeTalbHI JOCIIPKEHHSL.

Hacaigxu BUOYXy /15 MaJI0NI0OBePXOBUX OyAiBe b

Jlo MasnonoBepxoBuX Oy/iBelb BIAHOCSTHCS KUTIOBI OyAMHKU BHUCOTOIO IO TPHOX IOBEPXIB i
HEOXKUTIIOBI OyAiBII BUCOTOO 10 9 M [6, 15, 16]. Ypasnusumu s Takux OyIiBellb € KOHCTPYKLIT
MOXMJIMX TTOKPHUTTIB 1 OKPIBIIi, SIKI BUXOIATh 3 JIaJTy SIK IPH HEBEIIMKUX BUOYXOBHMX HABAHTA)KEHHSIX
1 MaJMX eMUeHTPAIBLHUX BIJICTAHSX, TaK 1 MPU MOTY)XKHUX BHOyXax 1 BEUKUX BiJCTaHSX. Biibl
CTIKUMU 10 BUOYXOBUX HaBaHTa)KCHb € MAaJIOIIOBEPXOBI OYIIBII 13 3ai300ETOHHUM KapKacoM i
IUIOCKUMH TOPHIIHUMHU Ta CyMIIEHUMH TTOKPUTTSAMH 13 3aJ1i300€TOHHMX 30ipHHX 200 MOHOJITHHX
wiT. MeHI CTIMKUMU € Oy/iBii ¢ HECY4HMMH LIETJIIHUMHU CTiHAMH, 30ipHHMH 3a1i300€TOHHUMH
TUTUTAMHU TIEPEKPUTTIB 1 MOXHIIMMHU TOKPUTTSIMH.

Ha puc. 2 noka3zanuii xapakrep BIUIMBY BUOYXOBOI XBHIII, SIKA PO3LIMPIOETHCS Bijl OCEPEAKY
JIETOHAII], HA MaJIONOBEPXOBY OYIIBIIO 3 IUIOCKMM MOKPHUTTSM 1 IOCHTIJOBHICTH PO3BHUTKY
nedopmariiii Ta pyHHyBaHHS 11 KOHCTPYKILIH HAa TPHOX €Tanax pPO3MOBCIO/IKCHHS XBHJIL.

Ha mnepmiomy erami BinOyBaeThcs MIKOBHH BIUIMB BHOYXOBOI XBHJII Ha KOHCTPYKIIi
¢poHTanbHUX TOBepXoHb OyxiBmi (puc. 2 (1)). Po3mipu momkomKeHb HaWOLIbLII Y
OesrnocepenHiii OJIM3bKOCTI BiJ| JUKepena NEeTOHAlll — PYHHYIOThCsS BikHa, BiTpaxi (puc. 3),
0aJIKOHH, JIOKIT Ta KOHCTPYKIIIT CTiH.
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1. BubyxoBa xBuns po3busae
BiKHa | KOHCTPYKL|ii 30BHILUHiX
CTiH Ha hpOHTaNbHUX
NoBepXHAX

2. lehopmallisi KOHCTPYKLIii
nepeKpuTTIB, Niagnor i
¢yHAameHTiB

3. BubyxoBa xBuns otouye
BClo OyAiBNio, CTBOPIOE
[0AATKOBUA TUCK Ha
KOHCTPYKLi NOKpUTTS i
Bifl'€MHUIA TUCK Ha
NpoTUNEXHi CTiHM dhacapis

Puc. 2. Etanu po3BUTKY Aedopmartiii Ta pyiiHyBaHHS KOHCTPYKI[ii Oy/iBi BiJ BIUIUBY BUOYXOBOI XBUIIi:
1 — mepiumii eramn 3 MKOBHM THCKOM Ha (pOHTANIBHI MOBEPXHi; 2 — CepeHiil eTam 3 TPHBAIOI ANHAMIKOIO THCKY;
3 — eTan OXOIUICHHS BHOYXOBOIO XBHJICIO BCIX KOHCTPYKIIiH

Ha npyromy erami, s sSIKOro xapakTepHa TpHBajia JUHAMIKa BHUOYXOBOI'O THCKY, Bif-
OyBa€eThCs peBEpCYBaHHSI BUOYXOBOI'O HABAHTA)KEHHS HA IUTUTH MEPEKPUTTIB, IEPEepO3NOILT
BHYTPIIHIX 3YCHIb B
TOPU3OHTANILHUX 1 Bep-
THUKaJIbHUX  KOHCTPYK-
wisix OymiBiai Ta mepe-
Jada  TOPU3OHTAIBHHX
3CYBHHX HaBaHTa)XEHb
Ha ¢yHmamenTu (puc. 2
(2)). B pesyabraTi Ha-
NpaBJeHHsS BHOYXOBOTO
TUCKY BIOpY MOXIIUBI
pyHHYBaHHS IUTAT
NepeKpUTTIB (puc. 4).

Ha Ttperbomy erami
BHOYXOBa XBHJIS
OXOIUTIOE BCIO OYIIBIIIO

Puc. 3. PyiinyBaHHs BiTpasiB KapKacHoi GYiBJIi TOPriBeIbHOrO HEHTPY (pI/I.C. 2(3)- B PE3yIib-
B pe3yJIbTaTi POCIHCHKUX pakeTHHX 00CTpiiiB, M. Mukounais, 16 TpaBus 2023 p. TaTl Nepepo3noOALTY

3yCWJIb B KOHCTPYKIISIX
OynmiBial Ta BHMHHMKHEHHS HENpYXHHX JedopMmaliii CTBOPIOETbCS JIOJATKOBHH THUCK Ha
KOHCTPYKLIT MOKPHUTTS 1 Bil’EMHHUI THCK Ha CTIHM, PO3TALIOBaHI 3 MPOTUIIEKHOIO 10 BUOYXY
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00Ky, SIKI CHPUYHUHSIOTH IMOSBY TPIIIMH 1 pyWHYBaHHS HECY4YHMX 1 OrOpOIKYBaJbHUX
KOHCTpYKLiH (puc. 5).

Bubyxu BEJUKOT
IHTEHCHBHOCTI MOXYTh
HPHU3BECTH O IIPOTrPECYI0YOro
KOJIaICy, SIKUH IPU3BOAUTD 10
MHOSIBU KacKaJaHol
HOCITIIOBHOCTI  HOLIKOXKEHb
CYMDKHHUX KOHCTPYKLIif
OyniBJI, SIKI € HEIIPOMOPLIHHO
BCJIIMKUMU 110 Bi,I[HOH.IeHHIO a0 nmepeno
MIOYaTKOBOT'O JIOKAJIi30BaHOTO BUGYXY
36010. Bynisi, 1o L
3HaXONATHCS Ha  BEJHUKHX
BiACTaHAX  BiJ  JKepesa
JleTOHaIlli BHOYXIB BENUKOT

LinAHKkn pyHyBaHHsA
NANT NepekpuTTiB

Bubyxosuit
TUCK

Puc. 4. MoxuBi pyiiHyBaHHS IUIMT NEPEKPUTTIB

HOT}’)KHOCTi, Halyacrime He B Pe3yJIbTaTi HANpaBJICHHS BUOYXOBOTrO THCKY BIrOpy
3a3HAIOTh BIUIMBIB, SIKI

MIPU3BOJIATH JI0 MPOrPECYIOUOro PYHHYBAaHHS KOHCTPYKITIH.

Puc. 5. PyitHyBaHHS KapKacCHO-TIaHEIbHOI Oy/1iBIIi IIKOJIM B PE3yJIbTATi BIIy4aHHS POCIHCHKOI pakeTH,
M. XapkiB, 15 nunns 2022 p.

Hacaigxu BuOyxiB /151 6araTonoBepxoBHX i BUCOTHHUX OyaiBe/ib

XapakTep BIUIMBY BUOYXOBOI XBUIIl Ha 0araTonoBEpXOBi i BUCOTHI OY/IiBII Ta MOCIIIOBHICTh
nedopmariiii 1 pyiiHyBaHHS X KOHCTPYKIIIH TAKOXK BiJIOBIIA€ TPHOM €TaIiaM PO3IIOBCIODKEHHS
xBwii (puc. 2). CrTidKicTh Takux OyIiBeNb CYTTEBO 3aJ€KHUTh BiJl HECYUOi 3IAaTHOCTI iX
KOHCTPYKIIi Ta THITy OyAiBeNbHOI 1 KOHCTPYKTHBHOI cucteMu i cxemi [1, 15, 16].

HaiimMenin  BpasznuBUMH /10 BHOYXOBUX BIUIMBIB € OyAiBIi 3 MOHONITHUMH
3aJ1i300€TOHHUMH KapkacaMu. [IpuKiazioM € BelMKa Hecyda 3JaTHICTh KOHCTPYKLIH 27-Mu
MOBEPXOBOI'0 KapKacCHO-MOHOJIITHOTO HTJIOBOTrO OYJMHKY, pO3TAIllOBAHOTO Ha BYJ. Banepis
JlobaHoBcbkoro, 6a y M. Kuesi, B skuii Binyumna pociiickka pakera 26 jrororo 2022 p. i
3pyiinyBana 17...21 mnoBepxu (puc. 6 (a)). 3a paxyHOK NeEpepo3NoAily 3yCHllb MIiX
BEPTUKAJIBHAMH 1 TOPU3OHTAJILHUMHM  KOHCTPYKILISIMH  paMHOrO  Kapkaca  OymiBii
IPOrpPecyIouoro Konarcy, o NpU3BOAUTE 10 IOSBU KacKaJaHOI IOCIIIOBHOCT] HOIIKOMKEHb
CYMDKHUX KOHCTPYKIIH, He BiOYJIOCs, Hecyda 3JaTHICTh BCiei OyaiBii 30epernacs, a ToMy
i1 9ac peKOHCTPYKIIi BEpXHi MMOBEPXH MOIIKOPKEHOI cekuii Oyiau po3ibpani (puc. 6 (0)) i
OyniBJst BigHOBIeHA (pHC. 6 (B)).
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Puc. 6. KapkacHO-MOHONITHHI KUTJIOBHI OyIHHOK, M. KHiB: a — pyiiHyBaHHS BiZ BIy4aHHs pociiicbkoi paketn 26
motoro 2022 p.; 6 — 1eMOHTaX KOHCTPYKIii 17...26 noBepxiB; 6 — BiIHOBJICHUH OyANHOK

J1oOpe 4MHATH OMip JOKAIBHUM MOIIKO/PKEHHSM 1 BETUKHM CTPYKTYPHHUM JiepopMartism, sKi
BUHHKAIOTh B PE3yNbTaTi BUOYXOBOI JIETOHALI], 0araTornoBepXoBi MaHeIbHI KUTIOBI OyINHKH
(puc. 7) Ta KapKacHO-TIaHENbHI OyMiBJi 3 PaMHUMH 1 paMHO-3B’SI3KOBUMHU KapKacaMu, B SIKUX
Hecy4i BEpTHKaJIbHI Ta TOPU30HTANIbHI KOHCTPYKIIIT )KOPCTKO 3’€IHAHI MK CO00I0.

Puc. 7. PyitHyBaHHS cekuii 9-TH MOBEPXOBOT0 NaHEIBHOT'0 )KUTIOBOTO
OyOMHKY B pe3yJIbTaTi BIy4aHHs pOCiiicbKoi paketH, M. JHinpo, 14 ciuus 2023 p.

BUCHOBKH i IepCNEKTHBY MOAAIBUINX A0C/TiTKeHb

EdexTuBHiCTh 3aXMCHHX CHOPYZA LMBIIBHOIO HPU3HAYCHHS Uil 3aXUCTy HACENICHHS Bij
BIUIMBY HeOE3NeYHUX YMHHUKIB Ta i1 3aC001B ypa)KeHHsI 3aJICKUTh BiJl MIIIHOCTI KOHCTPYKIIiH
OyniBenb, B SIKUX BOHU OynyTh po3MmilleHi. HepallioHabHO MPOEKTYBATH YKPHUTTS BCEPEIMHI
OyniBenb, sIKi MOXKYTb OyTH 3pylHOBaHa B pe3y/bTaTi JeTOHAIl BUOYXOBHX XBWIIb. 3aXHCHA
criopyJa TOBMHHA BUTPUMYBaTH BIUIMBU BiJl YJIaMKIB KOHCTPYKIi, & He Bard BCi€l
3pyitHoBaHoi OymiBii. TakuM 4YHHOM, HEOOXiJHO IIPOEKTYBATH BHUOYXOCTiWKi OyxmiBii 3
BOy/ioBaHUMH OOMOOCXOBHII[AMH, SIKI 3[JaTHI YMHUTH OMNIp BHUOYXOBUM BIUTUBaM 0Oe3
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HPOrPeCyrYoro KoJarcy, KU IPpU3BOAUTH 0 MOSBU KAaCKAIHOI [TOCIiJOBHOCTI HOLIKOKCHbD
CYMDKHUX KOHCTpYKILil Oy/iBii. OCHOBHUMH XapaKTEPUCTUKAMH BUOYXOCTIHKUX OY/IiBEIb €:

* BHCOKAa MIIHICTh, IUIACTHYHICTh Ta IHEPIIMHICTh OCHOBHHMX HECYYMX KOHCTPYKIIIM.
Haiikpaiiie BUKOpPHUCTOBYBATH 3aJ1i300€TOH 200 CTajlb, 3aXHUILEHYy OETOHOM BiJ| BIUIUBIB BOTHIO.
Jlerki KOHCTPYKIIT HE3/1aTHI YMHUTH OMip BUOYXOBUM HaBaHTaXEHHsIM (pHC. 3);

* OCHOBHI HeCy4i KOHCTpPyKWii 1 cucTemMa OymiBiIl Yy IUIIOMY TOBHHHI YHHUTH OHIp
TOPU30HTAIBHAM 3CYBHHM 3YCHJUIAM. 3CYBaHHS — KPUXKHU BHI PyHHYBAaHHS, a TOMY OCTOB
OyniBii TNOBHHEH MAaTH JOCTaTHIO 3TMHANIbHY 3[ATHICTh JJIsl 3aro0iraHHs pyHHYBaHHIO
KOHCTPYKLIIH Ta BY3JiB iX CTUKYBaHHSI 1 YHHHUTH OIip FOPU3OHTAIILHUM 3yCHILIISIM;

* 3aTHICTh YMHHUTU OIip PEBEPCUBHMM HABAHTA)KECHHSM BiJl BHOYXOBUX BIUIUBIB, SIKi
MOXYTh 3MIHIOBATH HANpSIMOK pyXy. EJeMEHTH HecyuyuxX KOHCTpYKLid OyniBellb NMOBWUHHI
BUTPUMYBATH OaraTOKpaTHI IMKIM BEIUKUX JedopMaiiil pi3HUX HANPSMKIB, HaNpUKIaL
TUCKaM BiJ| MiHIMAHHS IUIMT MEPEKPUTTIB, SKI MPOTHCTABIICHI 3BUYAWHUM TIpaBiTaLliHHAM
HaBaHTaxeHHsM. EQekruBHuM Moxxe OyTH 30ipHe 1 30ipHO-MOHOJIITHE OYIiBHHUILTBO, KOJIW Ha
MIANPUEMCTBAX BUTOTOBIISIIOTBCS HECYYi KOHCTPYKIII 3 TOKpAIIEHHMMH XapaKTePUCTHKAMH
30ipHUX KOHCTPYKIIK 3 MOINEpeHbO HANPYKEHOrO 3aii300€TOHY, SKi 3/[aTHI YMHHUTH OHIp
BUOYXOBUM HAaBaHTKEHHSIM. PallioHaJbHUM € BUKOPUCTaHHS 30ipHOro 3ai300eTOHHOro abdo
CTaJICBOTO KapKacy 1 MOHOJNITHHX MEPEKPHUTTIB IO CTaIeBOMY Mpo(diIbOBaHOMY HACTHILY, KU
3aKpiIuieHuit 710 0alloKk Kapkaca IIMUIbKaMH 3 BUCTYAIOUUMHU TOJIIBKAMH.

[epepo3noinsaTu rpaBiTalliiiHi HABAaHTXXEHHSI B KOHCTPYKTHBHHUX cUCTeMax OyiBenb Ta ix
KOHCTPYKLISIX 03BOJISATH TaKi HIISXH:

* BCTQHOBJICHHS CHCTEMH B’SI3¢dl y B3a€MHO NEPICHAMKY/SIPHUX HAIPSIMKax B KapKaCHUX
OymiBIIsIX;

* MilHI Ta HAJiHI BY3JIM 3’€JJHAHHS KOJIOH 1 PUTEINIB, SIKi 3a3HAIOTh BEIHMKUX AedopMalriii
M 4Yac yJapHUX HaBaHTaXEHb, a TOMY IIOBHHHI OYTHM IUIACTUYHHUMHM, MaTH 3JaTHICTbh
po3citoBaTH 3HAa4YHy KUIBKICTh eHeprii BuOyxy. Kpurepiem ImiacTUYHOCTI BY3JIIiB €
CHIBBI/IHOIIEHHST MAaKCUMaJIbHOI HeNpyKHOI Jaedopmarii By3na 1o il rpaHu4HOlI Mexi
npyxHocrTi (puc. 8).

; Hiacdparma xopcTkocTi

L

Ixepeno

Puc. 8. Cxema po3nojiny BUOYXOBOro HaBaHTAXXEHHS 1 JieTalti3anis Horo CupuiHATTS
3aJ1i300€TOHHMM KapkacoM OyiBii

IcropryHO ckiajocs, IO 3aXUCHI CHOpYIM 1 BUOYXOCTIiiKi OyaAiBI 3BOASATH MEPEBaXKHO 3
MOHOJIITHOT'O 3aJ1i300€TOHY, SIKUI Ma€e BEIMKY Macy, L0 MOKpalye Horo iHepuiitauii omip. s
3a1i300€TOHHUX ~KOHCTPYKLIM XapakTepHa MPOMNOpLiiiHA IUIACTUYHICTh, $KY MOXKHA
perymoBati 3MiHOIO Koedimienty apmyBanns [10, 11]. YV pa3i peBepcHBHOrO BILUIUBY
BUOYXOBOI'O HaBaHTAXXCHHS Ha IUIUTU ITEPEKPUTTIB Ta iX pyiHyBaHHS (pUC. 4), KOJOHH
3aJ1i300€TOHHUX KapKaciB 3/IaTHI IUIACTUYHO Ae()OpMYBATHUCS, MEPEPO3MOAUIATH 3yCHIUIS 1
3an00iraTi BUHUKHEHHIO IPOTrPECYIOUOro KOJAICy, SKUH NPHU3BOAMTH IO IOSBH KAaCKaaHOI
MOCJTIJIOBHOCTI TOIIKO/DKEHb CyMIXKHUX KOHCTPYKIIIN Oy IiBIIi.

[omanpui nocmipKeHHs: OyIyTh TOPKATHCS PO3POOKH Ta yJOCKOHAJIEHHS KOHCTPYKTHBHHX
pilieHb BUOYXOCTIHKUX Oy/IIBENb T 3aXUCHUX CIIOPY/ LIUBIILHOI'O 3aXUCTY HACEIICHHSI.
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Ivanchenko G., Getun G., Bezklubenko 1., Solomin A., Posternak O.
INFLUENCE OF EXPLOSIVE LOADS ON BUILDINGS AND STRUCTURES
OF THE POPULATIONCIVIL PROTECTION

The article substantiates the relevance of the design and construction of buildings and structures of the Ukraine
population civil protection in the conditions of possible shock-explosive influences. The aim of the work is to
systematize information about the impact of explosive loads on building structures and develop recommendations for
improving the stability of buildings and civil protection structures.

The influence of shock wave during the detonation of explosives on the structures of buildings is considered and
systematized. The features of distribution of pressure of blast wave on the structures of buildings in time, depending on
magnitude of their distances to the epicenter of the explosion, are analyzed. The features of the influence of blast wave,
which expands from the source of detonation, on low-rise buildings with flat roofs and the sequence of development of
deformations and destruction of their structures at three stages of wave propagation are revealed. The nature of the
influence of blast wave on multi-storey and high-rise buildings and the sequence of development of deformations and
destruction of their structures are analyzed. Examples of destruction of structures of buildings of various structural
systems from explosions are given.

The paper gives recommendations for design of blast-resistant buildings with built-in bomb shelters that are able to
resist explosive loads without progressive collapse, which leads to a cascading sequence of damage to adjacent building
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structures. The ways of redistribution of gravitational loads on the structural systems of buildings and structures are
analyzed, recommendations are made for design of explosion-proof buildings.

Conclusions are drawn about the feasibility of using monolithic reinforced concrete frames, which are able to
plastically deform, redistribute loads and resist the onset of progressive collapse, which leads to appearance of a
cascading sequence of damage to adjacent building structures.

Keywords: building, protective structures, load, explosive effect, shock wave, construction, deformation, frame
system, reinforced concrete frame units.
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The work is a continuation of research devoted to substantiating the reliability of solutions obtained by the finite
element method for the analysis of nonlinear deformation, buckling and vibrations of thin elastic shells under the action
of thermomechanical loads. The method is based on geometrically nonlinear relations of the three-dimensional theory
of thermoelasticity and the principles of the moment finite element scheme. A thin elastic shell of an inhomogeneous
structure is modeled by a universal spatial isoparametric finite element. The modal analysis of the shell is implemented
at each step of the static thermomechanical load. The subspace iteration method is used to determine the spectrum of the
lowest frequencies of natural vibrations of shells. A shallow spherical panel with a square plan is considered. The effect
of preheating on the loss of stability and vibrations of an elastic isotropic shell under uniform pressure loading is
investigated. The behavior of the shell weakened by two pairs of cross-channels is analyzed. The weakening of the
panel by narrow and wide channels, which can be eccentrically located relative to the middle surface of the shell, is
considered. The effectiveness and adequacy of the method is confirmed by a comparative analysis of solutions with
results obtained using modern multifunctional software systems LIRA-SAPR and SCAD. The features of using the
systems for solving the problems under consideration are given. Analysis of the results made it possible to evaluate the
possibilities of using these software systems to substantiate the reliability of solutions to certain classes of problems of
geometrically nonlinear deformation, buckling and vibrations of elastic shells.

Keywords: elastic shell, thermo mechanical loads, stability, modal analysis, universal 3D finite element, finite
element moment scheme, comparative analysis.

Introduction. Improvement of existing and development of new methods and algorithms for
the analysis of shell behavior is important for the effective use of thin-walled structures in
various fields of engineering. During operation, real shell systems can be under the influence of
loads of various nature, including mechanical and thermal. According to their functional
purpose, shells can have different structural inhomogeneities. These include: ribs and overlays,
reinforced and unreinforced holes, notches, channels, local thickening and thinning, mid-surface
fractures, and other features.

Determination of its stability is important when calculating the shell [1-6]. Since the action
of loads on the structure affects the distribution of movements and forces, therefore, when
determining dynamic characteristics, such as self-oscillations, it is necessary to take into
account mechanical and thermal effects [2-3, 7-10].

The primary task in the development of any method is to substantiate the reliability of the
obtained solutions. Due to the insufficient number of test verification tasks, analytical solutions
in the literature and the poorly researched class of shells for which they are developed, it is
appropriate to conduct comparative analyzes using certified software (SW), which include
domestic LIRA-SAPR SW [11,12] and SCAD [13,14].

This work is devoted to the further confirmation of the reliability of the solutions obtained by
the developed method in the problems of stability and natural oscillations of elastic shells with
various geometric features. The purpose of the work is also to study the possibilities of using

© Krivenko O.P., Lizunov P.P., Vorona Yu.V., Kalashnikov O.B.
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modern LIRA-SAPR and SCAD SW to study the processes of nonlinear deformation and
stability of thin shells, in particular of step-variable thickness, and to conduct a comparative
analysis of solutions on this basis.

1. Solving geometrically nonlinear problems of deformation and buckling

of inhomogeneous shells using the finite element moment scheme

The method of solving the problems of geometrically nonlinear deformation, stability,
postcritical behavior, and self-oscillations of inhomogeneous shells under the action of
thermomechanical loads is based on geometrically nonlinear relations of the three-dimensional
theory of thermoelasticity [1-3, 15]. This approach is modern and effective [16-18].

The used model of a linear elastic continuous medium described by Hooke's law, which in the
presence of a thermal field takes the form of the generalized Duhamel-Neumann law. The most
common types of materials are used to describe the thermoelastic properties of the shell material:
isotropic, transversely isotropic, and orthotropic. The study of the processes of nonlinear
deformation of shells is based on the general Lagrangian formulation of the variational problem in
increments. The finite-element relations were obtained by the variational method in curvilinear
coordinates, taking into account all nonlinear terms, components of strain and stress tensors. A
combination of the stepwise method of continuing the solution for the perturbation parameter with
the procedure of the Newton-Kantorovich iterative method at the load step is used to construct the
equilibrium trajectories of the structure. The created algorithm provides automation of the process
of obtaining a solution to the problem regardless of the complexity of the "load-deflection"
diagram and provides an opportunity to investigate the closed behavior of the shell. [1]. The
algorithm provides, for example, the selection of the type of continuation of the solution parameter
(loading or moving the characteristic node selected by the algorithm), adjusting the step value of
the continuation of the solution parameter (decrease or increase), changing the accuracy of the
solution of the system of nonlinear equations, and other actions for automated debugging
operation of the algorithm in a mode close to optimal in terms of machine time consumption.

The application of the incremental approach provides an opportunity at each step of static
thermomechanical loading to determine the modal characteristics of the inhomogeneous shell,
taking into account the deformed and prestressed states, which significantly affect the spectrum
of the structure's own vibrations.

The thin shell is considered as a three-dimensional body. Along the thickness, it is modeled
by one 3D isoparametric finite element (FE) with polylinear shape functions:

S S )

515253 k=1
h = sign (x}
where s = sign (xg . )

— conditional (grid) Lagrangian coordinates of FE nodes (Fig. 1 (b));

xk =t

L _Jocal normalized coordinates of FE nodes; x and u' — given (known)
S15253 2 3

;15253 51525

values of the Cartesian coordinates of FE nodes and sought (unknown) values of displacements
of these nodes, respectively; the denotation ":" corresponds to the logical operator "or", which
means choosing to consider one of the components in curly brackets.

The developed 3D FE is universal. It is intended for the modeling of regions of the shell
without constructive geometrical features by thickness (casing) as well as areas with such features.
Thus, it is unique for a shell of step-variable thickness. Universal FE due to the introduction of
new variable additional parameters (topological, geometric and physical-mechanical) and
redefinition of the corresponding basic ones acquires the properties of a modified [1, 19].

Transformation of the casing finite element (CFE) (hexahedron ABCDEFGH (Fig. 1 (a))
into FE with changed dimensions and location relative to the middle surface of the casing

the thickness of the shell (Fig. 1). For ease of description, the element formed as a result of
these changes will be called the "modified" finite element (MFE).
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Fig. 1. Transformation of the CFE to the MFE (MFE * _ withan edge, MFE =~ — with a hem)

Examples of shell regions with “ribs” (an area with a stepwise increasing thickness,
Fig. 2 (a)), with “channels” (an area with a stepwise decreasing thickness, Fig. 2 (b)) and with
extrusion (an area with only a shift in thickness, Fig. 2 (c)) schematically demonstrate the
modeling of a shell of stepwise variable thickness using universal 3D FE [20].

Features of the stress-strain state (SSS) of a thin inhomogeneous shell are taken into account
by kinematic and static non-classical hypotheses. According to the static hypothesis, the normal
compression stresses of the fibers of the layers in the thickness direction are assumed to be

constant 9c'! / ox' =0. The accepted hypothesis is weaker than the classical one c'' =0.
n

The non-classical static hypothesis does not deprive the stressed state of the inhomogeneous
shell of three-dimensional properties. The kinematic hypothesis is formulated as a deformable
straight line hypothesis: a straight line in the direction of the thickness (not necessarily along
the normal to the middle surface), shortening or lengthening, remains a straight line even after
the deformation of the shell. The hypothesis provides a natural way to connect spatial elements
in fractures and in areas of step-variable thickness without violating the compatibility of
movements and coordinates in the process of deformation (Fig. 3).

Finite-element formulation was obtained using the finite-element moment scheme (FEMS)
[1, 21]. The FEM relations are presented in the form of the displacements method: the nodal
displacements of the FE in the global Cartesian coordinate system are taken as the sought
unknowns ”2;5253 . Usually, for thin shells, in order to improve the convergence of the obtained
solutions, the translations of the nodal points on the mid-surface are taken as the sought

functions 02253 and generalized nodal rotations of FE edges vim (for which differences in
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Fig. 2. Schematic representation of the modeling of the shell area with a rib (a),
with a cannel (b), with extrusion - (c)

The replacement of variables introduced in
such a way is interpreted as a transition from
an eight-node 3D FE with 3 nodal
displacements to a four-node "shell" FE with 6
generalized displacements assigned to the
nodes on the middle surface of the FE.

When obtaining the relations for the
coefficients of reaction matrices, stiffness,
geometric stiffness and equivalent temperature
Fig. 3. Modeling of the sharp bend in a shell loads of the universal FE, its additional
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variable parameters are taken into account as necessary. When calculating the coefficients of
these matrices, the output data for CFE or MFE are submitted to the corresponding
dependences, for which their middle surfaces, which do not coincide with each other, are taken
as the reference surfaces (Fig. 4). Since all dependencies are obtained for the general variant of
the 3D FE (Fig. 1b), they are therefore universal. When forming a general system of solving
equations for a shell finite-element model (SFEM) of step-variable thickness into a single
ensemble, the MFE matrices are always adjusted with respect to the accepted reference surface
- the middle surface of the shell (Fig. 4).

cFE—..| cFE CFE CFE |MFE™| CFE CFE

—+*— mid-surface of CFE —++— mid-surface of MFE

Fig. 4. An example of combining different FEs into a single ensemble (schematic presentation)

Due to the complexity of the formulation of the research problem, which is related both to
the existing geometric features of thin elastic shells and to the processes under study, it is
important to confirm the reliability of the obtained solutions. As a means of comparison, it is
advisable to use the results of calculations that can be obtained with the help of SWs that have
proven themselves well: SW LIRA-SAPR and SCAD.

2. Solution of geometrically nonlinear buckling problems using SW LIRA and SCAD

Nowadays specialized automated design systems (CAD) that implement FEM are widely used
in the design and calculations of buildings and structures as the main tools of computer modeling
and analysis. By purpose, CADs are divided into industrial and scientific. Industrial CADs often
take the form of multifunctional SWs, which combine various modules for creating, calculating
and analyzing a computer model of a structure. Industrial complexes are mainly focused on
solving applied problems, the ultimate goal of which is to obtain the necessary data for checking
its strength characteristics for further design of the structure. In turn, scientific complexes are
mainly used for the study of complex phenomena and effects in the behavior of structures, in
particular shell structures. These SWs use various specialized FEs from a developed library of
elements. This makes it possible to obtain more accurate results in contrast to industrial SWs, but
at the same time neglecting the project orientation. A large number of FEs in industrial SWs
makes it difficult to choose the necessary element option and build a calculation scheme.

In addition, in most industrial SWs, algorithms for studying nonlinear deformation and
stability of shell structures are not sufficiently developed. The study of this class of problems,
due to their complexity and the possible ambiguity of the resulting solutions, is difficult to
implement as a standard computational procedure.

In order to use SW LIRA and SCAD as means of solving stability problems, it is necessary
to clarify the possibilities of their application: to study the underlying algorithms, to choose the
most effective of them, to find out methods of modeling shells of smooth and step-variable
thickness, to establish possible types of thermomechanical loads and their limitations. The
assessment of the capabilities of the complexes was analyzed both for SW LIRA [4, 5] and for
SW SCAD [6, 7]. Currently, there are later versions [22, 23] of these complexes, but the main
approaches have been preserved.

2.1. Algorithms for solving a geometrically nonlinear problem used in SW LIRA and
SCAD. Three algorithms for solving problems of geometrically nonlinear deformation and
stability are implemented in both SWs. All of them use step-by-step procedure. The calculation
is carried out according to the load parameter. In physical terms, this process is a gradual (step-
by-step) increase in load from 0 to a given load value P.
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The algorithms used in the SW LIRA-SAPR are based on [12, 22]:

1. Method of sequential loading (SL). The "Simple step" algorithm is implemented, which is
a simple modification of the method of sequential loading. The solution is found as a broken
line, since a linear problem is solved at each step. For this algorithm, it is necessary to manually
set the number of steps and their size.

2. Method of sequential loading with automatic step selection (SLA). Unlike the previous
algorithm, the number of steps and its size are automatically selected by the algorithm.

3. The Newton-Raphson (N-R) method is step-by-step procedure with the search for new
forms of equilibrium, It implements the method of compensating loads. When implementing the
algorithm, the loss of stability moment is fixed and a transition to a new stable branch of
equilibrium is performed (as research has shown) with a significant error. The number of steps
and its size are automatically selected by the algorithm.

According to all methods, the calculation is performed until the moment of degeneration of
the stiffness matrix of the system. It is this moment that is interpreted as the loss of stability
one. A branch point and a critical point are indistinguishable. The associated uncertainty does
not allow qualitatively distinguishing the critical point from the bifurcation point. In this way,
solving the problem of nonlinear deformation is realized either up to the branching point (g *)

or to the point of the upper critical load (g3" ).

The SW SCAD uses such algorithms [14, 23]:

1. Method of sequential loading (SL). It uses the "Simple step" algorithm. A linearized
problem is solved at each step. Transition to the next step of the nonlinear calculation is
performed if solution of the linearized problem at the step is sufficiently accurate.

2. The stepwise Newton-Kantorovich method (N-K) with refinement of the approximation. At the
current load step, the iterative refinement of the nonlinear solution is implemented based on the
analysis of the imbalance of the equilibrium equations. Iterations are performed with unchanged
coefficients of the linearized stiffness matrix calculated at the beginning of the current step. It is
necessary to specify the number of load steps, the size of each step, and the number of iterations.

3. The stepwise Newton-Raphson method (N-R) with iterativte refinement. An iterative
refinement of the solution is performed at each step with the use of the redefinition of the
coefficients of the linearized stiffness matrix at each iteration. It is necessary to specify the
number of load steps, the size of each step, and the number of iterations.

The possible appearance of a branch point is not analyzed in SW SCAD.

Due to insufficiently complete description of nonlinear algorithms presented in SW LIRA-
SAPR and SCAD instructions, there occurs a need to solve problems using the above
mentioned SWs in order to evaluate them and choose the most suitable algorithm for
performing comparisons.

It should be noted that, from the point of view of engineering calculations performed by SW,
it is more important to determine the deflections when the load is fixed in the process of
nonlinear deformation of the structure, and not the moment of loss of stability, which
corresponds to the upper critical load. The action of the load, which can cause the beginning of
non-linear deformation and even more so the loss of stability, is usually not allowed. The post-
critical behavior of the structure is considered in extremely rare cases. Therefore, the vast
majority of modern SWs solve problems of nonlinear deformation of shells, limiting themselves
to determining the value of the upper critical load. This is due to the use of a step algorithm for
solving systems of nonlinear equations. Such stepwise or stepwise iterative algorithms traverse
the load-deflection curve step by step. Without changing the step parameter from load to
deflection, the passage of the curve from the upper critical load to the post-critical region along
the descending branch is impossible.

2.2. Finite elements used in the SW LIRA-SAPR and SCAD. A number of special FEs are
used in the SW LIRA and SCAD to calculate the stability of the shells taking into account its
nonlinear deformation. In general, the type of FE, on the one hand, is determined by the element
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belonging to one or another section of the structure, and on the other hand, it depends on the
geometric characteristics of the shell, in particular, whether its thickness is constant, linearly
variable or step-variable.

2.2.1. Smooth shells and panels. Two types of geometrically nonlinear finite elements are
used in SW LIRA-SAPR and SCAD to solve the problems of determining the SSS and stability of
thin shallow geometrically nonlinear shells and plates. These are the triangular three-node FE shell
No. 342 and the quadrangular four-node No. 344 (Fig. 5 (a), (b)). With the help of these elements,
you can calculate thin-walled structures such as: shells — Karman equations are used; membranes
— displacements are constant along thickness; shells with strong bending — the relations of the
theory of thin shells are used. For the range of problems considered in this article, the last
calculation option is used — a shell with a strong bending. Using these elements, it is possible to
study the stability of thin elastic shells under geometrically nonlinear deformation.

Governing equations for FE are constructed in a physically linear formulation. The main
feature is that the FE, which models a three-dimensional body, is a flat element with a constant
thickness. The plane of the element models the mid-surface of the shell or plate. The nodes are
located on the plane and have three displacements and three angles of rotation relative to the
local axes (Figs. 5, 6).

mid-surface of FE

mid-surface of FE

[’ = . = S8 xl1
3 Ly g:
3 x FE node
i’ Uy, Uy
o Oy s O

(2) (b)
Fig. 5

Finite elements used in SW LIRA-SAPR and SCAD have somewhat limited applications due
to the peculiarities of modeling thin shells. Since FEs are 2D elements of constant thickness, the
approximation of the shell as a three-dimensional body is not accurate enough. These flat FEs
cannot simulate mid-surface sharp bending without gaps and volume overlap (Fig. 6 (a)), unlike
the spatial FE developed using the FEMS methodology (Fig. 6 (b)).

Due to the constant thickness of the FE the shell model of a linearly variable thickness in the
SW LIRA-SAPR and SCAD is replaced by a step-variable model. At the same time, to obtain
reliable results, it is necessary to use a sufficiently thick grid. In addition, all the nodes of one
quadrilateral FE are located in the same plane and cannot form a hypar. Because of this,
strongly uneven curvilinear surfaces must be modeled with triangular FEs. Such restrictions do
not apply to the 3D universal isoparametric eight-node FE of MFES (Fig. 6 (b)).

2.2.2. Shells with ribs and channels. Shells and panels of symmetrical step-variable
thickness (for example, with bilateral ribs or channels symmetrically located relative to the
middle surface) are modeled by triangular three-node FE No. 342 or quadrilateral four-node FE
No. 344 of the appropriate thickness.

Special elements are used in SW LIRA-SAPR and SCAD to model the geometric features of
shells of variable thickness in the form of eccentrically located ribs, overlays, channels and
recesses. In SW LIRA-SAPR, these are the so-called "absolutely rigid inserts" and "absolutely
rigid bodies" [11, 12, 22]. In SW SCAD it is "absolutely rigid (solid) bodies" [13, 14, 23]. In
both cases, these are artificial techniques that are used to approximate the gradual change in its
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thickness in the calculated FE model taking into account the eccentricity. The purpose of

introducing these special elements is to specify the kinematic connection for the corresponding
nodal displacements.

Absolutely rigid insert" (ARI) in

FE node discontinuity W LIRA is used to connect FE

EEunc:Jde G - Xs nodes in areas of step-variable
OOl — 4 4 Xz thickness to the main nodes of the

¥ . structure, located on its middle
= SAad P surface. The displacement
] 5 : (eccentricity) of the "elastic part"
of the FE (the middle surface of a
rib or a section with a notch) is
modeled with the help of ARI. The
"elastic part" of the insert is

X3 Xz
Xy

FE node understood as a shell FE of the
Ugp: U Uy appropriate thickness, displaced

relative to the middle surface of the
FE node structure. "Insertion nodes" are tied
PTRTRTAN § to the middle surface of the original

shell using kinematic relations.
"Absolutely rigid body" (ARB)
in SW LIRA and SW SCAD is a

x' X2
x

(b) conditional FE of great rigidity.
Fig. 6. Elements conection: ARB is additionally introduced into
(a) — SW LIRA-SAPR and SCAD; (b) —-FEMS the calculation model for the

connection of nodes of the middle
surfaces of the cladding and the eccentric element. In general, ARB can only conditionally be
attributed to the concept of a finite element, since it, in fact, does not have the classical attributes
of a FE (basis functions, domain of a finite element, etc.) [11]. However, from the point of view of
the implementation of ARB, it fits perfectly into the finite element procedure. When modeling FE
shifts, the ARB is a rigid connection between nodes of eccentrically located elements. This FE
does not have a number in SW LIRA-SAPR. In SW SCAD it is numbered #100.

2.3 Modeling of thermomechanical load. In LIRA-SAPR and SCAD software complexes,
it is possible to set the following types of load:

- mechanical action: concentrated force and moment, uniformly-distributed load and
moment, trapezoidal distributed load, uniform or trapezoidal load between two nodes of the
plate, weight of the mass of the plate;

- temperature action: uniform and uneven heating (cooling) of the shell or plate through the
thickness, a linear-variable law of temperature distribution over the thickness is allowed.

In SW LIRA-SAPR and SW SCAD there are some limitations when modeling the
temperature load: in the plane of the element only a constant value of the temperature load can
be set. Therefore, it is impossible to model the inhomogeneous temperature load of the middle
surface of the shell within the framework of one FE. Setting a common thermomechanical load
is also impossible. However, it is possible to adapt the algorithm to specify preheating of the
shell followed by additional mechanical loading.

3. Analysis of the effectiveness of the different approaches in the problems of shell

nonlinear deformation and buckling.

The main goal of the research is to compare the results to confirm the solutions obtained
according to the FEMS and evaluate the capabilities of SW LIRA-SAPR and SCAD in solving
complex problems of nonlinear deformation and buckling of thin inhomogeneous shells under
the action of thermomechanical loads.
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3.1. A square in plan (in the plane x2'x3") smooth spherical panel, hingedly supported along
the contour and loaded with a uniform normal pressure of intensity ¢, is investigated. The

research results are presented using dimensionless parameters g = a4q/ (Eny, " =u" / h . The
curvature of the panel is determined by the parameter K = 2a2/ (Rh)=32. Accepted: a=60h

is a panel size in plan, R =225k is radius, A=1 cm is thickness, E=2.1- 10© kg/cmz,
v =0.3. The SFEM with a grid of 30x 30 FE is adopted for calculation. As research has shown,
such a grid ensures the convergence of solutions.

3.1.1. The SW LIRA an almost complete coincidence of the "load-deflection" curves
(“g -u" ) has provided by all three approaches in the center of the panel to the upper critical
point (Fig. 7 (a)). Both variants of the method of successive loads (1.SL and 2. SL)
demonstrate the coincidence of the results in the pre-critical region and a slight difference
between them in terms of the value of the upper critical load g (Table 1). At this point (in the
figure, the point is marked '*') the solution of the problem ends. The Newton-Raphson method
(3. N-R) allows you to switch to the closed stable branch of the solution, but with a significant
error (Fig. 7 (c)).
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All three algorithms of SW SCAD implement the transition to a new stable equilibrium
branch (Fig. 7 (b), (¢)). The calculation by the method of successive loads (1. SL) makes a

transition to a closed stable branch with a large error in the value of the upper critical load g, .

According to the algorithms based on the application of the Newton-Kantorovich (2. N-K) and
Newton-Raphson (3. N-R) methods, the problem of transition to a closed stable branch is solved

quite precisely, the value of the upper critical load g is the same (Table 1).

Table 1
SW Algorithm > | A% | ud | A%
FEMS | Newton-Kantorovich method (FEMS) 193.7 0 109125 0
1. Sequential loading method (SL) 194.1| 0.20 |0.8796 | -3.60

2. Sequential loading method with automatic

LIRA step selection (SLA) 202.8| 4.70 |0.8580 | -5.97
3. Newton-Raphson method (N-R) 196.4| 1.40 |0.9013 | -1.23
1. Sequential loading method (SL) - - - -

SCAD | 2. Newton-Kantorovich method (N-K) 190.2 | -1.80 |0.7729 |-15.30

3. Newton-Raphson method (N-R) 190.2 | -1.80 |0.7730 |-15.29

In the pre-critical region for both SWs, we have an almost complete coincidence of the
curves with the diagram obtained on the basis of the use of FEMS. The equilibrium shapes of
the deformed panels in the subcritical and supercritical regions have a simple appearance and
match well. (Fig. 7 (d)) shows the modes of deformation of the middle surface of the shells in
the area of the critical load and at the point of transition to a stable closed branch. Deformation
of the panel is characterized by a deflection in its central area.

In further research, when performing calculations, we will use method 2. Successive loads
with automatic step selection (SLA) for SW LIRA-SOFT, and method 2. Newton-Kantorovich
(N-K) for SW SCAD, as the most accurate and efficient.

3.1.2 The influence of the combined effect of preliminary uniform heating with subsequent
pressure loading on the loss of panel stability is considered (Fig. 8). Heating (cooling) is

performed on 7' =+420°C.

A uniform temperature increase of 20 degrees
To+30°C leads to an almost identical corresponding

g -

increase in the upper critical load g3 =175,0;

200 |

193,7; 212,2 and a uniform decrease of the lower

150 [ one ﬁclfv =32,82; 29,78; 26,53 (Fig. 8).
A comparison of the results obtained by the
100 b FEMS with the calculations made by SW LIRA
showed a fairly good match between them. The
so b I corresponding  diagrams almost completely
coincide in the pre-critical region. We have a
. slight run-up in terms of values g.* Ta i’ at

the upper critical point (Table 2).
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Table 2
Calculation method
Loading FEMS SW LIRA
(preheating) aw LTCI rup aw A% LTCI rup A%

T=-20"C 175,0 -0,9613 185,9 6,23 -1,0000 4,03

T= 0°C 193,7 -0,9125 202,8 4,70 -0,8580 -5,97

T=+20"C 212,2 -0,7984 228,4 7,63 -0,7509 -5,95

3.1.3. Modal analysis of the shell shows the following. The first four forms of natural
oscillations of the panel, obtained by the method based on the use of MFES and by SW LIRA-

SAPR, are given for the initial unloaded state g~ (Fig. 9). The difference in frequencies is
within 1%. The forms of natural oscillations are identical. When calculating according to the
FEMS (T =0° C) it was obtained that at all loads the first frequencies are multiples, ®, = ®,.

FEMS

0= =53378 o0 =53378

SW LIRA-SAPR

®/% =529,29 ®i0 =529,29

i=0
o3

050 =547,40 o0 = 691,24

i

=545,25 00 =682,01

Fig. 9. Natural modes ( ™" , Hz) of the unloaded shell, g'=°

The conducted modal analysis makes it possible to
investigate the influence of the prestressed state of
the shell on the frequencies and forms of natural
oscillations of the deforming structure (Fig. 10). In
the figure, the resulting dependence is presented as a
"load-lower frequency” ®,” (“g—-»”) diagram.
Modal analysis is performed until the zero (negative)
value of the fundamental tone appears. This approach
corresponds to the dynamic criterion of the loss of
shell stability [24] and allows determining the
stability of the panel simultaneously according to
static and dynamic criteria. There are no branching
points of the solutions in the pre-critical region on the
“q -u > curves. Therefore, according to both criteria,
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almost the same corresponding values of critical loads were obtained.

In the existing versions of SW LIRA-SAPR and SCAD, it is not possible to analyze the
natural vibrations of shells taking into account the prestressed state.

3.2 The stability analysis of shells with stepwise variable thickness is illustrated using the
example of the panel discussed above. The panel is weakened by four criss-crossed channels
placed on the surface of the shell in three ways. The channels are located eccentrically on the
inner (Fig. 11 (a)) or outer (Fig. 11 (c)) surfaces of the shell and symmetrically on its inner and
outer surfaces (Fig. 11 (b)).

The SFEM with a sufficiently dense mesh of 30x 30 FE was adopted as the calculation
model, which ensures the convergence of solutions. To approximate channels, the SW LIRA-
SAPR uses ‘absolutely rigid insertions’, and the SW SCAD uses ‘absolutely rigid bodies’.

3.2.1. We consider a shell with “narrow” channels having the same parameters: length a,
width b, =2k and total depth 4. =0.3k. For all algorithms there is a good agreement between
the ‘¢ -u ’ curves in the subcritical region (Fig. 12). The calculation performed using the SW
LIRA-SAPR stops at the upper critical point. In the pictures this point is marked '*'. The
solution for a panel with a symmetrical arrangement of channels obtained using the SW SCAD
accurately implements the transition to a supercritical stable branch (Fig. 12 (b)). For this
symmetrical weakening, the ‘g -u ’ curves are compared at three characteristic points.

q
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Fig. 12

A comparison of solutions at the upper critical point obtained using the MFES, the SW
LIRA-SAPR and SCAD shows that for all types of weakening, the difference in load g.° and

cr

deflection LTclr“p in the center of the panel does not exceed 4% (Table 3).

For narrow channels, their location has little effect on the value of the critical load g, . The

greatest reduction in load (compared to a smooth panel) caused weakening on the outer side of
the shell, e< (0 mm_ The critical load of this shell is reduced by 18.7%.
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Table 3
Panel der u#1" (in the center)
or [ | SO [ SIS | g [ SRR | i
Tl | S e ew | |
P I I e I
e:.o 157,4 5,6;2’22) 0,781 gﬁf}f
Dm_ﬂm 193,7 zﬁi 119%02 20,9125 '_2’,8957%) 1057375;)

3.2.2. The effect of weakening in the form of “wide” channels on shell buckling is
considered. The channels are located symmetrically relative to the shell mid-surface and has

such parameters: b, =6h, h, =0.7h.
The ‘g -u"" curves obtained using the FEMS, the SW LIRA-SAPR and SCAD have been
plotted for deflections at different points of the shell (Fig. 13 (a)). The resulting curves completely

coincide with each other in the suberitical region and near the upper critical load g,y .
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Table 4
Calculation der AT, % q AT %
method T A, % ' A%
FEMS _7294 0 _ 6334 0
-0,2876 0 -0,2410 0
SW LIRA e _« _647 289
-0,2451 1,70
SW SCAD _747 243 e e
-0,3289 12,81
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In contrast to the solution for a panel with ‘narrow’ channels, the SW LIRA stopped
calculations at the branching point at load g* = 64,79, taking the branching point as the upper
critical load (Fig. 13 (a)). This point is marked '*' in the figure. The branch point has been also
discovered in calculations using the MFES. The MFES algorithm allows us to more accurately
determine the load value at the branch point g * (Table 4). By introducing a small (A =0,01)
asymmetrical perturbation into the initial shell shape, a specially developed technique allows us to

turn the branch point '*' into a critical one

. (g*=6334) and reach a new branch of

. q=0 the solution (dash-dotted curve). The
g resulting load ¢ * is 13.16% less than the

xTm g

e

-0.005
critical load gy .

The weakening of the shell by wide
channels led to a significant decrease in
the value of the upper critical load (by
62.34%) compared to that corresponding
to a smooth panel.

The shell deformation shapes

. obtained wusing different algorithms
xZ,m  coincide well with each other (Fig. 13,
0.4 b). The deflection in the center of the

panel at the moment of buckling is less
Fig. 14 than in the weakening zone (Fig. 14).

-0.01

-0.015

Conclusions

The effectiveness of the finite element method for studying geometrically nonlinear
deformation, buckling, post-buckling behavior and vibrations of thin elastic shells under the static
action of thermomechanical loads is analyzed and the reliability of the obtained solutions is
confirmed. The research method is based on the three-dimensional approach of thermoelasticity
theory and the use of a finite element moment scheme. Comparisons are carried out with the
results of calculations performed using domestic software LIRA-SAPR and SCAD.

The possibilities of using these programs to study the processes under consideration have
been investigated and identified. The approaches used in them to finite element modeling of
shells, in particular of step-variable thickness, are described.

On this basis, a comparative analysis of solutions obtained using three software packages for
nonlinear deformation, stability and vibration of shallow panels under the action of
thermomechanical loads is carried out. Good agreement between solutions is obtained.

The research makes it possible to conclude that the LIRA-SAPR and SCAD can be used,
within certain limits, as a means of confirming the reliability of the results obtained when it is
studying the geometrically nonlinear behavior of thin flexible elastic shells.
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Kpusenxo O.I1., Jlisynos I1.11., Bopona FO.B., Kanawmnixoe O.b.
MOPIBHSVIBHUM AHAJII3 CTIMKOCTI I BJIACHUX KOJIMBAHB INOJIOTUX IMTAHEJIEN ITPU J11
TEPMOCHJIOBUX HABAHTAKEHb

Po6oTa € NpoJOBXKEHHAM HHU3KU JIOCHIKEHb, NPUCBAYEHUX OOIPYHTYBAHHIO JIOCTOBIPHOCTI PpO3B’S3KiB, 10
OTPUMYIOTBCSL 32 CKIHYEHHO-EJIEMEHTHOI METOJMKOI JOCII/DKEHHS HeliHiiiHoro nedopMyBaHHS, CTIHKOCTI Ta
KOJIMBaHb TOHKHMX HPYXKHHX OOOJOHOK NpH Aii TEePMOCHIIOBUX HaBaHTa)KeHb. MeToANKa 6a3yeThCs HA FEOMETPUYHO
HEJiHIHHMX CHIBBIJHOIIEHHSAX TPUBUMIPHOI TEOpii TEPMONPYKHOCTI Ta MOJOKEHHAX MOMEHTHOI CXEMH CKIHYEHHHX
eneMeHTiB. ToHKa mpyxkHa OOOJIOHKA HEOAHOPIAHOI CTPYKTYPH MOJEIIOETHCA YHIBEPCAIbHUM HPOCTOPOBUM
i30MmapaMeTpUYHUM CKIHUEHHUM €JIeMEHTOM. MopjaibHUK aHaii3 OOOJIOHKM peai3yeTbCs Ha KOXHOMY KpOLli
CTaTHYHOTO TEPMOCHIIOBOTO HABaHTa)KCHHs. J{/si BU3HAUCHHS CIEKTPY HMIKYMX YacCTOT BIACHHX KOJIMBaHb 0OOJIOHOK
3aCTOCOBYETbCS METOA iTepauii migmpocTtopy. Po3rismaeTbcs KBajpaTHa 3a IUIAHOM Iojiora cdepuyHa maHesb.
JlocnipKkyeTbCsl BIUIMB IONEPEHBOTO HArpiBy Ha CTIHKICT 1 KOJMBAHHSA TNPYKHOI i30TPONHOI OOOJIOHKHM HpPU
HaBaHTAXXCHHI PIBHOMIPHMM THCKOM. AHali3yeTbcs IIOBEJiHKAa OOOJOHKM, IO MocnadieHa [BOMa Mapamu
NepexpecHuX KaHaiiB. Posrisigaerbcs mocnabieHHs HaHeNnl By3bKMMM 1 IIMPOKMMH KaHallaMH, SIKi MOXYTb OyTH
EKCLIEHTPUYHO PO3TAIIOBAaHUMH BIJHOCHO CEPEMHHOI MOBEPXHi 00010HKH. EdexTuBHICTH Ta aaeKBaTHICTH METOLY
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MATBEP/DKY€ETHCS TOPIBHAJIBHUM aHA30M PO3B’SA3KIB 3 pe3ylbTaTaMM, 110 OTPUMAaHi 3 BUKOPUCTAHHIM CYYacHUX
OararopyHkuioHaneHux mnporpamHux komruiekciB JIIPA-CAITP ta SCAD. HaBeneHo 0coOJIMBOCTI 3aCTOCYBaHHS
KOMIUIEKCIB JI0 PO3B’SI3aHHS PO3IUIAYBAHUX 3aady. AHai3 pe3yJbTaTiB PO3PAaXyHKIB J[03BOJMB OLIHUTH MEXi Ta
MOXJIMBOCTI BUKOPHCTAaHHS IMX NPOTPAMHUX KOMIUIEKCIB AJsi OOIPYHTYBAaHHS JOCTOBIPHOCTI PO3B’S3KIB INMEBHUX
KJIaCiB 3aj1a4 reOMETPUYHO HEeNiHIHOro 1e)OpMyBaHHS, BTPATH CTIMKOCTI Ta KOJIMBaHb NPYKHUX 000JIOHOK.

KuarouoBi cioBa: npyxHa 000JI0HKa, TEPMOCHIIOBE HAaBAaHTaKEHHs, CTIHKICTh, MOIAJIbHUN aHai3, YHiBEpCalbHUH
MPOCTOPOBUI CKIHYCHHHH €JIEMEHT, MOMEHTHA CXeMa CKIHYEHHHX €JIEMEHTIB, MOPIBHAIBHUN aHaII3.
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Kpusenxo O.I1., Jlisynoe IIII1., Bopona FO.B., Kanawnixoé O.5. IlopiBHAIbHMI aHadi3 criiikocTi i BiacHuX
KOJIMBAaHb MOJIOTUX NMaHeJeil npu Aii TepMOCHJIOBHX HaBaHTaxkeHb // Omip MaTepiaiiB i TeOpis CHOPY: HAYK.-TeX.
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NPYXHCHUX 06ONOHOK npu Oii MEPMOCUNOBUX HABAHMANCEHD, WO OMPUMAHI 30 MOMEHMHOIO CXeMOI0 CKIHYEHHUX
enemenmie ma 3 euxopucmauuam npocpamuux komnnexcie JIIPA-CAIIP ma SCAD. Hasedeno ocobausocmi
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A comparative analysis of solutions for nonlinear deformation, buckling and vibrations of thin elastic shells under the
action of thermomechenical loads, obtained using the finite element moment scheme and using the LIRA-SAPR and
SCAD software packages, has been carried out. The features of using complexes for solving the problems under
consideration are given.
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The issue of modeling geometrical imperfections in the dynamics problems of thin-walled shells was little
researched. In cases when the natural modes of shell coincided with its buckling modes, the issue of choosing a
dangerous imperfection model did not arise. When these shell modes did not coincide, it was important to investigate
and compare the effect of different imperfections models on the static and dynamic characteristics of such shells. The
choosing the shape imperfections model of a long flexible cylindrical shell subjected to force couples, the natural and
buckling modes of which did not coincide, was studied using procedures of the finite element analysis software
NASTRAN. The shell wall as a set of plat rectangular elements with six degrees of freedom at the node in the
cylindrical coordinate system was modeled. The action of force couples as the concentrated forces were distributed at
the nodes of the shell edges in accordance to the presentation of A.S. Volmir. The linear buckling problem and the
geometrical nonlinear static analysis of the perfect shell by the Lanzosh method and the Newton-Raphson one were
performed, respectively. The long half-waves buckling mode was taken as the first shell imperfections model. The
modeling of the second shape imperfections as the first natural mode of the perfect shell using the natural vibration
analysis by the Lanzosh method was performed. The different amplitudes of geometrical imperfections in proportion to
the shell thickness using a program adapted to this software were set. The results of the geometrical nonlinear static
analysis of the imperfect shell by the Newton-Raphson method showed that the shape imperfection model in the form of
long half-waves more reduced the values of critical buckling loads. Investigations of natural shell vibrations by the
Lanzosh method revealed the same influence of different imperfections models on the natural frequencies and natural
forms. We think that the shape imperfections model in the form of long half-waves in studies of forced vibrations and
dynamic stability of a long flexible cylindrical shell subjected to force couples will be more effective.

Key words: long flexible cylindrical shell, shape imperfections model, force couple, finite element method,
stability, buckling, natural vibrations.

Introduction. Long flexible cylindrical shells are elements of pipelines, aircraft and other
structures. The question of their stability under pure bending in two directions was studied [1-
4]. For the first time, L. Brazier (1927) considered the geometrically nonlinear dependence of
the shell deformation on the moment of the force couples under the assumption that all shell
cross-sections are deformed in the same way during bending. Taking into account the formation
of local dents, V. Flugge first theoretically investigated the stability of such a shell. In the
future, this model of buckling analysis of the cylindrical shell during bending became the
prevailing one. It was developed by many researchers, the results of whose works in the well-
known monographs of S.P. Tymoshenko (1961), A.S. Volmir and others are detailed [2, 4].

The first researchers of the dynamic stability of elastic systems were V.M. Belyaev (1924),
N.M. Krylov, N.N. Bogolyubov (1935), V.A. Bodner (1938), V.N. Chalomey (1939) and
others. The dynamic stability of cylindrical shells was first investigated by A.N. Markov (1949)
and O.D. Oniashvili (1950). But the problem of dynamic stability of long cylindrical shells

© Lukianchenko O.0., Geraschenko O.V., Kostina O.V., Paliy O.M.
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under pure bending remains insufficiently investigated. The problem lies in its complexity and
the lack of the required number of experimental data.

It is known that the presence of small shape imperfections of thin-walled shells, which arise
in the process of their manufacture, transportation and operation, can significantly reduce the
critical value of static or dynamic buckling load and lead to emergency situations[1-14]. In the
articles [7-10, 11-13], the authors presented a numerical technique that made it possible to
estimate the effect of geometric imperfections of cylindrical shells on their bearing capacity
under static loads. The first bifurcation mode as a model of shell imperfections under the action
of one type of load (surface pressure, axial compression) was taken. When the shell was
subjected to a combined load, two cases were considered: when two loads were orthogonal, the
imperfection model was formed as the combination of buckling modes of the perfect shell
subjected to individual load with the corresponding combination coefficients; when two loads
were non-orthogonal — in the deformation form of the shell under operational loads or in the
limit state, which by geometrical nonlinear static analysis was obtained.

The issue of modeling the shape imperfections of thin-walled shells in dynamics problems
was little studied. In cases when the natural modes of the perfect shells coincided with the
bifurcation modes, the question of choosing a of shape imperfection model did not arise. When
these shapes do not coincide, it was important to investigate their effect on the dynamic
characteristics and the critical dynamic load values. For example, in the article [12], the authors
performed a modal and nonlinear dynamic analysis of the stability of the tank shell with
variable thickness under surface pressure. The shape imperfections model in the lower
bifurcation buckling mode was presented. The study of natural vibrations of the tank shell
showed that an increase in the imperfection amplitude led to a slight decrease in the natural
frequencies and amplitudes of the natural forms, the number of circumferential full waves in the
corresponding modes did not change. Such an imperfections model in studies of the dynamic
stability of the tank shell was effective. A significant influence of the shape imperfection
amplitude on the critical values of the dynamic load and the corresponding stress-strain state of
the shell was observed. In the article [13], the dynamic stability of the hemispherical shell under
external pressure was investigated. The first bifurcation buckling form of static stability was
taken as the imperfection model. A significant influence of imperfection on the critical values
of the dynamic load and the deformation shape of the hemispherical shell had been also shown.

The issue of effective modeling of shape imperfections in problems of statics and dynamics of
long flexible cylindrical shells during pure bending remains open. In the article, a comparative
analysis of two models of shape imperfections of a long flexible cylindrical shell under force
couples in the buckling form of long half-waves and the first natural mode was performed.

Finite-element modeling of a long flexible cylindrical shell with shape imperfections.
Considered a long flexible thin-walled cylindrical shell with a radius R =1 m, length L =8 m
and thickness 4 = 0,002 m, made of steel with mechanical characteristics: E = 2,06-10"! Pa, G=
0,792:10"' Pa, u= 0.3. The finite element model of the perfect shell using the software

NASTRAN [15] was constructed. The shell wall was modeled by a set of flat rectangular finite
elements with six degrees of freedom at the node in the cylindrical coordinate system. The
nodes of the two shell ends were subject to restrictions on movement along the radius and
tangent and on rotations around the origin. The action of force couples characterizing by the
moments of couples were modeled in the form of concentrated forces, which were distributed in
the nodes of the shell ends according to the cosine law with constant value Fj(N) similarly to

the presentation of A.S. Volmir [2].

To determine the effective model of geometric imperfections of a long flexible cylindrical shell
during pure bending, the problems of static stability and natural vibrations of a perfect shell were
solved. First, the problem of stability of the shell under force couples in a linear formulation was
solved by the Lanzosh method and the geometrical nonlinear static analysis using the Newton-
Raphson method was solved [15]. The first bifurcation buckling mode (Fig. 3 (a)) and the long
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half-waves buckling mode (Fig. 3 (b)) were obtained. The authors adopted the long half-waves
buckling mode as the first shape imperfection model of the shell. Fig.3 (c) showed the
dependence of the maximum nodal total displacement of the shell on the load step change. This
dependence was non-linear and after the loss of shell stability, the unloading curve coincided with
the loading curve. The loss of shell stability occurred under the load, which corresponded to the
critical normal stress 2,4201-10° Pa in compressed zone of the shell.
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(b) : ©

Fig. 1. The first bifurcation buckling mode (a), the long half-waves
buckling mode (b), load curve (c) of the perfect shell

The construction of the shape imperfections model as the first natural mode of the shell was
considered. For this purpose, the natural vibrations of a perfect shell were calculated using the
Lanzosh method [15]. Fig. 2 presented the first five natural modes of the perfect shell and their
corresponding natural frequencies. Natural modes had a different number of waves in the
circular direction and one half-wave in the longitudinal one.

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5
4 W M - - <@
P> ) |l D § o & '““i“"’"‘, N LY
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10,50481 12,72667 13,60160 17,53048 23,76778
10,50507 12,72687 13,60253 17,53052 23,76782

Fig. 2. The first five natural modes and natural frequencies (Hz) of the long perfect cylindrical shell

Thus, the first natural mode of the shell, which has seven waves in the radial direction and one
half-wave in the longitudinal one, was taken as the second shape imperfections model of the shell.

The influence of the shape imperfections modeles on the shell static stability. The
geometrical nonlinear analysis by Newton-Raphson method [15] was performed for half of the
cylindrical shell. The half-shell wall using planar rectangular elements with six degrees of
freedom at the node was modeled. The nodes of one shell end were subject to restrictions on
movement along the radius and tangent and on rotations around the origin. At the nodes, which
lay on the symmetry plane of the shell, restrictions were imposed on movements along the
generator and on turns around the radius and tangent. The amplitude of the shell imperfections

was equal to § = [0, 5;1,0;1,5;2, O]h , h=0,002 m — shell thickness. The action of force couples
was modeled for all settings in the form of concentrated forces, which were distributed in the
shell end nodes according to the cosine law with Fy= 25300 N. In the tab. 1 the critical
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load/stress values (N/Pa) for the shell with different models and amplitudes of shape
imperfections were showed. The long half-waves buckling mode of the shell influenced on the
critical load/stress greater than the second imperfections model.
Table 1
Critical values of load/stress on the shell with different models and amplitudes of shape
imperfections (N/10° Pa)

. . Amplitudes of shape imperfections (4=0,002 m)

Shape imperfections model 5-0.5) 5= 515k 577

. 20240 18976 16445 15180

The long half-waves buckling mode 2.063 1.934 —1’ 676 —1’ 547
23193 22939 22086 21244

The first natural mode 2.364 2.338 —2’251 _2,165

As an example, fig. 3 showed the results of the geometrical nonlinear static analysis of the
shell with an amplitude d=h and =2/ of the imperfections, which were modeled in the form of
the long half-waves buckling mode (Fig. 1 (a)). The pre-critical behavior of the shell in both
cases was similar and nonlinear. Minor nodal deformations in the compressed zone of the shell
near its attachment were observed. The maximum deformations had the form of densely located
shallow dents in the compression zone of the shell middle. The maximum displacements were
12,5 mm and 10,8 mm for the shell with imperfections amplitude 6=k and 6=24, respectively.
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Fig. 3. The shell with imperfections in the form of the long half-waves buckling mode with 6=A (1) and 0=2h (2):
buckling mode (a), load curve (b)
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The results showed that with an increase in imperfections amplitude the critical load
decreased maximum on 36,2% compared to the critical load for a perfect shell, the maximum
displacement values also decreased.

Fig. 4 showed the results of the geometrical nonlinear analysis of the shell with an
imperfections in the form of the first natural mode (Fig. 2), the amplitude of which was equal to
0=h and 6=2h.
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Fig. 4. The shell with imperfections in the form of the first natural mode with 6=A (1) and 6=24 (2):
buckling mode (a), load curve (b)

It can be seen that the pre-critical behavior of the shell was much more nonlinear than in the
case of the shell with the first imperfections model (Fig. 3). The increase in imperfections
amplitude also affected the increase in nonlinear behavior of the shell (Fig. 4 (1b), (2b)). Minor
deformations in the compressed zone of the shell near its attachment and maximum
deformations in the compressed zone of the shell middle in the form of a long half-wave dent
were observed. When the shell had lost of stability, the maximum displacements of the shell
with imperfections amplitude d=h and =2k were 21,6 mm and 33,4 mm, respectively. An
increase in the imperfections amplitude reduced the critical load maximum on 10,5% compared
to the critical load for a perfect shell, the maximum nodal displacement values increased.

Modal analysis of a long flexible cylindrical shell with different shape imperfections
models. The natural vibrations of a flexible cylindrical shell without imperfects were studied by
the Lanzosh method [15]. In the tab. 2 the first five natural frequencies of the shell with
different models and amplitudes of the shape imperfections were presented.
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Table 2
Natural frequencies (Hz) of the shell with different models and amplitudes of shape
imperfections
E g Fist model — long half-waves buckling mode Second model — the first natural mode
§ ?-; Imperfections amplitude Imperfections amplitude
& 0=0,5h o=h 0=1,5h 0=2h 0=0,5h o=h 0=1,5h 0=2h
1 10,50254 | 10.49721 | 10,48988 | 10.48171 | 10,50380 | 10.50077 | 10,49573 | 10.48867
10,50358 | 10,49941 | 10,49319 | 10,48576 | 10,50503 | 10,50490 | 10,50467 | 10,50436
2 12,73322 | 12,75346 | 12,78790 | 12.83655 | 12.72606 | 12.72422 | 12,72113 | 12,71677
12,73436 | 12,75771 | 12,79716 | 12,85274 | 12,72614 | 12,72538 | 12,72122 | 12,71686
3 13.59332 | 13.56788 | 13.52743 | 13.47379 | 13.60042 | 13.59689 | 13.59103 | 13.58288
13,59683 | 13,58134 | 13,55674 | 13,52393 | 13,60135 | 13,59782 | 13,59195 | 13,58380
4 17.54469 | 17.58733 | 17,65830 | 17.75620 | 17,52856 | 17.52263 | 17,51252 | 17.49805
17,54516 | 17,58903 | 17,66178 | 17,76269 | 17,52864 | 17,52314 | 17,51423 | 17,50207
5 23.78734 | 23.84533 | 23,94081 | 24,07174 | 23.76858 | 23,77089 | 23.77501 | 23.78061
23,79157 | 23,86247 | 23,97943 | 24,13963 | 23,76863 | 23,77103 | 23,77504 | 23,78064

We can see that in the case of modeling the shape imperfections of the shell in the form of a
long half-waves buckling mode, with an increase in the imperfections amplitude, there was a
decrease in the values of the first three natural frequencies and an increase in the fourth and
fifth. In the case of modeling the shape imperfection of the shell in the form of the first natural
form, with an increase in the imperfections amplitude, there was a decrease in the values of the
first four natural frequencies and an increase in the fifth. The maximum decrease and increase
in values of natural frequencies did not exceed 1%.

As an example, in fig. 5 presented the first five natural modes of the imperfect shell. The
results showed that they had the same type and the same number of waves in the circular
direction for different models and amplitudes of shape imperfections. In all productions one
half-wave in the longitudinal direction of the shell was observed.

Natural mode 1 Natural mode 2 Natural mode 3

//I.y’ ;
10,48867 12,71677 13,58288
10,50436 12,71686 13,58380

Natural mode 4 Natural mode 5

},_/,-'/-‘ ¢ Fig. 5. The first five natural modes
of a flexible shell with different
i imperfections models and amplitude
= 5=2h
>
17.,49805 23,78061

17,50207 23,78064
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Comparing the natural modes of the shell without (Fig. 2) and with shape imperfections
(Fig. 5), we saw that they did not match. Thus, the first natural modes of the perfect shell,
which had seven waves in the radial direction (Fig. 2), coincided with the fifth natural mode of
the shell with imperfections (Fig. 5).

Conclusion. The choice of shape imperfections model in the problems of forced vibrations
and dynamic stability of a long flexible cylindrical shell subjected to force couples is important
and necessary. In this article the first step to solving these problems was a comparative
assessment of the influence of the different models and the amplitude of the shape
imperfections on the static stability and natural vibrations of such a shell. The long half-waves
buckling mode and the first natural mode of the perfect shell were taken as the shell
imperfections models. The results of the study of the shell with different models and amplitudes
of shape imperfections showed that the imperfections model in the form of a long half-waves
buckling mode was more effective. In studies of shell natural vibrations, two imperfections
models equally affected the natural frequencies and natural modes. We think that the long half-
waves buckling mode or a combination of two different imperfections models can be applied to
the dynamics problems solving of such a shell.
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Jlyk anuenxo O.0., I'epawenko O.B., Kocmina O.B., [laniti O.M.
BUBIP MOJIEJI HETOCKOHAJIOCTEN ®OPMH B 3ATAYAX IMHAMIKHA HABAHTAYKEHOI
IMAPAMM CHJI JOBI'Oi THYYKOI HAJITHAPUYHOI OBOJTOHKH

B 3ajavax IuHaMIKM TOHKOCTIHHMX OOOJIOHOK IMTaHHS MOJICJIIOBaHHS HEIOCKOHAIOCTEH iX ¢opMm € Maio
JIOCJIDKEHUM. Y BHUINAJKaX, KoM (OpMHU BJIACHUX KOJIMBaHb OOOJIOHOK 30irarorbcs 3 (opMamu iX BTPAaTH CTIHKOCTI,
NMUTaHHA BUOOpy HeOe3neyHoi Mozeni HelocKOHalocTi 000J0HOK He BuHMKae. Komm 1i ¢opmu He 30irarorsbes,
BaXJIMBO JOCHIANTH 1 TOPIBHATH BIUIMB HEJOCKOHAJOCTEH HA CTATWYHI 1 JMHAMIi4HI XapaKTepUCTHKU 000JI0HOK. B
CTATTi PO3IJISHYTO NHUTaHHS BUOOPY e(pEeKTHBHOI MOJEIN HEJOCKOHAJIOCTEH (OPMH JOBroi HYYKOi LMIIHAPUYHOL
000JIOHKK TIpu Ail map cuii, (GOpMH BTpaTH CTIMKOCTI I BJIACHUX KOJIMBaHb SKOi HE CIIBNAJaloTh. JlociimkeHHs
BHUKOHAHO 13 3aCTOCYBaHHSM OOYMCIIIOBAJIBHHUX IPOLEAYP KOMIUIEKCY CKiHYeHHoenemMeHTHoro ananisy NASTRAN.
CriHka 00OJIOHKH 3MOJIeJIbOBaHA CYKYITHICTIO IUIOCKMX NMPSAMOKYTHMX CKIHYEHHHMX €JIEMEHTIB 3 IICTbMA CTENCHSAMHU
BUIBHOCTI y BY3Jli B IIWJIIHAPUYHIN cucTemi KoopauHart. Jlis map CHil Npe/CTaBieHa y BUTIIAA]L 30CEePe/PDKEHUX CHIL, sKi
PO3MOAiNIEHI y By3Jlax TOPLIB OOOJOHKM 3a 3aKOHOM KOCHHYca 3rifHo npenctaBieHHio A.C. BonbMmipa. Po3s’s3ana
3aj1aua CTIHKOCTi OOOJIOHKHM B JiHiHHIH mocTaHOBII MeTomoM JlaHIoma i HemiHilHA 3amaya CTaTHKH 3a JIOIIOMOTOIO
merony Hseiorona-Pagcona. Otpumano mnepma OidypkaniiHa ¢opma Brpatd crilikocTi 000nOHKM 1 (opma
nedopmyBaHHs OOOJOHKM B TPaHMYHOMY CTaHi y BUIVIAAI JOBIHX MIBXBWJIb B CTHCHYTOI 30HHM CTiHKM. 3a mepury
MOJI€Jb HEJIOCKOHAJIOCTI MpHiHSATa (JOpMa BTpATH CTIHKOCTI MO JOBTMM HiBXBHJIAM. MOJIENIIOBaHHS HEIOCKOHAIOCTEH
y BUrsial nepuoi (popMH BJIACHUX KOJHMBaHb OOOJOHKM BMKOHAHO 3a JIONOMOIOI0 PO3B’s3aHHs 3a7adi Ha BIACHI
KOJMBaHHA MeTojoM JlaHioma. AMIUIITY1a pi3HUX MOfeseil HeOCKOHAIOCTe! 3a1aBalach MPOMOPLIHHO 10 TOBLIMHU
00OJIOHKH 3a JONOMOrOK aJanTOBaHOi A0 KOMIUIEKCY Nporpamu. Pe3ysnbTaTd IOCHIKEHHS CTATM4HOI CTIHKOCTI
000JIOHKH B HENiHiIHHIA mocranoBLi MeTogoM HploToHa-PadcoHa mokaszanu, 10 MOJeNb HEJOCKOHAJIOCTI y BUIVIAAL
(opMu BTpaTH CTIMKOCTI 1O JOBI'MM MIiBXBMJIAM € Oinbll e()eKTUBHOIO. J[OCHIKEHHS BJIACHUX KOJHMBaHb OOOJIOHKU
MerozoM JlaHioma BUSBWIIM OJHAKOBUH BIUIMB PI3HMX MOJIENIed HEIOCKOHAJOCTEH Ha 4acTOTH 1 (OpMH BIACHHUX
KOJMBaHb. BBaxaeMo, 110 MOJenb y BUIJIAALI 3TMHY OOOJOHKH IO JOBTMM MIiBXBMIISIM B JOCHIDKEHHSX BUMYIIEHHX
KOJIMBaHb a00 AMHAMIYHOI CTIHKOCTI IOBr Ol FHY4YKOI IIMIIHAPUYHOI OOOJIOHKH MpU Ii1 rap cuil € Oibl e)eKTHBHOIO.

KarouoBi ci1oBa: j0Bra rHydka LMIIHIPUYHA OOOJOHKA, HEJOCKOHAIICTh (opMHU, Mapa Cuil, METOJ CKIHYEHHHX
€JIEMEHTIB, CTilKicTb, OiypKallis, BJIACHI KOJIUBAHHS.
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Jlyk’anuenko O.0., I'epawjenxo O.B., Kocmina O.B., Ianii O.M. Bu6ip moaei HeockoHasnocreii ¢popmu B 3agayax
AUHAMIKH HABAHTA’KeHOI MapaMM CWJ J0OBroi rHy4ykoi muJIiHApU4YHOI o6osioHkn// Omnip MatepianiB i Teopis
crniopya: Hayk.-tex. 30ipH. — K.: KHYBA, 2023. — Bun. 111. - C. 65-73.

Hocnioxceno enaue pisnux mooeneii i amnaimyo HeOOCKOHAROCmell (opmu HA CMAMuyHy CMIUKicme i 61acHi
KOUBAHHSA 006201 2HYUKOI YUNTHOPUYHOT 0OONOHKU 3 YPAXy8aHHAM Oii nap cun. 3a mooeni HeOOCKOHANOCmell NPUIHAMO
Gopma empamu cmiiikocmi 06010HKU Y 6UIA0I 006201 NiGX6UNI ma nepuia Popma GIACHUX KOIUBAHL OOCKOHANOT
000710HKU. 3a0a4a 61ACHUX KOAUBAHb MA 2e0OMeMPUYHA HeNIHIIHA 3a0aya cCMamuku 00010HKU 00CTIOHCEHO Memooamu
Jlanyowa ma Hvelomona-Paghcona 6ionogiono. 3a moodenb HeOOCKOHANOCMel 8 3a0auax 6UMYWeHUX KOIUBAHb |
QuHamiuHoi cmitikocmi 0anoi 000IOHKU MOdHce OYmu NPUIHAMA MOOeNb Y 8ueiadi 006201 niexeuni abo KomoiHayis 060x
Pi3HUX MOOenell HeOOCKOHAOCMell.
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Influence of the different models and the amplitudes of the shape imperfections of a long flexible cylindrical shell
subjected to force couples on the static stability and natural vibrations was investigated. The long half-waves buckling
mode and the first natural mode of the perfect shell were taken as the shape imperfections models. The problem of
natural vibrations and the geometrical nonlinear static analysis of the shell were performed by the Lanzosh method and
the Newton-Raphson one, respectively. The long half-waves buckling mode or a combination of two different
imperfections models can be applied to the solving of forced vibrations and dynamic stability of such a shell.
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The calculation of cylindrical anisotropic layered composite shells under the action of end torques in a spatial
setting is considered. The considered anisotropy is characterized by one plane of the material's elastic
characteristics. To derive three-dimensional systems of equations of subcritical equilibrium and stability of the
spatial theory of elasticity, a modification of the Hu-Washizu variational principle was used. Solving the problems
of the pre-critical stress-strain state and stability is carried out using the Bubnov-Galyorkin methods, discrete
Fourier transforms and numerical discrete orthogonalization. The problem of stability of an anisotropic cylindrical
thick-walled shell with an increase in the number of cross-reinforced layers is considered, depending on the angle of
rotation of the main directions of elasticity of the material and the direction of torque application.

Key words: anisotropic cylindrical shell, three-dimensional setting, torsional stability.

Introduction

A small number of works are devoted to solving problems of the stability of shells made of
composite materials, most of which are based on the use of two-dimensional classical or
refined theories [1, 15, 16]. This leads to the fact that for thin shells, the low shear stiffness and
in homogeneity of the material along the thickness are either not taken into account at all, or not
taken into account to the full extent. On the other hand, the geometric parameters of shells made
of modern materials do not always meet the conditions of applicability of both classical and
refined versions of the theory of shells. Therefore, the study of the stability of composite shell
structures in a three-dimensional setting [5, 6] is expedient and relevant.

Analysis of recent research and publications. In the works devoted to the calculation of
the stability of shell structures in a spatial setting [5, 6, 7], attention is focused on isotropic and
orthotropic shells. The use of materials with this degree of anisotropy narrows the class of
application of such composite structures. Note that when forming shell systems from fibrous
composites by winding them on mandrels, a discrepancy arises between the main directions of
elasticity of the orthotropic material and the axes of the curvilinear coordinate system of the
shells (Fig. 1). The material of such a structure in the axes of the shell must be considered as
having one plane of elastic symmetry, which is parallel to the middle surface [1, 3, 4, 10+15].
The lack of works devoted to a comprehensive analysis of the stability of shell structures made
of materials whose elastic properties have one plane symmetry is associated with the difficulties
that arise when compiling their solving models, which is caused by the interconnectedness of
deformations of tension (compression), shear, bending and torsion. However, taking these
features into account makes it possible to design shell systems from modern materials while
ensuring the design bearing capacity.

The aim of the study. The presented paper shows approaches to obtaining three-
dimensional equations of the subcritical stress-strain state and stability of cylindrical
anisotropic layered cylindrical shells in the spatial formulation of the theory of elasticity
based on the modification of the functional of the generalized Hu-Washizu principle. The
solution of the system of equations of the stress-strain state is carried out by combining the
numerical methods of direct and discrete orthogonalization, the system of stability equations is

© Trach V.M., Podvornyi A.V.
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solved by the joint application of the
Bubnov-Galyorkin method and
numerical discrete orthogonalization.
Coordination of subcritical stress
components determined by the method
of straight lines with the procedure of
the Bubnov-Galyorkin method when
solving the stability problem occurs
using the method of discrete Fourier
transformations. Using the presented
methods, the stability of cylindrical
thin anisotropic layered shells made of
material with one plane of elastic
symmetry under the action of end shear
loads simulating external torques was
investigated.

Fig. 1. Cylindrical non-thin anisotropic shell under torsion

1. Statement of the problem and method of solution

1.1. The problem of the subcritical stress-strain state

1.1.1. Hu-Washizu variational principle. In accordance with the variational principle of
Hu-Washizu [17], the equilibrium equation, elasticity ratio (equation of state), geometric ratios
and corresponding boundary conditions can be obtained from the condition of functional
stationarity I, , which is defined with integral:

T, ={j ] {W(ey)—T(ui)+®(ui)—Uij [ej —%(u,.; U j;,.)}}dm (] (u;)dS— [ pi ;=) ¢diS. (1)
14 S S,

Here, displacements u;, deformations e;;, stresses o

ij > stresses p, on the surface S,

caused by displacements vary without additional conditions ;. Also in this functional W(el-j) -

potential energy of deformation, T'(x;) — kinetic energy, ®(v;), W(u;) — potentials of
volumetric and surface loads, u; — components of the displacement vector, a semicolon before

the parameters i, j the covariant derivative along the coordinate with the corresponding index i,
Jk=1,2,3.
Potential energy of deformation in the vector-matrix representation is written as follows

Wi(e;) Z%STBS, (2)

where &7 =(&,,800Ey>28,9,26,5,26,9) 1s the vector of deformations, B is the matrix
coefficients of elasticity.
If we enter the stress vector o = (0,5 Ogg> Opprs Trgs Trzs To9) then from the condition of

stationarity 0TI, we get the following equations:

o =B¢g; 3)

e=¢e(u); “)

oyt fi=0 ®)

and also boundary conditions o;n; = Fl on the surface S; and displacement u; =u; and stress

p;=oyn; onthe S, surface.

In ratios for deformations (4) the relationship between deformations and displacements is
presented. Reversed to ratios elasticity (3) dependencies deformations from tensions let's
introduce as



76 ISSN 2410-2547
Onip Matepiaiis i Teopist ciopyy/Strength of Materials and Theory of Structures. 2023. No 111

c=Ao, (6)
where matrix 4=B".

Coefficients matrices A let's mark through a;; , a matrices B — b; (i, j =1 6) Matrices A

l/’

and B — symmetric, since a b; =b; . In the future, the relationship between the matrices

i = 4ji» b
A and B is also established.

1.1.2. Modifiedmixed variationalprinciple. Let us follow the path presented in [13, 14, 16]
to derive the modified Hu-Washizu mixed variational principle and divide vectors ¢ and & on
two parts, in order to

O-IT = (O-rr’ 70> 7:rz); O-ZT = (O-zz’ Cop> 7:29); ng =(8rr’ €r0s grz); ng = (gzz’ €00> 829)' (7)

To shorten ratio entries elasticity (6) will be record in matrix form

&1 Ay Ay || 0
oM , ®
& ] |4y An]| 0,

where for blocks 4, according to the accepted division (7), with matrices 4 in (6) for an

l/ >
anisotropic material whose elastic properties are in one plane, we will get:

a, 0 0 a,, a,, a a. 0 0 a a
Ay = 0" gy Gys |5 Ap {031 0 036} Ay = a1233 0 015 4y - {a}; a1222 alzéé}'(g)
dys dss 0 00 a 0 0 e Gy 6

After simple mathematical transformations the expression for W (e;) will be presented in the

form:

1 _Tp-1 1.7 -
W, =W(oy,&)-0j (gl‘j_gij(u)) =501 Byj0 50 (B, _3123111312)32 +

+(el uy+e] )BLB) o) +£5 (u)(By,~BLB By, ) ;. (10)
In accordance with (1), we write down the potential of surface loads
H‘P(ui)dSl —J p; (u; —u;)dS, = H[(q;ur +qpug +q u,, hy,t)+
s s, 5
+(q:”r +qglg + Gz, .y, t)} ds, - ﬂ pi(u; —u;)dS, - (11)
)
Here u, , u,, u, are displacements coinciding with the axes of the adopted cylindrical coordinate

system (Fig. 1); A, and £, are the thicknesses of the first and n +1 shell layers.
We will also perform the variation of the potential of surface loads (11), after which we will
obtain the variation of the work of external forces

5”\? S, = ”qréu +qy6uy +q.0u, )dsl+ﬂzp,5u 51, )dS, (12)
5211
Whereqr=q?+qr,qa=q(3+qa,qz=qz_+qz,andp,-=0fori=1,3.

Let's write the final form of the functional IT, presented in (1) in the form

1, = [[[7(o1.)-Tu)]av - H‘P dS le . —u,)ds, . (13)
r s
1
The variation of the functional (13), due to the change in the components of the vector of
displacements u and stresses o, takes the form

oIl = J” —lUITBiIUI +(81T(u)+82 (u)BlTlezl)Ul —lGlTBfllTUl —lGl B IITGIT o0 —
v 2 2 2
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1 T
[2 T(Bzz 312311312)52}552 J{gz (“)(Bzz 312311312)52 (1T(M)+€2T(M)/5’1T2/3111 )GI }5’4—

~T(u)SuydV + [ (y@)ou)dS, ~|[ p; (u—1)S pdS, . (14)
Si $
For further derivation, we will use linear geometric relations in the form [9]
i Gu; i 1 i i Gulr i 6149 1 61/{ i 614:, 61/{;
€, = 5 €go = U, €y =5 €9 = _— € =t —
oz r or oz r 00 ° oz or
o 6u9 1 ; 1 6u

= 15
éro or r9r69 (15

Here e,,, ey, e, are relative linear deformations along the directions of the coordinate axes
r, 0,z and ey, e,, e are relative shear deformations tangential to the corresponding

coordinate surface, u., ug, u, are linear displacements in the directions of the indicated axes, i

— the shell layer number.

From the condition of stationarity (14), using expressions for stresses, displacements,
geometric ratios (15), as well as variations in the work of external forces (12) and equating
expressions for independent variations of stresses and displacements in the integral over the
volume V to zero, we obtain system of differential equations in the form

i i i i i i i i i i i i i
00, __cpu+l ; 0t 107, ¢y ;i cipOu;  Cy Ouy  C g  Cyp Oty )
= o, +—5u, +— + +—= +q,;
or r oz r 00 r 0z p- 00 r o0z p~ 00
i i i i 2 i ioA2 0 i i A2
afrz i aO'rr 1 i C12 au a C66 a uz C12 +C66 a uB
=3 T T 11 2 > 5
or oz r r 82 oz r= 00 r 0200
i i i 2 i 2 i i A2
C36 aO'rr _ C26 8u 2616 8 Ci6 a uB _ C26 a uB +q .
r 00 7200 r 300 ozt 00?7
i i i i 2. i A2
0,9 _%3 do,, 2 ¢p ou, Clz +eg Ul Duy ¢y Dup

o - 00 £ 2 a0 r 000 % a2 2 5p2

i i i 2 i i i i 2 i
aO'rr _626 aur —Ci 0 u, _626 8 u, _2C26 0 Ug

i
+c +qy;
36 16 ]
oz r oz &r r? 062 r 0200 ’
oy _ i +L Lo Quz cae Ouz i Oup | chy Oup
=0C330 u, +ci C36 >
or r 0z r 00 0z r 00
aui ou'  ou! ; 6u 1
. 0 i i
ar —assf +a45‘[’,9 aZr N ?20451' +a44Tr0 69 7“0. (16)

Here r is the radius of the cylinder, which does not depend on the coordinates z and 6 ; o-ir ,

i

T,,, T 9 — stress tensor components (7); u. , uy, u, —movement of the shell in the directions

ofaxes z, 6, r respectively. Steels c,’;, (k, I =1, 2, 3, 6) are characteristics of the material of

the shell layer, which are determined using mechanical constants a;; [8]:

i 1 PP i 2. i_l(ii_ii).
Cll =7 7| 922%6 — 426 > Cl2 =7 7\ @626 ~ %1246 )5
| [z

‘ 22 22

_ 1 I A 1 ( i i).
€ =77 %1% ~ s > clg = a1y — A dig )
42 [45]
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i_l(ii_ii). i 1 P00 2.
€6 =7 7\%2%6 ~91%s )5  Ce6 =7 7| 411922 "4 |»
42| 2]

1 _ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 .
‘Azz‘ = %6("11"22 —ayp )JF ay (alzam —ay1a )+ a16(a12a26 - azzale)a
i i i i i i i i
C13 =a13€11 T a3€C TA36C6 5 €3 =a13Cp T Ax3Cy) TA36C6 5

€36 = Q13016 +A3Co6 +A36Ce6 5 C33 = d3; —(af3c1’3 +a33053 +aééc§6)' (17

Thus, when using the variational equation (14), a heterogeneous three-dimensional system
(16) is derived from six differential equations of equilibrium of the linear theory of elasticity. It
is written in partial derivatives with respect to six components of the amplitude values of the

vectors o-lT =(0,.,T,9,T,,) and u’ =(u,,ugy,u,) and is used to study the stress-strain state of

anisotropic non-thin composite cylindrical shells. To obtain it, the modified Hu-Washizu
variational principle was used, which allows writing down the boundary conditions
corresponding to the equations.
The generalized Hooke's law based on (3) and (6) and taking into account notations (7) and
(17) can be written as:
T I B I i i
O =C11€;; TC2€gg TC16€z0 —Ci30 5
T I Y I i i
Ogp = Ci2€z T C0€eg TC26€z0 —C230,
Y I B B i i i
720 = C16€zz +C26€00 T C66€20 ~ €360 1 >
T I R B i i i,
€y = C13€; TC3€09 +C36€29 €330, 5

i i AU A A B | i
€, =Au5Tpg t 55T, 5 € =AyyTpg T AysT,, - (1 8)
The solution of system (16), in the case of torsion, must meet the conditions on the lateral

surfaces:

at r=n
U?r (1‘1,2,9)20 5 T?Z(I’I,Z,H)IO ; 199 (11,2,0)=0;
and r=r,
on(ry,2,0)=0; tl(r,2,0)=0; t/(ry,z,0)=0. (19)
Conditions at the ends at z=0, z=L (Fig. 1), for example
T,9=Tg, 7,.=u, =0. (20)

Conditions for rigid contact of layers for stresses and displacements:
o (=0, (r) ;s T ()=72' () Te() =105 (7);
w()=w ) wo)=ul ) u ) =ug () @1
Here i is the number of the shell layer, 7/, the shear stress distributed on its ends

corresponding to the applied twisting moment.

1.1.3. Research methodology. One of the numerical methods that allows reducing the
dimensionality of system (16) is the method of straight lines [2, 4, 11]. Given that in the work we will
consider only cases of axisymmetric deformation, we will reduce the thus obtained two-
dimensional system of partial differential equations based on (16) to a one-dimensional system
of ordinary differential equations by replacing the coordinate derivatives with difference
relations z .

After simple mathematical operations [11], dependencies (16) are transformed into a one-
dimensional system of the order 6n of ordinary differential equations with respect to the
derivative on the coordinate 7, which in abbreviated notation has the form
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;ﬂﬂ(r)y , 22)

1 n-1._n-1,_n-1

—_( 1.1 .1 111, n-1
where accepted y= {O'W,T,Z,T,Q,ur,uz,ug, 301 3Ty 3Ty sUy

n-1, n-1
Uz SUg O-rr ’Trz ’TrO ’ur Uz ’”e}

with boundary conditions (19); 7(r) — matrix of coefficients with unknown stress and
displacement components, n — the number of equidistant straight lines (cross-sections) that
divide the interval of the change of the derivatives by the coordinate along the generating line z.

The solution of the one-dimensional problem obtained in this way about the subcritical
stress-strain state of an anisotropic non-thin layered cylindrical shell during torsion is carried
out using the numerical method of discrete orthogonalization [1, 4].

1.2. The problem of stability

1.2.1. Modified mixed variational principle. To obtain the system of stability equations, we
will use the elastic functional W(e,-j) (10) and use the following expansions in the form [9]:

U] 2 (2)

o, =0} +ao,’ +a‘o,
& =8 +ocgl(1) +a251(2),
& =& +ocg( ) +0628(2) (23)

Here, the parameters of the stress-strain state with zero are subcritical values of strains and
stresses; with indices (1) — disturbed; with indices (2) - also, only in a square; « - an infinitely
small constant that is independent of coordinates.

Substituting (23) into (10) and performing the appropriate transformations, we obtain the
following expression of the potential energy of deformation

m :—l(alo+a6(l)+a 6(2)) By 1(6 +OCG(1)+O£ 6(2))
2
1(,.0 n, 2.\ - 0 o, 2,2
—5(52 +aet) +a’el )) (Bzz—BszBlllBlz)(.s2 +ael) +a’sl ))+
( ) ) 0, W 2.\ prp-i
+| & +ag +a’ £ ) (82 tag,’ +a’e, ) B, By |x

( +oc0'1(1)+oc20'1(2)) (g +0¢8§1)+0¢ 8(2))T 22—3123“312)(52 +ae§l)+a25§2)).(24)
After substituting (24) into (1) from the condltlon of stationarity of the variation of the
functional (1) caused by the change in the components of the vector of displacements u and
stresses oy, when using expressions for stresses o] =(0,,,7,4,7, ), displacements

u” =(u,, uy, u, ), and geometric ratios in the form [9]

| 0 | ) 0
o_ou o _law 1 a <1>:5“£>; o _Oup  1ou”

= Y 80 7T T or & r o0
1 1
oo o W _Oug 1 Toul
&z Q. T & T o'+
oz or o r r 00

neglecting the dependences for the variation of kinetic energy and the potentials of surface and
volume loads, equating the expressions for independent variations of stresses do,,, 0T,g, OT,.

and displacements du, , ou,, ou, in the integral over the volume V' to zero, we obtain the

i

; (25)

rro

following system of stability equations in the spatial setting of anisotropic thin composite
cylindrical shells :

66,,:_023+16 107, 01 0126uz+c£ Cyp Oug  Cy Ou,  Cys Oty
or r T 00 0z rooz 42T 200 2 00 r Oz
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Ou 1( Oug Oug 1 Ou j o%u L1 62
+——Z 3 —=| —=+u, |cy3—| —+ Cy6—0,.C33 +r—¢
( PRE r(@@ rj 23 (az - 09 )36 It 137+ p 692 €23~
2 2
2 Oug 1 0“u, Oug j 0 0“u, 1 %y ou,.
—E£—=Cy3—=U,Cp3 +2 C36 —2——C3¢ |0, +| =21 3 +— +— ez +
roo P TP Ta00 0 Ta )T a2 0 rlazo oz )P
2 2 2 2
+6u9+l6uz c36+66’rc33j—6ur T?z+_2 6u2613+l 6u9 ou, ey +
oz2  r 0200 1074 1074 0z00 r| 562 69

62“0 1 62 66}’}’ 1 aur 1 0 .
+ + 2 36 + C33 - +—UO TV@ N
0z00 r 90 00 r oo r

0t,, 0o, 100, 1. o u, 2c4 62uz Cp OU,  Cgg 62uz 1o +Ce6 62149
o oz P rae ™ Va2 200 r oz 00> r 0200
Cy¢ OU,. aZu(, Cog 62146 ou, 82u 1 6214
T2 09 9952 2 a2 '\ & —Tr0d45 ~ Ty ds5s T ——— - 202 €3t
2
+2 C36 |0 +| 27 _ouy 61-”9
06o. oz* 0z
SO, N 07,9 or,, j
200 a0 5T ag ’
07,9 _100, 90,, 2 €12 TCe6 52“2 Cy Ou, o Ug 2 o Uy _Co6 Oly
= €3 €36~ Tro 2 C66 =2 2 2
or r 00 Oz r r  0z00 ¢ 00 oz r° 00 r oz
62u2 Ca6 ﬁzuz 2¢y6 aZu(, (1. . 10u, ﬁzug 1 62146 B
62 2 et Trol44 — Tz 045t —— =031 2 €3t
oz=  rt 06 r 0z00 \ r r 00 oz r 06

2 2

2 614,, 1 0u 6“}’ J 0 1 6“6 1 0 u, 6Tr0 aTrz

+= —=UpCy3+2 +2—- + -2 : : -
a0 T e st e o | 2| o o g s

—%JT?Z +(—2
oz

6u,_6uzc +l %Ht + %+l6uz C361+0,,C33
or - oz 13 00 €23 oz 1 00 36 33>

10%u, 0 0, ) 10u | ) 0
' gy 45 L (P
r 00 rop? 00 26 } r o0 r

VO
—
o))
<
S

6u2 ou,. )
& = —EJf TrpQ4s + 7,055 5
Oug 1, _10u

=SUy———L+T gy +T,..Q 26
o 10T g TTro%aa T Tizas (26)

In (26) r — the radius of the cylinder (Fig. 1) is independent of the coordinates z and 0 ; o,,,

T,,, T,y — stress vector components (3); u,, Uy, u, — moving the shell according to the

directions of the corresponding axes z, @, r. Stresses o', 7" and 77 are determined by
solving the problem of the subcritical stress-strain state (22).
Thus, using the modified Hu-Washizu variational principle, a three-dimensional system of

six homogeneous differential equations of stability in partial derivatives with respect to the
components of the vectors o{ =(0,,, 7,9, 7,,) and is obtained u” = (u,, uy, u. ).
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The given system of stability equations (26) must meet the conditions on the side surfaces of
the shell of type (19), conditions at the ends (20) and conditions of rigid contact of layers for
stresses and displacements (21).

1.2.2. Research methodology. We will reduce the dimensionality of the three-dimensional
system of stability equations (26) using the procedure of the Bubnov-Galyorkin method. Let us
decompose the functions describing stresses and strains (26) into double trigonometric series so
that conditions (20) are satisfied along the generator z and take into account the periodicity in
the circular direction 6 :

o (1,2,0)= 3 3 [ 910 pp (1) COSKO + Y g (1) sin kO Jsin 1,2 ;
m=1k=0
T (1,2,0)= D [ ¥20pp (M) COSKO + 3,y (r)sin kO [cos 1,2 ;
m=0 k=0
T,0(r,2,0) = 2 D [ y30pp (F)SINkO + 33,y () cOSKO Jsin 1,2 ;
m=1k=0
U, (r2,0) = Y [ Yaopi (1) COSKO + Yy (r)sin k6 [sin 1,2
m=1k=0
U, (r,2,0) = Y Y[ 505 (r)COSKO + Y5y (r)sin kO Jcos 1,z ;
m=0k=0
ug(r,2,0) = 3. D [ Voo pi (1)SINKO + ¥y (r)cOs kO Jsin 1,z . (27)
m=1k=0

In (27) Yispk» Yigk (i=16) are components of stress components o,., 7., 7,, and

rz

displacements u,, u,, u, decomposed by trigonometric Fourier series, p, m, k are wave

zo
numbers in the series. Parameter /,, = mn/L , where L is the length of the generating cylinder
(Fig. 1).

To take into account the variability of stresses for the length of the envelope, we use the
discrete Fourier transform operation In accordance with it, we present the distribution along the

z axis subcritical values o', 7", andz’, , obtained using the straight line method, in the form of

o Trz
series:
0
O n—1 0 . n—-1 o .
o0 ()= 4> g7 cos—2EL_ - 43 o -SinNziz;
i=l “Zod =l "Zod
0
0 Tz n—1 20 2i n—1 20 . 2i
T,.(2)= +Y a7 -cos—=E—z 4> b7 -sin—=EL— 7
il “Zod =l N-zyy
0
T,
a ro
% (2) =2 +Za’9 cos 2oL z+2b’9 sin—2%L_ (28)
i=l N-z Zod i=l N-z Zod

where the following notations are introduced: i — the number of members of the series

i=1n-1; n=(N+1)/2; N is the number of equidistant points by which the shell is broken

along the generating cylinder when solving the problem of the subcritical stress-strain state;

z,, — the distance between these points along the z coordinate in the cylindrical coordinate

. 0 0 0 0 0 0 0 0 0 .
system (Fig. 1); ag”, ag*, ay’, a’”, a=, a;"”, b’", b7, b — coefficients of the

trigonometric Fourier series into which the corresponding components of the stress state are

0
decomposed ¢ Tpj» T r9 ;o J=I=N.

rr,j
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By separating the variables in equations (26) using dependencies (27), while taking into
account relation (28), we obtain an infinite one-dimensional system of ordinary homogeneous
differential equations of stability of a cylindrical shell in the normal Cauchy form

& _ — —
d—y= (nA)Y, T(r 2)=t,,(r 1), i=lw, j=leo. (29)
r
I (29) 3 ={ M pks Vo phs V3, pk3 4 ok V5. pks Vo pk > Vs Vot Vs Vit s Vs s Vi) the
solving vector function 7T'(r,A) is a matrix with variable coefficients that depends on the

argument » and the load parameter 4.

The system of stability equations (29) under the conditions on the surfaces (19) is solved
using the numerical method of discrete orthogonalization [1, 4].

The presented algorithm is implemented in the form of packages of application programs for
a PC, where the setting of the parameters of the subcritical stress-strain state and the solution of
stability problems of non-thin anisotropic cylindrical shells subjected to torsion are combined in
a single process.

2. Implementation of the proposed method of setting critical loads of a composite
anisotropic cylindrical shell. Let's investigate the effect of changing the number of layers of an
anisotropic shell on the values of its critical loads in the case of torsion. To do this, consider the
stability of a cylindrical shell with a length of L = 1,2 m; radii of the inner »; =0,585m and outer
surfaces r, =0,615m. The shell is formed by reinforcing the composite at angles i to the z

axis. Fiberglass with the following physical and mechanical characteristics was selected as a
composite material: E.=44,5E,, Eq~E,~10,7Ey, G.~G,~4,18E), G,.=8,48E,, v4,=0,26,
v,6=0,0628, E,=1000MPa .

In fig. 2 presents graphs describing the dependence of the critical values of shear loads
(torques) S;, on the angle of rotation W of the main directions of elasticity of the composite
material and the number of cross-reinforced +y layers for the cases of application of the end
torsional moment in positive (Fig. 2, a) and negative (Fig. 2, b) directions.

In fig. 2 (a), (b), plotted in the S, — axes W, the numbering of the curves corresponds to
the number of layers reinforced at angles +y to the resulting cylindrical shell, the curve 1’

(dashed) represents the results of calculating the stability problem of an anisotropic cylinder

according to the orthotropic approach when the mechanical ¢, characteristics ¢y, €34, ays
of the accepted generalized Hooke's law (18) have zero values.

19
17
15
13
11
o =
7

q>
N

S (MHm)

0 30 o 60 90
(a) (b)

Cl

Zg for one- (1), two- (2), three- (3), four- (4), five- (5), seven- (7), eight-layer

(8) shells and the results are obtained on the basis of the orthotropic approach (1') for the direction of application of the
twisting moment: (a) positive; (b) negative

Fig. 2. Values of critical shear loads §
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From the analysis of the results presented in fig. 2 it is possible to draw the following
conclusions. The critical values of shear loads depend on the angle of rotation of the main
directions of elasticity of the material, the number of cross-reinforced layers, and the direction

of application of the twisting moment. We also note that the critical loads S, determined for

the anisotropic shell according to the orthotropic approach (curves 1) do not depend on the
number of layers with cross reinforcement and remain constant. At the same time, an increase
in the number of layers with cross-reinforcement leads to an approximation of the critical loads

©p determined taking into account all the constants of the generalized Hooke's law of the

considered material to those obtained according to the orthotropic approach. If the maximum
discrepancies between the results for a single-layer anisotropic cylinder (curve 1) and the
critical loads obtained for the orthotropic equivalent shell (curve 1) are 46% and 69%,
respectively, from positive (Fig. 2 (a)) and negative (Fig. 2 (b)) applied loads, then for the two-
layer (curve 2) in comparison with graph 1’ the differences decrease to 25% and 16%,
respectively, according to the signs of the loads. A further increase in the number of layers with
cross-reinforcement leads to the fact that with seven to eight layers, the discrepancy between
the anisotropic and orthotropic approaches to the calculation decreases to a maximum of 5%. At

the same time, we note that the critical loads S;;, obtained for anisotropic cylinders with the
number of layers seven to eight (curves 7, 8) from the twisting moment applied in the positive
direction (Fig. 2 (a)) are slightly greater than those Sy, determined according to the orthotropic

approach (curve 1'), and from the negative, on the contrary, smaller (Fig. 2 (b)).

In general, from the analysis of the results, it can be seen that for the considered anisotropic
cylindrical shells, increasing the layers of the cross-reinforced package to seven to eight or
more leads to the possibility of calculating such shells according to the orthotropic approach,
which confirms the results given in [1].

Conclusions

The paper proposes an approach to obtaining and solving three-dimensional systems of
inhomogeneous equations of the subcritical stress-strain state and homogeneous partial differential
stability equations for anisotropic thin cylindrical shells based on the modification of the Hu-
Washizu variational principle. To reduce the obtained systems to one-dimensional, the methods of
straight lines for the stress-strain state problem and decomposition into double trigonometric series
with approximation of stress components and displacements in the direction of the source using
the procedure of the Bubnov-Galyorkin method and taking into account the periodicity of the
solving functions in the circular direction for the stability problem were used. The solution of the
obtained one-dimensional systems in the direction normal to the middle surface of the shell was
carried out using the numerical method of discrete orthogonalization. The proposed approach
makes it possible to solve problems of stability of cylindrical shells at different angles of
reinforcement of the construction material relative to the structure.

The problem of stability of a non-thin composite anisotropic shell against end torsional loads
is solved, depending on the number of layers and the angles of rotation of their main directions
of elasticity, according to the proposed approach and using the orthotropic model for the
calculation of anisotropic shells. A comparison of the obtained results was carried out and a
conclusion was drawn about the use of the proposed approach.
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Tpau B.M., I[Toosopnuii A.B.
CTIAKICTh HETOHKHX IUJTHAPUYHUX AHI3OTPOITHUX OBOJIOHOK ITIJT IIEF0 KPYYEHHS B
TPUBUMIPHIA TOCTAHOBIII

B crarti y npocTopoBiii MOCTaHOBII HPUBEACHO pPO3PAXYHOK HA CTIMKICTh HETOHKMX LMJIIHIPUYHUX
aHI30TPONHUX MLIAPYBATHX KOMIIO3UTHUX OOOJOHOK MiJl Ji€I0 TOPLEBUX KPYTHUX MOMEHTIB. AHI30TpoOIis
BUKOPHCTOBYBAHOI'0 MaTepialy XapaKTEpU3YEThCs OAHIEIO MIIOIIMHOIO MPYXKHOI cuMeTpii Horo xapakrepuctuk. Le
BUKJIMKAHO HE CIIBIAiHHAM T'OJIOBHUX HAINPSMKIB IPY>KHOCTI BOJIOKHUCTOIO KOMIO3UTHOTO OPTOTPOIHOTO MaTepiary
Ta OCAMH KPUBOJIIHIHHOT IMIIIHAPUYHOT CUCTEMH KOOPJHMHAT.

TpuBuMipHa HEoAHOpiAHA cucTeMa AUQEpeHIialbHUX PIBHAHb Yy YACTHHHHUX MOXIJHUX, 110 OMHCY€E, B MEXax
JHIHHOT Teopii NPYKHOCTI, AOKPUTHYHHUHA HaNpyxkeHO-1epOPMOBAHMN CTAaH BHBEICHAa HPU BUKOPHCTaHHI
BapianiiHoro mnpuHuuny Xy-Bacigdy. 3MeHIIEHHS pO3MIpHOCTI pO3risgyBaHOi 3ajadi 3 TPHUBUMIpHOI 10
OJJTHOBUMIPHOI TPOBOIUTBHCA IPHU YpaxyBaHHI OChOBOI cHMETpii JaedOpMyBaHHS LWIIHAPUYHOI OOOJIOHKM Ta
BUKOPUCTAHHSM, y B3J0BXK TBIpHOI, METOy IPSMUX.

Crnmpatounch Ha MoaudikoBaHuid Bapiauiiauid npuHuun Xy-Bacinsdy, BHMBEIEHO TPUBHUMIPHY CHUCTEMY
OJJHOPIIHUX AU (EepeHIiaIbHUX PIBHAHD CTIHKOCTI y YACTUHHUX MOXIHUX B paMKax MPOCTOPOBOI TEOPIi MPYKHOCTI.
IIpuBeneHHs TPUBUMIPHOI CUCTEMH /10 OAHOBUMIPHOT 3[ilICHIOETHCS Y B3JJOBXK TBIPHOT Ta 32 KOJIOBUM HAIPIMKOM -
LUIIXOM PO3KJIaJI€HHSI KOMITIOHEHTIB HANpPYKEHb 1 MEepeMillleHb y TOJIBIiiHI TPUTOHOMETPUYHI PSJIU NP 3aCTOCYBaHHI
npouenypu Mmerony byoHoBa-I"asibopkiHa, a TAKOX 3 ypaxyBaHHSAM HNEPIOANYHOCTI PO3B’A3YIOUUX DYHKIIIH.

Po3po0iieHo anroput™, KUl peanizoBaHuil y BUNII/I MakeTiB npukiagHux nporpam s [1K. B HpoMy B equHOMY
00YMCIIOBAJIEHOMY IPOLECI, 3a BHUKOPUCTAHHS YHUCEIBHOrO METOLY IMCKPETHOI OpTOroHamizauii y HampsmKy
HOPMaJbHOMY [I0 CEpPEAMHHOI MOBEPXHi OOONOHKH, MOEAHYIOTBCS BCTAHOBJIEHHS I1apaMeETpPiB JTOKPUTHYHOTO
Hanpy>KeHO-1e()OPMOBAHOTO CTaHy Ta pO3B’A3Ky Ha LIl OCHOBI 3aJay CTIHKOCTI HETOHKHMX aHI30TPOIHHUX
LWIHAPUYHUX 00OJIOHOK, 1110 3HAXOATHCS ML 1i€I0 KPYUEHHSI.

PosrisiHyTa 3ajjaya npo BIUIMB Ha CTIMKICTh aHI30TPOIHOI IMJIHAPUYHOI HETOHKOI OOOJOHKHM 301JIbIICHHS
KUIBKOCTI TEepeXpecHO-apMOBaHMX MIAPiB B 3aJIEKHOCTI BiJ KyTa [OBOPOTY TOJIOBHUX HANPSAMIB HPYKHOCTI
MaTtepialy Ta HampsAMKY NPHKIAJaHHS KPyTHOro MoMeHTy. IIpoBeneHe CIiBCTaBJIeHHS OTPUMAHHUX PE3yJIbTaTiB
pO3paxyHKIiB Ha CTiHKIiCTh 3TiJIHO 3alpOINOHOBAHOrO MiAXOAY i3 KPUTHYHUMM HABAHTAKEHHSAMHU KPYUEHHS, IO
BHUpaxyBaHi MpPU BUKOPUCTAHHI OPTOTPOIHOI MOJENI PO3PaxyHKY aHi3oTpomHUX o0osioHOK. ITokaszaHo, o ans
OJTHOLIAPOBUX LMJIIHAPUYHUX O00JIOHOK PO3XOKEHHS MiX MOPIBHIOBAHMMH pe3yJsibTaTaMu csarae 69%. 30inb1eHHs
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KUIBKOCTI HEepeXpecHO-apMOBaHUX MLIapiB Bexe 10 3MEHIICHHS Iiel po30DKHOCTI Ta NPH CEMU-BOCBMH IIapax
Pi3HHIM MK KPUTHYHMMH HABAaHTAKCHHAMM OTPUMAHHUMHU 3a OMHCAHHM MiJXOJZOM Ta OPTOTPOMHOI MOJEILIIO
3HAX0AUThCcd B Mexax 5%. Takuii pe3ynbTaT LIJIKOM Y3TOMXKYIOTHCS 3 THMH, 10 OTPUMAaHi IPH BUKOPUCTAHHI
KJIACHYHUX YU YTOUYHEHUX TEOPil PO3PaxyHKiB K TOHKUX, TAK 1| HETOHKMX aHI30TPONHUX LHJIIHIPUYHUX 00O0JIOHOK.
KarouoBi ci1oBa: aHi30TponHa HUIIIHAPUYHA 000JOHKA, TPUBUMIPHA IIOCTAHOBKA, CTIHKICTh NPH KPYYECHHI.

Trach V.M., Podvornyi A.V.
STABILITY OF CYLINDRICAL ANISOTROPIC COMPOSITE SHELLS UNDER TORSION IN A THREE-
DIMENSIONAL FORMULATION

The article presents a calculation of the stability of non-thin cylindrical anisotropic layered shells under the action of
end torsional moments in a spatial formulation. The anisotropy of the used material is characterized by one plane of
elastic symmetry of characteristics. This is caused by the mismatch between the main elastic directions of the composite
fibrous orthotropic material and the axes of the curvilinear cylindrical coordinate system.

A three-dimensional inhomogeneous system of partial differential equations describing the subcritical stress-strain
state within the linear theory of elasticity is derived using the Hu-Washizu variational principle. Reducing the
dimension of the problem under consideration from three-dimensional to one-dimensional is carried out by taking into
account the axial symmetry of the deformation of the cylindrical shell and using the method of straight lines along the
generatrix.

Based on the modified Hu-Washizu variational principle, a three-dimensional system of homogeneous partial
differential stability equations is derived within the framework of the spatial theory of elasticity. The reduction of a
three-dimensional system to a one-dimensional one is carried out along the generatrix and in the circular direction - by
expanding the components of stresses and displacements into double trigonometric series when applying the procedure
of the Bubnov-Galorkin method, as well as taking into account the periodicity of the resolving functions.

An algorithm has been developed, implemented in the form of application software packages for PCs. In it, in a
single computational process using the numerical method of discrete orthogonalization in the direction normal to the
middle surface of the shell, the establishment of the parameters of the subcritical stress-strain state and the solution on
this basis of stability problems for non-thin anisotropic cylindrical shells under the influence of torsion are combined.

The problem of the influence on the stability of an anisotropic cylindrical non-thin shell of an increase in the number
of cross-reinforced layers depending on the angle of rotation of the main directions of elasticity of the material and the
direction of application of torque is considered. The obtained results of stability calculations according to the proposed
approach were compared with critical torsion loads calculated using an orthotropic model for calculating anisotropic
shells. It is shown that for single-layer cylindrical shells the difference between the compared results reaches 69%. An
increase in the number of cross-reinforced layers leads to a decrease in this discrepancy, and with seven to eight layers,
the difference between the critical loads obtained using the described approach and the orthotropic model is within 5%.
This result is consistent with those obtained using classical or refined theories of calculations of both thin and non-thin
anisotropic cylindrical shells.

Key words: anisotropic cylindrical shell, three-dimensional setting, torsional stability.

VK 624.074.04

Tpau B.M., IToosopnuii A.B. CTiiKicTh HETOHKMX IMJIIHAPHYHHX AHI30TPONMHUX 000JIOHOK I/ i€}0 KPYYEeHHS B
TpUBUMIpHiii mocranoBui // Onip marepianis i Teopist copya: Hayk.-tex. 30ipH. — K.: KHYBA, 2023. — Bumn. 111. —
C. 74-86.

Posenadaemuvca po3paxyHok HemMOHKUX YUNIHOPUUHUX AHI30MPONHUX WAPYEAmMux 00010HOK nid 0i€l0 mopyesux
CKpYUyIlouux MOMeHmié y npocmopogii nocmanosyi. Posensdyeana anizomponia Xapaxmepusyemvcs O0OHI€I0
NIOWUHOIO NPYIICHUX XAPAKMePUCmuK mamepiany. /Ina ompumanua mpueuUMIpHux cucmem piGHAHbL OO KPUMUYHOT
pisHogazu ma cmilkocmi npocmopoeoi meopii npys#cHoOCmI, UKOPUCMAHO MOOUQIKayilo eapiayitiHoco NPUHYUNY
Xy-Baciozy. Hucenvhuii po3eé’a3ok nocmaeneHoi 3adaui npoeooumecs npu eukopucmanui memooie bybHosea-
Tanvopkina, ouckpemuux nepemeoperv ®yp’e ma ouckpemuoi opmozonanizayii. Pozenanyma 3aoauwa cmivikocmi
AHI30MPONHOT YUNIHOPUYUHOT HemOHKOI 000IOHKU Npu 30iNbUeHHI KilbKOCMI nepexpecHo-apMo8aHux wapie 6
3anejcHocmi 6i0 Kyma nOGOpomy 20JI06HUX HANPAMIE RPYICHOCMI Mamepiany ma HANPAMKY NPUKIAOaHHS
CKPYUYI0U020 MOMEHNTY.

Tabmn. -. In. 2. Bibniorp. 17 Ha3B.
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Trach V.M., Podvornyi A.V. Stability of cylindrical anisotropic composite shells under torsion in a three-
dimensional formulation // Strength of Materials and Theory of Structures: Scientific-and-technical collected articles.
—Kyiv: KNUBA, 2023. — Issue 111. - P. 74-86.

The calculation of cylindrical anisotropic layered composite shells under the action of end torques in a spatial
setting is considered. The considered anisotropy is characterized by one plane of the material's elastic
characteristics. To derive three-dimensional systems of equations of subcritical equilibrium and stability of the
spatial theory of elasticity, a modification of the Hu-Washizu variational principle was used. Solving the problems
of the pre-critical stress-strain state and stability is carried out using the Bubnov-Galyorkin methods, discrete
Fourier transforms and numerical discrete orthogonalization. The problem of stability of an anisotropic cylindrical
thick-walled shell with an increase in the number of cross-reinforced layers is considered, depending on the angle
of rotation of the main directions of elasticity of the material and the direction of torque application.
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The article presents the new results of scientific researches of technical aspects of forecasting the consequences of
emergencies related to hydraulic accidents.Based on the analysis of statistical data, the relevance of the raised issue of
the need to improve the existing scientific and methodological apparatus to justify the parameters of the breakthrough
wave and the flood zone in the event of destruction of hydraulic structures is substantiated. The attention is focused on
the need to take into account the condition of ensuring the consumption of bulk mass of water before the restoration of
its domestic level in the lower reaches of the water barrier.This condition is the basis of an improved method for
determining the parameters of active and passive flooding of the area, based on a three-dimensional model of the
longitudinal section of the breakthrough of the hydraulic structure and the parameters of the breakthrough wave.Based
on the results of verification of the proposed methodology, calculations and modeling according to the initial data in
accordance with the developed situation of destruction of the hydro unit, a conclusion about the feasibility of its use for
forecasting emergencies during hydraulic accidents was made.

Keywords: emergency situation, hydraulic structure, hydraulic accident, release wave, breakthrough wave, zone of
active (passive) flooding, upstream and downstream, proran.

Formulation of the problem. As of the beginning of the 21st century, more than 30,000
artificial reservoirs with a total volume of 1 million m® have been created in the world as a
result of technical regulation of river runoff with the help of damswhich caused flooding of
0.25% of the land area [1-4]. Most reservoirs were built to develop hydropower, irrigation,
technical and drinking water supply, as well as to improve the work of the water water
transport. The total number of large dams (over 15 m high), built in the twentieth century,
reaches 46 thousand [5-6].

The urgency of the issue is exacerbated by global climate changes and the catastrophic
floods caused by them on the Danube, Elbe, Rhine, Vistula, Dniester and other Carpathian
rivers over the past 5 years [1-7]. For Ukraine, as a European country with a well-developed
hydrographic network [8], the condition of hydraulic structures on the Dnieper River deserves
special attention and is of concern [9-14].

Analyzing the information on the largest accidents of hydraulic structures should be
mentioned the devastating effects of hydrodynamic danger in 1959. France [2]. Malpasse Dam
on the Reyran River on the Cote d'Azur in the Mediterranean Sea, built in 1954. The height of

© Kotsiuruba V.I., Mykhailovskyi D.V., Cherevko R.M., Kamalov Y.V., Proshchyn I.V.
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the dam is 60 m, length - 222 m, width at the base - 6.8 m, purpose - irrigation and water
supply.As a result of the breach of the dam, the city of Frejus was completely flooded. The
causes of the accident were unsatisfactory quality of concrete, as well as the use of explosives a
few hundred meters from the dam during the construction of the highway. Consequences - 423
deaths, economic losses - 68 million dollars [1].

In 1961 in the USSR in Kyiv city. Breakthrough of a temporary earth dam during the
washing of Babyn Yar, which was to become part of a small ring road in Kyiv. Pulp - a
mixture of sand with clay and water, which was pumped into the ravine, due to heavy rains
broke through the earth dam. A stream 4 m high and 20 m wide at a speed of 5 m/s rushed to
the densely populated area of Kurenivka. Within minutes, a tram park, residential buildings, and
administrative buildings were buried under a 3-meter layer. Under the pressure of the pulp, the
electrical wires broke and fell on the bus, which then caught fire.The fire killed all
passengers.The volume of mud mass is 600 thousand m3, the total area of flooding is 30
hectares. The cause of the accident was a violation of the norms during the construction of the
dam, the soil was not compacted properly, there was no drainage prism [2].

The accident on the Viont Dam in Italy, which occurred on October 9, 1963, when a 0.24
km® mountain massif collapsed into a 0.169 km® reservoir which led to the overflow of 5.0
million m® of water through the dam. A 90-meter-high water embankment washed away
several settlements in 15 minutes, killing more than 2,000 people. The cause of the landslide
was the rise in groundwater levels due to the construction of the dam.

1975. China. Typhoon “Nina” broke the dam in the peak of the river Ru.The giant wave that
formed passed the Ru and Huai rivers, destroying 62 dams and hydroelectric dams, the largest
of which was the Baingiao Dam (height - 50.5 m, length - 3720 m), built in 1952.The causes of
the accident - a natural disaster. As a result, 26,000 people died in the floods, the total number
of victims, including famine and epidemics, was 340,000, and the economic damage was $ 513
millions [1].

1976 USA. A dam broke on the Teton River in Idaho. At that time, it was the second largest
dam in the United States, its height - 93 m, length - 940 m, width at the base - 520 m.
Construction was completed in 1976. The cause of the accident - a construction error.
Consequences - 11 dead, 13 thousand injured, economic losses - 1 billion dollars [2].

1977 USA. In the state of Texas, the dam of the hydroelectric power plant, built in 1889,
broke., height - 12 m, length - 120 m, width - 6.1 m. The cause of the accident - the
obsolescence of the building, the negligence of the staff. Consequences - 40 deaths, economic
losses - 2.8 million dollars [1].

1979 India. Breakthrough of a dam in Gujarat on the Machu River. The dam was built in
1972, height - 26 m. The cause of the accident - precipitation, which fell 55 mm per day, which
is the annual norm for this arid region. Consequences - 15 thousand dead, 60% of the housing
stock destroyed [1].

Breakthrough of the Tyrlyk Reservoir Dam in the Beloritsky District of Bashkortostan,
which on August 7, 1994 caused a discharge of 8.6 million m® of water. As a result, 4
settlements were in the flood zone, 85 houses were completely destroyed, 200 houses were
partially destroyed. During the flood 29 people died, 786 people were left homeless [2].

The destruction of 7 protective dams during the great flood of August 18, 2002 near the
German city of Wittenberg on the river Elbe, when a water wave rushed into the city, urgently
40 thousand people were evacuated, 19 residents died, 26 people went missing [2].

2005 Pakistan. The 150-meter dam of Shakidor HPP on the Shadi River broke. Several
settlements were flooded. The cause of the accident - heavy rains. The consequences are 130
dead and 500 injured. A 150-meter dam burst near the city of Pasni as a result of heavy rains
on February 11, 2005 in Balochistan province in southwestern Pakistan. As a result, several
villages were flooded, killing more than 135 people [1].
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Dam burst during the construction of the Kiadag HPP after a sharp rise in water levels on
October 5, 2007 on the Chu River in the province of Thancho in Vietnam. In the flood zone
were 5 thousand houses, 35 people died [1].

2009 Brazil. Dam broke on the Algodoens Reservoir, a S0-meter section of the dam was
destroyed, 2 settlements were flooded. The cause of the accident - heavy rains. Consequences -
54 dead, 80 injured [2].

On August 17, 2009, an accident occurred at the Sayano-Shushenskaya HPP in Russia [3],
killing 77 people and rescuing 17 people. The 2nd hydro unit of the HPP was completely
destroyed and the engine room was partially destroyed.n addition, the 7th and 9th hydraulic
units were severely damaged. In total, the HPP consists of 10 hydro units that convert the
kinetic energy of water flow into electricity. As a result, the engine room building was stopped,
flooded and destroyed. After the accident, up to 10 tons of transformer oil spilled into the river
and an oil slick ten of kilometers long was formed, mass deaths of hundreds of tons of fish
were recorded.

2010 Poland. A dam broke on the Odra River near Wroclaw. In some areas of the city the
water rose by 2 m. The cause of the accident - prolonged downpours - in mid-May for the week
fell on January 2, the norm of precipitation. Consequences - 12 dead. In general, the 2010
floods in Central Europe affected Poland, the Czech Republic, Slovakia, Hungary, Ukraine,
Austria and Serbia. The greatest devastation caused Poland - 22 dead, more than 20 thousand
evacuees. The total economic damage from the flood was 2 billion euros [2].

2012 Bulgaria. The dam on the Ivanovo reservoir broke. Within minutes, the village of Biser
disappeared under water, the city of Armanli was flooded, and the international highway was
blocked. The cause of the accident - heavy rainfall, which led to overflow of the reservoir.
Consequences - 8 victims [2].

In addition to this information, the consequences of hydrodynamic hazards on the state of
ecological systems [4], hydrological component of flood runoff forecasting [5], mathematical
model for monitoring the state of hydraulic structures to protect polder systems from flooding
and inundation [6]. In Ukraine, a man-made accident was known at the Steblikov Chemical
Plant in 1983 [7-8], when 4.5 million tons of highly mineralized water with a salt
concentration of 240 grams per liter spilled into the Dniester River. Almost 600,000 tons of
chlorides got into the Dniester Reservoir. At the end of 1983, 228,000 tons of chlorides had
accumulated at the bottom of this reservoir, which accumulates pollution from upstream
regions. They tried to cope with the consequences of the chemical accident by using a pumping
unit, which lifted chlorides from the bottom of the reservoir, mixed them with water and
dumped them into the lower reaches in acceptable doses.

It should be noted that the filling of the Dniester Reservoir [14] began in late 1981, and
before the NDP it was completed in October 1987. Thus, the Dniester Reservoir prevented the
spread of pollution downstream from the dam of the reservoir. It should be noted its positive
environmental significance during this man-made accident. However, there are environmental
problems of the Dniester complex hydropower unit's impact on the ecological status of the
Dniester basin downstream from the buffer reservoir, from which water is taken to the upper
reservoir for the operation of Dniester PSP hydroelectric units. These complex environmental
problems need to be studied at all times: during the gradual commissioning of hydro units and
after the commissioning of the Dniester PSP. The above problems are also complicated by the
fact that the Dniester basin is flood-hazardous [15]. This is confirmed by the floods that
occurred in the summer of 2008 in western Ukraine due to intense thunderstorms and a sharp
rise in water levels in the rivers of the Dniester basin. This flood is called a natural disaster and
is considered the largest in the history of Western Ukraine in the last 60 years. During the
flood, the Carpathian Mountains, Prykarpattia and Zakarpattia were affected. The settlements
in the Dniester and Prut river valleys suffered the most. On July 31, 2008, the Verkhovna Rada
of Ukraine declared 90-day emergency zones in 6 regions of Ukraine: Lviv, Ivano-Frankivsk,
Ternopil, Chernivtsi, Zakarpattia and Vinnytsia. The southern districts of Khmelnytsky region
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were also affected.30 people died, 6 of them were children. After the peak of the flood, on July
28, 2008, in the territories of Lviv, Zakarpattia, Ternopil, Chernivtsi and Ivano-Frankivsk
regions 40 thousand 601 houses, 33 thousand 882 hectares of agricultural lands were flooded,
360 car and 561 pedestrian bridges were damaged, 6, 61 km of highways. The total damage
from the flood is estimated at UAH 3-4 billion. In addition to the western regions of Ukraine,
the neighboring regions of Moldova, Romania, Slovakia and Hungary were affected by the
floods. The causes of the devastating consequences of this flood, according to many Ukrainian
environmentalists, were mass deforestation in the Carpathians.

Thus, hydrodynamic danger may be caused by existing hydraulic structures subordinated to
ministries and departments of various sectors of the economy of Ukraine or leased or privately
owned by citizens, are existing or potential factors that endanger the vital interests of our
country. This should always be borne in mind to ensure the safety of life, to prevent the
negative consequences associated with the construction or reconstruction of water bodies to
make the right decisions in the case of rational use of water and land resources and
environmental protection measures.

Given the urgency of the issue in the theory and practice of civil safety, there is an urgent
need to predict the consequences of emergencies on hydraulic structures, which in turn requires
adequate scientific and methodological apparatus for calculating and modeling the
development of hydraulic accidents.

Analysis of recent researches and publications has shown that they have explored a large
number of aspects ofboth scientific and practical orientation. Among the open sources we can
highlight the literature and publications devoted to the prediction of active and passive floods
that occur as a result of hydrodynamic accidents of various kinds [15-19]. In addition, [20-21]
the possible impact of active and passive floods that occur as a result of fightening is presented.

However, the results of research and methods of forecasting the consequences of floods
presented in [15-19] relate mainly to floods or floods of a natural nature and are not fully
adapted to the conditions of destruction of hydraulic structures. And the information and
methods presented in [20-21] are outdated, they are based on analytical dependencies and do
not allow to reliably calculate the basic parameters of the characteristics of the breakthrough
wave, launch and zones of active and passive flooding. To solve this discrepancy in the theory
of emergency forecasting, it is necessary to improve the existing methodological apparatus
through the integrated use of analytical and graph-analytical methods for calculations and
modeling of these processes.

The aim of the article is to highlight the theoretical foundations and improved methods for
determining the parameters of active and passive flooding of the area due to the destruction of
hydraulic structures, as well as an example of verification of the proposed method. Presentation
of the main material of the study. According to the provisions discussed in [22], the following
definitions are used in civil security practice.

Hydraulic structure (GTS) is an economic object located on or near the water surface and is
designed to use the kinetic energy of water movement to convert it into other types of energy;
cooling of spent steam at power plants; reclamation, water abstraction for irrigation, drainage
and fish protection; water supply, coastal protection, water level regulation; ensuring the
activities of river and sea ports, shipbuilding and ship repair enterprises, shipping; underwater
mining, storage and transportation of minerals.

The reach is a part of a river, canal, reservoir or other water body adjacent to a hydraulic
structure (dam, sluice, hydroelectric power station, etc.). A distinction is made between the
upstream (WB), which is located upstream, and the downstream (NB), which is located on the
other side (downstream) of the hydraulic structure.

Proran - a narrow passage (ravine) in the body (embankment) of the dam, through which
water comes out, creating a wave of breakthrough. Depending on the rate of emptying the
reservoir (WB), there are two types of waves: the release wave - slow emptying of the WB and
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the breakthrough wave - rapid emptying. The front part of the driving mass of water is called
the breakthrough wave front.

Hydrodynamic accident (GDA) is an emergency that involves the failure and destruction of
a hydraulic structure or part thereof, and the uncontrolled movement of large masses of water,
causing the destruction and flooding of large areas. The causes of hydraulic accidents are
shown in Figure 1.

Fig. 1. Causes of hydrodynamic accidents:
(a) - natural phenomena or natural disasters; (b) - man-made factors;
(c) - extraordinary consequences of a military nature and terrorist acts

The magnitude of population losses during the GDA may vary depending on population
density in the flood zone, time of day (night increases significantly the number and severity of
the affected), speed and wave height, water and air temperatures (low temperature severely
limits the time during which it is possible to save the victims) [22].

The breach of the dam is the initial phase of the GDA, which is a proran and uncontrolled
flow of water from the WB to the NB, which with great speed and pressure goes downstream.
The wave height is from 2 to 12 m and the speed of movement is from 3 to 25 km/h (in
mountainous areas it can reach 100 km/h).

The speed of propagation and the height of the wave are also significantly influenced by the
nature of the terrain in which it moves. On the plains its speed will not exceed 25 km/h, and in
the mountains, it can reach 100 km/h. Forests, hills, ravines and other relief elements reduce
the speed of movement and the height of the breakwater.

Schematically, the longitudinal intersection of the GTS breakthrough and the breakthrough
wave parameters can be represented as follows (Figure 2).

Top bief
Crest of a wave

Proran

Wave front

Fig. 2. Three-dimensional model of the longitudinal section of the GTS breakthrough
and breakthrough wave parameters
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Taking into account [22] a catastrophic flood zone is a part of the territory that was flooded as a
result of GTS, which occurred on the GTS and within which people, farm animals and plants were
killed or damaged, buildings and various structures were significantly damaged or destroyed.

The improved method of determining the parameters of active and passive flooding of the
area isdestined to predict the possible consequences of the breakthrough wave during the
destruction of the GTS dams.

Initial data for calculations: reservoir volume Wy, million m’®; the width of the reservoir

before the dam B, m; depth of the reservoir in front of the hydro node H, m; the depth of the
river below the dam /4, m; the shape of the valley in the river sections of sight; other
characteristics of the river.

The sequence and formulas for calculations and modeling are as the following. Based on the
data of large-scale maps, the longitudinal profile of the river section is formed (Figure 3),
according to which the propagation of the breakthrough wave is possible. The obtained profile
of the river is divided into calculated sections, the length of which depends on the same
characteristics of the river and banks (slopes of the river bottom, depth, width, the nature of the
forested valley). The boundaries of the sections are accepted as calculated river
sectionscreatures. In this case, the destroyed dam is considered the first river sections, the
boundary between the 1st and 2nd sections - the second river sections, and between the 2nd
and 3rd - the third river sections, and so on. All wave parameters related to the calculated river
sections are denoted by Roman indices I, II, III, and the calculated areas are indicated by
Arabic indices 1, 2, 3, etc. (Figure 3).

t, hours y
Time to reach the breakthrough wave

(]

sections 1

Fig. 3. Longitudinal profile and parameters of the breakthrough wave (example)

During the calculations of the parameters of the breakthrough wave in the area of the
destroyed river sections GTS dam is determined(height of the breakthrough wave - Hp and
time of its passage - Ty, then find the basic data of the breakthrough wave on the first section
and subsequent, average speed - J and time to reach the calculated river sections - 7). Next,
determine the parameters of the breakthrough wave in all calculated river sections. The result
of the calculations is a graph of the breakthrough wave and plotting a possible flood zone.

The procedure for determining the parameters of the breakthrough wave in the GTS river
sections is as follows. During the destruction of the supporting structures of the dam, the height
of the breakthrough wave in the first river sections of destruction is determined by the formula:
where H — is the depth of water in front of the dam at the time of its destruction, m; /4 —is the
depth of water in the river after the dam, m.
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The time of the passage of the wave (7} ) through the river sections of the destroyed dam (I
river sections) is equal to the time of emptying the reservoir and is determined by the formula:
- Wg4

3600uBH~NH
where Wj — is the total volume of the reservoir at the normal supported level, m’; A— auxiliary
coefficient which depends on the shape of the curvature of the reservoir (its value is in the range
from 1 to 8 and for calculations in average conditions is taken equal to 3); u — water consumption
coefficient, which takes into account the shape of the riverbed and valley (Table 1); B — width of the

reservoir along the water section in the river sections of the dam at the time of its destruction, m; H —
depth of water in front of the dam at the time of its destruction, m.

7 (hours), )

Table 1
The value of the coefficient u
Terra in type Channel shape
Triangular Parabolic Rectangular
Plain 0,6 0,75 0,9
Hilly 0,5 0,6 0,8
Lowland 0,4 0,55 0,7
Alpine 0,2 0,3 0,45

The procedure for calculating the motion of the breakthrough wave in the first section and
determining its parameters in he second river sections is as follows. First determine the time
(t))reaching the crest of the wave from the first (I) to the second (II) river sections. Then

determine the height of the breakthrough wave Hp; in thesecond (II) river section and

determine the duration of the breakthrough wave through the second (II) river sections.
The time of reaching the cresto the wave from thefirst (I) to the second (II) river sections is
determined by the formula

t =L /V; (hours), 3)
where L; —is the length of the first settlement section, km (determined for relatively identical
slopes (i) and flood plains of the river); ¥| — averagespeedof breakthrough wave movement in
the calculated section, km/h (Table 2).

The average speed of the breakthrough wave in the calculated area depends on the nature of the
water barrier: the slope (¢) of the river, the width of the river flood plain, the presence of vegetation.

Table 2
The value of the average velocity of the crest of the breakthrough wave

The type of river by the width Theaveragespeedofthecrestofthebreakthroughwave (.Vl )
of the flood plain and the when the slope of the bottom (§) on the calculated section of
slopes of the banks the river
0,01 0,001 0,0001
On rivers with a wide flood 4-8 1-3 0,5-1
plain (Average 6) (Average 2) (Average 0,75)
On winding rivers 8-14 3-8 12
(Average 10) (Average 6) (Average 1,5)
On rivers with a well- 14-20 8-12 2-5
developed channel (Average 17) (Average 10) (Average 3,5)
. 12-16 5-10
On under developed rivers — (Average 14) (Average 7.5)
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The height of the (Hpj; ) in these cond calculated river sections and the duration of the
breakthrough wave ( T}; ) through the calculated river sections of sight is determined depending
on the relative coefficient:

K, =1/T; (hours), 4)
where ¢ is the time of reaching the crest of the breakthrough wavefrom the destroyed dam to the
second (II) river sections, hours (formula (3)); 7} is the time of the breakthrough wave through the
second (I) river sections, equal to the time of emptying the reservoir, hours (formula (2)).

The values of the coefficients K of the ralations of the height of the breakthrough wave
and the duration K, of its passage through the calculated river sections are shown in table 3.

The height of the breakthrough wave is determined by the formula:

Hpy = KyHp (m), (®)]
where K is the ratio of the wave height in the calculate driver sections (Table 3); Hp, is the
height of the breakthrough wave in the first (I) river sections, m (formula (1)).

Table 3

The value of the ratio of the height of the breakthrough wave and the duration of its passage
through the calculate driver sections

K, Ky Kr
0,0 1 1
0,1 0,9 1,1
0,25 0,8 1,3
0,4 0,7 1,5
0,55 0,6 1,6
0,7 0,5 1,7
0,95 0,4 1,9
1,25 0,3 2,2
1,5 0,3 2,6

The duration of the breakthrough wave throughthe second (II) river sections is determined
by the formula:

Ty = K7 Ty (hours), (6)
where K is the coefficient of the ratio of the duration of the breakthrough wave through the

calculate driver sections (Table 3); 7; is the time of passage of the breakthrough wave through
the second (II) river sections (formula (2)).

The procedure for determining the motion of the breakthrough wave and its parameters in
the second and subsequent sections and river sections is as follows. Calculations of the motion
of the breakthrough wave and its parameters in the second and subsequent sections and river
sections are performed in the same way as during the calculations of the motion of the
breakthrough wave and its parameters in the first section.

The time of reaching the breakthrough wave to the third and subsequent river sections is
determined by the formula:

t2(l) = Lz(l)/Vz(l) (hours), (7)
where Ly, is the length of the second or subsequent calculation section, km (determined for
relatively identical slopes (i) and river flood plains); V5, — the average speed of the

breakthrough wave in the calculated sections, km/h (Table 2).
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Theheightofthebreakthroughwave ( Hpgyy(;)) in the third calculated and subsequent river
sections and the duration of the break through wave (7j;(; ) through the calculated river

sections is determined depending on the relative coefficient, which, unlike the first section and
the second river sections is determined by the formula
PI0)

n—1

Ty + 21 t
P

where 75, — time of reaching the crest of the breakthrough wave from the previous to the next

K, = (hours), ®)

river sections, hours (formula (7)); 7y, — time of passage of the break through wave through

n—=1
the previous calculated river sections, hours (formula (6)); D¢ is the sum of the time of the
i=1
breakthrough wave reaching the previous river sections, hours.
The height of the breakthrough wave in the following river sections is determined by the
formula:

Hpp(jy = KpHppj-1y (m), )
where K; is the ratio of the wave heights in the calculated river sections (Table 3); H gy

is the height of the breakthrough wave in the previous river sections, m.
The duration of the breakthrough wave through the calculated river sections is determined
by the formula:
Ty jy = KrTjg(j-ry (hours), (10)
where K is the ratio of the duration of the breakthroughwave through the calculated river
sections; 7j(;_;) — time of passage of the breakthrough wave through the previous river

sections, hours.

The procedure for determining the parameters of the flood zone. The parameters of the flood
zone include: the maximum level of the crest of domestic water flow in the i-th river sections;
the average mark of the water level of the flooded j-th area of the i-th river sections; the
average width of the flooded j-th area; consumption of household water flow in the i-th river
sections; the total length of the flood zone; the total area of the flood zone during the
destruction of the GTS support dam.

The maximum level of the crest of the breakthrough wave is determined by the formulas:

in the first river sections:

H oy = Hpy + Hpy , (m), (1D

where Hj, is the mark of the household water level in the river, m; Hp, — breakthrough wave

height in the first calculated river sections, m (formula (1));
in the following settlement river sections:

Hcrest(i) :KHHcrest(ifl) (m), (12)
where K; is the ratio of the wave height in the calculated river sections; H g1y 18 the

maximum mark of the level of the crest of the breakthrough wave in the i—1 calculated river
sections, m (formula (9)).

The mark of the water level of the flooded area of the settlement area calculated river sections is
determined by the formula:

Havgi :Hcrest(i),u (m), (13)
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where H ;) — the maximum mark of the level of the crest of the breakthrough wave in the

calculated river sections (formula (12)); u — water flow factor, which takes in to account the
shape of the channel and valley, is determined from the river database (Table 1).
The width of the flooded calculation sections (B,,; ) in each of the calculated river sections

is determined graphically by plotting the cross section of the river sections between the level of
the flooded area and then measuring them (Figure 4).

B g e~ g

Y

(b)

Fig. 4. Graphic method of determining the width of the flood zone in the river sections
of sight of the breakthrough wave: (a) - side view; (b) - top view

The average width of the flood zone in the calculated section of the breakthrough wave is

determined by the formula:
B, N+B, .
__p® " PpG-1
Bavg(j) - f (m)’ (14)

where By, B,y is the width of the flood zones in the adjacent sections of the breakthrough
wave, m (Figure 4).

The average value of the water level mark on the calculated flooded area of the
breakthrough wave is determined by the formula:

H on+H, o0
(i) (=)
Hayg(jy =———— (m), (15)

where H,o (i), Havg(i-1y are the average values of the water level mark in the adjacent river

sections of motion of the breakthrough wave, m (Figure 4).
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The consumption of domestic water flow in the calculation river sections is determined by
the formula:

_ 3
W) = Bave(h Have (L (007), (16)

where B is the average width of the flood zone at the calculated section of the

avg())
breakthrough wave, m (formula (14)); H,,;, is the average value of the water level mark at
the calculated flooded section of the breakthrough wave, m (formula (15)), L; is the width of

the calculated section of the breakthrough wave, m.
The total area of the flood zone during the destruction of the GTS support dam is
determined by the formula:

J
;Bavg<j)H ave(HLj
Sgen, =4 - (m?), (17)
LS Hys
)
J g avg(J

We introduce a condition, the fulfillment of which is final to determine the parameters of the
flood zone:

J
2 Bavg(pHave()Ls < W » (18)
j=1
where B, is the average width of the flood zone at the calculated section of the
breakthrough wave, m (formula (14)); H,,( ;) is the average value of the water level mark at

the calculated flooded section of the breakthrough wave, m (formula (15)); L; is the width of

the calculated section of the breakthrough wave, m (determined by the map); J is the number of
calculated river sections.
The total length of the flood zone is determined by the formula:

J
Ly=2L; (m), (19)
=1

where L; is the width of the calculated section of the breakthrough wave, m.

The total duration (estimated time) of flooding after the break of the dam to recovery to
domestic water level is determined by the formula:

J
Totas = 2, T; (hours). (20)
=l

Thus, the existing sequence of calculations and modeling of flooding processes due to the
destruction of the GTS additionally takes into account condition (18) to predict possible total
planar and temporal parameters of flooding after the break of the GTS dam to restore domestic
water levels.

Verification of the proposed methodology based on the results of calculations and
modeling. As an example, take the situation according to which, as a result of a terrorist act,
the supporting structures of the hydroelectric power station were completely destroyed. Initial
data for calculations: the volume of the reservoir ;=72 millions m’; the width of the

reservoir before the dam B = 110 m; the depth of the reservoir in front of the hydro node H =
42 m; the depth of the river below the dam /. = 3.2; the shape of the valley in the river sections
of the hydro - parabolic; the river is flat with a well-developed channel, the floodplains of the
river are narrow, in places medium, without large resistances. It is necessary to determine the
main parameters of the breakthrough wave in the area 45 km from the hydraulic unit.
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The problem is solved by formulas (1)-(19). Based on the study of a large-scale map, the 45
km long section is divided into two settlement areas and three river sections. In this example,
we take the length of the first calculated section L;=25 km (i-0.0012), and the second —
L,=20 km (i-0.001). The first river sections is the river sections of the destroyed dam, the
second river sections between the 1st and 2nd sections and the 3d - at the end of the 3rd section
(Figures 3, 4).

1. Determine the parameters of the breakthrough wave in the river sections of complete
destruction of the supporting structures of the hydro unit (first river sections).

a) By formula (1) we find the height of the breakthrough wave Hp; in the first river

sections:
Hp =0,6-42-3,2=22m

b) Determine the time of passage of the breakthrough wave through the river sections of the
destroyed dam (time of complete emptying of the reservoir). For approximate calculations of
the time of complete emptying of the reservoir with the complete destruction of the
hydroelectric structures in formula (2), the coefficient A4 is taken to be equal to 2.

With the parabolic formula of the channel and floodplain in the river sections of the
destroyed hydroelectric factor the coficient ©=0,6, then:

_ 72000000-2 _
" 3600-0,6-110-42.442

2. Determine the basic data of the motion of the breakthrough wave in the first section and
the parameters that characterize it in the second river sections.

a) The time of reaching the crest of the wave to the second river sections is determined by
formula (3).

In our example, for a river with a well-developed channel, with narrow floodplains without
large resistances at a slope of the bottom i= 0.0012, the average speed of the wave in the first
section is V1=10 km/h. According to the data at an inclination of i = 0.0012 (i=0.001), the
speed of the wave is in the range of 812 km/h, and the average speed of the wave can be
assumed to be equal to 10 km/h. The length of the first section ;=25 km. With the specified
characteristics of the first section, the time of reaching the breakthrough wave to the second
river sections will be equal:

]

4= 2 2,5hours.
10

b) Determine the height of the breakthrough wave in the second river sections. To do this,
first determine the value of the ratio of the time of arrival of the wave to the second river

sections # at the time of complete emptying of the reservoir 7. This ratio is equal to:
h 25

222

Then, according to Table 3, we determine the values of Hp; /Hp, and Tgy; /Ty, , which

L1.

corresponds to the ratio #,/7; =1,1. However, in the table the value of the ratio #,/7} =1,1 is
missing. In such cases, the value of the ratio of the hight of the breakthrough wave H g, /H g,

and the time of the passage of the wave Ty, /T, is determined by interpolation. In this
example, the ratio ¢ /T1 =1,1 is between 0,95 and 1,25, and it means that the corresponding
ratio #/T; =1,1 — is between 0,4 and 0,3 and is accepted H gj; /Hg; =0,35. Thus, the height of

the breakthrough wave in the second river sections is equal to:
HB]] = 0,35'HBI = 0,35'22 = 7,7m.



ISSN 2410-2547 99
Onip Matepiaiis i Teopist ciopyy/Strength of Materials and Theory of Structures. 2023. No 111

¢) Determine the time of passage of the breakthrough wave through the second river
sections. Why in table 3 by interpolation we determine the value of the ratio 7y /7; ; it is equal
to 2,05, and then determine the time of flooding in the second river sections:

Ty =2,05-T; =2,05-2,22 =4,55hours.

Determine the parameters of the breakthrough wave during the movement of its second
calculation section and in the third river sections.

a) By formula (3) determine the time of arrival of the breakthrough wave to the third river
sections. The length of the second settlement section is 20 km (slope of the river bottom
i=0.001). On rivers with medium floodplains without large resistances, the average speed of
the wave is 8 km/h. With these data, the time of reaching the breakthrough wave to the third
river sections will be equal to:

= % =2,5hours.
b) to determine the height of the breakthrough wave in the third river sections determine the
value of the ratio 7, /T +1, , it is equal to:
h 25
T+t 4,55+2,5
From table 3 by interpolation we determine the ratio H gy /Hpg; =0,75. From which it

=0,355.

follows that the height of the breakthrough wave in the third river sections is equal to:
Hpyr =0,73-Hpy =0,73-7,7 =5,6m.
b) The time of passage of the breakthrough wave through the third river sections is
determined from the ratio 7j; /T;; =1,43 (Table 3)

Ty =1,43-T;; =1,43-4,55 = 6,5 hours.
As a result of the calculation, the parameters of the breakthrough wave in the river sections
of the destroyed hydro unit were set: the height of the breakthrough wave Hpg; =22m; time of
complete emptying of the reservoir 7; =2,22hours .

Data of the breakthrough wave movement on the first calculated section L; and its

parameters in the second river sections: time of reaching the breakthrough wave to the second
river sections f# = 2,5hours ; breakthrough wave height Hpg; =7,7m ; time of passage of a

wave through the second river sections 7j; =4,55hours .
Data on the movement of the breakthrough wave in the second section (L,) and its

parameters in the third river sections: the time of reaching the breakthrough wave to the third
river sections ¢, = 2,5hours ; breakthrough wave height Hg;; =5,6m ; time of passage of the

wave through the third river sections 7y; = 6,5hours .

According to the data obtained on the basis of calculations, a graph of the breakthrough
wave is constructed. For clarity, the scale of the breakout wave height is taken to be larger than
the vertical scale of the longitudinal profile of the river (see Figure 4 for an example).

In conclusion, it should be noted that the article considers a three-dimensional model of
flooding due to the destruction of the GTS, which improved the method of determining the
parameters of active and passive flooding. The results of verification (calculations) using the
original data are presented, which confirmed the feasibility of its use for forecasting
emergencies during the GTA. As a direction of further research, the study of ways to protect
low-water bridge structures from ice drifts can be chosen.
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Koyropyba B.1., Muxaiinoscokuii /].B., YepeexoP.M.,Kamanos€.B., [Ipowun I.B.
MOJIEJIOBAHHS 3ATOIJIEHHSI MICHEBOCTI B HACJIIOK 3PYMUHYBAHHSA IJIPOTEXHIYHUX
CIIOPY ]

VY crarTi HaBeaEHI HOBI Pe3yIbTaTH HAYKOBUX JAOCII/PKEHb TEXHIYHUX aCIEKTIiB MPOLECIB POrHO3yBaHHS HACII/IKIB
Ha/I3BUYAHHUX CHUTYalliif, 110 MOB’S3aHi i3 TiAPOTEXHIYHMMHU aBapisMu. Ha OCHOBI aHali3y CTaTMCTUYHUX IaHUX
0OIpYHTOBaHA aKTyaJIbHICTh MiJHATOrO MPOOJIEMHOr0 MUTaHHSA IOA0 MOTPEOM YHOCKOHAJICHHS ICHYIOYOrO HayKOBO-
METOJMYHOrO anapaTy OOIPYHTYBaHHS IapaMeTpiB XBWJII HpPOPUBY Ta 30HM 3aTOIUICHHS MiCLEBOCTI Yy pasi
3pyHHYBaHHS TiIPOTEXHIYHUX CIOPYA. AKIEHTYEThCS yBara Ha noTpedi BpaxyBaHHS yMOBH 3a0€3IEYECHHsS BUTPATH
00’eMHOI Macu BOIM JI0 TOHOBJICHHS ii MOOYTOBOrO piBHA Yy HMKHbOMY 0’ei pycna BoaHol mepemkoau. Bxaszana
yMOBa MOKJIaJicHa B OCHOBY YJOCKOHAJICHOI METOAMKM BM3HAYCHHS MapaMeTPiB aKTUBHHUX Ta MACHBHUX 3aTOMJICHb
MICIIEBOCTI, L0 IPYHTYEThCS Ha 00 ’€MHIH MOJEINi IMOB3/IOBKHBOI'O IEPETHHY MPOPUBY TiAPOTEXHIYHOI CIIOpYAH Ta
napaMeTpiB xBwii npopuBy. Ha miarpyani pe3ynbraTiB Bepuikarii 3anpornoHOBaHOI METOIMKH, PO3PaxyHKIB Ta
MOJICJIIOBAHHS 32 BUXIIHUMH JJaHUMM BiJIIOBIJHO i3 PO3POOJICHOIO CUTYALli€l0 3pYyHHYBaHHS TiIPOBY3iy 3pOOJICHO
BHUCHOBOK IPO JOLUIBHICTH il 3aCTOCYBaHHS Ul NPOTHO3YBAaHHA HAJ3BMYAMHUX CUTYalild MiJ yac TigpOTEXHIYHUX
aBapiii. BusHaueHi HaNPSAMKHM IMOJAIBIINX JOCHIIKEHb.

Keywords: Haa3Bu4aiiHa cuTyallisd, TiAPOTEXHIYHA CHOpYJA, TiJPOTEXHIYHA aBapis, XBWJIA MOMYCKY, XBHIIL
MIPOPHBY, 30HA AKTUBHOTO (TACHBHOI0) 3aTOIJICHHS, BEPXHiil (HMxkHiH) 6’ed, mpopan.
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YUCEJBbHE JOCIKEHHS BATATOKPATEPIAJIBHOI TAPAMETPAYHOI
OITUMIBAILI MEPEMIIIEHHS I BATH JIBOX3B’S13HOI KOHY CHOIi
OBOJIOHKH MIHIMAJIbHOI ITOBEPXHI [TPU TEPMOCHJIOBOMY
HABAHTAKEHHI

I''M. IBaH4YeHKO,
JI-p TEXH. HayK, npodecop

0.0. KoieBwuii,
1-p dinocodii (Ph.D.), nouent

O.I1. KoeBwuii,
KaH[. TeXH. HayK, JOLCHT

Kuiscokuil HayionanvHuil yuigepcumem OyoisHuymea i apximexmypu
Tosimpognomcuvkuii npocn., 31, m. Kuis. 03680

DOI: 10.32347/2410-2547.2023.111.102-112

B crarti po3rISHYTO YHCENbHE JOCIHIDKEHHA0AraTOKpUTEpiajbHOI MapaMeTpu4yHol onTuMmizaiii Baru i
NepeMIIEeHHIBO3B A3HOT KOHYCHOI 00OJIOHKM MiHIMaJbHOI IOBEPXHi 3a JOMOMOIOI0 SKOTO BJAJIOCS 3MEHIIUTH Bary
KOHCTPYKIUIT Ha 9.4%, nepepo3NOAIIMTH TOBIIMHY O00JIOHKH 3TiIHO 30BHIIIHBOMY HaBaHTAXEHHIO BiJ 1 MM 10 25 MM,
3MEHIINUTH NepeMillleHHs 00O0JOHKM B 2.55 pa3u a TakoX JOTPUMATUCS MakCUMaibHMX HanpyxeHb 260 MIla, o
BI/INOBiZIae OOMEXKEHHIO ONTUMIi3aliifHOr0 po3paxyHKy. BuUcBiTiIeHI BUMOrH 10 (GOpMH 1 MIIHICHUX XapaKTEPUCTUK
000JIOHOK MiHIMQJILHUX ITOBEPXOHbD 1 IX CHIBBIJIHOIIEHHS NpU OaraTOKpUTEpialibHii apaMeTpUYHii ONTHUMi3alil.

KarouoBi cioBa: onTtumisauis, mapamerpudHa ONTHUMI3allis, OaraToKpuTepiajbHa ONTHMI3allisd, ONTHMI3aLlis
1HUIbOBOI (YHKIIT, 3MIHHI MPOEKTYBaHHS, OOMEXKEHHs, 000JIOHKA MiHIMaJIbHUX IOBEPXOHb, MEPEMIIEHHS IO OCSIM
X,Y,Z, Bara KOHCTPYKLIi.

Beryn. Jlns BupinieHHs mpoOJeMH ONTUMAIbHOIO MPOEKTYBAHHS 3aCTOCOBYIOTHCS Pi3HI
MeTomM 1 miaxoau. 3ajayl [0 BHPIMICHHIO TAaKOr0 THUITY 3a/la4 BHUKOPHCTOBYIOTHCS VIS
OINITUMAJBHOTO TPOEKTYBAaHHS IIPOCTOPOBUX TIOKPUTTIB, sIKIi B CY4YacHId apxiTEeKTypi €
MPOrPECUBHUMU KOHCTPYKIISIMH, SIKUMHU LIKaBUThCS BECh CBIT. I[IpOCTOpOBI MOKPUTTS
JIO3BOJISIIOTh TIPUZIATH CIIOPYAl apXiTEKTYpHY BUPA3HICTh, MEPEKPHBATH BEIWKI MPOJIBOTH 1
CyMIILIATH HECy4i i Oropo/pKyBajibHi GyHKT [1-2].

OO0O0NOHKM MIiHIMAQJILHUX [IOBEPXOHb BIJHOCATHCS JO OOOJNIOHOK BiJI’€MHOI TaycoBOI
KpuBH3HU. [‘eoMeTpisi MiHIMAJIBHUX TIIOBEPXOHb B 3aralbHOMY BHIAJKy HE IIiAJaeThCs
aHaiTHYHOMY onucy. [l BupinieHHs wiel npoOjieMu, sKa MOB’si3aHa 3 BHPILICHHIM
IudepeHIiiHOro PiBHSIHHS, L0 OIMKCYE B 3arajbHOMY BHUIJISJI MiHIMalbHY MOBEPXHIO, MPH
BIZIMOBIAHUX KPalOBHX yMOBaX IOBOAWTHCS BUKOPUCTOBYBATH METOOHM YHCEIBHOTO aHai3y.
Takuii miaxix 703BoOJIsI€ MOOYAYBaTH TOYKOBHH KapKac OOOJOHKH, L0 MPEACTaBIsiE cOOOO
MaTpUIIO JUCKPETHUX pillleHb (QYHKIIH, sKa OIyKae 3aJaHy MiHIMalbHY IOBEpXHIO. 3
ypaxyBaHHs ILIbOrO, ii TEOMETPUYHI XapaKTePUCTUKH MOXYTh OYTH OTpUMaHI TUIBKUA B
YHUCENbHOMY BHUIIIsiAL [3-4].

3aayi ONTUMaIbHOTO MPOEKTYBAHHS O0OJIOHOK MIHIMAIBHUX MOBEPXOHb, YMOBHO, MOXYTh
6yTH BigHeceHi 1A po3B’A3Ky HEKTACHUHMX 3a7ad OyIiBeNbHOI i MPUKIAAHOI MEXaHiKH. IX
NIEPEeTBOPEHHS [0 KJIACHYHOrO BHUJIY BHUKOHYETbCA Ha €Tall JOCTIKCHHS HalpyXeHO-
neopMOBaHOro CTaHy.

YMOBHM piBHOBaru i pyxy OOOJIOHOK, MOOYIOBaHI Ha OCHOBI OTPHMMAaHUX TI'€OMETPUYHHX
CHIBBIJJHOIIEHb, TPEACTABISIOTE COO0I0 AM(EpEHIiHI PIBHSIHHS 3arajlbHOr0 BHIY 3 3MIHHUAM
koediienrom [5-8]. JlocmimkeHHs HampyxeHo-I1epOpMOBAHOrO CTaHy 1 KOJIHMBaHb OOOJOHOK
MiHIMQJIbHUX MTOBEPXOHb CJIiJI BAKOHYBATH HA OCHOBI TEODIil TOHKHUX MPYXKHUX 000J0HOK. Takuit
TIX1]] I03BOJISIE PO3TIISTHYTH O0O0JIOHKH MiHIMAaJIbHOT IOBEPXHI 3 Pi3HOI0 KOH(Irypalli€lo B IUIaHi.

© Ipanuenko T .M., Komiesuii O.0., Korrepuii O.I1.



ISSN 2410-2547 103
Onip Matepiaiis i Teopist ciopyy/Strength of Materials and Theory of Structures. 2023. No 111

dopmy 000JI0HKH MiHIMaJIBHUX MOBEPXOHB 3a/1a€ CEPEJIMHHA ITOBEPXHS, IKY BU3HAUAIOTD SIK
reOMETPUYHE MiCLle TOYOK, 1110 PIBHOBIAJAJICH] B/l JBOX MOBEPXOHbTA OOMEXKYIOTh OOOJIOHKY.
BaknvBUM  €TanoM MPOEKTYBaHHS OOOJNOHKM MIHIMAJIBHOI TOBEPXHI € TEeOMETpUYHE
KOHCTPYIOBaHHS ii CepelMHHOI TOBEPXHI — BU3HAYCHHS T€OMETPUYHOT ()OPMHU, sIKa HaMKpaIum
YMHOM BiJIIOBIIa€ CYKYITHOCTI pi3HMX BHMoOr. Ha mpakTuili, 4acTKOBO BIA€ThCS OTPHUMATH
MOBHY T'€OMETPUYHY IHTEpIIpeTainilo Takux BuUMOr. Tomy ii BIUIMB NpHU KOHCTPYIOBaHHI
MIOBEPXHi 3BOJUTHCS O BUPILICHHS F€OMETPUYHHX 3a7ad.

OyHKIIOHAIBHI  BUMOTH. ApXITEKTYpHI OOOJOHKM MOXYTh BHCTYNAaTH B pIi3HIH
¢GyHKIIOHAJBHINA poi. ['0JIOBHUM YMHOM BOHU BHKOPHCTOBYIOTHCSI B SIKOCTI IOKPHTTIB, aje
JIOCBIJI TIOKa3ye, IO Y BUIIISAAI OOOJIOHOK MOXKYTh OYTH BHUKOHAHI iHIII KOHCTPYKLIi OyaiBii,
SIKI HE MaIOTh apXiTeKTYpHHUX BUMOT [9-12]. B 3anexxHOCTI BijJ ()YHKIIIOHAIBHOTO PU3HAYCHHSI
000JIOHKH MOYKHA PO3IUINTH HA LIICTh THIIB: MOKPUTTS, HABICH, 3aMKHYTiI O0OJOHKH, TOKPUTTS
1 CTIHU OJTHOYACHO, CTiHH, ()YHIAMEHTH 1 CTIHH.

OyHKIiOHANBHI BUMOTM B OUIbILIM Mipi BIUIMBaIOTH Ha (opMy OOOJOHKH, aje BaXKKO
MPEACTABUTH X KOHKPETHY CaMOCTIHHY TN€OMETpUYHY MOJelb Oe3 BpaxyBaHb BIJPUBY IHILHX
BHUMOT.

OO0’ eMHO-1JTaHyBaJIbHI BUMOTH. € OJIHUM 13 BU3HAYAIILHUX IIPU MPOEKTYyBaHHI criopya. [Lnan
OyIiBIi MOBUHEH HaﬁKpamHM YMHOM BIZNOBIJATH TEXHOJOTIT ii BUKOpucTaHHs. B OinmbimocTi
BUIIAJKIB NIPOMHCIIOBI 6ymBJ11 MIOTh MPAMOKYTHHH TLIaH. 006’emHoO- HHaHYBaﬂle le.IeHHH
TPOMA/ICBKHX OyxiBenb pisHi. X MOKHA PO3NIIMTH HA JBi TpYNM: Je BaIMBi aKyCTHHI
BUMOTH 1 Jie¢ BOHM HE BaXKJIMBi. ByiBii mepmoi rpymy, K NpaBmiIo, 3HAXOOAThCA HA OAHOMY
MICIIi, IPYroi TPYNH — MOXKYTh 3MIHIOBATH CBOE Miclie3HaxoukeHHs [13-15].

dopma mnany OyaiBil 3aleXHUTh BiA Micus ocHOBHOI Aii B HboMy. [lo miéi BiacTuBOCTI
OymiBimi mepiroi rpynd MOXKHa MOIUTUTH HA JB1 MIATPYIH: OCHOBHI Iil BiIOYBAarOThCS HE B
LEeHTpi (3a1u a7t 300piB, KOHIEPTHI 3aiu, ayauTopii). @opmu Takux OyaiBenb MOXKYTh OyTH —
TparieneBuHI, TPUKYTHI, a00 OJIM3bKi 10 HUX, Taki (HOPMHU MOXHA 3a0€3MEUYUTH 00OJIOHKAMH
MIHIMaJIBHUX MOBEPXOHb. Jlpyra miarpyna — OCHOBHI [Iii BiIOyBalOThCsS B LIEHTPI (CTaIiOHH,
LIUPKH, CIIOPTHUBHI 3aJI1, KaTKU. ByiBIi 1i€] miArpymy MaloTh KPyrity ado exinTuaHy Gopmy.

KoncTpykTuBHO-po3paxyHkoBi BuMord. Ha ¢opmy 000m0HOK MiHIMaIbHUX HOBEPXOHb
B)XJIMBUM YHMHOM BIUIMBA€ BHUJ ONHMPAHHSA, SKI F€OMETPUYHO MOXKHA BIAHECTH OO YOTHPHOX
IpyI: ONMHPAHHS B OKPEMHUX TOYKaX —IOBEPXHsS Ma€e OCOOJIUBY TOYKY B Micli OIMUpaHHs, abo
JIHISI KOHTYpY LIMAaTKa IMOBEPXHI MOKPHUTTS Mae Touky rnepenomy [16-18]. JIpyra rpyna —
cnupanHs 1o JiHissM. DopMy OMOpHOI JiHIT CiJi BBaXKaTd 3a/IaHOI0 NPH T'€OMETPUYHOMY
KOHCTpYIOBaHHI IoBepxHi. Tperss rpyma — omupaHHs NO 3aaHiii MOBEpXHi, 5Ky CIiaye
paxyBaTH SK HOBEpXHIO ab0 IUIOIIMHY, Ha SIKy CIHpaeThest obosoHKa. YerBepra rpyma —
KOMOIHAILIis IEPUIMX TPHOX IPYII.

OpnHi€r0 13 TOJNOBHMX KOHCTPYKTHUBHO-PO3PAXYHKOBHX BHMMOI € BEJIMYMHA IIPONBOTY, IO
nepeKpuBacThcss 000sI0HKOK. CydyacHi OOOJOHKM BHKOHAHI 3 Cy4acHHX MarepialiB MOXYTb
nepekpuBati mpoitbotd A0 300 m. J{ns o0onoHOK aAeskux (OpM 3 BEIMYMHOI TMPOJIBOTY
OB S3YIOTh  CTPUTY MiAHOMY OOOJOHKH, ONTHMAJbHY BEJIMYHHY SKOI BHOMPAIOTh 3 YMOB
HaMMEHIIOi  KUIbKOCTI  BUTpaTH OyAiBeNIbHMX  MaTepiaiiB, IpU 33JaHUX  MIIHICHHUX
XapaKTepUCTHKaX 00OJIOHOK MiHIMAIBHUX MOBEPXOHb. Hanpukiia, ist HMITHAPUIHUX 000JI0HOK
OIITHMAJIbHE CHIBBIJHOIICHHS CTPLIU MiHOMY J0 IPOJILOTY MOXYTh paxyBatu 1/5 — 1/6.

Hecyua 3pmatHicTh OOOJNOHKH 3aJIeXHTh BiJl TayCOBOI KPUBH3HU TOBEPXHi. Y 3B’S3KYy 3 IIUM
BIIPI3HSIOT TPU BUOM KPUBW3HU OOOJIOHOK: TapaOoliuHi, TinepOOoivHi, eNiNTHYHI UISHKH
TOBEPXHI 3 JIONATHOI TayCOBOK KpWBH3HOK. [T0BEepXHI CKIaaIOThCs 13 TOYOK BUIY 200 MaroTh
JIIISIHKH 13 TOYOK pizHOro BUY. OOOIOHKY, sIKI MalOTh ()OpMY TOBEPXHI 3 JJOJATHOIO 1 BiJI’€MHOIO
rayCOBOIO KPHUBM3HOIO, Kpallle NPalOI0Th HAa 3THHAJBHI 3YCHIUIL, YAM 3 HYJIBOBOIO T'ayCOBOIO
KpuBH3HOIO. Hecyda CHOpPOMOXKHICTh TaKOXK 3aJIOKUTh BijJi T€OMETPUYHOI (OPMHU CEPEAUHHOL
TIOBEPXHI, XapaKTepy 30BHIIIHHOI0 HABAHTAXKEHHSI, BUIY OIHPAHHS 000IOHKU HA JWCK KOPCTKOCTI.
CratraHuil po3paxyHOK OOOJIOHOK MiHIMaJbHHUX HOBEPXOHb € JOCHTh BKKOIO 33Jlauero, BiH Il
OLIBII YCKIIATHIOETHCS, SIKILIO Ha TIOBEPXHI OOOJIOHKM € TP BUIM TOYOK. B cyuacHiit OymiBenbHiit i
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NPUKNIAHIA MEXaHIKM € TEeBHI JOCSTHEHHS B PO3BUTKY METOIB YHCEIIBHOTO JIOCIIDKEHHS
obomnonok Ha [1K. Y 3B’s13Ky 3 1IMM BUHUKAE HEOOXIHICTh B €(DEKTMBHOMY BU3HAYEHHI KOOPMHAT
TOYKOBOI'O KapKacy Ha IOBEpPXHi 000JIOHKH IO CITII, sIKa 3a/laHa Ha IUIaHi.

BumMorn, siki TIOB’s13aHi 3 TEXHOJIOTIEIO CIIOPY/DKEHHsT 00OOIOHKH TOKPUTTSL. 1o TeXHOMoriuHuM
O3HaKaM OOOJIOHKM MOXKHA PO3JAUTMTH HA MOHOMITHI 1 30ipHi. J[is MOHONITHHX OOOJOHOK
BXJIMBUM MOMEHTOM € BHOIp HaHOLIBII palliOHABHOI OMajayOKH, Bijl SIKOi 3aJIeKHTh IPOCTOTA
CIIOPY/DKEHHsT OOOJIOHKM 1 T BapTicTh. BuJ OnasyOku BH3HAYAETHCS TEOMETPIEI0 MOBEPXHI
000510HKH. 30ipHI 00OJIOHKKM MOHTYIOTBCS i3 IUIOCKHX €JIEMEHTIB a00 KPHBOJNIHIHHUX (OpM Ha sIKi
NpY TIPOCKTYBaHHI MOBMHHA OYTH pO3JUIeHa MOBEpXHS OOOJIOHKH. [Ipu 1bOMY BHPILIYIOTHCS
reOMEeTpHYHI 3a/1a4i PUOJIM3HOTO 200 TOYHOTO ONTHUMAIIBHOTO MPOEKTYBAHHS MOBepxHi [19].

CaHnTexHi4HI 1 aKycTHuHI BUMOTH. [Ipy NpoeKTyBaHHI JESIKUX CIIOPY, SKi ePEKPHUBAIOTHCS
000JIOHKAMU MIiHIMQJILHUX TIOBEPXOHb, BUHHKA€ HEOOXIJHICTh B CIIOPYPKEHHS OTBOPIB JUIS
MIPUPOJHBOTO OCBITICHHS. B 30ipHMX 000JOHKaX OTBOPH MOXYTh OyIyBaTHCS y BHIVISAIL
CEeKLii MK 31CTABHUMU €JIEMEHTaMU.

TexHiko-ekOHOMiYHI BUMOrd. OJHIEI0 i3 TOJNOBHUX IIPUYUH 3aCTOCYBaHHS OOOJOHOK
MIHIMaJIBHUX TOBEPXOHb B OYMIBHHITBI € €KOHOMIYHA JOIUIBHICTh. BapTicTh KOHCTpYKIii
BEJIMKONPOJILOTHOIO IOKPUTTS CTAHOBUTH BEJIMKY YaCTHHY BapTOCTI cropymd (I
npomucnoBux OymiBens Oina  50% 3aranbHOi  BaprocTi, and  rpomaachkux  20-30%.
BararokpurepiajibHa napamMeTpuyuHa ONTHUMi3allis 000JIOHOK MiHIMAJIbHUX TIOBEPXOHb J03BOJISIE
HaOUIbII eEeKTHBHO BUKOPUCTOBYBATH KOHCTPYKIIMHUI MaTepian Ui NEPeKPUTTS BEIHKUX
MPOJIbOTIB, L0 A€ MAKCUMAJIbHY JIOLIJIbHICTh BUKOPUCTAHHSI KOIITIB.

OcHoBHI cniBBiIHOIIEHHS JIiHiHHOI Teopii TOHKMX NMPY>KHUX 000JOHOK MiHIMaJIbHOI
MOBEPXHi NMPU YHMCEJHLHOMY JIOCTiI)KeHHI mapaMeTpu4Hoi onTumizauii. Po3risiHemMo TOHKI
MPYXKHI 000JIOHKH MIHIMAJIBHOI MOBEPXHI 3MiHHOT TOBIIMHU. OOOIIOHKM BUKOHAHI 13 MaTepiaiy,
SIKMHM TIPALIIOE B MeXax 3araibHoMy 3akoHy ['yka. [Ipu oMy BpaxoByeMo, 11O MepeMileHHs
MaJii B MOPIBHSIHI 3 TOBIIMHOIO OOOJIOHKH, TOMY IPUHMAEMO JIiHIHHY TEOpir0 OOOJIOHOK, sKa
6asyerbcs Ha rinore3ax Kipxroga-Jlspa.

Bingnecemo cepeiMHHY MTOBEPXHIO OOOJOHKH JI0 OPTOrOHAJIBHOT CUCTEMH KOOPIMHAT o, 3 .

Toxmi KOOpAMHATHUMM JIiHIsIMH OyayTh JIiHIT TOJOBHOI KpUBHU3HHU. TOBLIMHA OOOJIOHKHU /1, siKa
BHPaXOBYETHCS BiJ| CEpeIMHHOI TOBEPXHI B HANIPSIMKY HOpMalli, € 3MiHHOIO /i = h(at, B).

B nmexaproBiii cuctemMi KOOpAMHAT X, V,Z PIBHSHHS CEPEAMHHOI MOBEPXHI MOXKHA 3alUCaTH
B MapaMeTpuuHii ¢popmi:

x=x(a,B); y = yla,p); z=z(a, B). (1
[epiua i qpyra kBaapatHa opma aj1st JaHOI CepeMHHOT IOBEPXHI MA€ BUTIISL!
2 2 2 2
o = A% (aa)’ +B* (aB)’; ¢y =L(aa)’ + N (ap), )
ne A 1 B — napamerpu Jlame, siki OB’ si3aHi 3 IPUPOCTOM YT KOOPJMHATHUX JIiHIHA PIBHOCTI.
0S| = Aaat; 0S5 = Baf. 3)

Koeogiuientn L i N mpyroi kBagpaTudHoi (opMHU MOBsI3aHI 3 pajiiycoM TOJIOBHOI KPUBH3HU
R;1 R, criBBiJHOIICHHAMH:
d__ L. 1__N, @
R A R B?
[NepemimieHHs cepequHHOI MOBEpXHI OOOJOHKH IMij Ji€I0 MPUKIAJCHUX TEPMOCHIOBUX
HABAHTAXCHb XapakTepusyeTbes kommoHentamu (o, B),v(a, B),o(a, ) HaupsaMox sKux

CHIBMAJA€ 3 HATIPSIMKOM KOOPJIMHATHUX JIIHIN X, y,z BIANOBIIHO.

B 3aranpHOMY BHUNAaIKy BHUPILIYIOYH PIBHSHHS JIIHIHHOI Teopii 0OOJOHOK MpEICTaBISIOTH
co0oro cucreMy AU(EepeHIHNX PiBHIHb BOCBMOI'O MOPSIIKY B YACTUHHUX NOXiqHuXx [20].

B Jeskux NpakTUYHO BaXJIMBHX BHWIAJIKAX PIBHSAHHS JIHIHHOT Teopii OOONOHOK BAAETHCH
CIIPOCTHUTH 1 3BECTH [0 3arJIbHOTO ii(hepeHIIiiHOro piBHIHHA. PO3rIIsTHEMO /IBa TAKMX BHIIAJIKA.
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Jlo nepiioro BiHOCUTHCS 000I0HKK 00epTaHHs.Po3knaneni mykai ¢pyHkuii B psau Oyp’e
[0 KyTOBOI KOOPIMHATI JO3BOJSIFOTH PO3IUIMUTH 3MiHHI 1 3BECTH 3aJauy PO3PaxyHKy TaKuX
00O0JIOHOK 10 KpaioBOi 3ajayl [yisi CUCTeMH 3BUYaiHuX AudepeHuiiiHuX piBHsHb. [IpuBeneMo
OCHOBHI BIJJHOIIICHHS MOMEHTHOI Teopii O0OOJIOHOK OOepTaHHs Ul BHIIQJAKY il CTaTHYHUX
HAaBaHTA)XXEHb, K€ HE CTBOPIOE aCUMETPUYHE KPYIEHHSI.

B sikocTi raycoBHX KOOpAMHAT 3 CEpeAMHHOI NMOBEPXHI OOMPAEMO JOBXKHHY IIyTH, SKa
CTBOpEHA MepeCiYeHHsIM OBUIBHOI IUIOMIMHA CHUMETpil, MPOXOJsuM 4Yepe3 Bichb 0OepTaHHS 3
MOBEPXHEI0 OOOJIOHKM 1 KYT ¥ SIKMM BH3HAYa€ TOJIOKEHHs Ii€i JyrH MO BiJHOUICHHIO 10
nesikol ikcoanoi ayru. Kyt Mi>k HOpMaJuTiO i CEpEeJMHHOIO TIOBEPXHEI0 OOONIOHKH 1 Biccro il
cUMeTpii BUpa3uM uepe3 O, pajiyc Koina, sIKUii CTBOPEHUH MepeciueHHsIM CepeIMHHOT TOBEPXHI
TUTIOLIMHH, HOPMAJIBHOIO JIO OCi CUMETii, mo3HauumMo 7. B Takomy Bunanky 4=1; B=r;

izcosg; L:M (5)
s R, r
Jebopmarii cepeAMHHOI TOBEPXHI &), &

., KyT TIOBOPOTY HOpMani J; i mapameTpu 3MiHU

KPUBM3HHU de|, de, TIOB’sI3aHi 3 MepeMileHHAM GopMyTaMu

51=ﬂ+ﬂ; gr=c0s9u+sin9a); (6)
ds R r r
u _do a9 cos@
=__—’ ae: :—’ aeéy = . 7
9 R ds T g T, 9 (7

B'St O3 I0BKHIX Wb i i 3ruHAJBLHUX MOMEHTIB , MIIOHEHTAMU
3B'A30K IO30BXKHIX 3YC T, 1 T, 1 3ruHan OMeHTIB M7, M, 3 KOMIIOHEHTa
nedopmaliiii BUpakaeThes 3a IONOMOroro 3akony I'yka:

I = " Eh2 (+vey); I = 1Eh2 (&2 +vey), ()
M, = D(ae +vae,); M, = D(ae, +vae,), )
3
p=—th (10)
12(1-v2)

E —wmonynp HOHra, D — nuniHAprYHa )KOPCTKICTh, v — KoediieHT [Tyaccona.
PiBHSIHHS pIBHOBAaru €JIeMeHTIB 000JIOHKU MiHIMaJIbHOT ITOBEPXHi:
i(rTl)—Tz cos@+-L-0, +rg =0,
ds Rl

d r :
=~ (rQ,)——T, —T, sinf +rqg, =0,
ds( Q) R 1~ 12 q3

1d 1
—_(er)——M2COSQ—Q1 :0, (11)
rds r

ne Q) — mepepisyrouu 3yCHIIS; ¢, g3 — KOMIIOHEHTH BEKTOpa iHTEHCHBHOCTI 30BHIIIHBOTO

HABaHTAXKCHHSL.
HampyxeHHss B Touli OOOJOHKM MiHIMQJIBHOI TOBEPXHI Ha BIJCTaHI z B CEpEIUHHOI
MIOBEPXHI BUPAXKAETHCS Yepe3 MeMOpaHi 1 3rMHaIIbHI 3yCHILIS:

I 12M, T, 12M,
O =—+——17z 0 =—=+——=.
h I h I
Bukmtouaroun i3 (6-10) &, ae; oTpuMaeMo cuCTeMy 3BUYAWHNX qudepeHIialbHUX PiBHIHD

du_ o, (g yp), do_u_g W12 ),
ds R Eh ds R ds  EW

(12)
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dhy _ 1 1 A _ 1, 15 g 1
—=—=(,-T,)cos0——0,—q, —=—T1+=1T,sin0—=0, cosd —g3,
s r(1 2) R1Q1 b~ AP rQ1 %
My _ o1 (M, - My)cos. (13)
ds r

IMicns BuxmrowenHs i3 (1.13) 7, i M, 3a momomororw chiBBigHOmEeHb (8-9) cucrema
nudepeHIiiHIX PIBHIHb MOXKE OyTH MpEICTaBlIeHa y BUIIISI

§Z=fhﬁ&ﬂy+ﬂﬂ- (14)
A)

ne y(s)=col(u,»,9,T;,0,,M,) — BexTOp cTany; f — MaTpuLl 3MiHHUX KoedilieHTiB; g(s) —
BEKTOp HaBAHTa)KCHHSL.

Pigusinns (14) npencrapisie co0OK0 cUCTEMY 3BHYAMHUX JM(PEPESHIIIMHUX PIBHSIHL HIOCTOTO
nopsiaky. st iX BUpILICHHS HEOOXiqHO 3a7aTH IIiCTh IPAHUYHUX YMOB — IO TPH HA KOXXHOMY
kparo [21].

Jo apyroro BUNAaAKy BIJHOCSATHCS JOBTI IMJIIHAPUYHI OOOJIOHKM MIHIMAJBHUX TOBEPXOHb,
JUIsL SIKUX YMOBH OIHMPAHHS Ha JUCK JKOPCTKOCTI 1 3aJjaHHSI HaBaHTa)XCHHs HE3MiHHE B3JIOBXK
NPSMONTIHIHHKUX yTBOpeHb. 3rifmHo npuHuuny Cen-BeHana, Ha jocTtaTHiil BiACTaHi Bij TOpLIB
HAIpYKeHO-1e(OPMOBAHOI0 CTAaHy TAKUX OOOIOHOK MOXKHA PaxyBaTH HE 3aJCKHUMH BiX
Croco0y OnupaHHs TOPIIB.

Hexait HanpsIMOK NpsSIMONIHIHHAX YTBOPEHb CIIBIIAJIA€ 3 HANPSIMKOM KOOPJMHATHUX JIHIN
o . Toni

1

—=0; A4=1. 15
R (15)

EnemeHT 00O0JOHKM ONMHUYHOI NIMPUHH (Aa) =] po3TamoBaHUil B3IOBXK KOOPAMHATHOI
miuii B, npamroe B ymoBax IUIockoi gedopmanii, IO NPHU3BOAWUTH JO HACTYIHHUX
CTIiBBiIHOIIEHB, sKi MOB’s3aHI 3 Aedopmaliiero cepeqUHHOI MOBEPXHI &,, MapaMeTp 3MiHU

KPUBM3HHU dae, , KyT TIOBOPOTY HOpMai 4, 3 mepeMillleHHAMH:

& =lﬂ+£, ae, =Lﬂ, v =_ld_a’+L. (16)
Bdp R, Bdp Bdp R,
CriBBiJHOILIICHHS PYXHOCTI B [IbOMY BUIAJIKy MAarOTh HACTYITHUI BUTJISI:
= Eh2 vey; Ty = 5 Vey; My =vDaey; M, = Dae,. 17)
1-v 1-v
bepyuu no ysaru, mo
(1-v*) M,
T, =vl,; M =vM,;, &0 =—=T,; ae, =—=. 18
1=vi; M, 2 H=—p—hag =0 (18)

PiBHSIHHS pIBHOBaru BUPa3uMO y BUIJISII:
d T dT. M
l&_i.l_% =0, —2+£Q2 +Bg, =0, 1 4%
Bdp R, df R, B dp
ne O, — mepepi3yrodn 3yCHIIs; ¢, 1 g3 — KOMIOHEHTH BEKTOpa iHTEHCHBHOCTI 30BHIIIHBOTO

HaBaHTaXeHH [22].
Beomstun nosHauennst Ty =T, M, =M, 0, =0Q',v, =v,R, =R i3 (17-19) orpumaemo

-0, =0. (19)

HACTYITHY CUCTEMY 3BUYAlHUX AU(EepeHIIIHHNX PiBHSHb:

2
dv _ B, 0V)p do_

dB R Eh dp

—-Bv+ ﬁv,
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& By dL_ B pg, %O_Bp_p, dM_po (20)
dg D dp R dp R dp

Cucrema audepeHunianbHux piBHsHb (20) Mae 1IocTuil MOpsAOK, 1 i 11 BHUpILICHHS
HEeOoOX1IHO 331aTH LIICTh TPAHUYHKUX YMOB (II0 TPU Ha KOXKHOMY Kpato) [23].

YuceabHe  JOCHIKeHHS1  OaraTOKpuTepiaJibHOI  MapaMeTPpU4YHOI  onmTHMi3anii
nepeMillleHHS i Baru 1B03B’SI3HOI KOHYCHOI 000, 10HKH MiHiMaabHOI moBepxHi.J[1s1 ynceapHOl
peanizaiii 6araToKpuTepiaabHOI NMapaMeTPUYHOI ONTHMI3alil JBO3B’SI3HOI KOHYCHOI OOOJIOHKH
MiHIMaJIbHOT TOBepXHI Oyiia mNoOyZoBaHA CKIHUYEHO-€JIEMEHTHA MOJIeNb 3 IUIACTHHYACTHX
CKIHYEHHHX eJleMeHTIB plate B kinbkocti 4824 mryk Ta By3niB 4896 mryk. Ilo mepumerpy
JKOPCTKE 3aIleMIICHHS 3 AUCKOM 3eMIli. 3alaHO TEPMOCHIIOBE HAaBAHTAXKCHHS, SIKE CKJIAJA€ThCA 3
KOMOIHAIII€F0 CTAaTUYHUX 1 TeMriepaTtypHoro. Po3paxyHkoBa Moienb 300pakeHa Ha puc. 1.

Ilepen mporecoM AOCTI/KEHHs 0araTOKpUTEpialbHOI MapaMeTpU4HOl — OnTHUMi3arii
BUKOHYETHCSl HAJIAIITYBAHHS 1LJIbOBOI (DYHKILIT Baru i nepeMinieHHs. 3MiHHI MPOSKTYBAaHHS €
ToBUIMHOIW oOoyoHku Big 1 mo 100 mm. OOMexeHHS BHpakeHI HampyxkeHHs 1o Mizecy
260 MIla. [Ilicns BHKOHAHHsS PO3PaXyHKY MapaMeTPUYHOI ONTHMI3alii MaeMO 3Ha4YeHHS
HAIpYXeHb Ha pUC. 2, MepeMillleHb Ha pUC. 3 Ta PO3MOALT TOBIIMHU 4, a TaKoXk rpadik 3MiHH
UiIbOBUX (YHKINH Ha pHC. 5.
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Puc. 2. Hanpyxensst mo Mizecy 060J0HKH Micis 6araToKpuTepianbHOi MapaMeTpHIHOI O THMI3aLil
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Puc. 3. IlepemirieHHs 000IOHKH Micis GaraToKpUTEpiabHOI MapaMeTPHIHOI ONTUMI3aLl

Puc. 4. Po3noain TOBIIMHE 000IOHKH ITicis GaraToKpUTepiaabHOl MapaMeTpUYHOI O THMI3aLil

Ipadik 3miHu UinboBMx GYHKUIN: Bara i nepemilieHHA
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Pe3ynbTaTH  4YMCEJBHOrO  [JOCJHiIKeHHS1 0araToKpuTepiajJbHOI TNapaMeTPHYHOL
onTuMizanii mepeMmimieHHss i Barm [BO3B’SI3HOI KOHYCHOI 000JO0HKH MiHiMaIbHOL
MOBepXHi.3a I01O0MOro 0araToKpuTepialbHOI MapaMeTpU4HOI ONTUMI3AIl] BAAIOCS 3MEHILUTH
Bary oOonmoHkun Ha 9.4%, mo craHoBuTh 8360 Kr JHCTOBOI CTaji, Ta 3a JONOMOTOI)
Mepepo3NoITy TOBIIMHU MEePEeMillleHHs] 3MEHIIWIUCS y 2.55 pasu i cranoBiats 60 MM puc. 5.
Hampyxenns no Mizecy Bianosigaiote oOMmexenHto 260 MIla puc. 2. Crig 3a3HauuTH
TEOPETHYHHUN ONTHUMYM LIIHOBUX (YHKIIH, B TOUL NepecikaHHs JBOX UILOBUX (QyHKLIH, ane
Ipu [bOMY OOMeKeHHs Buli, Hixk 260 MIla, B Teopii npu 3MiHM MILHOCTI KOHCTPYKIIIHHOT
CTaJl Ha IHIIWI MaTepial MOKHA JOCAITH TEOPETUYHOrO ONTUMYMa B TOYI OJpa3y AJIsl JBOX
KOHCTPYKIIiH.

Po3pobnena Meronuka aBTOpIB MOKa3ye JOCHTh TapHi pe3yiabTaTH, sKi 30iraioThes 3
poboTaMu IHIIMX aBTOPIB 1 [a€ MOXIJIMBICTH BUKOPHUCTOBYBATH [UIi OIHOrO 00 €KTa
JIOCIII/DKEHHST JIBA BUIM oNTUMi3auii ojHo4yacHo. [lepummM erarnom — ontumizauis (opmu,
JIpyruii eran — OaraTokpurepianbHa napaMeTpuyHa ONTUMI3allis.

Jlana MertoiuKa Jae MOXJIMBICTh HPOLECH ONTHMi3allii BUKOHYBATH B aBTOMAaTH30BAaHOMY
PEXKHMI, 1110 € BAXKIMBOIO NPUKJIAJHOIO 334240 JIjIst OYIBEJILHOT 1 MPUKIaJHOT MEXaHIKH.
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Cmamms naoiiuwna 29.09.2023

leanuenxo I'.M., Kowesuii O.0., Kowesuii O.11.
YUCEJBHE JOCJIIKEHHSA BATATOKPUTEPIAJIBHOI TAPAMETPAYHOI ONTHUMI3ALIL
MEPEMIIIEHHS I BATY JIBOX3B’SI3HOI KOHYCHOi OBOJIOHKHW MIHIMAJILHOI MTOBEPXHI TP
TEPMOCHJIOBOMY HABAHTAKEHHI.

Jlns BUpilIeHHS NMpoOJIeMH ONTHMAJIbHOTO NMPOEKTYBAHHS 3aCTOCOBYIOTHCA Pi3HI METOAM 1 Miaxoau. 3ajgaui 1o
BUPIIICHHIO TAKOTO THIy 33/1a4 BUKOPHCTOBYIOTHCS I ONTHMAIbHOTO MPOEKTYBaHHS IPOCTOPOBHX MOKPUTTIB, SKi B
CyYacHi apXiTEeKTypi € INpPOrpEeCHBHHUMH KOHCTPYKIiSIMH, SKUMM IIKaBUTbCA Bech CBIT. [IpoCTOpOBI MOKPUTTA
JI03BOJISIIOTh NIPUJATH CIIOPYJi apXIiTEKTYpHY BHPA3HICTh, NEPEKPUBATH BEIMKI NPOJBOTH 1 CyMiliaTh Hecydi i
OropoKyBasbHi QyHKIIIT.

OO00JI0HKM MIHIMaJIbHUX TIOBEPXOHb BIJHOCATbCA /O OOOJOHOK BiJ’€MHOI TaycoBOi KpuBH3HU. ['eomerpis
MiHIMaJIbHUX OBEPXOHb B 3arajlbHOMY BHIAJKY HE IiJIa€ThCs aHATITHYHOMY onucy. [l BupiteHHs uiel npobiaemu,
sIKa TI0B’S13aHa 3 BUPILIEHHAM JU(EpeHLIHOro piBHAHHSA, SKE ONMCY€E B 3arajJbHOMY BUIJIAJI MiHIMaJbHY MOBEPXHIO,
NPU BIANIOBIHMX KpailOBMX yMOBaX IOBOAWUTBHCS BHUKOPHUCTOBYBATH METOAM YHCENBHOro aHanmizy. Takuil minxiza
JI03BOJIsIE€ TTOOYAYBAaTH TOYKOBMH KapKac OOOJIOHKH, 1O MPEACTABIsE COOOI0 MAaTPUIIO JUCKPETHUX PillleHb (YHKLIH,
sKa IIyKae 3a/aHy MiHIMaJbHY IOBEpXHIO. 3 ypaxyBaHHs IbOro, il F€OMETPHYHI XapaKTEPUCTUKH MOXYTb OyTH
OTPUMAaHI TUIBKU B YN CEIbHOMY BUIJISI.

BucsitiieHi OCHOBHI CHiBBiJHOIIEHHS JIIHIHHOI TEOpPii TOHKUX NPYXHUX OOOJOHOK MIHIMaJIbHOI MOBEPXHi NpH
YHCEeNbHOMY JIOCII/PKEHHI napaMeTpuyHoi onTuMi3auii.BUCBITIIeHO MaTeMaTHyHi OOIPyHTYBaHHS, K CIPUHMAEThCA
30BHIIIIHE HABAHTAXKEHHS 1 POIIEC CTBOPEHHS HANPYXKEHO-1e(hOPMOBAHOrO CTaHy 000JOHOK MiHIMaJIbHUX ITOBEPXOHb.

Jlns uucensHOT peanizanii GaraToKpuUTepianbHOI MAapaMETPUYHOI ONTHUMIi3alii JBO3B’S3HOT KOHYCHOI OOOJIOHKH
MiHiMaJIbHOT TOBEpXHi OyJ1a Mo0yaoBaHa CKiHUEHO-€JIEMEHTHA MOJIENb 3 TUIACTMHYACTUX CKIHYEHHUX eJIeMEHTIB plate B
Kinpkocti 4824 mryk Ta By3niB 4896 mryk. Ilo mepumerpy JKOpPCTKE 3allleMJICHHS 3 JUCKOM 3eMili. 3aJaHo
TEPMOCHJIOBE HABAHTAXKEHHS, SIKE CKJIAIa€ThCs 3 KOMOIHAIli€I0 CTATHYHUX 1 TEMIIEPATYPHOTO HABAHTaXKEHHSI.

Po3pobieHa MeToika aBTOPIB MOKa3ye JOCUTh FapHi pe3ysbTaTH, sKi 30iraloTbes 3 poOOTaMH IHIIMX aBTOPIB i Jlae
MOXJIMBICTh BUKOPUCTOBYBATH JIsL OZIHOrO 00 €KTa AOCII/DKEHHS ABAa BUAM onTHMIi3auii oxHovacHo. [Tepmmm eranom
— ontuMi3anist GOpMH, IpYTHUii eTan — 6araToKpuTepiajibHa NapaMeTpuyHa ONTHUMI3aLlis.

JlaHa MeTo/iMKa JJa€ MOXKJIMBICTB IPOLIECH ONTUMI3allil BAKOHYBATH B @BTOMATH30BAHOMY PEXHUMI, 1110 € BasKJIHBOIO
MIPUKJIAJTHOIO 3a/1a4eto JUIs Oy iBEeIbHOI 1 MPUKIIAJHOI MEXaHIKH.

KarouoBi cioBa: onrtuMizanis, nmapaMeTpuyHa ONTHUMIi3allis, OaraTOKpuUTepiajbHa ONTHUMI3allis, ONTHMi3alLlis
1UIbOBOI (YHKIIi, 3MIHHI NPOEKTYBaHHsS, OOMEXKEHHS, OOOJOHKM MIHIMAJIbHUX MOBEPXOHb, NMEPEMILICHHA MO OCSIM
X,Y,Z, Bara KOHCTPYKLIi.

IvanchenkoH.M., KoshevyiO.O., KoshevyiO.P.

A NUMERICAL STUDY OF THE MULTICRITERIA PARAMETRIC OPTIMIZATION OF THE
DISPLACEMENT AND WEIGHT OF A TWO-CONNECTED CONICAL SHELL OF MINIMAL SURFACE
UNDER THERMAL AND POWER LOADING.

Various methods and approaches are used to solve the problem of optimal design. Problems of this type are used for
the optimal design of spatial coverings, which in modern architecture are progressive structures that are of interest to the
whole world. Spatial coatings allow to give the building architectural expressiveness, cover large spans and combine
load-bearing and enclosing functions.

The hulls of minimal surfaces are the hulls of negative Gaussian curvature. In general, the geometry of minimal
surfaces cannot be described analytically. To solve this problem, which is associated with solving the differential
equation that describes the minimal surface in general, under appropriate boundary conditions, one has to use methods
of numerical analysis. This approach allows us to build a point frame of the shell, which is a matrix of discrete solutions
of functions that searches for a given minimum surface. In view of this, its geometric characteristics can be obtained
only in numerical form.



112 ISSN 2410-2547
Onip Matepiaiis i Teopist cnopyy/Strength of Materials and Theory of Structures. 2023. No 111

The basic relations of the linear theory of thin elastic shells of minimal surface are highlighted in the numerical
study of parametric optimization. The mathematical justifications of how the external load is perceived and the process
of creating the stress-strain state of the shells of minimal surfaces are highlighted.

For the numerical implementation of the multicriteria parametric optimization of a double-connected conical shell of
minimal surface, a finite element model was built from plate finite elements in the amount of 4824 pieces and 4896
nodes. The perimeter is rigidly clamped to the ground disk. The thermal force load is set, which consists of a
combination of static and temperature loads.

The developed methodology shows quite good results that coincide with the works of other authors and makes it
possible to use two types of optimization for one research object simultaneously. The first stage is shape optimization,
and the second stage is multicriteria parametric optimization.

This methodology makes it possible to perform optimization processes in an automated mode, which is an important
applied task for construction and applied mechanics.

Keywords: optimization, parametric optimization, multicriteria optimization, objective function optimization,
design variables, constraints, minimum surface envelopes, displacements along the X, Y, Z axes, weight of the structure.

VK 539.3

leanuenko I'M., Kowesuii O.0., Koweesuii O.J1. YucesbHe NOCTIIAKEHHS OaraToKpHurepiajibHOI MapaMeTpPU4HOI
onTuMmizauii nepemMileHHs i Baru JABOX3B’A3HOI KOHYCHOI 000/I0HKH MiHIMAJbHOI MOBEPXHi NPH TEPMOCHIOBOMY
HaBaHTakeHHi // Onip marepiauis i Teopis copy1: Hayk.-tex. 30ipauk. — K.: KHYBA, 2023. — Bum. 111.—C. 102-112.

B cmammi pozenanymo uucenvhe OocniodxcenHs 6azamoxkpumepianbHoi napamempuunoi onmumizayii eazu i
nepemiwjents 06036 A3HOI KOHYCHOI 0O0NOHKU MIHIMANLHOI NOBEPXHI 3d OONOMO20I0 AKO20 80ANOCA 3MEHUUMU 842y
Koncmpykyii na 9.4%, nepeposnoodinumu moswjuny 000IOHKU 32I0HO 306HIUHLOMY HABAHMAJICEHHIO, a4 MAKOIC
3MeHuwumy nepemiwyenns 00010nHKu 6 2.55 nicis onmumizayitino20 po3paxyHKy, npu yboMy HanpyosicenHs no Mizecy
sionosioae oomeoicennio 260 Mlla.

Ta6. 0. Inn. 5. Bibmiorp. 23 Ha3B.

UDS 539.3

Ivanchenko G.M., Koshevyi O.0., Koshevyi O.P. A numerical study of the multicriteria parametric optimization of
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OLIHKA BE3IEKH CTAJIEBUX KOHCTPYKIIA EHEPI'OBJIOKIB ATOMHHX
CTAHIIA 3 YPAXYBAHHSAM OCOBJIMBUX YMOB IX EKCIINIYATALIL

O.IL. Wlyraiiio',
1-p dinocodii

C.I Binmx?,
JI-p TEXH. HayK, npodecop
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Hepoicagne nionpuemcmeo «/lepoicagnuil Haykogo-mexnivnui yenmp 3 a0epHoi ma padiayiiinoi 6esnexuy, Kuis

2 . . . . . . . . .
Kuiscokuil nayionansnuil ynisepcumem 6yoienuymea i apximexmypu, Kuie

DOI: 10.32347/2410-2547.2023.111.113-124

Oco0nmBi YMOBH €KCILTyaTallii cTaJeBUX KOHCTPYKLiH eHeproO/IoKiB aTOMHUX CTaHLiHM (IiJBHIEHA TeMIepaTypa
OTOYYIOYOI'0 CEepe/lOBUINA, HEOOXIJHICTh BpaxyBaHHS OIHOYACHOI Jil JEKIJIbKOX €Mi30AMYHUX BIUIMBIB TOLIO)
BUMaraioTh BHKOPUCTaHHS CIELiaJIbHUX IIIXOAIB 10 OLiHKM iXx Oe3neku. BopHowac, icHyroue HOpPMaTUBHE Ta
METOJMYHE 3a0€3MeUeHHsI HE JOCTAaTHbO OXOIUIIOE ACHEKTH OIIHKM O€3MeKH IMX KOHCTPYKLIH 3 ypaxyBaHHSAM
0cOOJIMBUX YMOB iX eKcIUTyaTtauii. YCyHEHHS I[bOrO HEIONIKY CIpPUATHME HiJBHUIIECHHIO PIiBHS O€3MEKH CTajeBUX
KOHCTPYKIIiH €Hepro0JIoKiB aTOMHHUX CTaHIIIN.

KuarouoBi ciioBa: ouinka 0e3rneku, AMHAMIUHI HaBaHTA)XXEHHS, YacTOTAa BJIACHUX KOJMBaHb, CTaJEBI KOHCTPYKIIII,
€Mi30/1M4HI HaBaHTAXXEHHS, MII[HICTb, pPalliOHAJIbHE IPOEKTYBAHHS.

Beryn. Ha eneprotnokax aroMHux enektpuunux cranuiii (AEC) 3 BUKopucTaHHsAM cralieit
peari3yloTh pi3HOMaHITHI KOHCTPYKTHBHI (POpMH NPAaKTUYHO OYAb-SIKOrO NMPU3HAYCHHS: Bif
MAacIITa0HUX eJIEMEHTIB KpaHy KpyroBoi i peakTOpHOro BiJUIIJICHHS 0 ONOPHUX KOHCTPYKILii
obnagHanHs 1 TpyoonpoBoxiB. Ili cramesi koHcTpykuii eneprotiokie AEC 3Haxonsthcst B
OCOOJIMBMX YMOBaxX eKCIUTyaTalii, cepell SKAX IJBHUIICHA TeMIleparypa OTOYYIUOro
cepeoBuINa, HEOOXiJHICTh BpPaxyBaHHS CEHCMIYHMX BIUIMBIB 3 MOBTOPIOBaHICTIO 1 pa3 Ha
10000 pokiB, oHOYACHOT A1ii AEKIIBKOX €Ii30INYHHUX BIUIMBIB TOLIO.

CelicMiYHMIT BIUIMB BIIHOCHUTBCS /IO OJHOTO 3 HalWHEOE3NEYHIIIMX BIUIMBIB IMPUPOJHOTO
xapakrepy st eHeprooiokiB AEC, sikuii MoXke MpHU3BECTH J0 BiJIMOB 13 3arajbHOi NPUYHUHU
(TOOTO, YMCIICHHUX BIJIMOB KOHCTPYKIiH, cuCTeM 1 eneMmeHTiB eHeprobmoky AEC BHacimok
OJIHI€T NPUYMHM, IO BKIIIOYAE, 30KpeMa 30BHIilIHI BIuMBH). Cepen 3ralaHoro pi3HOMaHITTS
CTaJeBUX KOHCTPYKIIH Ba)XJIMBY poiib B 3abesneueHHi Oesnekun AEC BimirpaioTh OIOpHI
KOHCTpYKLIi o0OJiafiHaHHS Ta TPYOONPOBOIIB, BHACIINOK TOrO, IO iX CEHCMOCTIHKICTh
BU3HAYAETHCS, B TOMY YHCIT, CEHCMOCTIHKICTIO OMIOPHUX KOHCTPYKIIi, /IIsi BUTOTOBJICHHS SIKUX
3araJloM BHKOPHCTOBYIOThCS ILIBENIEpU, KyTHUKH, npodinmi rHyri 3amkHeHi Toruo.[lpuknaau
CTaJIeBUX OMOPHUX KOHCTPYKILIN oOnagHaHHs Ta TpyOonpoBoaiB eneproonokis AEC (Hamani —
OIIOPHI KOHCTPYKIIiT) MpezcTaBiieHi Ha puc. 1.

3 ozmHOro OOKY, OILIHKA Oe3MeKH OMOPHUX KOHCTPYKIII Mae 3/iiCHIOBATHCS Y BiJIIOBIIHOCTI
1o jaepxaHux OyniBenbHux HopM (JIBH). Bomnouac, mpsime Buxopucranus JIBH crocoBHO
OIOPHUX KOHCTPYKIIH € HEIOCTaTHbO KOPEKTHUM Ta MPUHHATHUM, OCKUIBKH iX TMOJOXEHHS
OpIEHTOBaHI Ha TPAJMIIIHI CTaNeBI KOHCTPYKIIT, sKi MiJaHl CTAaHJAPTHUM HABAHTAKEHHSM 1
BIUIMBAM, Ta HE BPaxOBYIOTh 3rajlaHi BHIIE OCOOJMBI YMOBU €KCIUIyaTalii OMOPHUX
KOHCTPYKIIiH, 8 TAKOXK CTYIEHb 1X BiJIIOBIIAJILHOCTI 1110710 3a0e3neuenns 6e3nexku AEC mix yac
Ta Micis CeHCMIYHUX BIUIUBIB.

3 iHmoro 60Ky, HOPMaTHBHO-IIPABOBI aKTH 3 SJEPHOI Ta pajialiiiHoi Oe3reKy, HapHKIIaa
HIT 306.2.208-2016 [1], CcTOCOBHO OHOPHUX KOHCTPYKIIHA PpErJIAMEHTYIOTh 3arajioM JIHIIe
BUMOIU JIO CIIOJYY€Hb TEXHOJOTIYHMX YMOB €KCIulyaTalii Ta CeHCMIYHHMX BIUIMBIB, IO
00yMOBJICHO CYYaCHOIO KOHIICHIII€I0 PO3BUTKY HOPMAaTHBHO-NIPAaBOBOI 0a3u YkpaiHu wLIo0/0
3abe3neueHns Oesneku AEC, sika nepembayae po3poOKy Ta BIPOBAPKEHHS HOPMATHUBHO-
MPaBOBUX AKTIB, 110 MICTATh 3arajbHi Peryiowdi BuMoru [2].

© Iyraitno O.I1., binuk C.1.
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Puc. 1. IIpuknaau onopHUX KOHCTPYKIiH 001aaHaHHA Ta TpyOonpoBoiB eHeprobdiaokis AEC

O1xe, iCHyl0O4e HOPMaTHBHE Ta METOJUYHE 3a0€3[eYeHHsI HE JOCTATHHO OXOIUIIOE ACIIEKTH
OLIIHKYU O€3MeKH OMOPHUX KOHCTPYKIIH 3 ypaxyBaHHSIM OCOOJIMBUX YMOB IX €KCILTyaTallii.

3 ypaxyBaHHAM BHKIAJEHOTO, aKTyaJbHUM IOCTAJI0O NMHUTaHHS PO3POOKH, GOpMYyBaHHS Ta
y3araJlbHeHHsI MiIXO/IiB J0 OLIHKK OE3MeKH OIMOPHUX KOHCTPYKIIH, SIKi BPaXxOBYIOTb OCOOJIHBI
YMOBH iX eKcIulyaTallii, a TAKOXK CTYIEHb BiIOBIIaNIBHOCTI 1010 3a0e3nedeHns 6e3nekn AEC
ITiJT Yac Ta Iicas celCMIYHMX BIUIMBIB, 1110 1 € METOIO i€l CTATTI.

Po3po01i  3ampornoHOBaHUX TMiIXOMIB /IO OLIHKKA O€3MeKH OIMOPHUX KOHCTPYKIIH 3
ypaxyBaHHSIM OCOOJIMBHX YMOB iX ekcrutyaTauii nepeayBaiu [3-7]: aHami3 ocoOJIMBUX yMOB
eKCIUTyaTalii, BU3HA4YeHHs Crelu(iYHUX HABAHTAXKEHb Ta iX PO3PAXYHKOBHX CIOIY4YEHb,
(opMyBaHHsI 3arajbHUX MPUHIMITB OLIHKH CEHCMIYHOI MIIHOCTI, JOCIIDKEHHSI HAMpyXEeHO-
nedopMoBaHOro cTany.

3aranpHuii minxig Ao ouinku Ge3mexu. B aToMHiil eHepreTHili CTOCOBHO KOHCTPYKIIiH
eHeprobsokiB AEC npuidHATHIT Takuil 3aralibHUM MiAXiA: i 9ac OLIHKH OE3MeKH 32 OCHOBY
TEXHIYHUX NPUHOMIB Ta TEOPETUUHHX 3acajl MPUHMAIOTh TIOJIOKEHHS BiJIMOBIIHUX JEPKaBHUX
OyniBenbHUX HOpM. BopHowac, BpaxyBaHHs BinnoBifganbHocTi koHCTpyKuiit AEC 3a sinepHy ta
paniamiiiHy Oe3reky, a TakoXX OCOOJMBUX YMOB iX eKCIUTyartaiii 3[iHCHIOEThCS IUISXOM:
BBEICHHS CHELiaNbHUX KOE]Ili€HTIB CTOCOBHO 3HAYCHb HABaHTAXKCHb Ta BIUIUBIB,
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PO3paxyHKOBHUX CIIOJy4Y€Hb HABAHTA)KEHb; BCTAHOBJICHHS CIICIaJIbHUX KPUTEPIiB BiJIOBIIHHUX
BEIUYMH, BCTAHOBJICHHS CIIENIaJbHAX BUMOT [0 €IM30JUYHMX BIUIMBIB Tomio. Lled mimxin
YCHIIIHO anpoOOBaHMN HAliOHAJILHOK 0araTOpPivyHOK MPAKTHKOK MPOEKTYBAaHHS Ta OLIHKH
Oesrniekn KOHCTpyKIil eHeprobnokiB AEC. 3 ypaxyBaHHSIM BHUKIJIQJEHOrO, IMiJ{ 4Yac OILIIHKH
0e3IeKH OMOPHUX KOHCTPYKIIIN B SIKOCTI OCHOBHHUX TEXHIYHHUX IMPUHOMIB Ta TEOPETHYHHX 3aCajl
npuiivemo mnonoxkeHHs JIBH B 2.6-198:2014 [8], JBbH B.1.2-2:2006 [9] Ta JBH B.1.2-
14:2018 [10]. BpaxyBanHs OCOOJMBHX YMOB €KCIUIyaTallii OIIOPHUX  KOHCTPYKIIii
3IIHCHIOBATUMETHCS IUISIXOM YTOYHEHHS a00 PpO3IIMPEHHS BIINOBIAHUX IOJNOXKEHb KX

Jlep>)KaBHUX Oy[iBeNbHUX HOpM. [IpH 1bOMY, MiJ 4ac OLIHKK OEe3MEeKHU OMOPHUX KOHCTPYKILi

HEOOX1THUM € JIOTPUMaHHSI KOHCEPBATUBHOI'O TTiIX0/1y, BIAMOBIIHO J0 SIKOTO JJIsl apaMeTpiB i

XapaKTePUCTUK OIOPHUX KOHCTPYKIIH MPUIIMAaOThCsl 3HAYEHHS 1 MeXIi, SIKI SIBHO MPHU3BOJASTH

JIOOLIBII HECTIPUATIIMBUX PE3YNIbTATIB.

Knacudikanis onopHuX KOHCTPYKIii 3riHO Aep:kaBHHMX OyAiBeIbHMX HOpM. BinMosa
OIOPHUX KOHCTPYKUiH (He BUKOHAHHS CBOIX (DYHKI B MOBHOMY 0OCs31) IOTEHLIHHO MOXe
npuBectd sk A0 aBapii Ha AEC, Tak i 0 nepeBHIICHHS NONYCTHMMHUX PIBHIB 3arajibHOro
pamioakTUBHOIO 3a0pyIHEHHs pPOOOYMX MOBEPXOHb Ta/ab0 JOMYCTUMHX KOHIEHTpAIlii
pamioHyKIiiB y mOBITPI pobOoumx mpumimens [1]. Omxe, 3 NOMILAY MNOTEHIIIHOTO
HEraTUBHOI'O BIUIMBY BiJIMOBH OIIOPHMX KOHCTPYKLIH Ha siepHY Ta pajiauiiHy Oe3rnexy
eneproodioky AEC HeoOxinHo:

— BIIHOCHTH iX JIO Kateropii BianoBigaibpHoCTI «A» 3rigno JIBH B 2.6-198:2014 [8];

— PO3paxyHKOBHH Iepepi3 BiAHOCHTH 110 | Kiacy HampykeHo-1e(OpMOBaHOTO CTaHY 3TiIHO
JIBH B 2.6-198:2014 [8], To0TO HOpMallbHI HANIPY)KEHHSI Ha BCIX JUISHKaX PO3paxyHKOBOTO
nepepizy € MEHIIUMH 332 PO3PaxyHKOBHI oOmip crajii i MOXYTh JOCATaTH HOro Juiie B
HAMOIBII HANIPY)KEHUX BOJIOKHAX Iepepizy;

— BigHocuTH iX 10 kiacy HaciinkiB CC3 srigno JIBH B.1.2-14:2018 [10].

Ceiicmiuni Buxiani nani. OnopHi KOHCTPYKUIT PO3MILLYIOTBCS BCepenuHi OyJiBenb Ta
cnopyn eneprooioky AEC. Omxe, HaBemeni B JIBH B.1.1-12:2014 [11] nunamiuni
HABAHTAXXEHHS y BUTJISIII 3aJI@KHOCTI CIIEKTPAIILHOTO Koe(illieHTa TMHAMIYHOCTI BiJ KaTeropii
IPYHTY 32 CEHCMIYHUMH BIACTHBOCTSIMH HE MOXYTh OyTH BHKOPHMCTaHI SIK BUXIJHI CeHCMIiuHi
JlaHi. 3aMiCTh HUX B SIKOCTI JMHAMIYHUX HABAaHTaXXEHb, BUKIMKAHHX 3EMJIETPYCOM, ITOBHHHI
BHUKOPHCTOBYBATHCS MMOBEPXOBI CHEKTPU BIATYKY, SKiBiIOOpaXKatoTh PO3MOJI MaKCUMAIIbHUX
3HauYeHb MPUCKOPEHb BIATYKY MaTepialbHOI CHCTEMH 3a YacTOTaMM 30BHILIHBOTO BIUIMBY, LIO
3ajeaTh BiJ| CIIBBIJHOIIEHHS YaCTOTHOI XapaKTEPUCTUKU CHCTEMH 1 CIIEKTpa BILIMBY.
[puknaau NOBEepXOBUX CHEKTPIB BIIIYKY MPEACTaBIICHI HA pHC. 2.

3rigno HIT 306.2.208-2016 [1]noBepxoBi CHEKTPU BIATYKY TOBWUHHI OyTH BHU3HAYeHI
BIJIMOBIIHO JI0 CHEKTpa BIArYKY IPYHTY, OTPHMAHOTrO 3a pe3yJabTaTaMU CIIeliaJIbHUX
CeHCMOJIOTTYHHX JOCTIKEeHb KOHKPETHOrO MpoMuUcioBoro Mainanunka AEC.

®di3nKo-MexaHiuHi XapaKTePUCTUKH ONMOPHHUX KOHCTPYKIii. BHyrpimHi mnapamerpu
cepenosuina repmernunoro ob6’emy (I'O) eneprobmoky AEC € 30BHIIIHIME Napamerpamu

HABKOJMIIHLOTO CEPE/IOBHINA JJIsl OMOPHHUX KOHCTPYKLiA. B pexumax HopmaibHOI

excruryaranii (HE), mopymens HopmanbHOi ekcrutyartauii ([THE) rtemmneparypa B 'O He

nepesunrye 100°C. Boanouac, nij yac makcumanbaoi npoektHol aBapii (ITA) «/IBocroponHiii

PO3pHB  TOJIOBHOTO LUPKYJsLiiHOro TtpyoOompoBony Jly 850» Ha eneproomomi AEC

temrepatypa B 'O csarae 3HauenHs 61au3bko 150°C, 1110 B CBOIO 4epry BIUIUBA€E Ha 3HAYCHHS

(hi3MKO-MEXaHIYHUX XapaKTEPUCTHK MaTepialliB OMOPHUX KOHCTPYKLid. B 1mpomy BHMaaky

HeoOximHO morpumyBarucsi Bumor JIBH B.1.2-14:2018 [10] crocoBHO TOro, 1o y

PO3pPaxyHKOBUX CHTYAIisIX, B SKUX BJIACTHBOCTI MaTepialliB KOHCTPYKIIH MOXKYTb 3MiHIOBaTHCS

BHACHIIZIOK BIUIMBY HABKOJMIIHBOIO CEPEIOBHINA, PO3PAXyHKOBE 3HAYEHHS IIOBHHHO

BCTAQHOBJIIOBATHCSl 3 YPaxyBaHHAM TaKuX 3MiH. {1 BUIOTOBNEHHS OIMOPHUX KOHCTPYKLIH

BUKOPHCTOBYIOThCS Martepianu, periamentoBadi JIBH B 2.6-198:2014 [8], sikuii He MicTUTH

BiJIOMOCTEll LIOA0 3HAuYeHb (HI3UKO-MEXAHIYHUX XapaKTEPUCTUK MarepiaiiB 3a TeMIlepaTrypu

150°C. 3 ypaxyBaHHAM BHKIaAeHOro Ta Kepytounch mnonoxeHHsmu JCTY-H B.B.2.6-
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211:2016 [12] 1ust BUKOPUCTAHHS TPONOHYIOTbCS Taki 3Ha4eHHA (Pi3MKO-MeXaHIYHUX
XapaKTepUCTHK BYTJICLIEBUX cTalei 3a TemnepaTypu 150°C:

R ; .. pl50°C BH198
—  XapaKTepHCTHYHHi ONIp CTaJl 3a rpaHuMIelo mmMHHOCT: Ry ™™ =1,000- R}yln ;

—  rpanmus nponopuiitnocri: R7C = 0,904 RIPT;

—  momyss npyrocti: B¢ =0,950- EAPHI
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\—\ — Puc. 2. IIpukiaau NoBepXoBUX CHEKTPIB BiATyKiB
\ peakTopHoro Binjiienns eneproonoky AEC 3
-rf peakTopHoto ycranoskoro BBEP-1000: (a) -
MOBEPXOBUH CHEKTP BIAMOBI/I 32 TOPU3OHTAIBHUM
— HanpsMKoM X; (0) MOBEpXOBUH CIIEKTp BIAIOBI 32
TOPU30HTAJIILHUM HANpsIMKOM Y; (B) - ITOBEpXOBUi
CIIEKTP BIJIIOBI/li 32 BEPTUKAJIBHUM HANPSIMKOM Z

Tprckopenns, w/c 2
T ——

°

°

10 15 20 25
Yacrora, [t

(8)

[Ipu ToMy, 3HaueHHS KOe]IiLi€HTIB 3HIKEHHS XapaKTEPUCTUYHOrO ONOPY CTaJIl 32 IPaHHUIICIO
IUIMHHOCTI, TpaHMI TPOMOPLIHHOCTI Ta MOMYII0 IPYXKHOCTI 3a Ttemmeparypu 150°C
po3paxoBaHi 3 BUKOpPHUCTaHHAM JiHildHOI iHTeprossinii nanux ACTY-H B.B.2.6-211:2016 [12]
LIOI0 3MIHM MapaMmeTpiB JiarpaMu «HanpyXeHHs-aedopMallisy BYIVIEIEBUX cTauedl 3a
IiIBUIIEHUX TEMIIEpaTyp.

Juns pexxumis HE, ITHE Ta IT1A, B sixux temneparypa B 'O He nepesuirye 100°C,3HaueHHst
(hi3MKO-MEXaHIYHUX XapaKTePUCTHK NpuiiMatoThbes Bianosiano n10/IbH B 2.6-198:2014 [8].

[ixg vac ouinkk MinHOCTI KOHCTpYyKLIi 3a ceiicmiunux BrumBiB JIBH B.1.1-12:2014 [11]
MPOIIOHY€E BPAaXOBYBATH IIJIBUILEHHS MeEXaHIYHMX BJIACTHBOCTEW MaTepialliB 3a BHCOKHX
HIBUJKOCTE! HaBaHTaXKeHb. BpaxyBaHHA LbOTO e(eKTy BiAOYBA€ThCS LIISXOM BHKOPUCTaHHS
koediumienty m=1,3 (1uisi craieBUX KOHCTPYKIIi), SIKHii BHUKOPHUCTOBYETBHCS ISl 3MEHIICHHS
YaCTHHU PO3PaXyHKOBOTO 3HAUYEHHS 3YCUILISI, HAPY)KEHHS 200 1HIIIOr0 CHIIOBOrO (hakTopa, 1110
MOB’SI3aHMI 13 BHUKIIOYHO CEMCMIYHMM HABaHTQXEHHAM. 3 MOIVISAY BaXKJIMBOCTI OMOPHUX
KOHCTPYKLIH Juisi 3a0e3neyeHHs siaepHol Ta pamiauiiiHoi 6e3neku eneprotioky AEC ta 3ams
3a0e3MeueHHsT KOHCEPBATHMBHOCTI OTPUMAaHUX OIIHOK O€3MeKH PEKOMEHIYEThCS — He
BpaxoBYBaTH MiJIBUIIEHHS MEXaHIYHUX BIIACTUBOCTEH MarepiaiiB OIMOPHUX KOHCTPYKLIM 3a
BUCOKUX IIBUIKOCTEH HABAHTAXKEHb 1] Yac CeHCMIYHUX BIUIMBIB.

HaBanTakeHHsI Ta BIUVIMBU Ha onopHi koHcTpykmii.llix yac podoru eneprodnoka AEC B
pexxumax HE, TTHE Ta ITA Ha onopHi KOHCTPYKIIi IepeIaloThCsl MEXaHIYHI HAaBAaHTa)XKEHHS Bi
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obnagHanHs Ta TpydbonpoBoxiB. Ilig uyac 3emileTpycy OINMOpHI KOHCTPYKLII IOIATKOBO [0

naBantaxxenb HE, TIHE, IIA nimpaiothcs IUHAMIYHOMY BIUIMBY, IO BUKJIMKaHHUHA

MaKCHMaJbHUM pO3paxyHKoBuM 3emsierpycomM (MP3) abo mnpoekTHUM 3eMieTpycoM

(I13).O1xe, nijg yac excruryaraiiii OnopHi KOHCTPYKIT IMiiaHl SKOCHOBHHUM, TaK 1 eMi30UYHIM

HaBaHTa)XEeHHAM. [Ipu ToMy, 10 OCHOBHUX HaBaHTa)KEHb HA OIOPHI KOHCTPYKI{ BiTHOCATHCS:

— TIOCTIiHHI: BJIaCHA Bara ONMOPHOI KOHCTPYKIIIT;

— 3MiHHI  TpWBaJi: Bara  OOJaaHAaHHS/TPyOONpPOBOAY,  Bara  TEIUIOBOI i30Sl
o0J1aIHaHHS/TPyOONPOBOly, HABAaHTaXKEHHs BiJ| CEpelOBHINA O0O0JIaJHAHHS/TPYOOIIPOBOLY
mig yac HE;

— 3MiHHI KOPOTKOYAaCHI:HABAHTAXCHHSI BIJ| CEPEIOBHIINA OOJIaJHAHHS/TPYOOIPOBOAY Tif dac
ITHE.

Jlo emizoquyHUX HAaBaHTaXKEHb Ha OMOPHI KOHCTPYKINI BiHOCSATHCS: HABAHTAXKEHHS Bij
cepenoBuina oOnagHaHHA/TpyOompoBoay mix uac [IA, celicMiuHI HaBaHTaKEHHS, IO
NepealoThCsl Ha ONOPHI KOHCTPYKINI sIK BiX OyHiBeNbHUX KOHCTPYKIiHM, Tak 1 Bix
obnagHanHs/Tpyoonposony nix yac MP3, I13.

HaBaHTa)keHHs BiI  CeHcMIYHOrO BIUIMBY 32 TpbOMa KOMIIOHEHTaMH  (JBOMa
TOPH30HTAJILHUMU Ta BEPTHKAIBHOIO) PO3IIIAAAETHCS K OJHE Ci30ANYHE HABAHTaKCHHS.

3HaveHHs HABaHTAXXEHb BiJ cepelnoBuila obianHanHs/TpydonpoBoay min yac HE, ITHE ta

ITA BH3Ha4alOThCA 32 pe3ysibTaTaMH aHAIli3y MPOEKTHO-KOHCTPYKTOPCHKOI Ta eKCILTyaTaliiftHOl

JIOKyMeHTalil (IHCTPYKIiH 3 eKCIUTyaTalii, KapT YCTaBOK 3aXHCTiB Ta OJIOKYBaHHS, MacCIOPTiB

00J1aIHaHHS/TPyOONPOBOIIB TOII[O) 13 3aCTOCYBaHHIM peKOMEHAallii, HaBeaeHux B [13].
Po3paxyHKkoBi criojiyueHHs] HABAHTa)KeHb, SIKMM MiJJaHi onopHi KOHCTpYyKuii. 3rigHO

JIBH B.1.2-2:2006 [9] sk ceficMmiuHi BruiuBH, Tak i [IA BIOHOCATHCS 10 CIMI30AWYHUX BILIHBIB.

OTmKe, mijJ 4ac OLIHKU OE3MEeKH CTAIEeBUX KOHCTPYKIIMPO3TISAETHCS aBapiiiHe CIIONy4YeHH:.

I[Ipu Tomy, wa Biaminy Big nigxonis/IBH B.1.2-2:2006 [9]8 aBapiiiHe crioaydeHHs

BKIIIOYAIOTBCSl OJJHOYACHO 11l JBa emi3oauyHi BIUIMBU.Ili wac ckiagaHHs po3paxyHKOBHX

cnonydenb HaBaHTaxeHb (PCH) ciim nmorpumyBaTHCsi CTaHAAPTHUX MPABHIT JEPIKABHUX

OyIiBENbHUX HOPM, 30KpeMa:

— TPHIYCKAETHCA, IO BC1 HaBaHTaxxeHHA B oOpaHoMy PCH ozxHOYacHO BIUIMBAIOTH Ha ONOPHI
KOHCTPYKIIIT;

— 1o PCH BXoasTh HaBaHTa)KCHHs, SKI HaWOUIbI HECHPUSATIMBO BIUIMBAIOTH HAa OIOpHI
KOHCTPYKIIIT;

— HABaHTAKEHHS, SKi B3a€MHO BUKJIIOYAIOTh OIMH OIHOTO, HE MOXYTh BXOIHUTH IO OIHOIO
PCH;

— MaJa iMOBIPHICTh OJIHOYACHOI peaji3alii po3paxyHKOBHX 3Ha4YeHb JCKiIbKOX HABAaHTa)KEHb
BPaxOBYEThCS MHOXKEHHSIM PO3PaXyHKOBHX 3HAU€Hb HaBaHTaXKeHb, 110 yBiinum no PCH,
Ha koediwieHT crioaydeHns Wy <1.

IMix wac cxmamanus PCH B aBapiliHOMy CHONy4eHHI JUIs TOCTIHHMX Ta aBapilHHX
HaBaHTAXXEHb PEKOMEHJIYEThCSI BUKOPUCTOBYBATH KOC(IIIEHT CIIOMYUEHHS! HAaBAHTA)KEHb PIBHUN
1,0, st 3MiHHUX KOpoTKodacHuX — 0,8, 1o y3romkyerbes 3 miaxogamu JJbH B.1.2-2:2006 [9].

Yeproporo 0COOJIMBICTIO YMOB €KCILTyaTallii ONOPHUX KOHCTPYKIIH € Te, 10 B 3aJIe)KHOCTI
BiJ cucremu eHeprodioky AEC, B sikiii BOHM 3HaXOIsAThCs, OJHE H T€ came 3MIHHE TpHBaJe
HaBaHTaXXEHHs1 (HampuKiaj, Bara cepeqoBuina (map abo Boja) o0J1agHAHHS/TPYOONPOBOAY)
MOXe SIK OyTH, Tak 1 He OyTM OCHOBHMM HABaHTa)XKEHHSM 3a CTYIIEHEM BILUIMBY. 3 METOO
BpaxyBaHHSl BKa3aHOI OCOOJIMBOCTI PEKOMEHIYEThCSI KOS(DIIIEHT CIIONYYEHHs, 10 BiIMOBIIA€E
OCHOBHOMY 3a CTYIIEHEM BIUIMBY 3MiHHOMY TPHBAJOMY HaBaHTA)XEHHIO NpUiiMaTH piBHUM 1,0,
a KoeilieHTH CIONY4YeHb Ul IHIIMX 3MIHHMX TPUBAJIUX HABAHTAXKEHb MPUHAMATH PIBHUMH
0,95, mo Takox He cynepeunts nigxonam JIbH B.1.2-2:2006 [9].

Sk Bimznaueno Buie, 3a migxogamu JIBH B.1.2-2:2006 [9]pexumu [THE Ha enepro6umori
AEC CTOCOBHO OMOpPHUX KOHCTPYKIIH BIJHOCATHCS O 3MIHHMX KOPOTKOYACHUX HABAHTa)KEHb.
Bomnouac, B oxpemux pexumax I[IHE BinOyBaerbcs crpaiifoBaHHsi cucTeM Oe3neku
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eneprooioky AEC. 3 mMeroro BpaxyBaHHs Ie i Mi€l OCOONMBOCTI, a TaKOX IiJABHIIEHOT
BiJIMIOBIIAJILHOCTI OMOPHUX KOHCTPYKILINA oONajHaHHA Ta TPYOONPOBOIIB CHCTEM Oe3MeKH
mono 3abe3neyeHHs sAepHOi Ta paniamiiHol Oe3mexu eneprodioky AEC 3a celicMiuHMX
HABaHTAXXEHb PEKOMEHIYEThCS ISl HUX KoedilieHT cronydeHHs npuiiMatu piBHuUM 0,95
3amictb 0,8 nix yac posrisiny pexxumis [THE.

PospaxynkoBi cxemu (Momeni) omopHux KoHcTpykmiid. [ling dwac ckiagaHHs
PO3PaXyHKOBHX CXEM OINOPHUX KOHCTPYKLIM PEKOMEHAYEThCS NOTPUMYBATUCA 3arallbHHUX
Bumor JIBH B 2.6-198:2014 [8] mo PO3PaXyHKOBHX CXeM (HampuKIaa: cXeMH Ta TepeyMOoBH
pO3paxyHKy MOBHHHI BimoOpaxxaTH [IiMCHI YMOBHU po6om CTaJICBUX KOHCTPYKILIH, sKi
PEKOMEHIYETbCS PO3PAXOBYBATH SIK €AWHI IPOCTOPOBI cHUcTeMH TOIIO). J{0JaTKOBO CiiX
BpaxoByBatu BuMorn HII306.2.208-2016 [1] crocoBHO TOro, IO pO3paxyHKOBa cxema
OIOPHOT KOHCTPYKIIT MOBHHHA BiJOOpa)KaTd BaXKJIMBI JUIS OLIHKH CEHCMIYHOI MII[HOCTI
0co0JIMBOCTI 11 reoMeTpii, a TAKOXK PO3IOALTY MaC 1 JKOPCTKOCTEH.

HaBanTaxeHHs1 BiJl TpyOOIPOBOMAIB B PO3PaxXyHKOBHX CXeMaX IX OIOPHUX KOHCTPYKILiH
3aJIal0TbCSl y BUIVISAl PE3YJbTYIOUMX CHJI Ta MOMEHTIB 3a BIQIOBIJHUMHU ocsimu. [lin uac
PO3paxyHKY pe3yJIbTYIOUHMX CHII Ta MOMEHTIB BiJl TPYOOIIPOBO/IIB CJIi/l BpaxyBaTH: T€OMETPUYHI, &
TakokK (DI3UKO-MEXaHIuHI XapaKTePUCTUKU TPyOomnpoBoay (B 3alIeHOCTI BiJl TeMIEpaTypu
BHYTPIIIHBOIO CEPEIOBHUINA); KIHEMAaTHYHI TPAaHUYHI YMOBH TPYOOIPOBO/Y, SIKI MOJIEIIOIOTH BCIO
HOro OMOpHO-MIIBICHY CHCTEMY; BIIACHY Bary TpyOOIPOBO/y Ta HOro BHYTPIIIHHOTO CEPEIOBHUILA
(Boza, map, MapoBOJsIHA CyMIIIl); TAPaMETPHU TEIUIOBOI 130JIs1liT; BCTAHOBIICHI B TPYOOIPOBIAHIH
CHCTEMi apMaTypH Ta 00JaAHAHHA 3 X BarOBUMH Ta T€OMETPUYHHMMHU XapaKTEPHUCTUKAMH; THUCK
BHYTPIIIHBOIO CEpeoBHIla TPYOOIPOBOMIY; CEHCMIYHI HABAaHTAKEHHS, LIO MEPEAAlOThCS Ha
TpYOONpPOBi; TIepeMillieHHs TPYOOIIPOBOLY BHACIIAOK Jii BCIX BPAXOBAHUX HABAHTA)KEHb.

[Tix yac BU3HAYEHHS! HABAHTAXKEHb HA OMOPHI KOHCTPYKIUIT B/l 00JIaJIHAHHS TIPIOPUTETHUM €
npsiMe MOJIETIIOBAHHS LILOTO O0JIaIHAHHS B PO3PAaxyHKOBIi cxemi. BpaxyBanHsi oOnajqHaHHS B
PO3paxyHKOBIl CXeMi OMOpPHOI KOHCTPYKIII Yy BHIVISIII 30CEpPEIDKEHMX ab0 PO3MOIICHUX
HABAHTAXXEHb IOMYCKAETHCS 32 YMOBH, 110 B OMOPHIM KOHCTPYKIT BUKOPUCTOBYIOTBCSI TaKi
B’s31 €JNEMEHTIB, sIKi 3a0e3le4yloTh BIJCYTHICTh 3MIHM KiHEMAaTHYHHX TPAHUYHHX YMOB
OIOPHOT KOHCTPYKII{ B MOPIBHSAHHI 13 IAXOAOM MPSMOrO MOJEIIOBaHHS OOJaIHAHHS B
po3paxyHKoBiii cxemi. [1iJ yac crpolieHoro BpaxyBaHHs 00JIaIHAHHS 3HAYEHHS 30CEePEPKEHHUX
200 po3MO/IiJICHNX HABAHTAKEHb HEOOXIHO BU3HAYATH 3 YPAaXyBaHHIM BIUIMBY HPUEIHAHUX 10
obsiasiHaHHs TPyOONpPOBO/IB; BIACHOI Baru OOJIQJIHAHHS Ta HOro BHYTPIILIHBOIO CEpeIOBHIIA
(Boza, map, mapoBO/isiHa CyMIIlI); TApaMEeTpiB TEIUIOI30MIsLIl, a TAKOK THCKY Ta TeMIlepaTypu
BHYTPIIIHBOTO CEPENOBHUINA; CEHCMIYHMX HAaBaHTAXKCHb Ha OOJAIHAHHS BiJ TMPHUEITHAHUX
TpyOOIIPOBOIIB;IepeMillieHb 00JIaqHaHHS BHACITIIOK Jii BCIX BpPaXOBaHUX HaBaHTaXeHb. [lif
Yyac CKIJIQJIaHHS PO3PAaXyHKOBOI CXEMH OIIOPHOI KOHCTPYKLIi Mix OONaJHaHHS 3 CYTTEBO
BUHECEHUM LIEHTPOM Mac (HampuKiaj, BHHECEHHM €JEKTPOJBUTYHOM TOILO) HEOOXiJHO
BpaxoByBaTH Lieil e(ekT sSK Takuif, 10 CYTTEBO BIUIMBAE Ha JUHAMIYHI XapaKTEPUCTHKU
CHCTEMH «OIOPHA KOHCTPYKLIs + 00JIaIHAHHS.

Ilix yac po3poOKH CKIHYEHO-EJIEMEHTHOI MOJENI OIOpPHOI KOHCTPYKLII ocoOnuBa yBara
MOBUHHA MTPUALISTUCS SKOCTI CKIHUEHO-EIEMEHTHOI CITKH, OCKIIBKH 1ie BIUTUBA€E Ha 301KHICTh
Ta TOYHICTb pe3ylbTaTiB pPO3paxyHKiB. Bubip CKiHUEHO-eIeMEHTHOI CITKM IIOBHHEH
IPYHTYBaTHCSl Ha MiJICTaBi pe3yNlbTaTiB PO3paxyHKiB HANpYyXeHb Ha ACKIJIbKOX IOCIiIOBHO
3TYIIEHUX CKIHYEHO-EIEMEHTHHX CiTKaX. B sKOCTI HaBaHTa)XyBaJbHOrO (AKTOpPy CIij
NpUIMaTH CeCMIYHI BILUIMBU Y BUTJISII TIOBEPXOBUX CIIEKTPIB BIATYKY.

MeTtoan ouniHkM ceiicMiyHOi MimHOCTI Ta CHIBBiIHOIIEHHSI /I BH3HAYCHHH
Hanpy:KeHo-1e¢OpMOBAHOTO0 CTaHy. SIK BiJ[3HAYCHO BUIIlE, BUXIJIHUMU CEUCMIYHUMU JTAHUMHU
€ TIOBEPXOBI CHEeKTpHU BiAryky. OTxe, [UIsl OLIIHKYA CEHCMIYHOI MIIIHOCTI ONMOPHUX KOHCTPYKIIiH
JIOLJIEHO BUKOPUCTOBYBATH JliHIIHO-criekTpanbhuidi Metos (JICM),B 0OCHOBY SIKOrO HOKJIaJICHO
BUKOHAHHSI MOJAJILHOTO aHANI3y KOHCTPYKLIT 3 MOJANBIINM T HABAHTAXKCHHSIM 1HEPILIHHUMHU
CHJIAMH 33 KOXXHOIO 3 O0YHCIIEHHX ()OPM KOJHMBAHB 1 ISl KOXKHOTO IPOCTOPOBOTO HAMPIMKY
ceiicmiuHoro BruiuBY. [Ipu Tomy, Ha BigmiHy Bin nonoxens JIBH B.1.1-12:2014 [11] JICM
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HEeOoOX1THO BUKOPHCTOBYBATH Yy KIIACHYHII MOCTAHOBII, TOOTO 0e3 3acTOCyBaHHS KOS(Ili€HTIB
k;, ky, ks, a,, B; Tomo 3rizro JBH B.1.1-12:2014 [11], sixi He MOXyTh OYyTH 3aCTOCOBHI
JUIsl OIOPHUX KOHCTPYKIIH B CHITY X KOHCTPYKTHUBY Ta OCOOJIMBHX YMOB €KCILTyaTallii.

B JICM ceiicmivnie HABAHTAKEHHS S;; , WO Ai€ y HANPAMKY i-Oi y3arajibHeHOi KOOP/ANHATH Ta

BIZINOBIJIA€ j-iii (hOpMi BIACHHUX KOJIMBAHb OMIOPHOI KOHCTPYKIIIT, BU3HAYAIOTH 32 popMyJIoro [2]:
Sij =my - ;- @; -y,

Ae my; — koediuieHT iHepuii i-0i napuianbHOI CMCTEMH, (§; — CeHCMiuHe NPUCKOPEHHS 3TiHO

CIeKTPY BIATYKY JUI BIAMOBIAHOTO 3HAYEHHS YAacTOTH BIIACHUX KOJMBAaHb OMOPHOL

KOHCTPYKLIi, Xjj — NEPEMIleHHs y HANPAMKY 1 -Oi y3aralbHEHOI KOOpAMHATH j-0i (opmu

BJIaCHMX KonuBab, O — nocriiiHa j-oi (popmMy KONIMBaHb, 1O BU3HAYAETHCS 38 (HOPMYIIOH0:
N
i=1

Zmu‘ “Xjj
i=1

]
I 0; — KyT MK HalIpsIMKaMH CefiCMiYHOT0 BIUTUBY T4 i-0i y3araibHEHO! KOOPIHHATH.

b

Jlnst 3a0e3nieueHHss KOHCEPBATHUBHOCTI OIIIHOK CEHWCMIYHOI MIIHOCTI ONOPHUX KOHCTPYKIIiH
HAaIpaBJSIIOUMH KOCHHYC TPUMMAEThCS PIBHUM 1, TOOTO NpUIMAEThCS, IO TOPU3OHTAIBHI Ta
BEpPTUKAIbHA CKJIAJIOBI TIOBEPXOBOTO CIIEKTPY BIAI'YKY CIHIBI&JAIOTh 3 TOPH3OHTAJILHUMH Ta
BEPTUKAIBHOIO BICSIMH TJIOOATLHOI CHCTEMH KOOPJMHAT PO3PAXyHKOBOI MOJENI  OMOPHOL
KOHCTPYKIIIi.

[Tix yac po3paxyHKIB BPaxOBYETbCS OJHOYACHE HABAaHTAXKEHHS 32 TPbOMa MPOCTOPOBHUMHU
B33a€EMHO NEPIEHIUKYIAPHUMH CKJIAJIOBUMHU CEHCMIYHOTO BILIMBY (IBOMA T'OPH30HTAJILHUMU Ta
BEPTUKAJIEHUM).

BusnaveHHs 3aransHOro BiAryKy cuctemu ( R, ) Bix celicMiuHMX HaBaHTaK€Hb BUKOHYEThCS

3a npaBuiioM «KopiHb KBapaTHUH 13 CyMH KBaJpaTiBy»

ne R; —Biaryk cucremu 1t i-oi (popMHu KONUBAHb.

Sk Bif3HAYEHO BUILE JUIS ONOPHUX KOHCTPYKILIN PO3IJISIIAETHCS aBapiiiHe CIIONYYEHHS 10
SAKOIO BXOJATH OJHOYACHO JBa TAKMX eMi30JMYHUX BIUIMBH K 3emierpyc Ta IIA. Orxe,
pO3IIIAacThCANeplIa Ipylla TPAaHUYHUX CTaHiB (BTpaTra HeCyd4oi 3IAaTHOCTI) Ul SKUX
M03arpaHUYHUM CTAHOM OINOPHOI KOHCTPYKIIT € B’sI3Ke PYHHYBaHHSI.

CelicMiYHI HaBaHTAKEHHS XapaKTEPH3YIOTHCS OIHOYACHOKO JI€I0 B TPhOX IMPOCTOPOBUX
B3a€MHO MEPIECHIUKYSIPHUX HampsMkax.KpiM 1boro, MexaHiuHI HaBaHTAKEHHS HA OIOpHI
KOHCTPYKLII TakoX € MNpocTopoBMMH. OTke, B 3arajJbHOMY BHUNAAKY IS BU3HAYCHHA
IHTEHCHBHOCTI HANpPyXXEeHb PEKOMEHJYEThCIUETBEPTA TEOpis MILHOCTI (KpUTEpi NHTOMOT
MOTeHIIHOT  eHeprii  (OpMO3MiHM), Ha SKYB CBOIO 4Yepry TaKoX OpI€HTOBaHHI
JBH B 2.6-198:2014 [8]. Bupasusiiu iHTEHCUBHICTh HANPYXEHb Yepe3 HOPMaJIbHI Ta JTOTHYHI
HaNpy>KEHHS y 3arajJbHOMY BHIIAAKY MaeMo [5, 7, 8, 14]

Cred = \/0,2( + ci +oo— (040, +0,0,+0,0,)+ 3(riy + riz 1)
Buxopucranns uiei ¢GopMynupenyKoBaHUX (IPUBEICHHMX) HANpPYXXEHb B 3alPONOHOBAHOMY
BUINIAAL Tepenbadyae CyTT€BE 3MEHINCHHS BIUIMBY PO3BHUTKY OOMEKCHUX IIACTHYHHX
nedopmariiii, Ha BiamiHy Bix mepeBipok MinHocti 3a JIBH B 2.6-198:2014 [8]. B cBoto uepry,
3MEHIICHHS BIUIMBY PO3BUTKY OOMEKEHHX IUIACTHYHMX JeopMaliii MiJBUILYE BHUMOTU JO
KOHCTPYKTHUBHOI O€3MeKH ONOPHHUX KOHCTPYKIIIi, 110 OCOOIMBO BAXIIMBO ITiJl 4aC JOBFOCTPOKOBOT
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eKCIUTyaTalil (I0JaTKOBO HEOOXIIHO BiJ3HAYMTH, 110 Hapasi OunbmicTh eHeprodiokie AEC
VYkpalHu Bxke BHYEpIadM CBill IPOEKTHUH CTPOK eKcIuTyartallii Ta 3HaXOAATbCs Y CTaHi
JIOBIOCTPOKOBOI eKcIuTyaTanii). TUM caMiM TakoX OOMEKYEThCSI HAKOIMUESHHS JUCIIOKAlliid B
CTali KOHCTPYKTHMBHUX €IIEMEHTIB il 4ac MPOEKTHHX HABAHTAXKEHb Ta BIUTUBIB. 3araJbHUMN

TEH30p MEXaHIYHUX HANPYKEHb (Gj;) , K BiJIOMO, 3aIMCYETHCS TaK:

Oxx Ty Tz
(@) =] Tyx Oy Ty
Tix  Tzy O

Omxe, nigyac 00UMCIIEHHS! PeyKOBaHUX (IIPUBEICHHUX) HANIPY)KEHb BUKOPUCTOBYIOTHCS BCI
CKJIaJIOB1 TEH30pa MEXaHIYHUX HapyXeHsb [14].

[lix yac ouiHku Oe3NEKH OMOPHHUX KOHCTPYKIIH CiiJl BpaxyBaTH, LIO iX pPO3PaxXyHKOBHI
nepepi3 BimHeceHo 10 [ Kkmacy HampyxkeHo-nedopMoBanoro crany 3rigHo/lBH B 2.6-
198:2014 [8].

Po3paxyHku ceiicMi4HOi MIIIHOCTI OIMOPHHUX KOHCTPYKIIii MOBHMHHI BHUKOHYBATHCS y TaKii
HIOCIIiIOBHOCTI:

— pO3paxyHOK ctaT4HOI MintHocTi mij yac HE;

— pO3paxyHOK (opM i1 4acTOT BIACHUX KOJIMBAHB;

— BHKOHAHHS JIIHIHHO-CIIEKTPAILHOTO aHaJI3Y;

— PO3paxyHOK JUIs CIIOJY4€Hb TEXHOJOTIYHMX YMOB €KCIUIyartallii Ta CeHCMIYHHMX BILIMBIB

(mmB. HUXKYE).

CroJiyyeHHsI TeXHOJIOTIYHUX YMOB eKCILTyaTauii ONOPHUX KOHCTPYKILIii Ta ceilicMiunmnx
BIUTMBIB. Ba)XIMBOIO OCOOJMBICTIO YMOB eKCILTyaTalil OMOPHUX KOHCTPYKIIH € >KOPCTKi
BUMOTH JOHOMEHKJIATYpH CIIONYy4eHb TEXHOJOTIIYHMX YMOB €KCIUTyaTalii Ta CeHCMIYHHX
BIUIMBIB, sIKi MaloTh OyTM BpaxoBaHi mij 4ac owiHKU iX Oe3meku. Lli BUMOrM MicTAThCS B
HIT306.2.208-2016 [1] Ta mnpencraBieni B Tabmumi 1 B 3ajmexHOCTI Bixg  Kareropii
CelCMOCTIMKOCTI OIIOPHOI KOHCTPYKIII.

Tabnuus 1
Kareropis ceiicmocTiiikocTi HoMenknaTypa cnojiydeHb TEXHOJIOTiYHMX YMOB
OMOPHOI KOHCTPYKIIT eKkcIuIyaTanii Ta ceiicMiyHMX BIIMBIB
I HE + MP3, HE + 113, ITHE + MP3, ITHE + II3,
HE + 1A + MP3, HE + 1A + 113
11 HE + 113, [THE + 113

Y cnonyyennsix HE + [TA + MP3 (I13) nin naBantaxenusmu HE #inerbcs mpo mocriiiHi
HaBaHTa)XEHHs (HAIPHKJIIA, BiJ BIACHOI Baru).

[MpuBenena B Tabn. 1 HOMEHKIATypa CIOJNy4eHb TEXHOJIOTIYHMX YMOB EKCIUTyaTalii Ta
CeliCMIYHUX BIUIMBIB B 3QJIE)KHOCTI BiI KOHKPETHOTO CHIOJIYUEHHS Ta KaTeropii cecMocTiikocTi
00yMOBJIIOE HEOOXIIHICTh IU(EPEHIIHOBAHO MIAXOIUTH 10 BHOOPY 3HAYEHb BJIACTHBOCTEH
MaTtepiaiy (II0 BXKe PO3IIITHYTO BUILE), @ TAKOXK KOe(illieHTIB HAAIHHOCTI Ta BiJIOBIAANBHOCTI
ITiJ1 9ac OIiHKK Oe3MeKH OMOPHUX KOHCTPYKIIN 3 BUKOPUCTAHHAM METOJY TPaHMYHUX CTaHIB Ta
3 ypaXyBaHHSIM OCOOJIMBUX YMOB iX €KCILTyaTarlil.

[Tin yac BUKOpUCTAaHHS METOIY TPAHUYHHX CTaHIB JUIsl BpaxXyBaHHS CTYIICHIO BiJIIOBIIaJIbHOCTI
OMNOPHUX KOHCTPYKLIH 11010 3abe3neuenns Oe3nekn AEC min yac Ta micnst ceficMiYHMX BILUIMBIB
MPOTIOHYEThCSI BUKOPUCTOBYBATH (110 aHANOri 3 KOe(iliEHTOM BiANOBIIAIBHOCTI KOHCTPYKLIT 3a
JIbH B.1.2-14:2018 [10]) koedilieHTH BiAMOBIIANBHOCTI 3a sAEpHY Ta pamialiiiHy Oesneky 3
TakuMu 3Ha4yeHHsMU: 1,15 — uist onopHux KOHCTpyKuid [ kareropii ceiicmocrtiiikocti, 1,10 —11
Kareropii ceficMocriiikocti. KoegimieHT yMOB poOOTH OHMOPHUX KOHCTPYKIIiH ISl BCIX CIHOMY4YCHb
TEXHOJIOTTYHUX YMOB EKCIUTyaTalil Ta Kareropiii ceiicMOCTIMKOCTI PEKOMEHIYEThCSl NMpPUHAMATH
piBuuM 1,0, OCKIIBKM OIOpHI KOHCTPYKIi MOXYTh MaTd PI3HOMAaHITHI CKiajeHi npodin, a
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CeHCMIYHI HaBaHTKEHHS XapaKTePU3YIOThCSl OJJHOYACHOIO JIIEI0 B TPHOX MPOCTOPOBUX B3aEMHO
MIePIICHAUKY/ISIPHUX Hamnpsivkax. KoedillieHT HamifHOCTI 32 MarepiaioM HEOOXiJHO MpHiMaTH
3rigao Bumor JIBH B 2.6-198:2014 [8] mist BCiX CHONYYeHb TEXHOIOTTYHUX YMOB €KCILTyaTallii Ta
KaTeropiit ceiicMOCTIMIKOCTI OIIOPHUX KOHCTPYKIIIH.

PaunionanbHe MPOEKTYBAHHS OMOPHMX KOHCTPYKUii. /I BHUIOTOBIEHHS ONOPHUX
KOHCTPYKIII BHKOPHCTOBYIOTHCSI MaTepiajd Ta COPTaMEHTH CTajed, SKi BHUTOTOBIISIOTHCS
CepiiiHO y BIANOBIJHOCTI /O YHHHUX HOPMATHBHHUX JOKyMeHTiB. OTke, IUTaHHA
PalliOHANIBHOCTI  PO3MIISAAETHCS CTOCOBHO OIOPHOI KOHCTPYKII 3arajoM, a HE OKpEeMHX
XapaKTEePUCTHUK Tepepi3iB 1l KOHCTPYKTHBHUX €JIEMEHTIB.

VYcTaneHo NPaKTHKOK PALlOHANBHOTO IPOEKTYBAHHA 3a JUHAMIYHHX HABAHTAXKEHBE,
HANpPHKIAJ, BUKOPUCTAHHS Di3HUX AeMmidepiB, AUHAMIYHHUX TaCHHUKIB KOJIMBAaHb TOLIO(IHB.
[15-18]). OcoOauBicTIO pPO3IJsAYBAaHUX OINOPHMX KOHCTPYKLIA € Te, IO JMHAMIYHI
HAaBAaHTA)XEHHS HA HHUX, BUKIMKAHI 3eMJIETPYCOM, HE MOXKHA BUKIIIOYUTH 3TalaHIMM LIIIXaMH,
OCKIJIbKM JUISi HUX HE NPUHHATO BHUKOPUCTOBYBATH AHTHCEHWCMIYHI 3aXOIM BHACIIZOK BKpail
BEJIMKOI KIJIBKOCTI TaKMX KOHCTPYKUi Ha eHeprodioni AEC Ta MoxiuBoro Oyab-sikoro ix
MPOCTOPOBOrO  po3MileHHs  (migsora, criHa, crens).OTke, TPUHOMH PalliOHAIBHOTO
MPOEKTYBAHHS OMIOPHUX KOHCTPYKLIM MaroTh OyTH CHPsIMOBaHI HE Ha BUKIIIOUCHHS CEHCMIYHUX
HalpyXeHb, a Ha IX MiHiMi3aliio (perynatoBanHs). Bukianene Qopmye Takuil LTHOBHIA
KpHUTEpiil paliOHAJILHOCTI OMOPHOI KOHCTPYKIII: palliOHAJILHOIO BBAXXKAETHCS  OMOpHA
KOHCTPYKLis (3 MPUHHATUMH BaroBo-rabapuTHUMH Ta SKOPCTKOCTHHMH XapaKTepUCTHKaMH), B
SKii 3a JWHAMIYHUX HaBaHTA)XEHb, BUKIMKAHUX 3EMJICTPYCOM, BHHHMKAIOTh MEHIN i3
MOXIIUBHX CefiCMIuHI HanpyxeHHs. Po3paxyHKoBHI iepepi3 OMOpHUX KOHCTPYKIIN BiJHECEHHIA
1o Iknacy nanpyxeno-nepopmoBanoro crany 3a JIBH B 2.6-198:2014 [8], wo Bukiroyae iz
4ac palioHAIBLHOrO MPOEKTYBAHHS MOXKJIMBICTh BUKOPHCTAHHS 3alaciB MIiHOCTI KOHCTPYKIIT
LIJISIXOM BpaxXyBaHHsI OOMEXKEHHX IUIACTHYHUX AedopMaltiii.

MOXJIMBI TIXOIH IO palliOHAIBHOTO MPOEKTYBaHHs (OPMYIOTh HasiBHI ocobnuBocti JICM
Ta MIOBEPXOBUX CIEKTPIB BIATYKY. SIK BUIHO 3 PUC. 2, B 3aJIOKHOCTI BiJl HAPSIMKY CEHCMIYHOTO
BIUIMBY, a TAKO)X 3HAYEHHS YaCTOTH BJIACHUX KOJMBAHb OIOPHOI KOHCTPYKLIi, CeWcMiuHi

IPUCKOPEHHS ®;, SIKMUM BOHM MOXKYTb OyTH Mif/iaHi, BapilOIOThCS Yy LIMPOKOMY AiamasoHi.

OcCo0JMBICTIO TOBEPXOBHUX CIEKTPIB BIATYKY € HASBHICTh IUISHKH CEHCMIYHHMX MPUCKOPEHb,
SIK1 MICJISl IEBHOTO 3HAYECHHSI YACTOTHU € TIOCTIHHUMU Ta He 3aJIeath BiJl Hel (IUB., HATPUKIIAL,
Ha pPHUC. 2 TOPU3OHTANBHI JUISHKM 3HAa4YeHb mnpuckopens micis 23 'm). Llei niamason Ha
MIOBEPXOBUX CIIEKTpax BiATYKY NPUHHATO Ha3MBAaTH MPHUCKOPEHHSIM HYIBOBOro mepiony. OTxe,
MPIOPUTETHUM TPUHOMOM PpAL[IOHAJIBHOIO MPOEKTYBAHHS € TIONepenHiil mindip (Luiixom
BapiloBaHHs BaroBO-rabapUTHUX Ta IMKOPCTKOCTHUX XapaKTEPUCTUK OIOPHOI KOHCTPYKIIT)
JUHAMIYHUX  XapakTepUCTHK  (HANpHUKIAA, 32  HAONMKEHHMMHU  CHIBBIJHOUICHHSMH,
npezicTaBieHuMy B [14]) 3a sIKMX BOHU 0fipa3y IOMNAIAI0Th B Jiala3oH MPUCKOPEHb HYJILOBOTO
nepiogy, 1O B CBOI uepry 3abe3nedye aBTOMATHYHE JOCSTHEHHS LiJIbOBOrO KPUTEPIIO
PAalliOHANBHOCTI OTIOPHOT KOHCTPYKIIIi.

SIKII0O KOHCTPYKTHBHI OCOOJMBOCTI  OMOPHOI KOHCTPYKILIi HE [aloTh MOXKJIHMBOCTI
CKOPHUCTATHUCA OIMCAHUM NPUHOMOM, TO HACTYITHUM LIISXOM JOCATHEHHS LiIBOBOIO KPUTEPilo
PalliOHANBHOCTI OMOPHOI KOHCTPYKIIT € peryioBaHHs 11 JUHAMIYHUX XapaKTEPUCTHK IIUIIXOM
BapiloBaHHs YMOB 3aKpIIUICHHS Ha KOHCTPYKTHBHIA OCHOBI. PEKOMEHIYEThCSI BHUKOHATH
BapiaHTHI PO3paxyHKH OMOPHOI KOHCTPYKIHI Uil TAaKUX YMOB 3aKpPIIUICHHS: TEPEMIIIeHHS y
BCIX TPbOX HaNpsMKax 3a00pOHEHi, a MOMEHTH — JJO3BOJICHI; IEPEMIllICHHS Ta MOMEHTH
3a00pOHEHI y BCIX TphOX HampsMkax. OcTaTo4Ho ciiifi oOpaTH TOi BapiaHT 3aKpilUIeHHs 3a
SIKOTO B OIOPHIN KOHCTPYKIIT BUHUKAIOTh MEHIII CEWCMIuHI HAMpPYyXEHHS, [0 3HOBY X TaKH
3abe3neuye JOCATHEHHS 1IJILbOBOI0 KPUTEPIIO0 PaLliOHAIBHOCTI ONMOPHOI KOHCTPYKITII.

BucnoBok. JIBH B 2.6-198:2014 [8] mi1st craneBUX KOHCTPYKIiM, IO 3HAXOASATHCS B
0COOJIMBHX YMOBaX EKCILTyaTalil, perfiaMeHTye HeOOXIJHICTh AOTPUMAaHHS JTOAATKOBHX BHMOT,
SKi BiJOOpakaroTh OCOOJMBOCTI POOOTH LMX KOHCTPYKLI Ta mepemdadyeHi BiJOBIIHUMU
HOPMATUBHUMH JOKYMEHTaMH. 3allpOIOHOBAHI MiJXOAW JIO OIIHKH O€3NeKh OINOPHHUX
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KOHCTPYKIIiIH BPaxoBYIOTh SIK OCOOJIMBI YMOBH iX €KCILTyaTallil, TaK i CTyNeHb BiAIOBIAAIBHOCTI
o0 3a6e3neueHns Oesmeku AEC mig gac Ta micist ceficMiuHMX BIUTUBIB. JI0 TOro K i Jac ix
PO3pOOKH BpaxoBaHi TAKOX BUMOTH HOPMATHBHO-IIPABOBUX AKTIB 3 SIIEPHOI Ta pajialiifHol
6esnexku eHeproonokiB AEC Ykpainu. O1xke, CHHEPTisl HOpPMATHBHO-TIPABOBHX AKTIB 3 SEPHOI 1
pamianiiiHoi Oe3nekn Ta Jep)KaBHUX Oy/AiBEIbHUX HOPM CIIPUSE€ MIiJBUIICHHIO PIBHS Oe3neKku
KOHCTpYKLil eHeprooiokiB AEC, 110 3HaX0AThCsl B OCOOIMBUX yMOBaX €KCILTyaTarlii.
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Cmamms nadivuna 13.10.2023

Llyeaiino O. I1., Binuk C.1.
OIIHKA BE3IMEKH CTAJTEBUX KOHCTPYKIIIA EHEPTOBJIOKIB ATOMHUX CTAHIIIN 3
YPAXYBAHHSIM OCOBJIABUX YMOB iX EKCILTY ATALIT

OcoOuiBi yMOBH €KCILTyaTallii CTaleBUX KOHCTPYKIiH €HeproOJIOKIB aTOMHMX CTaHLiH (IiABHUILEHA TeMmIepaTypa
OTOYYIOYOr0 CEepeIOBUIIA, HEOOXIIHICTh BPaXyBaHHS OJHOYACHOI JIiT JIEKIJIbKOX eMi30JiMYHHUX BIUIMBIB TOIO) BUMAraroTh
BUKOPHUCTAHHS CHELIaJbHUX IiIXOIB 10 OLIHKH iX Oe3neku. Cepe/ MIMPOKOro Pi3SHOMAHITTS CTaJeBUX KOHCTPYKIIIH Ha
€HeproOJIoL aTOMHOI CTaHLIT BaXIJIMBY poJib B 3a0e3nedeHHi ii Oe3neku BilirpatloTh ONMOPHI KOHCTPYKLIT 00JaHaHHS Ta
Tpy6onposojiB.BoaHouac, nepxaBHi OyiiBenbHI HOPMH OPIEHTOBAHI Ha TPAAMLIHHI cTaneBi KOHCTPYKLIi, sKi IijnaHi
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CTAQHJIAPTHUM HABAHTAKEHHSM 1 BIUIMBaM, Ta HE BPaxOBYIOTh BKa3aHi 0coOJMBI yMOBM ekciuryaTauii. HopmaTtuHO-
MIPABOBI1 aKTH 3 SJIEPHOI Ta pajialiiiHoi Oe3MeKH 3a MM aCleKTOM MICTSTh 3arajbHi PeryJodi BUMOIH, 110 00yMOBJIEHO
CYYacCHOIO KOHIIETIII€I0 PO3BUTKY HOPMATHUBHO-TIPaBOBOI 0a3u YkpaiHu 11010 3a0e3rneyeHHs: 0e3MeKH aTOMHUX CTAHIIH.
OTxe, iCHylOY€ HOPMAaTHBHE Ta METOJMYHE 3a0e3MEeUYEHHS HE JIOCTAaTHbO OXOIUIIOE ACIEKTH OLUHKU OE3IEeKH OHMOPHUX
KOHCTPYKIIH 3 ypaXyBaHHsM OCOOJIMBUX YMOB iX €KcCIuTyaTauii. ¥ CTaTTi 3aIpONOHOBaHI IJXOAM 10 OLIHKK Oe3neku
OINOPHUX KOHCTPYKIIiii 00J1ajHaHH 1 TPYOOIpOBO/IB €HEProOIIOKIB AaTOMHUX CTAHLIH, sIKi BpaXOBYIOTb SIK OCOOJIMBI YMOBU
X eKCIUTyaTallii, TaK i CTyIeHb BiIOBIIaJbHOCTI 111010 3a0e3redeHHs Oe3MeKH MiJ] 4ac Ta Micis CeHCMIYHUX BILIMBIB.

Kuarouoi cioBa: ouinka Oe3nekd, JMHAMIYHI HaBAaHTa)KEHHs, YacTOTA BJIACHUX KOJIMBaHb, CTaJIeBI KOHCTPYKIIT,
€Mi30/IM4YHI HABAHTAXKEHHS, MILIHICTh, PALliOHAJIBHE IIPOEKTYBAHHSI.

Shugaylo O. P., Bilyk S.1.
SAFETY ASSESSMENT OF THE STEEL STRUCTURES OF NUCLEAR POWER PLANTS UNITS
CONSIDERING SPECIAL OPERATION CONDITIONS

Special operation conditions of steel structures nuclear power plants units (elevated temperature of the surrounding
environment, the need to consider the simultaneous action of several episodic impacts etc.) require using of special
approaches to their safety assessment. Among the wide variety of steel structures at nuclear power plantsunits, the
supporting structures of equipment and pipelines play an essential role in ensuring its safety. At the same time, state
building codes oriented towards traditional steel structures that are subjected to standard loads and impacts, and do not
consider mensioned special operating conditions. Regulatory acts on nuclear and radiation safety in this aspect contain
general regulatory requirements, which is due to the modern concept of the development of the regulatory-legal framework
of Ukraine for ensuring the safety of nuclear plants. Therefore, the existing regulatory and methodological support does not
sufficiently cover the aspects of safety assessment of supporting structures, taking into account the special operation
conditions. The article proposes approaches to assessing the safety of equipment and pipelines supporting structures nuclear
power plants units, which consider both the special operation conditions and the degree of responsibility for ensuring safety
during and after seismic hazards.

Keywords: safety assessment, dynamic loads, frequencies of natural oscillations, steel structures, episodic loads,
strength, rational design.
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B crarTi 3anponoHOBaHa METOAOJIOTIs OLIHKM CEHCMOCTIMKOCTI Ta BH3HA4YEGHHS 3amacy CeHcMOCTIHKOCTI 3
ypaxyBaHHSM B3a€MOJIiT CHOPYJIH 3 OCHOBOIO ISl OyJiBEb Ta CHOPY] €HEproOJIOKiB, MillHICHUX Ta Je(pOpMAaTHBHUX
KpUTEpiiB Ipane3JaTHOCTI Towmo. Y paMKax IEepPeBipOYHOr0 pPO3PaxyHKy pO3IVISHYTO TPU KpPUTEpii MIillHOCTI
Mpane3AaTHOCTI, O CKJIAJEH] 3TifiHO 3arajpHUM NPUHIMNAM 3a0€3Me4eHHs HaJiHHOCTI Ha KOHCTPYKTHBHOI Oe3reKkn
OyniBeisb 1 criopy. CelicMi4HMIT pO3paxyHOK BUKOHAHO 3a JIIHIHHO-CHEKTPAJIbHOW Teopieto celecmocriiikocti. B TIK
JIIPA-CAIIP peanizoBaHo BpaxyBaHHS BIUIMBY ocHoBU 3rigHo JBH B.1.1-12-2014. ByniBHuUTBO y ceiicMiuHMX
paiionax Ykpainu.

3anporoHOBaHO METOJMKY OOYMCIICHHS BEIMYMHM rpaHuuHol ceiicmocrilikocti HCLPF ta mertonuky mnoOynoBu
KPMBUX NOMIKO/PKYBAHOCTI. [[1 Bu3HaueHHs inTerpanbHoro napamerpa HCLPF, mo xapakrepusye piBeHb cell CMidHOT
CTIHKOCTI IILOTO €JEMEHTa IPOBEACHO PO3PaXyHKOBMH aHali3 celcMocrtiiikocti eneMentiB Jitounx AEC B pamkax
METOJly TPaHMYHOI CeHCMOCTIMKOCTI. 3arporoHOBAaHO METOJIMKY Ta Bepu(iKalliiiHi NPUKIaaM BU3HAYCHHS BEIMYMH
napameTpiB FS ta HCLPF nns 3anizoberonnux koHcrpykuii B «/IIPA CAITP».

KarouoBi ciioBa: rpanuuyHa celicMocCTilKicTb, MilHicHI Ta nedopmatuBHi kputepii npanesgatHocti, HCLPF,
3aJ1i300€TOHHI KOHCTPYKILil, Aedopmarii, MilIHICTb.

JliniiiHo-ciekTpasbHa Teopis ceficMocTilikocTi. MeTol celicMIYHOrO pPO3PaxyHKy €
BU3HAYEHHS peakLii BiINOBIAI KOHCTPYKLIi (MepeMillieHb, MPUCKOPEHb, BHYTPILIHIX 3YCHIb Ta
iHIIE) Ha celicMiyHy fito. Bubip Meroiy celicMIYHOro po3paxyHKy 3YMOBIICHHH pI3HUMH
(dakTopamMu: CKJIAIHICTIO Ta BiANOBIJAJNbHICTIO KOHCTPYKI{, CHiBBIJIHOIIEHHSM 11 BJIACHUX
YacTOT Ta MEepPeBa)KaloUMX YacTOT BILUIUBY, CKJIAJOM BUXIZHOI iH(OpMALii PO po3paxyHKOBHIA
3emiieTpyc Ta iHmie. Y i poOOoTi celcMIiuHMKA pO3paxyHOK BHUKOHAHHMH 3a JIHIWHO-
CIEKTPAJbHOIO TEOpi€l0 celcMOCTiKocTi. BoHa BHKOPUCTOBYE BHXIJIHY CEWCMIUHY ifO,
3aaHy sK CHEKTpIB BIATYKy, Haluacrime crnekrpa mnpuckopenb S,(f,{). [auumit meron
PO3paxyHKy IPYHTYETbCS Ha pO3KIQJaHHI cUCTeMH JAu(epeHIialibHUX PIBHSAHb PyXy 3a
BJIacHUMU (opMaMH. BiamoBifHO 10 HHOTO, aHAJI3 CEHCMOCTIMKOCTI BKIIIOYAE TaKi eTaIHu:

* BHKOHYETHCS MOJAJIbHUN aHai3;

* 3a CHEKTPaMH BIArYKY OOYMCIIIOIOTBCS MOJAJIBHI (TOOTO BIAIOBIZHI KOXHIHM 13 BIACHUX
(dbop™m) iHepILiiiHI CeHCMIYHI CHIIM 32 HaBEICHOI HIDKYE (POPMYJIOI0;

* Il CWIM TPUKIANAIOTh SK CTaTUYHI Ta BU3HAYAIOTh MOJANbHI BIIIYKH KOHCTPYKIIH
(mepeMmileHHs, MOMEHTH, MONEPEYHi Ta MMO03/I0BXHI CHJIH TOIIIO);

© I'ensepcrkuii F0.B, bapadam M.C., Tpycos 1.0., ITepymosa JI.®.
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* 00YMCIIOITH CyMapHUid (PO3paxyHKOBHUIT) CEHCMIYHUI BIJIYK;

* BHUKOPUCTOBYIOUM CyMapHHH BiJIYK, 3HAXOASATh 3YCHIUIS y Mepepizax KOHCTPYKIII 3
ypaxyBaHHSM IHIIMX HECEHCMIYHNX HABAHTAXKECHB Ta OLIHIOIOTH CEHCMOCTIHKICTh KOHCTPYKIIII.

Po3mip 1 po3nofin iHepIiHHIX HABAHTAXKEHB 3AJICKUTD BiJl 4ACTOT 1 ()OPM KOHCTPYKIIiH, aje
IIOTIM HAaBaHTAXEHHS PO3IJIANAIOTHCS K CTATUYHI, TOOTO. JaHUH METOJl € KBa3iCTAaTUYHUM.

IHepuiiine celicMiuHe HaBaHTAXXEHHS, 1110 Ji€ Ha Macy B Oyab-sKiii MO, JOPiBHIOE

F. =mgS.(f, ), (1)
ne m - maca; f,{ - Horo BiacHa wactora Ta KkoedimieHt aucunauii eweprii; S,(f,{) -
Bi/ITIOBi/IHE 3HAYEHHSI CIIEKTPa MPUCKOPEHb.

Po3paxyHkoBe 3HaueHHs TOPU3OHTAIBHOIO CEHCMIYHOrO HAaBaHTAXKECHHS S TPU  OL(HII
ceiicMocTiiikocTi 3a [1], mpuKiIazeHoro a0 By3ia i ske BiAnoBizae (opMaM BIACHUX KOJIMBaHb
OyniBii abo criopyau, BU3HaYaeThest 3a popmyroro 3rigHo [1]:

Ski = kikyk3Sokis 2)
ne k- Bu3HayaeThes 3rifHo nonokeHb [0] BiAMOBIIHO A0 KaTeropii ceiicMoctiiikocTi; k, kg —
BU3HAYAETHCS 3riiHO Tadi. 4 [1] ta popmynu 6.2 [1] BinnosinHo.

Soki - TOPH3OHTaJbHE CEWCMiYHE HABAHTAXKEHHS 3a 1-TOI ()OPMOIO BJIACHHX KOJIMBAHb
CHOpYIH, L0 BHM3HAYAETHCS Y IPUIYIIEHHI MNPYXHOro JedopMyBaHHS KOHCTPYKUiM 3a
¢dbopmymoro:

Soki = QuokypBiMkis 3)
ne Q.- HaBaHTa)KEHHs, L0 BIJMOBIAE Maci, MPUHAHATIN y SKOCTI 30cepe/pKeHol y Todli K i
BU3HAYAETHCS 3 ypaxyBaHHAM KoediuieHTiB 3rigHo 3 6.1.1 [1], a, - po3paxyHKoBa amIutiTyaa
MIPUCKOPEHHSI OCHOBH, sika npuiiMaeThbest 0,05; 0,1; 0,2 1 0,4 Bi MPUCKOPEHHS BUIBHOTO MaIiHHS
I BIJITIIOBITHO JJIsl paiioHiB celcMivHicTiO 6, 7, 8 19 OaniB; npu Bukopucranui kapt 3CP-2004-
A 13CP-2004-B, B 3a1€XKHOCTI BiJl pO3paxyHKOBUX 3Ha4eHb a0 3riano 3 Tabnuuero 6.5. [1], k,, -
Koe(illieHT, 1I0 BPaxoBye HeliHilHe JedopMyBaHHSI IPYHTIB, BBOIMTHCS, SKIIO BH3HAYCHHS
CeCMIYHOCTI MaliJaHYMKa BHMKOHAHO HA OCHOBI MarepialiB IH)XXEHEPHO-TeONOT YHUX
BUIIYKYBaHb BIINOBiAHO a0 Tabn.5.1[2] 1 mnpuiimaerbcs 3a Tabmunero 6.6. [1], f5;-
CHEKTPaJbHUI KOe(IlieHT IUHAMIYHOCTI, IO BIANOBiAae i-Tik Qopmi BIaCHUX KOJNMBAHb
OyniBii abo cropyu.

[puiimaeTbes 3a puc. 6.2 [2] abo Ta6s.6.7 [2] 3anexHo Bif nepiony i-Toi GOpPMHU BIACHUX
KOJIMBaHb 1 KaTeropil IpyHTy 3a CEHCMIYHUMHM BJIAaCTHBOCTSAMH. IIpu po3paxyHkax OyiiBesb
(cnopyn), 3a3Hayenux y 1, 6 i 3 Tabm. 6.2 [2], cnin npuiiMaTH 3Ha4YeHHsS KoedillieHTIB
JUHAMIYHOCTI 3a rpadikamu, HaBeJIeHMMHU Yy Joaatky J| 3amexxHo Bijg KoedilieHTa
MOAATIMBOCTI P, BU3HAUEHOr o 3a noaatkom [ [1].

Nii- kKoedilieHT, 1Mo 3aMeKuTh BiJl GOpMH BIACHUX KOJHMBaHb OyaiBil abo cropynau i Bin
MICIISI pO3TallyBaHHs HaBaHTaxkeHHs (puc. 6.1) [2], Bu3HauaeTbcs 3a dopmynamu: a) s
KOHCOJIbHOT PO3paxyHKOBOI cxemu 3a (hopmyaoro 6.5 [1].

CelicMivHI HaBaHTXXCHHS IS IOCI/PKYBaHUX KOHCTPYKIIIN CITiJi BU3HAYATH 3 YpaxXyBaHHAM
ofHOYacHOI ceHMcMiYHOl i1 3a TphbOMa KOMIIOHEHTaMH. BpaxyBaHHs 0araTOKOMIIOHEHTHOCTI
CEHCMIYHOTO BIUIMBY B [JaHOMY DO3PaxyHKY BHKOHAHO 3a IPaBWIOM, IO BHPAXKAETHCA
¢dbopmymoro:

R = max(+R, + 0,4R, + 0,4R,; +0,4R, + R, + 0,4R,;+0,4R, + 0,4R, + R,), (4
ne R — MakcuMyM — CyMapHOro BiAIYKy KOHCTpyKuii; Ry, R,, R, - Makcumy™m BiIryky
KOHCTPYKLIT Ha J[iF0 KOMIIOHEHTH X, Y, Z.

BpaxyBanusi BuiuBy ocHoBu. B I1K JIIPA-CAIIP peanizoBaHO BpaxyBaHHs BIUIUBY
OCHOBHU 3rifiHO 3 pekoMeHnamisMu 1. 6.4.13 [1]. OcHoBa BpaxOBYETbCS SIK MpPYXKHA, IO
XapaKTepu3yeTbcsi Koe(illieHTaMU JKOPCTKOCTi, 3HAuUeHHs sSKUX HaBeneni B 1. 1.27 [2].
3aCTOCOBYIOTHCS HACTYITHI KOS(ILlIEHTH MKOPCTKOCTI:

* IIpU NPYXHOMY piBHOMIpHOMY cTrcKanHi K, = C, - 4;

* IIpH MPY)XHOMY HEPIBHOMIPHOMY CTHUCKaHHI (IIOBOPOTI mijgommBu (QyHIAMEHTY BiJHOCHO
TOPU3OHTANILHOT ~ OCi, 10 MPOXOIWTh 4Yepe3 LEeHTP Baru MiJOMBH  (YHIAAMEHTY
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NEPIEHAMKYIISPHO IIOmKHI KonuBaub): K, = C,, - [,B 3aransuomy Bunanky; Ky, = Cy,  Iyy,
Kyy = Cy * 15y BITHOCHO OCEH X i y;

* IIpH NPYXHOMY piBHOMIpHOMY 3CyBi K, = C, * A;

* NpU TPYKHOMY HEpIBHOMIDHOMY 3CyBi (IIOBOpOTi MiJOMIBU (YHAAMEHTY MO0
BEPTUKAJIBHOI OCi, IO MPOXOAMTH 4Yepe3 UEHTp Baru migousu dyHmamenty); Ky = Cy - Iy
HaKJIaJCHHAM Ha LIEHTPaIbHUN B30 (QYHIAMEHTHOI IUTUTH.

Koediuientn npyxHoro piBHOMipHOTo CTUCKY C,, IIPYKHOTO HEPIBHOMIPHOTO CTHCKY C,),
IIPYXKHOTO PIBHOMIPHOTO 3CyBY Cy i MPYXKHOTO HEPIBHOMIPHOTO 3CyBY Cy, OOYMCIIOIOTBCS 32
dbopmynamu:

C,=bo-E-(1+ 79, (5)
C,=07-C,, (6)
Cob=2-C,, (7

Cyp=0C,, ®)

e by- xoedimient, M, mo KOpiBHIOE TS MiMAHUX IPYHTIB 1, [uIst Cymickis i cyrmuukis 1,2;
JUIS TJIMH 1 BEJMKOYJIAMKOBUX IPYHTIB 1,5; E - Moaynbs nedopmariii IpyHTY IiJl ITiJOIIBOO
(GbyHIaMEHTY, [0 BU3HAYAETHCS K CEPE/IHIN MO BCil IHMOUHI CTHCIMBOI TOBII, BiANOBIAHO 10
sumor [20]; A;o = 10M> A - mioma miomBH PO3PAXYHKOBOI YaCTHHH (YHIAMEHTY; I, 1a Iy-
BIJIMIOBIIHO MOMEHTHU 1HEpLii IUIOIIi IiJOMIBA (YHIAMEHTY BiJIHOCHO T'OPU30HTAJIBHOI OCi,
MepIEeHANKYJSIPHOT TUIOUIMHI KOJIMBaHb, 1 BEPTHKAJIBHOI OCi (yHIAMEHTY, 10 IPOXOAAThH uepe3
LIEHTp BATH ITIOLIBH, M".

3nauenns C,, po3paxoBaHe 3riHO popmynu (5), aBBTOMATUYHO MOJEIIOIOTHCS B KOXKHOMY
eneMeHTi ocHOBH. Ha ocHOBI 3HaueHHs C, aBTOMAaTHYHO PO3PAXOBYIOTHCSA Ta MOAENIOIOTHCH
TOPU30HTAJIbHI Ta KYTOBI )KOPCTKOCTI B KOXKHOMY BY3J1i 0ocHOBH 3a goromoroto CE 57 [16].

Meronuka BpaxyBaHHS IabOBOTO MOJS 3 POCTBEPKOM B PO3PAXyHKY EKBiBaJICHTHUX
JIMHAMIYHUX XapaKTepPUCTHK OCHOBH ornucaHa B [1].

Miunicni Ta nedopmaTuBHi KpuTepii npauesmaTHocTi. Y pamMkax IepeBipOYHOrO
PO3paxyHKy pO3IIISIaIiCs TaKi KpUTepil MIITHOCTI Mpane3AaTHOCTI, CKIaieHi 3rifHo 3 [2].

Kpurepiii 1 — rpaHuuHMi craH — BHYEpHAaHHS HECy4Ol 3JATHOCTI BiA Jil 3rHHAIBHUX
MOMEHTIB, MO3JIOBXHIX 1 TONEPEeYHUX CUJI, KDyTHUX MOMEHTIB, 1[0 BUHHKAIOTh BiJ| 30BHIMIHIX
HaBaHTa)XE€Hb Ta BIUIMBIB, Ta MiCIEBa il HABAHTAXKECHb.

Jlns 3ai300€TOHHUX KOHCTPYKLiM 3rimHo 3 1. 2.2.1.6 [3] 3a KkpuTepiil MOsSBU IHOTO
IPaHUYHOTO CTaHy MPUHAMAIOTh JIOCATHEHHS JeopMalisiMd CTHCHEHOro OeroHy abo
PO3TATHYTOI apMaTypu y Iiepepi3i IpaHUYHHMX 3HA4YEeHb BIIHOCHHX Aedopmamiil €., 1 &, 3
BIJIMIOBIIHKX JliarpaM iXHbOTo cTaHy. Po3paxyHOK BUKOHYEThCS Ha MiJICTaBi PIBHSHb PIBHOBArH
30BHIIIHIX Ta BHYTPINIHIX 3yCWJIb Yy HOPMaJbHOMY T[epepi3i, yMoOB JeopMyBaHHs
HOPMAaJIBHOT'O TIepepi3y, Jiarpam cTany OETOHY Ta apMaTypH.

BuznaueHHs1 Hecy4ol 3JaTHOCTI 3aJ1i300€TOHHUX €JIEMEHTIB (3THHAIBHUX Ta I03alEHTPOBE
CTUCHYTHX) Ha [il0 3TMHAJbHUX MOMEHTIB Ta TII03/IOBXKHIX CHJ (HOpPMaJbHI Mepepi3n)
BuKoHyeTbes 3riqHo 3 1. 4.2 ICTY B B.2.6-156:2010 [4] 3 ypaxyBauusim Bumor 1. 6.1 [3], npu
LILOMY MOXXYTh BUHUKHYTH /1B (hopmu piBHOBaru nepepizy [17].

Jus nepiioi hopmu, KoM Bech Iepepi3 CTUCIUN (IS T03alEeHTPOBE CTHCIUX €JIEMEHTIB 3
MaJIMMH €KCLIEHTPUCUTETAMH), PIBHSIHHS PIBHOBAru TaKi:

k+1 k+1

bfog 5 @ | €c) ~€c(2) n

=L N +>. 0.4, —N=0, 9

N zk71k+1 Sflﬂ Z,,l Si47s1

k+2 k+2
b fea x5 @ | Fe(t) ~Ec2) n
=< +> 0 ogAg(x —z4)-M =0. (10)
k=1 k+2 =1 siMsi \ M1 i
2 k+2 ent !

Juist apyroi ¢popmu, Koy B niepepisi € po3TSIrHyTa 30Ha ([J1s1 3TMHAIBHUX Ta T03aLEHTPOBO-
CTHCIIUX €JIEMEHTIB 3 BEIMKUMHU EKCLEHTPUCUTETAMH ), PIBHSIHHS PIBHOBATH:
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b f, 1
“’ZH k+1 +3 oy Ay —N=0, (11)

b .
Cd2k71k+2 '”2+Z,'Ll%~ Ay (x —zg)-M =0. (12)

[lpu po3paxyHKy HOpPMaJILHHX IEpepi3iB IMO3alEHTPOBO CTUCIUX EJIEMEHTIB J0JATKOBO
BpaxoBYIOThCS BUMoOrH 1. 6.1.3 [3].

BuznaueHHs Hecy4oi 3/JaTHOCTI 3aJ1i300€TOHHHUX €IEMEHTIB Ha JIi10 TOMePEeYHUX CHIT (TIOXHUITi
nepepizu) BUKOHYEThHCS 3TiAHO 3 1. 4.6.3 [4] 3 ypaxyBanusm Bumor 1. 6.2.1 [3]:

VRa = VRa,s +Veea +Via- (13)
Jlis cTajeBUX KOHCTPYKIIN TepeBipka KpuTepito 1 3[iiCHIOETCS BIAMOBIAHO 10 BUMOT [6].
Kpurepiii 1 — rpanuuHuii craH — BIANOBiga€ NepeBipli MNpaNE3aTHOCTI IepepisiB

LEHTPAIBHO CTUCIMX a00 PO3TATHYTHUX METAIEBMX KOHCTPYKIIM, a TaAKOXX KOHCTPYKIIH, 10
3a3HAIOTH Jii MO3JJ0BXHBOI CHJIN Ta/a00 3TUHAJIBHOTO MOMEHTY.

[epeBipka MIIHOCTI IEHTPAJIBHO CTUCIMX a00 PO3TATHYTHX EJIEMEHTIB CYILIJIbHOrO
nepepisy, BUKOHAHMX 31 CTaJli 3 XapakTePHUM OMopoMm R ,,, <440 H/mm® (3rigro 3 1. 8.1.1 [6]),
BUKOHYETBHCS 32 (POPMYIIOLO:

N ¥
A4, Ry 7,

[NepeBipka MIIHOCTI 103aLIEHTPOBO CTUCIIUX (CTUCIIO-3TUHATIBLHUX) €JIEMEHTIB, BUKOHAHUX 31
CTalli 3 XapaKkTEPUCTUYHHUM OnopoM R, <440 H/mMM%, 3a notpumanHs ymoB T <0, 5R, i

<1. (14)

o =N/Ay >0,1 R, BuKoHyeTbCs 32 hopMmyroro (3rigHo 3 1. 10.1.1 [6]):

n

N M M
Y'n | 4 x + y In <1, (15)

A4, R, 7. c W R,v. ¢, W,

x"" xn, min n,minRy Ve

Slkmo 0 = N/A, <0,1R,, To popmyna (14) BUKOPUCTOBYETbCA y Pasi BUKOHAHHS YMOB
MICIIEBOI CTIHKOCTI JUIsi 3rMHAJIHUX EJIEMEHTIB 332 KpUTepieM 2.

[NepeBipka MIIIHOCTI €IEMEHTIB y BUMAAKAX, HE MepeadaueHuX po3paxyHKOM 3a (HOpMYIIO0
(9), Buxonyetncs 3a popmysnoro (3riguo 3 m. 10.1.1[6]):

N Vn + M xn + My Tn
AnRy Ve Iany Ve IynRy Ve

Jie X, Y — BIJICTaHi BiJ] TOJIOBHUX OCEH J0 PO3TJISIHYTOI TOYKH Hepepiy.

INepeBipka MiITHOCTI 3THHAJILHUX €IEMEHTIB, HeOe3MeuHi IIepepi3u SIKUX MPALIO0Th Y MPYXKHIH
crafii (6anku 1-ro Kiacy), BUKOHYEThCS 32 TAKUMH Gopmynamu (3rigHo 3 1. 9.2.1 [6]):

<1, (16)

My a7
Wn, min Ry Ve
S
_O8: 1 <1, (18)
Ix Ly Rs Ve

npy Aii 3ruHaIbHAIX MOMEHTIB M, 1 M|, 'y ABOX TOIOBHHX ILIOLIMHAX:
M My y,
x Vn y + Yy X
Ixn Ry Ve Iyn Ry Ve

[epeBipka MIIHOCTI €JIEMEHTIB, HIO 3THHAIOTHCS, BUKOHAHHMX 31 CTali 3 XapaKTEpPHUM

<1 (19)

OIIopoM Ryn§440 H/MM® TIpH 3HAYEHHSIX JOTHYHHX HAMpykKeHb (KPiM OMOPHHX Mepepizis)

Jutst 6aitok 2-ro 1 3-ro KJ1aciB NPOBOIUTHLCS 38 TaKUMHU GopMyniamu (BianosiaHo o 1. 9.2.3 [6]):
* NpY 3TMHAHHI y IIOLMHI HalOLIbLIOT XxopeTkoeTi (1, > 1))
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My,
Cx ﬁr Wxn, min Ry Ve

¢ IIpu 3THHAHHI Yy ABOX TOJIOBHHUX IIJIOIIMHAX 1 3HaYEHHSX AOTUYHUX HAIIPY>KEHb

<1 (20)

T, =|0,]/ (2A f) <0,5R , (KpiM OIOPHHX TIEPEPi3iB)

M M
x Vn + y 7n < 1. Q1)
Cx ﬁr Wxn, min Ry Ve Cy ﬁr Wyn,min Ry Ve
Po3paxyHok Ha MIIHICTh B ONOpPHOMY mepepi3i 0Oalok (IpU HYJIBOBHX MOMEHTaX)
BUKOHYETBHCS 32 (OPMYIIOLO:

Qy Vn <1t Qx Vn
A, Ry, 2Af R, 7.

Kpurepiii 2 — rpaHu4yHuii cTaH — BTpaTa CTIHKOCTI (OPMH LEHTPAIBHO CTUCHYTHX,
3rHHANBHUX Ta CTHCIO-3THHAIBHUX KOHCTPYKIIIH Ta X €IEeMEHTIB.

Jns 3amizo0eToOHHUX KOHCTPYKIiH 3rimHo 3 1. 2.2.1.4 [3] nepeBipka BUKOHYETHbCS Ha
IiICTaBi aHaJi3y poOOTH KOHCTPYKIIT y 1e()OpMOBAHOMY CTaHi.

Jlns MeraneBUX IEHTPAJIBbHO CTHCIIHMX CTPMXKHEBUX KOHCTPYKILIN CYIUIBHOTO mepepizy
nepeBipka KpUTepito 2 mojsrae y nepesipii 3aranpHol criiikocti (3rigno 3 n. 8.1.3 [6]):

Ny,
P AR, v,
[NepeBipka 3araimbHOi CTIHKOCTI MeTalleBUX KOHCTPYKLIH, IO 3rWHaIOThca (Oanok 1-ro
KJ1acy, TOOTO HpalfOl0YHX B MIPYXKHIH cTail) mpu BUKOHaHHI yMOB MinHOCTi (20), (21) 3rigHo 3

1. 9.4.1 [6] 3xilicHIOETHCS 32 hOopMyaaMHu:
* [IpH 3THHAHHI B IUIOIIUHI CTIHKH, 110 30iraeThCsl 3 IUIONMHOI0 CUMETPIT nepepizy

<1. 22)

<1 (23)

M
My o, (24)
Pp ch Ryyc
¢ IIpu 3TUHAHHI Y ABOX T'OJIOBHUX IUIOIIMHAX
M
_ YT o 1, (25)
Py ch Ryyc

[NepeBipka MeTaneBUX KOHCTPYKIIH, IO MPAIOIOTh Ha CTUCK 13 BUTHHOM, 3JiHCHIOBaJIACS
BiJITIOBI/THO JIO QJIFOPUTMIB BU3HAYECHHSI CTIHKOCTI eneMeHTiB 3a 1. 10.2 [6].
[NepeBipka CTIHKOCTI MO3aEHTPOBO CTUCHEHUX €JIEMEHTIB MOCTIIHOrO 10 TOBXKHHI TIepepi3y
B IUIOUIMHI Ji1 3TUHAIBHOIO MOMEHTY, 1110 30ira€ThCs 3 IUIOMIMHOK CUMETPii, BAKOHYEThCS 32
¢dbopmymoro:
Ny,
@ AR, 7,
[NepeBipka CTIMKOCTI MO3ALEHTPOBO CTUCIUX CYLIJILHOCTIHUYATHX €JIEMEHTIB MOCTIHHOrO IO
JIOBXKHHI Tiepepi3y 10 3THHaJbHO-KPYTWIBHINH (OpMi BTpaTH CTIMKOCTI (3 TIUIOLIMHU il
MOMEHTY M ) py 3ruHaHH iX y IWIomuHi HaHGLIbILIOT sKOpeTKOCTI ([, > 1)), 1110 36iraeThes 3

<1 (26)

TUIOLMHOIO CUMETPil, BUKOHYETHCS 3a (hopmyIoro:

Yn N

co AR,y

27)

[NepeBipka MicLEBOi CTIHKOCTI €IE€MEHTIB 3rMHAJIbHUX KOHCTPYKLIN IPOBOJUTHCS 3TiTHO 3
m. 9.5.8 Tam. 9.5.14 [6]:
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* 3HAYCHHS YMOBHOI THYYKOCTi CTIHKM A, HE Ma€ MEPEeBUIYBATH 3HAUEHHS TPaHUIHOL

YMOBHOI THY4KOCTi CTiHKH A, ,, , III0 BU3HAYA€ThCA 3a Tabm. 9.8 [6];
* YMOBHA THYYKiCTb 3BMCY IOACY A , HE NOBHMHHA IEPEBULLYBAaTH 3HAYEHHS IPAHUYHOI

YMOBHOI I'HYYKOCTI A u f » 10 BU3HAYA€ThCs 3a popmynamu 1. 9.5.14 [6].

IepeBipka MicreBoi CTIHKOCTI CTIHOK MO3alEHTPOBO CTHCIMX KOHCTPYKIIH TMOJsTae B

— h R
. . . e,
HACTYITHOMY: SKIIO 3HAY€HHS YMOBHOI THYYKOCTI CTIHKH AW:—f —~ me nepesumye
t

w

BIAMOBIZTHOTO 3HAYEHHS TPAHUYHOI YMOBHOI T'HYYKOCTiI CTiHKH A, IO BH3HAYAETBHCS 3a

tabs. 10.3 [6], MiciieBa CTIHKICTh CTIHKH BBa)KA€ThCs 3a0e3mnedcHoro m. 10.4 [6].

IepeBipka MicHeBOi CTIHKOCTI CTHCIMX TOSCHUX JIMCTIB TIO3AL[EHTPOBO  CTUCIIUX
KOHCTPYKLIIH BUKOHYETBCS TaK: SKIIO 3HA4YCHHS YMOBHOI THYYKOCTI 3BHCY TOJNHII
- by |R, . . } -

Ay =z HC IIEPEBHUIIYE BIiAINOBIAHOIO 3HAYCHHs TIPAHMYHOI THYYKOCTI A, ,, IO
/

BH3Ha4a€eThes 3a Tabm. 10.4 [6], To MiclieBa CTIMKICTh CTHCHEHHMX IMOSICHUX JINCTIB BBAXKAETHCS

3a0esmeueHoro 1. 10.4 [6].

JUIs LeHTpalbHO CTUCIMX Ta LEHTPAIBHO PO3TATHYTHX EIEMEHTIB TaKOXK BHKOHYETHCS
nepeBipKa 1o rpaHu4Hid rHydkocTi 1. 13.4 [6].

Kpwurepiii 3 — rpannyHi craHu: BTpaTa CTIMKOCTI MOJIOXKEHHS, MEpexijl y 3MIHHY CHCTEMY,
sIKicHa 3MiHa KOH(irypamii.

I'pannunmii KpeH npu ceiicMivnii 1ii He noBuHeH nepepuiyBatu 0,003 3riguo 3 m. 1.23 [5]
tam 4.1.4 [7].

MeTtoauka o04mncaeHHs1 BeJMYUHM rpanndHoi ceiicmoctiiikocti HCLPF (High
Confidence Low Probability of Failure (Bucoxa 3a0e3nedeHicTh HM3bKOI HMOBipHOCTI
BimMoBH)). Po3paxyHkoBuii aHaii3 celicMocriiikocti enemenTiB aitounx AEC B pamkax merony
IPaHUYHOI CEHCMOCTIMKOCTI [7] MPOBOMUTHCS 3 METOI BH3HAYEHHS IHTETPAILHOTO Mapamerpa
HCLPF, mo xapakrepusye piBeHb celcMiyHOl cTiiikocTi 1poro enemenTa. [lapamerp HCLPF,
SAKUHA BUPAXKAETHCS B ONUHUIIAX IIPUCKOPEHHS BUILHOTO MAJiHHS g, TOPIBHIOETHCSA 3 BEIMYMHOIO
MakcHMaibHOro mnpuckopeHHs Ha IpyHTi (PGA), BusHauenoi s maipanumka AEC i
XapaKTepu3ye IHTEeHCHBHICTh 3eMJIETPYCY, MPUUHITOrO B SIKOCTI CEHCMIYHUX KBaJi(ikamiiHUX
Bumor. [Tpu Bukonanni ymoBu HCLPF Ginbmie mikoBoro PGA, ceiicMocTiiikicTh enemMeHTa
BBXKAETHCS IMATBEP/DKEHOIO. SIKIIO yMOBa HE BHMKOHYETHCS, TO MOTpPiOHA po3poOka i
pearmizaiis 3axojiB ILIOA0 IMiJBUINEHHS celicMocTiikocTi. Jlasi OOYMCIIeHHST BeNWYHUHH
rpanuyuHoi cericmocrtifikocti HCLPF BukopucroByeThest koeditient 3anacy FS, sikuit nokasye y
CKIIBKU Pa3iB MOTPiOHO 301JbIIMTH IHTEHCHBHICTh CEHCMIYHOrO BIUIMBY Ha IpyHTi [18], 1106

JOCATTH JIOIYCTIMY BEJIMYMHY OLIHIOBAHOTO TTapamMeTpa:
C—-Dps

S (DSZ+D.52'AM)1/2+6CS ’ @8)
ne C — 3Ha4eHHs JOMYCTUMOro rnapamMerpa (HalpuKiIaj, TonycTuMi HarpyxenHs); Dyg — BKIas
B OLIHIOBaHMI MapaMeTp BCiX HECEHCMIYHUX HAaBaHTAXKEHb, IO BXOASATh B 3aIlPOIIOHOBaHY
KOMOIHaIlil0 HaBaHTaXeHb, Dg—BKJIaJ B OIHIOBAHUH TNapaMeTp TiJIbKH CEHCMIYHHX
IHEpIIMHMX HaBaHTaxeHb, Dgsy —BKIAJ B OL[IHIOBaHMN NapaMeTp HaBaHTaKEHb BiJ
ceiicMiuHOro 3cyBy omnop; OCg — 3HIDKEHHsSI BEJMYUHM JIONYCTHMOIO Mapamerpy uepes il
CEeiCMIYHOrO HaBaHTa)KEHHs1 (HANPHKJIAJ, MIIHICTh CTIHM [0 BIJIHOIICHHIO 10 3CYBHHX
HAaBaHTA)XEHb MOXe OyTH 3MEHIIEHAa BEPTUKAJIbHMM PO3TATYIOUMM HABAHTAXKEHHSAM Ha L0
CTiHY, BUKIIMKAHUM CEHCMIYHOIO TIOMIET0).

VY crpouienomy Burisi, Gopmyna (26) HabyBae HACTYITHOTO BUTJISIILY:

FS = £2ns, (29)

Ds
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[lpu mpoBeneHHI JTiHIHHO-TIPY)KHOTO pPO3paxyHKy, BenuumHa mapamerpa HCLPF B
PO3MIPHOCTI MakCHMAJIBHOTO MPUCKOPEHHS 3eMieTpycy Ha MakpaHunky AEC, «g», sxe Moxe
BUTPUMATH POSIJISIHYTUH €JIEMEHT, BU3HAYAETHCS CIIBB1THOLICHHSM:

HCLPF = FS - F, - PGA, (30)
ne Fu— 6e3po3MipHuil Koe(illieHT HENpPY)KHOro MOTJIMHAHHA CHEprii, SIKMA BHU3HAYAETHCS
BianoBinHO 1o Tabu. 3.1 [7]; PGA — NIpUCKOPEHHs HYJIBOBOTO Mepiofy (IKOBE MPUCKOPEHHS),
ckianae 0,17g niast MP3 ta 0,085g as mpoextHoro 3emierpycy(113).

Metoauka Ta Bepu@ikamiiiHi MpukJaaM BU3HAYEHHS BeJM4YuUH mnapamertpiB FS Tta
HCLPF pns 3anizo6eronnnx koHcTpykuiii B «/IIPA CAIIP». B sxocri mapamerpa s
BU3HAuYeHHs KoedilieHTa ceiicMiuHoro 3anacy FS npuitHaTo 3Ha4YeHHs BiJHOCHOI aedopmarii -
& . Takum yrHOM (hopMyIa JJisi BU3HAUESHHS KoeillieHTa CeiCMIYHOrO 3anacy MaTUMe BUIJISI:

FS = minFS,, GD
Csi_DNSEi
FSe= |~ g (32)

ne i — Homep rabapuTHOI ToukH mnepepisy (i = 4 aist BCiX BUIIB mepepisiB KpiM xpecrta, i = 8§
JUISL XpecTa); DNSel- — BigHOCHI AedopManii Bij i HeceliCMIYHUX HaBaHTaXXEHb, 110 BXOIATH Y
BU3HA4eHY KOMOiHauito HaaHTaxenb (st BusHauenns C); D, — BiaHOCHI aedpopmanii Bia aii
CeliCMIYHMX IHEPLIMHMX HaBaHTaXeHb 3 ypaxyBanHsM nonepexnsoro HJIC Bix HYE; C, —
BigHOCHI Jedopmanii B Jii MakCUMaJbHO MOMJIMBOI KOMOiHamii 3ycwib, IO BUTPUMYE
nepepis. ToOTo MakcumanbHa Hecyda 3JATHICTb Iepepidy. MokHa NpOUTIOCTPYBATH K
MOBEPXHIO HECYYOl 3[]aTHOCTI 3aJ1i300€TOHHOTO Iepepi3y, Ky NPeICTaBIeHO Ha puc. 1.

Mz=0.00,1%»m My=0.00,1%x

U7 14 2h 18 35

N=0.00,r

SO

i ‘ X
e

35
28

14
7

-18-11-14 -7 D; 14 21 28 §5
-14

-28
-3

Puc. 1. IToBepxHs Hecy4Ol 31aTHOCTI 3aJ1i300€TOHHOT O IIepepizy
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40.00

BETOH

C25

C20/25
fck=20.0
fek_cube=25.0
fck_prizm=18.5
fctk005=1.5

@ | fekogs=2.9

Ecm=30000.0

Erement 1
27. Bpyc AU 4d36 a5.0/5.0(KMN8&5-1 npogorbHas)
28. bpyc ASW(KIM85-1 nonepeynan kpan)

60.00

APMATYPA
Nosgosxna
A400C

fyk = 400.0
fyd = 3684.0
ftk = 420.0
fywd = 285.0
Es = 2e+005

Puc. 2. Ilepepi3 KOJIOHH 3 apMYBaHHSM 1 XapaKTepUCTHKAMH

Jani HaBeneHi BepudikauiiiHi
OPHUKIAAN  BH3HAYCHHS BEIMYUH
napamerpiB FS ta HCLPF mus

3ali300€TOHHUX KOHCTPYKIIH B
«JIIPA  CAIIP». Ha puc. 2
MOKa3aHOo Hpuxnag 1 -

Po3paxyHOK mepepi3y KOIOHH.
3ycuiisl, sKi JIIOTh B KOJIOHI
HaBeJeHi B Ta0u. 1.

Matepianis Tabmuns 1
Po3paxynkoBi
crle)Ir)aui?lf N, 1c M, tc:m | M, Tc'Mm 0, Tc M, Tc'M 0,, 1c
HVYE+Ceiicmika | -28.3638 | -0.1627 0.0625 0.1248 -15.4251 9.1213
CeiicMmika 2.1428 -0.0979 0.1114 0.1221 -12.516 7.6097

PesysnbraT po3paxynky BenunuuH napamerpiB FS ta HCLPF nns nepepisy kononu B «JIIPA
CAIIP» npuBezeHi Ha puc. 3.

APMATYPA ( Pexxnm; MNepesipka 3aganol apMaTypH )

MozgoBssHA Monepeyta TpiluHn
NMep |Cum [AU1 |AU2 |AU3 |AU4 |A51 |A52 |A53 |A54 | % Aswl | Asw2 | kopoTk | TpuEan.
1 C MNepepiz npoxognTe. KoediyieHT sanacy 13.842.
KoetilieHT cellcMivioro 3anacy FS = 8.962
Puc. 3. Pesynbrat po3paxyHky BesnunH napamerpiB FS ta HCLPF s nepepi3y kononu
Jlnsg  mepeBipKkM KOPEKTHOCTI pO3paxyHKIB BHKopuctana mporpama «KoHcTpykTop
nepepiziB». 3amaHi  aHaJIOri4Hi
N=-422.27 mc, My=-0.6769 mc-m, Mz=-40.268 mc-m napameTpu Hepepi3y Ta Horo
Aprangypa MaTepiaiiB. Jus aHayi3y
0.16172 -0.07063 . .
snsams: | Wazsess ® pe3yibTaTiB  HW)K4YE  HaBelEeHl
-0.26964 ~0.4305 JiarpaMu BiIHOCHUX jaedopmariit
048532 061043 . .
-0.701 -0, 79036 B1a A11 MaKCHUMAJbHO MOXIIMBO1
-0.91568 -0.9703 KOMOIHAIT 3yCHIIb 1[0 BUTPUMYE
11324 - 11502 .
-1348 -13302 nepepiz  (puc. 4), npu HVYE
15637 -15101

-1779
|m--1995f

\-2.2108
I-Z.AZ’EA
-2.6421

-169
-187
-2.0499
-7.7298
-2.4098

Puc. 4. liarpama BiHOCHUX AedopMaliii BiJ il MaKCUMaIbHO
MOXJIMBOT KOMOIHALT 3yCHIIb 1110 BUTPUMYE nepepis, 10-6 m

(puc. 5) Ta Bim nii ceiicMiuHMX
IHEpIIIHUX HABaHTaXeHb (pHC.
6).

3HiMaeMo 3HAYCHHS
nedopmariiii 3 giarpam. Y Taom. 2
MoKa3zaHl 3HaueHHs JedopMarriii
Ha 000X TrpaHsIX Ta BeIUYMHA

napametpy FS.
Tabnuugst 2
Bemnuunu nedgopmaniii Ta napamerpy FS I'panb 1 I'pans 2
C,10°m -2.6421 -2.6421
Dns, 10°m -0.088499 -0.0885
Ds, 10°m -0.25824 -0.2575
FS* 8.888479709 8.914023

* ipu po3paxyHKy FS 000B’s13K0BO BpaxOBYIOTECSI 3HAKH (BEKTOPH) OTPUMAaHHX BiTHOCHUX JedopMariit
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Omxe, moxnuOka pe3yabTaTiB N=-30.507 mc, My=-0.0489 mc-m, Mz=-2,9091 mc-m
Apromype
BU3HAYCHHSA BEJIMYUHU GRS Do
napameTpy FS B «JIIPA -0.012678 -0.018622 @ &
. -0.01918 -0.02388
CAIIP» (8.962) i po3zpaxoBane oozsiez W cozers
3a pe3yJabTaTaMH BiJJHOCHHX g;j;:;fs gi};ﬁ;
nedopmariii B «KoHcTpykTop -006s387 | 5004909
nepepiziB»  (8.888) ckianmae et W
0.82%, mo € gomycTUMOIO -0.063252 6.050881
NoXHGKOIO. oo Moo | @ o
Hpuxaax 2 — Po3paxyHok -0.082198 0076457
. -0.0868499 -0.0817
nepepizy Gajku 300paXkeHo Ha e e -
puc. 7 Puc. 5. liarpama BinHocHux aedopmaniid npu HYE, 10-6 m
3ycuiist, SKi 0Tk B Oauii N=2.1428 mc, My=0.1114 mc-m, Mz=-12.516 mc-m
. Apramypa
HaBeneHi B Ta0i. Tabmoung 3. - s o
Pe3yJILTaT PO3paxyHKy 0.72263 0.6483
BeNMYUH mapamerpiB FS Ta 06007 a0t ®
p Tp 0.55932 0.51189
HCLPF nns nepepizy KOJIOHH B 0.47756 044359
: 0.39581 0.37548
«JITPA-CAIIP» mnpuBeneHi Ha s R
puc. 7. 023229 023907
. . 0.15054 10.17086
Jsa TEPEBIPKH KOPEKTHOCTI ok L e
PO3paxyHKIB BUKOPHUCTAaHA -0.012971 00346454
-0.094 726 -0.033751
nporp.alx.aa «I.(OHCprK.TOp. e Ifa 10196 ®
nepepi3iB». 3agaHi aHAJIOTiIUHI -0.25824 -0.170%6
napaMeTpu nepepidy Ta HOro Puc. 6. Jliarpama BisHocHux gedopmaniii Bia aii ceficMiunmx
MarepialiB. Jlnst aHaJ3y iHepIiiHUX HaBaHTaKeHb, 10-6 M
pe3yNbTaTiB HWXXYE HaBeIeHI
Jiarpamu BIJIHOCHUX aw@ | BETOH APMATYPA
;:[e(bopMauiﬁ BiIT it C25 NosnosxHA Nonepeyxa
o [25 A4 AZ24
MaKCHMAaIIbHO MOXKJTHBOT fjﬁ’gn . ;—\)!"GOC - ;20 t{)}c
. cee =2U. /K = a00. &
KOMOiHauii  3ycwib IO fck_cube=25.0  fyd = 364.0 2300
BUTpUMYye Tepepi3 (puc. 8), & J| fek_prizm=185  ftk=420.0 259.2
. ee f=3 | = AL = 5
npu HYE (puc. 10) Ta Bix aii & fctk005=1.5 fywd = 285.0 170.0
coNCMITHMIX imepHitiHuX fctk095=2.9 Es = 2e+005 2e+005
HaBaHTaXkeHb (puc. 11).
Enement 39199
2 & @ 59. Bpyc AS_comb(Banka P2_kpas)
61. Bpyc ASWiBanka P2_kpas_pon nonepeyHas )
30.00

Puc. 7. Ilepepi3 6anku 3 apMyBaHHSM 1 XapaKTepUCTUKAMK MaTepiaiiB

Tabmums 3

Po3paxyHkoBi curyamii N, TC M 1cMm | M, TCc'M 0., 1c M, Tc'M 0,, c
HVYE + Ceilicmika -1.8868 0.5936 |-29.3016 | -30.6668 | -0.2732 -1.1938

CeiicMika -0.2971 -0.1036 -7.8664 | -2.4088 -0.162 -0.5917
APMATYPA ( Pestum: Nepesipka 3aganol apMaTypi )

NozgossHa Monepeyxa TpilguHH
Mep |Cum [ ALY |AU2 | A3 |AU4 | A5 |A52 | AS3 |A54 | % Aswl |Asw2 | KkopoTk. | TpuEan.
1 H MNepepiz npoxoguTe. KoediyieHT sanacy 2.851.
KoediyieHT ceficmivioro 2anacy FS = 10,158

Puc. 8. Pesynbrat po3paxyHky BesuunH napamerpiB FS ta HCLPF s nepepi3y kononu
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N=-15897 me, My=-21435 mc-w, Mz=-0.1112 mc-m

Apramypa

N=-5.3793 mc, My=-83.539 mc-w, Mz=-0.778% mc-m

Apramypa

N=-0.2971 mc, My=-7.8664 mc-M, Mz=-0.162 mc-m

Apramypa

23659

20936

073217

045988

0.1876

2 2343

19823

17302

14782

12261

0.9741

0 72205

047001

0.21796

900 -

0.53281

0.67265

0.61209

0.35174

0.29178

0.23102

0.17067

0.11031

0.049953

0.50365

0.46778

0.39191

0.33604

0.26017

0.2243

0.16842

40.11255

B 0.055683

0.23262

0.20872

0.18462

0.15093

013703

0.11313

0.089232

0.065333

0.041435

0.2193
900 -
0.19745
0.1756
0.15375
0.1319
0.11605
0.088207
0.066356

004451

-0.084683 -0.034083 -0.010604 0.00081193 0.017537 0.022662

0.35687 028613 -0.070761 -0.055059 -0.0063615 0.00081408
-0.03026

-0.021034
-0.054158 -0.062682 |
i o e
-0.078056 -0.064 73
Puc. 11. [liarpama BiTHOCHHX

nedopmartiii Bix aii ceficMiuHMX
iHepLiHUX HaBaHTaXeHb, 10-6 M

-0.62325 -053817
11738 10423
Puc. 9. Jliarpama BiiHOCHUX
nedopmartiii Big aii MakCMMaJIbHO

MOXJIMBOT KOMOIHALIT 3yCHIIb 1110
BUTpUMYE niepepi3, 10-6 m

-0 13112 -0 11093

-0.25183 -0.22267
Puc. 10. [liarpama BiTHOCHHX
nedopmaniii npu HYE, 10-6 m

3HiMaeMo 3HaveHHs jAedopMalliii 3 giarpam. B tabn. 4 HaBeneHi 3HaueHHs qedopmariiii Ha
000X rpansx Ta BenuuuHa napamerpy FS.

Taonuus 4
Beﬂ"“:;;:;ﬁi?;?%;um b I'pansb 1 I'panb 2 I'panb 3 I'pansb 4
C,10°m -1.1736 -1.1736 2.366 2.366
Dns, 10°m -0.2518 -0.2518 0.533 0.533
Ds, 10°m -0.0781 -0.0542 0.209 0.2326
FS 10.8028169 | 16.0073801 12.87081 11.4636

* ipu po3paxyHKy FS 000B’s13K0BO BpaxOBYIOThCS 3HAKH (BEKTOPH) OTPUMAHKX BiTHOCHUX JedopMariit

Omxke, moxuOKa pe3ynbTaTiB BH3HaueHHs BenuuuHu napamerpy FS B «JIIPA-CAIIP»
(10.158) 1 po3paxoBane 3a pe3ynbTataMu BigHocHHX Aedopmaliii B «KoHCTpyKTOp mepepi3iBy
(10.803) cknagae 6.35%, 110 € AOMYCTUMOIO TTOXUOKOIO.

Oo0uucyaennsa napamerpiB FS ta HCLPF B craneBomy po3paxyHky «JIIPA-CAIIP».
[puknagemo dopmyny (20) no Hanpyxkenb. Toxai nomycrume 3HadeHHs napamerpa C Oyne
JIOPiBHIOBATH JOMYCTUMOMY HAMpPYXKEHHIO B MOMEPEYHOMY Tiepepisi enemenra [o]. Dyg crane
HANpPY)XEHHSM BiJl HECEHCMIYHMX HABAHTAXEHb Oyg, & Dy — HANpPYKEHHSIM BiJ CEHCMIYHMX
HaBaHTaXeHb 0g. OTXKe:

Fs =101 9Ns
o

) (33)

N

VY dopmymni (20) po3ainumo Bei wieHH Ha [o] Ta moMHOXHMO Ha 100%:

FS=(100% -[o]/[a] — 100% - oys/[0])/(100% - og/[0]),

IpH LOMY

100% [o]/[o]= 100%

100% os/[o]= [Is — npoLEHT BUYEepHIaHH Hecy4doi 3MaTHOCTI BiJl CeCMIYHUX HAaBaHTaXEHb

100%-oys/[0] Ilns — TPOLEHT BHYEPIAHHA HECYYOi 3[aTHOCTI BiJ HeCeHCMIYHHX
HAaBaHTaXKEHb.

OTtpumaemo:

FS= (100% — ITns)/ Ils. (34)
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[Mapamerp FS MOXHa BUpaxyBaTH IO MPOLIEHTaM BUYEpIIaHHs Hecy4ol 3aatHocti [1ns ta I1s
HE JIMIIE YISl TEPeBIipKH HAIpY)KeHb, TOOTO MII[HOCTI eleMeHTa, ajie W Iyl MepeBipKHu Horo
CTIMKOCTI, MiCIIEBOT CTIMKOCTI HOT0 TIOJIUIIb T4 CTIHOK, & TAKOX MPAHMYHOI THYYKOCTI.

MeTtoauka mo0ynoBu KpuUBHX HomkomKyBaHocti. KpuBa nomkomkysaHocti (fragility
curve) sIBJsiE COOOIO 3B'S30K Mapamerpa KOJNMBaHb 3€MHOI MOBEPXHI I YMOBHOI HMOBIPHOCTI
BigMmoBH enementa AEC, mo posrisaerbes. B skocTi nmapameTpy KojIMBaHb 3eMHOI ITOBEPXHi
HalyacTille BUCTYIA€ MIKOBE NMPUCKOPEHHS ab0 CIEKTpajbHEe NPHCKOPEHHS Ul 3alaHOTO
nianaszony actot [19].

UYepes BENMUKY KUTBKICTh HEBU3HAYCHOCTEW 1 BUIIAJIKOBOCTEH, YMOBHA HIMOBIpHICTh BiIMOBH
eJIEMEHTa XapaKTePU3YETHCS CIMEHCTBOM KPUBHMX, MaTeMaTH4HAa MOZEINb SIKOTO BH3HAYA€THCH
HACTYITHUM YHHOM:

A=A,ep8y. (35)
ne A,, — MeliaHHe 3HAa4YeHHs HeCyd4ol 3/IaTHOCTI elieMEeHTa, BHpakeHe B (OpMi BEIHMYMHH
MIPUCKOPEHHS HA BUIbHIN MOBEPXHI MPU 3eMJIETPYCi, € JICTEPMIHOBAHOIO BEIUYMHOIO; Eg 1 & —
BHUIIJIKOBI BEIWYMHH, PO3MOILUICHI MO JOTHOPMAJIbHOMY 3aKOHY 3 OJIMHMYHMMHU MEJiaHaMH i
sorapuMiYHUMK CTaHAAPTHUMHU BIAXWICHHSIMU fr 1 fy; fr 1 By — mnapaMerpu KpHBHX
TIOIIKO/DKYBAHOCTI (XapaKTepPUCTHUKH aJIeaTOPHOI 1 ericTeMIYHOT HEBU3HAYCHOCT!).

BunajkoBi BenMYMHU &£ 1 & 3a4al0Th, BIJNOBIIHO, PO3KHI BUIAIAKOBHX 3HAYCHb
IpPaHUYHUX IPUCKOPEHb HABKOJO iX MEQIaHHOrO 3HAYEHHS 1 HEBM3HAYEHICTh B 3HAYCHHI
MeJiaHu.

Haxun KpMBHX IOLIKOPKYBaHOCTI (mapameTp [S) BH3HAYAETHCS BIUIMBOM BHITQAKOBHX
napameTpiB NpH BU3HAYEHHI I'PAHUYHOrO MPHUCKOPEHHS: YMM KpYTillle HAaXWI, THM MEHIIe
PO3KHJ IPaHUYHUX IPUCKOPEHb.

Jns  nmocsirHeHHst  wieidl  celicMiuHOro HMoBipHicHOro anamizy Oesneku (BAB)
BUKOPHCTOBYETBCS «CEPEAHS» KpUBa IIOLIKOKYBAaHOCTI, IO Ja€ NPH 3rOPTLI 3 KPUBOIO
celicMIYHOT HeOe3EKH TOYKOBY OLIIHKY YaCTOTH BiJIMOBU KOMIIOHEHTH.

CepenHsi KpuBa Ma€ TakoX JIOTHOpMaNbHHK po3monin 3 mapamerpamu LN(4,,, B.), ne

BiJIXWJICHHS [5, 3aJIa€ThCA SIK:
[a 2 2
Be=ABr"+Py"- (36)

Jnst otpumanHs BenmuuH fBp Ta f;; €IeMeHTIB OyaAiBIi KOMIUIEKCY IO TIepepoori

panioakTUBHUX BiJXOJIB BUKOPUCTaHI 1X MPEICTaBHUIIBKI 3HAUCHHS, PEKOMEH/I0BaHi B TaOIHII
H-2 noxymenta EPRI [13].

IMapamerp HCLPF Ge3nocepeHbo MOB'S3aHuUi 3 MOAECIIIIO KPUBUX MOIIKO/PKYBaHOCTI.

BianosinHo no m. 7.3.13 [14]komOGiHoBaHuit (riOpUAHUI) METON MOJSra€ y BUKOPUCTaHHI
pe3yNbTaTiB paHillle BUKOHAHOI JETEPMIiHICTUYHOI OLIHKU CEWCMOCTIMKOCTI Micisi BUKOHAHHS
ceiicMiunux ~ obxomiB  Omoxky (3mauenb HCLPF) pgns  Bu3Ha4YeHHs  MMOBipHOCTI
MOIIKO/DKYBAHOCTI  BiJl CEMCMIYHUX BIUIMBIB. Takuii METON OLIHIOE TUIBKH JIOCTaTHICTh
CeliCMIYHOrO0 3aracy o BiJHOLICHHIO JI0 PiBHS BILIMBY, OOPAHOTO JJIsI OLIHKH.

IOpuanmii MeTo] nependavyae HACTYITHUH MOPSIIOK i

—  ouinut HCLPF nns enemenTa, 110 po3risiiaeThCs, AETEPMIHICTUYHIM METOJIOM;

—  po3paxyBaTH JorapupmMiuHO-HOPMaJIbHE BiIXUIICHHS [, ;

—  po3paxyBaTH MeliaHHE 3HAYCHHsI HECY4Oi 3JaTHOCTI.

MenianHe 3Ha4YeHHs HECY4ol 37aTHOCTI MPU PO3paxyHKY KPUBHX IOIIKOPKYBAHOCTI LIS
3a/1aHol 3a0e3reueHocTi § pO3paxoBYETHCS 32 3aJICHKHICTIO:

A, = HCLPF - "0+ Pu) (37)

MenianHe 3HaYeHHS HECY4Ol 3AaTHOCTI JJIsl CIPOLICHOr0 PO3PAXYHKY, MOPUAHUM METOIOM,
IULSL PO3PaxyHKY CePEIHBOI KPUBOI MOMIKOHKYBAHOCTI PO3PAX0OBYETHCS 32 3ATICKHICTIO!

A5 = HCLPF - &> (38)

Onwuc merony HaBezeHO B odiuifiHoMy qokymeHTi [8]. Binbimn neranbha indopmaris npo
BJIACTHBOCTI KPUBHX IOLIKOXKYBAHOCTI BijjoOpaxeHa B [9-12].
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B Ta6in. H-2 [13] HaBOAATHCS peKOMEHI0BaHI MpeCTaBHULbKI 3HaUeHHS i 1 [ apameTpiB
TMOIIKOJDKYBAHOCTI Juts pizHux enemeHTiB AEC.

Bu3Ha4yeHHs1 4acTOT BiAMOB OOJagHAHHS BHMAra€ IOAAHHS KPUBHX IIOIMIKOIKYBAHOCTI B
ouU(pPOBAHOMY BHUIIISIII.

VY 3arajpHOMY BHIAJIKy CIMEHCTBO KPHBHX IOIIKO/PKYBAHOCTI TOBHICTIO BH3HAYAETHCS
TpbOMa BelIMUUHAMU: A, Lfr, By-

Jlns moOysoBH KPUBHUX IOMIKOPKYBAHOCTI HEOOXIIHMM € BHU3HAUEHHS 3HAYEHb YMOBHOI
AMoBipHOCTI BixMoBH 3 3a6e3neuenictio 6 € (0; 1) npu npuckopeHHi a.

Hwxue HaBeneHO airopuT™M OOYHCICHHS 3HAYeHb YMOBHOI WMOBIPHOCTI BiJIMOBH,
peamnizoBanuii 3a noromoror ¢ynkuiit MS Excel.

Po3paxyHOK IIPOBOJMBCS B ZBa CTAIIH.

OO6uncieHHs 3Ha4yeHHA MediaHu posmominy A5, mma 3amaHoi 3abesmeuenocti & 3a
nonomororo ¢ynkuii Excel:

JIOTHOPMOBP (1-6; LN(4,,); By)- (39)
OO0uucIeHHs 3HA4YEHHS! YMOBHOI IMOBIpPHOCTI BiZIMOBH J1JIsl IPUCKOPEHHS d:
JIOTHOPMPACII (a; LN (A,;i); Br). (40)

JlonatkoBo /yisi BUKOHaHHs ceficMiunoro BAD HeoOxiiHa cepeiHs KprBa IOIIKOPKYBaHOCTI
YCTaTKyBaHHs, 5IKa 3aJla€ThCs ABOMA mHapamerpamu: A, i f,. Y 1boMy BHIAIKY PO3pPaxyHOK
MIPOBOJIMTHCS B OJIMH €TaIl 32 JIOMOMOror0 (yHKIii:

JIOTHOPMPACII (a; LN(4,,); B.)- 41

B 3ajexHOCTI Bii OTpUMAaHOI MiHIMaJbHOI BEIMYUHU rpaHuuHOl cericmocrtiiikocti HCLPF,
noOynoBaHi rpadikd CIMEHCTB KPUBHMX MOMIKOMKYBAHOCTI JUIs OyIiBEIbHUX KOHCTPYKIIH
KOMIUIEKCY IO NepepoOIli pajioaKTUBHUX BIIXOMIB. B SIKOCTI METOAMYHOrO KEpiBHUIITBA JJIs
MoOyI0BH KPUBHUX TOIIKODKYBaHOCTI BUKopHcTaHi [13] ta [14].

BucnoBok. B crarri BuUKIaJieHa METONOJIOTISl, SKa BUKOPUCTOBYETHCS JUISl OL[HKH
CeliCMOCTIMKOCTI Ta BU3HAYEHHS 3aracy ceiCMOCTIMKOCTI 3 ypaxyBaHHSIM B3a€EMOJIT CIOPYAH 3
OCHOBOIO JIJIs1 TIepeltiky Oy/iBeNnb Ta CHopy/| eHeproOJIOKiB.

B crarri onucanuii MeTon pO3paxyHKY OIIHKHA CEHCMOCTIMKOCTI Ta BH3HAYEHHsS 3amacy
CeliCMOCTIKOCTI, BpaxyBaHHs BIUIMBY OCHOBH, MilHICHI Ta nedopmaTtuBHi KpuTepii
Mpane3aTHOCTI, METOJUKa OOYMCIEHHS BEJIMYMHU rpaHuyHol ceiicMocriiikocti HCLPF Ta
METO/IMKA MMOOYI0BH KPUBUX MOIIKO/KYBaHOCTI.
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TensepcokuiifO.B.., Bapabaw M.C., Tpycos I.0., Ilepsywosa JI.®.
METOJIUKA OIIHKA CEHICMOCTIAKOCTI BYIIBEJIbHUX KOHCTPYKIIIA TA CIIOPY /]
ATOMHUX EJIEKTPOCTAHIIIN B ITK JIIPA CAIIP

B naHiit craTTi 3anpornoHOBaHa METOAOJIOTIS OLIHKM CEHCMOCTIMKOCTI Ta BM3HAYEHHS 3amacy CelCMOCTIMKOCTI 3
ypaxyBaHHSM B3a€MOJIiT CHOPYJIH 3 OCHOBOIO Il Oy/iBENb Ta CIOPYJ CHEProOJIOKIB, MIl[HICHUX Ta Je(hOpPMATUBHUX
KpUTepiiB Ipaune3JaTHoCTi Towmo. Y paMKax I[EepPeBipOYHOr0 pPO3PaxyHKy pO3IVISHYTO TPU KpUTEpii MillHOCTI
Mpale31aTHOCTI, O CKJIAJeH] 3TifiHO 3arajibHUM NpUHIMNAM 3a0e3MeYeHHs HaiHHOCTI Ha KOHCTPYKTHBHOI Oe3rexku
OyniBeisb 1 criopy. CelicMiYHMI pO3paxyHOK BUKOHAHO 3a JIHIHHO-CHEKTPAJIbHOI Teopieto celecmocriiikocti. B TIK
JIIPA-CAIIP peanizoBaHo BpaxyBaHHS BIUIMBY ocHoBU 3rigHo JBH B.1.1-12-2014. ByniBHuUTBO y ceiicMiuHMX
paiionax Ykpainu.

3anporoHOBaHO METOJMKY OOYMCIICHHS BEIMYMHM rpaHuuHOl ceiicmocriiikocti HCLPF ta Metonuky mo0ynoBu
KPMBUX NOMIKO/PKYBAHOCTI. [[1 Bu3HaueHHs inTerpanbHoro napamerpa HCLPF, mo xapakrepusye piBeHb cell CMidHOT
CTIHKOCTI IILOTO €JIEMEHTa IPOBEACHO PO3PAXYHKOBMH aHali3 celcMocrtiiikocti eneMentiB fitounx AEC B pamkax
METOJly TPaHMYHOI CeHCMOCTIMKOCTI. 3arpornoHOBAaHO METOJIMKY Ta Bepu(iKalliiiHi NPUKIaaM BU3HAYCHHS BEIMYMH
napameTpiB FS ta HCLPF s 3anizoberonnux koHcrpykuii B «/IIPA CAITP».

KoarouoBi ciioBa: rpanuuyHa celicMOCTIHKicTb, MilHiCHI Ta JgedopmaruBHi kputepii npanesgatHocti, HCLPF,
3a11i300€TOHHI KOHCTPYKILil, nedopmauii, MitHicTs, JIIPA-CATIP.

Henzerkyi Y.V., Barabash M.S., Trusov 1.O., Pervushova L.F.
METHODS OF ASSESSING THE SEISMIC RESISTANCE OF BUILDING STRUCTURES AND NUCLEAR
POWER PLANT STRUCTURES IN LIRA-SAPR PROGRAM

This article proposes a methodology for assessing seismic resistance and determining the reserve of seismic
resistance, taking into account the interaction of the structure with the foundation for buildings and structures of power
units, strength and deformation criterion of workability, etc. During verification calculation, three criteria of strength of
workability, compiled according to the General principles of ensuring reliability and structural safety of buildings and
structures, were considered. The seismic calculation was performed according to the linear-spectral theory of seismic
resistance. In LIRA-SAPR program, considerationoftheinfluenceofthebaseisimplementedaccordingtoBuildingnorm
DBN B.1.1-12-2014. Building Construction in seismic areas of Ukraine.

The method of calculating the value of the ultimate seismic resistance of HCLPF and the method of constructing
damage curves are proposed. To determine the integral parameter HCLPF, which characterizes the level of seismic
resistance of this element, a calculation analysis of the seismic resistance of elements of operating nuclear power plants
was carried out within the framework of the method of ultimate seismic resistance. The methodology and verification
examples for determining the values of FS and HCLPF parameters for reinforced concrete structuresin LIRA-SAPR
programare proposed.

Keywords: ultimate seismic resistance, strength and deformation workability, HCLPF, reinforced concrete
structures, deformations, strength, LIRA-FEM analysys.

VK 624.014, 621.039.58

Tensepcoruii FO.B, bapabaw M.C., Tpycos 1.0., Ilepsywiosa JI.®. Metoauka oniHkM ceiicmocTiiikocTi 6yaiBeJbHIX
KOHCTPYKIiii Ta cnopya aromHux ejgexkrpocraduiii B IIK Jlipa CAIIP // Onip marepiaiis i Teopist ciopy/: HayK.-
TexH. 30ipHuk. — K:KHVYBA, 2023. — Bun. 111. - C. 125-139.

B oaniti cmammi 3anpononoéana memooono2is OYiHKu celucMoCmitiIkocmi ma 8UsHA4eHHs 3anacy ceticMoCmiukocmi 3
YPaxyeanHam 83a€mo0ii cnopyou 3 0cHo6010 0ia 6ydigenb ma CHOpyoO eHepeoONIOKi8, MiYyHICHUX ma 0eoOpMaAmMueHUX
Kpumepiis npaye30amHocmi mowo.

Tabun. 4. In. 11. Bi6niorp. 20 Ha3B.
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This article proposes a methodology for assessing seismic resistance and determining the reserve of seismic resistance,
taking into account the interaction of the structure with the foundation for buildings and structures of power units,
strength and deformation criterion of workability, etc.
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The successful application of ITU to the analysis of structures is largely due to the efficiency of the use of modern
software packages, in connection with which the role of program systems that implement the solution process increases.
The correct organization of the computing complex, the choice of optimal algorithms for solving systems of linear and
nonlinear equations largely determine the possibilities of the method in terms of the structural complexity of the objects
under consideration, the accuracy of the results obtained, and the complexity of setting nonlinear problems. Therefore,
there is an increased interest in the development of fairly universal computing complexes based on ITU. One of the
effective software complexes is the "Strength" system, designed to conduct comprehensive research in the field of
mechanics of a deformable solid, the basic principles of construction of which are used in this work in the
implementation of a semi-analytical version of the finite element method (FEM).

In this work, solutions of a significant number of control problems of deformation of massive and thin-walled
prismatic bodies under different boundary conditions and loads are obtained. In the process of solving new problems,
the estimation of the convergence of results was carried out on the basis of a sequential increase in finite elements and
contained terms of decomposition, an increase in the accuracy of systems of linear and nonlinear equations, and the
accuracy of satisfaction with natural boundary conditions was checked. The developed effective method for solving
new complex problems of deformation of prismatic bodies is implemented in the form of complex programs and can be
used in design and construction practice in construction, mechanical engineering and other fields of technology.

Keywords: finite element method (FEM), semi-analytical finite element method (SAFEM), stress-strain state, elastic
deformation, bending of hinged square plate, cylindrical panel, elastic equilibrium of prismatic beam, thick square plate
clamped along the contour.

Entry. A wide range of building structures or machine-building equipment consists of
elements that are prismatic bodies of complex shape. Modern methods that are focused on the
calculation of a wide class of structures consisting of massive and thin-walled elements [3, 7,
14] should, along with high accuracy of the description of the stress-strain state of objects of
complex shape and structure, provide a high rate of convergence to an exact solution with
minimal numerical Cost. In this work, solutions of a significant number of .control problems of
deformation of massive and thin-walled prismatic bodies under different boundary conditions
and loads.

Bending a hinged square plate. We consider the elastic equilibrium of a thin square plate
with a side under the action of a load normal to its plane, the intensity of which is described by
the formula:

q=q sinﬁsini, (1)
a a

where ¢, - is the value of the load in the center of the plate. Coordinate axis Z " and Z% are
directed along the sides of the square. The plate is hinged on all side.

© Maksimyuk Yu.V., Andriievskyi V.P., Martyniuk I.Yu., Maksimyuk O.V.
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The solution of this problem, obtained in the work [9], is taken as a reference. Calculations
performed according to the developed method have shown that the finite elemental approach
provides a good convergence of the
solution to the exact one. Similarly,
when approximating a plate with a 2x5
FE grid, the values of the maximum
deflection in the center of the plate
obtained by the exact and approximate
methods differ by less than 1%.

Cylindrical panel loaded with its own
weight. One of the most common
examples for estimating the convergence
of numerical methods for calculating thin-
walled objects is the problem of elastic R
equilibrium of a non-flat rectangular 72
cylindrical panel, hinged on two curved 0 -
sides and free on the other two, loaded
with its own weight (Fig. 1) [6]. Fig. 1. Design diagram of a cylindrical panel

K K
Vo =V =0
33 33
-0 = O =
Fig. 2 shows the graphs of the error change in determining the deflection of the center of the

panel calculated in relation to the reference solution [9], in of the dependence on the order of
the matrix of the system of allowed equations.
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Fig. 2. Graphs of changes in the error in determining the deflection of the center of the panel
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The solutions are obtained on the basis of various variants of shell finite elements, FEM
when discretized along the one that forms and directs the SAFEM. Their analysis demonstrates
the high efficiency of the FEM in the calculation of thin-walled objects.

As can be seen from the figure, the traditional [5] and semi-analytical versions of the FEM,
based on the relations of the moment scheme, have approximately the same rate of convergence
in this problem. So over the entire range, the change in the number of unknowns is the
difference The results obtained by different variants of the FEM are less than 1%, however, the
width of the matrix of the system of allowed equations of the SAFEM is much smaller.

Elastic equilibrium of a prismatic bar. The possibility of applying the developed
numerical analysis apparatus to the calculation of massive spatial structures is investigated on
the example of a prismatic beam with
a square prismatic (fig. 3). Cross-
section - b, the length of the beam -

a=2b. On the wupper plane

(Z" =b) the object is loaded with a
vertical uniformly distributed load of
unit  intensity. The kinematic
boundary conditions are assumed to
be the absence of vertical

displacements in the plane 73 =0

and 2% =a.

The solution of a similar problem
is obtained in [6] on the basis of the
generalized method of finite integral
transformations. Table 1 shows the
values of vertical displacements at
Fig. 3. Design diagram of a prismatic bar different points of the section

Z¥ =a/2, obtained on the basis of

SAFEM and using the approach [6]. At all points of the section under consideration, the
discrepancy in the results is about 1%.

'

a' _rra _
U=V =0 3)
33 33 _
6(23':0) - 6(23'211) - 0
Table 1
7 72 SAFEM [6] %
0,5b 0,5b 3,41 3,45 1,16
b 0,5b 3,93 3,96 0,76
0,5b b 3,67 3,71 1,08
b b 4,20 4,24 0,94

Fig. 4 shows the nature of the change in vertical displacement along the face z" =b,

7% =b . The solid line shows the reference results, the circles show the displacement values
calculated by the SAFEM. A good alignment of solutions obtained by different methods is
evident.

A thick square slab is clamped along the contour. Approximation by means of functional
series requires a justification of the possibility of satisfying different types of kinematic
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boundary conditions. For this purpose, the elastic deformation of a thick square slab under the

action of a vertical uniformly distributed load applied to the upper plane (Z =n ) fig. 5.
0

1
5
2 /

© —

)
Ul 7 0 SAFEM
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5
a 1a 8a 9a 10a Mg 31 @
2 12 12 12 12 2 Z
Fig. 4. Graphs of changes in vertical displacement along the face of the beam
i'(zy:a) =0,
S R
Uz’(zz':a) =0,
V=) =0

The thickness of the slab
h=0,02m, the length of the

side 2a=>5h, the intensity
of the external load
g =E/50, where E - is the
modulus of elasticity of the
material, the Poisson's ratio
v=0,25. The plate is
clamped on all four sides.
Due to the symmetry of the
object, only the fourth part is
considered, the design model
of which is shown in fig. 5.

A comparison of the results obtained on the basis of SAFEM and decomposition by
orthogonal functions in all three directions is given in Table 2 and 3.

Fig. 5. Design diagram of a thick square slab clamped along the contour

Table 2
, M
1 4
4 1 81 375 1029
4,804 5410 5512
0 5414 > d d
11.27% -0,07% +1,81%
W2 5.729 5,121 5,591 5710
-10,63% 2,42% -0,35%
4,952 5,623 5,770
h 5,723
-13,50% -1,75% +0,82%
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Table 3
’ 1Al M
1 —3'3
4 o 81 375 1029
0 385 3,501 3,767 3,810
-8,49% -1,51% -0,39%
. 4150 3,750 4,070 4,130
-9,63% -1,92% -0,48%

Table 2 shows the convergence of dimensionless displacements v; =u;E/qa depending on

the visas of the total number of unknowns M, received by HMCE in the center of the plate
(upper, middle and lower surfaces), as well as their errors relative to the solutions given in the
paper [1].

Conclusion. The obtained data indicate a high rate of convergence of the developed
approach in the analysis of structures with arbitrary kinematic boundary conditions.
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Maxcum 'k F0.B., Anopiescvruii B.I1., Mapmuniok 1.1O., Maxkcum ok O.B.
PO3PAXYHOK KOHCTPYKIIN 3 JOBUIbHUMU KIHEMATUYHUMU TPAHUYHUMHU YMOBAMUA
HAINMIBAHAJIITUYHUM METOJOM CKIHYEHUX EJIEMEHTIB

VYenimne 3actocyBanHs MCE 110 po3paxyHKy KOHCTPYKLiH B 3HauHii Mipi OOyMOBJIEHO e(pEKTUBHICTIO
BUKOPHCTaHHs Cy4aCHMX MPOTPAMHHX KOMIUICKCIB, B 3B’S3Ky 3 UMM IMiJABHIILYETHCS POJIb CHCTEM MHpOrpaM, IO
peanizyioTh mpouec po3B’si3aHHsA. [IpaBumibHa opraizauis 0OO0YMCIIIOBAJBHOIO KOMIUICKCY, BHOIp ONTHMAJIBHUX
ITOPUTMIB PO3B’A3aHHA CHCTEM JIHIMHMX 1 HENIHIMHMX PIBHSAHb B 3HA4HIN Mipi BU3HAYarOTh MOXIIMBOCTI METOLY
LIOJI0 CTPYKTYPHOI CKJIQJHOCTI PO3IIISHYTUX 00’ €KTIB, TOYHOCTI OACP)KYBAaHUX PE3yJIbTATIB 1 CKJIAJHOCTI MOCTAHOBKU
HeNiHiIiHMX 3a1a4. ToMy crocTepiraeThes MiBUILEHUH IHTEPEC 10 PO3POOKH JOCUTH YHIBEPCATBHUX 00U CIIFOBAIBHUX
koMIuiekciB Ha ocHOBI MCE. OHuM 3 eeKTUBHHUX NMPOrpaMHUX KOMIUIEKCIB € cucteMa «MilHICTbY», MPU3HAYEHa JUIs
MIPOBE/ICHHS BCEOIYHMX MOCIIPKEHb B 00JACTI MEXaHIKM TBEPAOro Tija, o Ae(GopMyeTbcs, OCHOBHI NPUHLMIH
1o0y/10BU sIKOT BUKOPUCTAaHI B laHii poOOTi npu peasnizauii HaniBaHaniTnuHoro Bapianty MCE.

B naniii pobGori oTpumaHi pO3B’SI3KM 3HAYHOI KIJIBKOCTI KOHTPOJIBHMX 3ajlau Je(opMyBaHHS MAacCHBHHUX 1
TOHKOCTIHHUX TPU3MAaTHYHUX TUI HPH PI3HUX TPAHUYHMX YMOBAX 1 HaBaHTa)XCHHSX. Y MPOLECI pO3B’SI3aHHS HOBHX
3a7a4 OlLliHKa 30DKHOCTI pe3yJbTaTiB NMPOBOAMIIACS HA OCHOBI IMOCITIZOBHOrO 30UIbIICHHS CKIHYEHHUX EJICMEHTIB i
YTPUMYBAaHUX YJICHIB PO3KJIAJAHHA, IIJIBHMINEHHA TOYHOCTI CHCTEM JIIHIMHUX 1 HENiHIHHMX pIBHAHb, a TAaKOX
NepeBipsIacs TOUHICTb 3a/I0BOJIEHHS NMPUPOJHUM I'PaHUYHUM yMoBaM. Po3pobiieHa eeKTUBHA METOMKA PO3B’A3aHHSA
HOBUX CKJIQJHUX 3aBJaHb 1ehOpPMYBaHHS NPU3MATHYHUX TUI pealli3oBaHa y BUIVIAII KOMIUICKCHHX IPOrpaM i MOXxe
OyTH BHKOpHCTaHa B INPOEKTHO-KOHCTPYKTHMBHOI HpPakTULi B OyAiBHUITBI, MalIMHOOYIyBaHHI Ta IHIIMX raiy3sx
TEXHIKH.

KurouoBi cioBa: meron ckinuenux enementiB (MCE), HaniBananitnunuii Meron ckindenux enementisB (HMCE),
Hanpy>KeHo-1e(pOPMOBaHUH CTaH, NpPYXHE JAehOpPMyBaHHsS, BUTMH INAPHIPHO 3aKpilieHol KBaJpaTHOI IJIACTHHH,
LMTHAPHYHA TTaHENb, IPYKHA PIBHOBAra MpU3MaTHYHOrO Opyca, 3aTHCHEHA [0 KOHTYPY TOBCTa KBaJipaTHa ILIUTA.

Maksimyuk Yu.V., Andriievskyi V.P., Martyniuk 1.Yu., Maksimyuk O.V.
ANALYSIS OF STRUCTURES WITH ARBITRARY KINEMATIC BOUNDARY CONDITIONS BY
THE SEMI-ANALYTICAL FINITE ELEMENT METHOD

The successful application of FEM to the analysis of structures is largely due to the efficiency of the use of modern
software packages, in connection with which the role of program systems that implement the solution process increases.
The correct organization of the computing complex, the choice of optimal algorithms for solving systems of linear and
nonlinear equations largely determine the possibilities of the method in terms of the structural complexity of the objects
under consideration, the accuracy of the results obtained, and the complexity of setting nonlinear problems. Therefore,
there is an increased interest in the development of fairly universal computing complexes based on FEM. One of the
effective software complexes is the "Strength" system, designed to conduct comprehensive research in the field of
mechanics of a deformable solid, the basic principles of construction of which are used in this work in the
implementation of a semi-analytical version of the FEM.

In this work, solutions of a significant number of control problems of deformation of massive and thin-walled
prismatic bodies under different boundary conditions and loads are obtained. In the process of solving new problems,
the estimation of the convergence of results was carried out on the basis of a sequential increase in finite elements and
contained terms of decomposition, an increase in the accuracy of systems of linear and nonlinear equations, and the
accuracy of satisfaction with natural boundary conditions was checked. The developed effective method for solving
new complex problems of deformation of prismatic bodies is implemented in the form of complex programs and can be
used in design and construction practice in construction, mechanical engineering and other fields of technology.

Keywords: finite element method (FEM), semi-analytical finite element method (SAMSE), stress-strain state,
elastic deformation, bending of hinged square plate, cylindrical panel, elastic equilibrium of prismatic beam, thick
square plate clamped along the contour.

VK 539.375

Maxcum 'k FO.B., Anopiescokuii B.I1., Mapmuniok 1.1O., Makcum ok O.B. Po3paxyHOK KOHCTPYKIUiii 3 10BIIbHUMHI
KiHEMATUYHMMH FPAHNYHUMH YMOBAMHU HANIBAHATITHYHUM METO/I0M CKiHYEeHMX ejieMeHTIB // Omip mMaTepianiB i
Teopis cnopy: Hayk.-tex. 30ipH. — Kuis: KHYBA, 2023. — Bun. 111. — C. 140-146.

B Oaniii pobomi ompumani po3g’azKu 3HAUHOI KINLKOCMI KOHMPOJbHUX 3A0a4 OeQOpMYSaHHs MACUSHUX |
MOHKOCMINHUX NPUSMAMUYHUX ML NPU DISHUX 2PAHUYHUX YMOGAX | HAGAHMAdICEHHAX. Y npoyeci po36 ’a3anHsA HOGUX
3a0ay oyinka 30idcHOCMI pe3ynbmamie npoeooUNAcs HA OCHOBI NOCNIO06HO20 30iNbUIEHHA CKIHNYEHHUX eleMeHmig i
VMPUMYBAHUX YNeHI8 PO3KIAOAHHSA, RIOBUWJeHHS MOYHOCMI cucmem JIHIUHUX | HeNiHiiHUX DIGHAHb, A MAKONC
nepegipanacs mMouHicmb 3A0060NEHHA NPUPOOHUM 2PAHUYHUM ymoseam. Po3pobnena egexmuena memoouxa
PO36’A3aNHA HOBUX CKIAOHUX 3A60aHb O0eOPMYSAHHA NPUSMAMUYHUX MIL Deani3o8ana y 6unsioi KOMNIEKCHUX
npozpam i modice Oymu GUKOPUCMANA 6 NPOEKMHO-KOHCIMPYKMUGHOT npakmuyi 6 6y0ieHuymesi, MauuHoo6yoyeanti ma
THUWIUX 2ATY35X MEeXHIKU.

Tabu. 3. In. 5. bibaiorp. 16 Ha3B.
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In this work, solutions of a significant number of control problems of deformation of massive and thin-walled prismatic
bodies under different boundary conditions and loads are obtained. In the process of solving new problems, the
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YK 539.3; 624.073.4

JOCJIJIKEHHSI JUHAMIKH TPUIIIAPOBOi OBOJIOHKOBOI CTPYKTYPH
EJINTAYHOI'O MEPETUHY MPU HECTAIIIOHAPHOMY JUHAMIYHOMY
HABAHTAJKEHHI

B.B. I'ajinaiiuyk,
JI-p TeXH. HAyK

K.E. KoTenko,
KaH[. TEXH. HAyK

A.M. Mamenos,
KaH/I. TeXH. HayK

Kuiscokuil HayionanbHuil ynigepcumem OyoisHuymea i apximexmypu,
Tosimpognomcuvkuii npocn., 31, m. Kuis. 03680

DOI: 10.32347/2410-2547.2023.111.147-154

JlocnipkeHa AMHaMiuHA MOBEIHKA TPUIAPOBOI LMIIIHIPUYHOI CTPYKTYpPH HOPMAJIbHOTO EJIITHYHOrO MEPETHHY 3
JIUCKPETHUM TIOJIIMEPHUM 3allOBHIOBAYeM MpU Ail BHYTPILIHBOIO HECTAI[IOHAPHOrO HaBaHTaxeHHA. CTBOpeHi

CKIHYEHHI-€JIEMEHTHI MOJIeNi CTPYKTYPH i BUKOHaHi po3paxyHKu AedopMaiiil &,, 1 HOPMaJbHUX HANPYXKEHb O, il

HEeCy4HX LIapiB.

PosrisiHyTO BapiaHTH CTPYKTYp 0€3 MOoiMEepHOro 3aloBHIOBAYA i i3 3aIlI0BHIOBAYEM Pi3HOI XKOPCTKOCTI, apMOBAHUM
pebpamu. IpuBeneHo MOpiBHAIBHUN aHami3 jedopmariiii i HarpyKeHb HECY4nX IIapiB MpPH CHiBBIAHOLICHHI MOIYJIB
MPYXKHOCTI MaTepially HeCy4ux 1apis i 3anoBHioBaua £ ,/E=500 i E| ,/E=50.

B CKiHYEHHO-€JIEMEHTHHX MOJEIAX 3aCTOCOBaHI CKiHYEHHI eseMeHTH THny Solid i tuny Laminate. Po3paxyHku
31iliCHEHI NporpaMHo-po3paxyHKoBUM KomiuiekcoM NASTRAN anropuTMoM mpsMoro mnepexifHoro JUHaMidHOIO
porecy.

KarouoBi cioBa: TpumiapoBa LWIIHIPUYHA OOOJIOHKA, ENINTUYHUNA TNEPETHUH, CKIHYEHHO-€JIEMEHTHAa MOJElb,
HOJTIMEPHUH 3aII0BHIOBAY, HECTAIIOHAPHE HABAHTAXXEHHS, HECY4Hid 1Iap.

Beryn

Koncrpykuii mapyBaTux OOOJOHOK i IX €IEeMEHTH IIMPOKO 3aCTOCOBYIOTHCS B Cy4acHHX
MalllMHaX 1 MeXaHi3MaX KOCMIYHOI, aTOMHOI, NMAJMBHOI Ta IHIIMX Taly3sX TeXHIKW. Bymydn
BOXIIMBUMHU CKJIAJJOBUMH TAaKMX KOHCTPYKLIH iX poO3paxyHOK MOTpedye MaKCUMAajIbHOTO
BpaxyBaHHs Jil MOXJIMBUX BIUIMBIB Ha HHUX. OCOOJIMBO BaXJIMBUM € BpaxyBaHHsS (HakTopiB
3MEHIIYIOYHX CTIHKICTh OO0JIOHKOBUX CTPYKTYP /IO IMHAMIYHMX HECTAlllOHAPHUX HABAHTAXKEHb.

JlocmipkeHHsT TUHAMIKM TakuX CTPYKTYp MPSAMO Y MOOIYHO XapaKTepu3yloui JaHy
npobisiemy [1-3] moka3yroTh, MO KPIM T€OMETPHUYHUX OCOOJIMBOCTEH KOHCTPYKIIT i mapamerpiB
(i3MKO-MEXaHIYHUX BJIACTUBOCTEH Marepiaily, MoTpeOyIoTh BpaXyBaHHs 1 OCOOJIMBOCTI caMuX
KOHTPOJIbOBAHMX TMOKA3HUKIB, MpPU PIi3HUX BJIACTUBOCTAX MaTepialiB  IOJIMEPHOro
3aIllOBHIOBaYa CTPYKTYpH. Pe3ynpTaTH BpaxyBaHHA LOTO MiAXOLY NpPUBEICHI B HACTYIHHX
JIOCII1JUKEHHSIX.

MocranoBka 3agaui. Hampyxkeno-nedhopmoBanuii craH Hecydux IapiB  0OOJIOHOK

BU3HAYACTRCS UePe3 KOMIOHEHTH Yy3araibHEHOro BeKkToparepemimens U; = (u],uj, o) i

T 2 2 2\T . T
U, =(uj ,u3,¢{)" , a Jerkoro mojiMepHOro 3amoBHIoBada — U, = (uy,us, @) -
JedopmoBanuii craH apMmyrouux pedep, CIPSIMOBAHUX B3JIOBX KOJOBOI KOOpAWHATH,
BU3HAYAETHCS y3araJbHEHHM BEKTOpoM repemituens U, = (uf ,uf, ¢f ).
3aKoH 3MiHU NepeMillieHb 000JIOHKH 33 TOBIIUHOIO M€ TAKHH BHUIJISIL
z .
up (81, 82, 2) = (81, 82) + 2@ (51, 52);

Uy (81, 89, 2) =y (51, 85) + 20, (51, 5,);

© Taitnaituyk B.B., Korenko K.E., Mamenos A.M.
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ui (51, 82, 2) =us(sy,8,), ze€[—h/2,h/2]. (1)
Tyr U= ,ty, 5,0 ,P,)" — KOMIOHEHTH y3aralbHEHOro BEKTOPA MEPEMillleHb CEPEIHMHHOL

TIOBEPXHI.
A kommoHeHTH gAedopmamii  IMTIHAPUYHOT  OOOJOHKHM  EIINTHYHOrO  Hepepizy
BH3HAYAIOTHCS Uepe3 KOMIIOHEHTH y3arajibHEHOr0 BEKTOpa repeMmilleHs 3a popmynamu [3, 4]:

en :a—, %) =—+k2u3; E1p =y +602; W) =—, W) =—— &3 =@ +HI; €3=P +02;
S] 6.5'2 5s1 8s2
Ou Ou 0, op
6 e 3.0, =— —kyuys 1 =—=— X =2 X2 =T+ Ty + ko, + ko
Sl 5s2 6s1 5s2
. _99p . :5(01_ )
! 65'1 ’ 2 6.5'2

JlocmipKeHHsT TUHAMIKH HECY4uX
mIapiB  TPHUIIAPOBOI  IMITIHAPUYHOT
O00OJIOHKHM ~ ENIINTUYHOTO0 NEPETUHY
(puc. 1) 3ailicHIOBaJIOCH TIPH TaKuX i1
napamerpax: Hecydi mapH (BHyTpiLI-
Hi 1 30BHIIIHI) CTPYKTYpPH 1 BUI'OTOB-
JIeHI 13 Marepiasly 3 OJIHAKOBHUMHU
(i3MKO-MEXaHIYHUMH  BJIACTUBOCTSI-
MH  TOBIIMHOIO hi1=h,=0,001 m.
Mopayns  mpyxKHOCTI  Matepiaiy
HeCcy4yHXx MIapiB Ta apMyrOuux pedep
3amnoBHIOBaya F =E2=7-1010Ha, Horo
HIUIBHICTD p; = pp = 2,7:10° kr/v,
koedimient Ilyaccona u=u3=0,3,

Puc. 1. ®parMeHT KOHCTPYKLIi TPUIIAPOBOT LIMIIIHPHUYHOT
00OJIOHKH €TINTHYHOTrO NMEPETUHY 3 MOJIMEPHHUM 3aMIOBHIOBAYEM

MUIBHICTE 3aIIOBHIOBA4a pt=25 KI/M. apMOBaHUM pedpaMu KOPCTKOCTI: 1 — BHYTPIIIHIN 1ap;
3arajbpHa TOBIIMHA CTIHKH 2 — noniMepHuii 3alI0BHIOBAY; 3 — 30BHIILHIN 11ap; 4 — apMyroui
LWWIHIPUYHOI CTPYKTYPH CTaHOBHUTH pebpa

h=0,010 M, a iHIIi TapaMeTpu MaroTh
nacTymi sHauenms: L =0,40m, L/ =0,4,b/h =0,1, a/b=1,10,F; =H -h; = 6,4-10n” ,
apMyrodi pedpa cTpykTypH (Tapasnesi) 3HaXoAAThCsl B TAKUX 11 TOUKax:
X, = [16+17(k-1)]Ax, k=1,5, Ax=L/100,
ne k - KinbKicTh apMyrounx pebep NpuiHATa B PO3paxyHKax.
JluHamiyHa TOBEAIHKA JOCIIDKYBAaHOI CTPYKTYPH OLHIOBAJIACS BEIMYMHAMH HOPMAIIBHUX
nedopmariit &,, Ta HOpMaTbHAMU HATIPYKEHHSAMH C,, CEPEAMHHHX MOBEPXOHb HECYUHX MIAPIB.

Posnonin imMimynbcHOro HaBaHTaXkeHHs P(f) 3[1CHIOBABCS, 3r1THO IPUBEIECHOMY Ha puc. 2 i
MaB yacoBuii inTepBan 0 <t < 107:

P(t)=4 -sin”?’[n(t) —n(t-T)], 3)

ne n(f) — ¢pynkuis Xeicaiga; 4 — aMIUTiTYa iIMIYJIbCHOTO HaBaHTaXEHHs; T — TPUBANICTbH

Yacy HABAHTAKEHHS;  — YaCOBUI iHTEpBAaJL.
TTapameTpn HaBaHTAKEHHS MpHIAMaTHCch Bigmosigno: 4 = 10° ITa; 7'=50-10 c.
INoxmamaeThest, MO Kpai 000IOHOK sKOpCTKO 3aTHCHEeH:: U =U, =U; =¢; = ¢, =3 =0.

3acTocyByBaBCs CKiHUCHHO-EIEMEHTHHH METOJ PO3PAXyHKiB HOPMAIbHHUX AehopMaliil &,,

i HOpMalbHUX HANpPYXEHb Oy, [5]. A cami pO3paXyHKH BHKOHYBaJIHCh IIPOIPAMHO-



ISSN 2410-2547 149
Onip matepianis i Teopist ciopy/Strength of Materials and Theory of Structures. 2023. Ne 111

po3paxyHkoBUM KomiuiekcoM Fimap with NX Nastran ajiroputMoMm mnpsiMoro mepexiaHoro
JIMHAMIYHOT'O MPOILIECY 10 aHAJIOTT 3 PO3paXxyHKaMH 1HIINX TPHUIIAPOBUX CTPYKTYp [6-8].

P, (Ma)
1000000 A
750000

500000

250000

-250000 : Jt, 107
0 05 1 15 2 2,5 3 35 4 a5 (c)

Puc. 2. Po3nozin iMIysibCHOr0 HaBaHTakeHHs P(f)

B 3aranbHiii IOCTaHOBILII CKIHYEHHO-EJIEMEHTHHM METOJ] repeadadae BU3HAUSHHS 00IacTi i
BEKTOpa MepeMilleHb MPYXKHOI CUCTEMH XapaKTepU3yHdorocs MiHiMizaui€ro ii moTeHIiatbHOl
eHeprii, a micis 11 BU3HAYCHHSI — PO3PAaXOBYIOThCS TEH30PH MEPEMILeHb I HANPYXeHb JaHOi
cuctem [5]. I KO [OBHA MOTEHIiaNbHA SHEPTisl CHCTEMH Ma€ B

n=E-w, 4)
ne E — morenuwianbHa eHepris nedopmauiid, a W — mnoreHLianbHa eHEpPrist 30BHINIHIX
HaBaHTaXXEHb, TO IICJIs PO3OMBKHU IILHOT 00JIACTI HA OKPEMI eJIEMEHTH MOTEeHIIalIbHA SHepris
CHCTEMH 3MIHIOEThCS B1IIIOBITHO:

£ E
HZZ(E(e) —W(e))ZZﬂ'(e). (5)
e=l e=l

I'nobanbha Matpuus >xopcrkocTi [K] 1 r100anbHull BEKTOP-CTOBIELb {F} B MaTpUYHOMY
PIBHSIHHI:
[K|{U} = {F} (6)

BIiNOBIAAIOTE CITIBBIAHOIIEHHSIM:

E E
[K]= X[ ) {F}=-2{r} (7)
e=1 e=1

MiniMizanisi MOBHOI IMOTEHHIANBHOI €Heprii CHUCTEMH, B pPE3YJbTaTi BIUIMBY CHJIOBHX,
TEIJIOBUX 200 IHIIUX (aKTopiB 3a0e3redye BUPIIICHHS 3a/1a4i.

Leii MmeTo X04 1 € TOCUTh YHIBEPCAIBbHUM i €)EKTUBHUM, ajie HOro BUKOPUCTAHHS MOTpedye
3HAYHUX NPOQeCiiHUX HABUYOK, & B OKPEMHUX BUIIAJKaxX HAaBiTh IHTYITMBHOIO BIAYYTTS
curyauii. Jlns BU3HAuUEHHS BeNMUMH jAedopMaliil i HampykeHb OyJIM CTBOPEHI CKiHUYEHHO-
€JIEMEHTHI MOJZENI CTPYKTypu Oe3 3alloBHIOBA4Ya 1 3 JUCKPETHO-CUMETPUYHUM JIETKUM,
apMoBaHUM pedpamu 3anoBHIOBaueM (puc. 3). CxiiazoBi nepiioi Mozeni: (a) — oOLIMBKa Hecy4a
BHyTpiuHs; (b) — 0OLIMBKa Hecy4a 30BHILIHS; (C) — JIerkui 3anoBHioBad; (d) — apMmyroui pedpa.

Ilpu crTBOpeHHI mepmiol MoJeNi 3aCTOCOBYBABCS TPUBHMIPHUN 00 €MHHUI CKIHYCHHHIA
enement tumy Solid. Ils Momenb y BapianTi TpUIIApOBOI LMIIHIPUYHOI CTPYKTypu Oe3
MOJIMEPHOr'0 3alOBHIOBAaYa HallivyBajia y BHYTpilIHIA Hecydii obosmonui 40000 enemeHTiB,
3oBHimHINA — 40000, a B apmyrounx pedpax — 4000. KinbKicTh CKiHUEHHUX €JIEMEHTIB JIETKOrO
3anoBHIOBaua (miHoruiacty) gopiBHioBana 36000. 3aranbHa KiNbKiCTh CKIHYEHHHX €JIEMEHTIB y
Mojeni 6e3 miHomiacty ckiangana 84000 emementiB 1 124200 By3miB. A mpu HasBHOCTI
MiHOIUIACTY Taki JaHi popiBHIOWOTH: 120000 enementi i 141400 By3uiB.
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Juns  mepeBipkd  30DKHOCTI  pe3yJbTaTiB
pospaxyHky Oyna TakoX CTBOpeHa Jpyra
CKIHYEHHO-EJIEMEHTHA MOJENb 3 BUKOPHUCTAHHAM
CKIHUEHHOTO enieMeHTy tuny Laminate. Llx
Mojeib HaiiuyBana 20000 cKiHYeHHHUX €JTEMEHTIB
120200 By3iB.

Tunu CKiHYEHHHMX €JIEMEHTIB II0 CIIiBBigHO-
LICHHIO JOBXHUHH pebep eneMeHTiB «Aspect
Ratio», 3ByxeHHto «Taper», BHKPHBJICHHIO
«Warpingy, BHyTpimHiM kyram «Internal Anglesy
Ta I1HIIMM IIOKa3HHUKAaM BIAIIOBiAQJIM BHMOram
3a0e3NeYeHHs  SKOCTI  CKiHYEHHO-EIEeMEHTHOI
citku komruiekcy NASTRAN [9].

B 00ox mozensx aedopmarii i HanpyKeHHs B
CepeAMHHUX  IIOBEPXHAX  HECYYHMX  LIapiB
po3paxoByBajuch B TIepeTuHi S, B o0iacri:

D={0<S8 <L}.
Jln11 BU3HAYEHHS YacOBOTO KPOKY MEPEeXiIHOro
© (d JMHAMiYHOro  mpouecy  OyB  IpoBeAeHHId
. JONAaTKOBHH pO3PAaXyHOK BIIACHHX KOJIUBAHb 1
Puc. 3. CkiHYeHHO-€JIeMEHTHA MOJIENb . 6 .
TPHIAPORO] THTHAPHIHOL 06ONOHKH BU3HAYEHO  MEPIOfl  KONMBAHb  0GONOHKOBO
HOPMAaJILHOT'O eJINTUYHOrO MEPETHHY i3 CTPYKTYpH. Heplo,u KOJIMBaHb CKJIaB He MeHm 10
ckindennnm enementom Solid YaCOBHMX KPOKIB, a IOBHHUI Yac po3paxyHKy Maike

sk y14 pasiB ioro nepeBunius [9].

Pesyabratu pociuipkeHHss i ix aHajiz. Po3risHyro Tpu BHUINAAKH JAWHAMIYHOTO
nedopMyBaHHS TPUIIAPOBOI LMIIHIPUYHOI OOOJOHKOBOI CTPYKTYPH ENINTHYHOTO IEPETHHY
npu: 1) BiACYTHOCTI IOJIMEPHOrO 3allOBHIOBAaua; 2)CITiBBIJHOLICHHI MOAYJIB MHPYXHOCTI
Hecyunx Iapi i sanoBHioBaua E,,/E, =500; 3) Tex came E,,/E, =50. Busnauanuch

MaKCHMalbHI BETMYUHH 1 po3nonin aedopmaniil &,, cepeANHHNX MOBEPXOHb HECYUHX IIApiB i
HOpPMaJIbHI HANIPY)XEHHS Oy, .

B mepmiomy Bumagky makcumanbHi nedopmaiii 1 HOpMasbHI HANpy)KeHHS HaHOUIbII
3HAYHO MPOSBHMIMCH y BHYTpIIHbOMY Imapi cTpykTypu (kpmBa 1, puc. 4 (a), (6)). Ix
MaKCHMaJlbHI 3HaueHHs Maibke Ha 10% mnepeBHIMIM X BEJMYMHU B ICHTPAJIbHIM YacTHHI
JOBXKUHHU CTPYKTYPH.

&n-10° Ox-107

1 1
3 24
2 18

: I .
K WA | l \
-2 ’ X g 2 \H/ X

0 0,1 02 03 04 0 0,1 0,2 03 0,4
(2) ©)

Puc. 4. Makcumanbhi Bennunnu gepopmaiii €,, (a) i HOpMaJILHUX HATIPYXKEHb O ,, (0) npu =7,95T

3a BIJICYTHOCTI HOJIIMEPHOTO 3all0BHIOBayYa
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Y apyromy BHMOAAKY, 0pH CIIBBiJHOWEHHI MOIYIiB MNPYKHOCTI F;, /Et =500

nedopmariiiobox Hecyumx mIapiB 852, 8222 (puc. 5 (a), BiamoBigHO KpuBa 1 Ta KpuBa 2)
BUSIBUWINCH NMPAKTHYHO OJHAKOBMMHU, a iX BEJIMYMHA B TOPIBHIHHI 3 BEIMYMHOIO JAedopMalriii
BHYTPIIIHBOrO MIapy, 3aikCOBaHOIO B MEPLUIOMY BHUNAAKY, CYTT€BO 3MeHIIWIach (60%).

AHanoriyHuii xapakrep Mae i 3MiHa HOpMaJIbHUX HaINpyKeHb 6%2 , 6222 (puc. 5 (0), BianoBigHO

kpuBa 1 Ta kpuBa 2).

& 10° 02107
1,5 A a 9 . 3
1 A 2 2 N
3 1 13
0,5
g . ‘ ' 0 ‘ ]
0 < Xsf s A ' 1 i
-\ AV v
’ V V -
-1 X-Q
0 0,1 0,2 03 04 0 0,1 0,2 0,3 0,4

(@) (©)

Puc. 5. Makcumanbri Benmunnu nepopmauiii €,, (a) i HOpMAIbHUX HATIPYXKEHb O ,, (0) npu =8,7T

1pH CHiBBIAHOLIEHHI MOJLYJIB IIPYXKHOCTI £, , / E, =500

MaxkcuMainbHi BENHYMHA HOPMAJIBbHAX HANPYKEHb B IIbOMY BHIIAJKY TAKOXK MOCTYIAIOTHCS
HaBEJICHUM B IEPIIOMY BUIAJAKY BenudrHaM. J[Jsi mepeBipku 301KHOCTI OTPUMaHUX BEJIHYHH
nedopmariiii i HarpyeHb B IIbOMY BHIAJIKy JHHAMIYHOTO JedopMyBaHHS CTPYKTYpu Oyio
MPOBEACHO MOPIBHSHHI PE3YJbTATIB PO3PAXYHKY 3 BHKOPUCTAHHSM CKIHYEHHUX €JICMEHTIB
tuny Solid (puc. 5 (a), () wrpuxosi yiHii) Ta THY Laminate (puc. 5 (a), (0) cyuinbHi JiHiT).

B Tperbomy BuMmaaKy, npu 30UIBIICHHI MOIYJS TMPYXKHOCTI TOJIMEPHOrO 3allOBHIOBaua

E,/E, =50 makcumanbhi Bemuauau fedopmariit 852, 8222 (puc. 6 (a), BigmoBinHO KpHBa 1 Ta

KpuBa 2) 1 HamnpyXeHb 6%2 , 6222 (puc. 6 (0), BimmoBinHO KprBa 1 Ta KpuBa 2) B HECYYMX MAOTh

MPaKTHYHO OJIHAKOBI 3HAYCHHs. A TX pO3MOIUT B3IOBK KOOpAMHATH X BIJPI3HIETBCSA Bij
aHAJIOTIYHOTO PO3IOUTY NPHUBENCHHX B MEPUIMX JBOX BHIIAJKax. MaKCUMallbHI 3HAYCHHSI

nedopmariit 852, 8222 1 HAIpyKeHb 6%2 , 6222 crioctepiraetses mpubmmsHo mpu 0,1 M 1a 0,3 M. A
IO BiIHOIIIEHHIO JI0 APYTOro BUMAJIKY BETMYUHH JeopMallii i HarpyXeHb Maiike He 3MIHUITHCh.

G010 022107

_(:]2: \\
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OTmKe, NoONIMEpHUI 3aMOBHIOBAaY 1 MPYKHICTh HOro Matepiaily BIUIMBAa€ Ha HAIPY)KEHHO-
nedopMoBaHuii cTaH JOCIHIIKYBAHOI CTPYKTYpPH, CYTTEBO MiZBHIILYE i CTIHKICTh O BIUIUBY
JUHAMIYHOTO HABAaHTa)KCHHS.

Bucnosku

Awnani3 rpagikiB 3aJeKHOCTI MaKCUMalbHUX Je(opMalliii Ta HAaNpyXKeHb Yy CepeIUHHUX
MOBEPXHSAXHECYUNX IIAPIB TPUILIAPOBUXLUMIIHAPUIHUX OOOJIOHKOBUX CTPYKTYp ENINITHYHOTO
HepeTHHy II0Ka3ye, MLIONAapaMeTpHd MEXaHIYHUX XapaKTePUCTHK JIETKOrO0 IOJIIMEPHOTro
3arO0BHIOBAYa 3HAYHO BIUIMBAIOTH HA CTIHKICTh TAKUX CTPYKTYP A0 JUHAMIYHHX BIUIMBIB.

TakuM YMHOM, MOXKHA CTBEp/KYBATH, IO MiAOOPOM BIAMOBIJHUX KOHCTPYKIIIHUX
€JIEMEHTIB TAKUX TPUINAPOBUX CTPYKTYp MOXKHA CTBOPUTH KOHCTPYKILIIO 3 HPOTHO30BAHOIO
JIMHAMIYHOIO TTOBEIHKOIO ITPY HECTALlIOHAPHOMY HaBaHTa)KEHHI.
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Tatioaiiuyk B.B., Komenxo K.E., Mameoos A.M.
JOCJIJKEHHS TMHAMIKHA TPUIIAPOBOI OBOJIOHKOBOI CTPYKTYPH EJIINITUYHOI O
NEPETHHY IIPU HECTAIIIOHAPHOMY ITUHAMIYHOMY HABAHTAKEHHI

JlocnipkeHa AnHaMiuHa MOBEIHKA TPUIIAPOBOI LMIIIHIPUYHOI CTPYKTYpPH HOPMAJIbHOIO EIIITHYHOrO NMEPETHHY 3
JIUCKPETHUM TIOJIIMEPHUM 3allOBHIOBAYeM MpU Ail BHYTPILIHBOIO HECTAI[IOHAPHOrO HaBaHTaxeHHA. CTBOpeHi

CKIHYEHHI-€JIEMEHTHI MOJIeNi CTPYKTYPH i BUKOHaHi po3paxyHKu AedopMaiiil &,, 1 HOPMaJbHUX HANPYXKEHb O, il

HEeCy4HX LIapiB.

PosrisiHyTO BapiaHTH CTPYKTYp 0€3 MOoiMEepHOro 3aroBHIOBAYA i i3 3aIlI0BHIOBAYEM Pi3HOI XKOPCTKOCTI, apMOBAHUM
pebpamu. IIpuBeneHo MOpiBHIBHUN aHami3 jedopMariiii i HarpyKeHb HECY4HX IIapiB MpPH CHiBBIAHOLICHHI MOIYJIB
MPYXKHOCTI MaTepially Hecy4ux 1apis i 3anoBHioBaua £ ,/E=500 i E| ,/E=50.

B CKiHYEHHO-€JIEMEHTHHX MOJEIAX 3aCTOCOBaHI CKiHYEHHI esnieMeHTH Tuny Solid i tuny Laminate. Po3paxyHKu
31iliCHEHI NporpaMHo-po3paxyHKoBUM KomiuiekcoM NASTRAN anropuTMoM mpsMoro mnepexifHoro JUHaMidHOIO
porecy.

KarouoBi cioBa: TpumiapoBa LWIiHAPUYHA OOOJIOHKA, ENINTUYHUNA TNEPETHUH, CKIHYEHHO-€JIEMEHTHAa MOJElb,
HOJTiIMEPHUH 3aII0BHIOBAY, HECTAIIOHAPHE HABAHTAXXEHHSI, HECY4Hid 1Iap.

Gaidaichuk V.V., Kotenko K.E., Mamedov A.M.
INVESTIGATION OF THE DYNAMICS OF A THREE-LAYER SHELL STRUCTURE OF AN ELLIPTICAL
CROSS-SECTION UNDER NON-STATIONARY DYNAMIC LOADING

The dynamic behavior of a three-layer cylindrical structure of normal elliptical cross-section with a discrete polymer
filler under the action of an internal non-stationary load was studied. Finite element models of the structure were created
and deformations and normal stresses of its bearing layers were calculated. Variants of structures without polymer
aggregate and with aggregate of different stiffness, reinforced with ribs, were considered. A comparative analysis of the
deformations and stresses of the bearing layers at the ratio of the modulus of elasticity of the material of the bearing
layers and the aggregate E| »/E=500 and E »/E=50 is given. Finite elements of the Solid and Laminate types are used in
the finite-element models. The calculations were carried out by the software and calculation complex Nastran using the
direct transient dynamic process algorithm.

Key words: three-layer cylindrical shell, polymer aggregate, finite element model, elliptical cross section, non-
stationary load, bearing layer.
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Abstract. One of the key areas of russia's military operations against Ukraine is the destruction of critical infrastructure
objects (CIO) of strategic importance. The main types of enemy means for air strikes on CIO are air-launched, ground-
launched and water-launched missiles, as well as barrage munitions. The vast majority of CIO were built above ground,
without any engineering structural protection systems to counter air threats, explosions or other impacts related to military
operations. The experience of Ukraine's war with Russia, in particular, the analysis of the significant impact of damage to the
energy sector's critical infrastructure, showed the importance of developing the most effective methods of structural
engineering protection of critical infrastructure from various types of ammunition as soon as possible. The process of
reducing the threats of damage to critical infrastructure involves identifying risks, their comprehensive assessment,
developing measures to reduce threats and their prompt implementation, followed by an assessment of the measures
effectiveness. Currently, the issue of organising the protection of critical infrastructure and other strategic facilities is being
systematically addressed on the basis of the "Country-Fortress" principle, which provides for the organisation of echeloned air
defence combined with comprehensive civil and engineering protection measures. Currently, there is a certain deficiency of
regulatory data in Ukraine for the design of reliable protective structures, so a regulatory base should be developed to ensure
that the design of critical infrastructure and other critical objects includes calculations for the possible impact of various air
strikes, terrorist attacks, etc. In addition, it is necessary to provide for the reliable protection of existing facilities, taking into
account the dangers and threats of today. The article presents approaches to assessing the risks of damage to critical
infrastructure objects, provides methods for their engineering and analytical calculations and methods of engineering
structural protection against various types of ammunition. The article considers both the issue of protecting existing objects
and designing new ones, taking into account the requirements for engineering protection and civil defence.

Keywords: engineering protection, critical infrastructure objects, damage, explosion, engineering protection, building
structures.

Introduction. Considering the protracted war of the Russian Federation against Ukraine and
the lack of significant progress by the Russian Federation on the battlefield, the latter resorts to
psychological pressure on the civilian population by targeting critical infrastructure objects (CIO)
of strategic importance in Ukraine [1, 2]. The purpose of such activities, from a military
standpoint (in addition to directly targeting military objects), is to reduce the quality of life and
create danger for the population, which affects the psychological state of society and reduces the
combat capability of the armed forces, disrupts the functioning of the production and economic
sectors of the national economy, leading to delays in providing the army with necessary resources.

Therefore, the task of protecting CIO and other strategically important objects is urgent and of
great importance. In Ukraine, the majority of CIO were built aboveground without any
engineering structural protection systems to counter aerial threats, explosions, or other impacts
related to military operations [3, 4]. Currently, the issue of organizing the protection of CIO and
other strategic objects is being addressed systemically, following the "Country-Fortress" principle,
which involves the organization of a layered air defense combined with comprehensive civil and
engineering protection measures, similar to the defense systems of Israel, the United States, and
other countries. In fact, Ukraine needs to develop a regulatory framework according to which
engineering protection should be provided and additional calculations should be performed to
assess the potential effects of various aerial strikes, terrorist attacks, etc., during the design of CIO

© Mykhailovskyi D.V., Skliarov L.O.
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and other critical objects. Furthermore, reliable protection of existing objects needs to be ensured,
taking into account current threats and dangers.

The purpose and objectives of the research. The objective of this study is to develop a
methodology for engineering-analytical calculations and methods of engineering structural
protection for CIO against various types of munitions. The experience of Ukraine's war with
the Russian Federation, particularly the analysis of the significant impact of damage to the
energy sector CIO, has demonstrated the importance of quickly developing highly effective
methods of engineering structural protection against various types of munitions.

The study [5] indicates that the main types of enemy means for aerial targeting of CIO are air-
to-ground, ground-launched, and cruise missiles, as well as unmanned aerial vehicles of the
"loitering munition" type. While missiles can be tracked and neutralized by air defense systems,
loitering munitions, which are used by the Russian Federation, are characterized by launching
from mobile platforms, mainly at night. Their low flight altitude (50-200 m) and the practical
absence of metal components in their bodies make them difficult to detect by radars, while their
combination of guidance methods, which is not yet fully understood, provides resistance to
electronic warfare systems. Additionally, the mass launch of loitering munitions by the enemy in
several groups simultaneously or in succession with short intervals makes them highly effective
against targets. At the same time, high-precision missiles pose a significant threat, so engineering
protection systems for CIO require further development.

Presentation of the Main Material. In the process of developing measures to protect CIO,
it is essential to assess the risks and threats that should be addressed by this protection. Risk
management involves choosing an appropriate response to a risk to achieve one or a
combination of the following results: avoidance of damage, transfer of the object, mitigation
of impact, or acceptance of the damage possibility. It should be based on minimizing the
consequences of potential risks rather than eliminating the risks themselves. Risk
management combines the processes of risk assessment, selecting appropriate response
methods by evaluating the value of assets and the vulnerability of the object in relation to
threats, and comparing the risk of partial or complete loss of the object with the cost of
implementing protective measures. Quite often, the measures for protecting an object exceed
its value, making their implementation impractical.

The risk management process, shown in Fig. 1, consists of five stages: identification of
potential risks and threats, risk assessment to determine the level of risk, development of control
and mitigation measures, their implementation, and subsequent evaluation of effectiveness.

The first stage involves identifying

THREAT MANAGEMENT PROCESS threats. At this stage, an attempt is made
to answer the question - what can go
wrong? In general, dangers and threats

12?211?;22::? ) can arise from any sphere and can be
reats related to the activities of the enemy, the

possibility of accidents, environmental
conditions, health, sanitation, material
and technical means and equipment, etc.
The assessment must be carried out
taking into account the context of the
events, the determination of the causes
that give rise to them, the predicted
duration of the action of dangerous
factors of influence. Fig. 2 shows an
example of a visual representation of
factors that pose a threat to the object
and parametric values of further analysis
of their impact.

assessment of
risks and
threats

control and
evaluation of
efficiency

development
of threat
reduction
measures

implementation
of measures

Fig. 1. Visualization of the process of managing threats to CIO



ISSN 2410-2547 157
Onip Matepiaiis i Teopist ciopyy/Strength of Materials and Theory of Structures. 2023. No 111

ASSESSMENT OF PHYSICAL RISK OF THREAT OF THE FACILITY
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Fig. 2. Assessment of the physical risk of threats to the CIO

The assessment of the physical risk of threats to the CIO is carried out on a numerical scale (see
Table 1), which takes into account the probability of a threat from a certain type of danger and its
impact on the operation of the object. Parametric values of gradation of impacts / consequences of
damage (e.g. number of victims, repair period, amount of material costs) is determined for each
object individually with the participation of the owner/balance keeper of the object.

Table 1
Assessment of the overall risk of damage to the object
PROBABILITY OF OCCURRENCE
extreme | very high high average low very low | minimal

— |Cessation of 10 10 9 8 7 6 5
Z |functioning
=~
?; Significant losses 10 9 8 7 6 5 4
-
8 Average losses 9 8 7 6 5 4 3
=}
Z
2 Separate losses 8 @ 6 5 4 3 2
=)
g Low losses 7 6 5 4 3 2 1
Z
(@)
™ [Damage/injuries 6 5 4 3 2 1 1

After the most important threats are identified, control and protection measures against them
are developed. What are the potential ways to respond to the risk, and which one provides the best
balance between affordability and efficiency? Certain technical solutions are adopted that do not
eliminate the risk factor, but reduce its impact and consequences. Possible active and passive
protection measures are evaluated until an acceptable level of risk is achieved or until all risks are
reduced to a level where the benefits outweigh the potential costs. The results of reducing the risks
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of damage to the object (see Fig. 2) demonstrate the effectiveness of the application of protection
measures.

The evaluation of active and passive protection measures is carried out on the same scale in
which threats are evaluated (see Table 2).

Table 2
Assessment of active and passive protection measures
Value Active measures | Passive measures

10 ] : : : :

5 Such high levels of protection cannot be achieved by active or passive
N measures alone

8

- § o O By | N = WS = S B | e e SESSg g

7 LXUCIICLY CIICCUVE IMcasurcs ull speciruln proecuon

6

5

e Very effective A complex system is used
3 Quite effective

2 Reasonably effective

1 T smitad moacnrac annly T imitoad moaguirag annly

Ll AJLIILILOUL HHIvAduI vy GP}II)‘ A ALLLILCU THIvaduivoy G}JIJI)‘

0 There are no effective measures There is no protection

The implementation of protective measures involves the operational and physical
implementation of protective measures - the development of project solutions, the calculation of
estimates of material costs and the determination of the need for labor resources and equipment.
This is usually accompanied by the transformation of planned protection measures into clear
and simple orders, the allocation of responsibilities and the establishment of appropriate
authority and accountability, as well as the provision of the necessary support for their
implementation.

Control and evaluation of efficiency. At this stage, you need to make sure - is your plan
working? Does it need changes or updates? The purpose of the fifth stage of the risk
management process is to ensure that risk controls are implemented and applied according to
plan, and that there is a feedback mechanism. As with the rest of the risk management process,
monitoring and evaluation should occur at all stages of operations.

The Russian Armed Forces currently have a fairly large range of long-range weapons both of
their own production (S-300, X-47M2 Kinzhal, AS4 / X-22, X-101, Kalibr, Iskander, Geran-2)
and imported, mainly from Iran (Fateh-110, Zolfagher, Shahed 136) (see Fig. 3).

Moreover, due to high accuracy, maneuverability and the use of radar visibility reduction
technologies, unmanned aerial vehicles (hereinafter UAVs) of the Shahed 136 / Geran-2 type
and X-101/ X-555 missiles have the highest passability to the target (Fig. 4).

The processing of existing statistical material on the effectiveness of UAVs shows that
approximately 20% of them have a direct hit, while 80% hit at 15-20 meters or more from the
object, or do not hit for various reasons. Therefore, the larger the CIO, the greater the
probability of a direct hit on it or as close as possible to it, and the more complex the type of
engineering protection or their combination must be considered.

When developing means of CIO protection, it is necessary to consider the types of influences
that can cause damage means. The most dangerous type of impact is direct damage to the object
by a projectile followed by detonation. Moreover, in this case, it is more dangerous to be hit by
a missile, which, due to its greater mass and speed of movement, has significantly greater
kinetic energy (1)

1 .2
E, zzmv , (D

where Ej is the kinetic energy of the projectile; m is the mass of the projectile; v is the speed
at the moment of contact with the object.
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Figure 3 annotated cross-section of a cnse missie (3W14-Kalibr)

3 FATEH-111 Tocca =5 Iranian drone Shahed 136
A long-range suicide drone for hitting fixed targets

Pl

+ Mamsfacturer: HESA (Iran|

* Launched: JUiL

o Warhead: 36 kg miplusive change
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« Maximum spaed: 11 kmh Leagth 35 m
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Fig. 3. The main long-range weapons of the Russian Federation

The most common engineering methods for calculating the penetration of projectiles into
the material are the Venn equation [6] and the equations contained in UFC 4-023-07 "Design
to Resist Direct Fire Weapons Effects, with Change 1".

The penetration depth (2) is affected by the characteristics of the projectile, namely:

—speed;

—mass;

—the shape of the projectile head (CRH);

—diameter;

—length;

—material / density;
as well as the properties of the target (protective shell):

—type and density of material;

—material thickness;

—Brinell hardness coefficient (for steel);

—compressive and shear strength;

—Poisson's ratio;

—Young's modulus.

n/(c-10%)-d

where P is the penetration depth of the projectile into the material; Ej; — projectile kinetic
energy; o — principal stresses; d — the diameter of the projectile.

The main stresses o depend on the characteristics of the material and the nature of the
passage of the projectile in it (3):

o=|a+pf Lé-vi oy 3)
V(Gt-IO)

where a, f — coefficients of influence of the shape of the projectile head; p, — material
density; o, — the calculated shear resistance of the material; v; — the speed of the projectile.
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TRAJECTORIES OF Top
RUSSIAN MISSILES

The trajectory of a cruise A cruise missile looks like a small airplane. It has full

missile wings so that it can fly along a complex trajectory,
pre-planned and loaded into the rocket. It can change
height, direction of movement, bypass obstacles. It
usually flies low, at an altitude of 50-150 m.

/ Kalibr / X-35 / X-31P
/Iskander-l\’ /Onix /X-59

X-101/X-555/
X-55

5

Ballistic trajectory It can be compared to the trajectory of a thrown stone.
The rocket flies in an arc, reaches the highest point, and

falls on the target like a stone. The missile may have
wings. with the help of which it drives to the target, but
the trajectory is not affected by this.

/ Iskander-M / MLRS / $-300

Aeroballistic missile An aeroballistic missile is a hybrid of a cruise missile
and a ballistic missile: it has full wings and initially flies

like a cruise missile, but falls on the target like a ballistic
missile.
/ X-22 / Kinzhal

Drone loiters asit ——— Frame is designed to take
searches for target consicerable damage

, .
801 warhead in
- the nose explodes
Twin engines enable upon impact
flight of upth[][II]ft

after take-off

; Size comparison
Drones fired in
» batches of five ”
from racks inside
truck-mounted
container
Drone hits Iarge’[

Fig. 4. Features of the trajectory of long-range weapons

If the thickness of the protective material is insufficient, penetration occurs (see Fig. 5).
Protection against direct impact should be calculated in such a way that the projectile does not
penetrate the protective shell, and secondary chipping of the protective material inside the room
does not occur.

Upon collision with a rigid obstacle, the explosive substance of the projectile detonates,
resulting in the formation of an explosive wave and fragmentation of debris (see Fig. 6).
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Fragmentation occurs after the explosion and destruction of the projectile container, after which
the fragments fly at high speed, filling the surrounding space around the detonation site with
deadly fragments. To increase damage, the container can be filled with additional small parts
(shrapnel). At the same time, the maximum number of fragments spreads perpendicular to the
axis of the projectile with the center at the location of the explosive substance (see Fig. 6). The
number of fragments scattered along the axis of the projectile trajectory is minimal. This can be
used when designing protective shells - it is not necessary to stop the projectile, it may be
enough to change the trajectory of its movement.

Initial velocity of
fragments from this
pan of the weapon

1100

Total number of
fragments from

this part of the
weapon

Fig. 6. Fragmentation and scattering of projectile shell fragments

To calculate the protective structure against damage by fragments, it is first necessary to
determine the coefficient of distribution of fragments (4). It depends on the type of explosive
substance (determines the power of detonation and the initial energy of the explosion), and
the parameters of the container (density, thickness and diameter of the container from which
the fragments are formed after the explosion)



162 ISSN 2410-2547
Omip MatepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2023. Ne 111

t
M, = Btc0’833 di0'333 1+l | 4)
d;
where M, — fragments distribution coefficient; B — the explosive constant, which depends on the
type of explosive substance; #. — container thickness; d; — the inner diameter of the container.
Knowing the debris distribution coefficient, you can determine the average/calculated

debris mass (M)):
M =2M,, )

The casing/container of an explosive device usually expands before rupture, and the
thickness decreases accordingly (see Fig. 7). This requires determining the corrected diameter
(6) and thickness of the case (7):

d;! = (1.25(d, +2t,)* +d? , (6)
t.'=0.75(d; +2t,)-0.5d,', ()

where d;” — the corrected inner diameter; #.” — adjusted thickness of the hull; d; — the initial
inner diameter of the container; ¢, — the initial thickness of the container.

ABS VEL. (m/s)
1.250e+03
1.161e+03
1.071e+03
9.821e+02
8.92%e+02
8.036e+02
7.143e+02
6.250e+02
5.357e+02
4 464e+02
3.571e+02
2.679%+02
1.786e+02
8.92%e+01
0.000e+00

14us 57 us 94 us 128 us 180 us

Fig. 7. Modeling the fragmentation process over time using the SPH method according to [7]

The average length (8) and cross-sectional area (9) of a fragment after the rupture of the
projectile container, which must be determined to calculate the damage and penetration of the
fragments into the protective structure:

_ AM,
Lf - 120 (8)
7P (1)
7Z"L2
f
A= ) 9
2 ©)

where L, — the average length of the fragment; 4 — the average cross-sectional area of the
fragment; M, — the mass of the fragment; p. — the density of the container material.
Accordingly, the average diameter of the fragment:
D=NQ2&A/x).
Gurney's equation (10) is used to determine the speed of flight of fragments, which makes it
possible to estimate with what power the explosive substance accelerates the metal of the
container during the detonation of the explosive

)2
v, =¢ﬁ.[&+%j , (10)

m,

where V;— the initial speed of fragments; v2E — Gurney constant for explosive substance; m,
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— mass of the container; m, — the mass of the explosive substance.

Next, having the mass, size and speed of the fragments after detonation, it is possible to
determine the depth of their penetration into the protective structure and calculate the safe
thickness of the protective material. At the same time, the speed of fragments decreases
depending on the distance at which the explosion occurs.

For example, the depth of fragments penetration into concrete:

0.285
. M?’333V;O'825 (Lf/D)
X, =8.24-10 , (11)
f.’
c
where X, — the penetration depth of the fragments; M, — the average mass of the fragment; V; —
the speed of the fragment; D — the diameter of the fragment; f.” — the calculated compressive
strength of concrete; L, — the average length of the fragment.
Below is the equation that determines the required thickness of concrete to prevent the
penetration of fragments:

T,=1632X,D" +1311D, (12)

where T, — the thickness of concrete to prevent the penetration of fragments; X; — penetration
depth of fragments; D — the diameter of the fragment.

In addition, it is necessary to prevent spalling of concrete inside the premises from being
damaged by fragments from the outside:

T, =1.754X ;D" +2.12D, (13)
where T — the thickness of concrete to prevent spalling; X, — penetration depth of fragments;

S
D — the diameter of the fragment.

An explosive wave is no less a threat when a projectile is detonated. When a concentrated
explosive is detonated, the explosion reaction first generates hot gas (detonation products), which
can be under a pressure of 10-30 GPa and a temperature of about 3000-4000°C. There is a strong
expansion of these gaseous products and the surrounding air is displaced from the volume it
occupies.

Since an imbalance is established between the highly compressed air in the blast wave and the
undisturbed air in front of it, the blast wave spreads outward from the center of the explosion. The
total energy in the system is now constant because the explosive has fully detonated and the
pressure at the blast wave front decreases as the wave front moves further away from the source of
the blast. The impulse of the gas leads to its excessive expansion, as a result of which the pressure
in the tail of the blast wave falls below normal atmospheric pressure. This creates a negative, or
suction, phase, which thus applies a retarding force to the surrounding gas molecules, causing the
flow to reverse back towards the center of the explosion. Eventually, the balance is restored.

A typical pressure-time profile at a fixed point in space for an outdoor blast wave is shown in
Figure 8.

The peak pressure in the negative phase is, as a rule, small compared to the volumetric
expansion pressure in the positive phase, but it cannot be neglected in the design of protective
structures. When designing fastening in only one direction, under negative pressure, unfastened
structures may be pulled out / overturned (Fig. 9).
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Fig. 8. The idealized regularity of the pressure change of the blast wave over time in the open air
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Fig. 9. Changes in the impact of the blast wave on objects over time
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When a blast wave hits a solid surface (or other denser-than-air medium), it bounces off it
and, depending on its geometry and size, wraps around it. When the blast wave is reflected,
energy is transferred between the blast wave and the object. The simplest case is an infinitely
large rigid perfectly reflecting plane (for example, the plane of the ground in the case of an
open-air explosion, or the facade of an infinitely large building in the case of a ground-based
explosion) on which the blast wave normally falls. The incident blast wave and the wave
reflected from the building create a region of further compressed air local to the building. At the
molecular level, the surface of the object applies an outward force to each air molecule
sufficient to give it an equal momentum in the opposite direction. According to Newton's third
law, the air acts on the surface with the same external force. Thanks to this, the change in
momentum leads to the fact that the pressure locally rises above the pressure drop that could
occur in the same place. This phenomenon is called reflected pressure (see Fig. 10).

Incident Blast Wave Triple Point

Alach Stem

Reflected Blast Wave
Path of Triple point

Height of Mach
Stem

Ground Surface

Regular Reflection Mach Reflection

Fig. 10. Emergence of reflected pressure of an explosive wave

Experimental studies have shown that as the distance to the source of the explosion
increases, the pressure drops in a cubic relationship, and the number of fragments in a quadratic
relationship. Therefore, an effective method of protection is to remove the source of the
explosion - for example, early initiation of the explosion at a distance from the object. At the
same time, the installation of flat protective screens is not an effective protection against the
explosion, because the blast wave surrounds the obstacle and the protection works only in the
immediate vicinity of the screen (see Fig. 11).

ast wave, refracts oyer wall
\ Reduced pressure o

Fig. 11. Obstruction of an obstacle by an explosive wave

To determine the pressure of the blast wave on the surface of the object, reference materials
can be used, e.g. resource https://unsaferguard.org.

In order to perform calculations of structures under the action of a blast wave, it is necessary
to convert the pressure and momentum of the blast wave into a quasi-static load (see Fig. 12).
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Fig. 12. Direct quasi-static loading of columns and walls by an explosive wave

A secondary effect of the blast wave impact can be the lifting of floor slabs, which is most
dangerous for panel and brick
buildings with precast reinforced
concrete slabs (see Fig. 13). Since the
slabs in such constructions are fixed
only due to the loading of the walls,
under the action of explosive pressure
from below, the slabs may be
displaced from the supports and the
floors may collapse.
\_P‘ Fig. 14 shows the graph of
pressure changes depending on the
Fig. 13. Lifting of floor slabs by an explosive wave distance to the explosion site of the
Shahed 136 UAV and the X-101
missile. As can be seen from the graph, the more or less safe distance for people's lives and
health from the place where the Shaheds fell is about 110 m, and the X-101 missiles - 210 m.

TNet upward
essure on slab

X-101 Shahed 136
kPa m kPa

126.6 14 63 4
21 { 47 21
65.4 345 33 345

425 69 215 69

209 138 |1 138

kPa

Fig. 14. Graph of the pressure drop of the blast wave at a distance from the Shahed 136 explosion site
and the X-101 missile
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The approximate impact on structures and people from excess pressure and air velocity from
the propagation of the blast wave is given in the table. 3.
Table 3
Impact of pressure and speed of blast wave propagation on structures and people

Peak pressure Max. air speed Impact on structures Impact on people
- " s - P % Minar ininriag fram healban
l7 m/s l)cstl-uctl()n 01 V\/ll]dOV\" glaSS IViIHIUL jut I\l‘b 11Ul vivunea
glass

Minor damage to buildings
31 m/s (destruction of windows and
doors, damage to the roof)

Injuries from broken glass
and debris

Callance afracidaniial A Taroa vimkar AF cariona
\_Ulld})b\. Ul 1OS1aciual £ 1dLET HUIIIUCL U1 SCTHOUUS

21 kPa 46 m/s buildings injuries, possible fatalities

Serious injuries are
73 m/s Collapse of most buildings | everywhere. fatalities are
widespread

Reinforced concrete frame
69 kPa 131 m/s buildings are damaged or
destroyed

Most of the people were
killed

Heavy reinforced concrete
138 kPa 224 m/s frames of buildings are
damaged or destroyed

Fatalities approach 100%

w
e
G 7
5

In work [5], the first priority methods of engineering protection, which can be arranged in
the shortest possible time, are considered. In the case of indirect hits and relatively small
objects, the primary measures for their engineering protection include fencing with fortification
gabions, with soil filling, the arrangement of ceilings over the objects with the help of wooden,
reinforced concrete and steel-reinforced concrete elements, etc. At the same time, horizontal
and vertical protective thicknesses can be selected according to the guides. For large CIOs, the
case of a direct hit should be considered. At the same time, the usual engineering protection
measures considered above are not very effective, as they have structural limitations in the
device, do not provide circular protection of the object, and require significant protective
thicknesses in case of direct hits. Also, when an explosive wave flows around a small obstacle,
an area is formed behind it where the pressure is lower than that of the incident wave. But
already at a short distance beyond the obstacle, the explosive shock wave (ESW) front closes
again and the pressure is restored. Therefore, a small obstacle (a low wall made of gabions,
sandbags, etc.) can provide protection from ESW only directly behind it. Thus, non-closed
protection from the installation of partial shelter walls can only be anti-fragmentation, or
extinguish the residual blast wave at a distance from the object.

The most effective method of engineering protection against a direct hit by an UAV in the
CIO is the creation of safe distances, that is, moving the place of a possible hit away from the
object. The most effective method of engineering protection for military centers and other
objects of strategic importance can be the construction of protective structures of a continuous
shelter, which cover with their profile the entire possible zone of damage by the enemy's means.
Therefore, the work [5] proposed a successful principled solution to the primary circular
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engineering protection of the CIO with the help of two levels: a protective screen and an
impermeable shell (of the "sarcophagus" type).

Fig. 15 shows the schematic diagram of such a protective structure. The outer screen 1 (Fig.
15) serves as the primary obstacle for the projectile and should cause the initiation of the

explosion. The frame of the protective

% ‘ \ screen can be made of metal or metal-

wood [9] structures, to which wall

sandwich panels, panels building from
1 T cross-laminated timber [10, 11] or a
N = profiled sheet are attached. The stiffness
of the metal nets proposed in [5] may
not be enough to stop the projectile or
initiate an explosion, besides, the size of
the missiles, unlike UAVs, allows them
to pass through the protective nets
unimpeded. At the same time, the upper

Fig. 15. Schematic diagram of the CIO protective structure part of the protecgve screeq can be

against direct hits of the "Shahed-136" UAV and missiles made of mesh for air access, since such

objects usually require air ventilation.

The second level of protection 2 (Fig. 15) is a multilayer structure that can be combined
taking into account the available materials. The supporting frame of such a protective shell can
be made of metal structures, but the main protective structure is performed by the filling
between the elements of the frame. The main restraining system against the blast wave and
damage by fragments after the initiation of the explosion on the protective screen is a layer of
hard reinforced concrete slabs. To avoid secondary fragmentation and chipping of concrete,
reinforced concrete slabs should be covered with a metal sheet membrane from the inside.
Externally, reinforced concrete slabs are covered with soil, sand or soil-cement mixture for
damping the velocity of debris.

Also, shock waves in the soil base during the explosion of ammunition in the immediate
vicinity of the object pose a significant danger to the structures of the CIO. The created wave is
equated to a one-time seismic impact of large magnitude, which depends on the power of the
explosion, and accordingly on the type of ammunition. In fact, it is possible to use the standard
methods used for the buildings construction in seismic areas, or to use engineering protection
techniques when erecting the CIO. One of these techniques can be a protective screen in the soil
base around the building, up to several meters wide and several meters deeper than the depth of
the foundations, filled with a damping material, for example, uncompacted sand. Thus, the
shock wave from the explosion that will occur in the ground base will be extinguished in this
protective screen. Accelerograms obtained experimentally during the explosion of munitions of
various types and power can be used for a detailed calculation of this effect on the reliability of
CIO structures.

Another global way of creating a system of CIO protection and other objects of strategic
importance according to the "Country-Fortress" principle is to disperse such objects with the
creation of a certain number of backup ones, when the failure of one or more of them cannot
significantly affect the overall operation of the critical infrastructure system, etc. The principle
of such construction of the CIO should be approved as a general plan for the development of
Ukraine in the future. The construction of a large number of small CIO instead of large objects
will allow to significantly reduce the risks of their loss, as well as the consequences for the
sectors of the national economy of such losses.

Conclusions. Scientific novelty and practical significance of the obtained results. The
paper examines approaches to risk assessment of damage to critical infrastructure objects,
provides methods for their engineering and analytical calculations, and methods of engineering
constructive protection against various types of ammunition.

Object

2 2
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The issue of the need for their urgent protection according to the "Country-Fortress"
principle, including engineering measures, was raised. The issue of both the protection of
existing objects and the design of new ones, taking into account the requirements for
engineering protection and civil defense, is under consideration.

Innovative methods and techniques of engineering protection of the CIO and other strategic
objects from the hits of the most common types of ammunition are proposed.

An algorithm for calculating the parameters of the explosive and fragment load from UAVs
and other types of ammunition, as well as for calculating the protective properties of structures,
is presented.

The perspective of further research is the improvement of methods and techniques of
engineering protection of the CIO and other strategic objects, as well as the methods of their
calculation and design, taking into account the ability to withstand different types of
ammunition.

The protection of CIO and other strategic objects is one of the most important components of
the national security of the Ukraine independence, which contributes to the state's resilience to
external and internal threats, including those of a military nature.
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Muxaiinoscokuil /I.B., Cxnapog 1.0.
METOJIU PO3PAXYHKY TA IHJKEHEPHOI'O 3AXHCTY OB’€KTIB KPUTUUYHOI IHOPACTPYKTYPH
TA IHIIAX CTPATETTYHUAX OB’EKTIB BIJ| JAJTEKOBIMHUX BOEMPUITACIB

AKTyanbHicTh. OJHUM i3 KJIIOUOBUX HAINPAMKIB BEICHHS BOEHHUX Aid pd npotu YkpaiHu € ypaxeHHs 00’€KTiB
kputnyHoi iHdpacTpykrypu (OKI) crpareriuHoro 3HaueHHS. OCHOBHMMHM THIIAMH 3acO0iB TNPOTHBHHMKA JUIS
noBiTpsiHoro ypaxenHs OKI e pakern mHOBITPAHOro, Ha3eMHOrO i1 HABOAHOIO 3amycKy, a Takoxk brnJIA rtumy
«bapaxyrouunit Ooenpunacy. IlepeBaxna Oinbmicts OKI 3Boguimcs B YkpaiHi HaA3eMHUMH, 0€3 JKOAHUX CHCTEM
IH)KEHEPHOTO KOHCTPYKTHBHOTO 3aXMCTy MJIsi HPOTHAIl MOBITPAHMUM 3arpo3aM, BHOyXaM UM IHIIMM BIUIMBaM,
MOB’SI3aHUM 13 BIHCHKOBMMHM JisiMH. BaxiuBicTe HaHmBHAIIOI PO3pOOKM MaKCUMAJIbHO €(EKTHBHUX METOJIB
IH)XKEHEepHOro KOHCTpykTHBHOro 3axucty OKI Bix OoenpumaciB pisHOro THmy Iokas3aB AOCBiA BiiHM YKpainu 3 po,
30KpeMa aHali3 cyTrreBoro BrumBy noikomxkeHHs OKI eneprernunoi cdhepu. Ha nanmii wac B Ykpaiui BiguyBaeTbcs
MeBHUH 1ediyuT HOPMATUBHUX JAHUX JUIS NPOEKTYBAHHA HaliiHMX 3axucHUX KoHcTpykuiii OKI. Mertorw po6oru €
po3pobKka HOPMATHBHOI 0a3M AJIsl BAKOHAHHS PO3PaXyHKIB Ha MOXJIMBY JIif0 PI3HOMAHITHUX BU/IiB CHJIOBUX BIUIMBIB Bif
MOBITPSHUX yJapiB, TEPOPUCTUUHHMX aTak Tomo npu npoektyBanHi OKI Ta iHmmx crpateriynux o0’exti. Hapasi
CHCTEMHO BUPIIIYEThCS MUTaHHA opraHizauii 3axucty OKI Ta iHIMX 00’€KTiB CTPAaTEriyHOro 3HAUYEHHS 3a IPHUHIUIIOM
«Kpaina-opreus», 1o mnependadae OpraHizalilo €IIEJOHOBAHOI INPOTUIOBITPSIHOI OOOPOHH, CIIOJIYy4Y€HOI 3
KOMIUIGKCHUMHU 3aXOJlaMH LIMBUIBHOTO Ta iH)KEHEpHOro 3axucty. KpiM 1poro, HeoOXigHO mepeadauyuTH HaIiiHWH
3aXUCT ICHYIOYHX 00’ €KTIB 3 ypaxyBaHHsM HeOe3MeK Ta 3arpo3 cboropeHHs. I1pouec 3HWKEHHS pu3KKiB ypaxeHHs OKI
nepenbayae BU3HAYECHHS 3arpo3, iXHIO KOMIUIEKCHY OI[IHKY, PO3pOOKY 3aXOfiB MO 3HMXXEHHIO 3arpo3 Ta IXHE
ONepaTUBHE BIIPOBA/DKEHHS 3 MOAANBIIOI OLIHKOKW e(eKTHBHOCTI nependadeHux 3axoniB. Pesyabraru. Haseneni
METOJM OLIHKM PHU3UKIB 100 YPaKEHHS OO0 €KTIB KPUTHUYHOI iH(PPACTPYKTYypH, METOAMKU IXHIX iHXKEHEpHO-
AHANITHYHUX PO3PAaXyHKIB Ta CHOCOOIB 1HXKEHEPHOI'0 KOHCTPYKTHBHOTO 3aXHMCTy Biji OoempumnaciB pi3HOro TUIy
JI03BOJISIIOTH PO3pOOIIATH €(PEKTUBHY KOMIUIEKCHY CHCTEMY 3aXHCTy CTPATEriyHO BaXIMBHUX 00 €KkTiB. Po3risgarorscs
MUTAHHSA 5K 3 YJIALITyBaHHAM 3aXHCTY ICHYIOYMX 00’€KTIB, TaK i 3 MPOEKTYBaHHSAM HOBUX 3 YPaxXyBaHHSIM BUMOT 110]0
IH)KEHEPHOT' 0 3aXUCTY Ta IUBIILHOI 00OPOHH.

KarouoBi cioBa: iHXeHepHHH 3axucT, O00’€KTM KPUTUYHOI i1H(PACTPYKTypu, YpaxKeHHs, BHOYX, OyiBenbHI
KOHCTPYKIT.

Mpykhailovskyi D.V., Skliarov 1.0.
METHODS OF CALCULATION AND ENGINEERING PROTECTION OF CRITICAL
INFRASTRUCTURE OBJECTS AND OTHER STRATEGIC FACILITIES AGAINST LONG-RANGE
PROJECTILES

Relevance. One of the key areas of russia's military operations against Ukraine is the destruction of critical
infrastructure objects (CIO) of strategic importance. The main types of enemy means for air strikes on CIO are air-
launched, ground-launched and water-launched missiles, as well as barrage munitions. The vast majority of the CIO were
built in Ukraine above ground, without any engineering structural protection systems to counter air threats, explosions or
other impacts related to military operations. The importance of developing the most effective methods of engineering
structural protection of the CIO from various types of projectiles as soon as possible was demonstrated by the experience of
Ukraine's war with russia, in particular, the analysis of the significant impact of damage to the CIO in the energy sector. At
present, Ukraine has a certain lack of regulatory data for designing reliable protective structures for CIO. The aim of this
work is to develop a regulatory base for making calculations for the possible impact of various types of forceful effects
from air strikes, terrorist attacks, etc. when designing the CIO and other strategic facilities. Currently, the issue of
organising the defence of critical infrastructure and other strategic objects is being systematically addressed on the basis of
the "Country-Fortress" principle, which provides for the organisation of echeloned air defence combined with
comprehensive civil and engineering defence measures. In addition, it is necessary to provide for the reliable protection of
existing facilities, taking into account the hazards and threats of today. The process of reducing the risks of damage to the
CIO involves identifying threats, their comprehensive assessment, developing measures to reduce threats and their prompt
implementation, followed by an assessment of the measures effectiveness. Results. The presented methods of risk
assessment of critical infrastructure damage, methods of their engineering and analytical calculations and methods of
engineering structural protection against ammunition of various types allow developing an effective integrated system of
protection of strategically important objects. The article deals with both the protection of existing facilities and the design of
new ones, taking into account the requirements for engineering protection and civil defence.

Keywords: engineering protection, critical infrastructure objects, damage, explosion, building structures.

VK 624.01; 623.1,351.86

Muxaiinoscokuii  J[.B., Cragpos [.0. Metoaum po3paxyHKy Ta iHJKEHEPHOTO 3aXHCTY 00’€KTiB KPUTHYHOI
iHdpacTpykTypn Ta iHIIMX cTpareriyHMX 00’€KTiB Bin AasexodiiiHux Goenmpumacie / Onip marepianiB i Teopis
crniopy: Hayk.-tex. 30ipH. — K.: KHYBA, 2023. — Bun. 111. - C. 155-171. — Auru.

Haseoeno nioxoou 0o oyinku pusukie wjooo ypaxceHHs 06 €Kmie KpumuiHoi ingpacmpykmypiu, HaeeoeHo MemoOuKu iXHix
THOHCEHEPHO-AHANIMUYHUX PO3PAXYHKIE Ma Memoou [HHCEHEPHO20 KOHCMPYKMUBHO20 3axucmy 6i0 boenpunacie pisHo2o
muny. Posanaoaiombca numanus aK 3 YIauimyeanHaAM 3aXUcny icHyiouux oo ’€kmie, max i 3 npoeKmy68aHHAM HOGUX 3
VDAXYBAHHAM GUMO2 W00 [HIICEHEPHO20 3AXUCNTY MA YUBIILHOI 060POHUL.

Tabm. 3. In. 15. Bi6niorp. 11 Ha3s.
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Mpykhailovskyi D.V., Skliarov 1.0. Methods of calculation and engineering protection of critical infrastructure
objects and other strategic facilities against long-range projectiles / Strength of materials and theory of structures:
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The article presents approaches to assessing the risks of damage to critical infrastructure, methods of their engineering and
analytical calculations and methods of engineering structural protection against ammunition of various types. The issue of
protecting existing facilities and designing new ones is considered, taking into account the requirements for engineering
protection and civil defence.

Tabl. 3. Fig. 15. Ref. 11.
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According to current concepts, the construction of multi-storey and high-rise buildings is quite topical. Increasing
the number of storeys and building density provokes an increase in loads and forces on the structural elements of the
building, as well as on the soil base. It is necessary to take into account the mechanical characteristics of the soils
underlying multi-storey buildings to improve the design models of objects when determining the forces and
deformations in their elements. A vital indicator in monitoring the structural characteristics of buildings is global
stiffness. Natural frequencies determined by modal analysis are used to detect its change. The purpose of this study is a
numerical analysis of the effect of changes in the parameters of the soil base on the natural frequencies and values of
vibrations of multi-storey reinforced concrete frame buildings using software systems. In this study, four variants of
design models with rigidly fixed foundations and elastic foundations with different types of soils were developed. In the
models with elastic foundations, stable soils were used, such as sandy, moderately stable, represented by loams and
sandy loams, and weak soils containing a layer of peat. The building scheme was developed using the SCAD software
package with the application of the finite element method. Taking into account that 90% of the territory of Ukraine is
located in complex engineering and geological conditions, the use of the finite element method allows to effectively
solve complex problems of interaction of heterogeneous elements, including in a nonlinear approach. As a result, it was
found that the type of soil foundation affects the change in the natural vibration frequencies of a building. In the model
with a rigidly fixed foundation, the frequencies are the highest, and the eigenvalues of oscillations are the lowest. A
point that should be mentioned is that in the variants with an elastic foundation, the lowest frequencies are observed in
the model on weak soils, and the highest values are typical for sandy foundation soils.

Keywords: multi-storey reinforced concrete buildings, soil base, finite element method, numerical modeling, modal
analysis, natural frequencies.

Introduction. According to current trends, the construction of multi-storey and high-rise
buildings is quite topical. In accordance with this statement, the density of buildings, the level
of transportation networks and the volume of underground construction are increasing. This
provokes an increasing of loads and forces on the structural elements of the building, as well as
on the ground. At the same time, the development of deformations in the building's foundation
can become critical or even lead to structural failure.

To increase the accuracy of the calculation of the stress-strain state of a building, it is
important to take into account the reactions of the foundation that affect the redistribution of
forces in the load-bearing structures. For this purpose, it is necessary to consider the
characteristics of soils at the base of multi-storey buildings to improve the calculation of object
models when determining forces and deformations in their elements [1].

An important indicator in monitoring the structural characteristics of buildings and the state
of structures is global stiffness. Natural frequencies are most often used to determine its change
[2]. This parameter is determined by the operational modal analysis from the influence of
environmental factors [3, 4].

Studies [3, 5] emphasize that one of the most important factors of influence is the interaction
of soil with the building. The works pay attention to the interaction of low- and medium-rise
buildings with the wall structural system and the foundation. The authors have found that the

© Kovrova V.0., Volkova V.E.
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greatest dynamic effects are observed for the cases of bases consisting of weak soils. In such
cases, the natural frequencies of the building are reduced compared to the model with a rigidly
fixed foundation. Buildings with a wall structural system are the basis of the old housing fund.
Currently, the construction industry is designing buildings with a frame structural system. Thus,
it is important to conduct research on soil-building interaction at the design stage of modern
frame buildings. The effect of the interaction between the soil base and the building allows for a
more complete consideration of the indicators of influence on the safety of the structure [6].
Therefore, such studies are very topical.

The purpose of this study is to assess the influence of soil foundation parameters on the
natural frequencies and values of vibrations of multi-storey reinforced concrete frame buildings
using software packages.

Data for numerical modeling.The building model is a full framed. The spatial stiffness is
provided by rigidly attached girders to columns and two stiffening cores. The foundation of the
building is slab. The building's dimensions in plan are 18x58 m, with a floor height of 4.2 m.
The building has 5 floors and 1 ground floor. The city of Dnipro (Ukraine) is taken as the
construction area.

Four variants of calculation models were developed for this study. The first model variant
assumes a rigidly fixed foundation, and all other variants assume an elastic foundation. In
variants 2-4, three soil types are used, which differ in their composition and strength of soil
layers [5]. Thus, the second variant presents the most stable soil, the third - moderately stable,
and the fourth - weak.

The building scheme was developed using the SCAD software package with the application
of the finite element method. This method is the main one in the field of structural mechanics
for calculating building structures [7]. The building's finite element type is quadrilateral, the
number of design elements is 64345, and the number of nodes is 51671. Rigid inserts were used
to ensure the correctness of the building model and calculation. A general view of the design
scheme is shown in Fig. 1.

Fig. 1. Design scheme of the building using the finite element method

Different soil types were used to analyze 2-4 model variants. The soil bases were created
using the Cross program and then used in the SCAD program. The Cross program is required to
determine changes in the bedding coefficient under the foundation slab. This is done based on
geological survey data, the building area, including its dimensions, well positions and
characteristics.

The size of the predominant grain fraction, the content of dusty clay particles, the rolling of
the grains and the presence of surface films on them are important for the dynamic stability of



ISSN 2410-2547
Onip Matepiaiis i Teopist ciopyy/Strength of Materials and Theory of Structures. 2023. No 111

174

the bases [8]. The dynamic stability of soils is also affected by their compatibility [9]. For
sands, its increase provokes a decrease in dynamic stability.

The parameters of the soil layers were selected based on research data [5]. In the second
variant of the scheme, the soils are sandy and are considered the most stable (Table 1). In the
third variant, the soil base is moderately stable and is represented by loams and sandy loams
(Table 2). In the fourth version of the model, the third type of soil base is presented, which is
weak and has a peat layer (Table 3).

Table 1
Characteristics of the soil type 1 [5]
Specific Weight Modulus Ordinate
. - of Poisson’s | Thickness, from
Soil Description ¥, KN/ kLS?t’»* Elasticity, | Ratio v n Ground
m MN/m’ Level, m
Sand, closelygraded 17.0 19.0 30.0 0.30 0.80 0.80
Sand 19.0 21.0 30.0 0.30 2.50 3.30
Dusty sand 18.0 20.3 18.0 0.30 3.50 6.80
Sand, gravelly sand 18.0 20.0 20.0 0.30 7.20 14.0
Table 2
Characteristics of the soil type 2 [5]
Specific Weight Modulus Ordinate
. - of Poisson’s | Thickness, from
Soil Description Y, kN/m’ kLs/at’} Elasticity, | Ratiov m Ground
m MN/m’ Level, m
Sand, closely graded 17.0 19.0 30.0 0.30 0.80 0.80
Sand 19.0 21.0 30.0 0.30 2.50 3.30
Clay, low plasticity 19.0 19.5 2.50 0.42 3.50 6.80
Sand-clay mixture 18.0 19.0 10.0 0.35 7.20 14.0
Table 3
Characteristics of the soil type 3 [5]
Specific Weight Modulus Ordinate
. . of Poisson’s | Thickness, from
Soil Description 7, KN/’ k}I:IsZ; \ Elasticity, | Ratiov m Ground
MN/m’ Level, m
Sand, closely graded 17.0 19.0 30.0 0.30 0.80 0.80
Sand 19.0 21.0 30.0 0.30 2.50 3.30
Peat 10.40 10.40 1.0 0.40 0.30 3.60
Dusty sand 18.0 20.3 18.0 0.30 3.20 6.80
Sand, gravelly sand 18.0 20.0 20.0 0.30 7.20 14.0

The elements of a frame building are affected by various types of loads. Loads differ in their

origin, nature, place of application, change in space, time and intensity of impact, and other
parameters. Thus, for a more accurate calculation of building structures, it is necessary to take
into account the correct design combinations of various impacts. In the full calculation of the
models, constant, long-term and short-term loads were considered [10].

The modal analysis of 10 forms of natural vibrations of each of the scheme variants was also
performed. The number of forms was determined based on the percentage of collected effective
modal masses in accordance with the requirements of DBN B.1.1-12:2006 [11].
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The multifrontal method in the SCAD software package was used to calculate buildings.
This method is based on Gaussian exclusion and involves the parallel arrangement and
elimination of already collected equations. Thus, element by element is added to the stiffness
matrix of the system instead of its complete collection in an explicit form. The equations are
ordered using heuristic algorithms, which involves the creation of several fronts [12].

Analysis of results. As a result of calculating the modal analysis of the building, the natural
frequencies and values of oscillations for 10 modes were obtained. Consequently, graphs of
eigenvalues and frequencies of natural modes were drawn for each of the model variants
(Figs. 2, 3).
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Sail type 2 Soail type 3 Soil type 2 Soil type 3
Fig. 2. Graph of eigenvalues of natural oscillation forms Fig. 3. Graph of frequencies of natural oscillation forms

The eigenvalues of the oscillation forms increase with decreasing stability of the soil base, as
shown in Figure 2.In the case of a rigidly fixed foundation, the eigenvalues are the lowest
compared to those of an elastic foundation. Meanwhile, Figure 3 shows that the values of the
frequencies decrease with decreasing soil stability. In the case of a fixed foundation, the
frequencies are the highest in all modes. Comparing the frequencies in the variants with an
elastic base, it is possible to distinguish higher values in soil type 1, which is represented by
sandy soils. Accordingly, the lowest frequencies are typical for the last model variant with soil
type 3.

Based on the graphs, there is an obvious increase in the frequency values between the third
and fourth modes. This is due to a change in the form of movement between the modes. In the
first and second forms, the motion is translational, and in the third, it is torsional. Such a strong
difference in the values in the fourth mode is explained by the torsional multidirectional
movement of the building.

Conclusion. From the results obtained from this study, it can be concluded that the soil base
affects the change in the natural frequencies of the building. The effect of soil-building
interaction is an important factor in the modal analysis of a building. In the model with a rigidly
fixed foundation, the frequencies are the highest and the natural vibration values are the lowest.
It should also be noted that in the variants with an elastic foundation, the lowest frequencies are
observed in the model on weak soils (soil type 3), and the highest - on sandy soils (soil type 1).
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Kosposa B.O., Bonkosa B.€.
AHAJII3 BILUIMBY PI3HUX THIIIB IPYHTIB HA BJIACHI YACTOTH BATIATOIMOBEPXOBUX
3AJII30OBETOHHUX BYAIBEJIb

3a cy4acHMMM TEHJEHLIMH OYAiBHULTBO 0araToONOBEPXOBMX Ta BUCOTHUX OY/iBENIb € JIOBOJII aKTYyaJbHUM.
30UIbIICHHS TOBEPXOBOCTI Ta IIIIBHOCTI 3a0yI0BU NMPOBOKY€ 30UIBIICHHS HAaBaHTa)KEHb Ta 3yCHJIb Ha KOHCTPYKTHBHI
eJleMeHTH OyJliBJli, a TAKOXK Ha IPYHTOBY OCHOBY. € HEOOXiZHUM ypaxXyBaHHsS MEXaHIYHMX XapaKTEPUCTHK IPYHTIB, 110
JIeXaTh B OCHOBI OaraTornoBepxoBHUX OyIiBeib I BAOCKOHAJICHHS PO3PAXYHKOBHX MOJIeNIel 00’ €KTIiB NpU BU3HAUCHHI
3ycwib 1 gedopmaniid B iXHiX eneMeHTax. BakiIMBUM INMOKa3HMKOM Y MOHITOPUHTY CTPYKTYPHHUX XapaKTEPHUCTHUK
OyniBelb € rinodaibHa XKOPCTKICTh. [l BU3HAYEHHS 11 3MiHM BUKOPUCTOBYIOTHCS BJIACHI YAaCTOTH, 1110 BU3HAYAIOTHCS 32
JIONOMOrOI0 MOJIAJIBHOTO aHallizy. MeETol IaHOro JOCHI/UKEHHS € YUCENbHMH aHali3 BIUIMBY 3MiHM INapaMerpiB
I'PYHTOBOI OCHOBH Ha BJIACHI YaCTOTH Ta 3HAYEHHS KOJIMBaHb 0araToroBEPXOBHX 3ali300€TOHHUX KapKacHUX OyaiBelb
3 BUKOPHCTaHHSM NPOrPaMHUX KOMILIEKCIB. Y JaHOMY AOCIIUKEHHI pO3po0JIEHO YOTHPU BapiaHTH PO3paxyHKOBUX
Mojeneil 3 KOPCTKO 3aKpilUICHOI0 OCHOBOIO Ta INPYXKHUMHM OCHOBAMH i3 PI3HUMHU THIIAMH IPYHTIB. Y MOAeEAX 3
MPYKHOI0 OCHOBOIO 3aCTOCOBAHO 3 THUIM I'PYHTOBHMX OCHOB: CTiHKi I'DyHTH, a caMe MillaHi, MOMIpHO CTiiiKi, 110
MIPEJICTABJICH] CYrJIMHKaMU Ta CYIICKOM, Ta CJIa0Ki I'PyHTH, IO MICTATh y CBOeMy ckiaii map topdy. Cxemy Oyaisii
po3pobIieHO 3a J1OMOMOrorw nporpamHoro komiuiekcy SCAD i3 3acTOCYBaHHSM METOJY CKIHYEHHHMX EJIEMEHTIB.
Bpaxosyroun, mo 90 % Tteputopii YKpaiHH PO3MIILIEHO y CKIAQJAHUX IHXEHEPHO-TEOJIOTIYHUX YMOBAX, 3aCTOCYBAaHHS
METOJy KIHLIEBHX €JIEMEHTIB J103BOJIsi€ €pEeKTUBHO PO3B’A3yBaTH CKIJIAJHI 3a/adi B3aeMOJIl PI3HOPIAHUX CJIEMEHTIB Y
TOMY YMCIi i B HENiHIHHOMY migxomi. Y pe3yibTaTi BCTAHOBJIEHO, IO THII I'PyHTOBOI OCHOBHM BIUIMBA€ Ha 3MiHY
BJIACHUX YACTOT KOJMBaHb OyMiBiIi. Y MOJei i3 )KOPCTKO 3aKPilIeHUM (yHJaMEHTOM YacTOTH € HaHBUIIMMH, a BIACHI
3HAYCHHS KOJIMBaHb HAWHWKYMMHU. TakoX CIIiJl 3a3HAYUTH, 1[0 y BapiaHTaX 3 NPYXKHOI OCHOBOIO HAWHIKYI 4acTOTH
CIOCTEPIraroThCs y MOZEII Ha CIIA0KMX I'PYHTAX, a HAMBHUILI 3HAYEHHS XapaKTepHi IS MIIIaHUX IPYHTIB OCHOB.

KarouoBi cioBa: GaraTornoBepxoBi 3ai1i300€TOHHI OyaiBii, I'PyHTOBAa OCHOBA, METOJ] CKIHYEHHHMX EJICMEHTIB,
4HCelIbHE MOJICITIOBAHHS, MOJAJIbHUI aHaIi3, BIIACH] YAaCTOTH.

Kovrova V.O., Volkova V.E.
ANALYSIS OF THE INFLUENCE OF DIFFERENT SOIL TYPES ON THE NATURAL FREQUENCIES OF
MULTI-STOREY REINFORCED CONCRETE BUILDINGS

According to current concepts, the construction of multi-storey and high-rise buildings is quite topical. Increasing
the number of storeys and building density provokes an increase in loads and forces on the structural elements of the
building, as well as on the soil base. It is necessary to take into account the mechanical characteristics of the soils
underlying multi-storey buildings to improve the design models of objects when determining the forces and
deformations in their elements. A vital indicator in monitoring the structural characteristics of buildings is global
stiffness. Natural frequencies determined by modal analysis are used to detect its change. The purpose of this study is a
numerical analysis of the effect of changes in the parameters of the soil base on the natural frequencies and values of
vibrations of multi-storey reinforced concrete frame buildings using software systems. In this study, four variants of
design models with rigidly fixed foundations and elastic foundations with different types of soils were developed.In the
models with elastic foundations, stable soils were used, such as sandy, moderately stable, represented by loams and
sandy loams, and weak soils containing a layer of peat. The building scheme was developed using the SCAD software
package with the application of the finite element method. Taking into account that 90% of the territory of Ukraine is
located in complex engineering and geological conditions, the use of the finite element method allows to effectively
solve complex problems of interaction of heterogeneous elements, including in a nonlinear approach. As a result, it was
found that the type of soil foundation affects the change in the natural vibration frequencies of a building. In the model
with a rigidly fixed foundation, the frequencies are the highest, and the eigenvalues of oscillations are the lowest. A
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point that should be mentioned is that in the variants with an elastic foundation, the lowest frequencies are observed in
the model on weak soils, and the highest values are typical for sandy foundation soils.

Keywords: multi-storey reinforced concrete buildings, soil base, finite element method, numerical modelling,
modal analysis, natural frequencies.
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Kosposa B.O., Bonkoséa B.€. AHani3 BIUIMBY Pi3HUX THNIB IPYHTIiB Ha BJIAcHi 4acTOTH 6araTonoBepxoBHX
3a1i300eTOHHMX OyaiBeb // Onip marepiainis i Teopist ciopya: Hayk.-tex. 30ipH. — K.: KHYBA, 2023. — Bun. 111. —
C.172-177.

YV cmammi posensinymo eusnavenHs sminu 2n06anbHoi scopcmrocmi Oyoieni 30 00NOMO2010 OYIHKU 3HAYEHb GIACHUX
4acmom 3 ypaxy8aHHsAM 6NIUEY DISHUX IPYHMOSUX OCHOB. Bukonano awnaniz eniugy napamempis ipynmosoi ocHosu Ha
61acHi yacmomu 3a1i300emoHHOI Kapkachoi 6yoieni. Y 0ocaioxcenti po3ensanymo 4 munu pospaxyHKosux mooenei i3
JHCOPCMKO 3AKPINNIEHOI0 OCHOBY MA NPYICHOIO OCHOB0I0 3 YPAXYBAHHAM CMIUKUX, NOMIDHO CMIUKUX MA CIAOKUX
tpynmie. I3 3aCcmMocyéaHHAM Memooy CKIHYEeHUX ejleMeHmi6 30iUCHeHO NOSHUll PO3PAXYHOK 6azamonosepxosoi
KapkacHoi 6y0ieni 3 NOOANLUWUM 6UKOHAHHAM MOOANbHO20 aHanizy. Bcmanoeneno mun rpynmoeoi ocHogu eéniusae Ha
3MIHY GIACHUX YACMOM KOAUSAHb GYOi6ni. Y MoOeni i3 HcopcmKo 3aKpinieHuM GYHOAMEHMOM YACMOMU € HAGUWUMU,
@ B1ACHI 3HAYEHHA KOIUSAHb HAUHUNCHUMU. Y 8APIAHMAX 3 NPYHCHOIO OCHOBOIO HAUHUNCHI YACIOMU CROCMEPI2AomMbCs
Y MoOeni Ha cIaOKUX IPyHMax, a Hateuwji 3Ha4en s XapakmepHi O NiWaHux IPYHMie OCHOS.

In. 3. Tab6x. 3. bi6mior. 12 Ha3B.
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The paper considers the determination of changes in the global stiffness of a building by estimating the values of
natural frequencies taking into account the influence of different soil bases. An analysis of the influence of soil
foundation parameters on the natural frequencies of a reinforced concrete frame building is performed. The study
considers 4 types of design models with a rigidly fixed foundation and an elastic foundation, taking into account stable,
moderately stable, and weak soils. Using the finite element method, a complete calculation of a multi-storey frame
building was carried out, followed by a modal analysis. It was found that the type of soil foundation affects the change
in the natural vibration frequencies of the building. In the model with a rigidly fixed foundation, the frequencies are the
highest and the eigenvalues of oscillations are the lowest. In the variants with an elastic foundation, the lowest
frequencies are observed in the model on weak soils, and the highest values are characteristic of sandy foundation
soils.
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METOUYHUA MIAXIA 100 BUBHAUYEHHS CTIMKOCTI KOHCTPYKIIA
MOKPUTTS MOJbOBUX ®OPTUPIKALUIHHUX CIIOPY ]I 10 YAPHO-
BUBYXOBOI JIi CYYACHOI PAKETHOI 36POi

0.1. Bosiouenko',
KaH/I. BIHCBK. HAYK, CTapIIHH TOCIITHUK

B.C. Kocenko',
KaH/I. BIHCbK. HaYK

0.10. Kos6aca',
aJ’ FOHKT

LB. llepm{xz,
KaH[. BiliCbK. HayK, JOLEHT

1.0. Kanust®’,
a1’ FOHKT

! Lenmpansnuii nayxoso-oocnionui incmumym 36potinux Cun Yxpainu
? Hayionanvmuii yHigepcumem 060poHu Ykpainu
DOI: 10.32347/2410-2547.2023.111.178-187

MerTor0 CTaTTi € ONpPWIIIOAHEHHS METOAMYHOrO MiJAXOAY IIO0J0 BU3HAYEHHS CTIHKOCTI KOHCTPYKLIM MOKPHUTTS
nonboBuXx GoprudikaniiHux crnopyn A0 ydapHO-BUOYXOBOI il cy4acHOI pakeTHOi 30poi, 30Kpema KpHJIaTHX i
0aiCTUYHUX paKeT.

PesysbraT ananisy cBiguyarh Ipo Te, 10 Hapa3i HalOLIbII HeOe3MeUHUM 3aCO00M BOTHEBOIO ypaXKeHHs JJIsl BIHChK
€ KpuuiaTi i OaniCTU4HI paKkeTH BEIMKOro pajiyca Ta yaapHo-BHOyxoBoi ail. 3a Takux yMOB HaiOuIbIl eheKTHBHUM
€roco0OM 3aXUCTy BIHCBK € TXHE YKPUTTS y HOJNBOBUX (GOpTUdIKALIHHUX crOpygaX, KOHCTPYKLIi MOKPUTTS SKHUX €
CTIHKUMH J10 YAapHO-BUOYXOBOT Jii LIMX paKerT.

VY crarTi HaBeAEHO METOAMYHMM MiIXiJA LION0 BHU3HAYEHHS CTIHKOCTI KOHCTPYKLIH HOKPUTTA MOJbOBUX
doprudikaniiHux cnopyx 40 yAapHO-BUOyXoBoOi 1ii KpuilaTMX i OaliCTUYHHX PAKET Ta PE3yJbTaTH PO3PaXyHKiB
HEOOXi/[HOI TOBIIMHM TOKPUTTS LMX CHOPYJ, fKE BIAINTOBAaHE 3 HAHOUIBII MOCTYMHHMX Y IONBOBUX YMOBaX
OyniBeJIBHUX MaTepiaiiB — IPYHTY, MiCKY, IIMHU, KAMEHIO, OETOHY Ta 3aJ1i300€TOHY.

HaykoBa HOBHM3HA 3alpOIIOHOBAHOrO METOAMYHOIO IiAXOAY IOJNSArae y KOMIUIEKCHOMY BpaXyBaHHI HH3KH
MOKA3HUKIB, SKI KUIBKICHO XapaKTepH3YIOTh OCHOBHI TaKTMKO-TEXHIYHI XapaKTEPUCTUKH CYYAaCHUX KPUIATUX I
0aicTMYHUX paKeT, MapaMeTpu IXHBOI'O IMOJbOTY 1 TPAEKTOPii, a TAKOXK IMOKA3HMKIB, 10 BPAaXOBYIOTh HAHOiNbII
Ba)KJIMBI BJIACTMBOCTI MaTepialiB MOKPUTTS N0Ib0BOT hopTHdiKaliiHOT CIOpyM HA MPOHUKHEHHS 1 BUKUJL.

KuarouoBi ciioBa: nonbosi poprudikaniiini cnopyau, pakerHa 30posi, CTIHKICTb.

Beryn

Ha mnincraBi pesynbrariB aHamizy OOHOBUX [ili pOCIHCHKO-yKpailHChKOI BiHM MOXHA
KOHCTAaTyBaTH, L0 Hapa3i OJHUM i3 HaOiNbII HeOe3neyHUX 3acO0iB BOIHEBOTO YpPa)KEHHs
Bificek' € kprtati Ta Gamicriuni paxern (KP ta BP) Benmkoro pasiyca Ta ymapHo-BHOYX0BOI il
[1]. 3a Takux ymoB HaiOinblI e(pEKTUBHUM CIIOCOOOM 3aXHCTy BIHCHK € IXHE YKPHUTTS Y
nonboBux (oprudikauiinux crnopynax (PC), KOHCTPYKIII MOKPHUTTS SKUX € CTIHKUMHU IO
yrapHo-BuOyxoBoi aii 1ux paker [2], [3].

3a JOCBIZIOM, 3 MMOYATKy BTOPTHEHHS B YKpaiHy POCIHCHKI OKYNAHTH JUIS YPaKCHHs HAIIHMX
Bilicbk BHKOpHcTOBYIOTH KP Ta BP 3 Baroto 6oitoBoi wactunu (BY) Big 300 no 960 xr (puc. 1-9).

IcHyrouMii METOIMYHMIA amapaT 3 BM3HAYEHHS CTIMKOCTI KOHCTpykuid noiboBux ®C Oepe
CBill ouaTOK y mpasix 3 1nojipoBoli (oprudikamii @. JIacKOBCHKOro, y SIKUX pO3IIISAAI0THCS
3arajbHi MHUTaHHS 040 OYAIBHHUIITBA JIOBrOTPUBAIMX MOJBOBHX YKpIIUIEHb 1 CIOpPYA,
E. MuknameBcbkoro, C. XMenbkoBa 3 NUTaHb OYJIBHUITBA OETOHHHX 1 3aJi300€TOHHUX
3axucHux mnoipoBux ®C mus Bikickk, C. 3aiinesa, /[I. lllopa, C.JlaBunosa, ®. Bopucosa,

' Tlix Bilickkamu y CTarTi MalOTh Ha yBa3i 0cOGOBHMI CKJIaJl 4acTMH Ta MiAPO3IiNiB, iXHE 030POECHHS Ta BiHCHKOBY
texHiky (OBT), marepianbHo-TexHiuHI 3acoou (M13).

© Bounomenko O.1., Kocenko B.C., Kosbaca O.10., Yepnux 1.B., Kams 1.O.
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M. IlTelixa 3 nuTaHb CTIHKOCTI KOHCTPYKLiK miazeMHux 3axucHux ®C Ta cnopyq 3arajibHOi
nonboBoi  Qoprudikanii, C. Ananiua, II. Bysnuka, A. CyxapeBa, I. banarancbkoro,
JI. MepxueBcbKkoro 3 THTaHb TNUOMHM nNpoHWMKHeHHss bBY 3BuYaiiHuX Ooempwumacis
(apTunepilicbkux CHapsiIiB, MIHOMETHHX MiH Ta aBialiiiHux O0M0) y rpyHT i Oeron, [4], [8]—
[10], B. Kocenka, O. Bomomenka, M. Kyminipenka 3 mnurtaHb CTIHKOCTI (opTUdikamiiHuX
CHOpY/[ 10 yIapHOi XBUII siZiepHOro Budyxy [7], a Takox B. Kowropy6ou, 1. Jlanenka, A. binuka
3 nutaHb (i3MYHOro (iHXKEHEPHOro) 3aXUCTy O0’€KTIB BIMCHK Bifl OE3MIJIOTHUX JIiTAIBHUX
anaparis [5], [6].

Puc. 1. Bamicrnuna pakera Puc. 2. Banmictnuna pakera Puc. 3. Kpunara pakera “Kami6p”
“Ickannep-M” (Bara BY no 480 xr) “Touka-Y” (Bara BY no 480 kr) (Bara bBY 10 450 kr)

Puc. 4. Kpunara pakera “X-101" Puc. 5. AepobaricTuuHa pakera Puc. 6. Kpunara pakera “X-22”
(Bara BY 10 430 kr) “Kunmxkan” (Bara bBY mo 500 kr) (Bara BY 1o 960 kr)

Puc. 7. Kpunara pakera “X-59” Puc. 8. Kpunara pakera “Omnikc” Puc. 9. Kpunara pakera “X-55"
(Bara BY 10 310 kr) (Bara bBY o 300 kr) (Bara bBY 10 450 kr)

3a pe3yibpTaTaMy LUX Ipalb Ta BUKOHAHWX Ha IXHIH OCHOBI EKCIEPHMEHTIB OTPHUMaHO
eMITpUYHi POPMYIIH, sIKI JTO3BOJISIOTh BU3HAYATU CTIMKICTh KOHCTPYKIII MOKPUTTS MOJIBOBOI
®C o ynapHo-BuOyx0BOi Jii apTUiiepiicCbKUX CHAPS/IIB, MIHOMETHHUX MiH Ta aBiallifHUX OOMO.

Haii6inp1oro npakTH4HOrO BUKOPUCTAHHS JUIsS BHPIIIEHHS TAKOrO THUITYy 3aBIaHb HAOyu
¢dopmynu 3adyxacekoro, bepesancbka Ta bepesanceka II. Taxk, ¢opmyny 3a0ynacekoro 4acro
3aCTOCOBYIOTh [UIs BHM3HAYCHHS INIHOMHM mNpoHHMKHEHHs BY 3Buuaiinoro Ooempumacy y
Mmatepiai nokputtss @C 3a yMOBH, KOJNHM KiHIIEBA MIBHIKICTB 11 pyXy 3HAXOAMTHCS Y Jliana3oHi
400-500 m/c, m:

_q-sin0, In 1+BVC2

_ , 1
"P 24B®S |1+ BV? M

ge g — Bara bY OGoenpumacy, kr; 6, — kyr 3yctpiui BU 3 mokpurtsim ®C; AiB -
Koe(ilLlieHTH, SIKI YUCENBHO XapaKTepU3yloTh BIacTHBOCTI Matepiany nokpurts ®C [3]; @ —
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koedimient popmu BY [@D=(1,15..0,20) &, /d, ne h,, — noexuna BY, m; d — xamibp
Ooenpunacy, M;]; S — mineneBuii neperud b4, m; V' — kinueBa mwBuiakicts pyxy b4, m/c; V, —
uBuAKicTs pyxy BU ycepeanni matepiany nokpurts @C, m/c.

binpm 3py4HOIO, 3 TOYKHM 30pYy NpakTHKU, € bepesaHceka Qopmyna, Ky BHBEICHO 3a
pe3ylbTaTaMu eKCHepUMEHTAIbHUX apTHJIEPIHChKUX CTpiib0 Ha ocTpoBi bepezanb mobnu3y
OuakoBa y 1912 poui. 3a mieto Gpopmyroro rnubuny nponukHenHs BY 3Buuaiinoro 6oenpumnacy
y Marepiaj 3aXHUCHOro NOKpUTTs noinboBoi @C BU3HAYAIOTH TaK, M:

q
hnp = knp d_2 V. cosyy, (2)

ne g —Bara BY, xr; d — kxamibp 6oenpunacy, M; ¥, — KiHIeBa mBuAKicTs pyxy bU y momeHnT
sycTpiui 3 wimmo, m/c; y, — Kyr sycrpiui BY 3 mokpurtam PC; k,,— xoedinient

NpPOHUKHEHHs MaTepiany nokpurrs OC.

Ha nymxy aBTOpiB, HemosikoM 1€l GopMynu [uis BUPILICHHS 3aBJaHHS I0A0 BU3HAYCHHS
ruOuHM npoHrkHeHHs BY cydacHOT pakeTHOI 30poi y MaTepiaj 3aXHCHOTO MOKPHUTTS MOJIbOBOT
@®C € oOMmexeHuit miamna3zoH il 3acrocyBaHHs, a came Jjisi bY 3 KIHLEBOIO HIBHIKICTIO PyXy
Mmenie 400 m/c.

Binbir kopekTHi pe3ynbraty Hajgae popmyna bepesanceka 11, sika 1oaTKOBO BpaxoBye hopMmy

q ., cos(nyy)
—ak, L.y SOV 3
np d2 c I—COS Vo ( )
ne A=X A, — koehimieur dopmu BU, (A, =0,5+0,43(H - /d)* BusHauaetbes 3anexuicTio

MOKa3HHKIB JOBXHHH Ta Kanmiopy BY, a A, =2, 83d —1,3Vd nokasmukoM KamiGpy); Ky —

hy,,

KoedillieHT IPOHUKHEHHs MaTepianmy mokputts OC [3]; y, = 900/(2n —1) — kyr 3ycrpiui bY 3
nokputtsiMm @®C; n — koedilieHT BUKpUBIIEHHS Tpaektopii nombory bBY (n=1,82 — mis
JanekobifHuX Ooenpunacis, n=2,62 — nnd iHmux) [3]; H, — noxuna BY 6oenpumnacy, M; d
— xaniop 6oenpunacy, M; V., — mBuaxicts pyxy bU ycepeanni martepiany nokpurrs ®C, m/c.

3a ymoBu, koiu BY Ooenpunacy Mae Ha/I3BYKOBY IIBUKICTb PyXY , ISl BUSHAUYCHHS MTUOMHU
ii IPOHUKHEHHSI y MaTepiall MOKPUTTS 1oJboBoT GC BUKOPUCTOBYIOTH Taky dopmyiy [3], m:

By = x%knp (V. oy )10%, (4)

ne A=(0,45. . 1)(Hp/d); ky, (V.[og)=24(V,[ag)exp6,65(V./0g); o — kyr 3ycrpiui BY 3
nokputtsm OC.

Binbim mpocroro Ui BU3HAuYGHHS TIMOWMHM TNpOHMKHeHHS bBY y Matepian MoKpuTTS
¢doprudikaniiiHoi criopyau € hopmysa, siKky HaBeAeHo B [9], m:

P
hnp :_2'Va (5)
d
ne P — sara BY Goenpunacy, kr; d — kanibp Goenpunacy, m; V=+20H —H /100 — xiHuesa
uBHAKicTs pyxy BU, M/c; H — BucoTa, 3 sIKOT 3A1HCHIOETBCS BilIbHE NaaiHHs BY, M.

OCHOBHOIO TIepeBaroro 1i€i GpopmMynu € MiHIMaJIbHO MOTPIOHA KUIBKICTh BUXIIHUX JaHHX Ta
BiJTHOCHA JIOCTYIIHICTh IX OTPUMaHHJ B yMoBax OoioBux niif. OqHak, 3BaXkaloud Ha Te, IO
Oinburicts cydachux KP ta BP maroTe BiAMIHHI Bij 3BHYaiiHMX OO€NpUIIACiB MapaMeTpH,
30kpema Bary bBY, 1i TpaexkTopil0 NONBOTY Ta KIHIEBY IIBUIKICTH PYyXY, pe3yJibTaTd
PO3paxyHKIB 3 BU3HAUYEHHS CTIHKOCTI KOHCTPYKLiH MOKpUTTS mnonboBux DOC 10 ymapHo-

> Haa3ByKoBa MIBHAKICTH PyXy — Ginbine 1236 km/rog.



ISSN 2410-2547 181
Onip Matepiaiis i Teopist ciopyy/Strength of Materials and Theory of Structures. 2023. No 111

BUOYX0BOT 1T 1ux paker 3a popmynamu (1)—(5) MaroTh CyTTEBI MOXUOKH, 1110 MOXKE ITPU3BECTH
0 pyHHYBaHHS 3a3HAYEHUX KOHCTPYKIIH Ta, SK HACHiNOK, YpakeHHS OCOOOBOTO CKJIany,
suumends OBT, M13.

Y crarti BUpillyeTbCsS 3aBJaHHS I[OAO PO3POOJICHHS METOJUYHOrO MiAXOAY IOJ0
BU3HAYEHHS CTIMKOCTI KOHCTPYKILiH mokputts monboBux OC 1o ymapHo-BUOyXOBOi nii
Cy4acHOI pakeTHOi 30poi.

CyTh 3ampoIrOHOBAHOTO METOAMWYHOrO MIJIXOAY TOJNATaE y BPaxyBaHHI TOKA3HHKIB,
BEIMYMHM SIKUX KUIbKICHO xapakTtepu3yioTb ¢opmy bBU KP ta BP, Tpaexropito ixHBOro
MOJIBOTY, KYT 3YCTpiui, KiHIIEBY IIBUJKICTh PYXY Y MOMEHT BIIy4aHHs LIUX PaKeT y marepian
NOKpHUTTA nonboBoi OC, a TaKoK MOKA3HUKIB, 10 XapaKTePH3YIOTh MaTepiai IbOro HOKPUTTS
Ha MPOHMKHEHHs ¥ BuUKHI. KijNbKiCHI BENMYMHM IMX ITOKA3HMKIB BH3HAYEHO 332 TaKTHKO-
TexHIUHMMHU Xxapaktepuctukamu KP Ta BP, a Ttakox unisxom Oe3mocepeiHix BHUMIPIB
pyiiHyBaHb Oy/iBElb 1 CHOPY/ Y pe3y/IbTaTi BIy4aHHS IUX PaKeT.

VY crarTi HaBelIEHO Pe3yNIbTaTH PO3PAaXYHKIB 3 BU3HAYEHHS HEOOXIJHOI TOBIIMHU TTOKPUTTS
nonboBux @C 3 pizHOro Marepiainy, sika 3abe3nedye MoTpiOHy CTIMKICTh KOHCTPYKIIi bOTO
MOKPUTTS. 10 ynmapHo-BuOyxoBoi mii BP “Ickannep-M”. Pesynbratm po3paxyHKiB €
TEOPETUYHUMH Ta NOTPEOYIOTh EKCIIEPUMEHTAIBHOTO M ATBEPKCHHS.

BuxkiiageHHsl 0CHOBHOI0 MaTepiaiy J10ciIKeHHs

TeopernuHi Ta NMpakTH4YHI AOCTI/KEHHsS 3 NMUTaHb CTiMKocTi momboBux PC no ymapHo-
BUOYX0BOi Jii 3aco0iB BOTHEBOI'O YpaKEHHsl CBiJuaTh MPO Te, IO y MOMEHT BIIyYaHHs
6oenpunacy y nokpurts nonboBoi ®C ioro BY npoHukae y Marepiai LBOrO MOKPUTTS Ha
NEeBHY TNMOWHY Ta, BTPATHUBINM €HEPril0 Ha MOJOJAHHA HOTO CIPOTUBY, 3YNHMHSETHCA. Y
NonpoBii Qoprudikamii 1e sABUIIE HMEHYIOTh MNIMOMHOI NMPOHUKHEHHs Ooenpunacy [3], [9],
[11]-[14] Ta, 3rixHo 3 [9], BU3HAUYAIOTH 32 TAKOIO (OPMYIIOI0, M:

hnp:k-knp-d%-V-cosoc, ©6)

ae A — koedinient popmu bY 6oenpunacy (ans Geronobiiinoro A=1,3, wust inmmx A=1); k,, —

koe(ilieHT MpOHUKHEeHHs MaTepiany nokpurTs PC; o — kyt 3ycrpivi BY 3 nokputrsim OC.

Kyt 3ycrpiui BY 3 nokputrsim OC 3a5exuTh Bij HAXUIY MOBEPXHI LBOTO IMOKPUTTS 1 KyTa
3ycrpiui BY 3 nimiro, ToOTO € KyroM MK TOPU30HTAJIbHOK IUIOIIMHOIO MOKPUTTS 1 BiCCHO
TpaexTopii nonkoty bBY y Touui ixukoi 3yctpiui (puc. 10).

T I 4

Puc. 10

Sxmo nokpurtss ®C mae ropuzoHtanpHy IommHy (puc. 10 (a)), Tomi cyma KyTiB
sycrpivi (o) 1 maxminas BY (0) Oyme nmopiBHroBatu 90°. Komu THOKpUTTS BepTUKaJIbHE
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(puc. 10 (0)), Tomi KyT 3ycTpiui HOpiBHIOE KyTy maaiHHA a=0. Y pasi xomu BY Biydae y
nokputtst ®C neprnennukyisipHo (puc. 11), HampsMok i pyXy He 3MIHIOETHCS 1 BBAXKAETHCS
npsAMoniHiiHUM. Y Takomy pasi (puc. 11 (a)) kyr 3yctpiui o= 0°, cosa=l1, i dopmyrna (6)
MaTUMe TaKU{ BUTTIAM, M:

By =x-knp-di2-V. (7)

Puc. 11

Sxmo x BY Bnydae y nokpurtst ®C mig aeskum kyrom 3yctpiui a (puc. 11 (0)), Tomi y
KIiHI TPOHUKHEHHS KYT MK HOro BiCCIO 1 MEPIEHAMKYJSIPOM IO MOBEPXHI MOKPHUTTS Oyxe
Oinble KyTa 3yCTpidi y 7 pasiB Ta JOpPIBHIOBATUME 7-OL .

Takum uunoM, y dopmyny (6) 3amicTh kKyra 3ycTpiui (o) MOTpiOHO MiZCTABUTH CEpeIHE
3HAYEHHsI HAMBCYMHM 1IMX KYTiB 3 ypaxyBaHHsM po3Bopory bU y marepiaini nmokpurts (7). 3a
uiei ymoBu opmysa (6) MaTUMe TaKUA BUTIISIA:

hnpzx-knp-d%-V-costm, 8)
ne n— koedimieHT po3Bopory BU y Matepiani MOKpHUTTS, BeIMYMHA SKOTO, 3a JAHUMHU
EKCIIEPUMEHTY, JJIsl 3aCO0IB ypakeHHs 3 JIOBrOl0 OOHOBOIO YaCTHHOIO AOpiBHIOE n=1,5, 3
KOPOTKOIO n=2, a JUIsl IHIINX npuiiMaeTbes n=1 [2].

Ha Bigminy Bix BY 3BuuaiiHoro Ooenpumacy, KP Ta BP marorh pemro iHmmii xapakrep
NpoHUKHEeHHs. lle MosCHIoEThCS IXHIMH BIIMIHHOCTSMH Ta BIJCYTHICTIO PO3BOPOTY pPakKeTH

HaBKOJIO CBOET OCI Mifl Yac NPOHUKHEHHs (puc. 12).

OTxe, BUpa3oM costna dbopmynu (8) MOXKHA 3HEXTYBATH Ta PO3MIIAAATH POHUKHEHHS

pakeru y mokputtst @C 3a ZOMOMOIO0 IBOX CKIAJ0BHX: ITHOUHH BUKUIY MaTepialy HOKPHUTTSI
@OC Bin BOyxy bY pakeru Ta riuMOUHU IPOHUKHEHHS Y 1€ TIOKPUTTS 11 OCKOJIKIB, M:

an:kg-%+k-knp-d%-V-cosoc, ©9)

ae k,— xoediuient noxammsocTi Matepiany Ha Bukuz [9]; C — maca b4 pakern, kr; k,, —

Koe(iLliEHT MOJATIMBOCTI MaTepialy Ha IPOHUKHEHHS [9].
Ilpuxnao. Buznauutu criiikicte KoHCTpyKuii nonboBoi ®C 1o ynapHo-BuOyxoBoi aii BP
“Ickannep-M”, MOKPHUTTS $KOI BIAIITOBAHO 31 CBIKOHACHIIAHOTO CHITKOTO TPYHTY, 3a
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HACTYITHUMHU BUXIJIHUMH JaHUMH: TaKTHKO-TEXHiuHi Xapakrtepuctuku bP “Ickanpep-M”
(tabn. 1); 3HayeHHs koedilieHTa MOAATIMBOCTI MaTepiasiB HA MPOHUKHEHHs (Ta0J. 2) Ta BUKU]
(tabn. 3); kyt 3ycrpiui pakeru 3 niuiro o = 40°, cosa=0,7 .

> Swa

Paziyc BHKHIY MaTepiany
TokpuTTs OC Bif BHOYXY

30Ha pyHHYBaHHA MaTepiany
noxpurrs OC

I'nu0uza nponukHenna BY
paKeTH Ta ii OCKOJIKIB y
MaTepian nokpHITS ®C

TTokputTa @C (CcTiHOBA MAHENH)

Ctign ©C 3 Hermu

Puc. 12
Tabmuug 1
Ocuosui TTX 6Ganicruunoi pakeru “Ickannep-M”

Jiamerp, M 0,92

CrapTtoBa Maca, KT 3800

Maca 60¥0BO1 YacTHHH, (KI/THII) 480 Kkr/mpoHMKar4a, OCKOJIKOBO-(yracHa
JlanbHICTh 3aCTOCYBaHHS, KM 450

1IBuAKICTH NONBOTY, M/C 2100

Maca 60ii0BOT1 YaCTHUHH, KT 480

Tabnuugst 2
3HaveHHs Koe(ilieHTa MOAATIMBOCTI MaTepiajiB Ha TPOHUKHEHHS [9]
Marepian Ky

CBi>KOHACUTIAHUI CHITKUI IPYHT 0,0000130
I'nuHa cepeiHbOi T'YCTHHU, IPYHT MEepeMilllaHiM 3 KaMiHHIM 0,0000070
Boioruii mcox 0,0000065
11inbHUIA POCITMHHUN TPYHT 0,0000065
CyrInHOK 0,0000060
Cymichk 0,0000050
CocHOBI Komoau 0,0000050
1linbHMI TicoK 0,0000045
Mep3anuii IpyHT 0,0000045
Kam’aauctuii rpyHt 0,0000040
BynkHHUN KaMiHb 31 IHJIBHAM YKJIQJICHHSIM 1 32CUIIKOIO ITICKOM 0,0000030
LernsiHa knaika Ha IEMEHTHOMY PO34HHI 0,0000025
Kawm’siHa kiajika Ha 1IEeMEHTHOMY PO34HHI 0,0000020
Ckes BanHsAKoBa a0o IimnaHa 0,0000020
Ckens rpaHiTHa a0o rHelicoBa 0,0000016
Byroberon 0,0000016
beron 0,0000010
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[MigcraBuBim Buxifni nasi y (9), orpumyemo riubuny nponukHenns bP “Ickannep-M” y
CBI)KOHACHIIAHUH CUTIKHI TPYHT NOKPUTTSI 1osiboBoi DC:

H,, =0,63-3480 +1-o,0000130-L02(;-61,2-0,7 =7,8 m.

E

Tabmuus 3
3HaveHHs Koe(ilieHTa MOAATIMBOCTI MaTepiajiB Ha BUKU/ [9]
Marepian k,
CBIXKOHACUTIAHUI CHITKUI IPYHT 0,63
PocaunaHuM#M rpyHT 0,50
1linbHMI TicoK 0,48
Cymich 0,47
CyYTIMHOK, TIMHA 0,46
Kam’auuctuii rpyHt 0,45
Ckensa BamHskoBa abo minjaHa 0,25
Ckenst rpaHiTHa abo THelcoBa 0,20
CocHa, 1y0, OyK, siceH 0,30
IernsiHa knaka Ha IIEMEHTHOMY PO34HMHI 0,24
Kam’gna xiagxa Hacyxo 0,25
Kawm’siHa kiajika Ha IIEeMEHTHOMY PO34HHI 0,20
ByrobeTon 0,18
3amnizoberon Mapku 400 0,13
Doprudikaniituii 3a7mi300€TOH 13 THYYKUM ITPOTUBIIKOIOM 0,12
®doprudikaniiinuii 3a11300€TOH 13 )KOPCTKUM MPOTHBIIKOJIOM 0,12

Omxe, mis 3a0e3nedyeHHss MOTPIOHOT cTiKOCcTi KOHCTpYKWil mosnboBoi ®C nmo ymapHo-
BubOyxoBoi il BP “Ickanaep-M” TOBIIMHY T1 MOKPUTTS 13 CBIXKOHACHIIAHOTO CHIIKOTO IPYHTY,
3rigHo 3 [9], motpibHo 30inbLIKMTH Ha 25%, TOOTO Ha 1, 95 M, 1 MaTH He MeHiIe 9,75 M.

Ha puc. 13 HaBeneHO pe3ynbTaTH PO3PaxyHKIB I[OJ0 BU3HAYEHHS HEOOXiJHOI TOBIIMHH
nokputTs nmonboBux MC, sika 3abe3neuye MoTpiOHy CTIHKICTh KOHCTPYKIIT I[bOrO MOKPHUTTS JI0
ynapHo-BuOyxoBoi nii BP “Ickangep-M”. Marepiangom /st BJAIITYBaHHS TOKPHUTTS €
cBiKoHacumnanui cunkuid rpyHT (1), cyrmuHok (2), Bonoruit micok (3), cymicok (4), rmuna (5),
KaM’SIHUCTUH TpyHT (6), LErsiHA Ta KaM’sHa KIaJKd Ha LeMeHTHoMy posuuHi (7, 8),
OyroberoH (9), 6eron Ta oprudikaniiinmii 3anizoderon (10, 11).

9.75

10 4
7.86

6.26
__ 59 578
61 — — 5.35

29 285
w2
24 1.48
| [
0 T T T T T .
7 8 9 10 1
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Bucnosku

VY crarTti HaroJjoumyeTbcss Ha HEOOXITHOCTI 3aXHUCTy BiHichbK y moiboBux PC, KOHCTpyKii
MOKPUTTS SIKUX MalOTh OyTH CTIHKUMH JI0 YAApHO-BHOYXOBOI il KpHiaTuX 1 OaniCTHYHUX
paKer.

HaBeneHo MeTomn4HUWid MiAXiA MIOM0 BU3HAYEHHS CTIMKOCTI MOKPUTTSA nojiboBux DC mo
yIapHO-BHUOYXOBOI i1 KpmiaThx 1 OaJiCTUHYHHMX pakeT Ta pPe3yjibTaTH PO3PAXyHKIB IOI0O
BU3HAYEHHS HEOOX1MHOI TOBIIMHM L[LOTO MOKPHUTTS, 110 BIAIITOBAHO 3 HAHOUIBII JOCTYHUX Y
MOJILOBUX YMOBax OyIIBENbHUX MatepiaiiB — IPYHTY, ICKYy, IJIMHHM, KaMeHI0, OeTOoHy Ta
3aJ1i300€TOHY.

[lepcrieKTUBHUM  HAOpSIMOM  MOJAJNBIIMX JIOCHI/DKEHh € PpO3pPOOJIEHHST Ha OCHOBI
3alpPOIOHOBAHOIO METOJUYHOr0 IJXOJy METOIUKH 3 BU3HAUEHHS CTIHKOCTI TOKPUTTS
nonboBux OC 10 yaapHO-BUOYXO0BOT [T Cy4acHOI pakeTHOi 30poi.
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Voloshchenko O.1, Kosenko V.S., Kovbasa O.Yu., Chernykh 1.V., Kaplia I.0.

METHODICAL APPROACH TO DETERMINING THE RESISTANCE OF FIELD FORTIFICATION
COATING STRUCTURES BUILT TO THE SHOCK-EXPLOSIVE IMPACT OF MODERN MISSILE
WEAPONS

The purpose of the article is to publicize a methodical approach to determining the stability of cover structures of
field fortifications to the shock-explosive action of modern missile weapons, in particular cruise and ballistic missiles.

The purpose of this article is to present a methodological approach for determining the resistance of the cover
structures of field fortifications to the impact and explosive effects of modern missile weapons, in particular cruise and
ballistic missiles.

The analysis shows that currently, the most dangerous means of fire destruction for troops are long-range cruise and
ballistic missiles with high explosive effect. Under such conditions, the most effective way to protect troops is to shelter
them in field fortifications, the cover structures of which are resistant to the impact and explosive effects of these
missiles.

The article presents a methodological approach to determining the resistance of the cover structures of field
fortifications to the impact and explosive effects of cruise and ballistic missiles and the results of determining the
required thickness of the cover of these structures, which are made of the most readily available building materials in
the field — soil, sand, clay, stone, concrete and reinforced concrete.

The scientific novelty of the proposed methodological approach lies in the comprehensive consideration of a set of
indicators quantifying the main tactical and technical characteristics of modern cruise and ballistic missiles, their flight
and trajectory parameters, as well as indicators taking into account the most important properties of materials for the
construction of a penetration and emission protection cover of a field fortification.

Key words: field fortifications, missile weapons, stability.
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Bonowenxo O.1., Kocenko B.C., Kosbaca O.IO., Yepnux I.B., Kanna 1.0. MeToAMYHU MiAXiA 11010 BU3HAYEHHS
cTiKOCTi KOHCTPYKUil NMOKPUTTH NoJiboBUX (opTudikauiiiHux cnmopya a0 yaapHo-BuOyxoBoi aii cy4yacHoi
pakeTHoOI 30poi // Onip MaTepianis i Teopis criopya: Hayk.-TexH. 30ipH. — K.: KHYBA, 2023. — Bun. 111. - C. 178-187.
3anpononosano  memoouunuil  niOXi0  WOOO  GUSHAYEHHA ~ CMIUKOCMI  KOHCMPYKYIL  NOKpUMMA — NOJIbOBUX
Gdopmudbikayiinux cnopyo 00 yoapno-eubyxoeoi Oii cyuachoi pakemuoi 30poi, 30kpema Kpuiamux i OanicmuyHux
paxem.

Tabun. 3. In. 13. bibuiorp.14 Ha3s.

UDC 358.211

Voloshchenko O.I., Kosenko V.S., Kovbasa O.Yu., Chernykh 1V., Kaplia 1.0. Methodical approach to determining
the resistance of field fortification coating structures built to the shock-explosive impact of modern missile
weapons // Strength of Materials and Theory of Structures: Scientific and technical collected articles. — K.: KNUBA,
2023.—1Issue 111.—P. 178-187.

A methodological approach is proposed to determine the resistance of coating structures of field fortifications to the
shock-explosive effects of modern missile weapons.
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BU3HAYEHHS HAITPY>KEHO-IE@OPMOBAHOI'O CTAHY OJIIBISA
ITPABJIEHHSA HIVII®YBAJIBHOI'O KPYT' A

I.B. BeabMmac,
JI-p TEXH. HayK, npodecop

O.I. Binoyc,
KaH/. TeXH. HayK, JJOLEHT

I'.I. Tannypa,
KaH[. TeXH. HayK, JOIIEHT

I.C. Ily3upeubkmuii,
nomrykay Tpersoro (Phd) piBHs BUIIOT OCBiTH

O.1. llladas,
TOIIyKaY APYroro (MaricrepchbKoro) piBHsA BUILOI OCBITH

JHinposcokuil 0eparcasruii mexuiunuil ynieepcumem, Kam sincoke

DOI: 10.32347/2410-2547.2023.111.188-197

3 BuKopucTaHHAM (yHKUIT HamnpyxkeHb Epi po3po0ieHO aJropuT™M BH3HAYEHHS IPOCTOPOBOTO HANPYKEHO-
J1e(popMOBAHOrO CTaHy aJMasHOTO OJIBI JUIS MPaBKM aOpasuBHOrO Kpyra. BpaxoBaHa IBOIIapOBa IIapyBaTa
CTPYKTypa CHCTEMH 3€PHO-3B’sI3Ka. AJITOPUTM BPaxoBY€ HACTYIHE: 3HAYCHHs Ta PO3IO/iJ HOPMAJIBFHOTO Ta JOTHYHOTO
HaBaHTAXXEHHS NPHKIIAJICHOT0 10 a0pa3uBHOrO 3€pHA LUIAXOM 3aBAaHHA iX psanamu Dyp’e i3 3a1aHOI0 KiJIBKICTb YWICHIB
CKJIQIaHHS; YMOBY TIPUEIHAHHS aOpa3suBHOIO 3€pHA JI0 ONPABHU MIAPOM MaTepiaily 3B S3KM B HANpsAMy LIO 30iraeTbes 3
HanpsMH pajilyCy-BeKTOpa IUIsi TOYKM B3aeMOAil Kpyra Ta OJIBIS; OOMEXKEHICTh NEpeMillleHHs 3epHa aiMmasy B
OpPTOrOHAJIbHUX HamNpsAMax. AJIropuTMOM InependaueHo (OpMyBaHHS CHCTEM anreOpaiuHUX pPIBHAHb YETBEPTOro
TOPAZIKY, 3yMOBJIEHMX YMOBOIO CyMicHOro nedopmyBanHs 1mapiB. KiibkicTh cucTeM BiAINOBifa€e KibKOCTI NPUHHATUX
wieHiB cyM B psapax @yp’e. Po3B 30k cucTeM 103BOJISIE 3HAKWTE HEBiIOMI BeKTOpH Koe(ilieHTiB npuidtHATOT (yHKIiT
Epi. Bigomi koedilieHTH a03BOJIAIOTH BU3HAYUTU HAIPYXKEHO-Ie(OPMOBAHMN CTaH CHCTEMH «a0Opa3vBHE 3€pHO-
3B’s3Ka». YpaxyBaHHs HaNpYXEHb JO3BOJISE HA CTajAii PO3pOOKM TEXHOJIOTii NpaBKM OOMPATH paliOHaJIbHI
IeOMETPUYHI Ta MEXaHIYHI ITapaMeTpu 3B’ A3KU.

KarouoBi cioBa: oniBeup Juis npaBKku aOpa3sMBHOIO Kpyra, JBOLIAPOBHH KOMIIO3UT, MEXaHi4Hi BJIACTUBOCTI
Marepiaiii, HepeMilleHHs, HalPyKeHHs, HABaHTaKeHHS, QYHKILig HanpyxeHb Epi.

IMocranoBka mpodsemu. B mporeci abpazuBHOi 0OpOOKH CTpPYKKa 3 IMOBEPXHI BHPOOY
3HIMA€TBHCS JUCKPETHUMH a0pasMBHUMH 3epHAMH. BOHM 3HOIIYIOTBCS, PYHHYIOTBCA,
pyiiHyeTbCs 3B’si3Ka — MaTepiajd SKUM BOHM MpPUENHAHI 1O I1HCTpyMeHTy. B mpoueci
METajJo00pOOKH YTBODIOETBCS 1 CTpyxKa, 1 MeraneBuid mwi. OcraHHINH, 3a BHCOKOI
TEMIIEpaTypy B 30HI pi3aHHsI, CHiKaeTbcs. Poboua moBepxHs 1LTi(QyBaIbHOIO IHCTPYMEHTY
BTpayae CBOIO IMOYaTKOBY (OpMY Ta pi3alibHy 3[aTHICTh. BiJHOBIIOIOTE p0o0OYY MOBEPXHIO
pI3HUMHU 1HCTPYMEHTaMH, 30KpeMa aiMa3HuMmu oiiBigmu. Cuim B3aemoaii abpa3uBHOro
IHCTPYMEHTY Ta OJIIBIIS BIUIMBAIOTh HA PiBEHb HANPYXXEeHb B a0pa3uBHOMY 3epHI Ta B MaTepiali
SIKMM BiH NPHUEIHAHWHI 1O ONMpaBKH OMiBLS. [IMKIIYHO 3MIHHI HANpYKEHHs BIUIMBAIOTh Ha
BUTPHUBAJIICTH a0Pa3MBHOIO 3epHA Ta MaTepiaiy HOro NpUeIHaHHS J0 IHCTPYMEHTY MPABJICHHS.
BcranoBiieHHs 3B’513Ky HaIpyKeHO-1e(OpMOBAHOTO CTaHy IHCTPYMEHTY BiJHOBJICHHSI Ta HOTO
CHIIOBOT B3aeMOIii 3 aGpa3MBHIM KPYroM aKTyajJibHa HAyKOBO-TEXHiYHA 3aava. [ po3p’s3aHHs
JO3BOJIMTH ONTHMI3yBaTH TEXHONIOTIYHMH MPOLEC BiJHOBICHHS pOOOYUX OBEPXOHb
IHCTPYMEHTY abpa3uBHOI 0OpOOKH MeTalIiB.

Amnani3 ocraHHIX JOCHiKeHb Ta myOnikanid. B nuceprauii [1] onucani ocoOnuBOCTI 3MiHU
¢dbopMu pizasbHOI MMOBEPXHI CIIPUYMHEHI TeMIepaTypHO-CHIIoBUMH (akTopamu. B poborti [2]
JUIsl TiJABHUIICHHS €(EeKTHBHOCTI 3alpolOHOBaHO HUTiQyBaHHS 3AIMCHIOBATH 3 JOAATKOBUMHU
MPOMDKHAMH TpaBKamu. B craTti [3] TeopeTHYHUMHE 1 eKCHIEpUMEHTAIBHIUMU JIOCIIPKEHHSIMH
BCTaHOBJICHO PEXHMM aJIMa3HOI NIPaBKH aOpa3UBHUX KPYTiB HA KepamiyHiii 38’5311 3a MiKpo abo

© Bempmac 1.B., Binoyc O.1., Tanuypa I'.1., ITy3upenpkuii 1.C., Illa6ns O.1.
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MaKpOpyHHYBaHHS 3epeH. 3ampolOHOBaHO (OPMyYNH I BHU3HAYCHHA IJIMOMHU IIPABKH
nuUTipyBabHUX KPYTiB 3a pi3HUX (opM iX chpalfoBaHHs, MOKa3aHO, LI0 YMOBH aJMa3HOI
NPaBK{ BIUIMBAIOTh HA CTaH po0OOYOI MOBEpXHI IHCTpyMeHTy. OCTaHHS BU3HA4a€ SKICTh
MEXaHOOOpOOKHM MOBEpXHi, NPOAYKTHBHICTH 1 coOiBapricte untipyBanus. B poGori [4]
JIOBEJICHO 1110 3aXUCT AJIMa3HO-T'aJIbBAHIYHOIO TIOKPUTTS aJIMa3HUM MiKPOIIOPOIIKOM ITiIBUIIYE
CTIMKICTh POJNMKIB sl TpaBKU. J[oBeiaeHa MOXIHMBICTH KepoBaHOro (hopMyBaHHS PoOOYOi
MOBEPXHI a0pa3WBHOTO Kpyra MpPaBKOK aliMa3HUM IHCTPYMEHTOM Ha PI3HHX OIleparisx
uuripyBanns [5]. B Bu3HaueHi rpaHUYHO MOXIIMBI TJIMOMHM MPaBKH LUTI(YBAJIBHOTO Kpyra
aJIMa3HUM IHCTPYMEHTOM. BcTaHOBIIEHI 3aKOHOMIPHOCTI pyWHYBaHHs aOpa3uBHHX 3€peH Ta
PEKOMEH/IOBaHI METOJM TMPHUHITTS TEXHONOrii MpaBKH ULTIQyBalbHUX KpPYriB Ha pPI3HHUX
orepauisx uuripyBaHHs. BoHu 3a0e3neuyroTh IMIABMINEHHS SKOCTI Ta e(QEeKTUBHOCTI
MeTa000po0ku. OOIpyHTOBAHO, BUTOTOBJICHO 3pa3Ky LLTi(yBAIILHOTO IHCTPYMEHTY, POJIUKIB 3
ajmMa3zy Ta KyOi4yHOro HITpHIy OOpYy Ta mepenaHo Jyisi JOCIiJHO-BUPOOHHYMX BUIPOOYBaHb Ha
mianpuemMcTBa Ykpainu [6]. Jucepramis [7] crnpsiMoBaHa Ha IMiABMIIEHHS €(QEKTUBHOCTI
abpa3uBHOi 00pOOKM Ta TpaBKH. Po3po0ieHo HOBHMI MiJXiA A0 BU3HAUECHHS 3HOCY MPOdii0
Kpyra B 3aJI©KHOCTI Bii 00'eMiB Marepiany, sikuii 3pizaeTbest Ta nedopmyerbcs [8]. B
MoHorpadii [9] nokazaHa eeKTUBHICTh OLIIHIOBAHHS CTaHy aOpa3MBHOTO 3€pHA 3a BiJHOCHUM
00’eM 3epHa, Jie HANpPYKCHHS IMEPEeBUILYIOTh HOro minHicth. IlokazaHo 1O MepeMillleHHIM
aJIMa3HOTO OJIIBI 32 MEXaMU OChOBIHM IUIOIIMHI HUTI(QYBAIBHOIO Kpyra MOXKHA BIUTMBATH Ha
noxu6Ky #oro npodintoanus [10].

HaBenene nokasye 1o BiJjOMi JOCHIJDKEHHS OXOILIIOIOTh PI3HOMAHITHI aCHEKTH B3a€MOJii
a0pa3uBHOIO KPYry Ta IHCTPYMEHTY /ISl BIJIHOBJICHHS XapaKTEPUCTHK HOro poOouoi MOBEPXHi.
Pazom 3 THM iX pe3ynbTaTH He HO3BOJIOTH C(OPMYNIOBATH ANTOPUTM BH3HAYEHHS
HanpyxeHo-negopmoBanoro crany (HAC) pobo4oi ckiiaoBoi aqMa3HOTo OJIiBIS TPABICHHSL.

dopmyntoBaHHs MeTH cTarTi. Merolo crarti € oOrpyHTyBaHHS Ta (OPMYIIOBAHHS
anropurmy BusHaueHHs HJIC cuctemu «anaMas-martepial HOro npueIHaHHI» aIMa3HOTO OJiBLA
NpaBKH LTI (YBaNbHUX KPYTiB.

BuknazenHs ocHoBHOro mMarepiany. Po3risiHeMo anMas Ta Martepial sSIKUM BiH NpUETHAHUNA
JI0 THCTPYMEHTY SIK 130TpOITHI JIHIHHO NPYXKHI TiIa npu3MatuuHoi Gopmu. BoHu yTBOpIOIOTH
JBOIIAPOBY CUCTEMY HPU3MATHYHOI (OpMH. 3a OCHOBY MpU3MH HpHUHMAaeMO KBajapaT 3i
CTOPOHOI0 po3MipoM a. KBajpaT po3raiioBaHuii B IUIOIIMHI NTApaeNbHiil OCIM KOOPAMHAT X Ta
y. Bucory anmasy nosznauumo h. ToBmmHy Matepiany mnpuenHanHs (3B si3ku) — O. s
3pYYHOCTI IIapaM HaJamMO HOMepu. AOpa3UBHOMY 3€pHY HaJaMO HOMEp OJUH, Marepiany
3B’s3KM - J1Ba. HoMepu miapiB 100aBUMO JI0 iHIEKCIB BEJIMYHMH IO CTOCYIOThCS KOHKPETHHX
mrapiB. BigHecemo 3epHO 3 MaTepianoM Horo npueHaHHs A0 NPSIMOKYTHOT CUCTEMH KOOPIMHAT
x-y-z. [lodaTok oci z CyMICTUMO 3 IUIOLIMHOIO B3a€MOIiT 3epHa Ta MaTepiajy 3B’ sS3KU.

Biuni rpani 3epHa B iHCTpYMEHTI NpaBKu 3akpiruieHi. [IpuiiMemo 1o i B cucremu OivHI rpaHi
HE pyxoMi B HampsMax iM OpTOrOHaJBHUM. PoOoua mOBepxXHA anMa3ly HaBaHTa)KeHA
HOpMabHOIO P(x,y) Ta motuuHoro 7(x,y) posnoaizeHumu cuinamu. CHopMyinoeMo HaBeleHe y
(opMi HACTYIIHUX TPAHUYHHUX YMOB!

konu x =0 v x =a u; ,=u,,=0, (a)

xomu y=0 v y=a u; =u, ,=0, (0)

KOJH z=0 =0, ()

Komu z=-h Z, .= P y) A Zix=T(x,y) A Z1,= T(x,p). (D). (1)

AOpasuBHe 3epHO B IwiomuHi z=0 3’€¢mHaHO 3 MaTepiasioM 3B’s3KkH. BkasaHe
CYNpPOBO/IKYETHCSI  PIBHICTIO  TIepeMillleHb Ta HalpyXKeHb — YMOBaMU CYMIiCHOCTI
nedopmyBaHHs:

Kxoiu z=0 Uy = Upx N Uy = Uy, Zl,z = Zz)z AN Zl,x: ZZ,x AN Zlyy: Zz)y. (2)

B crarri [11], 3 BUKOpPHCTaHHSIM PIBHSHHSI Yy3araJbHEHOro 3akoHy ['yka Ta piBHSHHS
pIBHOBaru, OTPUMAaHO CHCTEMY BHUXIIHUX AudepeHHialbHUX PIBHSHb B OKPEMHUX IOXIIHHX.
[Ticnst 11 qOMHOXEHS Ha crieliajbHO MiAIOpaHy (YHKIIO OTPHUMAaHO CHCTEMY PEIyKOBaHHX
mudepentianbaux piBHsAHb. st 11 po3BsizanHs Bukopuctanu psau Dyp’e. Ha nHamy aymky
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3a/iauy MOKHA PO3B’si3aTh 3a OLIbII pocTuM anroputmoM. Tak npocroposuit HIC npyxHOro
Tija, 32 KJIACHMYHOIO JIIHIHHOIO TEOpi€l0 MPYKHOCTI, MOXXKHA BU3HAYMTH CKOPUCTABIINCH
¢dyHKIi€0 HanpykeHb €pi - ¢. [loka3HUKK TaKOro CTaHy B MPSIMOKYTHIN CHCTeMi KOOpAWHAT
BHU3HAYAIOTHhCSA HACTYITHUMHM BHUpa3ami [12].

o 2 9 ol o2 & >0 A
X =2\ w-L g, ¥, =Ly -L o, V.=o—"— uy =—"r-——
- (” aﬁ}p P oy? O o T aiyez T 26 oxee

2
1 9% 1 2 & G 2 o°
e = = A= 8

U, =—— ,
YT oGz ¢ 26 oz
2 2
Z":a—i((l_“)v2_;;_2j(p’ Zﬁ%{(l—ﬂ)vz—i—zjq), 3)
2 2. 0% D%, , : : :
e A7 (..)= 3 + 2 + 555 Uy, Uy, Uz — TIEPEMIIICHHS; X, V), Z; - HOpMabHI HAIPYKCHHS;
z

Zy, Z,,— nOoTUYHI HanpyXeHHs; G — MOIYNb 3CYyBY.
Jlns  po3p’si3Ky IOCTaBJIEHOT 3ajadi, NpPUIMEMO HACTYNHY OirapMoOHIHHY (YHKIIiO
HaIpyXeHb.

Q= i i (Amnepmhz +anefpm,nz + Cmnepm,nzz +Dmnefpm,nzz)><COS (pm’ox)COS (po’ny) 5 (4)

m=1n=1

Ie m, n 1l 4ucna; p,, , =Z ym?* +n? 5 Awns Buns Cons Dy — BEKTOPH 3HAUESHb HEBIJIOMHUX
’ a

cTanux KoeilieHTiB.

KinpkicTh TrpaHMYHHX YMOB TNEPEBHIIYE KIJBbKICTh BEKTOPIB 3HAa4YeHb HEBIJIOMHUX
koediuientiB GyHkuUii (4). 3By3UMO MOCTaBJieHy 3aady. Po3riIsHEMO BHNAJOK KOJW 3aKOHH
PO3IIOALTY 3O0BHILIHIX HaBaHTaXEHb B3JIOBXK oceir x Ta y (1 r) 36iraroTbes. 3amamo ix
nobyTkamu psiztiB Oyp’e.

P(x’y): i i(pmpn )Cos(pm’ax)cos(pa’ny)+ i Pm COS(Pm,ox)PO + ipn Cos(pO,ny)pO +p§ ’

m=ln=1 m=1 n=1

o0 00
T(x’y): z z(tmtn)Sin(pm,ax)Sin(po,ny)’ (5)
m=1n=1
€ P> Dus by t, - KoeDillieHTH psiB.
o Toro x npuiiMemo, o p,, = p, AL, =t,.
3aBlaHHsl 30BHIIIHBOTO BIUITMBY Ha IHCTPYMEHT JOOYTKAMM JBOX KOHIPYCHTHHX (YHKIIH
PO3IIOALTY 30BHIIIHIX HABAHTAXXEHb B3JI0BXK OCEH X Ta y JIO3BOJISIE 3HAWTH PIlICHHS JUIsl OJHI€T
¢yHkii. OcTaTouHI pillleHHs] OTPUMATH SIK J00YTOK BU3HAYCHUX 3AJICKHOCTEH.
Bkazane, Ha 11bOMY eTarli, I03BOJISIE TPOCTOPOBY 3aj1a4y 3aMiHUTH TUI0CKOI0. P0o3B’sa3yBaTH ii
B IUIONMHI Xx-z. AOpasuBHE 3€pHO Ta Marepial IpUEIHAHHS WHOro J0 ONpPaBKU ONIBIIS
PO3IIITHEMO SIK 130TPOIHI MPYXKHI TiJia [0 YTBOPIOIOTH JBOILAPOBUI KOMITO3UT. birapMoHiiiHi
¢GyHKIIT HanpyxeHb (4) UIsg HUX NPUIAMEMO B HACTYITHOMY BHIJISII.

00
z - z z - V4
Pp =, (Aw ALy : S oMLY » SR z)cos(pm Ox), (6)
m=1
ne w=1, 2 — Homep mapy matepiany; p,, = 75 Ay m Boms Coms Dum — BEKTOPH 3HAUEHD
a
HEBIIOMUX KOE(IIi€HTIB.
[NepemilieHHs Ta HANPY)KEHHs SIK HE 3aJIEKHI BiJ| KOOPIAUHATH ) BEIMYMHH, 32 IPUHHSATOI
¢byHKiT (4), BiamoBigHo 3anexxHocteit (3) Ha0yBalOTh HACTYIHUX (GopM.
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_1 0 (Amepm,()z +Bme*pm’02)pm’0 + Cmepm,()z X
u, = Bel > cos (pm’ox) , (a)
- z
m=1 ><(4,u + Pp0Z — 2) +D,e 'm0 (2 + Pm0Z — 4/,4)
_1 0 (Amepm,()z —Bmeipm’oz)pm’o + Cmepm,()z X )
" =5g 2 P 0810 (P 0%) ©)
— — V4
m=1| x (pm’oz + 1) +D,e "m0 (1 - pm,oz)

0 (Amepm,()z — Bmeipm’oz ) pm’o + Cmepm,()z X 5
Z.=-% i r0C0S(Pp0x),  (B)
m=l x(2u—1+ pm’oz)+Dme Pm,0% (2/,4 -1- pm,oz)

(Amep’”’oz —Bmefp’"’oz)pm’o +C, e (Z,u +1+ pm’oz)+ ,
m,0 S (pm,Ox) , (1)

Xx == Z
m=l\ 4D, e Fm0* (Z,u +1- pm’oz)
w (Amep"”oz + Bmeip’"’oz)pm 0 +C,em0 x
X, ==Y ’ 0 Sin( o). (m) (7)
m=1{ x (2,u + pm,oz) +D,e m* (pm’oz - 2/,4)
3 rpannunux ymoB (1B) Ta (Ir) Ta Bupa3iB (7) MaeMO CIiBBiJHOLICHHS OKPEMHUX BEKTOPIB
KoeiLlieHTIB.

("42,mepm’0(s +B2,meipm’05 )pm,O +C2,mepm’05 ><(4#2 +pm,05_2)+D2,meipm’05 (2+pm,05_4:u2):0 5

(A2’mep'"’05 — B2’meipm’06)pm’0 + C2’mepm,05 X (pm,05 + 1) + Dz,meipm’()é (1 — pm’05) =0 5

~Puoh ol =P oh ol P
(Al,me Pmo _Bl,mep o )pm,O+Cl,me Pmo ><(Zlul _1_pm,0h)+Dl,mep 0 (2”1 _1+pm,0h):_p2m 5
m,0

— P o h P o h !
(Al’me Punoh | B Pmo )pm’0+CLme P (2 =P h) =Dy (D o 208 )= ——2 . (8)

P, 'm,0
3 HaBeJIEHUX CIIiBBITHOLIECHD (8) BU3HAYMMO 3HAUYEHHS YOTHPHOX BEKTOPIB KOS(IIIEHTIB.

Al -_C 4/.11 —1—2pm’0h _D e2pm,0h 4/.!1 -1 +2pm’0h B Pm +[m

m T Mlm 1,m

2pm,0 2pm,0 2p;’oeipm’0h

—2Pp,0h 2 h—-1 —t
Bl,m = Cl,m ¢ “Hm pm’o + p?,m pm h°

2pm,0 2pm,0 2pm50e m,0

4u,+2 o-1 _ 41, -3
dy, =—Cy, TP Ty 2ot B2 73
’ ’ 2pm,O ’ 2pm,0
3—4 1+2 o—-4
B2 m = C2 me2pm’06 b2 D2 m P = =0 )
’ ’ 2pm,O ’ 2pm,0

Otpumani Bupasu (9) CKOpOTHIIM KUIBKICTh HEBIJOMHUX BEKTOPIB KOE(ILlIEHTIB 10 YOTUPHOX.
Obepemo ix 3HaueHHs 3 yMoB (1) s 3MIHHUX 3aJIeKHHX BiJl KoopauHATH X. J{Jsi 11bOro
chopmyemo (M-1) cucrem JiHIHHUX anreOpaluHUX PIBHSIHb YOTHPMa HEBIJOMHMHU.

oy Com oy Doy oz Ay +aiy By =B
ay) Copy +ap Dy +03 Ay +004 By = By
a3y oy 03y Dy +033 Ay 034 By, = P37
ay) Copy +0gy Dy +ay3 Ay +0y By = By

(10)
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e
2P 08 2P, 00
) ==2P, 00 ~ 1+ 7" (4py =3) s oy =€ P (dpay —1-2p,, 05) +1;

pm,Oh) . El 1 72pm,0h) .

E 2
o3 :E—l(me,OhH—e e :E_( —2ppoh—e
2 2

Oy = 2,00 ~ 1+ (411, =3) 3 atyy = —¢ 27 (41, —1-2p,, 46) -3
E E (-
o, :E—I(I—me,oh—em’”'"h); - :E_l(e ot _1-2p,0h);

2 2
Oy = 2P, 00 +3 =4y +€7m0 (41, =3)1 azy =—e P (1=dp1y +2p,, 48 )~ 1+4;

1 1 -
O3 :—1 el (4;41 —2pm,0h—3—e2p""°h); Oy = el (3—4/,41 =2p,0h —)+e 2p”""h;
+ 1+ 1y

Olgy = =200 +3= 41ty + €77 (411, =3) 5 argy =€ 2P0 (A1) ~1-2p,, 08 )+ 541y ;

Qy3 = I+ 4 (4;41 +2pm,0h—3—e2p""°h); Qg :—::Zl (4;41 —3—2pm,0h—e_2p"’~°h);
2 2
5 ( P +fm) & Pmoh +( P _tm) ePmol 5 ( P +fm) o Pmoh _( P —fm) Pl
1=~ 5 P =— ;
E2p72n,0 Ezpfn,o
-~ Fm h m h
By =(1+#1)(p’"+t’”)e P (= tm) €™
Eypyro (14 115)
~Fm h m h
Ba =—(1+/J1)(pm tin)e oo +(Pm _tm)ep !
Eypyo(1+ 115)

Po3B’s3aHHs cucteM JIiHIHHHX anreOpaiuHuX piBHSHB derBeproro nopsuaky (10) mossosse
3HAWTH HEBIJIOMI 3HAUYEHHS BEKTOpIB KoediuieHTiB. OcTaHHI N03BONAIOTH 3a Bupazamu (7)
3HaliTn 3Ha4yeHHs nokasHukiB HJC B mommHi x-z. [lepeMHOXHMBIIM 3HAMIeHI PO3NOALIH
nokaszHukiB mwiockoro HJIC abpa3uBHOro 3epHa Ta 3B’SI3KM B IUIOIIMHAX X-Z 3 BiAIIOBIIHUMHU
KOHTPYEHTHHUMHU [IOKa3HMKaMHM B IUIOLIMHAX »-Zz OTPUMAEMO BHpAa3sd Ui BU3HAYCHHS
noka3HukiB npocroposoro HJIC 3epHa Ta Matepiany Horo npueaHaHHS A0 ONMPaBKH.

VY ¢yukuii HanpyxeHsb (6), BIAMOBIHO, 1 Yy 3ayieKHUX Bijg Hel Bupaszax nokasuukiB HJIC mae
0e3MeXHY KUIbKICTh WIeHIB CyM ( m — o0 ). B mpakTulli KiJIbKiCTh CKJIAZIOBHX CyM OOMEXKYIOTb.
Ix KimbKicTh OGMPAIOTH 3 YMOBM OTPUMAHHS JOCTATHBOTO PiBHSA TOYHOCTI ITYKAHOTO PillleHHS.

3araiiom, copMOBaHa MOCIIIOBHICTh CTAHOBUTH LIYKAHUH aJITOPUTM.

Cxopucraemocst OTpUMaHuM anroputMoM BmsHauumo HJIC aGpa3uBHOrO 3epHa Ta 3B’SI3KH
anMasHoro omiBugs. [IpuiiMeMo 10 B OINiBII BHUKOPHCTaHO aOpa3uMBHE 3€pHO MPU3MATUYHOI
¢dbopmu 3 ocHOBOIO y opmi KBajpara 3i croponoro 0,1MMm Ta Bucorow 0.05 mm. Mozayins ioro
npyxHocti 1000 I'ma. Moayab NpyXHOCTI Matepiany 3B’SI3KM Ha MIBTOpA HMOPSAKH MEHILIHIA.
Moro toBmmua 0,25MM. PoGoua moBepxHs aOpa3HBHOTO 3epHA HABAHTAKCHA PO3IOIIICHOIO
HOPMAJIBHOIO Ta JOTHYHOI posnoaiieHumu cwiamu B 1MIla. IlpuknageHi cuiam B Mexax
0<x<a/2,0<y<a/2. Koediuientu psgie Pyp’e (5) 3a Takux YMOB BH3HAYAIOTHCS

3aJICKHOCTSMH
a2 af2
Pm =2 J cos(pm’ox)dx; Im =2 I sin (pm,ox)dx'
a 0 a 0

KinbKicTh CKJIaOBUX B CyMaX BHIIE OTPUMaHHX BHpa3ax MpuiiManu piBHOIO ABaaustd. Ha
HaBEJICHUX Jai rpadikax mokaszani posnoinu nokasuukis HJC abpa3uBHOro 3epHa Ta 3B’ S13KH
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anMasHoro omiBus. Ha pucynkax 1 ta 2
MOKa3aHl PpO3MOAUIM HOPMAJIBHUX Ta
JOTHYHHUX HaIpyXeHb B aOpa3sUBHOMY
3epHi 1o noBepxHsMm z=0 ta z=-h.

BusnaueHni po3monaiii HOpMaJIbHUX
HANpYXeHb 7, 3yMOBJIEHI CYMIiCHOIO
Oi€l0  HOPMAajJbHUX  Ta  JOTHYHHUX
HAaBAaHTAXXEHb MPUKIAJCHUX 10 YaCTHHU
noBepxHi 3epHa. [loBepxHst 1 BiATBOpIOE
XapakTep MPHUKIAJCHHA 30BHIIIHBOTO
HaBaHTaxeHHs P(xy) (5). Xapakrep po3-
Hnoxiny HOpPMaJIbHUX HanpyxeHb
(moBepxHs 2) BH3HAYEHHH CYMIiCHOIO
JI€I0 TOTMYHUX Ta HOPMAJbHUX HaBaH-
Ta)KEHb. Makcumym HOpPMAaJIbHUX
HANpY)XEHb MPAKTHYHO BJBIYi MEHIIMWH
TOMY, IO HANpPY)KEHHS Iepepo3Io-
JIUIMIINCS TI0  Tiepepi3y IUIola SIKOro
Oinpima 3a UIomly Aii  30BHIMIHIX
HAaBaHTAXXEHb.

Posnozinu HampyXeHb HOPMaJIbHUX
Ta AOTUYHMX (TOoBepxHi 1) pucyHkiB 1 Ta
2 30iraloThCcss TOMY MIO 30irarorhcs
PO3NOIIIM JOTHYHHX Ta HOPMAalbHHX
HaIpYXEHb. Boanouac JIOTHYHI
HANPY)XEHHS IPaKTUYHO PIBHOMIPHO
posmofiiyieHi 1O TrpaHi  abpa3uBHOTrO
3epHa MPOTHIICKHINA HaBaHTaXKEHIH.

[NepemimieHHss MOBEpXOHb abpa3uB-
Horo 3epHa z=0 Ta z=-h HaBeJeHI Ha
PHUCYHKY 3.

3rigHo OTpUMaHHX rpagiuHux
300pa’keHb IIOBEPXOHb IO ONHUCYIOTh
nepeMillieHHss ~ rpaHedl  aOpa3uBHOrO
3epHa BijJajeHa BiJ LUT(YBaJIBLHOTO
Kpyra TpaHb 3€pHa MPaKTUYHO HE
nedopmyerbes. BifmnosinHo, MpakTUYHO,
He Jnedopmyerbcs 1 Mmarepian 1o
NpUEAHYE 3epHO bits) OIPaBKH
IHCTPYMEHTY. 3rigHo BUKOHAHHX
po3paxyHkiB  gedopmanii  3epHa B
HAIpsIMax oce x Ta y 6e3MEeKHO MaJli.

BucHoBkH. AGpa3uBHE 3€pHO, Pa30OM
3 MarepiaJioM HOro TpHEAHAHHS [0
OIPaBKM ONIBLS TpaBJICHHs, POOOUOT
MOBEPXHi aOpa3sMBHUX KPYTiB CTAHOBUTH
c000I0 KOMIIO3UTHY CHCTEMY CKJIaZIeHY 3
JIBOX TPYXHHUX TUI. B Mexax minHidHOT
Teopii TPYXKHOCTI, 3 BHKOPHCTaHHSIM
GyHKIIT HApyKeHb, 3 YpaxXyBaHHIM
JIOBUIBHOI'O XapakTepy HaBaHTaKEHHA
pobouoi rpaHi abpa3uMBHOrO 3€pHa,

Puc. 1. Po3nozin B310BXk Ocel X Ta y HOPMaJIbHUX
HaIpy>KeHb Z. 110 NOBEPXHIM a0pa3uBHOr O 3€pHa

x5, a%
1z=-h,22z=0

Puc. 2. Po3nozin B310BXK Ocel X Ta y JOTUYHUX HAIPY)KEHb

Z, 110 TIOBEPXHAM a0pa3uBHOr O 3epHa

1z=-h,22z=0

Puc. 3. Po3nozin nepemitieHb OBEPXOHb a0Pa3uBHOTO 3epHa

- B3JIOBXK OCEH X Ta y
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B3a€EMOJIIi 3 MarepiayioM IO HOro MPUETHYE JO OMPABKH OMIBIS CPOPMYJIbOBAHO aJIrOPUTM
BusHauenHss H/IC aOpa3uBHOro 3epHa 3 MarepiajioM HOro MpHEIHAHHS JIO OMPAaBKH OB
npaBjieHHs a0pa3uBHUX KpyriB. BcraHoBieHo HacrymHe. MakcMMyM HamnpyXeHb IO Tpai
po6oUOoro 3epHa MPOTHISKHIM poOOUii MPAKTUYHO BJABIYI MEHIIHMH Yepe3 1X mepepo3noisi mno
nepepidy ruiomyi OinblIii 3a MOy Aii 30BHILIHIX HaBaHTaXeHb. J[OTHUYHI HANPYKEHHS
MPaKTHYHO PIBHOMIPHO PO3MOALIEHI MO BKa3aHid rpaHi. MaTepian 10 NpPUETHYE 3€PHO 110
OIPaBKU 1HCTPYMEHTY MPAKTHYHO, He AeOPMYEThCS. Y paxyBaHHsS TOro 110 abpa3uBHE 3€pHO
Ta Marepial 10 HOro NPUEIHYE J0 ONPABKH OMIBIS Ae(OPMYIOTHCS CyMICHO, BU3HAUEHHS IXHIX
HAIpYXeHO-1ePOPMOBaHUX CTAHIB METONAMH KJIACHYHOI T€Opii MPYKHOCTI JI03BOJISIE BBAXKATH
pe3ynpTaTd OTpUMaHi 3a HaBEJCHUM alrOPUTMOM [OCTATHBO [OCTOBIPHUMH B MEXax
niHiiiHOTO nedopmyBanHs. [lomanpini JOCHIKEHHS TOLIIBHO CIPSMYBAaTH Ha BU3HAYCHHS
BUTPUBAJIOCTI CHUCTEMH «a0pa3vBHE 3€pHO-3B’SI3Ka» I JIi€I0 3MIHHUX [UKITIYHHUX
HABAHTAXKCHb.
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benvmac 1.B., binoyc O.1., Tanyypa I'.I, Ilysupeyvxuii 1.C., [Llabas O.1.
BU3HAYEHHSI HAIIPYKEHO-JTE®OPMOBAHOI'O CTAHY OJIIBLSI ITPABJIEHHSI
IIJII®YBAJIBHOT'O KPYT'A

3 BuUKOpHuCTaHHAM (yHKLIi HanpyxeHb Epi, B JiHIHHIA NOCTAaHOBLI, METOAAMM KJIACHM4YHOI TEOpii HPYKHOCTI
PO3pO0IIEHO AJNTOPUTM AHAIITHYHOTO BU3HAYECHHS HANpPYKEHO-1e()OpPMOBAHOI0 CTaHy poOOYOi YACTHHU IHCTPYMEHTa
HpaBKKM aOpasMBHOTO KPYry SIK ABOIIAPOBOTO KOMIIO3UTHOTO Martepiaay. AJITOPHTM J03BOJISE BPAXOBYBATH JOBiIBHO
PO3MOAiJIeHI HOPMaJIbHI Ta JOTHYHI HaBaHTaXXCHHA Po00YOl MOBEpXHi abpa3UBHOrO 3epHa iHCTPYMEHTY. Bin BpaxoBye
00MEXEHHs OIPABKOIO 1e(hOpMyBaHb 3€pHA Ta MaTepialy 110 HOro NpHeEAHYE 10 Hel, CyMiCHICTh 1eOpMyBaHHS 3epHa
Ta Marepiagy HOro npuegHaHHA 10 ONpPaBKH, iX MeXaHi4Hi BiIacTUBOCTI. Po3paxyHKM BHMKOHAHI 3a OTPUMaHUM
ITOPUTMOM JIO3BOJIMJIM BCTaHOBJIGHO HACTyNHE. MakcHMalbHI HOpPMasbHI HAIpyKeHHS Ha poOodYil rpaHi 3epHa
MEPEBUINYIOTh BIAMOBIJHI HANpyXKEHHS HA IMPOTHJIEKHIA TpaHi 3a PaXxyHOK iX OUIbLI PIBHOMIPHOT'O PO3MOILNY.
JloTHYHI HampyXeHHs NMPAaKTHYHO PIBHOMIPHO PO3MOAIJICHI 1O BKa3aHii rpani. Martepian 10 NpHEAHYE 3€pHO 110
OIPaBKH IHCTPYMEHTY 1e(OpPMYEThCS, MPAKTUYHO, PIBHOMIPHO B HACIIJOK MEHIIOIO MOAYJIS NMPY)XHOCTI Ta MEHIIOL
TOBIIMHM Y HOPIBHSAHHI 3 MOAYyJIeM IIPYKHOCTI Ta TOBLIMHOIO a0Opa3sMBHOrO 3epHa. Bu3HAueHHS HampyXeHo-
e opMOBaHOrO CTaHy BHMKOHABYOI YACTHMHHU OJIBIA BMIIPABJICHHS POOOYMX IOBEPXOHb  HUIIYBaJbHUX KpYriB
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abpa3uBHOI 00pOOKM MarepialliB J03BOJIIE YTOUHUTH BiJOMHH MEXaHIi3M iX B3aeMOAil Ta MiABUILUTH €(pEKTHBHICTH
TEXHOJIOT'IYHOTO TPOLECy BiTHOBJICHHS POOOYMX MOBEPXOHb IHCTPYMEHTY aOpa3uBHOI 00pOOKM MeTalliB. YpaxyBaHHS
cyMicHoro nedopMyBaHHS aOpa3MBHOIO 3epHA Ta MaTepialty 110 HOro MpUeIHye 10 ONPABKU ONIBIA, BU3HAYECHHS IXHIX
HaInpy>KeHo-1e()OPMOBAaHUX CTAHIB METOAAMH KJIACHYHOI TEOPii NPY>KHOCTI JO3BOJISIE BBAXKATU PE3YJIbTATH OTPUMaHI 32
HaBEJCHUM QJITOPUTMOM JOCTATHBO IOCTOBIPHMMHM B Mexax JiiHiliHOro nedopmysanus. Ilopanbiii D0OCHDKEHHS
JIOLIIBHO CHPSMYBaTH HAa BU3HAYECHHS BUTPHUBAIOCTI CUCTEMH «abpa3svBHE 3€pHO - 3B’S3Ka» IIiJ €0 3MIHHHUX
LUKJIYHUX HABAaHTAKCHb.

CdopMysIbOBaHO ANTOPUTM BH3HAYCHHS HANpPYXKCHO-Ae(OPMOBAHOTO CTaHy ABOIIAPOBOI BHKOHABUOI YAaCTHHU
OJIiBLIA JUIS TIPaBJICHHS poO04O0i NOBEpXHIi HUTi(yBaIbHOrO Kpyry abpa3uBHOi 00pOOKH MaTepialis.

KarouoBi cioBa: oniBeup Juis npaBKu aOpa3sMBHOrO Kpyra, JBOLIAPOBUH KOMIIO3UT, MEXaHi4Hi BIAaCTUBOCTI
Marepiaity, epeMillleHHs, Halpy>KeHHs, HaBaHTaXeHHs, QyHKIis HanpyxkeHb Epi.

Belmas I.V., Bilous O.1., Tantsura A.1., Puzyretskyi I.S., Shablia O.1I.
DETERMINATION OF THE STRESS-DEFORMED STATE OF THE GRINDING CIRCLE ADJUSTMENT
PENCIL

Using the Ery stress function in a linear formulation, using the methods of the classical theory of elasticity, an
algorithm for analytically determining the stress-strain state of the working part of the abrasive wheel straightening tool
as a two-layer composite material was developed. The algorithm allows considering arbitrarily distributed normal and
tangential loads of the working surface of the abrasive grain of the tool. It considers the mandrel's limitation of
deformations of the grain and the material that attaches it to it, the compatibility of the deformation of the grain and the
material of its attachment to the mandrel, and their mechanical properties.

Calculations performed according to the obtained algorithm allowed the following to be established. The maximum
standard stresses on the working face of the grain exceed the corresponding stresses on the opposite face due to their
more uniform distribution. The tangential stresses are almost uniformly distributed along the specified face. The
material connecting the grain to the tool mandrel deforms almost uniformly due to its lower modulus of elasticity and
smaller thickness than the abrasive grain's modulus of elasticity and thickness. Determining the stress-deformed state of
the executive part of the pencil for correcting the working surfaces of grinding wheels for abrasive processing of
materials makes it possible to specify the known mechanism of their interaction and increase the efficiency of the
technological process of restoring the working surfaces of the tool for abrasive processing of metals.

Taking into account the simultaneous deformation of the abrasive grain and the material that attaches it to the pencil
mandrel, determining their stress-strain states using the methods of the classical theory of elasticity allows us to
consider the results obtained by the given algorithm as sufficiently reliable within the limits of linear deformation. It is
advisable to direct further research to determine the durability of the "abrasive grain-bond" system under variable cyclic
loads.

Keywords: pencil for straightening an abrasive wheel, two-layer composite, mechanical properties of the material,
displacement, stress, load, Erie stress function.
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Cehopmynbosano anzopumm 6UsHAUEHHs. HANPYHCEHO-0ePOPMOBAHO20 CMAHY 080UAPOBOI BUKOHABUOT YACMUHU ONI6Ys
oA npaenenns pob6ouoi nogepxi wWiysanbHo2o Kpyey abpasueroi 06pobKu mamepianis.
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Belmas 1.V., Bilous O.1, Tantsura A.L., Puzyretskyi I.S., Shablia O.I. Determination of the stress-deformed state of
the grinding circle adjustment pencil / Strength of Materials and Theory of Structures: Scientific and technical
collected articles. — K.: KNUBA, 2023. — Issue 111. —P. 188-197.

An algorithm for determining the stress-strain state of the pencil's two-layer executive part for ruling the grinding
wheel's working surface for abrasive processing of materials has been formulated.

Tabl. 0. Fig. 3. Ref. 12.
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OCOBJIMBOCTI BUBHAYEHHS BHYTPIIIHIX 3YCHJIb
B BA30OBUX CKIHYEHHUX EJIEMEHTAX HMCE

LI. Coaopeit,
JIOKTOP TEXHIYHUX HayK, npodecop

P.JI. Ctpuryn,
KaHANJAT TeXHIYHUX HayK, TOLCHT

B.B. llloBKiBCBHKa,
KaHUAAT CKOHOMIYHHUX HAYK, JOLEHT

A.O. MupoHYeHKo,
acmipaHT

Kuiscokuil Hayionanvruil ynigepcumem oyoisnuymea i apximexmypu, Kuis

DOI: 10.32347/2410-2547.2023.111.198-204

Po3ryisiHyTO NPUHIMIK OOYMCIICHHS BHYTPILIHIX 3YCHJIb KPYrOBOrO CKIHYEHHOIO €JIEMEHTA HalliBaHaJiTUYHOTO
merony ckinueHHuX enemeHTiB (HMCE) Ha OCHOBI OTpUMaHMX KOMIIOHEHT TEH30pa HAlpy>KeHb Ta OCOOJIMBOCTI
MiX0y, 110 TOB’A3aHI i3 BUKOPHCTaHHSAM MOMEHTHOI cxemu ckinHoro enemeHta (MCCE). Otpumano ¢opmyin
BU3HAYCHHS [OB3I0BXKHIX, TIEPEPI3yI0OYNX CHII, STHHAIBHUX Ta KPYTUIBHUX MOMEHTIB.

KarouoBi caoBa: Tia oOepraHHs, BHYTPIIIHI 3yCHIJUIS, HaliBaHAJITHMYHUI METOJ CKIHYEHHHX EJIEMEHTIB,
MOB3/IOBKHI CHJIM, TIEPEPi3yIodi CHIIM, 3TMHAIbHI MOMEHTH, KPYTHIIbHI MOMEHTH.

Beryn. OcobnuBe wicuie, cepell po3MaiTTsi 00’€KTIB, MO PO3MIISIAIOTHCS 32 JOIOMOIO0
aHAIITHYHMX 1 YMCEJBHUX METO/IB, 3aliMaloTh Tila 00EpTaHHS CKIaAHOI (OpMHU Ta CTPYKTYpH
MONIEPEYHOr0 Tepepizy, 0 YTBOPEHI PyXOM Jesikoi TBIPHOI MOBEPXHI B3JIOBXK 3aMKHYTOI abo
HE3aMKHYTOI HamnpsIMHOI Oe3 po3pHBiB. BuIineHHI reoMeTpUYHUI KaCc BUKOPHUCTOBYETHCS B
SIKOCTI MPUPOJHUX KOHCTPYKIIiH, By3JB Ta JieTanedl B OyIIBHHITBI i PI3HOMaHITHUX OOJIACTIX
MalMHoOyAyBaHHs. [Ipukinagamu 00’€KTIB MOXYTh CIYXHTH OallITOBI TpajiMpHi, BOIOHAITIPHI
Oanity, TMMOBI TPyOH, pe3epByapH Pi3HOTO MPU3HAYCHHSI, 3aXHUCHI OOOJIOHKH SIIEPHUX PEAKTOPIB,
PI3HOMAHITHI BY3JIM Ta JIETalli €HEPreTUYHOro 1 TPAHCIOPTHOTO MAIIMHOOYIyBaHHS, TOKPHUTTS,
(byHIaMEeHTH TPOMHKCIIOBUX 1 LUBUIBHUX OyIiBedb Ta Cropya, TyHenm i T.. JloctaTHbO Bennka
PO3IIOBCIO/PKEHICTh 3a3HaueHUX (GopM B OymiBelNbHI Ta MalIMHOOYIIBENIBHIN rany3six 3 OJHOTO
00Ky, Ta MOXJIMBICTh 3HAYHOTO CHPOILICHHS pPO3B’S3YIOYMX CIIBBIJIHOIIEHb 33 PaxyHOK
ypaxyBaHHS X T€OMETPUYHHMX OCOOJMBOCTEH 3 IHINOro, Ja€ MiJACTaBy JUisi PO3POOKH Ta
BUKOPHCTaHHS pi3HMX Monudikaniidi merony ckindeHuux enementiB (MCE). HaniBananiTHanuii
meron ckinyeHHux einementiB (HMCE) € oaHuM 3 Takux IiAXOAIB, SIKMH OTPUMAaB IIHPOKE
PO3IIOBCIO[DKEHHST Ul PO3B’s3aHHS 3ajad, 00 €KTaMM SIKMX € MPHU3MATH4HI TiIa Ta Tina
obepTaHHs CKJIaJHOI (POPMH Ta CTPYKTYpH TorepedHoro nepepisy. Bucoka edekrusricte HMCE
JUIi BU3HAYEHOTo KoJia 00’€KTiB Oysia MpOIEeMOHCTpOBaHa B oOiacti cratudHoro [3,6] Tta
JnuHamidHOTO [4, 9] aHaii3y, KOHTUHYaJIbHOI MEXaHIKH pYyHHYBaHHS B yMOBaX IMOB3y4ocTi [2],
JIOCITI/DKEHHST TPOLIECIB  HEJiHIMHOrO /eOpMyBaHHS 3ali300€TOHHMX KOHCTPYKUii [5],
MPOTHO3YBAaHHsI YTBOPEHHs TPIIMH Ta 1X PO3BUTKY [l], aHamizy MOBENIHKM KOHCTPYKIIH 3
ypaxyBaHHsIM X B3a€MOIii 3 IpyHTOBOIO ocHoBoto [ 10, 11].

CydacHI METOIMKH, SKI OpIEHTOBaHI Ha PO3PAaXyHOK IIMPOKOIO KIAaCy KOHCTPYKLIH, IIO
CKJIaJIAl0THCS 3 MACUBHHX 1 TOHKOCTIHHHMX €JIEMEHTIB, TIOBUHHI TIOPSJ] 3 BUCOKOIO TOYHICTIO OIHCY
HaIpyXeHo-1e()OpMOBAHOTO CTaHy O00’€KTIB ckiamHoi (OpPMH Ta CTPYKTYpH, 3a0e3redyBarH
BUCOKY UIBHJKICTH 30DKHOCTI JIO TOYHOTO PIIICHHS TPH MiHIMAJIbHUX YHCEIBbHUX BHUTPATAX.
3aBisKM BBEACHHIO JIOIATKOBUX TiMOTE3, IO HE 3MEHIIYIOTh TOYHICTh anpoOKCHUMAIl,
NpeZICTaBIIeHHIO iepopMaliiil 1 HarpyXeHb B (pi3UYHUX TEPMIHAX Ta Y BIAMIOBIHOCTI O MOMEHTHOI
cxemu ckindenHoro eiemerra (MCCE) [7, 8] BraeTbcs 3 OfHIET CTOPOHM YHUKHYTH TPYAOMICTKOL

© Cononeit LI, Ctpuryn P.JI., lloBkiBchka B.B., Mupondenko A.O.
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TPOLIE/YPY YUCENIBHOTO IHTErPYBAaHHS MO IUIOLII MONEPEYHOro MEPEeTHHY CKIHUYEHHOTO eJleMEHTa
(CE), 3 iH1I0i - 30epertu BUCOKY e(heKTHBHICTh POCTOPOBOI IUCKPETH3ALIiL.

He3Bakatoun Ha BeNUKY KUIBKICTh IMyOJNiKAaLli, MPHUCBSYECHUX HAIMIBAHATITUYHOMY METOIY
CKIHUEHHUX EJIEMEHTIB,[TUTAHHS BM3HAYEHHS BHYTPIIIHIX 3YCHJb, SIKI 4aCTO € KOMIIOHEHTHHUMH
YUHHUKAMH KPHUTEPIiB MILHOCTI, L0 3aKNaJeHi 10 JepKaBHUX OYyIiBeJIbHHX HOPM, HEHAJICKHO
3anuiiarTeesi no3a yearoto. Bukopucranus HMCE y noeananni i3 MCCE crBoprotoTh Jiesiki
MareMaTH4Hi 0COOIMBOCTI OOYHUCIICHHS BHYTPIIIHIX MOB3IOBXKHIX, EPEPI3YI0UYNX CHJI T MOMEHTIB.

BHyTpimHi 3ycMuIII  TOHKOCTIHHMX  eJIeMeHTIB Tijl 00epTaHHS B  paMKax
HANBAaHAJITHYHOI0 MeTOy CKiHYeHHUX ejieMeHTiB. OCOOIMBOCTI BU3HAUYEHHS BHYTPIIIHIX
3ycwib B 0a3oBux ckiHueHHHX ejemeHTax HMCE mnokaxemMo Ha TpHKIaai HEOAHOPIAHOI
JKOPCTKOI 3amieMiIeHOT KOHIYHOI 000JI0HKH JUMOBOI TpyOu. [Ipu 1pomMy B3IOBXK pajialibHOrO
HAINpPSIMKY PUHAMA€EMO JIBa CKIHYEHHUX EJIEMEHTH, a B3JIOBXK TBIPHOI KIIbKICTh €IIEMEHTIB MOXE
OyTH OBIJIBHOIO.

BusHauagbHMMM TapaMeTpaMH HampyKeHO-Ie(OpMOBAaHOrO CTaHy OHMMOBOI TpyOH €
NepeMillleHHs] BY3JiB CITKOBOI 00JacTi Ta HampyXKeHHs, W0 JII0Th B LEHTPAaX CKiHYCHHUX
€JIEMEHTIB.

Ha puc. 1 (a), (06) HaBeleHO NpHKIAX PO3PAXYHKOBOI CXeMHU JMMOBOI TpyOM 1 TOKa3aHi
HANpPYXEHHs, 10 AilI0Th HA HECKIHYEHHO Masiuii 00’€M, BUIIJICHHH HABKOJO TOYKH B IIEHTPI
CKIHYEHHOrO enieMeHTa. KOMIIOHeHTH HampyXeHb IOJAIOThCS B OCAX MICLEBOI CHCTEMH
koopauHaT O XX, .

.
22

' G

X
X3
A G
Xy 3
' Q
X2

2
(@) (6)

Puc. 1. Po3paxyHkoBa cxema

BigmiTuMo, 110 HANpY)XEHHS, sIKi MAlOTh OJJHAKOBI 1HAEKCH HE 3aBXKAU € HOPMAIBHUMHU IO
BiJTHOIIICHHIO JIO IUIOIIAJIOK, SIKI € TPaHsSMH CKIHYCHHHX eneMeHTIB. Lle  BigHOCHTBCS 1 110
HAMpPYXEHb 3 PiI3HUMU iHICKcaMu. BOHM He 3aBXKAW € JOTHYHUMH HAMPYKEHHAMH 10 THX )K€
CaMuX IUIONIAJI0K. BUKIIFOUEHHS CKITaIat0Th JIMIIC HAIPYKEHHS, 1110 MArOTh iHIEKC 3.

3yCHIIAMH, 0 TOTPeOYIOTh BU3HAUEHHS €: IIOTOHHI HOPMAaITbHi M N, Ta Nj, IO Aif0Th
B3I0OBXK ocel Ojx, Ta O\x; BiANOBIgHO; MOTOHHA Tepepis3yroda cmna (), HampsiMiIeHA
HEepHEeHIUKYIApHO 10 oci O, ; MOTOHHA Cuiia 3CYBY S|, IIO i€ B3IOBXK OCi, HOPMaJIbHOI 10
O,x, Ta IIOTOHHA CUJIA 3CYBY S, IO Ji€ B310BX oci O, X, ; MOTOHHI 3THHATIbHI MOMEHTH M5,

Ta M3, , mo Airote B miomuHax Ojx;x, Ta O,x;X3 BiANOBiJHO, TOTOHHI KPyTHIbHI MOMEHTH

M3, MY, mo nirote B miommHax Oyxx; Ta OjX|X,, BiANOBiAHO. 3yCHILIs, WO Ail0Th HA

rpaHsx CKIHYEHHOTrO eJIeMEeHTa, I0Ka3aHi Ha puc. 2.
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Ha puc. 3 300paxeHi cKiaioBi HaNpyKeHb o? 1a

012 , 110 BHUKIIMKAIOTH ITOI'OHHE HOPMAJIBHE 3YCHUILIA

N,. 3ycumns N, gie B3moBK oci  Ox,,
HEPNEHANKYIAPHO OO IIIOMAIKH, HOPMAIIIO A0 AKOI
€ Bick O)x, . HopmaneHy cuny N, MOXHa 3HaiTH K
CyMy CKJIaJOBUX 3yCHJIb, OTPUMAHHX Bl KOXKHOI
KOMIIOHEHTH HaIPy/KEHb.

30KpeMa, KOMITOHEHTA HATPYKEHb G2 TaK Camo,
Ak 1 N,, HanpsmieHa B3#oBk oci Ojx,, TOMYy

CKJIaZIoBa Ng) HOTOHHOI HOpMalbHOI cuid N,

Puc. 2. 3ycuiuis Ha rpaHsX CKiHYEHHOT O

22
eIIeMEeHTa BUKJIMKaHa HAIPYXEHHAM O 3HAaXOOUTHCA SK

JIOOYTOK o> na JIOBXHHY A tutomiajku (puc. 3 (a)).
KomrioHeHTa HanpyxeHb o2, mo xie mapanenbHo 10 oci Opx;, Ha INIONIMHI 3 HOPMAJITIO

O\x,, TakoX Ja€ BKJIaJ B HOpMajbHy cuily N,. Ilo3HauuMo CKIaZoBy HOpPMAaJIbHOI CHIIH,

BUKJIMKaHY HaIpPyKEHHIM o' yepe3 Néz) (puc. 3 (0)). Pemta KOMIOHEHTIB HANpYXEHb HE

JIal0Th BKJaJ B HOpPMaJlbHy cuily N, .

©6)

Puc. 3. Cxema po3raliyBaHHs 3yCHIIb

TakuM uyMHOM, ITOTOHHA HOpMallbHa cuna N, Moxe OyTH 3Haili/ieHa SK cyma:
V(O] 2

N, =N,  + Ny~ (1)
AHaNOriYHUM YUHOM MOYKHA 3BECTH 1 PEIUTY 3yCHJIb.
[ponenypy Bu3HA4YEHHS 3yCWIb MOXHa (OpMaii3yBaTH, SKIIO IMONEPEAHHO BH3HAUYUTH

. . Ol]
(hi3M4YHI KOMIIOHEHTH HAIPYXEeHb G
0¥ ii
c = @)

Jl11 BU3HauUCHHS CKJIAJ0BUX HANPYXEHb, [0 JAIOTh BKIAAU B 3yCHIUIA, HEOOXIJHO MEepeHTH
. Ol] . . .
BiJi KOMIIOHEHT HaIpYyXe€Hb G , 3aJaHUX B MICLEBIH cucTeMi KoopauHaT O)xX,X3 10

ne g" - KOMIIOHEHTH METPMYHOTO TEH30pa.

I/ “
KOMIIOHEHT Halpy)K€Hb G , BU3HAUEHUX B OCAX cUCTEMU KoopauHaT O,y 'x,x; (puc. 3).
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ITepeTBOpeHHsST KOMIIOHEHT HANpYKEeHb i3 OJHOI CHCTEMH KOOPIHMHAT B IHINY, MOXYTb OyTH
OTpUMaHi Ha OCHOBI 3arajibHUX MPAaBWJI IUIIXOM MOJBIHHOTO MEPEMHOXEHHS Ha TEH30p

MIEPETBOPEHHS C} KOOPJMHATHUX CHCTEM:!

kl
— w0 kl

i)
o =c¢c *o =c 2—. (3)

Komrmonentu teHzopa ¢, mo CyTi, € KOCHHYCaMH 1 CHHYCaMHu KYTiB MiX BiAIIOBIJHUMHU

j b
ocsiMu cucteM O x;x,x3 Ta Oy xyX3.
3okpema cll =cosa, c% =0, c12 =sina, C22 =1, Clln =cosa., Cén =0. Pewra

KOMIIOHEHT 3 1HJeKCaMH, 110 IOPiBHIOIOTH TPHOM, PiBHI Hymo

J .
[MpumycTumo, 1Mo 3aKOH PO3MOLUICHHS HAIPY)KEHHSI © B MeXaX KOXHOTO CKIHYEHHOT'0
€JIEMEHTA MPEJICTABIISIE COOOO JiHIHHY QYHKIIIO:

e & o ]
c =c +6c5_k:G +0k xk, 4)
Ox
0 o
Je ¢ - HalpY)XCHHS B IIEHTPI CKIHYEHHOT'O eJIEMEHTY, G - HOXiAHI BiJ HAIIPY)KEHb.
Toni 3ycniist 1o HAaIPYKEHHSIX MOXKHA 3Ha171TH i3 CIiBBiTHOIIICHB:
1, . N 1 o
5 (02720 22" 5 02" 022
N, = I c +0] J c dx1 =0 s
_1 1
2 2
1, o e 1 . -
5 (033" 373 5 0373 033
N3 = I c +0] I c dx' =c s
1 1
2 2
5 (ol'2" ol'2 5 ol 012
0, = I c +0] X! ldx! = IG ' =c s
1 _1
2 2
1 N 1 -
5 (ol'3" oI'3 5 ol'3 ol'3
05 = I c +o; x'ix'= IG dx'=¢ %)
1 _1
2 2
1 N 1 .. -
5 (031 371 5 031 031
o= I c +0] ¥ lax! = I c dx' =o s
1 1
2 2
1 . 1 -
5 (033" ¢33 5 0373 033
MP = |lc +o dx!' = 20 = L
2 = Ao X axs = § o1 qdx =--061
2 2
1 . 1 N
5 (02720 22 5 0272 022
My = I G +01 X )cldx1 = J‘GJ xfdx1 :Lc,l , (6)
2 2
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Bpaxosyroun (3), a TAKOX IPUAMAIOYH 0 YBATH, IO KOMIOHEHTU METPUYHOTO TEH30pY g

Ta KOMIIOHEHTU TEH30pY MEPETBOPEHHS c’j HE 3MIHIOIOTBCS B MEXaX CKIHYEHHOTO €JIeMEHTa,

3YCHIUIS MOYKHA BU3HAYMTH YePe3 KOMIIOHEHTH HANPyKeHb 67 3a hopMynamu:

N, = leC/% Clz _ leci C13
2T ki T [k i
g &g g &g
Q _ lec}c C12 Q _ lec,lc 3 Q _ leci Cll
b = O3 = 01 = ;
] ] "k Il
‘/g g ‘/g g ‘/g 8
oflel ¢ ot ¢} oflel ¢ oMl of
MK[J._L* , M 1 s M 1 M — 1 %2, 7
2 7o w0 BT AT 33 T [k - (7)
g8 & g8 & g 8 g8 8

BucHoBku. TakuM 4YWHOM, BHKOPHCTaHHS HAIiBaHAJITUMHOIO METONY CKIHUEHHHX
€JIEMEHTIB 13 3aJIy4eHHSM TMpPOLEAYpP MOMEHTHOI CXEMH CKIHYEHHOTo eJieMeHTa MoTpeldye
MEBHUX MATEMAaTUYHUX YTOUYHEHb CTaHIapTHUX (opMyn oOuucieHHs BHyTpinHiX 3ycuib CE,
110 1 OyJI0 IPOJIEMOHCTPOBAHO B MPEACTABIICHIH POOOTI.
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Conooeitl 11, Cmpueyn P.JL, Illoskiscoka B.B., Muponuenxo A.O.
OCOBJIMBOCTI BUBHAYEHHS BHYTPIIIHIX 3YCHJIb B BA3OBUX CKIHYEHHUX EJIEMEHTAX
HMCE

Po3ryisiHyTO NPUHIMIK OOYMCIICHHS BHYTPILIHIX 3yCHJIb KPYroBOrO CKIHYEHHOTO €JIEMEHTA HalliBaHaJiTUYHOTO
merony ckinueHHuX enemeHTiB (HMCE) Ha OCHOBI OTpUMaHMX KOMIIOHEHT TEH30pa HAlpy>KeHb Ta OCOOJIMBOCTI
MiX0y, 110 TOB’A3aHI i3 BUKOPHCTaHHSAM MOMEHTHOI cxemu ckinHoro enemeHta (MCCE). Otpumano ¢dopmyin
BU3HAYCHHS [OB3I0BXKHIX, TIEPEPI3yI0OUYNX CHII, STHHAIBHUX Ta KPYTUIBHUX MOMEHTIB.

Oco0nuBe Micue, cepest po3MaiTTs 00’ €KTIB, 110 PO3MIIIAIOTHCS 33 JOMOMOIOI0 aHATITUYHUX 1 YU CEIBHUX METO/IB,
3aiiMaloTh Tila 00epTaHHs CKJIaJHOT (POPMH Ta CTPYKTYPH MONEPEUHOro Mepepisy, o YTBOPEHI pyXoM JesKoi TBipHOT
MOBEPXHI B3/I0BX 3aMKHYTOI a00 He3aMKHYTOi HampsMHOI 0e3 po3puBiB. Buuinenuit reomerpuunuii kiac
BUKOPUCTOBYETHCS B SIKOCTI HPUPOJHIX KOHCTPYKLIHM, By3/iB Ta Jerajnedl B OyQiBHULTBI i pI3HOMaHITHUX 00NacTAX
MalMHOOYyBaHHA. JloCTaTHBO BEJIMKA PO3MOBCIOKEHICTh 3a3HadeHUX (opM B OyiBesIbHIN Ta MalMHOOYMIBENIbHIN
rajy3sx 3 OZIHOro OOKy, Ta MOXJIMBICTb 3HAYHOI'O CIPOILEHHS PO3B’A3yIOUYHUX CIIIBBIIHOLICHD 32 PaXyHOK YpaxyBaHHS
X reOMeTpUYHUX 0COOIMBOCTEH 3 IHIIOrO, JIa€ MiICTaBy Ui PO3POOKU Ta BUKOPUCTAHHS Pi3HUX Moaudikauiii MeTony
ckinuennux enementiB (MCE). HaniBananituunuii meton ckindennux einementiB (HMCE) € oqauM 3 Takux migXois,
SIKMH OTPUMAaB IIMPOKE PO3MOBCIOJDKEHHS Ul PO3B’s3aHHA 3a/1ad, 00’€KTaMH SKUX € NPU3MAaTU4YHI TiIa Ta Tija
o0epTaHHs CKJIaaHOI GOopMM Ta CTPYKTYpH HONEPEHHOro Iepepisy. 3aBAsKd BBEICHHIO IOJATKOBHX TiNOTE3, 110 HE
3MEHIIYIOTh TOYHICTh aINpPOKCUMALll, NpeicTaBieHHIO aedopMmauiidi i HampyxeHb B (I3MYHUX TepMiHaX Ta y
BIJNOBIAHOCTI /10 MOMEHTHOi cxemHu ckiHdeHHoro enemeHta (MCCE) Bnaerbcss 3 opiHi€] CTOPOHM YHUKHYTH
TPYJIOEMKOI MPOLEAYPH YHUCEIBHOIO IHTErPyBaHHA IO IUIOLI MONEPEYHOro nepeTuHy ckinyenHoro enementa (CE), 3
1HILOT - 30epertTi BUCOKY e(heKTUBHICTh POCTOPOBOI AU CKpETU3aLlii.

Hespaxaroun Ha BENUKY KUIbKICT IyOJTiKalliil, IPUCBAYEHNX HANIBAHAIITUYHOMY METO/Y CKIHYEHHMX E€JIEMEHTIB,
MUTAHHS BU3HAYEHHS BHYTPILIHIX 3yCHIIb, IKi YaCTO € KOMIIOHEHTHUMU YMHHUKAMU KPUTEPIiB MIl[HOCTI, 110 3aKJIa/IeHi
JI0 JiepskaBHUX OyAiBEIbHMX HOPM, HEHAJEKHO 3aJIMINAIOThCs 1o3a yBarow. Bukopucranns HMCE y noennanHi i3
MCCE cTBOpIOIOTh A€sAKI MaTeMaTH4YHi 0COOJMBOCTI OOYMCIICHHS BHYTPIIIHIX MOB3JOBXHIX, NEPEPi3ylounx CHI Ta
MOMEHTIB.

KarouoBi caoBa: Tia oOepraHHs, BHYTPIIIHI 3yCHIJUIS, HamiBaHAJITHYHUM METOJ CKIHYEHHHUX EJIEMEHTIB,
MOB3/IOBKHI CHJIM, TIEPEPi3yIodl CHIIM, 3TUHAIbHI MOMEHTH, KPYTHIIbHI MOMEHTH.

Solodei 1.1, Stryhun R.L., Shovkivska V.V., Myronchenko A.O.
DETERMINATION OF INTERNAL EFFORTS IN THE BASE FINITE ELEMENTS OF SAFEM

The principles of calculating the internal efforts of a circular finite element in the semi-analytical finite element
method (FEM) based on the obtained components of the stress tensor and the peculiarities of the approach associated
with the use of the moment scheme of the finite element (FEM) are considered. Formulas for determining longitudinal,
shear forces, bending and torque moments have been obtained.

A special place, among the variety of objects considered with the help of analytical and numerical methods, is
occupied by bodies of revolution of complex shape and cross-sectional structure, formed by the movement of some
creative surface along a closed or opened line without breaks. The selected geometric class is used as natural structures
of nodes and details in construction of mechanical engineering. The sufficiently wide distribution of the specified forms
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in the construction and machine-building industries, on the one hand, and the possibility of significantly simplifying the
solving relationships by taking into account their geometric features, on the other hand, provide a basis for the
development and use of various modifications of the finite element method (FEM). The semi-analytical finite element
method (SAFEM) is one such approach that has gained widespread use for solving problems whose objects are
prismatic bodies and bodies of revolution of complex shape and cross-sectional structure. Due to the introduction of
additional hypotheses that do not reduce the accuracy of the approximation, the representation of deformations and
stresses in physical terms and in accordance with the moment scheme of the finite element (MSFE), on the one hand, it
is possible to avoid the time-consuming procedure of numerical integration over the cross-sectional area of the finite
element (FE), on the other hand - maintain the high efficiency of 3D discretization.

Despite the large number of publications devoted to the semi-analytical method of finite elements, the question of
determining internal forces, which are often component factors of the strength criteria laid down in state building codes,
is inappropriately neglected. The use of SAFEM in combination with MSFE creates some mathematical features of
calculating internal longitudinal, shearing forces and moments.

Key words: bodies of revolution, internal efforts, semi-analytical finite elements method, longitudinal forces, shear
forces, bending moments, torque moments.
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Posenanymo npunyunu 0OYUCIEHH 6HYMPIUWHIX 3YCUTL KPY208020 CKIHYEHHO20 eleMeHma HaniéaHatimuyHo20 Memooy
ckinyennux enemenmie (HMCE) na ocHo6i ompumanux KOMROHEHN MeH30pa HAnpydiceHb ma 0cooau8ocmi nioxooy, ujo
noe’Asami i3 euKopucmaHHam momeHmuoi cxemu ckinnoeo enemenma (MCCE). Ompumano gopmyau eusHauenHs
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Inn. 3. Bi6miorp. 11 Hazs.

UDC 539.3

Solodei 1., Stryhun R.L., Shovkivska V.V., Myronchenko A.O. Determination of internal efforts in the base finite
elements of SAFEM// Strength of Materials and Theory of Structures: Scientific-and-technical collected articles- K.:
KNUBA, 2023. —Issue 111. - P. 198-204.

The principles of calculating the internal efforts of a circular finite element in the semi-analytical finite element method
(FEM) based on the obtained components of the stress tensor and the peculiarities of the approach associated with the
use of the moment scheme of the finite element (FEM) are considered. Formulas for determining longitudinal, shear
forces, bending and torque moments have been obtained.
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KOMIT’'IOTEPHE MOJEJIIOBAHHS TOHKOCTIHHHUX OBOJIOHKOBHUX
CTPYKTYP 3I'EOMETPUYHUMHU HEJOCKOHAJIOCTAMHA

€.A. €ropos’,
JI-p TEXH. HayK, npodecop

0.€. Kyuepenko’,
KaH/I. TeXH. HayK, HAYKOBUH CHIBPOOITHUK

puoninposcwka deporcasna axademis 6ydisnuymea ma apximexmypu, Juinpo

Inemumym mexuiunoi mexanixu Hayionanvnoi akademii nayk Yxpainu i [lepoicagno2o kocmiuno2o azenmemea
VYxpainu, [uinpo

DOI: 10.32347/2410-2547.2023.111.205-213

PosrnsaeTses 3ajaya MOJENIOBAHHS TOHKOCTIHHOI OOOJOHKOBOI CTPYKTYPH, sIKa 3HAaXOAUThCS MiJ JI€0
30BHIIIHBOTO PAiAJIbHOrO TUCKY. MOJENIOIOTBCS T€OMETPUYHI HEJOCKOHAJIOCTI IIOBEPXHI Ta JIOCHIKYEThCS
HaIpyXeHO-1e(pOPMOBaHNH cTaH. Bu3HA4YalOThCS 3HAYCHHS KPUTUYHUX HABAHTAXCHb Ta XapaKTep IOBEiHKM
000JIOHOK 3 TEOMETPUYHUMHU HEJOCKOHAJIOCTSIMHU 32 Pe3yJIbTaTaMH JIIHIHHOTO Ta HEHIHOrO0 CKIHUEeHHO-eJIEMEHTHOrO
aHanizy. HaBoasAThCS MOPIBHAHHSA OZlEpP)KAaHUX PE3YJIbTATIB 3 KIACHMYHOIO TEOPI€I0 Ta 3 PO3paxyHKaMHu 3a (opmynamu
HOPM HPOCKTYBaHHSI.

KuarouoBi ciioBa: MozenoBaHHs, 000JIOHKA, HEJOCKOHAIICTh, CTIHKICTh, pajialbHUN THCK, CKIHYEHHUI €JIEeMEHT,
HeiHifHui anami3, ANSYS.

Beryn. TonkocTiHHI 0OOJOHKOBI CTPYKTYPH IIHPOKO 3aCTOCOBYIOThCS Y PI3HHX Taiy3six
MIPOMUCIIOBOT, IMBIJIBHOI Ta BiHCHKOBOI imxeHepii. e pesepByapu, rasroipaepu, Kymnona Ta
noAiOHI CHopyny, siKi 3a CBOIMH I'€OMETPUYHHMHU IapaMeTpaMHu MOXYTh OyTH BiIJHECEHI N0
BEJIMKOrabapuUTHUX OOOJIOHKOBUX CTPYKTYp. CraneBi OOOJOHKM TakUX CTPYKTYp MaloTh
XapaKTEepPUCTUYHE CIIBBITHOLICHHS pajiiyca KPUBU3HU R 110 TOBLIMHU t B Mexax 750-1500, o
BKa3ye Ha IX CYyNEpPTOHKOCTIHHICTh. 3arajbHOBU3HAHWUM aTpPUOYTOM BCIX TOHKOCTIHHHUX
KOHCTPYKIIIH € HasIBHICTh THX Y 1HIIMX BiJXWJIEHb IXHBOI OBEPXHI BiJ i/1eaIbHOI — MPOEKTHOI
— reoMeTpii. SIK CBIAYMTH MOCBIJ eKCIUTyaTallii TaKUX CIOPYI, L€ MOXKE CYTTEBO BILIMBATH Ha
TpUMaJIbHY 3/IaTHICTh, 30KpeMa Ha MICLIEBY Ta 3arajbHy cTiiikicte. TeoperuuHi 3acamu 10
PO3B’sI3aHHS TaKuWX 3ajlad PEeTesbHO OmnpainboBaHi [1-4], mpore 3acTOCYBaHHS THUX YU 1HIIMX
METO/IIB JIJIsl aHAJI3Y MMOBEIIHKH PEAIbHOTr0 00’ €KTa MOTpedye AeTalbHIIIMX OCIiIKEeHb [S].

Tak, y [6] HaBeneHO OIS PI3HOMAHITHUX MIIXOJIB JI0 MOJICIIOBAHHS HEIOCKOHAIOCTEH B
TOHKOCTIHHUX CTPYKTypax. ABTOp 3a3Haudae€, IO MPOLEC PO3BUTKY HEJOCKOHAIOCTEH B
noAiOHUX 00’€KTax 3a3BUYall BAXKKO MepeadadnTH, 1 e Moke MaTu karactpodiuHi Haciaku. B
[7, 8] posrnsnaroThes pilieHHs, sKi 6a3yrOThCS Ha 3aCTOCYBaHHI HMOBIPHICHMX METOJIB MpPHU
aHaJi31 HaJIMHOCTI 1 MOJIETIOBaHHI 0OOIOHOK 3 HEAOCKOHAIOCTAMH.

Jlns BenvkorabapuTHUX OOOJIOHKOBHX KOHCTPYKLIH IpoOiieMa YCKIAIHIOEThCS THUM, IO
3aBIAKHA CBOIM XapaKTEpPHMM pPO3MIpaM BOHHM Ba)KKO MiJAIOTBCS PETENBHOMY KOHTPOJIIO
reoMeTpii 1 e YHEMOXKITUBITIOE ITOOYI0BY TOUHOI aHAJITUYHOI MOJIeNi iXHbOI oBepxHi. Koiirep
[9] npu aHamizi CTIHKOCTI TOHKOCTIHHUX OOOJIOHOK MPHKUMAE MPUITYIIEHHS, 10 HMOBIPHICTH
BUHHMKHEHHSl JIeeKTy € BUILIOK Yy 30HaX MOTEHLIHHOI BTpaTH (OpMH, IO pealli3ye ilero
NPUHOUNY «BiJ Hadripmoro». Takuil miaxig Moxxe OyTH 3aCTOCOBaHHH B JIEKUIbKOX BapiaHTax,
ane B OyOb-sKOMY pa3i IOCIIJDKEHHS MOBEAIHKA TOHKOCTIHHMX OOOJIOHKOBHX CTPYKTYp 3
HEIOCKOHAJIOCTSIMHM i/l Ji€l0 30BHIIIHIX HaBaHTa)XeHb MOTpeOye ePEeKTHBHOrO CKiHYEHHO-
€JIEMEHTHOI'0 MOJICIIIOBAHHS IXHBOT IIOBEPXHI.

1. HocranoBka 3agaui. B craTri, fK NOpuKIag, po3IIAJAETHCS 3a7adya MOAECTIOBAHHS
LITTHIPUYHOI 0OOJIOHKOBOT CTPYKTYPH, SIKA 3HAXOIUTHCS i1 JII€I0 30BHILIHBOIO PalialibHOTo
TUCKY. JloCHmimKyeTbesi HampyKeHO-IeOpMOBaHUH CTaH Ta MOJENIOIOTBCS IOTEHIIHHI
reoMeTpuuHi  HemockoHanocTi. KoHgirypauis 3aranbHOi  KapTUHH — HEJOCKOHAIIOCTEH

© €ropos €.A., Kyuepenko O.€.
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NPUIMAETHCS PE3OHAHCHOIO JI0 Tepiiol (JOpMHU BTPATH CTIHKOCTI, 1O BiJMOBIIA€ 3a3HAYCHOMY
BUIIE TPUHIMIY «BiJ HaWripmoro». Bu3HaualOTbCs KPUTHUYHI 3HAYEHHS Ta XapakTep
MOBEIIHKM OOOJIOHKHM TIiJ| 30BHIIIHIM THUCKOM 3a pe3yJbTaTaMU JIIHIHHOrO Ta HENiHiHHOro
aHamizy. HaBoasThCs TOpIBHSHHS OJlEP)KAHUX peE3yNbTAaTiB 3 KIACHYHOI TEOPi€l Ta 3
PO3paxyHKOBUMH (POPMYJIaMU HOPM MPOEKTYBAHHSI MOJIOHUX CIIOPY/I.

2. T'eomeTpisi 00010HKOBOI CTPYKTYpPH Ta KpaeBi ymoBM. [lpuiiHarta 10 IOCHIKEHHS
obononka Mae joxuHy 11920 mwm, miamerp 10430 MM Ta ToBUIMHY cTiHKM 4 MM. Marepian
0600HKH — cTanmk 3 Moxynem FOmnra 2-10' ITa, Mexero mmmmHOCTi 245 MIla Ta minbHicTiO
7850 xr/m’. HipkHili kpaif 0GONOHKH 3aKpilIeHO IO mepumerpy. Bepxwiii kpail 060MOHKH
3’€IHAHUI MIAPHIPHO 3 JKOPCTKUM AUCKOM (KpYrjla »KOpPCTKA IUIACTHUHA - MOJENb IOKPUTTS).
3a3HayeHa KOH]Irypaiisi BiINoBigae xapakTepy poOOTH IMIIHAPUYHOI CTIHKKM Y CKIaui
CTANIeBOr0 BEPTHKANBLHOTO ITIHAPHYHOTO pe3epByapa MicTkictio 1000 m’.

3. CriiikicTh igeajbHOI WMIIHAPUYHOI O00O0TOHKHM NpH Aii 30BHINIHBOIO THCKY.
Posrnsinemo o6ononky (puc. 1) panmiyca R i
JIOBXHMHOIO [, 1 $KOl, BUKOPHUCTOBYIOUU
BIJTHOLIICHHSI Teopii MpPYKXHOCTI Ta (YHKIIO
3ycuinb O, MOXKHA 3aIMCATH HACTYIIHY CUCTEMY
nudepeHIiiHuX piBHSHS [3, 4]:

2
L@, pyviy—p,
R ax*

, (1)
Ly 1w
Et R &
ge w — TepeMillleHHd Yy paliaJbHOMY
HanpsIMKy, p, — IHTGHCHBHICTb 30BHIIIHBOTO

HABAHTAXXEHHS Y BIANOBIAHOMY HANpPSMKY; { —

2
TOBIIMHA  CTiHKH, D= E—tz; -
12(1-v7) .
Puc. 1. Liuninapuyaa 000JI0HKA 3 KOOPIUHATHOIO
o o2 (%) 0% (* CHCTEMOIO
koediuient [lyaccona; v? (*):#+%.
ox R°0¢

3BaXkarOuM Ha Te, O Y JOKPUTHYHOMY CTaHi OChOBI HOPMaJIbHI 3yCHIUIS Ta 3yCHJUIS 3CYBY
JIOPiBHIOIOTH HYJIIO, 30BHIIIHE HABAHTA)KEHHS MOKHA BU3HAYUTH HACTYITHUM YHHOM:!
P o*w
-Pow, @
R op
Jle p — 30BHILIHIA THUCK. BukopucroByrouu (2), nepemuiiemo cucremy (1) y HacTymHomy
BUTJISLIL

p: =

2 2
100, py2y2y, LOW_

R oy R o¢?
P 3)
1y _1ow_g
Et R &2
_ _ 0. Pw_0 8D _ oo
SAxmo npu x = 0 Ta x = H noxnacty, mo w =0, = 0, o2 =0,D =0, T0o 11 000IOHOK
X X

cepenboi poskunn 3a ymoBu 0.3R/t > H/R > Jt/R cupouwennii po3s’szok (3) Beme 10
¢dopmynu [Nankosuya [3]:

/2
_ 6 R(r)5
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Per 9(1—\/2)3/4 H\R ( )
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adompuv=10.3
5/2
Rt

sKa BH3HAYa€ 3HAYCHHS KPUTHYHOTO THUCKY, NPH SIKOMY 3akpimieHa oOOJOHKa BTpadae
CTiIHKICTh. [[1s1 00OIOHKY 3 PUIHSATHMU B CTATTI MapaMeTpaMu KPUTHUYHE 3HAUCHHS THCKY 3a
(4) nopiBHioe p.,. = 1308 Ila. B crarTi 1iei po3B’s30k Oyzie BBaKATHCS 0a30BUM.

dopmyna (4) npuitHsaTa 3a 6a30By i B AiI0YMX HOPMATUBHUX JoKymeHTax [10], ane Tam BoHa
Ha0yBae HACTYITHOTO BUTIISIAY:

3/2
S, = 0.55-E-§(é) , (6)
[0 BiJIHOCHO THCKY MTEPETBOPIOETHCS Ha
5/2
ol :0.598-0.92-E-%-(é) . (7)

PiBusaas (7) CBigYMTH NMpO Te, LIO B HOPMax MPOSKTYBAHHS BHKOPHUCTOBYETHCS Ta XK
¢opmyna IlankoBuua, ane 3 mnoHwkKyBaibHMM Koedinientom C, =0.598, BBeneHHs SKOTrO
O00YMOBJIIOEThCSL BpaxyBaHHSIM MOXJIMBUX HEJIOCKOHAJIIOCTEH TOBEPXHI  LMIIHIPUYHOTL
00010HKH. OOYHCIIEHHS KPUTHYHOTO TUCKY 3a (Qopmynoto (7) st 00ONOHKU 3 NPUUHITUMH

napamerpamu jae p. =784 1la. Ile 3Ha4YeHHs MOXKHA NPHIIMATH K HOPMATHUBHE 3HAYCHHS
IPaHUYHOTO Pa/iajbHOTO TUCKY VIl OOOJIOHKHU 3 HEJOCKOHAJIOCTSMH.

Pisuuns Mixk p, 1 p) BUABISETbCSA CYITEBOIO, TOMY IIOCTA€ MUTAHHS IIONO JOCTATHBOI

obrpynToBaHocti (opmynu (7). B crarTi BigmoBiip Ha 1€ NUTAHHS UIYKAEThCS MHUISXOM
KOMIT FOTEPHOI'0 MOJISJIFOBAHHSI TIOBEIHKM OOOJIOHKH 33 MEXaMH i TPUMaJIbHOI 3J]aTHOCTI.

4. CkiHYeHHO-eJIeMEeHTHMII aHaJi3 cTilikocTi 00010HKOBOI CTPYKTYpH. MozenroBaHHS
BUKOHYETHCSl B TPUBUMIPHIH MOCTAHOBIII 13 3aCTOCYBaHHSIM HporpamHoro komiuiekcy ANSY'S.
[Ipu uboMy BUKOPHUCTOBYIOThCS CKiHueHHI enemeHTn Tuny SHELL281 3 8 By3namu, B ocHOBI
SIKHX JIOKUTh Teopis ruiactud Minmtina—Peiicaepa [11]. Omke, 3a 3a3HadeHHX BUIIE YMOB
CKIHYEHHO-eJIEMEHTHA MOJENb MaTHME BUIVIAA K Ha
puc. 2.

JliniliHuii  aHami3 Ha  CTIMKICTh  mependavae
BU3HAYEHHS BJIACHUX 3HAYEHb JOTHYHOI MAaTpHLU
YKOPCTKOCTI KOHCTPYKIIT, sIKa y 3arajibHOMY BHIIQJIKY €
CyMOI0 MarepialbHOI Ta T'eOMETPUYHOI MAaTPHIb
xopcTkocTi. Kepyroue piBHAHHS, SIKE PO3B’S3YEThCS
UL CKIHYCHHO-EIEeMEHTHOI Mojeni  0OOJOHKOBOI
CTPYKTYPH, Ma€ HACTYITHUI BUIIIAA:

(K +1K)y; =0, )

Ae K — MatepiaibHa Matpuus JKOpCTKOCT; K,

reoMeTpUYHa MATPHUIA JKOPCTKOCTi; \; — BIACHHUH

BEKTOp, XapaKTepHUU Uil TEeBHOI (OPMHU BTpaTH
CcTilikocTi; A; — BiINOBixHE Bi1acHe 3HaueHHs. OCTaHHE
3 morsay Teopii  cTabIBHOCTI  CHUCTEM  MOXKHA
TPaKTyBaTH sK 3amac 3a CTIHKICTI0O abo Qakrop
HAaBaHTAXXEHHSL.

AwHani3 BHUKOHYETbCS Ui OOOJIOHKHM 3 1/1easibHO
NPaBUIILHOIO TMOYaTKOBOK Teomerpieto. [Ipu mozemtoBanHi oOononku y cucremi ANSYS
KPUTUYHHUI THCK s riepinol popMu BTpaTH CTIMKOCTI AOpiBHIOBAB p., = 1634.6 I1a. Ha puc. 3
BiJoOpakeHa 00OJIOHKA ITICHs BTPATH CTIHKOCTI 3a nepiuoto (opmoto. Lle ronosua dopma, sika

Puc. 2. CkiHYeHHO-eJIEMEHTHA MO/IENb
000JIOHKOBOT CTPYKTYPH
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Ma€ BUIIISAJ PErySIPHUX TAPMOHIYHUX BIJXHMIICHb 3 KUIBKICTIO XBWIIb 110 MIEPUMETPY Hgq = 12 1
BiJINIOB1/Ia€ MIHIMAJIbHOMY 3HAUEHHIO Peri. Ji1s1 GOpM BHIIOTrO MOPSAKY 3HAYCHHS Peri MOXKYTh
cyTTeBO 3poctaTh (puc. 4), ane peaiizauis Takux GopM BKpail MaloHMOBIpHa.

lr“‘\
4 3
) |
( \i=1634.6 )
‘\ (
)

“a o
-

Puc. 3. Ilepua ¢popma BTpaTu CTIHKOCTI NpH JNiHIHHOMY aHai3i

2914 o —

2750 o f—

2474

Twek, Ma

2223

2060
2001

1817

1720 o —
1686

1635

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Dopma BTpaTH CTINKOCTI

Puc. 4. Kputnunuii THCK, BU3HaYCHUH NPH JiHIHHOMY aHai3i

3 HaBeJECHOr0 BWIUIMBAE, L0 CaM€ BUHHUKHEHHS mepinoi (OpMU BTpaTH CTIHKOCTI €
HAMOUIBII HECTIPUATIUBOIO CUTYAIIEI0 MPU HABAHTAXKEHHI MPaBHJIbHOI OOOJNIOHKM 30BHIIIHIM
TUCKOM. BapTo 3a3HauuTH, MO0 KPUTHYHWUN THUCK, BU3HAYCHUH 3 BUKOPUCTAHHSM JIiHIHHOTO
aHamizy (p.,1 = 1634.6[la), BHUsABUBCI NOMITHO OUIBLIIMM KPUTHYHOI BEIUYUHU THUCKY
(per=1308 ITa) 3a dopmynoro (4). Lle MoXHA NOSCHUTH IPUHHATUMHU 3aKpPiIUICHHAMH
00010HKH Ta TUM (aKTOM, LIO JIHIMHUKA aHalli3 HaJa€ HEKOHCEPBAaTHBHY OIHKY CTIHKOCTI
CIIOpYAN.

Js 00ONOHOK 3 HMOYaTKOBUMH HEJOCKOHATIOCTSMH OifbLI TOYHE 3HAYCHHS KPUTHYHOTO
TUCKY MOXXHa OTpHMaTH 3a JIONIOMOIOI0 HENHIMHOrO aHajily, sSKuil Iependadyae MOMIYK
3HAYEHHs TPAHUYHOT0 HAaBaHTAXKEHHS B ITepaliiiHOMY PeXHMI 3a IONOMOI 00 MO (iKOBAHOTO
merona Pikca [12], sikuid, Ha BigMiny Big Metona HetoToHa-Padcona [13], no3Bossie BU3HAUATH
TIOBE/IIHKY CTPYKTYPH y 3aKPUTHYHIM 30H1 Ta POrHO3YBATH HENIHINHUIT KOJIATIC KOHCTPYKIIII.

V3aragbHEHUH aJITOPUTM MOZENIOBAHHS OOOJIOHKM 3 ITIOYaTKOBUMHM HEIOCKOHAJOCTSIMHU
HAaBEJIEHO Ha puc. 5.
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[TouaTok

CTBOpEHHS TeOMETPHIHOT Ta
CKiHYE€HHO-EJIeMEeHTHO1

CrBopenHns [lobGynora
B . .
reoMeTPUYHOT 7| CKIHYEHHO-eJIeMeHTHO]
MOJIEIT MOJIEITi

.

Jliniiiamit anasis 3

MojIeneit 3 MaciTaboBaHUMHU
HEJTOCKOHAIOCTAMH

v

BH3HAYCHHAM A

Heniniitrmit anamiz 3 BU3HAYEHHAM
TPHMAILHOI 3/IaTHOCTI 000T0HKOBOT

[Topinanns 3
HOPMaTHBHHMH

CTPYKTYPH 3 HEJIOCKOHAJIOCTAMMA

h 4

PO3paxyHKaMu

Puc. 5. Y3aranbHeHH# alnropuT™M MOJIENIIOBaHHS 000JIOHKH 3 MOYATKOBUMH HEIOCKOHAIOCTSIMU

Jns o0ONOHKHM, IO AOCHIPKYEThCS, 3arajibHa ()opMa MOYaTKOBUX HEOCKOHAIOCTEH
npuiiMaeTbesi MoAiOHO 1o mepiioi (opMU BTpaTH CTIMKOCTI, sika Oyna ojepaHa Ipu
JHIMHOMY aHami3i. Buxoasdm 3 TEOPETMUHUX MIpKyBaHb, caMe Taka (opma MOYaTKOBHX
HEJIOCKOHAJIOCTe Oyje HaWHEeCTPUATIUBIIIOW, 1 caMe TOMY Taka (opma HETOCKOHAIOCTEH
Oyne BBaxkaTHcsi KpuTH4YHOW. Ha puc. 6 HaBeneHO 3aJeKHOCTI BIIHOCHOI BEJIUYHHHU
MaKCHMAaJIbHUX paJliajbHUX NepeMilieHb W/t MOBEpXHi 0OOJOHKHU 3 MOYATKOBUMH KPUTHYHUMHU
HEJIOCKOHAJIOCTSIMH BiJI BIJTHOCHOI BEJIMYMHHU 30BHILIHBOTO THCKY p/p.. ['padiku modymoBaHi
JUISl PI3HUX BIJHOCHUX aMILTITY]] IOYaTKOBUX HEIOCKOHAIOCTEH.

per=1308 Na
1.0 4
0.8
alg
X
H
n=7841n
F s pc =784 MNa
=
I
E!
I
o
(=}
m
0.4 1
AMNNiTyAa HepoOCKOHaNocTi
----- 0.25t
0.2 == 0.5¢
—f
=== 1.5t
-—- 1.75t
— 2t
0.0 4
0 2 4 6 8 10

MakcuMansHUi 3cyB, w/t

Puc. 6. 3anexHiCcTh MaKCUMaNbHUX palialIbHUX MEPEMIlIeHb TOBEPXHI 000IOHKH
3 MOYaTKOBUMH KPHTUYHUMH HEJJOCKOHAJIOCTAMH BiJ] 30BHIIIHBOTO THCKY
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I'padiku mokazyroTh, 10 I'paHUYHI (MaKCHMallbHi, SIKi BUTPHUMYE OOOJIOHKA) BEIUYHMHH
THCKY [UISI OOOJOHKM 3 MOYaTKOBHMH HEJOCKOHAJIOCTSIMH MOCTYIIOBO 3MCHLIYIOTBCS B
MOPIBHSIHHI 3 KPUTHYHUM 3HAYEHHSIM THUCKY, 1[0 HOr0 BU3HAUEHO JIHIMHMM aHalli3o0M, 1 Take
3MEHILICHHSI 3pocTae Mpu 30UIbIICH] aMILTITyAH HellocKoHasocTei. B Toii ske yac Bci oxepixkai

3HAYEHHS IPAaHUYHOIO THCKY CYTTEBO NEPEBUIIYIOTh HOPMAaTHBHE 3Ha4eHHs p | =784 Ila.

Bume posrsimanacs HaiiHecpusIMBiIIA mepionuyHa (opma MOYaTKOBHX BIAXIJICHb
o6ostoHkH. B nificHOCTI reoMeTpuyHi HEIOCKOHAJIOCTI TIOBEPXHI TOHKOCTIHHUX OOOJIOHOK MalOTh
CTOXAaCTUYHUM XapakTep. Pe3ynapTaTH HaTypHHX OOCTEe)KEHb IOBEPXHI CTaJIeBUX DPe3epBYyapiB
JI03BOJISIIOTH BBaxkaTH [14, 15], 110 SKICHO KapTHHA HEJOCKOHAIOCTEH Oyb-sIKOT TOHKOCTIHHOT
MOBEpXHI Moke OyTH TMpejcTaBlIeHa Yy BHIVISIII TOr0 4YM 1HIIOrO Habopy MOBro- i
KOPOTKOXBUIJIBOBMX TapMOHIYHMX BIJIXWJIEHb, MPUYOMY 31  30UIBIIEHHSIM JOBKUHU XBHIb
30UTBIIYETHCS 1 aMILTITY/1a BiaxiwieHHs. [Ipy HeoOXiJHOCTI KapTHHA HEIOCKOHAIOCTE! MOBEpXHi
SIKOTOCh KOHKPETHOTr0 00’€KTy MO)Ke OyTH IpeAcTaBieHa y BHUIIsI psaiB Dyp’e Ha OCHOBI
pe3yJIbTaTiB HATYPHUX OOMIpiB Horo reomerpii. Y cTaTTi B paMKax BiZJlOMOi CTATUCTHKH IIOJO
BIJIXMJICHb TOBEPXHI CTaJleBUX pe3epByapiB [14] MozentoBanacs moBepxHsi 0OOJIOHKU Y BHIJISII
KOMOIiHallll CHHYCOiJaJIbHUX BIIXWICHb 3 PI3HUMH aMIUTITYJaMHU Ta KUIbKICTIO XBHJIb N B3I0BXK
nepuMeTpy, a came: 1) KOPOTKOXBWJIBbOBI BiIXWiieHHS 3 n= 12 (amImiTyma gp 10 4epsi
npuiimanacs pisHoro 0.25 ¢, 0.5¢, ¢, 1.5 ¢, 1.75 ¢, 2 t); 2) cepeJHbOXBIWIILOBI BIAXMWICHHS 3 N = 4 1
amItitynor ao= 10, t = 40 MM Ta 3 n = 6 1 aMIUITYA0I0 ap=2, t = 8 MM; 3) JJOBrOXBHIIbOBI
BIIXWJICHHS 3 # = 2 1 amIuiTynoo ap= 15t = 60 MM. ToOTO KOPOTKOXBHJIBOBI BiJXUJICHHS 3a
nepioro (OPMOIO BTPATH CTIMKOCTI 0OOJOHKH HAKIIAAIKMCS HA MOXIIMBI BIIXUIICHHS 3 JIOBIIIOO
xBwieto. [lapameTpuuyHe pIiBHSHHS KOMOIHOBAHMX TaKMM YHMHOM TIOYaTKOBHX BiJXHJICHb
MIOBEPXHI 000JIOHKH MPEICTABIISUIOCS Y HACTYITHOMY BUIJISIL

x = (R +a sin(120) + 60sin(20) + 40sin(40) + 8sin(60))cos(0),
¥ =(R+agsin(120) + 60sin(20) +40sin(40) + 8sin(60))sin(0), 9
ne R=5215, a,e[0.25¢,0.5¢,¢,1.5¢,1.75t,2t], 6 € 0..27.

MakcumaibHi pajiaibHi HepeMillieHHs TOBEepXHI 000JIOHKH 3 KOMOIHOBAHUMHU TIOYaTKOBUMHU
HEJIOCKOHAJIOCTSIMHU, 3a1aHiuMU Y (opMi (9), npu [l 30BHIIIHBOIO TUCKY HaBEZEHI Ha puc. 7.

3 rpadikiB BUIUIMBaE, M0 HASBHICTh JOBIOXBMJIBOBHX HEIOCKOHAJIOCTEW YHHUTH
MiHIMaJbHUH BIUIMB Ha BEJIMYMHH TPAHUYHOIO THCKY, ajie JICIIO 3MIHIOE MOBEIAIHKY OOOJIOHKH
3a MEKXaMHU TPAaHHYHOTO THCKY, YIIOBUIBHIOIOYH IPOLEC MOCTYIIOBOIO 3HMKCHHS TPUMAJIBHOI
3natHocTi obonoHkK. Ha mepemimennsx (15+20)-w/t, naitiMmoBipHilie, Mae Micle repedyaoBa
(dbopMu 1oBepxHi OOOJIOHKH, Ha 10 BKa3ye BUHUKHEHHs METJIENOAIOHNX AISIHOK Ha rpadikax
3ajexHOCTI W/t Bin p/p.. Bel 1i mpouecu BinOyBalOThCS IPU 3HAYHO BUIMX BEIMYUHAX

30BHIIIHBOIO TUCKY B IIOPIBHSAHHI 3 HOro HOPMAaTHBHOIO Benu4YuHO p =784 Ila.

Bucnosku

1. TpuitHATHiA B CTATTI MIAXiJ 10 KOMIT FOTEPHOIO MOJICIIOBAHHS IMJIIHAPUYHOI OOOJIOHKHU 3
MIOYaTKOBUMH HEJZOCKOHAJIOCTSAMH JO3BOJIMB OJEPXKATH PE3yNbTaTH, SKi SKICHO mo0pe
Y3TOPKYIOThCS 3 BIIOMUMH TEOPETUYHUMH YSIBICHHSIMH HIOO0 TOBEIIHKH MOMIOHNX 00O0JIOHOK
B JI0- Ta 3aKPUTUYHUX CTaHAX.

2. KinmpkicHI pe3ynbTaTH HEJTIHIMHOrO aHajily 3 BHKOPUCTAHHSIM  KOMIT IOTEPHOrO
MOJICTFOBaHHSI TIOKa3aJIu, IO YISl IITIHAPUYHOT 00O0JIOHKH 3 33/IaHMMH B CTAaTTI IIapaMeTpamu
reoMeTpii (opMH Ta TOYATKOBHMH HEJOCKOHAJIOCTSIMU [ifiCHE 3HA4YeHHs TPaHUYHOrO
30BHIIIHBOrO TUCKY Ha 30-45% BuIlle HOr0 HOPMATUBHOTO 3HAYEHHS, a 3aKPUTHYHE 3HIKCHHS
TUCKY BiZIOYBA€ThCS TOBUIBHO, HE 3arpOXKYIOUYM 3arajJlbHUM 3MiHaMm reometpii o0onoHku. Bee
Lle Ja€ MiJCTaBU JUIsl OLIHIOBAHHS TPUMAJbHOI 37aTHOCTI HaBelEHOI OOOJIOHKH 3a JEIIO0
30UIBIIEHNM 3HAYEHHSAM DPO3PaxyHKOBOI BENMYMHHM 30BHIIIHBOrO THUCKY. IloHMmXyBanpHHMIt
koediuient C, = 0.598 y dopmyani (7) B neBHUX BumaaKax MoxHa miasuumr 10 0.75 - 0.85.

3. BusHaueHHS PO3paxyHKOBOi BENWYMHHM 30BHIIIHBOTO TUCKY JUIS TOHKOCTIHHUX CTPYKTYP 3
MOYATKOBUMH MICLIEBUMH HEJIOCKOHAJIOCTAMU (popMU HaMOLbII eeKTHBHO BUKOHYBATH 3a iX
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JNIMCHUMH TapamMeTpaMd Ha OCHOBI BHKOPHCTAHHsS KOMITIOTEPHOTO MoemoBaHHs. Lle Moxe
CYTTEBO CKOPETYBATH OL[IHKY 3arajibHOi TPUMaJIbHOI 3IATHOCTI CTPYKTYPH YH CIIOPY/H B LILJIOMY.

Per=1308 MNa
1.0 4
0.8 -
2§
g
2 0.6 pe,=784 Na
s
=
I
2
I
o
o
(3]
0.4 A
AmMnNniTya HegockoHanocTi 1 hopmu
————— 0.25t
0.2 - ---+ 0.5t
-t
=== |1.5¢
===N175¢
— |2t
0 5 10 15 20

MakcumanbHnid 3cyB, w/t

Puc. 7. 3anexHicTh MaKCUMaJbHUX palialIbHUX MEPEMillIeHb TOBEPXHI 000IOHKH
BiJl 30BHIIIHBOTO THCKY IPH KOMOIHOBaHMX MOYATKOBHX HEIOCKOHAIOCTAX

MopnemtoBanns BukonyBajiocst y cucteMi ANSYS ACADEMIC. I'pagiku Oyaysamucs 3a
nonomororo nakety matplotlib [16] nist moBu Python.
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Cmamms nadiviwina 12.09.2023

€zopos €.4., Kyuepenxo O.€.
KOMIT'IOTEPHE MOJEJIOBAHHSI TOHKOCTIHHUX OBOJIOHKOBHUX CTPYKTYP 3
IFEOMETPUYHUMMU HEJOCKOHAJIOCTSIMHA

B crarTti posrisigaeTbcs 3ajadya  MOJICIIOBAHHS TOHKOCTIHHMX IMIIHAPUYHUX OOOJIOHKOBUX CTPYKTYp 3
MOYATKOBMMH HEJOCKOHAJIOCTAMHU Mijl Ji€l0 30BHIIIHBOIO PajiajbHOro THCKY. KpUTHYHMIT THCK, BU3HAueHWH ais
ineasbHOI OOOJIOHKM 3 BMKOPHCTaHHSM JIHIHHOrO aHaji3y, BUSBUBCSA HOMITHO OUIBIIMM KPUTHYHOIO TUCKY, SKHH
obuucneHo 3a ¢popmysoro [TankoBuya, 10 NOACHIOETHCS MPUHHATUMU 3aKPIIUICHHAMH OOOJIOHKH Ta THM (haKkTOM, 110
JIHIHHMN aHai3 HaJla€e HEKOHCEPBATHUBHY OLIHKY CTiiikocTi. [[ns 00ONOHKHM, 1O AOCHIDKYEThCS, 3arajbHa (opma
MOYATKOBMX HEIOCKOHAJIOCTEN mpuiiManacs moxioHow 1o nepuoi GopMu BTpATH CTIMKOCTI 31 3MIHHOIO aMILTITY/010,
MPUYOMY TPaHMYHI BEIMYMHM TUCKY, SIKI BU3HAYEHI B iTepallifHOMY PEeXHUMI 3a JOMOMOror MoaudikoBaHOro Merona
Pikca, MeHIIi 3a KpUTUYHE 3HAYEHHS TUCKY, SIKE€ OTPUMAHO IpH JIiHIHHOMY aHaii3i. B Toii ke uwac Bci opepxkaHi
3HAYCHHS TPAHUYHOrO TUCKY CYTTEBO IEPEBUILYIOTH HOPMATHBHE 3HaYeHHSA. TakoXk MOMIEIIOBAnAcCH MOBEPXHS
000JIOHKH Yy BHUIUIAI KOMOIHALIl CHMHYCOIfadbHUX BiAXWJICHb 3 PI3HUMM aMIUNTYaMM Ta KUIBKICTIO XBHJIb B3JOBX
nepumeTpy. KopoTKOXBHIIBOBI BiIXMIJICHHS 3a MEPILIO0 (POPMOIO BTPATH CTIHKOCTI 0OOJIOHKU HAKJIAAAIUCS HA MOXJIIMBI
BIZIXMJICHHS 3 JIOBIIOIO XBHJIE. HasBHICT JOBrOXBMIIBOBHX HEIOCKOHAJIOCTEH HYHHHUTH MiHIMAJbHWI BIUIMB Ha
BEJIMYMHU TPAHUYHOIO THCKY, ajie TOMITHO 3MIHIOE€ IOBEAIHKY OOOJIOHKM 3a MEXKaMHM TPaHUYHOIO THCKY, IO
BiZJoOpa)keHO Ha BiANOBifHMX rpadikax y Burmsai nerens. Lli nporecu BinOyBaloThCs NpH 3HAYHO BUILKMX BEIMYMHAX
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30BHIIIHBOIO THCKY B MOPIBHAHHI 3 f0r0 HOPMATHBHOIO BEINYHHON0. Pe3yIbTaTi MOJEIIOBAHHS 100PE y3rOIKYIOThCS
3 BiZIOMHMH TEOPETUYHHUMHU YSBICHHAMHU ILIOJAO TOBEAIHKM IOAIOHUX OOONOHOK B JIO- Ta 3aKPUTUYHHUX CTaHAX.
Heniniiinuii aHaniz nokasas, 110 JUIs LMJIIHAPUYHOI OOOJIOHKHM 3 33/laHMMHU B CTaTTi IapaMeTpaMu JilicHe 3Ha4EHHs
IPAaHUYHOTO 30BHIIIHBOTO THCKY Ha 30-45% Buile iOro HOPMaTHBHOTO 3HAYEHHS, A 3aKPUTHYHE 3HMKEHHA THCKY
BiZI0OyBa€eThCs J1y’Ke MOBUIBHO, HE 3arpOXYIOUH 3arajbHUM 3MiHaM reomerpii obononku. Lle nae mincraBu yis Ginblu
TOYHOI'O OL[IHIOBAHHS TPUMAJIBHOI 3/1aTHOCTI 3a3HaY€HNX 000IOHKOBUX CTPYKTYP.

KuarouoBi ciioBa: MozenoBaHHs, 000JI0HKA, HEJOCKOHAIICTh, CTIHKICTh, pajianbHUN TUCK, CKIHYEHHUI €JIEeMEHT,
HeiHifHui anami3, ANSYS.

Yegorov Y.A., Kucherenko O.Y.
COMPUTER MODELLING OF THIN-WALLED SHELL STRUCTURES WITH GEOMETRIC
IMPERFECTIONS

The study presented in the article focuses on modelling of thin-walled cylindrical shell structures with initial
geometrical imperfections under external radial pressure. The critical pressure of the perfect shell obtained using linear
analysis significantly exceeded that calculated by the Papkovich formula. This discrepancy can be attributed to the shell
displacement constraints and the fact that linear analysis provides non-conservative estimates. Initially, the geometric
imperfections were assumed to follow an eigenmode-affine pattern with varying amplitudes. Critical pressure values
iteratively determined using the modified Ricks method were found to be lower than the critical pressure of the first
buckling mode. Importantly, all these values remained notably higher than the normative value. Subsequently, the initial
imperfections were modelled as combinations of sinusoidal deviations with different amplitudes and varying numbers
of waves along the perimeter. Short-wavelength eigenmode-affine imperfections were superimposed on longer-
wavelength deviations. The research indicated that while the long-wavelength imperfections had a marginal impact on
the critical pressure values, they notably altered the post-buckling behaviour of the shell, as depicted in load-deflection
figures in the form of loops. These processes occurred at pressure levels considerably higher than the normative value.
The simulation results are in good agreement with established theories regarding the pre- and post-buckling behaviour
of thin-walled shells. Nonlinear analysis revealed that the actual critical pressure values exceeded the normative value
by 30-45%, and the post-buckling pressure values exhibited a gradual decrease without posing a threat to abrupt
changes in the geometry of the shells. This outcome provides a basis for a more accurate estimation of the load-carrying
capacity of the shell structures.

Keywords: modelling, shell, imperfection, buckling, radial pressure, finite element, nonlinear analysis, ANSYS.
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VK 539.3

BILJIUB HEKAHOHIYHOI ®OPMU 'PAHUYHMX I KOHTAKTHHUX ITOBEPXOHb,
BJIN3bKUX 1O COEPUYHUX, HA HATIPY’KEHUU CTAH TOBCTHUX
OBOJIOHOK OBEPTAHHA I JI€IO TUCKY

B.M. Heminr',
KaH/. (i3.-MaT. HAYK, JOLEHT

AT qopHOHHCLKHﬁZ,
JIOKTOP TEX. HayK, HAYKOBUH CHIBPOOITHUK

1 . . o . . . .
3axionoykpaincvkuil nayionanvnuii ynigepcumem, M. Tepnonine

2 . . . . . Lo . .
ISQHO—(DpaHKlSCbKMM HAYIOHAIbHUU MEXHIYHUU YHIeepcumem Hd¢iﬂu Leasy, m. IB‘HHO—(DpaHKISCbK

DOI: 10.32347/2410-2547.2023.111.214-222

Ha ocHOBiI 3araibHOr0 poO3B’S3Ky pIBHSAHb pPIBHOBaru JUId i30TPOIHOrO ceperoBHlia y cdepudHiil cucremi
KOOp/IMHAT Y paMKax JIpyroro Bapianra meroay 30ypenHs ¢popmu rpanuni (M3®PI') orpumaHo 3 ypaxyBaHHSAM MEPIINX
TPbOX HaOJIMKEHb PO3B’SI3KM 3ajaui npo HanpyxeHo-nedopmonanuit cran (HAC) ToBcTHX mIapyBaTHX 0OOJIOHOK
o0epTaHHsA, OOMEXKEHUX IIOBEPXHAMH 3 MAJIOK aMIUIITYIOK BiAXWJIECHHS BiJ chepudHuX. 3TiAHO aAHATITUYHUX
PO3B’sI3KiB OTPUMAHO YKMCIIOBI JjaHi, sIKi JO3BOJIMIIM IPOBECTH aHaNi3 HANPYKEHO-1e()OPMOBAHOrO CTaHy 0OOJIOHOK IiJ
JI€I0 TTOCTIHHOrO 200 3MIHHOTO OCECUMETPHUYHOr0 (BHYTPIIIHBOIO i 30BHILIHBOI0) THCKY. 3aJ€XKHO BiJl T€OMETPUYHHUX
rapaMeTpiB piBHAHb HEKAHOHIYHUX MOBEPXOHb 0OOJIOHOK MOKA3aHO BIUIMB YMOB 1/1€aJIbHOTO i HEi/I€aIbHOrO KOHTAKTY
MDK IIapaMy  Ha Tepepo3NojIiyl HalpyKeHb MOPIBHAHO 3 BUNAAKOM chepruuHOi 00OJOHKH 3 IIapyBaTOI CTPYKTYPOIO
(kaHOHI4HA (hopMa — HYJIbOBE HAOIMIKEHHS).

Kuro4oBi ci1oBa: TOBCTI 11apyBaTi HEKAHOHIYHI 000JIOHKH, OJIM3bKi 10 CHEepUUHUX, TOCTIHHMI 1 3MIHHMH THUCK.

Beryn

3aMKHYTI TOBCTI IIapyBaTi OOOJNIOHKM SIK 13 CQEpUYHOI Tak i3 ONU3BKOIO J0 Hel
HEKaHOHIYHOIO ()OPMOIO TIOBEPXOHb MaIOTh IIUPOKE 3aCTOCYBAHHS Y BUIJISII pe3epBYyapiB st
30epiraHHs pifivH, 110 MalTh arpecHBHI BJIACTUBOCTI. TOMY aKTyaJbHUMH € JIOCIIJDKCHHS
BEJIMYMHHA KOHIICHTpAlli HAIPY)KeHb Y HAHOULIbII KPUTUYHUX TOYKaX OOOJOHOK 3yMOBJIEHUX
3MIHOIO KPUBU3HH HEKaHOHIYHOI ITOBEPXHi.

1. ITocTanoBKa i MeTOAMKA PO3B‘sA3aHHA I'PAHUYHUX 33124 IIPO NPY:KHY piBHOBary
HIapyBaToi 000J10HKU 00epTaHHSI 3 HEKAHOHIYHOIO ()OPMOI0 IOBEPXOHb MIAPIB
Po3rmsamaroTeesl TOBCTOCTIHHI TPHINApOBI MPYXKHI OOOTOHKH 3 BHYTPIIIHBOWO S 1

30BHIIIHBOIO S, TOBEPXHAMU, SIKi 3a/1aHi PIBHAHHIMH

S;~r=r+ew,f(0) (h =L r, =const >1, e<<1, -1< @, Sl;l:@), (1)
ne 7,0, oo — 0e3po3MipHi chepuuHi koopauHaTH (0 — KyT MIMPOTH,0l— HOBIOTH, €& —
aMILTITyAa BiOXHMJICHHS HEOPTOTrOHANBHOI MOBEpXHi Bix cdepuanoi (7 = const ). Kombinamis
mapameTpiB ®; (0, ==*1;0) mo3BONSE OTpUMATH CiIMEHCTBO OOOMOHOK 3aJEXKHO Bix (opmu
KOHTaKTHHX i TPaHMYHMX MOBEPXOHb S, . 3rigHO MapameTrpuuHoro piBHAHHA (1) oTpuMyeMo

psiz BapiaHTiB ()OpM 00OJIOHOK, SIKI MPUBEAEHO y Tabm. 1.
IIpu ocesiit cumerpii ¢opmu noBepxoHb (1) 0OONOHOK 1 3aaHMX Ha HHUX BIAMOBIIHO

OCECHMETPHYHHX 3YCUIUIAX Ty, 1 7, TPAHHYHI yMOBH MalOTh BHIJISI

(0,170 +5,0.1700) 5y, 1-vir = Tr.05 (G170 + Co0.17%00)s, 1-vim = Too

(O aMrs +0,04704)s, |y = Tras (Cr0.4Mm4 +O000.4M0a)s, |y = Toa> ()
ae T, =71,-¢ (€. ,6,— OOMHUYHI OPTH KOOPAMHATHUX oceif). IIph 1bOMy BEKTOPH 30BHIIIHIX
3ycunb T, (T,;,To,~ TPOEKIii BEKTOpA), 3a/J@HAX HA TPAHHYHMX TOBEPXHAX, NOMYCKAaIOTh

NpeACTaBJICHHA

© Hemim B.M., Yopuomnucekuit 1.I".
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T —+|r|enl, 3)
Jie 3HaKy “+” BiJIIOBI1AIOTh PO3TATYIOUl 3yCHILIA, @ “—” — CTHCKAIOi.
Tabmums 1
Bapiantu PiBHSIHHSI BHYTPILIHOT MOBEPXHi PiBHSIHHS 30BHIIIHOT TIOBEPXHI
000JIOHOK So~ g = 0;£1 Si~ @, = 0;+1
I r=1 r=rs+gf(0)
I r=1+¢f0) r=ry
I r=1 r=rs—¢f(0)
v r=1-¢f(0) r=ry
\% r=1+¢f(0) r=ry+ ¢f(0)
VI r=1-¢f(0) r=rs —gf(0)
VII r=1+¢f(0) r = r;—&f(0)
VIII r=1-¢f(0) r=ryt+gf(0)
Hanpsamuai  kocuHycH  n,,,ny ~ ONWHHYHOI HOpMami &, Ul  BHYTpIIIHBOI

(€ ,0= 1,06, +Ngy€y) 1 3OBHIHBOI (E,) =n,4€, + 7€) TOBEPXOHb 3rigHO [1, 3]

BU3HAYAIOTHCS POpMyJIaMU

-2 /2
s | _ dr [ Tes) —dr dr ] L _
(n,,J +{r +(d9) } ’ (neJ_ere{r (de) } 5 Mo =M4e =0 TIpH r=1+£w, f(0). (4)

3a/0BIIBHUTH KpaloBHMM yMoBaM (2) 0e3mocepellHbO HEMOXKIMBO, TOMY MIO B JlaHii
MOCTAHOBI 3aJaul Mo KpaiHid Mipi ofHA i3 TPAHUYHHUX MOBEPXOHb (1) € HEKOOPIMHATHOIO,
TOMY Yy BHIIQJIKy OCEBOI CUMETpii PO3B’sI3KH MOCTABIICHOT 3a/1a4i JIsl TIepEMIILeHb 1 HANPYKEHb
Y JIOBIJIBHOMY HaOJIM>KEHHI MatoTh BUMIIsiA (1 = r,0; m =r,0,0)

Uy = zg"u<")+0(g ik = Zg" o +0E), k=123 5)

Ipunyckaemo, 1O 3ajaHi Ha rpaHuni 3ycwuist i ¢popMa MoBepXoHb O0OIOHKH S, 1 S,

3rigHo piBHAHB (1) € TakuMu, 110 HIyKaHi NepeMillieHHs 1 HampyxeHHs (5) Ha IpaHMYHUX
MOBEPXHAX JOMYCKAIOTh po3Kiaj y psau Teitnopa B okomi r=1, r=7(r, >1;/=0,4)

9 n A n—s
(ut,k’cmt,k)sl Z ”Zmlf (){ (u, ( ) Em ))} . (6)

n=0  s=0 7
Sxmo 3rigno (1) HagaT 3MiHHIN 7 y BUpa3ax (6) 3HaueHHA 7 =7, + €0, f(0) 1 nepeiitu 110 ix
pO3KIany y psAOM 3a CTCNEHSMH g, TO y JOBIJIBHOMY HaOJMKEHHI OTPUMAEMO 3rimHO (4)
(opMynu 1715t HANPSIMHUX KOCHHYCIB 71 ,; , gy HOpMai €,; sl MOBEPXHi S,

& ®, £(0) o df (6
ey = ZeV |:YV,1+1—YV1,1:|; ng; = O 4 )28 Yvoizs Yo1; =0, (7)
v=0 n i do v=I

IS

12k —1)!
—k.(2k D! Akf"Blkf", k+n=m,

ZZ()

ParSeart (k—n)n)2k)!!

o; 0
_2c01§, B _r—;{f (aj(;j }

i
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3ayBaxxuMo, 10 3rigHO omiHOK [3] obnacte 30ikHOCTI (yHKUiOHANBEHOTO psny (7)
BU3HAYAETHCSA 4Yepe3 3HAYeHHS BeNW4YMH A;, 5, 3ajexHO Bill TeOMETpHYHUX IapaMerpiB
piBusiHb (1) 010 ymoB 3acrocyBaHHs M3DI.

SIK1110 BEKTOp 30BHIMIHIX 3yCHIIb Y BUIIsAI (3) CIIPOEKTYBATH HA KOOPIUHATHI OCI
T,-e, :i|11|en/ "€ :i|11|”»~1 =T 16 :i'|11|enz G :i|11|”ez =T ®)

TO HA OCHOBI BHPa3iB (8) HOro KOMIOHEHTH MOKHO OTPUMATH Y BUIJIAAL PAAIB 3a CTENCTISAIMH €

. 0 aro) &
=%t De |:'Yv,l+%'},v—l,li|’ Tezzi|71|{ (:11 A )Z Yv- 11} )

v=0 !
Toni Ha ocHoBi (3) 1 po3kiais (8), (9) y NOBUIbHOMY HAOIMKEHHI IPAaHUYHI YMOBU OTPUMAEMO
y Burisiai (j =r, 0)
=™ (10)

r=n = Yjl >

(n) ) ) ) )
{ J’wZ[ Do) + Dol ]}

nz2Ll=0~r=51=4~r=r,.

Tyr Dl(; ), DS) — nmudepeHIiagbHl OmepaTopy BU3HAYAIOTHCS UL KOXKHOI 13 TPaHMYHUX
noBepxoHb (1) uepe3 pynkuito f(0) 1y JOBiIIBHOMY HAOIMKEHHI JJIsl OCECUMETPUYHHX 3a/1a4
MaroTh BUIIIS
S ) ) s
@ _9S 9 e zf( ) (b p @ I < b
L= ] 50 Dy —2 Yoot — Vv L™, D 2 ZYk—l,lle .(11)
$toor k=0 n 004

[ po3B’sA3Ky MOCTaBJIEHOI BUIIE 3aJa4l OOMEKUMOCH NEPIIMMU prOMa HaOIKEHHAMH.
Tomi 3rimno 3 [3] BWpasu Ui mepeMillileHb 1 HamnpyXeHb BiJIOBIIHO MarOTh BHIJIS]
(t=r,0;m=r,0,0)

Uy _Zg u) +0E), o Zs ol +0E) (12)
i Ha HEKAaHOHIYHMX FPAHUYHUX MOBEPXHAX S\, 1 S, Ta KOHTAKTHHX MOBEPXHAX S
o /7 (6)
(ut,ka Gml‘,k)Sl Z Z lf |: ( (’7 5) 5;1;;)):| +0(83) (13)
n=0  s=0 r=r

npu r=1, r=1(r,>11=0,4).
3rigHo (7) y mepmmx TppoX HaOIMKEHb OTPUMAEMO PO3KIIAAH 32 CTEHNECHAMU & HaNpIMHUX
KOCHHYCIB 714, , Hjg JUISI HOpMAIli €,, 30BHIIIHBOI MOBEPXHi S,
5 5 2 3 PR 2 3
M.y =COS(€,4,E,) =0y +0E+0L,E" +O(€), Ny, =C0S(E€,4,8) =Py +P1e+Pre” +O(e7), (14)
ae

oy =1 o, =0, ()Lz:——z
25

[df(e)} =0, f=- 2L p 0 f(e)df(ex

Bupasu HanpsMHHX KOCHHYCIiB A, ,Mg, OIMHHUYHOI HOpMami &p, JUIS BHYTPIIIHBOI

noBepxHi S, orpumaemo i3 (14) npu 3naveHHi 7, =1, To6TO

N, =—coS(€,,E.) =0 +0E+0,E +O(), ny =-cos(,,é)=p,+Be+B,e +0&), (15

=1, @, =0, 0y =2 [df(e)} B, =0, B, =, df(e) B, - Of(e)df(e),

ae
3rigHo ymoB (9) BBakaemo, IO IIAPOBI TOBCTOCTiIHHI i30TporHi o0oioHkH Buay [—VIII
3HAXOIATHCS MiJ €0 BHYTPILIHBOTO T, i 30BHIIIHBOTO T; TUCKY
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Tols, =—00 &oi Tils, =018 (16)

Sy
Ie Gy, O, - BeIMIUHU iHTEHCUBHOCTI.

Toni 3rimHo (14)-(16) mpeacTaBuMO po3KIIaj MPOEKHiNd 3yCHIb HA 30BHILIHINA MMOBEPXHI B
PSOM IO CTENEHSX € Y BUIVIAAL

F,, =F9 +eF) +2F2 + O(8?), Fyy=FY +eFy +’FQ +0(%), (17)
IS
oo, [df ©) T
FY =-cy, F) =0, F) ==L [_} :
21 do

Ha BHYTPINIHIN MOBEPXHI

Fo, = FO +eF D+ e2FD 1 0(%), Fpo = FY) +eFa + €23 +O(e), (18)
pi (]
(0)  _ @ __ 90, [ df(©) ’
0o~0 .
Ry =0y, R, =0, F)=-—C% [—de } :
0 1 df () 2 df (9)
Fo(e):O’ Fo(e)—— 00~ g Fo(e)— G, f(0)—=—.

Takum yuHOM, Ha OCHOBI cmiBBigHomreHs (10), (11), (14) 1 po31<ﬂazuB y psau (15), (16) i
(17), (18) y mepmux TphOX HaOJIKEHHSX T'PAHUYHI YMOBHU Ha IMOBEPXHAX OOOJOHOK Pi3HOI
¢dopmu (tabum. 1; Bapiantu I-VIII) orpuMyemo mjisi HanpykeHb Ha 30BHILIHIA TOBEPXHI Y
HACTYIHOMY BHUIJISII:

o], =0 ol =P Do,
o], =D - DY, <
| (D ) o D, 4
o, =P+ DGR, DR, Do) i+ FS (19)

Ha BHYTPILIHIA HOBerHi
(0)

o im0t oD =0 o] = Do+ DR, R
. = ottt 5 @)
o] (Dot - De Do)+ D01+ D
o3|, =P+ DYl )+ Doty + D+

Tyr Dl(f), (*) (s=1,2;1=0,4) — nudepeHuiaabHi omeparopu, fAKi y IEPUIMX TPbOX

HaOMIKEHHIX MaIOTh BUTJIA

o
DY =1, D =0 (ry =1;7,); D =u)]f(e)%,D§? =_71] 0):

Dy = ’f(e)f(e>( jf( 0=2. @

Omxe, napamerpuuHa (opMa TPEACTABICHHS pIBHSIHB moBepXoHb (1) 1 audepeHiianbHuX
onepatopis (21), koe(illieHTIB pO3KIIa Ty 30BHIIIHIX 3yCHIb Y PSOM 32 € AO3BOJMIO y MEPIIMX TPHOX
HaOJIDKEHHSIX OTPUMATH TPAHUYHI YMOBH Ta pO3pOOHTH 3aranbHui anropum™ pospaxynky HIC psity
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130TPOITHUX OOOJIOHOK i3 CKJIAJIHOKO TEOMETPUYHOIO (DOPMOIO TIOBEPXOHb, 10 3HAXOAATHCS il JHE0
BHYTPILIHBOTrO 200 30BHIIIIHBOT'O THCKY.
(0)

mn,k
3aadi it opoxkHUHHOL cepr. 3rinHo ymoB (19), (20) po3B’si30k 3axa4i y MEPIIOMY i APYroMy
HaOMIDKEHHI 3BOJUTHCS JI0 PO3B’S3KY MOCHIJIOBHOCTI IPOCTOPOBHX 3a/i@d Jyisl  IapyBaTol
nopoxHUHHOI cepu. Ilpu npomy 11 moOynOBM TpaHMYHHMX YMOB Y KOKHOMY 13 HACTYITHHX
HaOJIKEeHb BUKOPUCTOBYEMO PO3B’SI3KH, SIKI OTPUMaHi y nonepeHix HaOmwkenHsx. [lo aHanorii 3
HYJIbOBUM 30€piraeThcsi aHAITHYHA CTPYKTYPa PO3B’SI3KIB Y BUILMX HAONMIKECHHSIX, SIKI aBTOMATUYHO
33JIOBUIBHSIIOTH PIBHSHHSM piBHOBaru. Lle no3Boisie eextrBHO 3actocyBatd M3®DI nipy BU3HaUeHH]
H/JIC ToBCTMX HEKAaHOHIYHMX OOOJIOHOK ILIAPYBATOI CTPYKTYPH Y BHIA[KaX KOIM BIIIIOBIHI
MPOCTOPOBI 'PaHWYHI 33]]aul JIOIYCKAIOTh Y CHEPHIHUX KOOPAMHATAX TOYHI aHAIITHYHI PO3B’S3KH Y
HYJIbOBOMY HaOJIMKEHHI JIs 130TPOITHOTO 1 TPAHCBEPCAIIBLHO 130TPOITHOrO MaTepiaiy [2].

BUXIIH TIbOBE HAOIIDKEHHS © s TOYHWUH B’ Bi/I[IOBITHOL HAYHOL
3a 17THE OBE HaOJIIDKE) Oeperscs TO 03B’S130K BIJIIIOBIAHOI I'pal oi

2. 3arajbHi po3B‘sI3KH PiBHAHb PIBHOBAIM Y BUIIIMX HAOJIM:KEHHSAX

3a3HaueMo, 10 OCHOBHA mnepeBara BapiantisB M3®I [1,3] y po3Bs3Ky 3a1ay Mpy»KHOCTI JIst
TUI 3 HEKAHOHIYHMMH TMOBEPXHSIMHU HAJ IHIIMMH HAONWKEHUMH aQHAIITHYHUMH METOIaMU
noysArae y 30epeKeHH BHUIJISIY CTPYKTYPH PIBHSHB PIBHOBAaru HpH MOOYIOBI PO3BS3KIB Bif
TIONEPeHIX 10 HACTYITHUX HAOJIMKEHb.

BBaxaemo, 110 Marepian KOKHOrO 13 WIapiB  Mae 130TpONHI  BiIAcTUBOCTI. Jlis
OCECHMETPUYHUX 33/1a4 Y BUIIAJKY 130TPOIMHHUX OOOJIOHOK 3 OChOBOI) CHMETPI€I0 MOBEPXOHb
BiJTHOCHO OCI Z MiJ| AI€I0 OCECUMETPUYHUX CHJI Yy JOBUIbHOMY HaOnmkeHHi komroHeHntd HJIC
srigHo [2] 3anmumemo y ¢opmi [lankoBuua-HeiiOepa st KOMIIOHEHT BEKTOpa I€pEeMillleHb
ul), ugl) (uil} =0),

n-1 n+l
W) =y [Af,{’)ln(ﬂ —(n+ DAL T (D2 —n—-4v)) A, (ﬂ +
n=0

+n(3+n-4v)) A7) "] P(p), (22)

do

KoMmnoHeHTH TeH30pa Halpy)KeHb BU3HAYAIOTHCS 3T1AHO 3aKOoHy ['yka, Hampukian

' n—1 ' n+l dP (p)
ugf):z[Af,{}l&] +A§j,)1r"2+(5+n—4v1)+A§{,,)1(§J +(d-n—4v)) A, r

n=1

rrl

n—-2
o\l =2G; Y (A4 n(n —1)(5] + A, (4 1)(n+ 2y 4
n=0 !
n
+ A, (n+ D(n? -2~ 2v1)(rL] — A n(n* +3n=2v))r "B, (p),
!

G(j) © ) n—2 ) "
06,/ =2G,3 AD| T | 4 (n+1)? 4D (1) n-+4n+2+2v; | .
" n 7 2 i —n+2+2nv;+2v; \ 1y

) 2 B ' n-2 ' n
+AD 2n+2v-1 (D) P,,(p)¢[A1(r{)1 r +A§{l)1r7("+3)+A§:l"}(n+5—4vl)r LA
n+3—4nv;-2v, “\ 7 ’ ’ "

+A§£)l(—n+4—4v1)r etgo d(ep)}’ p =cos0,
ae v;,G; — xoedinient Ilyaccona i Mogyns 3cyBy /-ro mapy; P,(p) — moniHoM Jlexanzapa n-

ro MOPSAKY, A9 A() — HEBiZOMI, IOCTiiiHi, 110 BU3HAYAIOTLCS 13 YMOB Ha I'DAHUYHHUX
1

nl>*

(18), (19) 1 KOHTaKTHHUX TTOBEPXHSIX.
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SIKIIO TPUIYCTUTH, 10 MK HIapaMu OOOJOHKHM 3[IHCHIOETBCS MMOBHE 3YEIUICHHS, TO
i/lealbHOMY KOHTAKTy Ha MOBepxHaxX S, 153 Bianosigawts (/ = 1,2,3) ymoBu

@) — s ) =D g -
c =0 | s W SUT I > 0770, =69, 141 - (23)
S Sp41 Sp41 Sp41 St
Skuo Mix mapamu O0OOJOHKH 3JIMCHIOETCSl HelleallbHe 3uelieHHs (IPOKOB3YBaHH:), TO
YMOBaM KOHTAKTy Ha MOBEpXHsX S, 1 S; Bianosigatots (/ = 1,2)

() ) )] — ., () ‘ RG] ‘ -0 | _
= u =u c =0; o =0. (24)
rr,l S rr, [+1 St > r,l r, [+1 S > r0,l St > Or0, [1+1 Sia

rr,l

Si41

(o)

S

IlepemiLieHHs | HAPYKEHHA U, ;,GC,,; WYKAEMO y BUIILAL psiB (12) 3a cTenensM maioro
mapamMeTpa €, a B OKOJi # =7/ 1 Ha TPAaHUIAX MOBEPXOHb PO3JALTY S; BH3HAYAIOTHCS PAAAMHU
Teitnopa (13).

HanpsmHi KOCHHYCH 1, ;, Hg; U1 KOXHOI i3 TOBEPXOHb S; MOBHICTIO BH3HAYAIOTHCH
¢dopmynamu (7).

I'pannuni ymoBU Juisi OOOJOHOK OOEpTaHHsS 3 iJcajbHUM KOHTAaKTOM IIApiB B 7-M
HaOJIWKEHHI Ha 0CHOBI (23) 3rigHO (7) (10) 6ynyTh

k k k k
5:')1 r=n —Z[ Dy E’:ll )+D§1)Gez1 - i +sz1n) lr=r » (25)
k k k k
65’:1)4 r=ry _Z[D( ) 5’?3 )+D( )thll )]|r:r4 +F;(,Z) |r:r4’ t=r,0; [=12.

rt,l rt [+1 rt ! rt [+1

(4} =000} b =~ SO O 0l D) ol - 20

Y BumajaKy HeiJleallbHOrO KOHTAKTY MIDXK IapamMu OOOJOHKH TPaHWUYHI YMOBH B N-MY
HaOJMKEHHI Ha OCHOBI (23) 3I‘i,I[HO (7), (10) 6ynyTh

(s =0l = Z (D (0, —a. )+ Dy (0 =0 D), s
" - ﬁ%) o ——Z[ LY @ =) 27
CHi Z[ Do)+ DY Vol) Dy
(G%?Hl)r - —_Z[ 1(1115) (rée)z+1+D§:'+f)Gge) ey

V KOKHOMY 3 HaONWKEHb INOAO HEBiJOMHX Al(nfg, A(f) OTPUMYEMO  CHCTEMH

anreOpaiyHUX piBHAHL 12-ro mopsaky. KinbKicTh TaKMX CHCTEM 3aJIeKHTh BiJ HOMepa
HaOmmkeHHs. PospobiieHo 1 peamizoBano Ha [TEOM 4uCIOBHMI anroput™ [Uis pO3paxyHKy
nepeMillieHb 1 HanpyKeHb Y TPHIIAPOBI O0OOJOHII 3 HEKAaHOHIYHMHU TIPaHUYHUMH 1

KOHTaKTHUMHU MOBepxXHsIMH. [lepemimenHs u, i|s I HamlpyKeHHs O i|g, BH3HAUAIMCA 3a
ils,, ils,,

dopmymamu (12) abo (12) 3 TouHicTIO 10 0(.93 ). Ilpu upomy Si* — MOBEPXHI PIBHS, SKi

BU3HAYAIOTHCA PIBHAHHAMH F = Fx + ®;8f;(0) (1; < 1« < #;,y) . JIns BU3HAYEHHS MepeMilleHs i

HampyKeHb Ha IUIOmafkax S; mId SKUX HOpMallb En,l He 30iracTbCs 3 HAIPSIMOM HOpMalli
BiJINOB1IHOT c(hepryuHOI IOBEPXHi, HEOOX1IHO CKOPUCTATHCH BUpPa3aMHU
Uy =Up Py U Mg 5 Ug ) = Uy Mg + 1, jUg 5

o

_ 2 2 .
wng = O My +Ogp Mg + 20,9 11, Mg 15
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- 2 2 .
Ogs0 = O60.1M 1 + O 151 =20, 7, 1 15

G5t =(Ogos = O ), g +C g, (”3,1 - ”é,l ), (28)

Jle Ha HEKaHOHIYHHMX MMOBEPXHSX CKJIAJOBI JUIs MEPEMIIleHb 1 HAIPyXeHb y NpaBUX YaCTUHAX

(28) BusHauaroThes 3a Gopmyinamu (13). Ilpu nboMy HOpMani s BiANOBiAAIOTH AOTWYHI B il
OCHOBH BEKTOpH T Ta S.

Ipu uncnoBux pospaxynkax HJIC HekaHOHIYHMX TiT OE3MOCEPENHBO OTPUMYEMO ILIHPOKUNA

Jliana3oH 3MIHH BEJIMYMH €IeMEHTIB (Koe(illi€HTIB) MaTPHIIb MPH HEBIJIOMUX alIreOpaidHUX CHCTEM,

oTpuMaHuMu 13 TpanndHKEX yMOB (19), (20) 3rigHo BupasiB s nepemiieHs (23) 1 HanpykeHs (24).

. i +1/2
3okpema, OjHa IpyIia BEIMUUH elleMeHTiB Turty 7 "'~ npu v,; > 0 mpsiMye JI0 00 Ipu 1 —> 0 , a

iHma st v,; <0 npu n— oo 110 0.
3. Yucaosi po3paxynku H/IC TpuimiapoBuX HeKAHOHIYHUX TOBCTOCTIHHMX 000J10HOK

Nig Ai€l0 BHYTPIilIHBOTO i 30BHIIIHBOI 0 THCKY
Jlns po3paxyHKIB PO3IJISIHYTO OOOJOHKM B SIKMX HEKaHOHIYHI TPaHMYHI 1 KOHTaKTHI

TIOBEPXHI S; 3aJIaHO PIBHSIHHIMHU
r=7; +o;€; cOSkO. I'eomerpuuni
o;=1(=123,4); =01 1 Mexaniuni

rnapamMeTpd B pO3paxyHKax  IpUAMaUCs

HACTYITHUMHU:

G /G =1;G3/Gy =5 1 =11
rn=21Lr=22 k=4

BB Ha H/IC yMmMOB HeiieaibHOrO KOHTaKTy

MDK [Iapamy OOOJIOHKH ITiJi 30BHIIIHIM TOCTiIHHUM

q(0) = T (IHTCHCHBHICTb HABAHTHKCHHS) 1 3MIHHIM

THCKOM  ¢(0) =TC0s20 JOCTIIPKEHO HA OCHOBI

po3paxyHKiB B sikux koeiuientu [lyaccona mapis
| | npuiiMamuce  piBHuMu  v; =0,3.  ToBmmHa

Q
i
o

=il

3aMOBHIOBAYA TpHIMaIach OUIBIIOI 3a TOBIIMHY
HECY4HX LIapiB i3 MOJTyJIeM 3CyBY MEHIINM.

Ha puc.2 mnokasaHo 3MiHy HaIpyXeHb II0
TOBILMHI 3alOBHIOBAYa Y BHUIMAJKY MOCTIHHOIO
30BHIIIHBOTO TUCKY ¢(0)=t ipu 0=/ 4 , k= 4. IIpn
TaKOMY THCKY PO3HOALT HANpYXKeHb y IIapyBaTHX
ceprunux obononkax (k = 0) mpu ineanbHOMY 1
HeiieallbHOMy ~ KOHTAKTaX  IIapiB  aHAJIOriuHi
(urrpuxnyHKTHpHI JiiHiT). CymibHi JiHii Ha puc. 2—4
BI/INOBI/IAIOTH BUINAJIKY 1/1€AJTLHOTO KOHTAKTY (TIOBHE
3YeIUICHHs), a IUTPUXOBI —  HellealbHOMY
(TIpoKOB3yBaHHs1) O€3 BiIAPYBaHHSL

3MiHy HanpyXXeHb Ha MOBEPXHAX S3,.S, 3aleKHO

. * . .
Bin kpuBm3HM K TIpH TONEPEIHIX TCOMETPUYHHUX i
MEXaHIYHUX XapaKTepUCTUKaX IIapiB 1 30BHIIIHIX
q(0)=7tcos20 i ¢(0)= T HaBaHTKEHHSX

BI/INOBITHO TOKa3aHo Ha puc. 2, 4 mpu 0= 0. Ilpu
.
oMy K Br3Hauanacs 3a (hopMyIIoro

K" =[r2(8)+2(-'(8)> - r(®)r"(0)]/ [r* (8) + (+'(8))* V>,
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|5, I I I

I I I
044 064 084 104 Y045 065 085 105 K

Puc. 3 Puc. 4

3Ha4yeHHs pajilyca KpUBU3HU p* =1/K" TI0BepXHi BiZ KpuBI3HK K NpHBEeHO y Tao. 2.

Tabmums 2
3Ha4YeHHS KPUBU3HU OBEPXOHB IIaPOBOi 000IOHKH
PiBHSIHHS MTOBEpPXHI k
P 0 2 4 6
K" 0,44 0,64 0,84 1,04
S; ~r=2,1+0,1cos k6 "
p 2,27 1,56 1,19 0,96

AHarti3 rpadikis Ha puc. 2— 4 noka3ye, 110 36inbmenHs Kpuu3H K (Ta61.2) mpH 3pocTanHi
yacToTh k oOCUWIsLii BUIYKJIOi HEKaHOHIYHOI ()OPMH TOBEpXHI OOOJOHOK Y MOJMIOCI
0 = 0 mpUBOANTE 10 3MEHILCHHS BEIMYCHH HAIIPY)KCHb.

BiamiTMO, 3Ha4YeHHIO MapameTpa HpH k =4 BiANOBiJAa€e 30BHILIHA HOBEPXHSA MIAPOBOI
000JI0HKH, sIKa ITOKa3aHo Ha puc. 1.

SIk BHIOHO i3 HaBEACHHMX PE3YJbTATIB, BIUIMB HEiICATBHOrO KOHTAKTY MPOSBILIETHCS HPH
HEepiBHOMIpHOMY HaBaHTaxkeHHi. [Ipu piBHOMIpHOMY HaBaHTaxkeHHi ¢(0)=t 3HauHa
BIIMIHHICTh BiJl PE3yJbTaTIiB Yy BHIAJAKY 1l€AJLHOrO KOHTaKTY BUSIBISIETBCS TINBKU 13
301IBLICHHSIM BiIXMUJICHHSI HEKAHOHIUHOI IOBEPXHI Bi chepruHOi.

Bucnosok

Y jaHiii crarTi Ha OCHOBI Meroay 30ypenHst ¢opMu TpaHulli (Apyrud BapiaHT) i
[IapaMeTPUYHOrO NPECTaBJICHHS PIBHAHb HEKAHOHIYHUX IIOBEPXOHb JUIA IIAPOBUX TOBCTHX
00OJIOHOK 3 TPaHWYHMMHU 1 KOHTAKTHHUMH, ONM3BKUMH 1O CHEPUYHHX, MPUBEICHO BHPA3H
JdepeHIiagbHUX OnepaTopiB i MOOYAOBH Y JOBIJIBHOMY HAONMKEHHI TPaHUYHUX YMOB. 3
BpaxyBaHHAM INEPIIUX TPHOX HaONMKEHb NPHUBEACHO 3arajbHUK anroputM pospaxyHky HJIC
130TPOMHUX ILAPOBUX OOOJIOHOK 13 CKJIAIHOK T'€OMETPUYHOI (POPMOIO TOBEPXOHbB, IO
3HAXOJATHCS MiJl Ai€I0 BHYTPINIHBOrO 200 30BHIIIHBOTO TUCKY. [10Ka3aHO BIUTMB HEKaHOHIYHOI
(hopMU TOBEPXOHb 3 1/1€aJIbHUM 1 HellealIbHUM KOHTAKTOM MIX IIapaMH B 3aJIE)KHOCTI BiJ| BUIY
HaBaHTa)XeHb 0OOJIOHOK Ha MEPEePO3IO/IiJl HANPYKEHb MOPIBHSIHO 3 000JIOHKAMH 3 CHEPHUIHOIO
(hOpMOIO OBEPXOHB.
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Nemish B.N., Chernopiskii D.1.
THE INFLUENCE OF NONCANNONICAL FORM OF BOUNDARY AND CONTACT SURFACES CLOSE
TO SPHERICAL, ON THE STRESS STATE OF THICK SHELLS OF ROTATION UNDER PRESSURE

On the basis of the general solution of the equilibrium equations for an isotropic medium in a spherical coordinate
system within the framework of the second variant of the method of perturbation of the shape of the boundary (MZFG),
it is obtained taking into account the first three approximations of the solution of the problem of the stress-strain state
(SST) of thick layered shells of rotation, limited surfaces with a small amplitude of deviation from spherical ones.
According to the analytical solutions, numerical data were obtained, which made it possible to analyze the stress-strain
state of the shells under the action of constant or variable axisymmetric (internal and external) pressure. Depending on
the geometric parameters of the equations of the non-canonical surfaces of the shells, the effect of the conditions of
ideal and non-ideal contact between the layers on the redistribution of stresses is shown compared to the case of a
spherical shell with a layered structure (canonical form — zero approximation).

Key words: thick layered spherical-like noncanonical shells close to spherical, constant and variable presure.
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Hemiw B.M., Yopronucvkuii /[.I". Bnaus HeKaHOHIYHOT GOPMH I'PAHMYHMX i KOHTAKTHUX NMOBEPXOHb, OJU3BKUX
10 chepUYHHX, HA HATIPY’KEHUH CTaH TOBCTUX 000/I0HOK 06epTaHHs mix Aiero THcky // Onip MaTepianiB i Teopis
crniopya;: Hayk.-tex. 30ipuuk — K.: KHYBA, 2023. — Bun. 111. — C. 214-222.

Memooom 30ypenns gopmu epanuyi 3 6paxy8aHHAM NEPUIUX MPLOX HAOIUICEHL OMPUMANO AHANIMUYHI PO36 A3KU
3a0a4i 01 QOCNIONCEHHS HANDYHCEHO-0ePOPMOBAHO20 CIMAHY MOBCMUX HEKAHOHIYHUX WAPOBUX 0OOIOHOK Nnid Oi€lo
SHYMPIUWHO20 | 308HIUHO20 MUCKY NPU i0edNbHOMY | Hel0ealbHOMY KOHMAaKmi umapis.
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The method of perturbing the shape of the boundary, taking into account the first three approximations, provides
analytic solutions to the problem for studying the stress-deformed state of thick non-canonical shells under the
influence of internal and external pressure.
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The article presents a method of solving the problem of elimination of oscillations of the load on a knuckle joint
suspension while simultaneously moving two links of the boom system. The problem is solved by two optimization
criteria, namely, the root-mean-square values of the generalized power and power of the drive mechanisms. The
solution to the optimization problem is presented in a discrete form. The multi-epoch particle swarm optimization (ME-
PSO) method has been used for that purpose. This helped to obtain the discrete values of the kinematic and power
characteristics of the boom system of the loader crane. The resultant optimal mode moving of the boom system
improved the loader crane in terms of performance, reliability and energy efficiency.

Keywords: mathematical model, changing the boom, combination of movements, manipulator, Lagrange equation
of the second kind, dynamic loads, load oscillations.

Introduction

In the process of moving the load by the loader crane, dynamic loads occur in the elements
of the metalware and drive mechanisms. These loads are especially dangerous during the
transient processes of the movement of the boom system (starting and braking). At this moment
in time, one of the main causes occur of dynamic loads is the oscillation of the load on a
knuckle joint suspension. In turn, the oscillations of the load depending on the nature of the
change in the driving forces in the drive mechanisms (hydraulic cylinders) [1]. The
consequence is a decrease in the reliability and performance of loading and unloading
operations. The task of research is to obtain such laws of change of driving forces at which
fluctuations of load on a knuckle joint would be the smallest. It is proposed that to eliminate the
load oscillations and to reduce the dynamical forces, the starting process should be optimized.
For this purpose, it is advisable to use an integral criterion that takes into account the action of
dynamic forces in the hydraulic cylinders and their speed of movement. When solving the
optimization problem, there is a problem of minimizing the complex nonlinear integral
criterion. One of the ways to solve the above problem is to use the ME-PSO method [11, 12] or
other similar methods. The solution of this problem will make it possible to apply the
optimization methods for the motion modes of nonlinear mechanical systems.

Analysis of publications

The analysis of study [1-2] on the dynamics of motion of manipulators shows that the
scientific and technical problem was solved before, but to the full extent to eliminate the
fluctuations of the load failed.

© Loveikin V.S., Romasevich Yu.O., Spodoba O.0., Loveykin A.V., Pochka K.I.
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In the studys [3-5], a dynamic analysis of the joint trolley movement and hoisting mechanism
in the tower crane hoist is considered and a method is Drive power minimization of outreach
change mechanism of tower crane during steady-state slewing mode.

In the study [6-8], the results of recent research, development and implementation of applied
optimization methods, issues of formalization, classification and evaluation of complexity of
computational optimization problems are obtained. It is confirmed that optimization methods
can be used to solve a wide range of applied problems that arise in science, technology, biology,
economics, production, etc. Optimization by natural methods is widespread in various fields of
human activity.

One of the methods used to solve this problem is the particle swarm optimization (PSO)
method [8]. The authors of analyzed the genetic algorithm of PSO and the neuro-genetic
method of solving the problem.

The PSO method is used to calculate different control problems, design artificial neural
networks, process signals, etc. [8-15].

The authors of [14-15] propose a new method based on particle swarm optimization
technology. The basic idea is to restore a swarm of low-performing intelligence. The use of
technologies, the PSO method, or other similar methods and their modifications makes it
possible to use methods of optimizing the modes of motion of nonlinear mechanical systems.
The task of eliminating cargo fluctuations due to the choice of laws of change of motive effort
in hydraulic cylinders is new and contains elements of scientific novelty.

Purpose and research task statement

Elimination of the oscillations of the load fixed on the knuckle joint suspension by
optimizing the mode of change of driving effort in the hydraulic cylinder during starting and
horizontal movement of the load.

Research results

To achieve this goal, we used a loader crane consist of the main boom and a jib with a
telescopic extension system to which the load is mounted on a knuckle joint suspension. In the
process of moving the load by loader crane, we will assume that the main boom is stationary
and the load movement the going on only by lowering the jib and the movement telescopic
boom. In this, consider the case of moving the boom system of the loader crane, in which the
load moving horizontally. This mode of movement of the boom system provides significant
savings in the energy costs of the drive mechanisms of movement of the jib and the telescopic
extension system. This mode of movement of the boom system of the loader crane is achieved
by coordinated simultaneous operation of the mechanisms of movement of the jib and the
telescopic extension system.

For this case, the loader crane is presented as a holonomic mechanical system consisting of
absolutely rigid links, except for load that oscillate in the plane of moving. The dynamic model
of such a system has two degrees of freedom and is presented in (Fig. 1). For the generalized
coordinates of the accepted model, the linear coordinates of the centre of mass of the load z and
the horizontal coordinate of the point A of the telescopic extension system x are used. In this
case, the vertical coordinate of point A of the telescopic extension system always remains
constant, ie y4A=h=const. This is a kinematic condition that imposes additional attachment on
the loader crane in the process boom system moves.

In Fig. 1 accepted the following designations: a — the angle of the main boom to the horizon;
a — the length of the hydraulic cylinder motion of the jib; » — length of the jib; d — length of the
telescopic extension system; / — length of the knuckle joint suspension; f, v — is the angular
coordinates of rotation of the jib and the deflection of the load; x, x, x,, y, y1, ¥» — coordinates of
the centre of mass; U, U — lengths of hydraulic cylinders.

To compile the equations of motion of change of departure of the boom system of the loader
crane shown in Fig. 1, we use the second-order Lagrange equation [1]:
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dor or _ aV

di o ox "

d oT oOT _ aV

dt &z 0z oz’
where: 7, V is respectively the kinetic and potential energy of the system; O, — is a potential
component of the generalized force corresponding to the generalized coordinate x.

1)

d G
S /
U v h

C T

,B y2

b 7 Y
X7 X X
z
a
U, o

Fig. 1. Dynamic model of the movement of the boom system of the loader crane

The kinetic and potential energy of the system is determined by the following dependencies:
1 TN T S S
T=—(J, +J +—m,S°+—mz~; 2
) ( 1772 )ﬁ PR ) z (2)

V= (my, +myy, +my)g, 3)
where: J;, J, is respectively the moments of inertia of the jib and the telescopic boom; m,, m,,
mj3 — respectively the weight of the jib, the telescopic boom and the load; S — is the coordinate of
the centre of mass of the telescopic boom in the direction of its movement; g — acceleration of
gravity.
Not a potential component of generalized force which corresponds to the coordinate x,
determine from the condition of equality of elementary works:

O.0x=F -0U, +F-oU, 4)
where: F), F — respectively the force in the hydraulic cylinders; 6U;, U — elemental
displacements of the rods of hydraulic cylinders, which are determined by the following
dependencies:

oU, = %&c; oU = 66—U5x (5)
X
After substituting expressions (5) in equation (4) we obtain:
ou ou
O, =F—t+F—. (6)
X ox
Take the necessary derivatives of expressions (2) and (3), and as a result, we have:
or 0B 10/ .aS . or
Ji+J, m,S=—; =—=0; 7
W )ﬂaxzaﬂ " e @)
or Gﬁ oS or

myS =, L =z (8)

J+J
( 1 Z)ﬁ 6x Ox oz
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d oT op op ﬁ oS oS
——=(J+J SZ=+8 9
g z)(ﬁ +p J P (6 @J ©)
1@_;:’"2; (10)
dt oz
r_ m1%+m2%+m@ g; > =mg 6y. (11)
o ox Ox Ox oz 62
After substituting expressions (6-11) in equation (1) we obtain:
%) 0 5 : 0 aJ
) BL L 2 s ($E8 538 )ya p 2L L2
Ox Ox ox 2 Ox
iy § 95 Fa +FOU _ (m1%+mzai+ ang (12)
Ox Ox Ox Ox Ox Ox
Y
mz = mgaz

By reducing similar terms in equations (12) and using dependencies:
2
B = x6— = 6ﬁ ﬁ, S = )'c@; S = )'c'a—S+5c26—S, we obtain the system of
Ox Y ox axz 0Ox ox ox?
differential equations of motion of the boom system of the loader crane with the load:

2 2
(J1+J3) 3B 208 +%+l%x2(%) +(Jy +J5)x
ox o2 ox 2 oOx ox

. 9 ou i i
L (335 45 268 & _p 1+Fa_U_(m1 LI yz+m6_ng; (13)
Ox Ox 0x

o ) ox ox ox ox Oox
i——g2
oz
We express the coordinate’s 5, S, yi, 2, y, Uy, U through the generalized coordinates x and z:
X—z oy . x-z oy . X—z
=h|1-cos N =—=8SIn——-, - =—=—-sln—— 14
g ( h] SRr" no T h (14)
d as 272 2s 1 5732
S=ntext =255, =B fia(n? |7 s, =SS =Ly [ as
el I GO N RN S [CD M IEE)
h—(c—b). % c=b 16
! 2. 2 T e T 2 32 (16)
WA +x X 2h [ (/h)}
d Yy _ d X
Vil Y= = 7)
( 2 h2+x2J oo 2p? [l+(x/h)2T/2
2
ﬁzarctan(x/h); ﬂx :%:_+; ﬁxx — 0 ﬁ - _ 2x . (18)

N [1+ (x/h)zf ’

aext-d, U =U_-__1 . (19)
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U, = Ja? +b° —2abeos(a - B); U, =200 = LB Go(o— p) (20)
Ox U, ox
Define the moments of inertia of the links of the boom system:

X

2 oJ
Ji=m 2 —eb+p) J, =m2[dT+dU+U2J; Jr=SEmU(d20) @

In the last equation of system (13) we substitute the expression (14), as a result of which we
have:

xX—z
= . 22
f=g— (22)
Where do we find:
X=z+-z
R
g
R h 1w
X=z+—z . (23)
g

Using expressions (23), we replace the system of equations (13) with one differential
equation, which is represented in the following form:

2
(2+§z”/j[(]1 +J,) B2 +m2Sﬂ+(z'+§3j (1 +72) BB +

J 2
+m2SxSxx+2xTﬂx:|+(myx+m1y1x+m2y2x)g:Qx' (24)

According to the criterion of optimization of the mode of change of departure of the boom
system of the loader crane, we will choose the root-mean-square values of the generalized force
0., which has the form:

t)l

. 12 5
Ore = Ore =[%£Q§dt] :H%j('z#gz”j[(ﬁ +J,) B2 +m2Sﬂ+(z' +§zj x

no
J2.Br . 2 02
x (‘]1 + ‘]2)ﬂxﬂxx + m2SxSxx +T +mz +(myx +m Yyt m2y2x)g} dt} > (25)

where: ¢ — is the time; 7, — is the duration of the startup process of the loader crane.

The criterion obtained should be minimized because it reflects the costs of the reduced effort
of the drive mechanisms of the jib and the telescopic boom. However, it is not possible to
analytically minimize criterion (25) and choose laws of change of coordinate z = z () and its
derivatives under the boundary conditions of the process of starting the loader crane:

t=0:x=z=z),x=2z=0;
26
ezl sy 2
where: V; — speed of steady load movement; z, — the initial value of the z coordinate. We reduce
the system of boundary conditions (26) to the coordinate z and its derivatives in time. To do
this, we use dependencies (23), resulting in:

t=t

t=0: z=2z5, z=0, z=0, z=0;
Vi, . . 27)
t=t,: z=zo+—="=, z=V, z=0, z=0.

2
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To find an approximate solution the optimization problem (25), (27) we use an approach
whose essence is to define a class of multivariable functions that satisfy the boundary
conditions (27) and to determine the minimum value of criterion (25).

The class of multivariable functions on which we will find the approximate solution of the
optimization problem is given as the solution of the boundary value problem:

L(z)=0;

IZOIZZZO,ZZO, 2:0, ZZO,

t L (28)
t:?.z:ztn/z,z:ztn/z,

Vit, .
t:tn:z:zo+%, z=V

5

z=0, 2 =0,

where L — is an operator acting on the function z(?).
The boundary-value solution (28) contains two unknown parameters z, ,, and z, ,, In this

study, we take operator L(z) as a tenth-order differential equation L(z) = z(¢) . However, in the

general case, this operator may be different. Its rationale is beyond the scope of this paper.
Let us solve the boundary value problem (28). Then we form an expression of the functional
(25):
Cr= Cr(Zt,,/2’ Z.t,,/2’ 1), (29)

Which seems to be a nonlinear function of its arguments. In order to effectively find such
values and at which the functional (25) obtains a minimum, a modification of the ME-PSO
meta-heuristic swarm method was used [15]. Its application doesn't require the continuity and
differentiation of the criterion (29) and does not impose on the optimization problem rigid
requirements. As soon as we were able to build functional dependency (29) we can use the ME-
PSO method and find the optimal values for unknown parameters z, , and z, ,,. The

following parameters of the method are used in the work: acceptable rate of decrease of
criterion AR = 0,005; number of lobules (swarm population) — 50; the number of iterations is
40. These parameters make it quite efficient to use computing resources to solve the problem.
All calculations were made for the boom system of the loader crane with the following
parameters: m=155 kg; m;=65 kg; my=500 kg; h=1,9 m; zp=1,1 m; V=0,5 m/s; a=1,65 m;
b=0,5 m; ¢=2,2 m; d=1,8 m; £(,=0s; t,=1 s; g=9,81 m/s%.

As a result of using the method, the following values were obtained: z, ,, =1,15m and

Z.tn/2 = 0, 25 m/S.

A similar approach is also used to minimize the power of the root-mean-square value of the
drive mechanisms. The expression that describes this criterion is represented by the following
dependency under boundary conditions (27):

t}l 1/2 t)'l 2
P, :{%Iszdt} :{%f{(z +§ZIVJ[(E+§ZWJ((J1 +J,)+ B2 +m25f)+(z'+§é'j +
0

mo

Js. B2 . L
+[(‘]I + ‘]2)ﬂxﬂxx _m2SxSxx +2xTﬂxJ+mZ +(myx Tmyy t m2y2x)g} dt} . (30)

The multi-parameter function, which seeks the approximate minimum of criterion (30), is the
solution of the boundary value problem (28). The following parameter values were obtained for
this task: z, , =1,15m and z, /, =0,26m/s.
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The convergence of the ME-PSO method, which is illustrated by the graphs in Fig. 2,
indicates that for both problems such values were found and under which criteria (25) and (30)
obtain absolute minimums under boundary conditions (27).

As a result of the solution of the set optimization problem kinematic characteristics of the
links of the loader crane are obtained x(z), z(f), U(?), U,(¢), p(t) and their partial and full-time
derivatives, as well as the generalized force Q,, which includes the effort in the cylinders related
to the ratio:

ou ou
=F—+F—L. 31
O ox ' ox S
1600 75000
1500 65000
0 0
1400 °° 55000
1300 0........,..... 45000 0000 ,000000000000
0 10 20 0 10 20
Iterations Iterations

(@) (b)

Fig. 2. Graph of convergence of the optimization criterion to a minimum: (a) criterion of the root mean square value of
the generalized force; (b) the root mean square criterion of the power of the drive mechanisms

Now let's determine the force in the hydraulic cylinders of the telescopic boom F and the jib
F. To do this, let's solve the first task of dynamics. We will assume that all links of the
manipulator follow the laws determined by the solution of the optimization problem. This
system has three degrees of freedom. For the generalized coordinates, we use the linear
coordinate of the telescopic boom U, the angular coordinate of the movement of the jib £ and
the angular coordinate of the deviation of the load. For such a mechanical system, the equations
of motion will look like:
oU,

oB

—[ml emy (U+%)+m(U +d)}g-00813; (32)

[/ +J5 (U)]B+my (d+2U) BU~mz (U +d)sin f=F

mzlj—%mzﬁU(d+2U)+mécosﬁ:F—(m2 +m)g-sin f3;

Z=—g-tan-v,
From the first two equations of the obtained system we find the driving forces in the
hydraulic cylinders:
Fr = {7, + 1, )8+ my(d +20)BU - m2(U +d)Ssin  +
(33)

+{m1%+m2(U+%]+m(U+d)}gcosﬁ}/aa%;

F=m,U —%mz BU(d +2U )+ mz cos B+ (m, +m)g sin . (34)
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With %—(lj; determined by the dependence:

v, :_absin(a—ﬁ)_ (35)
op U,

As a result of the solution of the set optimization problems, phase portraits of the crane
loader crane movement were constructed (Fig.3), as well as: schedules of speeds and
acceleration of cargo (Fig. 4 and Fig. 5), graphs of the power of moving the jib (Fig. 6) and
moving the telescopic boom (Fig. 7), and graphs of efforts in hydraulic cylinders (Fig. 8 and

Fig. 9).

— criterion for optimization of

0.6
0.4 the root mean square value
2 02 .
& 0 of the generalized force
2 -0.2 - - - optimization criterion of the
-0.4 root mean square power of the
0.6 drive mechanisms

0 0.02 0.06 0.1
Az,m

Fig. 3. Phase portrait of load deflection

Analyzing the phase portraits (Fig. 3) of the load oscillations, we can note the following.

In the process of starting the manipulator, when changing the departure of the boom system
of the manipulator under different optimal modes of movement, there are slight deviations of
the load, which almost attenuate when entering the steady movement.

According to the criterion of optimization of the root mean square value of the generalized
force, the maximum value of the load-deflection is 0,12 m. The maximum value of the
deflection velocity is 0,7 m/s.

According to the criterion of optimization of the root mean square value of the power of the
drive mechanisms, the maximum value of the load deviation is slightly increased and is 0,13 m.
This case, the speed of deflection of the cargo is less and its maximum value is 0,6 m/s.

— criterion for optimization of

0.4

the root mean square value

of the generalized force

=z
g 0.2 - - - optimization criterion of the
3 root mean square power of the

0 drive mechanisms

0 0.2 04 06 08 1
ts

Fig. 4. Graphical dependence of the speed of movement of load

Comparing the graphical dependencies of the speed of cargo movement (Fig. 4), it can be
noted that the two optimization criteria are quite close to each other. In both cases of
optimization, the steady-state velocity is 0,5 m/s and the steady-state approach takes
approximately 1 s. According to the criterion of optimization of the root mean square value of
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power, the speed at the beginning and the end of the movement changes according to the
parabolic law, and in the middle of the section of motion, it has a pronounced linear nature of
change. With Root mean square value of effort optimization, gives a load velocity mode close
to two s-shaped motion laws.

Analyzing the graphical dependencies of load acceleration (Fig. 5), it can be noted that the
two dependency optimization criteria are also similar.

— criterion for optimization of
the root mean square value
of the generalized force

- - - optimization criterion of the
root mean square power of the
drive mechanisms

0 0.2 04 06 08 1
i s

Fig. 5. Graphic dependence of acceleration of movement of load

— criterion for optimization of
the root mean square value

of the generalized force

- - - optimization criterion of the
root mean square power of the
drive mechanisms

0 02 04 06 08 1
s

Fig. 6. Graphical dependence of the power consumed to move the jib

— criterion for optimization of

1000
the root mean square value
s 500 of the generalized force
Al - - - optimization criterion of the
0 root mean square power of the
drive mechanisms
=500

0.2 04 06 08 1
s

Fig. 7. Graphical dependence of the power consumed to move the telescopic boom

According to the criterion of optimization of the root mean square value of the generalized
force, the maximum value of load acceleration is 0,7 m/s>, at the time ¢ = 0,28 s. At the time ¢ =
0,5 s, the acceleration is 0,55 m/s%, which caused by the load oscillations.
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-40000 the root mean square value
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f,s
Fig. 8. Graphic dependence of the effort that develops the hydraulic cylinder of jib
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Fig. 9. Graphic dependence of the effort which develops the hydraulic cylinder of telescopic boom

According to the criterion of optimization of the root mean square value power of the drive
mechanisms, the maximum value of load acceleration is slightly increased and is 0,77 m/s’, at
the time ¢ = 0,35 s. In the future, the acceleration gradually decreases to zero.

From the graphical dependences of the change of power for moving the jib (Fig. 6) and the
telescopic boom (Fig. 7), it can be noted that the nature of the change in power over time by
both criteria is similar. However, when optimized by the criterion of the root mean square of the
generalized effort, the maximum power value is slightly higher than the optimization criterion
for the root mean square power of the drive mechanisms. In this case, the maximum value of
the power of the hydraulic cylinder for moving of the jib (Fig. 6) is 3100 W, at the time ¢ =
0,08 s, and minimum — 800 W, at the time # = 0,9 s. For the hydraulic cylinder of moving of the
telescopic boom (Fig. 7), the maximum power value is 1300 W, at the time ¢ = 0,1 s, and the
minimum — 500 W, at the time t= 0,9 s.

According to the criterion of optimization of the root mean square value of the efforts of the
drive mechanisms, the maximum value of the power of the hydraulic cylinder of movement of
the jib (Fig. 6) is 2600 W, at the time ¢ = 0,15 s, minimum — 450 W, at the time ¢ = 0,9 s. For the
cylinder of displacement of the telescopic boom (Fig. 7), the maximum power value is 1150 W,
at the time 1= 0,1 s, and the minimum — 300 W, at the time #= 0,9 s.

With further displacement, power is an oscillatory character. This is caused by oscillation in
the load. The negative values of the power of the hydraulic cylinder for moving the jib (Fig. 6)
and the hydraulic cylinder for moving the telescopic boom (Fig. 7) are caused by the oscillation
of the load in the direction of movement of the hydraulic cylinders.

Analyzing the graphical dependencies of the efforts that develop the hydraulic cylinders of
the jib (Fig. 8) and the telescopic boom (Fig. 9), it can be noted that the nature of the change in
effort by the two criteria is similar.
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Analyzing the graphical dependencies of the efforts that develop the hydraulic cylinders of
the jib (Fig. 8) and the telescopic boom (Fig. 9), it can be noted that the nature of the change in
effort by the two criteria is similar.

According to the criterion of optimization of the root mean square value of the generalized
force at the beginning of the movement for the hydraulic cylinder of the jib (Fig. 8), the force is
equal to 56000 N. At the time 7 = 0,15 s, the effort becomes a minimum value and is equal to
46000 N. The maximum effort value becomes at the time # =1 s and is equals to 48000 N.

For the hydraulic cylinder of the telescopic boom (Fig. 9) at the beginning of the effort
movement is 3650 N. At the time 7 = 0,1 s, the effort becomes minimal and equals 3200 N. The
maximum effort value becomes at the time 7= 1 s and equals 4190 N.

According to the criterion of optimization of the root mean square power of the drive
mechanisms at the beginning of the movement for the hydraulic cylinder of the jib (Fig. 8), the
effort is equal to 50000 N. At the time ¢ = 0,15 s, the effort becomes a minimum value and
equals 44000 N. The maximum effort value becomes at the time # = 1 s and equals 65000 N.
For the hydraulic cylinder, of the telescopic boom (Fig. 9) at the beginning movement of the
effort is equals 3450 N. At the time ¢ = 0,1 s, the effort acquires a minimum value and equals
3200 N. The maximum value of the effort acquires at the time # = 1 s and equals 4100 N.

Conclusions. As a result of the study, two optimization problems were solved with the aim
of reducing the load oscillations while the simultaneous movement of two links of the boom
system.

The complex integral dynamic criterion for optimization of the root mean square value of the
generalized force, which is presented as a nonlinear integral functional, is substantiated. The
criterion obtained reflects the undesirable properties of the boom system, so its value was
minimized.

The complex integral dynamic criterion of the root mean square value of the power of the
drive mechanisms, which is presented as a nonlinear integral functional, is substantiated. The
criterion obtained reflects the undesirable properties of the drive mechanisms of the boom
system, so its value was also minimized.

To solve these problems, the continuous functions zy, z, za, ..., 2,1, 2, were replaced by
unknown discrete values. They were obtained as the input algorithm of ME-PSO and these
values are related to the criteria (25, 30). Such results were provided by a strategy of finding the
global extremum by a swarm of particles.

The obtained optimal mode of movement of the boom system allowed to minimize dynamic
loads in the drive mechanisms and metalware of the loader crane. With the received modes of
movement of the boom system, elimination of load oscillations is achieved. This mode of
movement improves the performance of the loader crane and its efficiency as a whole.
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Cmamms nadiviwina 02.08.2023

Jlosetikin B.C., Pomacesuu FO.0., Cnoooba O.Q., Jlosetikin A.B., ITouxka K.I.
ONTUMIBAIIIS PEXXUMY PYXY CTPLIOBOI CUCTEMHU KPAHA MAHINYJIATOPA

VY CTaTTi npeacTaBiIeHO METOJ BHUPIIICHHS MPOOIEMH YCYHEHHS KOJMBaHb BAHTAaXYy, SIKMH 3aKpIIIEHO HAa >KOPCTKOMY
LIAPHIPHOMY MiJBICI B MOMEHT OJHOYACHOIO TEPEeMIILEHHs ABOX JIAHOK CTpUIoBOi cuctemd. CyTh METOAY IOJArae B
onTUMi3anii PEeXUMY OJHOYACHOTO MEPEMIIEHHS JBOX JIAHOK CTPUIOBOI CHCTEMM KpaHa MaHIMmyssaTopa Ipu
TOPU30HTAJILHOMY IEPEeMillieH] BaHTaXy B NEPioj] MycKy. 3a/iaya po3B’si3aHa 3a IBOMa KPUTEPIsSMH OITUMI3aLLii, a came: 3a
KpUTEpiEM  ONTUMI3alil  CEepeAHbOKBAJPATHYHOIO  3HAYEHHS  y3araJbHEHOI CHJIM Ta  KPUTEpiEM  ONTHMi3auil
CEepeIHbOKBAIPATUYHOIO 3HAUEHHS MOTY)KHOCTI NPUBOJHUX MeXaHi3MiB. Po3polOiieHi kputepii BinoOpakaroTh HebOaskaHi
BJIACTUBOCTI JIAHOK CTPIJIOBOI CUCTEMH Ta MEXaHi3MiB IPUBOJY, TOMY IX 3HAYECHHS 3BOAMJINCS 10 MIHIMyMY.

Po3B’s130k 3ajadi onTMMIialii NMpPEACTaBICHO y IMCKpeTHoMY BuUim. [lns uiei meru OyB BHKOPHCTaHHH MeETOJ
ontuMmizauii poro uactuHok (ME-PSO). Ile momomoriio OTpuMaTH IMCKPETHI 3HAYEHHS KIHEMAaTMYHHMX Ta CHJIOBHX
XapaKTEPUCTHK CTPLIOBOT CHCTEMH KpaHa MaHIITyJIATOpa.

OCKiJIbKM KpUTEpii onTuMizawil € iHTerpaibHuM (YHKIIOHAIOM, TO AJIS HOro ontumisanii BUKOpHCTaHI METOIH
BapialiiHoro yucieHHs. PimeHHs BapiauiiiHoi 3agaui onTuMizauii NpeACTaBIEHO y BUINIAL 0araTo mapaMeTpuyHUX
(yHKILIH, SKi 3210BOJIBHSAIOTH KPaiOBI YMOBH PYyXy Ta MiHIMIi3yl0Th OTpHMaHi 6e3po3MipHi kputepii. s uiei metu OyB
BUKOpUCTAaHMH Meroj onTuMizauii poro uyactuHok (ME-PSO). lle najso MOXIMBICTH OTPUMATH 3aJIEKHOCTI
ONTHMAJIBHUX CHEPreTHYHMX Ta CHJIOBHX XapaKTePHCTHK CTPIJIOBOI CHCTEMM Ta MEXaHi3MIiB INPHBOAY KpaHa
MaHinynatopa. OTpuMaHuii B pe3yibTaTi ONTHMi3alii PeKUM IMEPEeMIllleHHsS JIAHOK CTPLIOBOI CHCTEMH MOKpAIIUB
CHJIOBI Ta €HEPreTUYHi XapaKTePUCTUKH KpaHa MAaHIMyJsTOpa, 10 JaJ0 MOXJIMBICTH MiABUIUMTH HOro HaJilHICTh Ta
MPOJYKTHBHICTb.

KarouoBi ciioBa: mMaremaTnuHa MOJENb, 3MiHA BHJIBOTY, CYMIILIEHHS PYXiB, MaHImyJsTop, piBHsAHHA Jlarpamxka
JIPYroro pojy, AMHAMIYHI HABAHTaXKCHHS, KOJIMBAHHS BAHTaXy.

Loveikin V.S., Romasevich Yu.O., Spodoba O.0., Loveykin A.V., Pochka K.I.
OPTIMIZATION OF THE MODE OF MOVEMENT OF THE BOOM SYSTEM OF THE LOADER CRANE
The article presents a method for solving the problem of eliminating vibrations of the load, which is fixed on a rigid
articulated suspension at the time of simultaneous movement of two links of the boom system. The essence of the
method is to optimize the mode of simultaneous movement of two links of the boom system of the loader crane with
horizontal movement of the load during the start-up period. The problem is solved according to two optimization
criteria, namely: according to the optimization criterion of the root-mean-square value of the generalized force and the
optimization criterion of the root-mean-square value of the power of drive mechanisms. The developed criteria reflect
the undesirable properties of the links of the boom system and drive mechanisms, so their value was minimized.
The solution of the optimization problem is presented in a discrete form. For this purpose, the particle swarm
optimization (ME-PSO) method was used. This helped to obtain discrete values of the kinematic and power
characteristics of the boom system of the loader crane.
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Since the optimization criterion is an integral functional, the methods of the calculus of variations are used for its
optimization. The solution of the variational optimization problem is presented in the form of many parametric
functions that satisfy the boundary conditions of motion and minimize the obtained dimensionless criteria. For this
purpose, the particle swarm optimization (ME-PSO) method was used. This made it possible to obtain the dependence
of the optimal energy and power characteristics of the boom system and the drive mechanisms of the loader crane. The
mode of movement of the boom system links obtained as a result of optimization improved the power and energy
characteristics of the loader crane, which made it possible to increase its reliability and productivity.

Keywords: mathematical model, changing the boom, combination of movements, manipulator, Lagrange equation
of the second kind, dynamic loads, load oscillations.

VK 621.87

Jloseiixin B.C., Pomacesuy FO.0., Cnoooba O.0O., Jlogeiikin A.B., Ilouka K.I. OnTumizanisi pe:;xumy pyxy crpijosoi
CHCTeMH KpaHa MaHinmyJasTopa // Onip marepiaiB i Teopist cnopya: Hayk.-tex. 30ipuuk — K.: KHYBA, 2023. — Bum.
111.-C. 223-236.

Pose’azano 3adauy onmumizayii, pexcumy O0OHOYACHO2O nepemieHHsi 080X JNAHOK CMPINosoi cucmemu Kpawa
MAHINYIAMoOpa npu 20pU30OHMANLHOMY nepeMiujeHi eanmagcy 6 nepioo nycky. 3adaya po3e’sazana 3a 060Ma
Kpumepiamu onmumisayii, a came: 3a Kpumepiem onmumisayii cepeOHbOK8AOPAMUYHO20 3HAYEHHS Y3A2ANbHEeHOI Culu
ma Kpumepiem onmumizayii cepeoHboKeaopamu4Ho20 3HAYEHHs ROMYICHOCII NPUBOOHUX MeXaHizmie. [ po3e A3Ky
nocmasnenoi 3aoayi Oye euxopucmanuil memoo onmumizayii poro uacmunox (ME-PSO). L]e donomoeno ompumamu
OucKpemHi 3HAYEHHA KIHeMAMUYHUX MA CUNOBUX XAPAKMEPUCMUK CMPIN0GOi cucmemy KpaHa MAaHinyiamopa.
Ompumanuii 6 pe3yromami onmumizayii pesicum nepemiujeHHs JaHOK CMPINOeoi cucmemu NOKpawue cunosi ma
eHep2emuyHi XapaKkmepucmuKy Kpaua MAauinyismopa, wo O0dano MOJCIUGICMb nidguwumuy 1020 Hadiinicmb ma
nPOOYKMUBHICMb.

1. 9. Bi6aiorp. 15 Hazs.

UDC 621.87

Loveikin V.S., Romasevich Yu.O., Spodoba O.0., Loveykin A.V., Pochka K.I. Optimization of the mode of movement
of the boom system of the loader crane // Strength of Materials and Theory of Structures: Scientific-and-technical
collected articles- K.: KNUBA, 2023. —Issue 111. - P. 223-236.

The optimization problem has been solved for the mode of simultaneous movement of two links of the boom system of
the loader crane with horizontal movement of the load during the start-up period. The problem is solved according to
two optimization criteria, namely: according to the optimization criterion of the root-mean-square value of the
generalized force and the optimization criterion of the root-mean-square value of the power of drive mechanisms. To
solve the problem, the particle swarm optimization method (ME-PSO) was used. This helped to obtain discrete values
of the kinematic and power characteristics of the boom system of the loader crane. The mode of movement of the boom
system links obtained as a result of optimization improved the power and energy characteristics of the loader crane,
which made it possible to increase its reliability and productivity.

Fig. 9. Ref. 15.
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AHoTanis. Binomo, mo BumnpoOyBaHHs Ha 3paskax Menaxe Illapni Ta iHImMX, fKI MalOTh TOBIIMHU HE
BIJINIOBIZIaAl0YM TOBIIMHI CTIHOK Tpy0 HE BiJJOOpaXalOTh peajbHy KapTUHY B’SA3KO-TUIACTHYHUX PYHHYBaHb, 110 HE
JI03BOJISIE PO3POOMTH METOAMKY YM MOJIENb NPOTHO3YBAaHHS OCTATOYHOro pecypcy (Oe3aBapiiiHOro) rasonpoBoiB
TPUBAJIOTO TEPMiHY eKcIulyaTtauii. B Toii e 4yac TeopernuHi i J1ab0paTOpHi JOCIIPKEHHS HE 3aBXKIHU 3 J0CTATHHOIO
MOBHOTOIO BI/MOBIAIOTh HA INUTAHHA, IOB’sA3aHi Oe3rmocepenHbO i3 3a0€3MEYEeHHAM JO0BrOBiYHOCTI 1 Oe3aBapiitHol
npane3gaTHocTi TpybonposoiB. BiporiaHo, mo B 1ab0paTOpHUX yMOBaxX HiIIPUEMCTB YM HAYKOBHMX 3aKJaiB Ba)KKO
BIJITBOPUTH 1 ypaxyBaTH Bci (haKTOpH, SIKi XapaKTepU3yIOTb 3POCTaHHS i PO3MOBCIO/KEHH0 Hailbuibin MOBHO yMOBH
po0oTH MeTasa B Ta30MpoBOIaX BijloOpakaroTh HATYPHI BUIIPOOYBAHHS BiJpi3KiB ra30MpoBoiiB A0BKHHOW 150-250 M.
OjHak, 4Yepe3 TEeXHIYHY CKJIAJHICTh IX NPOBEJICHHS, B NOJBOBHX YMOBAaX HE 3aBXKAH BJIA€ThCA OTPHUMATH MOBHHUI
KOMIUIGKC peecTpoBaHMX napamerpiB. KpiMm Toro, BHHpoOyBaHHS BiIpi3KiB BEJBMU TPYIOMICTKI, CKIaJHI B
3a0e3neyeHHi Oe3neKku 1X MpoBeJeHHs, BUMAaraoTh BEJIMKUX MaTepiaIbHUX 1 yacoBUX BUTpaT. CepiliHi BUpOOyBaHHS
OKpeMHX TpyO B YMOBax cCHeLiaJIbHO OOJNAIITOBAHOI'O IOJIIrOHA i 3po0JIeHI Ha IX OCHOBI y3arajbHEHHS JOCTATHBO
3aJI0BUIbHO BIAINOBIZAIOTh pe3yJibTaTaM HATYPHHX BHUIPOOYBaHb BiJpi3KiB rasonpoBoiB. [TosiroHHi BUNpoOyBaHHS
TpyO 103BOJIIOTH NMPOBOAUTH MOPIBHAHO HEAOPOri JOCIHIKEHHS NpH anpodariii HOBUX THIIB CTajli 1 KOHCTPYKIii
Tpy6. Tomy maHi J1abOpaTOPHUX JOCHIKEHb NMOTPIOHO MepeBipATH i 00OB’A3KOBO YTOUHIOBATH IO PE3YJIbTAaTax
ITHEBMATUYHUX BUIIPOOYBaHb JAOBrOMIpHHX TPYOHHX CEKILiH, TOOTO B TeNepillHid yac rocTpo Haspiia HEOoOXiAHICTh
MO€THAHHS J1a00paTOPHUX 1 HATYPHUX BUNPOOyBaHb TPYO razonpoiqHoi Mepexi. Taki BUIPOOYBaHHS HE € MACOBUMH,
ane B pe3yibTaTi IX BUKOHAHHSA OTPUMYIOTh BaXJIMBY iH(OpPMAIil0 CTOCOBHO MOBEIIHKM i BJIACTMBOCTEH METaly B
YMOBaxX HaBaHTaXEHHS 1 eKclulyartanii, HaWOLIbII HAaOMMKEHMX 10 eKkcrryarauidHux. [IpoBexeHi HatypHi
BUNPOOYBaHHS Ha CIELiaJbHO OOJAIITOBAHOMY MOJIrOHI BiApi3KIB TpyO, NpU3HAYeHUX U1 OyAiBHULITBA
MariCTpaJlbHUX Ta30HpOBOIB, fKi [O3BOJMJIM OTPUMATH KiHEMAaTH4HI Ta JAWHAMIYHI NapamMeTpu pyHHYBaHHS
MOJIEJIBHOTO I'a30IPOBOAY I1iJi pOOOYMM HaBAHTAXKEHHSAM 1 B yMOBaX, MAKCHMAJIbHO HAOJIMXKEHHUX J10 €KCILIyaTalliiHuX.
AHaui3 pe3ysbTaTiB MONITOHHUX (HATYpHUX) BUIPOOYBaHb CBIAYMTH, L0 3 MOMEHTY iHiLlifOBaHOTrO pyiiHyBaHHS B
LEHTpaJIbHIN TpyOi IIBUIKICTH MaricTpajpHOI TpilMHM (Ha [Bi CTOpOHM BiJ iHiliaTopa) 3pocTae i Ha BijcTaHi
npuoIn3HO 2-3 piaMeTpiB BiJl HAAPI3y AOCATae MAKCUMyMY. 3MiHA IIBUKOCTI 110 JOBXHUHI LIEHTPAIbHOI TPYOU MOXeE
OyTH CMMETPUYHOIO BiJHOCHO Ha/pi3y BUKOHAHOMY B CepelHil TpyOi, U HeCUMETpU4HO0. Lle moB’s3aH0 3 TEXHIKO
MIPOBE/ICHHS EKCIHEPUMEHTY i YMOBaMM CTapTy TPIIMHHU, 30KpeMa 31 3MILICHHAM IHIL{IOI0YOro Haapi3y BiAHOCHO
cepeiMHU TPYOW 1 PI3HUMM BIACTHBOCTSMH MeETally TPYO B 30HI JIOKQJIBHOTO 3pHMBY. 3arajibHOI0 3aKOHOMIPHICTIO
3aJIMIIAETHCSA HASBHICTh MAaKCUMyMY IIBHJKOCTI Ha Crajii po3roHy TpimmHU. HeoOXimHO BigMiTMTH, WO AJd
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MIPOBE/ICHHS €KCIIEPUMEHTY, 100 JOCATHYTI BUCOKI IBHUIKOCTI pyHHYBaHHs 30eperyiics npy BXOA1 BEPLUIMHH TPIiLLIMHK
B JIOCIII/KYBaHi AiTAHKY. 3a0e31e4dyeThCs Taka yYMOBA BiANOBIAHUM MiJ00POM B’SI3KOCTI METally LIEHTPAIbHOI TPYOH.
KuarouoBi ciioBa: Tpy6Oa, nedopmartis, TpiluHa, IiIacTUYHA 30Ha, MOJITOH.

Beryn

Harypni nHeBMaTuuHi BHOpPOOYBaHHS BIJPI3KIB Ta30MpOBOIB CYIPOBO/DKYIOTBCS B
OKpPEMHX BHIIAJIKaX 3pMBAMH BEIHMKOi MOTY)KHOCTI, a TOMY BHMAaraloTh JOTPUMAHHS HPaBHI i
HOPM CaHITapHO-NIOKEXKHOI 1 eKkoyoriuHoi Oe3meku. A TOMy, NapaMeTpu pyWHYBaHHs
(WIBHAKICTH, THCK, 3HA4YEeHHA IUIACTUYHOI 30HHW, TeMIepaTypa Ta 1iH.) BH3HAYalOTh
JUCTAHLIHHUMH METOIaMU.

Bigomo [1-6], 110 cepeaHs MBUIKICTb PO3IOBCIOPKEHHSI XBUJIT MOHIIKEHOTO THUCKY B3IOBXK
oci TpyOOIIpOBOAY CKJIAAAE JJIsi MPUPOAHOro ra3y npudimnzno 400 mM/c. A ToMy Lie 3HAYEHHS
NpUIMaloTh NpPU BHU3HAYEHHI ONTHMAJILHOI [IOBXXMHU BHUNPOOYBaHHMX Cekiid. Po3paxyHku
MOKa3yIOTh, LIO MPH TaKiil IIBWUAKOCTI XBWJII IIBWJAKICTH PO3NOBCIOJUKECHHS TPILIMHU Oyje
200 m/c, a oke TpyOHa CeKllisi TOBUHHA OyTH J0BKHHOIO He MeHiie 150 M. Taki 3BapHi cexiii
TpyO  BUTOTOBISUIM  Oe3MOCEepe/HhO  Ha  eKCHepUMEHTalbHiN  mimsHii  [HeTHTyTY
enexkrpo3BaproBanns iMeni €.0. [Tatona HAHY.

B Toii e yac TeopeTuuHi i 1JaOOPaTOPHI IOCIIIKEHHs HE 3aBX/H 3 JOCTATHHOIO MOBHOTOIO
BIJIMIOBIIAIOTh HA MHTAHHS, MOB’s3aHi Oe3MocepeqHbO 13 3a0e3MEeUEHHSIM JIOBIOBIYHOCTI 1
Oe3aBapiiiHOl mpane3naTHocTi. BiporigHo, 1mo B J1adOpaTOpHHX YMOBaX IiJIPHUEMCTB YU
HAYKOBHX 3aKJIJiB Ba)KKO BIJTBOPUTH 1 ypaxyBaTH BCi (DakTOpH, SKi XapaKTepH3YIOTh
3pOCTaHHs 1 PO3MOBCIO[DKEHHS PYHHYBaHHS B pEajibHO JAIF0YOMY TaszompoBozi. Tomy nasi
71200paTOPHUX JIOCIIHKEHb MOTPIOHO MepeBipsATH 1 000B’I3KOBO YTOUYHIOBATH IO pe3ylbTaTax
ITHEBMAaTHYHUX BUIIPOOYBaHb JAOBrOMIPHUX TPYOHHX CEKIiii, TOOTO B TEMEpillHild Yac rocTpo
Ha3pija HeoOXiHICTh MOEHAHHS JIAOOPATOPHHX 1 HATYPHHUX BUIIPOOYBaHb TPYO ra30MpoBiaHOI
Mepexi. Taki BUIIpOOYBaHHSI HE € MAaCOBUMH, ajieé B PE3YNbTaTi iX BUKOHAHHS OTPHUMYIOTh
Ba)XJTUBY 1H(OpPMAIIi}0O CTOCOBHO MOBEAIHKH 1 BIACTUBOCTEI MeTaly B yMOBaX HaBaHTAXKEHHS 1
eKCILTyaTallii, HaHOUTbIIl HAOIIKEHUX JI0 eKCIUTyaTalliHHUX.

Harypni BunpoOyBaHHs Bifpi3KiB rasonpoBoiiB Benukux giamerpiB  800-1200 mm
JIO3BOJISIIOTh  y3araJlbHUTH J[aHI [0 1IbOMY IHMTAHHIO, $IKI IIPEJCTABIISIOTh HAYKOBUH 1
NPaKTHYHUH 1HTEpecC.

Mertoauka BUIIPOOYBaHb BiAPi3KiB TPYO MMoIAraiga B HACTYITHOMY.

IIpoBemeni naerajgpHI OOCTIIKEHHS OWHAMIKA PYHHYBaHHA TpyO NpH ITHEBMATHYHHX
BUIPOOYBaHHAX BiJPi3KiB ra30MpPOBO/IB 1 MPHU TiJPOMHEBMATUYHUX BUIPOOYBAHHSIX OKPEMHX
ITOBHOPO3MIPHHUX TPYO J03BOJISAIOTH 3pOOUTH HACTYITHI BUCHOBKH.

Haii6inpmr moBHO yMOBHM poOOOTH MeTala B Ta30mpoBOJaxX BiZoOpa)kaloTh HATypPHI
BUIPOOYBAHHS BiApi3KiB rasompoBomiB AoBxkuHOK 150-250 M. Onnak, i3-3a TEXHIYHOL
CKJIAJHOCTI iX NPOBENCHHS B IOJbOBHX YMOBaxX HE 3aBKAW BHAETHCS OTPUMATH MOBHUIA
KOMIIIEKC peecTpoBaHMX mapamerpiB. KpiM Toro, BumpoOyBaHHS BIAPI3KIB BEIbMH
TPYIIOWOMKH, CKJIaJaHi B 3a0e3leueHHi Oe3leKkd IX NpPOBENCHHS, BHUMAaraimTh BEJIHKHX
MartepialbHUX 1 YaCOBUX BHUTpAT.

Cepiiini BUIIPOOYBaHHS OKpPEMHX TPyO B yMOBaXx CIHELiaJdbHO OOJAINTOBAHOTO IOJIrOHA i
3po0JIeHi Ha iX OCHOBI y3arajbHEHHS JOCTAaTHHO 3aJ0BIILHO BIAIMOBIZAIOTH pe3yabTaraM Ha-
TYPHUX BHIIPOOYBaHb BIAPI3KiB Ta3ompoBofiB. IlomiroHHi BHUIPOOyBaHHS TpyO TO3BOJNSIOTH
MIPOBOJIUTH TTOPIBHSIHO HEAOPOTi JOCIIKEHHs PH anpo0aliii HOBUX THIIB CTali 1 KOHCTPYKIi
py6.

B 3B’43Ky 3 BHKJIAJEHMM, B SIKOCTI OCHOBHOTO METOJA BM3HAYEHHS XapaKTEPHCTUK OHOPY
cram TpyO pyiliHYBaHHIO, O0IacTeli BHKOPHCTAHHS TpyO 1 po3poOKH Teopil MIIHOCTI
TpyOONIPOBOMIB CIIiJI PEKOMEHIyBAaTH IHEBMATH4YHI BUIIPOOYBAHHS TpyO B yMoOBax IIOJIIMOHA.
KoHcTpykuis moniroHa MoBUHHA 3a0€3II€UNTH BUKOHAHHS HACTYIIHUX TEXHIYHUX BUMOL':

e JI0OBXMHA BUIIPOOYBaHOI cekuii - He MeHIe 20 M (ABi TpyOH); MaKCUMaJIbHUI AiaMeTp TpyO

-1420 MM Ha poGounii Tuck no 10-12 Mlla;
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e 00’eM, 3alOBHIOBaHMH IOBITpsAM Yy BumpoOyBaHil cekuii, He MeHme 75 % 3arajabHOrO
00’eMy ceKil;
® KOHCTPYKIIsi OpOHEKaMepu MOBMHHA 3a0€3MEeYMTH TaciHHS TOBITPSHUX 1 yIAPHHUX XBUIIb,

BUHHMKAIOYHX MPHU [THEBMAaTHYHOMY PYHHYBaHHI TpyO, 30BHILIHINA BIUIUB SIKMX aHAJOTIYHO

MOTY)KHOMY BUOYXY;
® Ha TEpUTOPIi MOJIroHa TUCK HE MOBUHEH MiBUIyBaTHCs Ouibiie Hix Ha 0,01 MIla;
® TIOJIIFOH [TOBHHEH OYyTH OOJNAlITOBAaHWM CHELiaIbHUMH MPUIaJaMU TUCTAHIIIHOTO 3a1ucy

(na Bigcrani go 100 M) mapamerpiB pyHHYBaHHS, MaTH LeX Ul MiATOTOBKU TPYO IUist

BUINIPOOYBaHHS, BIUIUICHHS U1l BATOTOBJICHHSI 1 BUIIPOOYBaHHS PI3HUX 3pa3KiB.

BinnoBigHo 1m0 BUKIazeHMX BUMOr, B TpectTi “‘Bap’erantpybomnpoBinOyn” (M. Pamyxhuii
TromeHcbKa 0011.) OyB po3poOJICHHH MPOEKT, 3TifHO SIKOro OyB MOOYIOBaHUI HOBWIT MOMIIOH (Ha
Oepesi piuku AraH - c.M.T. HoBoarancbk TromeHchka 00J.) VISl MPOBENCHHS ITHEBMATHYHUX
BUIpoOyBaHb TpyoO. [ToniroH ckinanascs 3 nexy pozmipamu 12x44 M, 001aIITOBAHOrO KpaH-0aJIKOIo0.
B nexy posmimaiucst OJ0K peectpailii mapameTpiB JOCTIPKEHHS 3 anapaTypol0 BUMIPIOBaHHS i
JIIISIHKH 3 TTITOTOBKH TPYO J1si BUIIPOOYBAHb.

TpancropryBanHs TpyO Ha BHIpPOOYBaHHA B OpoOHEKaMepy IPOBOAIIOCS IO peiikam
CrieniajbHUMK Bi3KaMU. YJIaMKU y BHIAJKY iX YTBOPEHHs NPH PYHHYBaHHI TpyO YJIOBIIOBAIU B
OpoHekamepi, a NPy BUJIETI YaCTHH TPYOU 3 BIIKPUTOrO TOpIsS OpoHekamepH - B racTii. OCHOBHIM
€JIEMEHTOM TOJIIroHa, M0 3a0e3reuyBaB Oe3leKy MPOBEACHHsS ITHEBMATHYHHX BHIPOOYBaHb, €
OpoHekaMepa, KOHCTPYKIIIIO SKOI PO3IIISIHEMO JIETAIILHO JIaTi.

BpoHekaMepa € MOTY)KHOIO 3a1i300€TOHHOIO KOHCTPYKII€IO0 apOYyHOTO THIYy 3 KOPHCHOIO
JnoBxuHOI0 40 M. Apka BCTAHOBJIEHa Ha CHJIOBIW MMiano3i — QyHAaMeHTI B 3a51i300€TOHHOMY
BrKOHaHHI ToBUMHOI 1900 MM. B mijymo3i BcTaHOBiEHI Oajiku 3 TPhOX 3BapeHHX LIBEJIEPIB
Ne24, sxi 3a0e31e4yroTh B Oy/Ib-SIKOMY MICIIi 1O JIOBXUHI KaMepu KPITUICHHS JIOCIIIKYBaHHUX
CeKIIii TpyOOIpoBOa HaMiBXOMYTaMH 13 3ycHyuisim 110 10 T.

BpoHexamepa 3 ITyXoro TOpILS 3aKpUTa MOTY)KHOIO 3aJ1i300€TOHHOIO CTIHOIO TOBIMHOIO 2 M,
JIOJIATKOBO 3aXHILIEHOI0 B CEPEMHI MIIIKAMH 3 ITICKOM, SIKi CIIY)KaTh JUIsi PO3MOJJICHHS 3YCHUILIS
TOPLEBOro yzapa i Woro amoptu3aitii. BHyTpilHs moBepxHsi OpoHeKaMepu YKpiILUieHa KOXKYXOM 3
JIUCTOBOI CTaji TOBIIMHOW 30 MM, a 30BHIIIHS - CTaJbHOIO CITKOK 1 OOBaJioBaHa TIPYHTOM
ToBUIMHOIO 1 M. BinkpuTuii Topelp OpoHekamMepH 3axXHIlieH! HAOOPHUMH BOPOTAMH, 3B’ I3aHUMHU 3
KOHCTPYKIII€I0 KAMEPH 1 CKIIaZIHNX 3 TIOTY)KHHUX CTIHOK 1 3aKJIaJIHUX €IEMEHTIB KOPoOYaToro THIa
Bucororo 1o 400 mm. [Tpu3HaueHHs1 BOpIT BiIOMBATH MOBITPSIHY XBWIIO B OpoHekaMepy. 3BiATH
CTHCHYTE TIOBITpS 1O CHELiaJbHO BCTAHOBJIEHMM B CTelli OpoHEKaMepH APEHaKHUM Tpydam
MOBMHHO BWTIKATH Yy BEPTHKAJbHIM IuIomuHi. Ha CpuiHATTS TOPLOBOrO yaapy 4acTHHOIO
BiJIOKpeMJIeHOT TpyOH BOpOTa HE po3paxoBaHi. B 11bOMy BUIIAKy 3aKJIaHI €JIEMEHTH MOXYTh
3pyHHYBATHUCS 1 MiUIAraloTh 3aMiHi, @ TOPLIOBUI yIap TaCUThCS MACTKOIO.

HeoOxinHa Temnepatypa Merana TpyO B MOMEHT pyHHYBaHHsI 3a0€3MEUyeThCs 32 PaxXyHOK
BUKOPHCTaHHS HPHUPOAHOTO X0J04a (3MMOI0) UM HIIAXOM IPHPOTHOTO OXOJOMKEHHS CyXHM
JILOJIOM 200 PiIKUM a30TOM (JIITOM) 32 JIOIIOMOTOIO CIeLialIbHUX MPUCTPOIB.

Xapaxkrep nedopMyBaHHs ra3onpoBiiHOI TpyOU mpecTaBieHuid Ha puc. 1 - 3.

AwHaniz pe3ynbTaTiB MONITOHHUX (HATYPHUX) BHMIPOOYBaHb CBIAYHMTh, MIO 3 MOMEHTY
iHIIIHOBaHOrO pyHHYBaHHS B IIEHTPaIbHIA TPYOl IIBHIKICTH MarictpaipHOl TpilMHM (HA IBi
CTOPOHHM BIJl 1HII[iaTOpa) 3pOCTac i Ha BiJACTaHi MPUONM3HO 2-3 JiaMeTpiB BiJl HAJPI3Y AOcsATac
MakCHUMyMy. 3MiHa MHIBUJIKOCTI MO JOBXHHI HEHTPaIbHOI TPyOM MOXKe OYTM CHMETPUYHOIO
BiZiHOCHO Hajpidy (puc. 1) um Hecumerpuunoto (puc. 2). lle moB’si3aHo, Ha Hall MODISAL, 3
TEXHIKOIO TIPOBEJCHHS EKCIIEPUMEHTY 1 yMOBaMH CTapTy TPIIIMHH, 30KpeMa 31 3MILICHHSIM
IHILIFOIOYOr0 HAPI3y BIHOCHO CEPEeAMHH TPYOH 1 PI3HUMHU BJIACTUBOCTSMH METAlly TPYO B 30HI
JIOKAJILHOTO 3puBY [7-12]. 3araipbHOI0 3aKOHOMIPHICTIO 3QJIUILIAETHCS HASBHICTh MaKCHMyMY
LIBHIKOCTI Ha cTajii po3roHy TpimmHU. HeoOXimHO 3a3HauWTH, IO MpPU IMPOBEACHHI
€KCIIEPUMEHTY JIOTPUMYBaJIMCSl YMOBH, 3T1/IHO SIKOI BUCOKI IIBUIKOCTI PYHHYBaHHS 30eperiucs
NpU BXOJI BEpUIMHU TPIIMHK B JOCHIAHI JUISHKM TpyOu. 3abe3nedeHHs Takol yMOBH
3IIHCHIOBAJIM BIJNOBITHUM ITiI00POM B’SI3KOCTI MeETaly LEHTpaJibHOI TpyOH. 30Kpema, MpH
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KCV= 1.7 MJlx/M’ MakcuMmaibHa MBHAKICTH ckmagana 130 m/c (puc. 3); mpu KCV = 1.5
M/Jlx/M* MakcHMalbHA MIBUAKICTH cKiIama 180m/c (puc. 2), a npu KCV = 0.5 MJBK/M?, Vinax =
380 m/c (muB. puc.2) [13-16].
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Puc. 2. KiHeTHKa po3MOBCIO/PKEHHs pyHHYBaHHS IPU BUITPOOYBaHHI BiJjpi3Ka ra30npoBOY 3arajbHOI0 JIOBKHHOIO
160M. Tuck pyiinyBanns Pp =14MIla. [Toznauenns 1,2 — nocnigni Tpyou, 1020x20mm, crans X70; JIP — ninis
pyHHYBaHHS

BcraHoBieHo, 1O 70 MOMEHTY IPOXO/DKEHHS MAariCTpajbHOK TPILIMHOKW UISHOK
LEHTPAILHOI TPYOU BCTAHOBJIOETHCS MOCTIHHA IIBUIAKICTH Jekomrpecii nositps. [lpu Bxoxi
TPILMHU B JOCTIIHI JUISHKH 11 MBUIKICTH 3MIHIOETBCS B 3aJIKHOCTI BiJ B’SI3KOCTI MeTaiy
TpyO 1 Ha JeIKUX IUISHKaX MOXKe OyTH MOCTIHHOIO (CTaiisi KBa3iCTalliOHAPHOTO PYHHYBaHHS).
3HayeHHs MIBUAKOCTI pYHHYBaHb XapakTepu3ye oOmip Merany TpyO pPO3IOBCIO/KEHHIO
pyiHYBaHHS B KOHKPETHHX YMOBax BUIPoOyBaHb. HEOOXiHO BIIMITHTH, 10 pi3Ke 3HHKECHHS
LIBUJKOCTI B’SI3KOTO PYHHYBAaHHS CIIOCTEPIra€ThCsl MPU MEPETHHI KUIBIEBUX 3BapIOBATBHUX
1IBiB (IMB. pUC. 3), KOJIU B’SI3KICTh METaly JIOCHIJHOI TpYyOH, IO AOCIIIKEYETHCS, BHIIE, HIXK
nonepeHbOol (CTajis ralbMyBaHHs PyHHYBaHHS).

Bucnosku

1. IpoBexneHi HaTypHi BUIPOOYBAHHS Ha CHELiabHO OOJAINTOBAHOMY TOJIIOHI BiPi3KiB
TpyO, MpU3HAYEHUX /sl OYIIBHUIITBA MariCTpaJibHUX T'a30MPOBO/IB, SIKi JO3BOJIHIM OTPUMATH
KiHEMAaTUYHI Ta JWHAMIYHI MapaMeTpu pyHHYBaHHS MOJENIBHOTO ra3ompoBONY IMij poOoYrM
HABAHTAXXEHHSM 1 B YMOBaX, MAKCUMAJIbHO HAOIKEHUX JI0 EKCILTyaTal[litHUM.

2. AwHami3 pe3ynbTaTiB MONIMOHHUX (HATYpHUX) BHUIPOOYBaHb CBIMYUTH L0 3 MOMEHTY
IHII[IIOBaHOTO PYHHYBaHHS B LIEHTPaJbHINA TPYyOl MIBUIKICTh MaricTpayibHOI TpilIUMHU (HA IBi
CTOPOHH BiJ] iHILIaTOpa) 3pOCTaE 1 Ha BificTaHi MPUOIU3HO 2-3 IiaMeTpiB BiJ HA/API3y Aocsrae
MakCMMyMy. 3MiHa IIBUAKOCTI N0 JOBXHHI HEHTPAIBHOI TPyOM MOXe OYyTH CHMETPUYHOIO
BITHOCHO HaJpi3y BUKOHAHOMY B cepeiHiii TpyOi uu HecumerpuuHoro. lle moB’s3ano 3
TEXHIKOI IPOBEJICHHSI EKCIIEPUMEHTY 1 YMOBAaMH CTapTy TPILIMHHU, 30KpeMa 3i 3MIIIEHHSIM
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Puc. 3. 3miHa WBUAKOCTI pyHHYBaHHA Y Bipi3Ky ra30npoBojay A0BxkuHOW 120M. [To3Hauenus: 1, 2 — nocmnijgui Tpyou
1020x18mmi3 Tepmoobpobiienoi crani X70; 3 — Mexi 3Minu ynapHoi B’si3kocti KCV; JIP — niHist po3puBy THCK
py#inyBanus Pp = 11.5MIla

12 m
KCV = 1,5 Msx/m2 KCV = 1,7 MULsk/m2
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Puc. 4. Cxema pyliHyBaHHS 1 pe3yJIbTaTH BUIPOOYBaHb BiJpi3Ka ra3onpoBo/Ly JOBXKHUHOIO 25 M; podouuii Thck Pp =
8.5MIla. Jocninni Tpyou 1020x18mm (ctans X70)
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IHII[IFOFOYOr0 HA/IPi3y BIIHOCHO CepeIMHU TPYOH 1 Pi3HUMU BIACTHBOCTSIMU METaIly TPYO B 30HI
JIOKQJIBHOTO 3pUBY. 3arajbHOI0 3aKOHOMIPHICTIO 3aJIMIIAETHCS HASBHICTH MAaKCHMyMY
LIBHUIKOCTI Ha CTaJi1 PO3rOHY TPIilIMHH.

3. Ilpu mpoBeneHHI EKCIEPUMEHTY MJsl JOCSATHEHHS BHUCOKOI IIBUIKOCTI PYHHYBaHHS
30eperyincs TpH BXOAI BEpPIUIMHM TPILIMHU B AOCTIDKYBaHI AUISHKHA. 3a0e3redyeThcs Taka
YMOBa BIJIIOBIIHMM MiI00pOM B’SI3KOCTI METay LEHTPAIBLHOI TPYOH.
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Makarenko V.D., Vynnykov Yu.L., Makarenko Y.V., Chygyrynets’ O.E., Tkachenko S.M., Savenko V.1I.
SPEED OF METAL DEFORMATION OF WELDED PIPE SECTIONS IN THE PROCESS OF NATURAL
TESTS

It is clear that testing on Menage Charpey samples and other materials, which may not match the durability of pipe
walls, does not reflect the real picture of visco-plastic failures, which does not allow the development of a methodology
or model for predicting the residual life (failure-free) gas pipelines have a three-year term of operation. At the same
time, theoretical and laboratory studies do not always provide sufficient evidence for nutrition, directly related to the
reliability and trouble-free operation of pipelines. It is likely that in the laboratory minds of enterprises and scientific
foundations, it is important to create and identify all the factors that characterize the growing and widespread use of
metal in gas pipelines to represent nature. and testing of cutting gas pipelines with a length of 150-250 m. However, due
to the technical complexity of their implementation, in the field Our minds will never again be faced with the need to
identify a new set of registration parameters. In addition, the testing of highly labor-intensive procedures, including
ensuring the safety of their implementation, requires large material and hourly costs. Serial testing of enclosed pipes in
the drains of a specially lined landfill and cutting on this basis is quite consistent with the results of field testing of gas
pipelines. Field testing of pipes allows for consistently inexpensive research when testing new types of steel and pipe
designs. Therefore, laboratory data need to be verified and necessarily clarified based on the results of pneumatic testing
of long-life pipe sections, so that at the present time there is an urgent need to combine laboratory and field tests pipes
of the gas pipeline. Such testing is not widespread, but as a result of their experimentation, important information is
taken away from the behavior and power of metal in the minds of vantagement and exploitation, those closest to
exploitation. Full-scale testing was carried out at a specially trained test site for cutting pipes intended for the
construction of main gas pipelines, which made it possible to determine the kinematic and dynamic parameters of the
alignment of the model gas pipeline under operating conditions. importance and in minds as close as possible to the
operational ones. Analysis of the results of the field (natural) tests is to confirm that from the moment of initiation of the
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collapse in the central pipe, the fluidity of the main crack (on both sides of the initiator) increases and increases distance
approximately 2-3 diameters from the cut, reaching a maximum. Changing the fluidity after tightening the central pipe
can be either symmetrical or asymmetrical to the cut in the middle pipe. This is due to the technique of carrying out the
experiment and the formation of cracks, including displacements of the cutting edge in the middle of the pipe and
various influences on the metal of the pipes in the zone of local tearing. The underlying regularity is that the maximum
fluidity is not evident at the crack acceleration stage. It is necessary to note that in order to carry out the experiment, so
that the achieved high fluidity of the structure is preserved when the top of the crack enters the final plot. This is
ensured by consistent selection of the viscosity of the metal of the central pipe.
Key words: pipe, deformation, crack, plastic zone, test site.

VK 669.14:620.191.33

Maxapenko B./[., Bunnuxoe FO.JI., Makapenko FO.B., Yueupuneyv O.E., Tkauenxko C.M., Casenxo B.I. llIBuakicTh
nedopMyBaHHSI MeTally 3BapHUX ceKIiil Tpyd B mpoueci HaTYpHUX BHUNPoGyBaHb // Omip MartepiaiB i Teopis cropy:
Hayk.-Tex. 30ipH. — K.: KHYBA, 2023. — Bum. 111. — C. 237-244.

Ta6u. 1. In. 10. Bi6miorp. 12 Ha3s.

UDC 669.14:620.191.33

Makarenko V.D., Vynnykov Yu.L., Makarenko Y.V., Chygyrynets’ O.E., Tkachenko S.M., Savenko V.I. Speed of metal
deformation of welded pipe sections in the process of natural tests // Strength of Materials and Theory of Structures:
Scientific-and-technical collected articles. — K.: KNUBA, 2023. — Issue 111. —P. 237-244.

Table 1. Fig. 10. Ref. 12.

ABTOp (BYEHA CTYNeHb, BUeHe 3BAHHS, M0CA/A): JOKTOP TEXHIYHMX HAyK, Hpodecop XepCOHCHKHH HAlliOHAIbHUH
TeXHIYHMI yHiBepcuTer Makapenko Banepiit IMuTpoBuY

Teu.: +38(066) 747-67-90

E-mail: green555tree@gmail.com

ORCID ID: https://orcid.org/0000-0001-9178-9657

ABTOp (BYeHa CTyNeHb, BUEHe 3BAHHS, M0CAJA): JOKTOP TEXHIYHUX Hayk, mnpodecop, HauionansHuii yHiBepcurer
“ITonTaBcbka nonitexuika iMmeHi FOpis Konnpatioka” Ykpaina, Bunnukos FOpiii JIeoninoBny

Teu.: +38(099) 292-96-94

E-mail: savenkoknuba@gmail.com

ABTOp (BY€Ha CTyNeHb, BU€He 3BaHHs, M0CA/Ia): MaricTepka yHiBepcutery Manitoou (M. Binniner, Kanana) Makapenko
HOunis BanepiiBaa

Teu.: +38(066) 747-67-90

E-mail: green555tree@gmail.com

ABTOp (BYEHa CTyNeHb, BYEHe 3BaHHA, IM0CAJA): JOKTOp XIMIYHMX Hayk, npodecop kadeapu ¢izuuHOT Ximil
HarjionanbHoro TtexHiyHoro yHiBepcurery Ykpainum «KuiBcbkuit nomitexHiunuii iHCTMTYT iMeHi Irops CikopchKoro»
Yurupunens Onena ExyapniBHa

Anpeca podoya: KIII im. Irops Cikopebkoro, nip. Ilepemoru, 37, kopr. 4, Kuis 03056

Teu.: +38(044)-204-83-89

E-mail: o.chygyrynets@kpi.ua

ORCID ID: https://orcid.org/0000-0002-2506-7020

ABTOp (BYeHa CTyNeHb, BYEHe 3BaHHS, MM0CAAA): KaHA. TEXH. HAyK, JIOLEHT, 3aBiAyrouni Kadeapyu 3BaproBabHUX
TexHouorii HarioHanbHOro TeXHiYHOro yHiBepcutety «3anopisbka nogirexHika» Tkagenko Cepriit MukosaiioBuy
E-mail: savenkoknuba@gmail.com

ABTOp (BYEHA CTYNeHb, BYEHE 3BAHHS, 0CAA): JOKTOP TEXHIYHUX HayK, podecop kadeapu opraHizauii i ynpaBiiHHS
OyniBHMITBOM KHiBChKOTO HallioHaIbHOrO YHiBepcuTeTy OyaiBHMIITBA i apXiTekTypu CaBenko Bosnoaumup IBanoBuy
Anpeca podoua: 03037, Vkpaina, m. Kuis, npocn. Iloirpoduiorcskuii, 31, KuiBcbkuil HalioHaJIbHUH YHIBEpPCHTET
Oy/iBHUIITBA 1 apXiTEKTypH

Tea.: +38(097)-970-66-59

E-mail: savenkoknuba@gmail.com

ORCID ID: https://orcid.org/0000-0002-1490-6730



ISSN 2410-2547 245
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2023. Ne 111

UDK 539.3

THE DYNAMIC ANALYSIS OF FIXED DEEP-WATER PLATFORM

R.M. Ostapenko,
Assistant

1.D. Kara,
PhD

Kyiv National University of Construction and Architecture,
Povitroflotsky Ave., 31, Kyiv, 03037

DOI: 10.32347/2410-2547.2023.111.245-250

The impact of such factors as: the flexibility of the pile foundation, the connected mass of water media, the ice field
on the value of the period of natural oscillations of the offshore fixed deep-water ice-resistant platform was researched.
Two discrete idealized models of the platform were used for the dynamic analysis.
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Introduction. The industrial progress is closely related with active using of hydrocarbonsin
the modern world. The progress of the oil and natural gas industry is very important for the
world and Ukraine in particular. The gradual growth of reserves of deposits on land led to
reclaim and the gradual increase of the extraction of raw materials on the sea shelf. Specialists
say that about 70% of hydrocarbon reserves lie in rock formations beneath seabed or ocean
floor and more than half of them are located in shelf areas [1].

The development of sea oil deposits usually occurs using oil production platforms today [2].
For oil production at the depth of immersion more than 80 meters offshore fixed platforms are
used most often (Fig. 1). A structure of this type consists of collected on land metal parts: the
supporting part and the upper part that have a form of a spatial truss. Platforms rest on driven
piles that have a tubular section and perceive vertical load from upper part and horizontal load
from supporting part [3].

7 I X T T

(b)

Fig. 1. Examples of fixed oil production platforms

Platforms can be used in different climatic zones and also, they have wide exploitation
opportunities such as: they are the placement of the equipment for well drilling and extraction of
hydrocarbons, preparation of raw materials for transportation, water injection into layer, performing
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repair works etc. But using of such technological structures is not limited only to interest of oil and
natural gas industry whereas they are important for navigation and military purposes.

A type of structures with the supporting part in a form of a spatial truss are ice-resistant
structures. The upper part of such platforms rests on several columns, and diagonal and vertical
links are deleted in a zone of the water horizon because they can be fractured by floating ice [3].

Such structures as offshore fixed platforms are exposed to effects of a high seismicity, wind,
waves, strong undercurrents and an impulse impact during the movement of ice fields especially
when exploitation in northern seas. Analyzes of offshore fixed hydrotechnical structures under
the impact of different combinations of exploitative and external loads are based on the
equilibrium condition of a structure under the impact of maximum possible loads. It’s important
during the analysis and the designing of offshore fixed platforms to choose the most rational
constructive form and technical solution that should provide the strength, the reliability and the
geometric stability of the entire platform and its individual members. Also, it’s important to
consider the dependence of the stress-strain state of platforms bearing structures on the
technology of the transportation of its individual parts, the montage of a structure, the impact of
hydrological, geological and meteorological factors, seismic loads.

The purpose of the article. The purpose isthe research of the impact of different factors on
the value of the period of natural oscillations of offshore fixed deep-water ice-resistant
platforms.The analysis and the designing of offshore platforms of various purposes is y
relatively new field of an engineering art. First design and technological solutions of offshore
fixed oil platforms were developed and patented in the second half of the twentieth century.
General principles of the designing and methods of the strength and stability analysis of bearing
structures of fixed platforms are given in [3]. In [4] the theory of description of sea waves and a
reaction of production platforms to the action of external impact was developed. Also, analyzes
of the action of wave loads on thin structures of a large diameter was performed on the basis of
the diffraction theory. Recommendations for the designing of a pile foundation of fixed
platform discrete models providing the practical accuracy are given in [5]. The modelling of the
ice load using the polarization-optical method and the determination of offshore platforms
properties for the ice destruction efficiency using the random balance method were performed
in [6]. Analyzes of the strength of members of offshore structures were performed in [7].
Analyzes of the fixed platforms on the action of seismic loads were performed in [8, 9].
Considering the gradual transition to the extraction of hydrocarbons at the great depth, the
research of the impact of various factors on the analysis of fixed deep-water platforms is actual.

The main part. The offshore fixed deep-water ice-resistant platform with the depth of
immersion 120 m(Fig. 1b) was accepted as the object of the research. The structure is presented
in a form of the spatial disc-bar system that rests on the pile foundation with the depth of
immersion 100 meters. Driven piles consist of metal pipes of cylindrical section with the
thickness of 20 mm and the diameter of 1820 mm that are filled with concrete mortal.

Discrete idealized models of the platform were used for the analysis. Standard spatial bar
elements and also rectangle and triangle finite elements of shell were used for structure
members modelling [5]. The first model was implemented without taking into account the
flexibility of the pile foundation. Piles and ground foundation were rejected and the supporting
part was attached to the absolutely immovable rigid body in this model. The flexibility of the
pile foundation and the action of ground foundation were taking into account by the addition of
elastic links in the second model. The interaction of foundation and piles was implemented by
using of finite elements that simulate the elastic connection between joints in this model. The
reaction of elastic ground foundation under external loads was replaced by the system of non-
dimensional concentrated elastic-flexible links that modeled the resistance of foundation to
linear displacements of a pile and its twisting around the longitudinal axis discretely. Links
formed special non-dimensional elastic-flexible supporting elements that connected joints of the
bar finite-elements model of a pile with immovable absolutely rigid body [5]. As a result of the
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dynamic analysis values of periods of first ten forms of natural oscillations of both models were
obtained (Tab. 1).

Besides the consideration of the impact of the pile foundation flexibility on the dynamic
analysis of the fixed platform the impact of the connected mass of water mediathat was
modeled in the form of additional distributed joints mass was also investigated. The
consideration of this factor is important when analyzing of the platform on the action of
dynamic loads that cause compatible oscillations of the structure with water media. In this case
some primary assumptions were accepted: 1) oscillations of the system «the structure — water
media» were expected to be small therefore the equation of oscillations of the structure and
water mechanics could be linearized; 2) fluid of water media was considered ideal scilicet such
that did not compress; 3) surface waves were not taking into account when determination the
connected mass of water media; 4) the consideration of the foundation flexibility was allowed
when analyzing of the system «the structure — water media». The determination of the
connected mass of water were performed by the adding the connected mass of fluid that is
included in the mass that was displaced by the immersed part of the structure to the structure
mass [10]. Results of analyzes are given in Table 2.

Table 1
Values of oscillations forms periods (T, s)
The form number The first model The second model The difference, %
1 2,659 2,893 8,8
2 2,351 2,808 19,44
3 2,025 2,194 8,35
4 0,682 0,931 36,51
5 0,638 0,801 25,55
6 0,582 0,757 30,07
7 0,547 0,652 19,2
8 0,460 0,555 20,65
9 0,450 0,540 20
10 0,436 0,506 16,06
Table 2
Values of oscillations forms periods taking into account the connected mass of water media
(T, s)
The form The first The second The difference for the The difference for the
number model model first model, % second model, %
1 2,907 3,768 9,33 30,25
2 2,792 3,274 18,76 16,6
3 2,203 2,646 8,79 20,6
4 1,267 1,793 85,78 92,59
5 1,114 1,550 74,61 93,51
6 1,076 1,427 84,88 88,51
7 0,950 1,324 73,67 103,07
8 0,945 1,303 105,43 134,77
9 0,885 1,135 96,67 110,19
10 0,838 1,021 92,2 101,78

According to the [11] the impact of the ice field in the winter period must be taken into
account when analyzing of offshore fixed platforms on the action of dynamic loads. The impact
of this factor was modeled by the addition of additional links that simulated the condition of the
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contact of the structure and the ice field. Therefore, additional supporting links that restrain
displacements of supporting part joints in both orthogonal directions of the horizontal plane
were added at the level of ice along the perimeter of columns in both models. This factor caused
the change of values of oscillations forms periods of models also (Tab. 3).
Table 3
Values of oscillations forms periods taking into account the connected mass of water media and
the influence of the ice field(T, s)

The form The first The second The difference for the The difference for the
number model model first model, % second model, %

1 1,160 1,453 -56,37 -49,78

2 0,985 1,425 -58,1 -49,25

3 0,928 1,258 -54,17 -42,66

4 0,916 1,252 34,31 34,48

5 0,915 1,240 43,42 54,81

6 0,896 1,160 53,95 53,24

7 0,868 1,109 58,68 70,09

8 0,813 0,943 76,74 69,91

9 0,793 0,917 76,22 69,81

10 0,779 0,866 78,67 71,15

Obtained values show that values of periods of natural oscillations form of the second model
where the flexibility of the pile foundation was taken into account exceeded corresponding
values of the first model on 8-20% depending on the form of oscillations. Taking into account
such factor as the impact of water media in the form of the connected mass affected the
dynamic analysis significantly: values of periods of natural oscillations of the first form
increased by 9-100%; values of periods of natural oscillations of the second form increased by
16-100%. The impact of the ice field and water media caused the decrease of values of natural
oscillations periods of both models of 50-70%.

Conclusion. Analyzes of models of deep-water platform show that taking into account the
impact of connected mass of water and the impact of the ice field changes values of periods of
natural oscillations significantly especially of the model where the flexibility of the pile
foundation was taken into account. Whereas values of dynamic indicators affect on the stress-
strain state of members of the structure therefore taking into account these factors is very
important when analyzing of offshore fixed platforms.
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Ocmanenxo P.M., Kapa I.]].
JUHAMIYHHUMA PO3PAXYHOK CTAIIIOHAPHOI INIMBOKOBOJHOI IIAT®OPMU

InpycTpianbHuii PO3BUTOK TICHO IOB’SI3aHUH i3 aKTUBHMM BHMKOPHUCTAHHSM BYIJICBOIHIB, OUIBIIICTH 3amacis
SIKMXPO3TAIIOBAHI B MOKJIaJaX MOPCHKOI'0 Ta OKEaHChKOro JieH.I1pu BunoOyTky HadTh Ha BenuKiil rimOuHi 3aHypeHHs
Haiyacrile BUKOPUCTOBYIOTH HadToBHA0OYBHI miiaTdopMu crarioHapHoro Tumy. IIpoTe BUKOPHCTaHHS TaKUX
TEXHOJIOTIYHUX CHOPY]] HE 0OMEXYEThCS JIMIIE iIHTepecOoM HadTOra3oBoOl IPOMHCIOBOCTI, OCKIIBKH BaXJIMBE 3HAUCHHS
BOHM MAaIOTh TaKOX JUIS BIMCBKOBMX Ta HaBiramidHux uineil. CrauioHapHi miatOpMHUNiAIAI0ThCA BIUIUBAM BUCOKOL
CEHCMIYHOCTI, BITPOBUX XBWJIb, CHJIBHMX MiJIBOJHMX Te4i Ta IMIyJIbCHOMY BIUIMBY IPU pyCi JIbOAOBHX IOJIB,
0cOOJIMBO TIpH €KCILTyaTalii B MiBHIYHMX MOpPsX.JlOCHDKyBaBCs BIUIMB Pi3HUX (DaKTOpIB HA 3HAUCHHS MNEPioay
BJIACHUX KOJIMBaHb MOPCHKOI CTAI[iOHAPHOI INIMOOKOBOIHOIKPUTOCTIHKOI Tu1aThopMu 3 IIIMOMHOW 3aHypeHHs 120 M,
sIKa ONMPAETHCS HAa MaJIbOBUN (PyHAaMEHT. J{J1st MpOBEICHHS aHalli3y BUKOPHCTOBYBAJIMCH JIBI 1/1€aJi30BaHi JUCKPETHI
Mozeni iatGopMu: mepia Mojelb, sika Oyia peaizoBaHa 0e3 BpaxyBaHHS MiJIATIMBOCTI (YHIAMEHTY Ta Apyra
MOZieNb, B SIKIH BPaxoBYBAJIMCh HiIATIMBICTh (yHAAMEHTY 1 Jis IPYHTOBOI OCHOBHMILISXOM JOJABAaHHA INPYXKHUX
B’s13¢if, 110 MOJEIIIOIOTh NPYKHHI 3B’A30K MiX By3siamn.Takox JOCIHIIKYBaIHCh BIUNIMBH TPHEIHAHOI MACH BOXHOIO
CepeIoBHIIIA, SKa MOJC/IIOBANIACH Y BUIIIA/I JOJATKOBHX PO3MOAIICHNX BY3JIOBHX MAacC, Ta KPHIKAHOTO 1OJIs B 3UMOBHIA
mepios, fKE MOJEIIOBANOCh JOfABAaHHAM JOAATKOBUX B’SA3e€d B MICHAX KOHTAaKTy CIIOPYAH 3 KpPHXXKaHHM
nosnem.Po3paxyHKy MOKas3aiM, WO NpPU BpaxyBaHHI Takoro (akTopy fK HiIATIMBICTh NanbOBOro (yHIAMEHTY
3HAYEHHS NepiofliB BIACHUX KOJIMBAaHb 301IbIIYIOThCS Ha 8-20%; 1npu BpaxyBaHHI BIUIMBY NPHUEIHAHOI MacH BOIAHOTO
cepenoBulla 30ubIIyt0ThCs Ha 9-100%;mpu BpaxyBaHHI Jii KpHU)KaHOro nouisi 3MeHIyeTbest Ha 50-70% 3anexHo Bin
(opMu KOJIMBaHB, 1110 € CYTTEBUMIPH BU3HAYECHHI HAIIPYXKEHO-1€(hOPMOBAHOIO CTaHy €JIEMEHTIB CIIOPY/IH.

KuarouoBi ciioBa: nepion KonuBaHb, rIMOOKOBOHA IAaT(opMa, JUCKpPETHA MOJEIb, NPHEJHAHA Maca, KpHXKaHe
moie.

Ostapenko R.M., Kara I.D.
THE DYNAMIC ANALYSIS OF FIXED DEEP-WATER PLATFORM

The industrial progress is closely related with active using of hydrocarbons more than half of reserves of which lie
in rock formations beneath seabed or ocean floor.For oil production at the great depth of immersion oil production fixed
platforms are used most often. But using of such technological structures is not limited only to interest of oil and natural
gas industry whereas they are important for navigation and military purposes. Offshore fixed platforms are exposed to
effects of a high seismicity, wind, waves, strong undercurrents and an impulse impact during the movement of ice fields
especially when exploitation in northern seas.The impact of different factors on the value of the period of natural
oscillations ofthe offshore fixed deep-water ice-resistant platform with the depth of immersion 120 m that rests on the
pile foundation was researched. Two discrete idealized models of the platform were used for the analysis: the first
model that was implemented without taking into account the flexibility of the foundation and the second model where
the flexibility of the pile foundation and the action of ground foundation were taking into account by the addition of
elastic links that simulate the elastic connection between joints.Also, impacts of the connected mass of water media that
was modeled in the form of additional distributed joints mass and the impact of the ice field that was modeled by the
addition of additional links were investigated. The analysis showsthat values of periods of natural oscillations form
increase by 8-20% when the flexibility of the pile foundation was taken into account; increase by 9-100% when the
impact of the connected mass of water media was taken into account; decrease by 9-100% when the impact of the ice
field and water media were taken into accountthat is significant when analyzing of stress-strain state of members of the
structure.

Keywords: period of oscillations, deep-water platform, discrete model, connected mass, ice field.
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water media, the ice field on the value of the period of natural oscillations of the fixed deep-water platformis
considered.

Tab. 3. Fig. 1. Ref. 11.

ABTOp (HayKOBMIi CTymiHb, BUeHe 3BaHHs, Mocajna): acucteHT kadenpu OyaiBenpHoi Mexaniku OCTAITIEHKO
Poman Mukonaiiosuy.

Anpeca podoua: 03037 Vkpaina, m. Kuis, IloBiTpoduorcbkuit mp., 31, KuiBcbkuil HarioHanbHMH YHIBEpCHTET
OyniBHuuTBa 1 apxitektypu OCTAIIEHKY Pomany MukonaiioBuuy.

Po6. Texn. +38(044) 2415412

E-mail: ostapenko.rm@knuba.edu.ua

ORCIDID: https://orcid.org/0000-0003-3770-9913

ABTOp (HaykoBHWii CTyHmiHb, BYeHe 3BaHHS, NOCA/NA). KAaHIWAAT TEXHIYHMX HAyK, JOLEHT, NOLEHT Kadenpu
OyniBesnbHOT MexaHikn KAPA Ipuna JIMuTpiBHa.

Anpeca podoua: 03037 Vkpaina, m. Kuis, IToBitpodmorcekuii np., 31, KuiBcbkuii HaiioHanbHUH yHiBepcUTET
OyniBHuLTBa 1 apxiTekTypr KAPI Ipuni IMuTpiBHi.

Po6. Ten.:+ 38(044) 2415412

E-mail: karaidknuba@tutanota.com

ORCIDID: https://orcid.org/0000-0003-4700-997X



ISSN 2410-2547 251
Onip matepiaiis i Teopist ciopyy/Strength of Materials and Theory of Structures. 2023. Ne 111

VIIK 528:48

MOHITOPUHI"' CIIOPY /I 3 HECYUYUMHU EJIEMEHTAMM Y BUT'JIAAI JOBI'HX
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Posrusaerses OyaiBenbHa KOHCTPYKLIS y BUMIISAL ABOX BEPTHKAJIBHUX MPAMOJIIHIHHUX B3a€EMOMIIOYHX €JIEMEHTIB.
Hecyunii eeMEHT NpEJCTaBICHNH Yy BHUIJAAI JOBFOrO TOHKOTO CTPHIKHS, HABAHTaXKCHOTO 30BHIIIHBOIO OCHOBOIO
BEPTHKAIBHOIO CHIIO. Pi3HiI (akropu mopyuyloTh HpsMOJIiHIHHY (OpMy pIBHOBarm HECYy4Oro CTPHXKHS Ta HOro
noJyoxkeHHs B npoctopi. Lle crnpuse nepeayacHoMy BUHHKHEHHIO HECTIHKOro CTaHy HPU 30BHIIIHBOMY 3POCTAIOYOMY
HaBaHTAXXEHHI. 3aBJIJaHHS MOHITOPHHTY-IONEPEUTH PO HAOIMKEHHS 10 HBOTO.

KuarouoBi ciioBa: 1oBruit crpuxeHb, MOXUOKH MOJIOKEHHS, (GaKkTOpH BIUIMBY, CTiliKicTh cTprkHsd, HAC, 3aBnanHs
MOHITOPHHTY.

Beryn. Kommnanii, 1o BoJIOAIIOTh CydaCHUMH TEXHOJIOTISIMU OYyIiBHUITBA, OYIyIOTh BEIHKY
KUIbKICTh OyaiBeNb 1 CHOPYA 3 OpPUTIHAJIBHUMHU apXITEKTYpHUMU Ta KOHCTPYKTOPCHKUMH
HAINpalOBaHHAMU. BIpOBaKYIOTBCS HOBI MPOEKTHI Ta TEXHOJOTIYHI pIIIEHHS, IO
IPYHTYIOTBCSI Ha HOBHX KOMITIOTEPHHX METOJaX PO3PaxyHKY Ta MPOrpaMHOMY 3abe3nedeHHi,
HOBUX Marepiajiax Ta IHHOBaliHHUX TEXHOJIOTISX OyJiBHULTBA. Y HIKaJIbHI 32 CBOEIO TPUPOJIOI0
OyniBmi Ta criopyau (BHUCOTHI, MAaCHBHI, BEIHMKONPOJITHI TOIO) BUMAraroTh BHUCOKOI SIKOCTI
KOMIUIEKCHUX BHIIYKYBaHb, NPOEKTYBaHHS Ta OyniBHHUTBA. CydacHI METOAM pPO3pPaxyHKY,
PIBEHb JOCHI/DKEHb Y LIl raiy3i Ta TEXHOIOTii poOIT JO3BOJISIOTH JOCHTh BIIEBHEHO 3BOAUTH
Oararo 3 Takux OyniBenb Ta criopyn. [Ipore npakTrka mokasye, 1o Iij 4ac eKcrulyararii 3miHa
HAINpPYXEHO-IeOPMOBAHOIO CTaHy OKPEMHUX €JIEMEHTIB Ta KOHCTPYKIH 0ararb0X TaKuX
00'eKTIB MOk HaOmKaTuCcs A0 TPaHMYHHMX JOMYCTHMHUX 3HAa4YeHb. BuHMKae 3arposa
pyiHYBaHHS, aBapiiHOI cuTyalii Ta Oe3rneku Jrojeil. 3aJeXuTh e BiJl 0araTh0X 30BHILIHIX i
BHYTPIIIHIX (aKkTopiB, 00'€KTUBHUX 1 CyO'€KTUBHHX, 1 O3HA4ae, MI0 HEOOXIAHO MPOBOIUTH
MOCTIMHE BiJICTE)XXEHHS CTaHY HAHOLIbII BPa3IUBUX KOHCTPYKTUBHUX HECYYUX €JICMEHTIB.

Axrtyanbhictb. J[leski Hecywi ejgeMeHTH OyIiBeNbHUX CIOpPYJ IpECTaBieHI Ta
PO3IIISIAI0OTHCS SIK BIJTHOCHO JIOBTI Ta TOHKI MPSMOJIIHIMHI HABaHTa)XeHI CTPWXKHI. BepTukaibHi
CTPIDKHI y TakUX CHOpyJax MpHU3HAYEHI JJIsl CIPUHHSATTS 30BHILIHIX OCHOBHUX CTHCKaIOYHX
HaBaHTaXeHb. J[OBri TOHKI CTpPWXHI CXWIbHI JO HECTIHKOrO CTaHy TMPH BEJIHMKHX
HABAHTAXKCHHSIX.

IIpy meBHHX 30BHILIHIX BIUIMBAaX, TaKHX 5K TEMIICPATYPHI BIUIMBH, HOXMOKH MOJIOXKCHHS
BEKTOPIB 30BHIIIHIX CHJ Ta HECYYMX €JIEMEHTIB, BIUIMB YIIKOJDKCHb, HEOE3NEeuHl MPHPOIHI
(reosoriuHi) mpouecH, TOIIO, NEPBICHO NMPSMOJIHIAHI CTPUKHI MOXYTh 3ITHYTHCS B IUTOLIMHI
HaiiMeHmol skopcTtkocti. Ilpu 30iIbIIEHHI 30BHINIHBOTO HABAHTAXKEHHS BUTUH Oyne
301IbLIYBaTHCS, TOOTO 3pOCTATUMYTh JedopMalii. PyiiHyBaHHS Moxe BinOyTHCS LIBHIKO i
pi3Ko, 3aJieKHO Bij cTymneHs 30ypenb. 11100 koHTpomoBaTH HanpyxeHo-1eOpMOBaHHUN CTaH
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(HAC) Takux eneMeHTIB Ta KOHCTPYKLIH 3 HUX, NOTPiOEH BCeOIUHMI iHKEHEPHO-TEXHIUHHI,
reoJIe3NYHNU Ta TEeOTEXHIYHUN MOHITOpUHT [27].

IocranoBka mpoGiemu. CTBOpEHHS CyYacHHX CIIOPY[ CYNPOBOMKYETBCS Ha  CTail
MPOEKTYBAaHHSI CKJIaJHUIMHU PO3PaXyHKOBUMHU MozelisiMu. Ha cranii OyaiBHUIITBa BOHH MOXYTh OYTH
peasti3oBaHi 3aB/ISIKM HOBITHIM MartepiajiaM, TEXHOJIOTISIM 3BEACHHs Ta TeOJe3UYHOr0 CYHNpPOBOLY.
Opnak sikumMu O He OyJiM JIOCKOHAIMMHM pO3PaxyHKM Ta TEXHONOri, MOJENb 3aBkIu
BIIPI3HATHMETHCS Bifl peasibHOCTI. | SIKIIO pO3paXyHKH Ta TEXHONIOTIT MOYKHA BJJOCKOHAIIIOBATH, TO
peasibHi YMOBH (DYHKIIIOHYBaHHSI CHOPY/IM BaXKKO IPOTHO3YBATH 4Yepe3 IXHIO HerependauyBaHy
MIHJIUBICTb, OCOOJIMBO Ha TPUBAIMK Mepiof 4acy. SIKIIO B HATYpi HE BIJICIIAKOBYBaTH BIUIWB
NPUPOJHUX | TEXHOTCHHUX HEraTHBHUX MPOLECIB, 10 BUKIMKAIOTH 3MilIeHHs Ta naedopmarii
Oy/iBEJIbHUX KOHCTPYKLIM, 1 HEe BXKMBATH 3aXO[iB, TO Il MOXKE IPU3BECTH /O KPUTHYHOTO
HanpyXeHo-1e()OpMOBaHOrO0 CTaHy IX eneMeHTiB. ToMy cHUCTEMy MOHITOPUHTY IOTPiOHO
CTBOPIOBATH TAK, LI[00 NP HAPOCTAIOIOMY CHJIOBOMY Ta TEMIIEPATYPHOMY BIUTMBI Ha KOHCTPYKLIFO,
BOHa BiuyBaJia Ta ikcyBasa auHamiky po3sutky HJIC.

3BijicK BUHHUKAE MOTpeda y BUMIPIOBAIBHUX KOMILIEKCAX, SIKI 3a0€3Me4y0Th 13 He0OX1IHO
3aJJaHO0 TOYHICTIO BUMIPIOBAHHS 3MiH (DI3UYHOTO CTaHY €JIEMEHTIB Oy/iBeIbHUX KOHCTPYKIiH
(EBK). IlotpiOHi po3paxyHKH HEOOXiIHOI TOYHOCTI BUMipioBaHb. IIpu 1poMy nomycrimMa
TOYHICTh TIOJIOXKEHHS! HECYYMX €JIEMEHTIB, TOYHICTh I'eO/IE3WYHUX Ta IHXKEHEPHO-TEXHIYHMX
BUMIpIOBaHb Ma€ OYTH Y3ro/pKeHa 3 HalpyKeHO-JIeGopMOBaHMM CTaHOM 1 QI3UYHUMH
XapaKTepPUCTUKAMH €JIEMEHTIB.

IMocranoBka 3apaui. [lokasatu 3HaueHHS NMOXMOOK MOJOXKEHHS €IEMEHTIB Oy/iBelNbHUX
KOHCTPYKIIiH, TeMIEepaTypHOro BIUIMBY Ta IHIIMX ()aKTOpPiB Ha CTIMKICTh JOBrOr0 TOHKOTO
CTPIKHS TpH 30UIbLICHHI 30BHIIIHHOIO HABAHTAXKEHHsS. Po3risigaeTbcs TeopeTHYHA
MOCTaHOBKA 3a71a4i Ta ii peaizarisi.

AmHaui3 nyouikauii i gocsiKeHb BUKOHaHO cTOCOBHO MoHiTOpuHTy 3Minu HJIC OyniBerb,
CHOpYJ, X KOHCTPYKI Ta €JIeMEHTIB KOHCTPYKIiH, a TAKO)X BUKOPHUCTaHHS MPUCTPOIB LIS
BUMIPIOBAHHS [IUX 3MiH.

MoHITOpHHTOM 32 (I3MKO-TEXHIYHUM CTaHOM OYiBENbHHX OO0'€KTIB 3aiiMaroThCsi 3 TOTO
4acy, SIK 3'SBHJIMCS PI3HOIO pPOJy OCOONMBI CHOPYAH, LIO MAlOTh YHIKAJIbHICTh, BiIMIHHI
BJIACTHBOCTI Ta MaTepiaiii, Mo0yA0BaHi B pi3HOMY reoorivHoMy cepefosuiii Toio [1-3]. Jlis
MIEBHOTO THUIY OYIiBEJb Ta CIIOPYZ MOHITOPHHT MPOBOAUTHCS B IEPIIY YEPry Uil TOTO, 100
OTpUMATH CBOE€YacHy iHQopMaliio Npo HemnependaueHi 3MIHM B JWUHAMILl HAIpPYKEHO-
neopMOBaHOrO craHy CHOpPYAM, NP0 HAOMMKEHHs LBOTO CTaHy [0 HWKHIX TpaHUIb
JOMYCTUMHUX 3HAYCHb, IPO PO3BUTOK HETaTHBHUX IIPOLECIB Y OCHOBI CHOpyau. I3 1poro
MIPUBOY € BeJIMKa KiJbKiCTh MyOJiKaiii, Hanpukian, [4-8 Ta iHmi]. MOHITOPUHT € BaXKJIMBOO
CKJIaJIOBOIO POOIT 3 HAYKOBO-TEXHIUYHOTO CYMpOBOAY OYAIBHHUITBA Ta €KCILTyaTalii CKJIaJHUX
OyniBenbHUX 00'exTiB BiAnosiaHo qo sumor JIbH, ICTVY [9-12].

MOHITOpHHT, 1Ie KOMILUIEKC BUMIPIOBAaHb HE TIIBKM Ha caMiil cropyni, a W HaBKOJO Hei.
BumiproBaHHsI ITPOBOAATH HAa BCIX 3HAYYIIMX 00'ekTax (OYyHiBIISIX, CHOPYIax, KOMYHIKAIisIX),
L0 PO3TAIIOBaHI y 30HI CHIILHOIO TEXHOI'C€HHOTO BIUTHBY. TakoK BelyTh CIIOCTEPEKEHHS 3a
reoJIOTYHUMH MPOLIECAMH, 32 CTAHOM IPYHTIB MiJ| 00'€KTaMK Ta HABKOJO HHUX, 32 Ii3EMHUMHU
BOJIAaMH Y 30H1 OyIiBHHLITBA TOLO. [ €OTEXHIYHOMY MOHITOPUHTY MpPUCBsiUeHO pobotu [13-15].
Ha mincraBi BuUKOHABUOi 3HOMKHM HECYYHMX €JIEMEHTIB CIHOpYOH B Ipoleci OyAiBHUIITBA
MIPOBOJIMTHCS OLIIHKA BIJCTYMIB BiJ MPOEKTY Ta BUMOI HOPMAaTHBHUX JNOKyMeHTIB. Lle anami3
3icTaBlieHb pPe3yJbTaTiB BUMIPIOBaHb 3 MNPOrHO3HUMH O4IKYBaHHSIMHU y mpoekti [16, 17].
PoGuthcs 1ie B mepiny uepry 3 MeToro 3a0e3neunTH Oe3reKy Jtojiel, BClo iHQpacTpyKTypy Ha
4o 3i crnopyaow, 1o posrisigaetbes [9]. He3Baxarounm Ha iCHYHOUy CydYacHY CUCTEMY
PO3paxyHKIB, MPOSKTYBaHHS Ta TEXHOJOriH, MPOEKTHA MOJIENb He 30iraeThcsi 3 peasibHICTIO 1,
4YuM OibIlIa PO301XKHICTb, TUM BUILE CTYIiHb PU3HUKY Ul CIIOPYIM ONMHUTHCSA B aBapiiiHOMY
crani [18]. PyiiniBHI nedopmaiii MOXYTh po3mouaTucsl 3 OfHIET Hecy4oi KOHCTPYKIUT uM ii
€JICMCHTIB.
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MOHITOPHHT BHCOTHHUX OYIIBEIb Ta BEIMKOIMPOIITHHX CHOPYHA OXOIUTIOE IIMPOKHU CIIEKTP
nuranb. [locTaHoBKa MpoOIeMH 3a4a€ HANPSMOK Y JAaHOMY JOCII/DKEHHI, KU 3BOIUTHCS JIO
MOHITOPHHTY HaIlpyXXeHO-1e(opMOBaHOr0 CTaHy OyaiBenb Ta CIOpPYHA, IX KOHCTPYKIii Ta
€JIEMEHTIB KOHCTPYKI[ii: IUIACTWH, CTPIKHIB, BY3JIB Ta iX TmoeaHaHb. [Ipu MOHITOpHHTY
BuMiproeTbes 3Mina HJIC Ta Ha mificTaBi pe3ysibTaTiB BUMIPIOBaHb, OL[IHKH, aHANI3y, MPOTHO3Y
JIAIOTHCS BUCHOBKH TIPO HAJIIIHICTh Ta O€31eKy CIopyIu Ha MeBHUH repiof excrutyatarti [19-21].

OcHoBHmii Tekcer. Cy4acHi TEXHOJOrI JIO3BOJISIIOTH CTBOPIOBATH YHIKallbHI OY/iBeNbHI
KOHCTpYKLIi 13 JocTaTHIMH (HE 3aBHIICHUMH) po3Mipamu, L0 3a0e3MevyroTh HaJiiHICTh
pobotu criopyau. Teopisi po3paxyHKy BeCh 4Hac YIOCKOHAIIOETHCS, BPAaXOBYIOTHCS Pi3HOTO
poay 30ypeHHsI Ta 30BHIIIHI BIUIMBK. TOMy MeTa CTATTi — [OKa3aT, SIKYy pOJb BiJirpaioTh
NOXUOKM TOJOXKEHHS BEKTOpa CHIM Ta IOXUOKM IIOJIOKEHHS HECYdOoro CTPIDKHSA, LI0
BUHHKAIOTh BHACIIJIOK BUKOHAHHS I'€0/IE3UYHUX BHUBIPSUIBHUX 1 MOHTa)XHHX poOiT. [lokazarw,
SIK 301IbLIYEThCS 1X BIUIMB CIUIBHO 3 iHIIMME (pakTopamu. Jlo 1HIIMX BaXKITMBHX (akTOpiB
BiJTHOCSTBHCS: OJHOCTOPOHHE (HEPiBHOMIPHE) HArpiBaHHs HECYYOTrO CTPHIKHS; HAXHJI, 3MILIICHHSI
Ta aedopmalii HECydOro CTPHXKHS 4epe3 HEeCHPUSTIMBI TeosioriuHi (EK30reHHi) MpOLecH;
HEIOCTaTHHO TOBHHH PO3PAaXYHOK KOHCTPYKIIH; HEIOTPUMAaHHS TEXHOJOTI Ta TOYHOCTI
BUTOTOBJICHHS1; HEOAHOPIAHICTh MaTepiany, MiKpoae(eKTH Ta HIIIi.

Koncmpykyis, wo poszensadacmucsi. Po3rissHeMo JOBrui, BiTHOCHO TOHKHH BEPTHUKAIbHUI
HECY4YHMil CTPIIXKEHb, SKHH Ma€ MpSIMOJiHIHY ¢(opMy piBHOBarm MmiJl €I 30BHILIHBOI
CTHCKAIO40i OChOBOI pPO3paxyHKOBOi cwid. CTpHXKeHb 3HAXOAWUTBCS Y KOHCTPYKIIT, 110
CKJIJIA€ThCsl 3 JBOX BEPTUKAJIBHHUX CTPIIKHIB. 30BHIIIHIM HAaBaHTAXKCHHSIM Ha HECY4Hid
CTPIIKEHb, € CUJIOBHH BIUTMB Ha HHOT'O 1HIIMX €JIEMEHTIB OyaiBenbHOI KOHCTPYKIIT [26]. Hexai
HECY4YHil CTPY)KEHb 3HM3Y 3aKpiIUICHUH (3aleMJIeHHi), a 3BepXy 3'€IHaHUil Y BY3Jl 3 IHIIUM
BEPTUKAJILHAM TPSIMOJIIHIHHIM HaBaHTAXXYIOUHUM CTpYKHEM. Ha erami MOHTaxy KOHCTPYKIIist
BCTAQHOBJIIOETHCSI B IPOEKTHE MOJNOXKEHHS TAaKUM YHMHOM, 100 o0uaBa CTPHIKHI
PO3TaIlIOBYBAJIMCh HA OJIHIM OCHOBIN BepTUKAJBHIM JiHIT. MeToaaMu Ta 3acod0aMu iHXEHEepHOT
reojie3ii MPOBOJMTHCS BHUBIPKA IOJOKEHHS, KOHTPOJIb BEPTUKAIBHOCTI Ta CHiBBICHOCTI,
BHKOHABYA 3HOMKa MICJIsi OCTATOYHOro 3aKpimieHHs. Ctajis HaBaHTaXXEHHs, e CTallis BiJUIIKY
no4atky MoHiTopuHry. Ha i cramii moBuHHI Oyt 3adikcoBaHI BCi MOYATKOBI HMapaMeTpH
HJC Ta ¢opma piBHOBaru, BHSBICHO T'€OMETPHYHI BiJXWIICHHS, 3pOOJIECHO HEPLIMHA IUKII
0CiIaHb, FOPU3OHTAIILHUX 3MillIeHb, KPEHY TOLIO.

TeoperuuHo, BepTHKaJIbHA OCbOBA CHUJIA, IO JII€ HA BEPTUKAILHUN CTPUIKEHD 1 CTUCKAE HOTO,
IpU JOIYCTUMHUX PO3PAXyHKOBUX 3HAYEHHSAX HE MPU3BOJAMTH JO BHUIMHY 1 3aJIMIIKOBUX
nedopmariiii crprkHs. TeopeTHuHO BHACHTIIOK HECYTTEBUX JI0JJATKOBHUX BIUIMBIB Ta BiIXHIICHB,
y OyniBelbHUX KOHCTPYKISIX HE BHHUKAIOTh HENPUIYCTHMi HAampyrd Ta MOMEHTH CHJI, a
3Ha4uTh 1 Jedopmarnii. [Ipy TakoMy HaBaHTa)XKEHHI Ta HECYTTEBHMX JOAATKOBUX BILUIMBAX Ta
BIJIXWJICHHSIX IPaBWILHO PO3PAaXOBaHUI HAa MILHICTh Ta CTIMKICTh CTPHKEHb Ma€ MpPYXKHI
HeBesMKi Jedopmanii Ta 30epirae criiiky npsiMomiHiiHy (GopMy piBHOBark. akTUUHO 1€
Y3TODKYETHCSI 3 MOHATTSAM CTIMKOCTI eJeMeHTIB OyHiBelIbHHUX KOHCTPYKIii. Bimomo, mo mia
CTIMKICTIO pO3YMIIOTh 3/IaTHICTh €JeMeHTa Oy[IBeNbHOI KOHCTPYKIII YHHUTH OIIp
BUHUKHEHHIO BEJIMKMX BIIXWIICHb BiJ MOYAaTKOBOI PIBHOBAru NpH MajMX JOJATKOBHX BIUIUBAX
Ta BiaxwieHHsAX [25]. OmgHak i3 3HAYHUM 30UIBIICHHSIM HAaBaHTA)KCHHS HE3HA4HI nii Ta
BIZIXWJIEHHS MOXYTh CTaTH 3HAYHUMHU. Po3risHemo 1e.

Bnaue noxubox nonosicenns eexmopy cunu (BC). Sk nokazano y po6orax [25, 26], BepxHii
cTprkeHb exBiBaneHTHHI BC. SIK1110 3a MpoekToM BepXHii CTpHKEeHb BEPTUKAIBHUM 1 Tiepeae
JIMIIE OCHOBE HABAHTAXKEHHS, TO BEKTOP CHJIM Ma€ TiJIbKU BEPTHKANbHY CKJIaZoBY. B pe3yiprati
MOXUOOK Te0fe3MYHUX BHUBIPSUIBHUX Ta MOHTa)XXHUX POOIT HAmMpsMOK JiHiil Hii CHiIM Martume
JesKi BIOXWICHHSA BiJ HPOEKTY Ta XapaKTepH3yBaTHMEThCS ITOXMOKaMH y KyTax Haxuily
BeKTOpa cwid. ToYKa NMPUKIAAAHHS CHIM TaKOX MaTuMe AesKi BIAXWJICHHS BiJl MPOEKTY Ta
XapaKTepU3yBaTUMEThCSl TTOXMOKaMH B KOOPAMHATAX TOYKHM MNPHUKIagaHHA cuid. IloxuOxu
MOJIOXKEHHS BEKTOpAa CHIM BH3HAYalOTh MOJIOXKEHHA Yy IMPOCTOpi IIMCHOTO BEKTOpa CHIIH
(puc. 1 (2)). Y HamomMy BHNaJKy AiHCHUI BEKTOp CHIM OyJe NOXWIIUM i MaTHME BEPTHUKAIIbHY
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Ta TOPU3OHTAIBHY CKIaJoBy cuii (puc. 1 (0)). 3BepHIMO Ha e OCOOJHMBY YBary, OCKUIbKH
TOpU30HTAJIbHA CHJIA TPHU3BENE MO INepenuacHoi 3MiHu (OpMHU piBHOBAru crpwxHs. [Ipuuomy
rOpU30HTAJIbHA CHJIA [P BHMAIKOBUX MOXMOKaX MMOIOKEHHS BEKTOPA CHJIM, KOJIM KOKHA 3 HUX
He JIOPIBHIOE HYIIIO, JIi€ 10 BCIX HAIpsMKax mepepisy ctpuxkhs (puc. 1 (B)).

o0
7 0, 0,a
* = F
Fy T
v —pl e
X )
r
X = 01 — IIEHTP Bar'H HIKHBOTO Hepepi3
F, - TeopeTHUHe HonoxkeHHI BC LT PepLsy
i 02 — IEHTP Bard BEPXHBOTO IEPEPIRY
F - npificue momoxerns BC a — TOYKa [IPHKIAJAHHA CHIIH

(@) ®) (8)

Puc. 1. [TonoxeHHs BEKTOpa CHIIM B PE3yJIbTaTi TOXMOOK re01e3NUHIX Ta MOHTAXXHUX POOIT

Bnaue noxubox noaodcenHs Hecywozo cmpudichs. TIPUIyCTHMO, IO HECYYHil CTPIIKEHb
(HC)mae omnakoBi mepepi3u i BiCb CTPWXKHS NPOXOAMTH dYepe3 ILEHTP Baru IepepisiB.
BHaci1i1ok moxubok reofie3NdHUX BUBIPSIIbHUX Ta MOHT)KHUX POOIT HECYYHd CTPIIKEHDb Oyie
BCTaHOBJICHHH y BEpPTHKAIbHE IOJOXKCHHSI 3 HOXMOKAMH y HampsMKax OCi CTPIIKHS OO
KOOPJMHATHUX OCeH Ta 3 MOXMOKAMM y KOOpAMHATaX LEHTPIB Bard HIKHBOIO Ta BEPXHHOIO
nepepizy (aHaNOrivHO TOMY, SIK TIOKa3aHO Ha puc. 1(a)). Y TakoMy pa3i BiCb HECYYOr'0 CTPUIKHS
MaTHMe AeSIKUi Haxui. Y 3aralibHOMY BHIIAJKY HAXHI MOXKE HPOSIBISITUCS TI0 BCIX HANpPSMKaX,
y TOMY YHUCJI B IUIOLIMHI MiHIMQJILHOT }KOPCTKOCTI.

Jlinis 1ii HABaHTAXKYIOUOI CHIJIM 1 MO3JIOBXKHS BICh HECYYOr0 CTPMXKHSI OyJIyTh PO3TallIOBaHi
I KyTOM OJUH JI0 OAHOro (puc. 2 (a)), 110 BUKJINYE 3THHAJIbHI MOMEHTH 1 IOIIEpEyH] CUIIU B
nepepizax crpuwxkHs  (puc. 2 (0), (B)). 3ruHajIbHI MOMEHTH INPHPOAHO  CIPHUATHMYTh
nepequacHoMy BUTHHY cTpiokHs. LIi aii OyayTh mocuieHi THM, IO TOYKA JOKIJIAJIaHHS CUIIU He
30iraeTbcs 3 LIEHTPOM Baru BEpXHbOro mepepizy (puc. 1 (B)).

Bnaue memnepamyprozo epadienma. Po3risHeMo naii 3MiHEHY MOXMOKAMH MOJIOXKESHHS
KOHCTPYKIIIO MiJ] Yac ekcruryatanii. Hecyuuii cTprkeHb Mmiclisi MOHTaXy 3HAXOIMThCS y CTaHi
OPY)KHOI pIBHOBard, sKa BBKAETHCS IOYATKOBOIO HAa MOMEHT II0YATKy [EOAC3HIHOrO
MoHiTOpuHry. [lpumyctumo, 110 mif 4Yac eKcIulyatamii CTPWKEHb  HAarpiBaeThCs
OJTHOCTOPOHHBO, B3IO0BXK oOci. HepiBHOMIpHO HarpiTHii CTpHKeHb HaOyBa€ 3IIaTHOCTI JIO
BUKpHBJICHHA. YuM OUIbLIMH TemrepaTypHHil rpajaieHT (pi3HUII TemIepaTyp Harpitoi Ta
TIHBOBOI CTOPOHH), TUM OLJIBLIMH BUI'HH Ta MOJIOBXKEHHS MOXJIMBI. Bee 3a5exuts Bif po3Mipis,
MaTtepiaiy, BUIY 3aKpiIUIeHHs KiHI[IB TOIIO. TakuM YMHOM, HEPIBHOMIPHO HArPITUI CTPIIKEHb
CXWJIBHHH 110 3MiHM ()OPMH pIBHOBAard 3a NeBHUX yMoB. He Bhawoumch y riMOMHY NMUTaHHS
TEMIIEPAaTYpPHUX BIUIMBIB 1 HOJIETHIYIOYM PO3YMIHHS CYTi NpeaMeTa, MPHUITYCTUMO, 110 BEKTOP
HarpiBaHHsS JIOKUTh y BEPTHUKAJIbHIA IUIONIMHI, IO MPOXOIWTh Yepe3 BiCh CTPHXKHA. Y
3arajJbHOMY BHIIAJKY Ll IUIOLIMHA MOXKE IIOCTYIIOBO IIOBEPTATHCS HABKOIO OCI CTPHIKHS
(HanpuKIIaa, IPU COHSYHOMY HArpiBaHHI) 1 MOXKE CTATUCS TaK, 1110 BOHA CIIBII/IE 3 IIOINHOIO
HaMEHIIIOT )KOPCTKOCTI. BUKpHBIIEHHS CTpM)KHSL HaliMOBIpHilIe Oyne y 1ii ruiomuHi. Y it
K€ TUIOLIMHI MOXXYTh BUSIBUTHCS ¥ iHIN (DaKTOpPU BIUIMBY, 10 BUKIIMKAIOTh BUTHH, SIKI MH
po3risigaemo.
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Puc. 2. «3MiHeHa» KOHCTPYKLis

[ToBepHEMOCS 10 TOHSITTS CTIHKOrO Ta HECTIHKOro CTaHy «3MIHEHOI» KOHCTPYKLIl y
HECHPHUATIMBUX yMoBax. Komu Ha aOGCOTIOTHO BEPTHKAIBHUM CTPH)KEHb THCHE BEpPTHKAJIbHA
CHJIa, IO BCE 30UIBIIYETHCS, TO CTPWIKEHb, HE 3MIHIOIOUU MPAMONiHIHHY (OpMy piBHOBAru,
BUTPUMYE 110 cuiIy. Jlo sIKOroch NMEeBHOro MOMEHTY BiH 30epirae crilikicts. [Ipu mocsrHeHHi
CHJIOIO JIESIKOTO 3HAYECHHS CTPIKEHb BXOIWUTHh Y KPUTHUHUI HampyxkeHHi ctad. TobTo Hacrae
MOMEHT, KOJIM BiH BTpayae piBHOBAry, CTa€ HECTIMKMM Ta 3rWHA€ThCS. [IpaKTUYHO CTPIIKEHb
ITiCIIst BTPATH CTIMKOCTI MIBUIKO PYHHYETBCS Bijl HAIMIPHOT HATIPYTH.

VY HamoMy BHIAAKy «3MIHEHUH» 3raflaHMMH (aKTOpaMu CTPI)KEHb II0YaTKOBOMAae HE
a0COJIIOTHO TPSMOINIHINHY, a K OM MOXWiy KpHBOMNiHiMHY (opmy piBHoBaru (puc. 2 (T)).
HaBiTh mpu He OyXe BEIMKOMY HABAaHTAXXEHHI, SKe IIOHAJ PO3PaXyHKOBOTO 3HAYEHHS,
CXWIBHUHA O BUTMHY CTPIDKEHb IOYHE 3TMHATHCS, 1 KPUTUYHUHA CTaH Ui HbOTO HACTaHe
3HayHO paHime. [IpyunHamMu A14 1BOro, K 0aurMO, € MOXMOKU IOJIOKEHHS, TeMIepaTypHHUIl
BIUIUB Ta 1HII YUHHHUKH, 110 BUHUKAIOTH 1 IPOSBIIAIOTHCS Y HECTIPUATIMBUX YMOBaX.

Bnaue ceonociunux paxmopis. 3a3HaueHi MOXUOKH MOJIOKEHHSI MOXKYTh OyTH 3MEHIIIEH] TIPH
BUKOHAHHI TEXHOJIOrii MOHTaXy Ta HOro Treole3nvHOro 3abe3ledeHHs, 10 0a3yeThbcs Ha
PO3paxyHKy JOIYCTUMOIO BIUIUBY LMX MOXHOOK. TemmepaTypHi BIUIUBH TaKOX MOXYTb OyTH
3MEHILICHI MPH TMEBHOMY 3aXUCTi KOHCTpYKWid. OpHak mposiB Hux (aKkTopiB Moxe OyTH
MOCHJICHUH, a CTIMKICTh CTPHXKHS 3Ha4YHO OcliabjeHa BHACHIIJOK HEPIBHOMIPHOTO OCIJIaHHS,
TOPU30HTAJILHOTO 3MillleHHs ab0 KpeHy HeCcy4oi KOHCTPYKLII 4yepe3 HeOe3neuyHi eK30reHHi
T'€OJIOT1YHI MTPOLIECH.

Bunukae mnuTaHHs], SIKy CHUCTEMY CIIOCTEpEXeHb (BHMIpIOBaHb) HEOOXIIHO CHOpMYyBaTH,
BpPaxoBYIOUYHM KOMIUIGKCHHMBIUIMB oOmnucaHuxX (akTopiB Ta mnocraBieHi ymoBu. [lo-mepiie,
TOYHICTh. Y MOCTaHOBILI NPOOJIEMH BKa3yEThCS, IO CHCTEMa MOHITOPUHTY ITOBUHHA Bi4yBaTH
3MIHHU HalpyXeHO-1e(OpMOBAaHOrO CTaHy. Y pO3BHUTOK I[bOTO, HAa HAIl MOTJIS, YyTJIUBICTh Ta
TOYHICTh CUCTEMHU MOHITOPUHTY Ma€ OCOOJIMBE 3HAYEHHS, OCKUIbKH JTO3BOJISIE KOHTPOJIOBATH
HJ/IC mo Bciit niHiiii po3BUTKY qedopMalliif, He MPOMyCKaloYl MOMEHTH IIEPEX0/1y BiJl OJHOTO
crany no ixmoro [30]. A OesnepepBHa ¢ikcaiis NPOLECY PO3BHUTKY, IOYMHAIOYH Bij
MIEPBICHOTO CTaHy, I03BOJISIE OTPUMYBATH aOCONIOTHI 3HAYCHHS HAMPYXKEHb 1 ieopMariiii.

Tounicte, 3 sikol0 HeoOXigHo BumiptoBatu mnapamerpu HJIC, nanpukman: aedopmanii,
3MIIEHHS, HAXWIH - 16 0COOIMBE IMHUTAaHHSA, TOMY LI0 BiJ I[LOTO 3aJISKUTh 3HAHHS PEaIbHOIO
CTaHy KOHCTPYKIIi Ha KOXHHUI TMEBHHI MOMEHT 4acy. 3aJieHO BiJlI TOYHOCTI CTBOPHOETHCS
CHCTEMa MOHITOPHHTY, MiJOUPAIOThCS MPUIaad Ta MeTOAH. [IMTaHHSAM TOYHOCTI BUMIPIOBaHb
MU MPHIUISUIK yBary B poboTax [25, 29, 30]. 3a3HauumMo, 110 MonepeHii po3paxyHOK TOYHOCTI
MOKa3ye JIy)Ke BUCOKY HEOOXiJHYy TOYHICTh BUMIpiB. ['eoje3ndnHi MeToan AalTh aOCONIOTHY
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KapTUHY 3MillleHb Ta JedopMalliii, aje Jajaeko He 3aBXkKIU MOXKYTh 3a0€31eYUTH TaKy TOUYHICTb.
[HKeHepHO-TEeXHIYHI METOJ MOHITOPUHTY MOXYTh 320€3MeYUTH TaKy TOYHICTb, ajie Aal0Th, 5K
MPaBUJIO, BIJIHOCHI pPe3y/lbTaTH BHUMIPIOBaHb. B HalloMy KOHTEKCTI aOCONIIOTHI Pe3yJbTaTH
MOKa3YIOTh OPi€EHTOBAaHY 3MiHY IUIAHOBO-BHCOTHOT'O MOJOXKEHHS KOHCTPYKIIii, 11 eleMeHTiB Ta
YaCTHH II[0J0 HABKOJHIIHBOTO CEpPEeNOBHUINA, EJIEMEHTIB IPOCTOpy Ta 4acy. BimHocHi
pe3yabTaT IMOKa3yIoTh YAacTKy 3MiHM 30BHILIIHBOTO CHJIOBOTO Ta TEMIIEPATypPHOTO BIUIMBY,
nedopmariiii Ta HanpykeHb, 4aCTKy JAedopManiiHUX 3MIleHb y MEXKax OJHOro eleMeHTa abo
foro uvactmHu. (Hampukmazx, maTyMk depe3 BUMIPIOBAHHS EJNEKTPUYHOTO ab0 ONTHYHOTO
CUTHAJTy TIOKa3ye B3a€EMHY 3MiHY MIXK JIBOMa TOUKaMH €JIEMEHTA, Ha SKUX BiH 3aKpPIIUICHHUH, aje
SIK TIPH 1IbOMY 3MIHHJIOCSI IPOCTOPOBE TOJIOXKEHHS LIUX TOYOK, «BIH HE 3HAE»). BimHOCHUMU
BOHU MOXYTh OYTH 1 32 4acoM, TOOTO Mixk JIBoMa npoMixkkamu 4acy. 1106 po3ymiTu peanbHuii
HJIC enemenTiB OyaiBeNnbHUX KOHCTPYKILINM y OyIb-SKHH 3aJaHUii MOMEHT 4acy, HEOOXiJHO
MaTH Oe3repepBHi BiJJHOCHI Ta aOCONIOTHI pe3ysbTaTH BChOTO MEPiOy CIIOCTEPEKEeHb, TOOTO
3HATH 3MIHU HAINPYXeHb Ta Jedopmaliiii 3 camMoro no4yatky ix BUHMKHEHHs JI0 33J1aHOr0 4acy.
3HATH TAKOXX TPUYUHH [IUX 3MiH 00 TPOrHO3YBaTH AMHAMIKY 3MiH.

Jns po3ymiHHs npuuuH BuHMKHEHHs 3poctanHs HJIC mnotpiOHI, 30Kpema, pe3yJbTaT,
OTpUMaHi MeTolaMH iHxkeHepHoi reonesii. lle pesympraTn, 10 BigoOpakalOTh 3MiHH Yy
MIPOCTOPOBOMY TOJIOKEHHI KOHCTPYKILIT (FOPU30HTANIbHI Ta BEPTUKANIbHI 3CYBH, KpEH), 3MiHH
¢dopmu 11 eneMeHTIB, CIPUYNHEHI HEraTUBHUMH IPUPOJHUMH Ta TEXHOTCHHHMH IpOLEcaMu y
MPUPOJO-TEXHIYHIH reocucTeMi. 3OUIbIICHHS  CHJIOBHX Ta TEMIIEPATYPHUX BILUIMBIB,
HanpyxeHb Ta JaedopMaliii peecTpyeThCsi BiIMOBIAHUMH JAaTYMKAMH CHUCTEMH IH)XXEHEpPHO-
TEXHIYHOTO MOHITOpUHTY [27].

Jns nocrifiHoro Ta 6e3nepepBHoro koutponto HJIC enemeHTIB OymiBeNbHUX KOHCTPYKIIii
3aCTOCOBYIOTh AaBTOMATH30BaHI cucteMu MOHITOpUHTY (ACM). Slk Mu paHinie BKa3yBalH, /st
TOro mo0 MaTH BCIO ICTOpIIO HampyKeHb, AepopMalliif, TeOMETPUYHHX BIIXWICHb BiJ
BuXigHoro nojoxeHHs, ACM noBuHHa OyTH BCTaHOBJIEHa Ha O0'€KTI Ha CaMOMY IIOYATKy
OynmiBHMLTBA. Y TakoMy KIIO4i MOHITOPHHT pO3IJISIIAETHCS HAMH  SIK  TIPOJIOBIKEHHS
BCTAHOBJICHHSI, BUBIPSIHHSI TA HABAHTAXKEHHSI €IIEMEHTIB Oy/1iBeIIbHUX KOHCTPYKIIH.

KoHTponb BCTAaHOBIIGHHS Ta BUBIPSHHS TOJOXKEHHS EIEMEHTIB Yy TIpOLEeCci MOHTaKy
3IIHCHIOETBCS METOAaMH 1H)XKEHEPHOT reozie3ii B Jiana3zoHax MiliMeTpoBOl Ta CyOMiTiMETpOBOI
TOYHOCTI. Y TpoLeci HaBaHTAKEHHS KOHCprKui’f 30BHILIHIM HABaHTAXCHHIM BI/IMip}OBaHHH
HAaIpyr, 0 BUHUKAIOTb, 1 z[e(popMaum B PI3HHX €JIEMEHTAaX 1 By3JaxX 3[1HCHIOEThCA METOAMHU 1
3acobamu 1H>KeHepHo TEXHIYHOT'O KOHTPOIIO 3 BiZITHOCHOIO TOXMOKOIO B KiJIbKa MKM/M.
OciganHs, KpeH, 3MiHa (OPMH TOIIO BHUMIPIOIOTBCS METOJAMH Ta 3ac00aMM 1H)KEHEpHOI
reoJie3ii Ta JOMOBHIOIOTHCS METOJaMU Ta 3ac00aMH 1H)KEHEPHO-TEXHIYHUX BUMIPIOBaHb. Takum
YMHOM, OTPHUMYIOTh IIOYAaTKOBI B3a€EMOIIOB'S3aHI PE3yJIbTaTH HEPIBHOTOYHUX BHMIPIOBaHb
a0COJIIOTHUX Ta BIHOCHUX BenuuuH. Jlam B mpoueci ekcrutyaTauii iHpopMalis MOBHHHA
Oe3repepBHO HAKOMUYYBATHCS, BiJOOpakatoud BCi TeOMETpPUYHI Ta (I3WUHI 3MIiHH, IO
BiOyBalOTbCsT B KOHCTPYyKLii. TUIbKM KOMIUIEKCHHH MOHITOPUHI JO3BOJISIE BUPIMIATH
mocrasJieHi 3amaqi [27].

KoxkHa OyJiBesbHAa KOHCTPYKIISI BUMarae CTBOPEHHSI CBOEI MEBHOI CUCTEMH MOHITOPHHTY,
IO MiAXOIMUTH YIS i€l KOHCTPYKIIi, TOMY L0 BOHa Mae 6araTo cneuu(iuHUX OCOOIMBOCTEH
oOy/I0BH, BUKOPUCTAHHS MaTepialiiB, poOOTH y 30BHIIIHbOMY cepepoBuii. st cTprkHeBoi
KOHCTPYKLIi, 10 PO3IJISJa€ThCsi HAMH, B OCHOBI SIKOi 3HAXOOUTHCS THYYKHE CTpHXKEHb,
cHCTeMa MOHITOPHHIY TIOBUHHA BUKOHYBATH HACTYIHI ()yHKIII.

1. IlpoBecTn BHKOHABYY 3HOMKY Ta OTPHMATH IIOYaTKOBI JaHI PO peajbHE MOJIOKEHHS Ta
HAINpPY)XEHUH CTaH KOHCTPYKLIH ITiCIst IX MOHTaXYy.

2. TlepeBipsATH BEPTUKAIBHICTh 1 MPIMOIIHIAHICT HECYYOTO CTPYDKHSA Ta CTPYIKHS, IO
HaBantaxye. ACM Moxe 3iiicHIOBaTH Oe3nepepBHUN KOHTPOJb BIIXWICHb BiJ| BEPTHKANI 3a
JIOTIOMOT'0I0, BHUCOKOTOYHHX IHKIiHOMETpiB [31] UUIIXOM BHMIpIOBAaHHs 3€HITHUX KYTIiB 3a
JBOMa KOOPIMHATHMMH HampsMKaMmu. Lli npunagy BUKOPHCTOBYIOTBCS 1 Ul BHSBJICHHS
nedopmariiii BUrMHY NpW BiJIIOBIAHIN 1X KUIBKOCTI Ta po3TauryBaHHi. Jledopmariii BUTHHY
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HECY4YOro CTPHXKHS MIUISAraloTh 0COOIUBO PETEIBHOMY KOHTPOIIO. | TyT OijbIll YHiBEpCAIbHUM
Ta ONTUMAaJILHUM BapiaHTOM € 3aCTOCYBaHHS BOJIOKOHHO-onTHYHKX nat4yukiB (BOMI) [32].

3. BuwmiproBaTu miaHOBi Ta BHCOTHI 3MIIlIGHHS EJIEMEHTIB KOHCTPYKIIi Y BCTAHOBJCHiH
cucTeMi KoopiauHaT. s YacTMHAa MOHITOPHHTY BHKOHYETBCS Yy 3B'S3KYy 3 HEOOXIIHICTIO
KOHTPOJIIOBATH JIiHIMHI Ta KyTOBI 3MIILIEHHS] HECYYOr0 Ta HABAHTAXKYIOUOI'O CTPHIKHS BIJHOCHO
OMH OJIHOTO Ta 3aJaHOr0 TEOPETHYHOro (PO3paxyHKOBOI0) TIOJOKEHHs. 3IHCHIOETHCS
MeToJaMH Ta 3aco0aMu iHKeHepHOI reoze3ii. s 1BOro NPOBOAMTHCS BHUCOKOTOYHE
uiBemoBanHs (I abo Il kmacy) mo ocajoBux Mapkax y HeCydid 4YacTHHI KOHCTPYKIIi.
BHCOKOTOYHMM TaxeoMeTpoM BH3HAYAIOTh KOOPAMHATH 3aJaHUX TOYOK BEPXHHOTO Ta
HIDKHBOTO CTPWIKHIB, SIKI TOKa3ylOTh IUIAHOBI 3MIlEHHs ejneMeHTiB. JlaHi reoae3nyHux
BUMIpIOBaHb Yy MOEJAHAHHI 3 JJAHUMH, OTPUMAHUMHU 3 JIATYUKIB, MICIsl aHANI3Y MPUHMAIOThCS Y
CHUIBHY 00pOOKY.

4. KourpomoBatu HJIC Hecydoro crpwxss. [Ipu 1ipoMy BUMIpIOIOTh 30BHINIHIN CHIOBHIA
THUCK Ha CTPWKEHb Ta TEMIIEpATypy HarpiBaHHS PI3HUX AUISIHOK CTPHIKHS, BUKOPHCTOBYIOUH
JIATYMKU TUCKY Ta TeMrieparypu. Haii0Oinbm epextuBHUMY TYT Takoxk € BO/I.

BucHoBku. [Tox1OKM BUIOTOBJICHHS €JIEMEHTIB OYAiBEIbHUX KOHCTPYKIIH, re0Ae3nvHUX
pPO3MIYyBalbHUX, BHBIPSJIBHUX Ta MOHT&XHUX pOOIT BHU3HAYAIOTh, SK BIJIOMO, MOXHOKH
MOJIOXKEHHSI HECYYHX EJIEMEHTIB, MOXHUOKH TIOJIOKEHHS BEKTOPIB CHJI BIJIHOCHO TEOPETHYHMX
CXeM, a TAaKOX MOXUOKM IXHBOTO B3a€EMHOTO MOJNOXEHHA. Y PEalbHUX KOHCTPYKLIAX BOHU
BUKJIMKAIOTh JOJATKOBI CUJIM T MOMEHTH CHIL.

[Ticnst MOHTaXyY 1 NMPH MOJANIBIIINA EKCIUTyaTalil KOHCTPYKIIT MOXYTh Bi4yBaTH BEIHKHIA
CHEKTp TeMIlepaTypHHX BIUIMBIB 1 JOJATKOBMX CHIJIOBHX BIUIMBIB B PE3yJbTaTi 3MIlCHb 1
nedopmariiid. [Ipu HepiBHOMIDHOMY OJHOCTOPOHHBOMY HArpiBaHHI MOXKE CTaTHCS JesKe
BUKPHBIICHHS OCI CTpWXHA. L[pOMy X CHpHs€ TOPH30OHTAJbHA CHIIA, IO BMHHKAE BHACIITOK
MOXHOOK IOJIOXKEHb Ta 3MillleHb. BUKpUBIICHHS HeXxall y HEBEIMKUX MEXaX, ajie JOCTaTHbO I
TOro, mo0 pO3MIsAaTH Ieplli O3HAKM KPHUBOMNiHIMHOI ¢opmu piBHoBaru. [lig mieto
TOPU30HTAIILHOI CHJIM KPHUBOJIiHIMHA (hopMa PiBHOBArW CXWJIbHA JIO HIBUAKOTrO BUTHHY. SIKIIO 3
SAKUXOCh NPUYMH HABAaHTA)XCHHS Ha CTPIDKCHb IOYHE 3POCTATH, TO HABITh HEBEJIUKE HOro
30UIBLICHHST MOXE IpU3BeCTH J0 Benukux jnedopmauniid. Ile y3romkyerbcss 3 TMOHATTAM
HECTIMKOCTI JOBrOro BiZJHOCHO TOHKOT'O CTPHIKHSI.

[Tpu MOHITOPHHTY 3a CTIHKICTIO KOHCTPYKIII Ba>KJIMBO PO3YMITH, IO MPH CTiKKil piBHOBa3i
MaJtiii 3MiHI HAaBaHTa)KEHHsI BiJIIIOBIIAIOTh Mauli PYXHi Aedopmanii. [, HaBnaku, mpyu HeCTIHKiN
PIBHOBAa31 HEBENUKE J0JIATKOBE HABAaHTA)KEHHS BUKIIMKA€E 3HAYHI HAMIPYXESHH Ta Jedopmalrii.

CucremMa MOHITOPMHTY TIOBHHHA BiJ4yBaTH 1 HaJeXHUM YMHOM (IiKCyBaTH 3MIHH Ta
JIIMHAMIKY HanpyxeHo-1e()OpMOBAHOTO CTaHy. 3BiJICM BHHHMKAa€E MoTpeda y BHUMIipIOBAJIBHUX
KOMIUIEKCaX 3 MEBHOI KOH(Irypalieo, mo 3a0e3neuyioTh 3 HE0OXiTHOK 33aHOK0 TOYHICTIO
BUMIpIOBaHHsI 3MiH (Pi3MYHOrO CcTaHy eJeMeHTIB OyaiBelbHUX KOHCTpyKUid. [Ipu mpomy
BUMIpY TIOBHHHI TIOYMHATHCS 3 MOMEHTY MOHTa)Ky KOHCTPYKLIH, 00 OLIHUTH IXHIil peanbHuil
HaINpyXeHo-1epopMoBaHHii cTaH. J{si KOMIUIEKCHUX BUMIpIOBaHb HEOOXIAHUM €MHUIA MPOCKT
BUKOHAHHSI TEOJE3MYHHX Ta IHKEHEPHO-TEXHIYHUX pOOIT, M0 BimoOpa)kae 3acTOCyBaHHs
METO/IIB, CIIOCO0IB Ta TEXHOJIOTIH SIK BACOKOTOUYHHUX 1HKEHEPHO-TE€0AC3MIHUX BUMIPIOBaHb, TaK
1 THKEHEPHO-TEXHIYHUX BUMIPIOBaHb 13 3aCTOCYBAHHSM BHUCOKOTOYHHUX MPHJIAIB Ta JATYUKIB,
L0 IPYHTYIOThCS Ha Pi3HUX (Qi3uuHuX npuHiunax. CriibHa 00poOKa ojiepaHUX pe3yNbTaTiB
BUMIpIOBaHb JaCTh HalWOIIbII JOCTOBIPHI Ta MOBHI BiZIOMOCTI IIPO HANpPYXeHO-IeOpMOBaHHI
CTaH KOHCTPYKIIii, 1110 J03BOJIMTh 3a3JaJIerilb nepeadavaTi HeOe3neuHl cuTyalrii.
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Icaes O.11., bonoap C.A., Meoseocwvkuii FO.B., Yynanos I1.0., L{uxonenko O.B.
MOHITOPHUHI' CIIOPY /] 3 HECYUUMM EJIEMEHTAMM Y BUT'JIAAI JOBI'HX BEPTUKAJIBHUX
CTPUIKHIB

Posraspaetbess OyfiBenbHa KOHCTPYKINS, sfKa y IPOGKTHOMY BHIJISAII CKJIAJAEThCA 3 JABOX BEPTHKAIBHUX
NPAMOJIIHIMHUX B3aeMoOJitounx eneMeHTiB. OJUH 3 HUX HABaHTAXYIOUWH, Ipyruil Hecyuuil. Hecyumii enemeHT
MPEACTAaBIEHUH Y BUIIISL JOBIOTO TOHKOTO CTPHXKHS, HABAHTA)KEHOTO 30BHIIIHBOIO OChOBOIO BEPTUKAIBHOIO CHIIOKO.
BHacnijok moxu0OOK reo[e3MYHUX BHBIPSIIBHMX Ta MOHTaXKHHUX POOIT HECydyMd CTpHIKEHb Oyle BCTAaHOBJICHHH 3
JIEIKMM HaXHJIOM Ta 3MIIEHHAM II0J0 KOOPAMHATHMX oOcei. 3OBHIIIHE HABAaHTAXXEGHHS HA HeCyduil eleMeHT
IpEICTaBIeHE BEKTOPOM CHJIM, IKHH eKBiBaJeHTHUH HaBaHTA)KYIOUOMY CTPIOKHIO. [ToXMOKHM reofe3nYHUX BUBIPSAIBHUX
Ta MOHTQ)XHUX POOIT 3MIHATH MPOEKTHUH HANPAMOK JIiHIT Aii cHIM Ta T1 IPOEKTHE MOJIOKEHHS Ha HECYYOMY CJIEMEHTI.
INoxmnmii BEKTOp CHJIIM MaTUME BEPTHKAIbHY Ta TOPU30HTAIBHY CKJIQJOBY CHJIM. TakuM 4YHHOM, JiHig Aii
HaBaHTAXYIOUOI CHJIM 1 MO3JIOBXHS BiCh HECY4Oro CTPYIKHA OyqyTh PO3TAILOBaHi IiJ KyTOM OAMH A0 OJIHOrO, IO
BUKJIMYE 3TMHAJbHI MOMEHTH 1 IONEpEedHi CHJIM B Iepepi3ax CTPHXKHA. BUHMKae «3MiHEHa» IIOJO IPOEKTY
KOHCTPYKIIisl. 3THHAJIbHI MOMEHTH Ta TOPM30HTAJIbHI CHUIM B 11i€] KOHCTPYKLIi CHPUATUMYTh NEPEI4aCHOMY BUTHHY
cTprxHs. HepiBHOMIpHO HarpiTuil CTpHXKeHb TaKOX HaOyBae 37aTHOCTI 10 BUKPHUBICHHA. BrumB BkasaHux Qakrtopis
MOXe OyTHM TIOCHJICHWH, a CTIHKiCTh CTPMXKHSA 3Ha4YHO oOcjabjieHa BHACHIIOK HEPIBHOMIPHOIO OCiJaHHS,
TOPU30HTAJIBHOTO 3MillleHHs a00 KpeHy Hecydol KOHCTPYKLIi yepe3 HeOe3euHi eK30reHHi reosoriyni npouecu. Omxe
MOXUOKU TIOJOXKEHHS €JIEMEHTIB, 3MiHM TEMIlepaTypH, TeOJOTiYHi NPOLECH MOPYIIYIOTh NPSAMOJiHIMHY (Gopmy
pIBHOBAaru HECY4Oro CTPYIKHS Ta HOro MOJIOKEHHS B mpocTopi. 3MiHAa (GopMu 1 BiZHOCHOTO MOJIOKEHHS CIIPUSE
NepeyaCHOMy BUHMKHEHHIO HECTIMKOro CTaHy NpH 30BHINIHBOMY 3pOCTAlOuOMY HAaBAaHTAXEHHI. Y 3MiHEHiH
KOHCTPYKIIii Hecy4nil CTpHXKEeHb HECHOAIBAHO MOXKE ONMHHUTHUCA B KPUTHYHOMY HamlpyKeHO-Ie(GOopMOBaHOMY CTaHi.
3aB/laHHS MOHITOPHMHTY — BiJJYyBaTH 1 HAJIGKHUM YMHOM (hiKCyBaTH 3MIHM Ta AMHAMIKY HaIlpy>KeHO-1e(pOpMOBAHOIO
craHy. [[ns LbOro MNPOEKTYIOThCS BHUMIpPIOBaJIbHI KOMIUIEKCH 3 II€BHOIO KOHQirypaiieto, mo 3a0e3nedyriors 3
HEeoOXiZHOO 33/1aHOI0 TOYHICTIO BUMiPIOBAaHHS 3MiH (Di3MYHOrO CTaHy €eMEeHTIB OyAiBEIbHUX KOHCTPYKIIIN.

KuarouoBi ciioBa: 1oBruit crpuxeHb, MOXUOKH MOJIOKEHHS, (akTOpH BIUIMBY, CTiliKicTh cTprkHsa, HAC, 3aBaanHs
MOHITOPHHTY.

Isaev O.P., Bondar S.A., Medvedskyi Y.V., Chulanov P.O., Tsykolenko O.V.
MONITORING OF STRUCTURES WITH BEARING ELEMENTS IN THE FORM OF LONG VERTICAL
RODS

A building structure is considered, which in the design form consists of two vertical rectilinear interacting elements.
One of them is loading, the other is carrying. The bearing element is presented in the form of a long thin rod loaded
with an external axial vertical force. Due to the errors of geodetic verification and installation work, the bearing rod will
be installed with some inclination and displacement relative to the coordinate axes. The external load on the bearing
element is represented by the force vector, which is equivalent to the loading rod. Errors of geodetic verification and
installation work will change the design direction of the force line and its design position on the supporting element. An
inclined force vector will have a vertical and horizontal force component. Thus, the line of action of the loading force
and the longitudinal axis of the supporting rod will be located at an angle to each other, which will cause bending
momentsand transverse forces in the sections of the rod. A design "changed" in relation to the project is created.
Bending moments and horizontal forces in this design will contribute to premature bending of the rod. An unevenly
heated rod also acquires the ability to distort. The influence of the specified factors can be increased, and the stability of
the rod significantly weakened due to uneven subsidence, horizontal displacement or tilting of the supporting structure
due to dangerous exogenous geological processes. Therefore, errors in the position of elements, changes in temperature,
geological processes disrupt the linear form of equilibrium of the bearing rod and its position in space. The change in
shape and relative position contributes to the premature emergence of an unstable state under an increasing external
load. In the changed design, the bearing rod may suddenly find itself in a critical stress-deformed state. The task of
monitoring is to sense and properly record changes and dynamics of the stress-strain state. For this purpose, measuring
complexes with a certain configuration are designed, which provide with the necessary specified accuracy the
measurement of changes in the physical state of the elements of building structures.

Key words: long rod, position errors, influencing factors, rod stability, tensely-deformed state, monitoring tasks.

VK 528.48

Icaes O.I1., Bonoap C.A., Meoeeocvkuii FO.B., Uynanos I1.0., Luxonenko O.B. MOHITOPMHI CHIOPYA 3 HeCYYMMH
eJleMeHTaMH Y BUIIsAI A0BI'UX BePTHKAJbHUX CTPH:KHIB // Omip mMaTtepianiB i Teopis cropyn: Hayk.-Tex. 30ipH. —
K.: KHYBA. 2023. —Bumn. 111. - C. 251 — 262.
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elements in the form of long vertical rods // Strength of Materials and Theory of Structures: Scientific-and-technical
collected articles. — K.: KNUBA. 2023. — Issue 111. —P. 251-262.

The factors influencing the rectilinear equilibrium form of a long thin rod, which may prematurely lose stability under
increasing load, are considered. It is shown what kind of monitoring should be performed to follow the dynamics of the
tensely-deformed state.

Fig. 2. Ref. 32.
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The paper considers the results of the study of resistances arising during the operation of a bulldozer in the soil
environment and processes in the drawing prism. What affects the stability and productivity of the bulldozer during
excavation works. The geological map of the "Ukrainian crystalline shield" was studied, where the most common soils
on the territory of Ukraine were found. Using the proposed hypothesis of the movement of spatially oriented knives on
a bulldozer blade, it was shown that when excavating soil at different speed ratios, there is a deviation of the cutting
force application vector by an angle (o), which in turn affects the geometric interaction of the spatially oriented knife
with the working environment. Changing the geometric interaction of the spatially oriented knife with the soil affects
the cutting force, which led to the creation of a parametric model of the interaction of spatially oriented knives with the
working environment. The model was developed for different knife configurations and different ratios of the bulldozer
speed to the spatially oriented knife movement speed. The total, normal, and orthogonal cutting forces for the working,
subcritical, and critical depths of soil cutting were calculated, according to changes in the parametric model of the
spatially oriented knife. A comparative calculation of the cutting force by a bulldozer without and with spatially
oriented knives was carried out.

Key words: oblique cutting, spatially oriented, bulldozer, cutting resistance, cutting force, blade.

1. Introduction

During the operation of the earthmoving machine, its executive mechanism interacts with the
soil, destroying and separating it from the massif.

The main characteristics of the digging process are geometric, kinematic, force and energy
parameters, as well as indicators that determine the physical features of soil destruction, and the
properties of the soil as an object of interaction, the design of the working body and the
conditions of interaction of the working body with the soil.

The peculiarity of the digging process is that its power and energy indicators depend on
kinematic conditions and on geometric parameters - thickness, width and area of the section, as
well as on the angles of orientation of the working body in space.

Most calculations of knives and teeth of earthmoving equipment are based on the fact that its
parameters do not change during the interaction of the working body with the soil.

Changes in parameters during the multi-vector action of parts of the working body have not
been studied much. Therefore, the issue of creating a methodology for determining the
parameters of a spatially oriented knife of dynamic action is particularly relevant.

2. Research analysis

The Ukrainian shield is covered with a small layer of Paleogene-Neogene sedimentary rocks,
represented by limestones, sands, clays, siltstones, ferruginous quartzites, etc. Indigenous
igneous rocks of the Archaean - Proterozoic - gneisses, granites, quartzites, diorites, etc. are
exposed in river valleys.

On the slope of the shield, there is a stronger layering of sedimentary rocks, but Neogene
Miocene and Pliocene deposits - clays, siltstones, sands - come to the surface.

Anthropogenic deposits are represented by Pleistocene deluvial loams and loess.

Therefore, the main soils with which the bulldozer works are soils located in the Ukrainian
Crystalline Shield.

© Rashkivskyi V.P., Fedyshyn B.M.
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Cutting is the main method of mechanical soil development. The main geometric conditions
are proposed to be the position of the edge of the cutting wedge relative to the direction of
cutting and the surface of the massif, the contours of the cutting edge, the contours and number
of working surfaces of the cutting edge, the number of the so-called side cut surface and the so-
called blocked cut surfaces.

Based on these characteristics, the varieties of the process are distinguished and a
classification of types of cutting is created [1].

Nominal traction force of the bulldozer

Tp=U Gy,
where Uj; - coefficient of grafting of the base machine (Table 1) with bulldozer and ripper
equipment, corresponding to permissible skidding and traction efficiency; G - towing weight
of the bulldozer in working condition.

Table 1
The value of the coefficient Uj; friction between the wheels and the road surface
Pneumatic wheel )
Covering material Caterpillar
Low pressure High pressure

Concrete 0,9 0,8 0,45
Clay, loam, earth (dry and dense) 0,05-0,58 0,45-0,5 0,9
Clay, loam, earth (wet) 0,4-0,49 0,35-0,43 -
Loose earth 0,4-0,5 0,35-0,45 0,6
Loose sand 0,2-0,35 0,18—-0,3 0,3
Ore quarry road 0,6 -0,7 0,55-0,63 -
Gravel road 0,36 0,3 -
Trampled snow, ice 0,2-0,12 0,15;0,1 0,12

Average static pressure of the bulldozer
q, = GB/ZLSup b,
where Gp - is the operating weight of the machine; Ly, - is the length of the track bearing
surface, taking into account the ground clamps; b - is the width of the tracks.

The total resistance on the bulldozer blade W (kN) when digging and moving soil on a
horizontal surface is determined by the sum of the resistance to cutting W#;; movement of the
dragging prism W,; movement of soil up the blade #;; movement of the bulldozer horizontally
or on a slope (rise) W, and friction of the bulldozer blade on the soil W; and is calculated from
the ratio:

W= W, =W +Wy+ W + Wy +Ws,
W, — cutting resistance of the working environment, (kN):
W, = K\B,h-10°,
K — the specific cutting resistance (K; = 0,06; 0,09; 0,12; 0,15 — for sand, sandy loam, loam and
clay, respectively) (MPa); B, — the length of the blade, (m); / — the thickness of the layer to be
cut (m), W, —resistance to soil prism dragging ahead of the blade, (kN):
W2 = ng%”Z s
W5 — resistance to soil movement up the blade, (kN):

VV:’) = ngyﬂl COS2 505
Friction resistance of the bulldozer blade against the soil W, (kN):
W4 = gKemelul’
0, — the volume of the dragging prism; x; — the coefficient of soil friction on the surface of the
blade (x#,=0,7...0,8; 0,6...0,7; 0,5...0,6; 0,1...0.4 respectively, for soils I, II, III, IV
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categories); y — soil density, t/m>; 1, — coefficient of soil friction on soil (¢; =0,49...0,65;
0,25...0,53; 0,18...0,47; 0,11...0,40 respectively, for soils I, 11, III, IV categories); J, — slope of
the bulldozer working path; g — acceleration of free fall, m/c’; K, — coefficient that takes into
account the part of the equipment weight involved in friction against the soil, K, = 0,5...0,8; m,
— mass of bulldozer equipment, t.

Resistance to movement of the bulldozer Ws, (kN):

Ws = gGa,,

where g — the free fall acceleration, m/s*; G — the bulldozer weight, t; @, — the specific
resistance to movement of the bulldozer (w, = 0,2; 0,18; 0,16; 0,14 for sand, sandy loam, loam
and clay, respectively).

Volume of the dragging prism:

0, =0,5K,B,H?>.
The values of the dragging prism coefficient Kv depending on the ratio of the blade height
H, to its length B, and the type of soil are shown in table 2:

Table 2
Ratio. H,/B, 0,15 0,3 0,35 0,4 0,45
Cohesive soils of I and II categories 1,45 1,25 1,18 1,1 1,05
Incoherent soils 0,87 0,835 0,8 0,77 0,67

When working with a dozer with a pivoting blade and setting it at an angle, the total
resistance will be less than when working with a fixed blade.

The coefficient of friction between soil and steel ; depends on the type and condition of the
soil, as well as the condition of the steel surface, and is 0,25...1,0 decreasing with increasing
humidity and the degree of soil structure disruption. There is a connection between the
coefficients y; and u, which is determined by the attitude yx; = 0,75 w,, where u, — is the
coefficient of internal friction of the soil, 1, = 0,58...1,1.

The coefficient of digging resistance K for soft and dense soil, the relative density of which
can be characterised by the number of blows C of the density meter, is recommended to be
determined from the ratio:

K, =0,16+0,1C.

All soil groups are divided into eight categories, including non-frozen (categories I - IV) and
frozen (categories V - VIII) soils. Soils of categories I - IV are developed with conventional
earthmoving equipment. Soils of categories V - VIII are more durable and, in case of a large
frost depth, are excavated after preliminary mechanical or explosive loosening.

For dense and semi-rocky soils, as well as for hard coal and hard frozen rocks, the digging
resistance coefficient K; should be determined taking into account the specific structural and
strength characteristics of the soil in the massif. The position of the centre of pressure, the point
at which all soil reactions on the bulldozer track are applied, is determined for the various cases
that may occur in the operating conditions. The offset of the centre of pressure must not result
in the front or rear edge of the track or wheels of the machine coming off the bearing surface.

The bulldozer is acted upon by a system of external forces: vertical rock reaction at the dump
R,; soil cutting resistance W; vertical reactions R, and Rjp at the tipping edges; grafting force
with the surface F;, = Q;U; weight of the base machine G. Internal forces also act in the
system: S — force on the hydraulic cylinder; Ng and Py — vertical and horizontal reactions in the
pins O; of the pushing frame, respectively. ¥ — is the stability coefficient of edges 4 and B,
respectively

WA = (GBlz)/(VI/lr+2Slz),
v =(Ggl)/(2SL, =2P,r) = (Ggl))[(2Sl, = Wyr).
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“~

Fig. 1. Diagram of the forces acting on a bulldozer when calculating for overturning

During the operation of the earthmoving machine with oblique cutting, the interaction of the
knife with the soil has a spatial character, which is manifested in the formation of a non-
symmetric slot of a trapezoidal cross section. In order to quantify the influence of the spatial
process, it is proposed to consider the force P as a component of parts corresponding to the
nature of soil resistance in different parts of the area of destruction in front of the knife. Thus,
the force P of oblique cutting of soil is defined as the sum of three components P,- the force of
overcoming the resistance of the soil by the front edge of the knife, Py - the force to overcome
the resistance of the soil to destruction in the lateral expansions of the slot, and P; . - the force of
overcoming the resistance of the soil cut by the side edges of the knife.

The difference between P, with a rectangular cut and P,with an oblique cut is proposed to be
taken into account by the coefficient ¢, which depends on the ratio #/b and the angle y,, of the
rotation of the knife in the plan

The forces P, and P, . depend, in addition to the properties of the soil, only on the thickness
of the section and the angle of rotation of the knife in the plan. The influence of the angle of
rotation of the knife in the plane on the change of these forces is taken into account by the
coefficients ¢, and ¢; .[2].

The ratio 4/b between the thickness and the width of the section, when the thickness of the
section increases, the dimensions of the side extensions increase proportionally, while when the
width changes, they remain constant. After the thickness of the section reaches the so-called
critical depth of cutting, the increase in the lateral expansion of the slot stops and the intensive
growth of the zones of the lateral section of the soil by the edges of the knife begins. The soil in
front of the knife beyond the critical cutting depth is pressed into the massif on the sides of the
knife and is not separated from the massif. Therefore, the critical cutting depth corresponds to
the minimum energy intensity [4].

The peculiarity of the digging process is that its power and energy indicators depend on
kinematic conditions and on geometric parameters - thickness, width and area of the section, as
well as on the angles of orientation of the working body in space [3].

3. The aim of the research

Creation of a methodology for calculating the parameterization of soil cutting with a spatially
oriented knife of dynamic action depending on the application of the cutting force a.

4. Research results

The working hypothesis is based on the fact that the movement of a spatially oriented knife
will be carried out longitudinally - a translational movement, perpendicular to the trajectory of
the movement of the working body. What is schematically depicted in (Fig. 2), which should
ensure undercutting of the soil and its easy removal from the development zone. Thereby
reducing the supports that arise during the operation of the bulldozer and increasing its
productivity, as well as expanding the area of use.
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Fig. 2. Schematic representation of the trajectories of the working body:
1) Bulldozer blade; 2) spatially oriented knife of dynamic action; 171 — the trajectory of the bulldozer movement; 172 —the

trajectory of the spatially oriented knife of dynamic action; B, — blade wight; H, — blade hight; / — the thickness of the layer to
be cut; O, — volume of the dragging prism; S — cutting angle of the blade; A — centre of mass of the dragging prism

When the blade is fed into the spatially oriented knife, the vector ¥, appears, depending on the

ratio, it has its coordinates on the Y axis, when the knife is moved, the vector 172 appears, which in

turn has its coordinates on the X axis. To determine the displacement vector, we sum the vectors
according to the parallelogram rule, since the vectors have a common origin (Fig. 3).

Using the data obtained during the vector calculation, we apply the vector indicating the direction
of the cutting force to the spatially oriented knife of dynamic action, taking into account the angle «,
the indicator of the direction of application of the cutting force, we can find the change in the angle
v, of the rotation of the knife in the plan and the wide b change [4].

Y Y Y
8 e &
;A A | 7 T
6 Vil |_ P Z Ve 6
5T+ a s L 5+
4 4 4
v, T
7+ = 7T = 7——‘5'1// —
a 4 Vi V. 0 4
I f I i I l l l l l i l i
01 23 4 56 78 X g1 23 4 56 78 X 61 2 3 4 56 78 X
(@ (b) ©

Fig. 3. Determination of the vector of the direction of the cutting forces and the angle a:
(a) — deviation of the angle « in the vector display of the ratio of the speeds of movement of the bulldozer blade faster
than the movement of the spatially oriented knife;
(b) — the deviation of the angle « in the vector mapping of the ratio of the speeds of movement of the bulldozer blade is
the same as the movement of the spatially oriented knife;
(c) — the deviation of the angle a in the vector display of the ratio of the speeds of movement of the bulldozer blade is
less than the movement of the spatially oriented knife
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The angle of deviation of the total cutting force a was determined at the ratio of the bulldozer
speed to the speed of movement of the spatially oriented knife in the range from 10:1 to 1:10

(Fig. 4).

75
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Fig. 4. The graph of the dependence of the angle a on the ratio of the _
traction speed of the working machine V| to the speed of movement of the spatially oriented knife 7,

Due to the use of a dihedral knife, we get two angles y,,, and y,,, of rotation in the plan,
which correspond to each of the faces, and a change in the cutting width 5. These parameters
affect the cutting width b therefore, the definition of the cutting width is derived according to
the movement vector and is calculated according to the equations (b,,,), which are given below.
The critical cutting depth for most soils at normal knife cutting angles, the ratio 4/b of the
cutting depth 4 to the knife width b is in the range from 1 to 3.

Nine main dependences of the parameterization of the knife on the angle a were deduced:

1. When y,,,,> a <y, is presented in (Fig. 5)
then the turning angles in the plan will be:
Ypivd =Yply — Qs
Ypiv2 =Vply T&.
Vector notch width:
by =A4-co8(Y py.1), by =B-cos(¥ 1,2)-

Common notch width: b,,,,

I
} ypl, vl

Fig. 5. Parameterization of spatial oriented knife when y,,,
>o< Vpix

2. When y,,, = a =y, is presented in (Fig. 6)
then the turning angles in the plan will be:

}/pl.v.l = }/pl.y -a (00)’

}/pl.v.Z = }/pl.y +a (900)
= b] = A.

Common notch width: b,,,,

Fig. 6. Parameterization of spatial oriented knife when

Yoly = G = Vpix
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3. When y,,, < a > y,,, is presented in (Fig. 7)
then the turning angles in the plan will be:

yPl.v.l =0- J/pl.y’ ypl.v.Z =o+t ypl.y (> 900)
Common notch width:

bcom = b[ =4- COS(}/pl.v.l) .

Fig. 7. Parameterization of spatial oriented knife when y,,,
<a> Vpix

5. When y,,, < a <y, is presented in (Fig. 9)
then the turning angles in the plan will be:

Vpiv1=Vpix — % Y piv2 =Vpry TO
Vector notch width:
by =4-co8(Y 1), by = B-cos(¥ pyy2)-
=b; +by.

[72 Voti
-

Common notch width: b,,,,

Fig. 9. Parameterization of spatial oriented knife when y,,,
<a< Vpix

4. When y,,, = a > y,,, is presented in (Fig. 8)
then the turning angles in the plan will be:
yPl.v.l = ypl.y -« (00)’ J/pl.vl = ypl.y o
Vector notch width:
by =4, by =B-cos(¥py,2)-

Common notch width: b,,,,

Vs

T
Voiv.2 N

Fig. 8. Parameterization of spatial oriented knife
when Yply = O > Vplx

6. When y,;, < a = y,, is presented in (Fig.
10) then the turning angles in the plan will be:
ypl.v.l =0- J/pl.y’ J/pl.v.Z =o+ ypl.y (900)

Common notch width:
boom =b; =4 'COS(Vpl.v.l)-

L

Fig. 10. Parameterization of spatial oriented knife when
ypl,y< O = Yplx
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7. When y,, > o >y, is presented in (Fig.
11) then the turning angles in the plan will be:

ypl.v.l = ypl.y -a,

}/pl.vl = ypl.y ta (> 900)
Vector notch width:

bogm =by =4 'COS(Vpl.v.l)-

Fig. 11. Parameterization of spatial oriented knife when

ypl,y> a> VYplx

9. When y,,,, = a > y,., is presented in (Fig.
13) then the turning angles in the plan will be:
}/pl.v.l = }/pl.y -o (00)’
}/pl.v.Z = }/pl.y +a (> 900)
Vector notch width:

8. When y,;, > a = y,, is presented in (Fig.
12) then the turning angles in the plan will be:

ypl.v.l = ypl.y -a,
}/pl.vl = ypl.y ta (900)
Vector notch width:
bogm =by =4 'COS(Vpl.v.l)-

Ve

I
A \ ypl. vl

Fig. 12. Parameterization of spatial oriented knife when
ypl,y> O = Yplx

£

Fig. 13. Parameterization of spatial oriented knife when

Yply = G > VYplx
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Having determined the parameters of the interaction of the knife with the working
environment, the change in the cutting width b,,,, and the change in the angle of rotation in the
Ypv.1 We can calculate the full cutting force.

Calculation of the total cutting force:
2
P= (0(5)§Dfmfbcomh +Qmh” + g mg h.

Normal cutting force:

Nop COSY py,.1 —tan psind cos? Yplva + tan® &

tand cos y 7,1 + tan pcos 5\/0052 Ypiva+ tan® &

Orthogonal cutting force:

tandsiny

P =P

o

tand cosy ;1 + tan pcos 5\/0052 Yplva + tan® &

Where b will be equal to b, & — is the width of the knife and the depth (thickness) of the
cut; m,— the strength coefficient characterizing the specific resistances in the frontal part of the
notch (MPa); m — strength factor characterizing specific resistances in lateral extensions (MPa);
my . — the strength coefficient characterizing the specific resistance along the lines of the side
section (kN/m); ¢ (9) — coefficient that takes into account the influence of the cutting angle J; ¢,
— the coefficient that takes into account the effect of the angle y,;,; of the blade turning in the
plane, according to the force P ¢, — the coefficient that takes into account the effect of the
angle y,;,; of the blade turning in the plane, according to the force P;; ¢, .— the coefficient that
takes into account the effect of the angle y,,, ; of the blade turning in the plane, according to the
force P, .; u — angle of soil friction on steel.

The calculation for clay loam was carried out and three main cutting forces were determined,
namely, the total cutting force, the normal cutting force and the orthogonal cutting force, the
calculation results are presented in the form (Tabl. 3) and graphs on (Fig. 15, Fig. 16, Fig. 17).

Table 3
Cutting forces of clay loam at a depth of 10, 20, 35 cm
Clay loam
u h, cm
10 20 35

P, kN N,kKN | P,kN | P, kN N,kKN | P,kN | P kN N, kN P,, kN
0 3,86 1,66 0,00 7,62 3,28 0,00 13,04 5,62 0,00
10° 3,94 1,67 0,59 7,79 3,30 1,12 13,52 5,74 1,75
20° 3,96 1,58 1,28 7,97 3,18 2,51 14,20 5,70 4,22
30° 3,90 1,36 2,03 8,11 2,83 4,20 15,10 5,30 7,66
40 3,96 1,40 3,63 8,53 2,99 7,91 16,65 5,81 15,62
45° 2,79 1,42 0,00 6,11 3,11 0,00 12,05 6,14 0,00
50° 2,75 1,40 0,18 5,88 2,99 0,39 11,42 5,81 0,75
60° 2,59 1,30 0,52 5,39 2,71 1,09 10,12 5,09 2,04
70° 2,39 1,17 0,83 4,86 2,38 1,69 8,80 4,31 3,06
80° 2,19 1,03 1,13 4,35 2,04 2,24 7,69 3,60 3,95
90° 1,93 0,83 1,38 3,81 1,64 2,73 6,52 2,81 4,66




272

ISSN 2410-2547

Onip matepiaiis i Teopist ciopyy/Strength of Materials and Theory of Structures. 2023. Ne 111

kN Clay loam 2 = 10cm
5
4
3
2 | P
N
1 = — —Po
5 . | | 4—
0= 10+ 20 30 40= 45= 50=  60- 70= 80- 90- X
45> | 35¢ | 252 | 152 5s 0= 5e 15« | 25= | 352 | 45- ypl,v.l
45- 55 | 65> 75° | 85 | 90- }’pglv‘g
Fig. 15. Graph of soil cutting forces at a working cutting depth of 10 cm
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Fig. 16. Graph of soil cutting forces at a subcritical cutting depth of 20 cm
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Fig. 17. Graph of soil cutting forces at a critical cutting depth of 35 cm
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Fig. 18. Graph of soil cutting forces

Pp — soil cutting forces with a bulldozer without knives, and three cutting forces P, at
different angles a, which show how much easier soil digging is when using spatially oriented
knives.

Soil cutting was calculated for a bulldozer with a blade size of B, = 4m. The graph shows:

1) Soil cutting with the blade without spatially orientated blades, at a depth of 5 to 35 cm.

2) Soil cutting with a blade with spatially orientated blades, at a cutting depth of 5 to 35 cm
and a cutting force angle of o = 0°.

3) Soil cutting with a blade with spatially orientated knives, at a cutting depth of 5 to 35 cm
and a cutting angle of a = 45°.

4) Cutting soil with a blade with spatially oriented knives, at a cutting depth of 5 to 35 cm
and a cutting force angle of o = 90°.

The graph (Fig. 18) clearly shows the effect of spatially oriented knives on the cutting force
of soils, namely its decrease with an increase in the angle of application of the cutting force a.

5. Conclusions

Knowing that the cutting supports of the bulldozer strongly influence its stability and
productivity, we used our working hypothesis when the spatially oriented knife moves
perpendicular to the movement of the working machine, and depending on the speed ratio, its
interaction with the working environment changes. Further affects the calculation of the cutting
force.

Based on the ratio of the speeds of the bulldozer and the spatially oriented knife, a vector
representation of the cutting forces and a general vector of the direction of the cutting force,
which has a deviation from the axis of the bulldozer's motion by an angle, is created a.

Applying the obtained vectors to a spatially oriented knife of dynamic action, nine main
correlations were found with respect to the angles of rotation in the plan and a method of their
calculation was created.

With the help of the method, we find that the deviation to the angle o will affect the
geometric interaction of the knife with the soil, namely, the angles of rotation change in plan
Ypiv.1 and y,,,, 2, and the total width b,,,,.

The geological map of Ukraine was studied, with the help of which the most common soils
were determined.

A calculation was made for the cutting forces for clay loam, which is shown in the graphs,
where it can be seen that when using the theory of oblique cutting of dynamic action, the cutting
forces decrease, which accordingly reduces the resistance of the bulldozer, increases its
directional stability and productivity.
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The calculation of the digging resistance for the bulldozer blade was carried out, comparing
the cutting force without spatially oriented knives and with them.

The calculation of the cutting force of the bulldozer blade without and with spatially
orientated blades showed us the effect of increasing the cutting angle a on the cutting force.

The graph (Fig. 18) clearly shows the effect of spatially oriented knives on the cutting force
of soils, namely its decrease with an increase in the angle of application of the cutting force a.
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Cmamms naoinwna 20.09.2023

Pawxiscokuil B.I1., @eduwun 5.M.
PO3POBKA TAPAMETPUYHOI MOJIEJII TIPOCTOPOBO OPIEHTOBAHOT O HOXKA HA BIJIBAJII
BYJIBJIO3EPA

VY craTTi po3risiHYTO pe3yJIbTaTH JOCIHIIKEHHS OMOPIB, SKI BAHUKAIOTh Mijx yac poOoTH OyJib03epa B IPYHTOBOMY
cepelioBUIL Ta mpolecu B npu3Mi BosodiHHA. Illo BrumMBae Ha CTIHKICTh Ta NPOXYKTHBHICTB Oyibao3epa IHpu
BUKOHAHHI 3eMJIEPUHHUX POOIT. Jl0oCHifKeHO TeosoriyHy KapTy «YKpalHChKOro KpHCTaJiYHOro LIUTay», A€ 3HAWIAEHO
HaMMoMmMpeHili IPyHTH Ha TepuTopil YKpaiHu. BUKOpPUCTaHHA 3anpONOHOBAHOI TiNMOTE3M PYXy MPOCTOPOBO
OpIEHTOBAHMX HOXIB Ha OyJIbJJO3EpPHOMY BiJBaJli MOKA3ajJ0 110 NMPHU PO3poOLi IPYHTY NpPU PI3HUX CHIBBIJHOIICHHSIX
MIBUJKOCTEH, BHHHUKA€ BiIXHICHHS BEKTOPY NpPHUKIANAHHS CHIM pi3aHHA Ha KYT «, IO B CBOIO UEpry BIUIMBAE
TEOMETPUYHY B3a€MOJII0 POCTOPOBO OPIEHTOBAHOTO HOXKA 3 POOOUMM CepeaoBUIIEM. 3MiHA FEOMETPUYHOI B3aeMOAIT
MIPOCTOPOBO OPIEHTOBAHOIO HOXA 3 ITPYHTOM BILIMBAE HA CHITY Pi3aHHS, B HACIIZOK YOro O0yJI0 CTBOPEHO MapaMeTpU4Hy
MOJIENb B3a€EMOJIIT MPOCTOPOBO-OPIEHTOBAHUX HOXKIB 3 poOounM ceperoBuiieM. i pisHUX KOHGIrypaiiii HOXIB Ta
PI3HHX CHIBBIJJHOILIEHb IIBUJIKOCTI PyXy OyJjbao3epa Ta IIBHJIKOCTI NMEPEMIll€HHS IPOCTOPOBO OPIEHTOBAHOIO HOXKA.
Po3paxoBaHO HOBHY, CHIIy 110 HOpPMaJli Ta OPTOrOHAJIBHY CHIIy pi3aHHA, JUIi poOO0uOi, JOKPUTHYHOI, Ta KPUTHYHOL
MIMOMHU pi3aHHS TPYHTIB, BIINOBIIHO 10 3MIH NapaMeTpU4HOi MOJENI HPOCTOPOBO OPIEHTOBAHOrO HoXka. Ta
MIPOBE/ICHUH MOPIBHAIBHUN PO3PAXYHOK CHIIM pi3aHHs OyJIb103epOM 0€3 IPOCTOPOBO OPi€EHTOBAHUX HOXIB Ta 3 HUMH.

Ki11040Bi c10Ba: KOCOKYTHE pi3aHHs, IPOCTOPOBO OPiEHTOBAHMH, OyJb103€p, OMip pi3aHHIO, CUIIA Pi3aHHS, BiJBaII.
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The paper considers to the creation of a parametric model of a spatially oriented knife of dynamic action for
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IpoBeneHi HaTypHi BUNpPOOYBaHHS I'a3ONpPOBIIHUX TPYO 3 PI3HOI B’SI3KICTIO B yMOBaX IOJIFOHY SKi MaKCHUMalbHO
HaOJMDKEH] 10 HATYpaIbHUX YMOB €KCILTyaTallii ra3ornpoBo/iB. ExcriepuMeHTaabHO JOCHipKeHa KIHETHKa PO3IOBCIO/UKEHHS
TPILMH Y3[0BX 3BAPHUX 3’€JIHAHb - X TPAEKTOPIs, MEPeXis i3 3BapIOBAJILHOIO LIBa B OCHOBHHI MeTas TpyOu i Ha 000poT,
LIBUAKICTh PYXy TPILMH y B’A3KOMY 1 KPUXKOMY MeTaji Ta BHM3HAueHi 30HM IUlacTMyHoi aedopmauii. Bimomo, mo
BUNpPOOYBaHHs Ha 3paskax Menaxe, lllapni Ta iHIMX, SKi MalOTh TOBIIMHHM, HE BIJINIOBIJAIOYM TOBLIMHI CTIHOK TpYyO, HE
BIIOOpXalOTh PealbHy KApPTUHY B’S3KO-UIACTMYHMX 1 KPUXKMX PYHHYBaHb, L0 HE JI03BOJIIE PO3POOUTH METOIMKY YH
MOJIEJIb IIPOTHO3YBAHHSI OCTATOYHOr0 pecypcey (6e3aBapiiiHOro) ra3ornpoBoJIiB TPHBAJIOr0 TEPMiHY eKcIutyaTanii. B Toii xe yac
TEOPETHYHI 1 JIAOOpaTOpHi JOCIIZKEHHS HE 3aBXIM 3 JOCTATHHOIO IMOBHOTOIO BIMOBINAIOTH HA IHMTAHHS, IOB’SI3aHI
OesrocepeiHbO 13 3a0e3neyeHHsIM JIOBrOBIYHOCTI 1 Oe3aBapiiiHOl mpare3atHocTi TpyOonpoBoaiB. BiporiqHo, mo B
J1a0OpaTOPHUX YMOBAX ITIAMPUEMCTB YU HAYKOBUX 3aKJIA/IB BXKKO BIITBOPUTH 1 ypaxyBaTH Bci (JaKTOpH, SKi XapaKTepU3yIOTh
3pOCTaHHS 1 PO3MOBCIO/UKEHHS PYWHYBaHHSA B PEAJIbHO [iI04OMY Tra3orpoBofi. ToMy JaHi 1abOpaTOpHHX JIOCIIUKEHb
MOTPIOHO TepeBipATH 1 O0OB’SI3KOBO YTOYHIOBATH IO PE3yJbTaTaX IHEBMATHYHUX BHUIIPOOYBaHb JOBIOMIPHUX TPYOHHX
ceKliif, ToOTO B TernepilHiii Yac roctpo Has3pija HEOOXIAHICTH MO€HAHHS J1AOOPATOPHUX i HATYPHHUX BUIPOOYBaHb TPYO
razonpoBigHol Mepexi. Taki BUIpOOyBaHHS HE € MAacOBUMH, ajie B PE3yJbTaTi IX BUKOHAHHS OTPUMYIOTh BaXIUBY
iH(OpMAIliF0 CTOCOBHO MOBEJIIHKH 1 BJIACTUBOCTEH METaly B YMOBaX HABAHTaXKEHHS 1 eKCIUTyaTalil, HalO1IbI1 HAOIKEHNX 10
eKCIUTyaTalliiHUX. B IMOJNIrOHHUX BHUIIPOOYBaHHSAX BUKOPHCTOBYBaIM TpyOu aiamerpom 1000x18MM, ski mpoiiuum
KOHTpOJIbOBaHY MpOKaTKy (cramp kimacy X70 — mapku 06I2BA) Ha poGoumii tack Pp = 9.7 MIla (B mniBHiuHOMY —
HHU3bKOTEMIIEPAaTyPHOMY BUKOHAHHI). JIOCII/DKEHHS Ha PO3TATyBaHHS, BUBYECHHS YapHOI B’ 3KOCTI, MILIHOCTI 1 IJIACTUYHOCTI
MeTally IIBa MPOBOJMJIM 3a CTAaHAAPTHUMH METOJMKaMH, BUKJIQJCHHMH B podoTax [2-5].B mpoueci mnposeneHHs
€KCIIEPUMEHTIB 3aCTOCOBYBAJIM Y BEJMKIH KUIBKOCTI JaTYMKM TEMIEPATYpH THUCKY Ae(opMaliii Hanpy>KEHHS LIBHAKOCTL
PO3IOBCIO/PKEHHS TPIlMHU Ta iH. OTpUMaHi pe3yibTaTd W00 KIHETMKM PYHHYBaHHS HATYpaJbHUX TPYO B IOJNIFOHHUX
YMOBaX 3aKJIaJIal0Th HIAIPYHTA U1 PO3POOKU MAaTEeMAaTHYHOI MOJIeNIi IH)KEHEPHOro MPOrHO3Y 3aJIMIIKOBOro (Oe3aBapiitHoro)
pecypcey Airo4ynx Ha HahTOra3oBUX POLOBHIIAX TPYOOIPOBO/IIB.

Kumrouosi ciioBa: tpy0a, redopmartis, TpilHa, MIaCTUYHA 30HA, HOJIIOH.

Beryn. Bigomo [1-5, 7-12], mo ¢aktuuni pyliHyBaHHsS TpPYOOIPOBOIIB, OCEPENOK SKHX
3HAXOJMBCS B TO3J0BKHHOMY 3aBOJICBKOMY WIBI TPYOHHX CEKI[ii, CHOCTEpiraiy BUIIaIKH
PO3IIOBCIOKEHHS pyHHYBaHHSI 110 3BapIOBATLHOMY 3’ €/IHaHHIO TpYO. B Toii ke yac BiiomMo, 1110
IPH EKCIIEPUMEHTANIBHUX [OCIHIIKEHHAX PO3MOBCIOKCHHS PYHHYBaHb Yy SIKICHO 3BapeHHX
LIBaxX OPsSMO LIOBHHUX TPYO i3 craneil koHTpoiboBanoi npokatku (CKII) i HM3bKOJIEroBaHUX
HOpMaii3oBaHMX craneil He BigOyBamocs [25-26]. Ilpuuomy TpaekTopis pylHYBaHHS
BIIXWIAIACS 13 MeTaIy 3aBOJACHKOTO ITO3I0BXKHBOTO IIBA B 30HY TEPMIYHOI'O BIUIMBY, a TAKOXK
13 30HM TEPMIYHOT'O BIUIMBY B OCHOBHUI MeTajl. Bee 1ie 103BoMs€ BUCHUM HUIIXOM HPOBEICHHS

© Makapenko B.[1., BoiitoBuu O.A., Makapenko }0.B., Casenko B.1., Bunaukos 10.J1.
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cepil CUCTEMHHUX HATypaJIbHHX BUIPOOYBaHb TPYO OOIPYHTOBaHO MiIIMTH JO MHUTAHHS HIOMO
BCTAQHOBJICHHS BUMOT 10 YJAapHOI B’S3KOCTI METally IBa 10 MOMEHTY BiIXHMJIEHHSA TPAaeKTopil
pyiiHyBaHHS BiJ oOci 3BaproBanbHOro mBa T1pyd. Taky crpoOy Oyno 3ailicHEHO TIpH
KOMIUIEKCHOMY JIOCJIJDKEHHI Mpale3laTHOCTI eKCIepUMEHTalIbHUX TPYO, siKi Oynu 3’€aHaHi B
3aBOJICBKMX YMOBAX IIUIIXOM aBTOMAaTHYHOTO 3BapIOBAHHS Ha CIIELiaJIbHUX CTEHaX.

Meta po6oTH — eKClIepUMEHTANIbHI JOCIIPKEHHS KIHETUKH PO3MOBCIO/PKEHHS TPILMH B MPOLEC
TMOJIITOHHUX BUIPOOYBaHb 3BapHHUX 3 €AHAHB CEKIIii Ta30MpOoBiAHUX TPYO PI3HOI B SI3KOCTI.

MeTtoauka i martepiasm jxociaigkeHb B moniroHHUX BHUIIPOOYBaHHSX BHUKOPHCTOBYBAJIM
Tpyou miamerpom 1000x18MM, siKi MPOWILIM KOHTPOJIBbOBaHY MPOKATKy (cTajip kiacy X70 —
Mmapku 06I'2BA) Ha pobounii Tick Pp = 9.7 MIla (B miBHIYHOMY — HU3BKOTEMIIEPATYPHOMY
BUKOHaHHI). B 3aBojicbkrX yMoBax Oysu 3BapeHi 8 Tpy0 (1o 4 Ha KOXKHUIA BapiaHT - | BapiaHT -
cranb 06I'2BA; II Bapiant — crans HopmaiizoBana 171'1C). Ilpu upoMy cepernHe 3HaueHHs
yaapHoi B’s3k0cTi =(110 TphoM 3paskam) Metany mBa KCUy (I) = 0.435 MJDx/M> — mepumii
apiant; KCU._4 (IT) = 0.365 M/JIx/M — apyruii Bapianr.

JlocmimKkeHHsl Ha PO3TATyBaHHS, BHBYCHHS YIApHOI B’S3KOCTI, MILHOCTI 1 IUIACTUYHOCTI
MeTally IIBa MPOBOAWIM 32 CTaHAAPTHHMH METOIWKAMHM, BHUKJIAQJEHHMH B pobortax [2-5]. B
NpoLIeCi MPOBEJCHHS EKCHEPUMEHTIB 3aCTOCOBYBAJIM Yy BENIMKIH KUIBKOCTI  JaTYMKH
TEMIIEpaTypy TUCKY JedopMaliii HanpyKeHHs HIBHJKOCTI PO3NOBCIOKEHHS TPIIIUHU Ta iH.
Cama MeToIuKa OLIHKM KiHETHKU PyHHYBaHb B HaTypalbHHX (IIOJIFOHHHMX) YMOBaX JETalbHO
BHKIJIaJieHa B poborax [25, 26].

PesyabtaTi gocigxeHs i ix 00roBopeHHs

Bunpo6ysanns 1 (puc. 1). Tpyba (nepiuuii Bapiant) OyJsia 3BapeHa I10 MepIIioMy BapiaHty 3
HAJpi30M 10 JIiHIi CIUIaBJieHHS, 3pyiHHYyBajacs HpH HanpyxeHHi op =375 MIla. TpimumHa
PO3IIOBCIOKYBaacst B’si3ko Ha Biactani 0.45M, Biaxuiauiacs Ha 25MM BiJ| JIiHIT CIUIABJICHHS 1
Jajti pO3MOBCIODKYBANACS HapajeNbHO MIBY X A0 PO3TANY)KEHHS 1 3yMUHKH KOJBIIOBAHHSIM.
[lpu 1pOMY BCTaHOBIJIEHO, IO MiHIM&JbHA LIBHIKICTh PO3MOBCIO/PKEHHSI B’S3KOI TPIIUHU
cxnmagana npubnuzuo 120-130 m/c. MakcuManbHe 3HA4YEHHs IUIACTUYHOTO PO3KPUTTS Opy ~
25mm npu Ty, = -5°C. Temnepatypa nepexoiy Ha JiNSHII B’S3KO-KPUXKOro 31amy mpu 50%
BonokHa ckmagana T = -60°C. Xapakrep pyiiHyBaHHS TpyOM NpPH MHEBMATHUIHKX
BUNIPOOYBaHHSAX MOKa3aHUH Ha puc. 1.

B, % -T°C &g, mm P,=9,7 MNa Tso = —80°C
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Puc. 1. Pe3yipTaTit HATypHHUX MHEBMAaTHYHUX BUIIPOOYBaHb 3BaPIOBANILHUX 3’€HAHb B CKCIICPUMEHTAIbHUX TPYOax 3
iHILIOI0YMM HAJIPi30M 110 30Hi CIulaBjeHHs. Bapiant 3BaproBanus — I. [liamerp tpyou — 2020x22mm
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Puc. 2. XapakTep B SI3KOr0 pyiHYBaHHs 110 30Hi Puc. 3. XapakTep KpHXKOro pyiHYBaHHS 10 30Hi
TEPMIYHOT0 BIUTUBY 3BapIOBAIBHOTO 3’ €THAHHS CTAl TEPMIYHOr0 BIUTMBY 3BapIOBAIBHOTO 3’ €THAHHS CTal
06I'2BA 06I"2B B mporieci HATYPHUX BUNPOOYBaHb 3BApHUX

cekuiii Tpy6. Ha ¢dpakrorpami mokasana kap6imHa
CTPYKTYpa 30HHM cruiaBieHHs (x2000)

BunpooéyBanns 2 (puc. 4 i 5). Tpyba (npyruii BapiaHT) 3 HaApi30M [0 MeTaly IIBa
3pyitHyBanacs npu 6p = 325 MIla. TpimumHa po3noBcopKyBajacs B sI3K0 M0 30HI TEPMIYHOTO
BIUIMBY 1 Ha BifcTani X = 1.0 M piBHOMIpHO Bigxminnach Ha 10 MM B 30HY TEPMIYHOT'O BILUIUBY.
[oTimM B momi BiJA’€MHUX TEMIIEpaTyp TPILMHA PO3MOBCIOKYBANACS KPUXKO 3 BIIAXHICHHIM
npu x= 1.15 M Ha BennuuHy 35 MM, a oAl PO3rajy)KyBauacs i 3aKOJIbIIOBAIACS.

OtpuMaHi Ipy HATypAIBHUX BUIPOOYBAHHSIX XapaKTEPUCTUKH CIIPOTHBY PO3MOBCIOHKCHHIO
pyiiHyBaHb B TpyOax 3BeneHi B Tabi. 1. Tam jxe HaBeneHi pe3ysbTaTH BUIPOOYBaHHS TPYOH 3
IHII[IIOBaHHSIM TPIIIMHA B OCHOBHOMY MeTasli. HeoOXimHO BIAMITHTH, IO TPU3YHHUHEHHS
pYyHHYBaHHS pO3rajgyKEHHSM TPIIIMHU B IO MiHYCOBUX TEMIIEpATyp, SKE CIIOCTEPIraiu y BCix
BUIPOOYBaHHSX, BUSIBIISIETHCS 3aKOHOMIPHICTIO JJISl TAHOTO METOAY MOJITOHHUX BHIIPOOYBaHb.

_'lr,:l,c aﬂJ'l' MM PP = 9,8 MMa
- 40 . Tsg=-75°C
B, % a0 ~ -iﬂ
100 60 - 30 Va /
e )] =
80 - 40 - 20
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— s
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[
ol 0 o =______,....----".,_..------"4
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Puc. 4. Pe3ynbraTi HaTypHUX ITHEBMATHYHUX BUIIPOOYBaHb 3BapIOBAJIbHUX 3’ €/IHAHb B €KCIIEPUMEHTAIBHUX TPyOax 3
iHIIFOI0YNM HAPI30M 110 30Hi ciutaBieHHs. Bapiant 3BaproBanus — 1. {iamerp Tpyou — 2020x22Mm
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Puc. 5. Xapakrep B’s13k0ro (a) i KpuxKoro (0) pyiiHyBaHHS HAIUIABJICHOT 0 METAJLy MO 30H1 TEPMIiYHOTO BIUTUBY
3BaproBabHOro 3’equanns Ha cram 171'1C (x2200)

Tabmuns 1
Pe3ysibpraTit HATYPHUX MTHEBMATUYHUX BUIPOOYBAaHb EKCIIEPUMEHTAILHUX TPYO HiaMeTpoM
1000x18 mm i3 CKII (06 2BA).

Cepene XapaKTepUCTHKU CIIPOTHBY PO3MOBCIOJUKCHHIO PYHHYBaHHS
pylizinge 06 exT IIBuzKicTs Tpimuam, M/c | MakcumaibHe Temneparypa
HalpyXCH ety [LTACTITIHE MAaKCUMaJIbHO
sl (Bapiant B’SI3KO, KPHXKOI, PO3KPUTT
3BapIOBaHH) Vo v TpitmHT Srix rO ClpOTHBY
Op, MHa min max Tm, C
MM
30Ha
394 TEPMI4HOTO 135 - 20 -10...-15
BrumBy (1)
345 te x (11) 151 - 27 -7...-8
347 MeTaJl IBa - 265 10 -5
415 OCHOBHHH 195 - 30 -20
MeTal

Pe3ysipraTi BMKOHAHUX JIOCHI/PKEHb CBIIYaTh MPO CIIAOKy KOPEINSIii0 B 00JacTi Manux
3HAa4YCHb YAAPHOI B’SI3KOCTI 3 XapaKTEPHCTHKAMH CIIPOTHBY PO3IOBCIODKCHHIO PyHHYBaHHS
3BapHUX 3’€JIHAHb B yYMOBax HATYpHHUX BHIIPOOYBaHb TPYO. XapaKTePHCTHKH OTPUMaHi B
pe3ynbTati BUpoOyBaHb NOBHOTOBHIMHHMX 3pa3kiB DWTT Oinbm 01m3bki, Hix 3pazku [Hapmi
yu MeHaxe BIINOBIIAIOTh JIHCHUM XapaKTepUCTHKAM IPALEe3/JaTHOCTI 3BapIOBAIBHUX
3’e/IHAHb B TPYOi. 30KpeMa BCTAHOBJIEHO, 0 3Hauenns As (-15°C) = 0.75 x[Ix i Ap (-15°C) =
0.45 xJI>x 3a0e31e4yr0Th 33JI0BUIbHHUI CIIPOTHB 3apPOIKEHHIO 1 PO3IIOBCIOKEHHIO pyHHYBaHb B
3BapIOBAJIbHUX 3’€JHAHHAX (Ha PIBHI OCHOBHOrO MeTaiy). Taki XapaKTepUCTHKH BiJIIOBIIAIOTH
KCV = 0.52 MI[)K/MZ, 110 OJIM3BKO 10 BUMOT IO yJapHii B’S3KOCTI JUIi OCHOBHOTO METay
(0.55 MJIx/m). Tomy MoxkHa BBaxkaTd mo ams Tpy6 i3 CKIT (06I'2BA) Bemnkoi B’si3KOCT
piBeHb yHapHOi B’S3KOCTI 3BaplOBalIbHUX 3’€[HaHb I[OBUHEH NPHOIMKATHCS 10 YAApHOI
B’SI3KOCTI OCHOBHOTO MeTajy. BuMoru mo yjaapHii B’SI3KOCTI 1 IJIACTHYHOCTI 3BapOBAJIbHUX
3’eHaHb HapsAy 3 BUMOTAMH iX CTATHYHOI PIBHOMIIHOCTI € BH3HAYaIbHUMHU 3 TOYKH 30pY
Nonepe/PKeHHsT  pyiiHyBaHb. OOOB’SI3KOBUM € TaKOXX BHUIPOOYBaHHS TpPyO Ha 3aBOAl Mij
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TiIpaBIiYHUM BHYTPILIHIM THCKOM, 3Ha4YEHHsI SKOrO JeKiJbKa BHIIE BUIPOOYBAHOrO Ha Tpaci
(B MOJILOBUX YMOBax OyIiBHUIITBA)

TakuM 4uHOM, 13 BHUILE HABEJCHHX IPUKIAIB JOCTATHHO 1100 MPUITH O BUCHOBKY, IO
piBEHb NPOEKTYBAHHS 3BapIOBAILHUX TPYOONPOBOIIB B 0araTh0oX BUIAJKaX HE BIAMOBIAAE IIE
CyJaCHUM BHMOTI'aM, a SIKICTh iX BUTOTOBJICHHS NOBHHHA OyTH CYTTEBO MiABHILIEHA. Baknupy
POJIb B TIOKpAIIIEHH] 1IbOT0 TIOJIOXKEHHS 3000B’A3aH1 BIAIrpaTH CHEIialliCTH-3BapIOBAIbHUKH.

BunpoOyBanHsi okpeMux TpyO 1 TpyOHHMX CEKIiii BUKOHAHUX Ha IOJITOHI MOKa3aiHd, IO
Tpyou i3 crami 06I2BA (CKII) npuiiHsITOi KOHCTPYKLIi BOJOMIIOTH TPUBAJIOK CTATUYHOO
MIIHICTIO HE MiJJAI0ThCSl KPUXKUM pYHHYBaHHSIM B 3aJaHOMY IHTESpBalli TeMIeparyp
MaJIOYYTJIMBI JI0 TOBEPXHEBHX [E(EKTIB 3aBOJICHKOrO i MOHT@XHOTO MOXOMKEHHS 1, SIK
MPaBUIIO, MAIOTh MaJy JIOBXHUHY (0 2 — 1.5 oOosoHku) pyiiHyBaHb. [lomasnbina ekcruryarariis
TaKkuX TPYyO B ra3omnpoBojax Impu podouomy tucky 8-9.4 MIla miarBepamia, 10 NpH iCHYIOUHX
MeToJax OyIiBHHIITBA TPYOOIIPOBO/IIB MiclieBa CTiHKiCTh CTIHOK TpyO miamerpom 820-1020 mm
3 TOBUIMHOIO CTIHOK 18-22MM € BIIOBHI JOCTaTHBOIO, 3 THM OiJIbIle 3aBOJCHKUII KOHTPOJIb Ha
TFePMETHYHICTh BiZNOBi]a€ BUMOIaM HOPMAaTHUBHO-PErJIAMEHTHOI JOKYMEHTallii, NPUHHATHX B
HAK “YxkpnHadraraz”. B Tabu. 2 HaBeneni mexaniuHi Binactuocti crani 061'2ba (CKII).

Ta6muis 2
Mexaniuni BaractuBocTi craimi 06I'2BA
XapaKTepucTuy crai Cranb Bumoru TV 15-1-22-
06I"2BA-CKII 87-99 (ne HIKYE)
o, MIla 520 460
o, MIla 620 560
4, % 24 22
KCV _s, Ix/em” 125 90
KCV._;s, Ix/cm” 110 60
Kinbkicts BonokHa (%) B 31nomi TT npu 15°C 90 80

TakuM 4YHMHOM, BHIE BHKJIAJEHI EKCIEPUMEHTANIbHI pe3yJIbTaTH HAAAI0Th MOXIIUBICTH
3pOOUTH HACTYIHI BUCHOBKH:

1. IlpoBeneni HaTypHI BUIPOOYBaHHS ra30NpPOBIIHUX TPYO 3 PI3HOIO B’SI3KICTIO B yMOBax
TMOJIITOHY SIKI MAKCUMaJIbHO HAOJIM)KEHI IO HATYpaJIbHUX YMOB €KCILTyaTallii ra30mpoBO/IiB.

2. ExcniepuMeHTaNbHO OCHIKEHa KIHETHKA PO3MOBCIOKEHHS TPIIIUH Y3JO0BX 3BapHHX
3’€IHaHb - X TPAEKTOpIs, Mepexij 13 3BaplOBAILHOTO IIBAa B OCHOBHHMW MeTaj TpyOu i Ha
000pOT, WIBHAKICTh PYXy TPIIIUH Y B’SI3KOMY 1 KPUXKOMY METalli Ta BU3HAYCHI 30HU
IUIACTUYHOI AedopMariii.

3. OTpumMaHi pe3ynbTaTd IIOJO0 KIHETUKW PYWHYBaHHS HATYPAJbHHX TPYO B IOJITOHHHUX
YMOBaxX 3aKJaJIaloTh MIATIPYHTS AJIsl pO3POOKM MAaTEeMaTUYHOI MOJEJl 1HXKEHEPHOro MPOTHO3Y
3aJIMIIKOBOro (0e3aBapiiiHOro) pecypcy Mitounx Ha HaTOra3oBUX POJOBHUILAX TPYOOIPOBOIIB.
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Makarenko V.D.,Voitovych O.A., Makarenko Y.V., Savenko V.I., Vynnykov Yu.L.
COMPREHENSIVE ANALYSIS OF THE PERFORMANCE OF WELDING JOINTS OF GAS PIPELINES
WITH DIFFERENT VISCOSITIES

Full-scale tests of gas pipelines with different viscosities were carried out in landfill conditions, which are as close
as possible to the natural conditions of operation of gas pipelines. The kinetics of crack propagation along welded joints
- their trajectory, the transition from the weld seam to the base metal of the pipe and vice versa, the speed of movement
of cracks in viscous and brittle metal and defined zones of plastic deformation - were experimentally investigated. It is
known that tests on Menaget, Charpy and other samples, which have thicknesses that do not correspond to the thickness
of the pipe walls, do not reflect the real picture of visco-plastic and brittle fractures, which does not allow to develop a
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methodology or model for predicting the final resource (non-accident) of long-term gas pipelines period of operation.
At the same time, theoretical and laboratory researches do not always adequately answer the questions directly related
to ensuring the durability and trouble-free operation of pipelines. It is likely that in the laboratory conditions of
enterprises or scientific institutions it is difficult to reproduce and take into account all the factors that characterize the
growth and spread of destruction in a real operating gas pipeline. Therefore, the data of laboratory studies must be
checked and necessarily clarified according to the results of pneumatic tests of long pipe sections, i.e., at present, the
need to combine laboratory and field tests of pipes of the gas pipeline network is urgently needed. Such tests are not
massive, but as a result of their performance, important information is obtained regarding the behavior and properties of
the metal in the conditions of loading and operation, which are closest to operational conditions. In field tests, pipes
with a diameter of 1000x18 mm were used, which underwent controlled rolling (steel class X70 - grade 06G2BA) at a
working pressure of RR = 9.7 MPa (in the northern - low-temperature version). Tensile tests, studies of impact
toughness, strength and plasticity of the weld metal were carried out according to standard methods described in works
[2-5]. During the experiments, a large number of sensors of temperature, pressure, strain, stress, crack propagation
speed, etc. were used. The obtained results regarding the kinetics of the destruction of natural pipes in landfill
conditions lay the groundwork for the development of a mathematical model of the engineering forecast of the residual
(non-accident) resource of pipelines operating in oil and gas fields.
Key words: pipe, deformation, crack, plastic zone, polygon.
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The article considers and implements the calculation model of the system using the design and calculation complex
LIRA. The features of load perception and their rational distribution between structural elements are analyzed. The
stress-strain state is calculated, taking into account the subsequent installation of the structure. The approach to
determining the labor-intensiveness and duration of consolidation processes during the installation of structural blocks
of the covering, which is caused by atypical structural and technological solutions, is considered.

Modern approaches to the process of consolidation of structural blocks of coatings are analyzed. The use of load-
lifting assembly modules is proposed to reduce the specific share of the use of heavy crane equipment at the
construction site. The method of installation of a structural coating with the use of heavy crane equipment and load-
lifting installation modules is compared.

Keywords: calculation of structures, stressed-deformed state, consolidation of structural blocks of the coating,
technological process, lifting and assembly module, metal structure, labor intensity.

1. Introduction

In recent years, the problem of designing and building structures for temporary
accommodation of people, organization of logistics hubs, functioning of command centers, etc.
has become urgent. The process of erecting such structures is very limited in time, and
resources are limited. Most often, buildings of light metal structures with spans of 18...36 m are
erected for this purpose. However, taking into account the wide range of existing means of
mechanization, as well as the creation of new ones, the task arises of calculating the stress-
strain state of structures and developing new erection technologies, determining their indicators
and taking them into account during design. At the same time, approaches to the technology of
installation/dismantling of buildings are reviewed.

To the questions of research by technological of installation/dismantling of buildings are
described in the works [1, 8, 9, 12, 13]. A review of complex technological systems considered
as part of the process of erecting building structures and the indicators of these systems are
given in the works [3-10].

2. Research analysis

In accordance with the design task, the constructions are calculated.

This article calculates the stress-strain state of structures in the LIRA software complex,
taking into account subsequent assembly (fig. 1-3). The frame is calculated in accordance with:

- DBN V.2.6-198:2014 "Steel structures. Design standards" [14],

- DBN V.1.2-2:2006 "Loads and impacts. Design norms" [15],

© Tonkacheev G.M., Ivanchenko G.M., Rashkivskyi V.P., Kozak A.A., Nesterenko I.S.
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- DBN V. 1.2-2-2006 System for ensuring the reliability and safety of construction objects.
Loads and influences. Design norms [16],
- DSTU B V.1.2-3:2006 - Deflections and displacements of design requirements [17].

Bt 1

Fig 1. Verification according to the I limit state

B St
Frapyans o PO, (55 8 15004

2
Tx
Fig. 2. Verification according to the II limit state
i o [ mE
.
R .
N~ v
S A R
Ry -/c%‘“ \‘.'74\‘\\\"&“\‘7/
/) K\ TS
\
Z
Ux

Fig. 3. Verification local stability



286 ISSN 2410-2547
Onip matepiaiis i Teopist ciopyy/Strength of Materials and Theory of Structures. 2023. Ne 111

The main requirements for technologies are the speed of assembly while maintaining a high
level of reliability and accuracy. Technologies with forced methods of lifting and installing
structures and structural blocks of the covering are considered the most relevant for this [2]
(Fig. 4). .
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Fig. 4. General view of structural coating: (a) — frontal view of structural coating ; (b) — isometric view; (c) — frontal
view of block 24x15 m; (d) — isometric view of block 24x15 m: 1 — the column; 2 — coating

In order to shorten the installation time of multi-span structures, as a rule, consolidation of
the building elements directly on the site by specialized assembly teams is used. The process of
consolidation of structural blocks of the coating can take place on special platforms, on mobile
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stands or on assembly lines (Fig. 5). For the structural block coating technology of installation
using cranes, the zones for consolidation of the structural coating blocks are placed close to the
installation locations. These areas must be within the range of the cranes. To lift the structural
covering without using of heavy cranes, reinforcements are usually performed on the ground in
the plan of the axes of the supporting structures.

Fig. 5. Scheme of consolidation of the structural blocks of the coating 15 x 24 m:
1 —assembly stand block; 2 — sling; 3 — the starting mark of the structural blocks of the coating

For the basic version, the columns are first mounted (columns with a height of 12 m are used
for the analysis), so it is not possible to carry out consolidation in the area of the columns. The
stands are placed next to each other in the working area of the crane. According to the accepted
installation scheme, a crane with increased load capacity is needed. The LTM 1090 crane
(Fig. 6) was conditionally accepted for the analysis. The weight of the covering block with
corrugated board and part of the equipment for the example is 12 tons, the reach of the crane
boom is 16 m, the lifting height of the crane hook is 24 m. With such parameters, the crane's
carrying capacity is 12,5 tons [1].

The comparison of options involves the inclusion in consideration of the processes of installation
of columns (build-up), installation of stands, consolidation of blocks, installation (lifting) of blocks
and installation and movement of a crane or assembly lifting and gathering modules.

Structural blocks of the covering includes the process of installing assembly stands and
consolidation. The labor intensity and duration of these processes depend on the size of the
outgoing stamps. Since the production of structural elements at the factory is a robotic process,
it is advisable to make the initial stamps as large as possible in size. Depending on the
restrictions of highways [12], the following dimensions of the starting mark are adopted for the
structures: length — 24 m, width — 3,0 m, height — 2,12 m. The number of starting marks per
block is 5 pieces. In addition, four more starting marks of the supporting pyramids are added.
For the assembly of all brands in the block, rods are supplied in bulk in the amount of 32 pcs.
The starting mark of the collection stand has a length of 21 m, a width of 3,0 m and a height of
0,5 m. The number of starting marks of the stands is 5 pcs.

A mobile crane with a lower load capacity is required for the installation of stands and
consolidation of structural blocks of the covering. The maximum load weight of this process is
2,0 tons, so a truck crane with a load capacity of up to 16 tons is sufficient.



288 ISSN 2410-2547
Onip matepiaiis i Teopist ciopyy/Strength of Materials and Theory of Structures. 2023. Ne 111

3
O L[ a a
i
O e s a
T
3
G [ ] E ] a
Lin 1090
El yl:— 3
?i
o I i — ] @
| ———— S 0 S
O O O O (@] O O

Fig. 6. Scheme of consolidation and installation of the structural blocks
of the covering 15x24 m according to the basic version

The labor intensity and duration of consolidation of structural blocks of the covering are also
found using the method of integer normalization (tables 1, 2).

Table 1

The matrix for calculating the parameters of the installation process of assembly stands

) o Number of Labor

Actions, | Number of actions by level of responsibility, ; | 7, umoer ot |- i @

’ ‘ .~ | performers ’

w; min N h human-
1 2 3 4 5 p» UMAN min
Wi, 5 10 4 40
Wis 5 15 4 60
Wis 5 15 4 60
Wia 5 5 4 20
Wiys 5 10 3 30
Wi 5 16 3 48
Wiq 5 10 3 30
Wis 1 5 2 10
Results: 76 298

The structure of the installation process of folding stands is similar to the structure of the
installation process of columns, but does not require additional installation equipment for
temporary fixing and calibration:

W, 1 — transition of performers to a new work area;
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W, ,— workplace preparation;

W, ;— feeding the crane hook and slinging the structure;

W, 4— lifting and feeding the structure to the installation area;

W, s— guidance of the structure when entering the landing area and landing on sleepers;
W, ¢— verification and final fixation of the initial stamps;

W, 7—removal of sling grabs;

W, s— acceptance quality control.

Table 2
Matrix for calculating the parameters of the structural blocks of the coating consolidation
process
Labor
Actions, | Number of actions by degree of responsibility, 7; | 7, Number of | " "5
S .~ | performers ’

Wi min man-
1 2 3 4 5 Ny, people | o
Ws. 9 9 4 36
Wso 9 27 4 108
Ws 9 1 31 5 155
Wsa 9 1 23 5 115
Wss 9 27 3 81
Wse 9 27 3 81
Ws 9 45 3 135
Wss 10 30 4 120
Wso 64 192 3 570
Ws 10 10 30 3 30
Ws 1 5 25 2 50

Results: 457 1481

Actions Wy, Ws,, Wy3 can be combined. 7 manpower of the assembly stand installation

process is: @, = 0,01667x298 = 4,968 man-hours and the duration of the process with a
combination of actions is 7, = 0,01667 x 76 x 1,12 = 1,42 hours.

The structure of the consolidation process consists of the following actions:
W5 | — transition of performers to a new work area;

Ws,— workplace preparation;

Ws;— feeding the crane hook and slinging the structure;

Ws 4— lifting and feeding the structure to the installation area;

Ws s — guidance of the structure when entering the landing zone and landing;
Ws ¢ — temporary fixation of the sending stamp;

Ws ;— verification and final fixation of the initial stamps;

Ws s — removal of sling grabs;

Ws o — installation and fixing of individual rods of the structure;

W5 1o — raising the structural blocks of the coating to the height of the supporting structure

(4.0 m);

W5 11 — acceptance quality control.
Actions Ws,, Ws,, Ws; can be combined. The complexity of the process of enlarging

©,=0,01667x 1481 = 24,688 man-hours.

The main process is the installation of the structural blocks of the covering unit. To carry out

this process, it is necessary to separate the process of preparing workplaces, since it is related to
height. To organize the placement of workplaces, and there are four of them, mechanized
scaffolding of the pantograph type on self moving machines (carriage) should be used. The
structure of the process is as follows:

W1 — entrance of mechanized scaffolding to parking lots;
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W, — bringing the scaffolding to working condition;

Ws;— lowering and raising work platforms.

According to the method of integer rationing [13], the labor intensity of the process of
preparing four workplaces is: ©,=0,01667%x200 = 3,334 man-hour and the duration of the
process with a combination of actions is 7}, = 0,01667x120x 1,12 = 2,24 hours.

The structure of the process of lifting and installing the structural blocks of the coating
consists of the following actions:

W; 1 — supply of the crane hook and slinging of the structural blocks of the covering 24x15 m;

W;,— preparation of column anchors;

W, ;— installation of spacers and supporting nuts;

W, 4— preparation of the structure for installation;

W, s— lifting and feeding the structure to the installation area;

W; ¢— guidance of the structure when entering the landing area;

W, ;— orientation and installation of the structural blocks of the covering on the anchor bolts;

W; s — installation of nuts and rough fixing of the structural blocks of the covering;

W, 9— calibration and final fixation of the structural blocks of the covering unit;

W3 10— removing the sling grabs and returning the crane hook;

W5 11— acceptance control of the installation quality of the structural blocks of the covering.

To determine the labor-intensiveness and duration of the installation of the structural blocks
of the covering, the scale of the duration of actions has been changed, since the process is
carried out over long distances (Table 3).

Table 3
Matrix for calculating the parameters of the structural blocks of the covering installation
process

Action |\ mber of actions by level of responsibility, 7; | Duration Number of | Labor
S, 7. min performers | costs Q,
Wi 1] 2 [3] 4 5 6 | 7] 8 o N, people | man-min
Wi 4 24 4 96
Wi 4 24 8 192
Wis 16 64 4 256
Wia 4 20 4 80
Wis 2 12 3 36
Wi 2 14 3 52
Wis 4 32 5 160
Wis 16 64 4 256
Wi 16 80 4 320
W10 2 4 24 4 96
Wi 2 16 2 32
Results: 350 1576

Actions W3, W3, W;3 and W;4 can be combined. The complexity of the process of
enlarging ©,=0,01667x1576 = 26,272 man-hours.

According to the methodology [1], a schedule of the consolidation and installation of the
structural blocks of the covering with preliminary installation of the columns according to the
corresponding calculations was made (Table 4 ).
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Table 4

Technological calculations of the process of setting up a frame with structural blocks of the
covering (see Fig. 6)

Product volume The rate Time Labor Duration
Code of labor | consumptio | intensity of of the
process Unit Quantity costs, n rate, the process, process,
man-hour hours man-hours hours
TR1 1 parking lot 40 1,834 0,88 73,360 35,20
TR2 1 column 32 1,050 0,62 33,600 19,84
TR3 1 column 32 2,817 1,34 90,144 42,88
TR4 1 stand 8 4,968 1,42 39,744 11,36
TRS 1 block 8 24,688 8,53 197,506 68,26
TR6 4 works places 8 3,334 2,24 26,672 17,92
TR7 1 block 8 26,272 7,48 210,176 59,84
TR8 % 5 33,672 12,77

The general structure of the processes is as follows:

TR1 — installation of a crane on parking lots;
TR2 — unloading and dismantling of columns;
TR3 — installation of columns;

TR4 — installation of folding stands;
TRS5 — consolidation of SBP blocks;
TR6 — preparation and maintenance of workplaces;

TR7 — installation of SBP blocks;

TR8 — other not taken into account processes (5%).

According to the results of calculations, with the technology of arranging eight pieces of
structural blocks of the covering in separate cycles, the basic version (with a crane) has a lower
labor intensity of the process by 1197,454 — 707,114 = 490,34 man-hours, which is 41% as a
percentage. The duration of the process according to the basic option is shorter by 282,67-
268,07 = 14,6 hours, which is 6% faster than according to the new option. The main factor is
the number of lifting cycles. For 8 structural blocks of the covering, according to the basic
version, the number of lifting cycles does not change (8 cycles), and according to the new
version, it is possible to lift the covering in 8, 4, 2, and in one cycle. According to the results of
the study of the influence of the dimensions of the assembly blocks, the following dependence
was obtained (Table 5, Figs. 6, 7).

new lifting mechanism

4040
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Fig. 7. Graphs of the dependence of the labor intensity of the frame arrangement with the basic and new version on the

degree of consolidation of the structural coating




292

ISSN 2410-2547
Onip matepiaiis i Teopist ciopyy/Strength of Materials and Theory of Structures. 2023. Ne 111

The total costs for the basic version are:
Work intensity — 707,114 human-hours;
Duration — 268,07 hours.

Table 5

Technological calculations of the frame installation process depending on the level of

consolidation of the structural blocks of the covering

) 8 blocks 4 blocks 2 blocks 1 block
Unit

Code m;e;slire @ﬁ’o:rlasm_ T}, hours @ﬁ’o:rlasm_ T}, hours @ﬁ’o:rlasm_ T}, hours @ﬁ’o:rlasm_ T}, hours
TRI1 1 block | 36,272 | 17.36 | 36,272 | 17.36 | 36,272 | 17.36 | 36,272 | 17.36
TR2 1 block 14,936 7.2 14,936 7.2 14,936 72 | 14936 | 7.2
TR3 1 block 256 64 170,667 | 42.67 | 113,778 | 28.45 | 75,852 | 18.96
TR4 1 block | 120,024 | 38,24 | 112,124 | 37.84 | 108,120 | 37,44 (100,120 | 37.04
TRS 1 block | 475.20 | 78,41 | 471.20 | 39,20 | 467.20 | 19.6 | 463.20 | 9.8
TR6 1 block 256 64 248 60 240 56 232 52
TR7 % 57,022 | 13.46 | 52.66 | 10,21 | 49,015 | 8.30 | 46,119 | 7,12

Together: 1197,454|282.67 |1105,859|214.48 |1029,321 | 174.35|968,449 | 149.48

According to the schedule, the labor intensity of the processes under the new option remains
high according to basic option. Reduction in labor intensity by 5-10%, but the labor intensity of
the basic version is 41-25% less.

This indicates that there is a need to improve the lifting assembly module through the use of
robotics and the transition to automation of processes, which is real and possible for the
proposed design.
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Fig. 8. Graphs of the dependence of the duration of the installation of the frame with the basic and new version on the

degree of consolidation of the structural covering

According to the schedule, the duration of processes under the new option is
significantly reduced in relation to the basic option. The reduction in duration occurs by 33-
50%, and in relation to the basic version, the reduction in the completion time begins when
moving to the consolidation stage of 4 blocks of 2 structural covering - by 20-40%.
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3. Conclusions

1. According to the results of the conducted research, there was a need to develop a
schematic diagram and a constructive solution of the lifting and collecting module. The lifting-
collecting module is designed for lifting the structural blocks of the covering with the
simultaneous building up of columns.

2. A study of the labor-intensiveness and duration of the installation processes of the
structural blocks of the covering was carried out according to the options of crane and crane-
less installation methods. To ensure the principle of comparability of options, the processes of
column installation (building up), stand installation, block consolidation, block installation
(lifting) and installation and movement of a crane or assembly lifting and collecting modules
are included in the consideration. All calculations are based on the method of integer
normalization. Based on the results of the study, all the components of the labor intensity and
duration of the processes were determined, on the basis of which the schedules for the
consolidation and installation of the structural blocks of the covering were built.

3. According to the schedule, the labor intensity of the processes under the new option
remains high. in relation to the meringue version. Reduction in labor intensity by 5-10%, but the
labor intensity of the basic version is still 41-25% less. This indicates that there is a need to
improve the new mounting machanism through the use of robotics and the transition to
automation of processes, which is real and possible for the proposed construct.

4. The advantages of the new option become very significant when it comes to the rapid
construction of temporary structures.
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Toukaueee I'.M., Iéanuenxo I'.M., Pawxiscokuii B.I1., Kosak A.A., Hecmepenxo I.C.
PO3PAXYHOK KOHCTPYKIII TA JOCJIJUKEHHS TEXHOJIOTTYHAX MOKA3HUKIB
YKPYIIHEHOI'O CKJIAJAHHSI CTPYKTYPHUX BJIOKIB IOKPUTTSI

VY crarTti po3po0ieHO Ta peasi3oBaHO i3 3aCTOCYBaHHSAM IPOEKTHO-00uYMCIIOBaNIbHOrO Komruiekcy LIRA
po3paxyHkoBa Mopeinb cucteMu. Posmipu 1 kinekicte CE mozmeni J03BOsIOTH KOpekTHO pociiukyBatn HJC
KOHCTPYKIIi. PO3risHyTO miixijq 10 BU3HAYECHHS TPYAOMICTKOCTI Ta TPUBAJOCTI MPOLECIB YKPYITHEHHS MPU MOHTAXI
CTPYKTYPHHUX OJIOKIB HOKPHUTTS, 110 3YMOBJICHO HETHUIIOBUMHM KOHCTPYKLIMHUMH Ta TEXHOJIOTIYHMMH DillICHHAMH.
AKTYyaJlbHICTIO aHOT poOOTH € noTpeda y sIKiCHOMY aHali3i METO/iB PO3paxyHKy MapaMeTpiB TEXHOJIOTTYHUX IIPOLECIB
IIPU CHHTE31 pillieHb MeXaHi3allii MOHTa)KHUX MPOLECIB.

IIpoananizoBaHo CyyacHi MiIXOAH IIOAO MPOLECY YKPYIHEHHS CTPYKTYPHHX OJIOKIB MOKPUTTIB. 3alPOIOHOBAHO
BUKOPHCTaHHS BaHTaXKOIiAHOMHMX MOHTA)KHHX MOMYJIB Ul 3MCHIICHHS IUTOMOI YaCTKU BHKOPHCTaHHS Ba)KKOI
KpaHOBOI TeXHIKH Ha OyJiBenbHOMY 00 €kTi. [IOpiBHAHO CHOCIO MOHTaXy CTPYKTYPHOIO MOKPUTTS i3 3aCTOCYBAHHIM
Ba)KKOT KPAaHOBOI TEXHIKM Ta BAHTa)KOMITHOMHUX MOHTaXXHUX MOJYJIB.

Jlns 3a0e3nedeHHss NPUHIMITY MOPIBHSAHHS BapiaHTIB 10 PO3MVIAAY BKIIOYEHI MPOLECH MOHTaXY KOJIOH, MOHTaXY
CTEHJIiB, YKPYIHEHHS OJOKIB, MOHTaXy OJOKIB Ta BCTAHOBJICHHS 1 NMEpPEMillleHHA KpaHy a00 MOHTAaKHHUX MiAHOMHO-
30Mpa’IbHUX MOAYJIB. Bci po3paxyHKM BHMKOHyBanucst y TaOGiuuHii ¢opmi BiAnoBizHO 10 (opMysnd METOAMKU
LJIOYM CIIOBOI'O HOPMYBAHHS. 3a pe3yJIbTaTaMH JOCIIXKEHHS BU3HAYEHI BCI CKIIAJOBI TPYAOMICTKOCTI Ta TPUBAJIOCTI
MIPOIIECiB, Ha Mi/ICTaBI AKMX MOOY10BaHO rpadiku BUKOHAHHS NPOLECIB YKPYIHEHHs i MOHTaxy Os1okiB CBII.

Kuaro4oBi ciioBa: po3paxyHOK KOHCTPYKIIH, HanpyxeHo-1e(OPMOBAaHUI CTaH, YKPYIHEHHS CTPYKTYPHHMX OJIOKiB
MOKPUTTS, TEXHOJIOTTYHUI MTPOLEC, MiAHOMHO-301paJIbHUI MOYIIb, METAIIOKOHCTPYKILS, TPYAOMICTKICTb.
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